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Axion dark matter (DM) produces echo images of bright radio sources via stimulated decay. These
images appear as a faint radio line centered at half the axion mass, with the line width set by the DM
velocity dispersion. Due to the kinematics of the decay, the echo can be emitted in the direction nearly
opposite to the incoming source of stimulating radiation, meaning that axions effectively behave as
imperfect monochromatic mirrors. We present an all-sky analysis of axion DM-induced echo images using
extragalactic radio point sources, Galactic supernova remnants (SNRs), and Galactic synchrotron radiation
(GSR) as sources of stimulating radiation. The aggregate signal strength is not significantly affected by
unknown properties of individual sources of stimulating radiation, which we sample from an empirical
distribution to generate an ensemble of realizations for the all-sky signal template. We perform forecasts
for CHIME, HERA, CHORD, HIRAX, and BURSTT, finding that they can run as competitive axion
experiments simultaneously with other objectives, requiring no new hardware.
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I. INTRODUCTION

The nature of dark matter (DM) is one of the most
significant outstanding questions in modern physics. Axions
and axionlike particles are among the most widely pursued
DM candidates due to the ubiquity of such particles in UV-
complete theories [1–5] and their role in addressing several
outstanding issues in the Standard Model, including the
strong-CP problem [6–11] and the matter-antimatter asym-
metry [12]. Several dedicated axion DM detection experi-
ments have been built or proposed [13–31], most of which
rely on the conversion of axions to photons in an ambient
electromagnetic field, which arises due to the gaγγaðE⃗ · B⃗Þ
interaction term appearing in the Lagrangian. A less well-
studied consequence of this interaction is the decay of
axions; notably, while the spontaneous decay rate is slow
in unconstrained parts of axion parameter space, the stimu-
lated decay rate can be significantly enhanced [32].

Due to the nonrelativistic kinematics of axion DM in the
Galactic halo, DM axions undergoing stimulated decay
tend to produce photons that are nearly back to back, with
the decay axis pointing along the direction of the incoming
radiation. Each photon has an energy corresponding to half
the axion mass, with a∼10−3-level Doppler broadening due
to the velocity dispersion in the DM halo. Recently, several
studies have considered the feasibility of observing the
“echo” image of axion decay induced by individual bright
astrophysical sources, most notably Cygnus A [33] and
supernova remnants (SNRs) [34,35]. These individual
sources would produce images antipodal to the source,
obtained by integrating over all the axion decay in a DM
column oriented along the line of sight. Reference [34]
showed that SNR-stimulated axion decay could be
observed with the world’s most powerful existing radio
telescopes like the Five-hundred-meter Aperture Spherical
radio Telescope (FAST) [36], potentially exploring axions
in the ∼0.6 μeV–30 μeV mass range at couplings below
the limit set by the CERN Axion Solar Telescope
(CAST) [37].
In this work, we instead consider radio telescopes such

as the Canadian Hydrogen Intensity Mapping Experiment
(CHIME) [38] and other existing and planned telescopes
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that survey a large fraction of the sky over a period of years.
Our key result is summarized in Fig. 1. We previously
showed that survey telescopes are less sensitive than
FAST for detecting stimulated axion decay from individual
SNRs [34]. However, we can improve the sensitivity of
searches with survey telescopes by around two orders
of magnitude in signal strength (or around an order of
magnitude in axion coupling reach) by making use of the
cumulative signal over the entire sky from all possible
sources of stimulating radiation rather than only focusing
on the strongest individual sources.
The rest of this paper is organized as follows. In Sec. II,

we review the formalism for computing the stimulated
decay flux. We include the flux of both the decay photons
going in the direction of the incoming radiation
(“forwardschein”) and the photons going in nearly the
opposite direction (“gegenschein”), including for the first
time the contribution from sources that are directly in
front of their gegenschein images. In Sec. III, we describe
how we model the most important sources of stimulating
radiation including radio galaxies and quasars, SNRs,
and Galactic synchrotron radiation (GSR). SNRs have the
largest uncertainties on their individual contributions to
the axion decay signal due to theoretical uncertainties
in their luminosity during the free-expansion phase of
evolution. We discuss how we use empirical distributions
to generate several realizations for the properties of both
observed SNRs with incomplete information and also the
“SNR graveyard” of SNRs that are too faint to currently be

detected [35]. In Sec. IV, we then describe our prescription
for forecasting the sensitivity of various radio telescopes
to axion decay. Outlook and concluding remarks follow
in Sec. V.

II. STIMULATED DECAY INTENSITIES

In this work, we consider the effects of DM axion decay
that is Bose-enhanced by the presence of external radio
photons from astrophysical sources (not to be confused
with the self-stimulated decay of axion clusters via para-
metric resonance, where the stimulating photons are decay
products themselves). The general setup is depicted in
Figs. 2–4, where the observer is at the origin. We use x⃗s to
denote the vector from the origin to the source volume
element, x⃗d to describe the vector to the DM volume
element, and the distance between the DM and source
elements is x⃗ds ≡ x⃗d − x⃗s. We consider general source
geometries, from point sources to sources that are
spatially extended such as GSR, described in Sec. III D.
We take the source to have a specific volume emissivity
jνðx⃗sÞ, which is the luminosity per unit source volume at
frequency ν at location x⃗s. The total specific luminosity of
the source is

LνðtÞ ¼
Z
source

jνðx⃗s; tÞd3xs ð1Þ

and one can recover the luminosity of a point source
with an emissivity that is a delta function at the source
location.
As seen by DM at location x⃗d, the specific intensity

coming from a source emitting isotropically will be

Iνðx̂dsÞ ¼
Z

jνðx⃗d − x⃗dsÞ
4π

dxds; ð2Þ

where x̂ds denotes the unit vector pointing in the direction
of x⃗ds, and dxds is the one dimensional line-of-sight
integral along a fixed direction x̂ds (with fixed x⃗d and
varying x⃗s).
Due to the incoming flux of radiation that stimulates

axions to decay, there will be observable emission coming
from the DM to the observer. There are two outgoing
photons per decay, with one photon in the same direction as
the incoming radiation and the second photon emitted in
the direction that conserves energy and momentum. If the
axions are perfectly at rest with respect to the source, then
the two photons will be back to back. However, in general
axion DM has some velocity dispersion, so the forward
emission is still in the direction of x⃗ds whereas the back-
wards emission has some angular distribution due to the
transverse boost from the axion frame to the source frame.
Depending on the relative configuration of the observer,
DM and source, the emission that is ultimately observed

FIG. 1. Projected reach of various arrays operating as survey
interferometers. These instruments are sensitive to the cumu-
lative signal of all bright radio sources that induce stimulated
axion decay. We assume five years of integration time, com-
parable to the CHIME archival data. The bands show the 95%
containment of 300 realizations of the total signal, with SNRs
producing the dominant contribution. We sample any unmeas-
ured information about observed SNRs from empirical distri-
butions, which gives rise to the statistical variation. The thin
lines above the bands show sensitivity from only including
stimulating radiation from GSR. Gray regions and lines corre-
spond to existing limits [13–24,37,39–42].
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will either be the collimated forward emission or the
smeared backward emission. To account for these two
emission modes, we write the distribution of the emitted
photons in terms of a decay kernel

F ðî; êÞ ¼ δ2ðî − êÞ þ fðî; êÞ; ð3Þ

where î stands for the incoming photon direction (equal
to x̂ds in our setup) and ê represents the emitted photon
direction. Here δ2 is a 2D delta function on the unit sphere
corresponding to the decay photon going in the original
direction that we will refer to as “forwardschein,” and f is
the smearing envelope of the “gegenschein” photon deter-
mined by the transverse DM velocity distribution. We
normalize f such that its integral over the unit sphere is 1,
and F would normalize to 2, corresponding to the emitted
photon number. In our analysis, we take the transverse DM
velocities to be Gaussian-distributed with a characteristic
dispersion σd. For DM with transverse velocity v ≪ 1 (we
work in units where c ¼ ℏ ¼ 1 throughout this entire
paper), the echo photon must make an angle of 2v with
respect to the incoming photon direction in order to
conserve momentum. This means that f takes the form a
Gaussian with angular dispersion θd ¼ 2σd.
We take σd ¼ 116 km=s ∼ 0.4 × 10−3 in the local

Milky Way halo, which gives a similar velocity distribution
as the one inferred from indirect measurement [43].
We additionally take the DM density ρ to be distributed
as a Navarro-Frenk-White profile with scale radius rs ¼
16 kpc [44] and local DM density at r⊙ ¼ 8.2 kpc [45–47]
of 0.44 GeV=cm3 [44]. Note that in the context of such a
density profile, the velocity dispersion will peak at inter-
mediate radii, near the scale radius [48]. Therefore, the
velocity dispersion adopted in this work is likely an
overestimate of the true velocity dispersion in the inner
Milky Way DM halo, where the density and stimulated
decay are enhanced. Given the difficulties in determining
even the local DM velocity distribution, we assume that
the local velocity dispersion is representative of the entire
Milky Way. This assumption is conservative because
having a larger dispersion only smears the signal, as
described further below. We do not take into account
any aberration effects, i.e., blurring of the source due to
the bulk relative motion of the source, Earth, and DM halo.
Aberration effects are in general smaller than the blurring
due to velocity dispersion, as was shown explicitly for the
case of SNRs in Ref. [35].
We can use the photon decay kernel to determine total

intensity for stimulated decay,

Istð−x̂d; tÞ ¼
g2aγγ
16

ZZ
dxdd3x⃗s
4πx2ds

ρðx⃗dÞ

× jνðx⃗s; t − xd − xdsÞF ðx̂ds;−x̂dÞ; ð4Þ

where we have identified the emitted photon direction as
ê ¼ −x̂d and where the 1D DM integral is along the x̂d
direction. See Appendix A for a detailed derivation.
We can see that the stimulated intensity is proportional
to the (time delayed) source emissivity, and involves a
column integral of the DM density, but is complicated by
the dependence on xds and F . To gain a clearer physical
interpretation of this expression, we separately consider
three relative configurations of the source, the DM
column, and the observer in the following subsections,
and discuss the limiting case of point sources in each
section.

A. Gegenschein for sources behind the observer

We first consider the already well-studied case of
gegenschein where the source for the stimulating photon
is “behind” an observer looking in the direction of the
decaying DM column, as depicted in Fig. 2. In this
configuration, only the backwards portion of the decay
kernel, fðî; êÞ, is relevant. For a source volume element (or a
point source), this means the gegenschein image deviates
from the antipodal direction of the source element by an
angle θi such that

sin θi ¼ sin θd · xds=xs; ð5Þ

where θd is the angle between the echo photon and the
stimulating photon. For a source volume element d3x⃗s ¼
x2sdxsdΩs, we can then rewrite Eq. (4) as

Igð−x̂d; tÞ ¼
g2aγγ
16

ZZ
dxddΩsdxs ρðx⃗dÞ

×
1

4π
jνðx⃗s; t − xd − xdsÞhðθiÞ; ð6Þ

FIG. 2. Gegenschein from sources behind the observer. Axion
DM undergoes stimulated decay in the presence of source radio
photons. The resulting decay photon distribution is shown in
purple. The backward traveling (“gegenschein”) photon is
smeared due to DM’s velocity dispersion in the galactic halo.
Consequently, gegenschein can be observed in directions that
deviate slightly from the antipodal direction of the source.
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where we have defined

hðθiÞ≡ x2s
x2ds

f

�
arcsin

�
xs
xds

sin θi

��
; ð7Þ

where the argument of f comes from inverting Eq. (5).
When xds=xs≪θ−1d ≈103, θi is small and θi¼θd ·xds=xs.

In that limit, we can see that hðθiÞ is just a scaled version of
the fðθdÞ distribution, hðθiÞ ≈ x2s

x2ds
fð xsxds θiÞ. For a Gaussian

distribution f, h has the same normalization in the small-
angle limit,

R
hðθiÞdΩi ¼

R
fðθdÞdΩd ¼ 1. We thus call

xds=xs ≲ θ−1d the focused limit in which the overall power
of the gegenschein image is still the same as in the case
where there is no DM velocity dispersion. In the opposite
limit when xds=xs is large, most gegenschein photons are
deflected away from the observer, causing the overall
power of gegenschein to diminish.
Equation (6) has a simple physical interpretation:

for a given source volume element defined by dxsdΩs,
the gegenschein intensity it induces is the integral of the
DM density along the DM column, weighted by the hðθiÞ
distribution (which depends on xd). For a thin isotropic
source with negligible depth, one can take

jνðx⃗s; tÞ ¼ 4πIνðtþ xsÞδðxs − xs0Þ; ð8Þ

where IνðtÞ is the observed specific intensity on Earth and
where the xs term in the argument accounts for the retarded
time. If one considers point sources with

IνðtÞ ¼ SνðtÞδ2ðx̂s − x̂s0Þ ð9Þ

for specific flux Sν, one can arrive at the gegenschein
intensity for point sources in the focused limit,

Igð−x̂d; tÞ ¼
g2aγγ
16

Z
dxd ρðxdÞSνðt − 2xdÞhðθiÞ; ð10Þ

where we have used xd þ xds − xs ≈ 2xd in the focused
limit. From this expression one can readily recover
Eq. (2) in [34] by integrating over the solid angle Ωi
corresponding to θi.

B. Gegenschein from sources in front of the observer

In the previous subsection, we derived a straightforward
extension of gegenschein considered in Refs. [33–35].
In this subsection and the following one, we will consider
different source-observer configurations where the image
and the source directions are roughly aligned. Naïvely, this
geometry may seem less optimal than the classic gegen-
schein geometry, as the decay photons come from roughly
the same direction as source photons and thus the source
itself may pose a significant background that overwhelms
the faint radio line coming from axion decay. Nevertheless,

our analysis reveals that for the sources we consider,
described further in Sec. III, these same-direction compo-
nents of stimulated decay are important. We provide a brief
rationale here and expand on this point further when we
discuss the sources in depth in Sec. III.
Heuristically, diffuse GSR is the main background for

the classical gegenschein geometry from any source.
Therefore, there is no reason not to consider geometries
where the image and source are aligned when the source
itself is GSR. In other words, the backgrounds coming from
the source direction are similar to the backgrounds antipo-
dal to the source direction when the source is GSR.
Meanwhile, for time-varying point sources of stimulating
radiation (most notably SNRs), the primary contribution to
the stimulated decay brightness comes from the earliest
stages of SNR emission. As observed presently, SNRs are
orders of magnitude dimmer than they would have been
when stimulating the decay. Consequently, the current
brightness of the remnants does not necessarily overwhelm
the stimulated decay photons arriving from approximately
the same direction. This is especially relevant given the
possibility that the stimulated decay image could be
smeared by transverse DM velocities and would appear
more spatially extended compared to the point source.
Having established some heuristic arguments for why

stimulated decay photons from the source direction can
contribute appreciably to the signal, we first consider the
case where the DM element is in the source direction
behind the source from the observer perspective. This
configuration is depicted in Fig. 3. In this configuration,
we would still observe the decay photon coming from
the direction opposite to that of the stimulating photon, so
this is still an example of gegenschein. We distinguish this
case from the case considered in the previous subsection
by referring to it as “front gegenschein.” We note that
Eq. (5) still holds for front gegenschein, and the focused
(small image-angle) limit still applies for most relevant
DM-source distances xds ≪ θ−1d xs. The front gegenschein

FIG. 3. Gegenschein from sources in front of the observer. The
axion DM in front of the observer and behind the source
undergoes stimulated decay, producing a smeared gegenschein
radiation and collimated forward-going radiation.
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intensity is therefore identical to that of the classic
gegenschein configuration,

Ifgð−x̂d; tÞ ¼
g2aγγ
16

ZZ
dxddΩsdxs ρðx⃗dÞ

×
1

4π
jνðx⃗s; t − xd − xdsÞhðθiÞ; ð11Þ

where h is defined the same way as in Eq. (7). Note that
unlike the classical gegenschein geometry, xds is not always
larger than xs. For point sources, upon making the small
image angle limit one can obtain a similar expression as
Eq. (10),

Ifgð−x̂d; tÞ ¼
g2aγγ
16

Z
dxd ρðxdÞSνðt − 2xdsÞhðθiÞ; ð12Þ

where we have approximated xd þ xds − xs ¼ 2xds for
approximately colinear source and DM elements.
In the case of SNRs as sources, most of the gegenschein

signal originates from the stimulating radiation emitted
during the earliest stages of SNR evolution. Therefore, for
SNRs with age t0, the most significant part of the DM
column is a distance ∼t0=2 away from the observer (taking
the source to be relatively nearby). In other words, the
peak signal comes from xd ∼ t0=2 in the case of regular
gegenschein, and xds ∼ t0=2 in the case of front gegen-
schein. For a time-varying point source like a SNR, Eq. (5)
therefore implies that the smearing effect is generally
larger for regular gegenschein than it is for front gegen-
schein. On the other hand, the degree of smearing for an
extended source depends on a double integral over the
DM column and the source column. Therefore it is not
possible to make a general comparison of the smearing
effect between regular gegenschein and front gegenschein
for diffuse sources.

C. Forwardschein for point sources
and extended sources

Finally, we consider the case where the DM volume
element is between the source and the observer, which we
refer to as “forwardschein.” While similar to front gegen-
schein where the image is in the same direction as the
source, the key difference is that the forward decay photon
must be in the same momentum state as the stimulating
photon. Therefore, regardless of the velocity of the
decaying DM, the forwardschein image lies directly on
top of the source image. This is equivalent to taking only
the delta function term in Eq. (3) as being observable. In
this configuration, the stimulated decay intensity Eq. (4)
can be simplified as

Ifð−x̂d; tÞ ¼
g2aγγ
16

ZZ
dxddxsρðx⃗dÞ

jνðx⃗s; t − xsÞ
4π

; ð13Þ

where we have used the fact that

Z
dΩs

x2s
x2ds

δ2ðx̂ds þ x̂dÞ ¼ 1; ð14Þ

with an analogous normalization as the gegenschein dis-
tribution h in Eq. (7). Note that the discussion of the small
angle limit for gegenschein’s does not apply here, as the
DM is always on the source LOS in order for its
forwardschein to be observable. Note also that although
the momentum of the decay photon is the same as the
stimulating photon, the decay line is still broadened by the
DM velocity dispersion due to the ma=2 resonance occur-
ring in the DM frame rather than in the observer’s frame.
For point sources, the above intensity can be further
simplified as

Ifð−x̂d; tÞ ¼
g2aγγ
16

IνðtÞ
Z

dxdρðx⃗dÞ; ð15Þ

where the source intensity IνðtÞ can be factored out of the
DM column integral. However, the contribution to the
signal-to-noise from point source forwardschein is not
expected to be strong: unlike for the case of gegenschein,
there is no extra time delay between the arrival of the source
photon and the decay photon, and we therefore cannot
access past brightness history of point sources like SNRs.
We will therefore mainly consider the forwardschein signal
for extended sources of radiation.

III. SOURCES

A. Simple point sources

The simplest class of sources of stimulating radiation are
ones whose fluxes are stable on the light-crossing timescale
of the inner Milky Way DM halo. In this limit, we can treat

FIG. 4. Forwardschein from DM in between the source and
observer. The stimulated radiation moving toward the observer is
collimated, so the DM must be exactly in between the source and
the observer. Stimulating radiation from diffuse sources contrib-
utes much more significantly to the signal than radiation from
SNRs, due to the lack of time delay between the arrival of
stimulating radiation and the decay products. With this configu-
ration, we are therefore unable to make use of the remnants’much
brighter past emission.
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the source emission as constant in time and can simply
integrate the gegenschein flux along a DM column without
weighting by a varying brightness history. The brightest
objects that fall into this category (and some of the brightest
radio point sources observed at the present, like Cygnus A)
are quasars and radio galaxies, whose emission is powered
by relativistic jets emerging from central supermassive
black holes in galaxies. These point sources have the
additional property that they are in the infinitely-far limit
where the gegenschein geometry is independent of their
distance and all gegenschein images have the same
∼arcminute spatial smearing, given by Eq. (10).
For the contribution of stimulating radiation from extra-

galactic radio sources, we refer to the Keuhr catalog [49] of
518 radio galaxies or quasars that are brighter than 1 Jy at
5 GHz. Since the Keuhr catalog is not complete within 10°
of the galactic plane, we supplement the catalog with 22
additional extragalactic point sources brighter than 5 Jy at
1.4 GHz from the CORA code package [50]. Notably, this
includes Cygnus A, which is by far the brightest radio
point source in the sky. We additionally included spectral
measurements of Cygnus A from [51], as its stimulating
radiation is the dominant contribution out of all extra-
galactic point sources. Figure 5 shows the spectra of the top
10 brightest sources at 1 GHz. With the exception of the
top spectrum (Cygnus A) all other spectra come from the
Keuhr catalog. We linearly interpolate (in log-log space)
flux measurements to construct a continuous spectrum and
assume the fluxes outside of the measured range are zero.
As discussed in Sec. IV, the contribution of simple point
sources to stimulated axion decay is subdominant com-
pared to other types of sources, so the final sensitivity does
not depend sensitively on their assumed fluxes.

B. Short-duration transients

Other radio point sources can be very bright for
intermittent periods of time, including pulsars and fast
radio bursts (FRBs). While the peak brightness of these
sources can be high, the emission is generally too short-
lived to contribute much to the signal. The gegenschein that
would reach us at the present day is the culmination of
axion decay stimulated along an entire DM column with
different photon times of flight. Therefore, the relevant
quantity is the average brightness over the light-crossing
time of the MW, which is generally quite low for pulsars
and FRBs, rather than the peak brightness. In other words,
at a given observing time, a radio transient will only be able
to stimulate decays over a very thin portion of the total DM
column corresponding to the pulse or burst duration. This is
in contrast to the stable point sources where the flux from
all different column depths (corresponding to different
photon times of flight) contributes to the signal. The
enhanced brightness of radio transients on short timescales
is not enough to compensate for the significantly shorter
effective DM column that contributes to the gegenschein

flux. Therefore, transient radio point sources can be
neglected. The one exception is when the timescale
for the source to dim appreciably is similar to the light
crossing time of the DM halo, as is the case for SNRs
described below.

C. Supernova remnants

SNRs can stay relatively bright for ∼104 years, which is
similar to the ∼104–105 year light-crossing time of the
inner MW halo. While SNRs can be very radio-bright now,
they were substantially brighter in the past. Stimulating
radiation from early phases of SNR evolution corresponds
to axion decay in deeper parts of the DM column. The
gegenschein signal strength benefits significantly from
being able to integrate over the whole brightness history
of the SNR by integrating over a given DM column.
In our analysis, we use known Galactic SNRs from

Green’s SNR catalog [52] and SNRcat [53]. We find 94
SNRs with measured ages and distances (along with both
upper and lower bounds on age and distance), angular sizes,
spectral indices, and fluxes. Additionally, there are 289
SNRs whose distances, ages, or spectral indices have
not been fully characterized. On top of this less well-
characterized population, as pointed out by Ref. [35], there
is likely to be a large population of SNRs that are too dim to
have even been detected at the present day due to their age
or distance from Earth, but whose early phases of evolution
can still contribute to the gegenschein signal. Following the
nomenclature of Ref. [35], we refer to this population as the

FIG. 5. Measured and interpolated spectra of the top 10 brightest
extragalactic radio point sources at 1 GHz. We consider the axion
stimulated decay signal due to radio galaxies from the Keuhr
catalog [49]. The gray bands correspond to the frequency ranges of
some telescopes we consider. The crosses and curves show the
measured and linearly interpolated spectra of the sources, and
the fluxes outside the observation range are assumed to be zero.
The top yellow line corresponds to Cygnus A. Note that while
Cygnus A is significantly brighter than the other extragalactic point
sources, its contribution to the total stimulated decay signal is
smaller than the contribution from Galactic sources.
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“SNR graveyard.” Since the focus of this work is to perform
an all-sky forecast for observatories that survey a large
fraction of the sky, we aim to include all relevant SNRs
in a probabilistic way so that the aggregate signal strength
is representative of the true one. In the discussion below,
we detail how each relevant SNR parameter is either
obtained from a dataset, modeled, or drawn from an
empirical distribution.
For the SNR graveyard, we assume Galactic supernovae

occur as a Poisson process with a rate of 4.6 per century
[54] over the past 200,000 years, corresponding to an “out-
and-back” light-travel distance of 30 kpc. We have per-
formed convergence tests to ensure that even older SNRs
do not contribute appreciably to the signal, since their
early gegenschein images would lie outside of the inner
Milky Way halo where the DM density is lower. We
generate 300 random realizations with the unknown proper-
ties of the graveyard SNRs (e.g., distance, brightness
history, etc.) drawn from empirical distributions described
below. For observed SNRs with missing information,
we similarly generate 300 random realizations. Within a
given realization, we expect that errors on individual SNR
properties (i.e., the difference between the true value and
the value drawn from the empirical distribution) will wash
out. Over such a large number of realizations, we expect
that the spread in the resulting SNR signal strength should

reflect the true distribution of the SNR contribution to
the axion signal strength. We have checked that in 100
realizations, the 95% coverage and median axion sensitivity
are very similar, differing by at most ∼10% compared to
those obtained with 300 realizations, indicating conver-
gence. Altogether, we have a large number of SNRs
contributing to stimulating axion decay, including ∼400
observed SNRs and ∼9000 unobserved SNRs; with 300
realizations of their properties, this corresponds to
∼3 million draws from the underlying distributions.
Modeling the SNR rate as a Poisson process results in a

uniform distribution in time, with older SNRs contributing
much less to the signal. However, as shown in panel (a) of
Fig. 6 the age distribution of the observed SNRs is very
different due to observational biases, notably the fact that
SNRs get dimmer as they age making them harder to detect.
When the age information is missing for an observed SNR,
or only a lower/upper bound is known, we sample from the
empirically determined skewed Gaussian age distribution
shown in the same plot.
For SNRs in the graveyard, we follow Ref. [55] to

determine their locations, taking an empirical surface
density Σ of the SNR graveyard in the Galactic plane,

ΣðRÞ ∝
�

R
R⊙

�
a
exp

�
−b

R − R⊙

R⊙

�
; ð16Þ

FIG. 6. Sampling missing information for observed and graveyard SNRs Panels (a)–(c) show the distributions of age, spectral index,
and physical size of the observed SNRs along with the best-fit skewed gaussian distributions. Panel (d) shows the 1-, 2-, and 3-sigma
contours for the joint distribution of peak time and luminosity for a generic galactic SNR. For SNRs with observed fluxes, the gray lines
show slices through this space that yield a predicted present-day flux that is consistent with measurement. For this population, our
sampling is conditioned such that we draw from this 1D subspace for each SNR, with examples shown as black dots. Panel (e) shows
observed SNR locations in a top-down view of our Galactic plane, along with the kernel density estimate of the distribution. Panel
(f) shows the distribution of the graveyard SNRs. Panel (g) shows the light curves of the top 10 brightest SNRs in one out of 300
realizations. See text for more details.
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where a ¼ 1.09 and b ¼ 3.87 based on a sample of
69 bright SNRs [55]. We assume the distribution in their
height above the Galactic plane is exponential, so that the
total 3D distribution follows

pðx⃗Þ ∝ ΣðRÞ exp
�
−
jzj
z0

�
; ð17Þ

where we take z0 as the approximate scale height of the
Galactic disk of 0.1 kpc [54]. As is the case for the SNR
ages, the spatial distribution of the observed SNRs is
different from the graveyard SNRs, and is heavily biased
toward the Sun’s location. Thus for observed SNRs with
incomplete distance information, we perform a kernel
density estimate of the SNRs with known distances
pobsðx⃗Þ as shown in Fig. 6. To sample the missing distance,
we draw from the induced 1D distribution given the
observed direction n̂ of the SNR

p̃ðdÞ ¼ pðx⃗jn̂dΩÞ ∝ pðdn̂Þ · d2; ð18Þ

where the d2 factor comes from the Jacobian d3x⃗=dΩ. We
take into account known lower or upper bounds on the
distances as a prior when applicable.
To determine the brightness history of the SNRs, we

follow the prescription of Ref. [34] for modeling SNR
light curves generated by synchrotron radiation of shock-
accelerated electrons during the Sedov-Taylor phase. We
additionally include the emission from the free expansion
phase (before the Sedov-Taylor phase) in our analysis,
taking an empirical approach based on observed light
curves for young SNRs following Ref. [35]. Notably, in
contrast to these previous works, we are considering
an observing strategy that includes a large ensemble of
SNRs with properties drawn from a distribution over
many realizations rather than focusing on a single SNR.
Therefore, theoretical uncertainties in the brightness history
from unobserved phases of the evolution (especially the
free-expansion phase) are less likely to impact our resulting
sensitivity projection.
In the Sedov-Taylor phase, we take the specific syn-

chrotron flux at distance d to be given by the scaling Sν ∼
1=d2VKeBðpþ1Þ=2ν−ðp−1Þ=2 where V is the volume where
both electrons and the B field are present, and where the
electrons have a differential energy spectrum dne=dγ ¼
Keγ

−p for Lorentz factor γ. The power law index of the
energy distribution p can be inferred from measurements
of the SNR spectral index. For the SNR graveyard and for
observed SNRs with unknown spectral indices, we draw
from an empirically determined distribution of spectral
indices using Green’s catalog [52]. We find that a skewed-
gaussian distribution is a good fit to the SNR spectral
indices in the catalog, as shown in panel (b) of Fig. 6. We
expect that this distribution is not significantly biased, since

the spectral index does not play a substantial role in the
observability of SNRs.
As our fiducial model, we assume that the electron

energy spectrum evolves according to the classic treatment
of Ref. [56] where VKe ∼ R1−p for shock radius R. In
Appendix B, we include forecasts showing the predicted
signal strength instead assuming an alternate model of
adiabatic electron evolution [57], finding that this alternate
modeling choice does not significantly impact the sensi-
tivity. Further, we assume by default that the magnetic field
evolves as B ∼ R−2, which preserves the flux through the
shock front. This is an intermediate scaling between that
expected for resonant streaming instability B-field ampli-
fication, B ∼ R−1.5, and nonresonant amplification of the B
field, B ∼ R−2.25. These different mechanisms can dominate
the scaling at different parts of the Sedov-Taylor phase, so
in Appendix B we demonstrate that our forecasts are not
sensitive to this modeling choice (similar to the case of the
electron energy model). Finally, we determine the time
evolution of the shock radius as R ∼ ðE=ρISMÞ1=5t2=5 during
the Sedov Taylor phase. Note that, in contrast to our
previous work [34], we include an empirical model of
the free-expansion phase (described below) rather than
conservatively assuming that radiation from before the
Sedov-Taylor phase is generated by synchrotron radiation.
Therefore, in the present analysis, we do not need to
assume an onset time for the magnification of the SNR
B-field, which was a key piece of information in our
earlier work.
For the physical size of the SNRs in the graveyard, which

affects the angular size of their axion gegenschein image,
we again construct a skewed-Gaussian distribution of the
SNR size in Green’s catalog, extrapolated to a reference
time of 1000 years using the time-radius scaling relation in
the Sedov-Taylor phase, and sample the SNR sizes from
this distribution. This empirical distribution is shown in
panel (c) of Fig. 6.
During the free-expansion phase, we adopt the empirical

fitting form of Ref. [58] which took a compilation of
1475 radio measurements of 294 young supernovae to
determine a light curve,

LðtÞ ¼ Lpke
3
2
ð1−tpk=tÞ

�
t
tpk

�
−3
2

; ð19Þ

where Lpk and tpk are parameters that depend on the peak
brightness of the SNR and that are drawn from a distri-
bution. The best-fit distributions were found to be log-
normal, with a mean Lpk of 3 × 1025 erg=s=Hz with a
standard deviation of 1.5 dex (taking into account the
likelihood of many non-detections of SNRs at radio
frequencies) and a mean tpk of 50 days with a standard
deviation of 0.9 dex. We take Lpk and tpk to be independent
parameters (i.e. with no covariance). To match the
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free-expansion phase onto the Sedov-Taylor phase of
evolution for observed SNRs with well-characterized
properties, we draw free-expansion phase parameters from
the empirical distribution, generate light curves, and
compute the transition time tfree when the luminosities as
predicted by the free-expansion and Sedov-Taylor pre-
scriptions match. The computed tfree forms a distribution
that peaks around ∼100 years after the SN, matching
general expectations for the transition between the free-
expansion and Sedov-Taylor phases. We fix this transition
time to be 100 year for all SNR, since when t ≫ tpk,
L ∼ t−1.5 in the free-expansion phase which is very similar
to the power law behavior in the Sedov-Taylor phase
(L ∼ t−1.6 for a SNR with the median spectra index of
0.5). In Appendix B, we show that changing this value to 30
or 300 years does not significantly change our sensitivity.
To obtain the light curve for observed SNRs, i.e., their
values of Lpk and tpk, we jointly sample the two variables,
conditioned such that the light curve will lead to the
observed flux Sν;obs today

pðLpk; tpkjSν;obsÞ ∼ pðLpkÞpðtpkÞδðSν − Sν;obsÞ: ð20Þ

To summarize our sampling procedure for the SNR
graveyard, we (1) draw their age from a uniform distribu-
tion assuming a constant SNR rate of 4.6 per century;
(2) position them according to Eqs. (16) and (17);
(3) determine the free-expansion phase light curve from
Eq. (19), drawing Lpk and tpk from empirically determined
log-normal distributions, which then transitions into the
Sedov-Taylor phase at 100 years; and (4) draw a spectral
index and physical size from the empirically determined
distribution based on Green’s catalog. For observed SNRs
(in the event of missing information), we (1) draw their age
from an empirical distribution of observed ages; (2) deter-
mine their distance from an empirical kernel density
estimate based on the observed locations of SNRs; (3) draw
a spectral index; (4) jointly sample Lpk and tpk such the
predicted flux today matches the observed flux (if flux is
measured) assuming tfree ¼ 100 yr and with the fiducial
modeling assumptions during the Sedov-Taylor phase; and
(5) draw the physical size from the empirically determined
distribution based on Green’s catalog. We discard any
draws of SNR properties that yield an expected present-day
flux greater than the brightest observed SNR at 400 MHz,
and instead we redraw from the distributions. This ensures
that we are not “double counting” by invoking SNRs in the
graveyard that would have been observed already. We have
verified that doing so does not significantly change the total
sensitivity obtained from the graveyard SNRs, which is
sub-dominant to the contribution from observed SNRs.
Note that when sampling the aforementioned SNR

properties, we have assumed their distributions to be
independent. We have explicitly verified that there is no
significant correlation between the age, distance, spectral

index and physical size (at fixed age) for the observed
SNRs. In the case of the graveyard SNRs, the local
properties should not meaningfully depend on the location
in the Galaxy and time of formation. For the parameters Lpk

and tpk, which determine the light curve during the free-
expansion phase, the empirical distributions were found to
be uncorrelated in Ref. [59]. Further, we have imposed the
consistency of the light curve during the free-expansion
with the observed flux at present day. Finally, due to
observational biases there may be correlations between the
observed flux and the distance or the age of the SNR.
However, we do not account for this in the present work
because (1) the SNR fluxes are always observed and never
sampled, and (2) while one can in principle sample the age
and distance information conditioned on the observed flux,
this will have a negligible impact on the predicted signal
compared to other factors, discussed in Appendix B.
In the sensitivity plot of Fig. 1, the bands represent

variations (95% containment) coming from different real-
izations of the properties of observed and unobserved
(graveyard) SNRs. In addition to the statistical uncertainties
shown, we also consider the systematic uncertainties
introduced by the discrete modeling choices we made
for the SNR brightness history, finding this uncertainty to
be subdominant as discussed in Appendix B.

D. Galactic synchrotron radiation

GSR is a diffuse, low surface brightness source. While it
is not as bright as individual point sources, GSR covers a
large fraction of the sky and is thus potentially an important
contribution to the overall stimulated axion DM decay
signal for all-sky searches. Synchrotron radiation is pro-
duced when high energy cosmic ray electrons interact with
the galactic magnetic field, emitting in radio frequencies.
Currently, the only all-sky observation of GSR comes from
the desourced Haslam map at 408 MHz [60], with a
measured frequency scaling ∼ν−2.5 [61]. As shown in
Fig. 7(d), GSR is concentrated on the galactic plane and
exhibits considerable variations on large angular scales,
primarily due to the nonuniform production and propaga-
tion of cosmic ray electrons and the spatially varying
structure of the galactic magnetic field. When compared to
the resolution of radio telescopes like CHIME and the
angular kernel from the DM velocity dispersion, the GSR is
a smooth, diffuse source. The optical depth to the GSR is
also much smaller than unity [62], with the exception of
the few arcmins around the Galactic center [63], for which
we discard the corresponding pixels in our analysis.
The large-scale features of GSR emission are not likely
to vary on timescales comparable to the light-crossing time
of the MW.
In the frequency range we consider (ν≲ 1 GHz), GSR is

the dominant foreground and background for axion stimu-
lated decay, serving both as a source of (spectrally distinct)
signal and noise. Therefore, unlike bright point sources,
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it is important to consider the forwardschein from GSR in
addition to the gegenschein; for a point source, even onewith
strong time variation, the forwardschein has no time delay
and the background for detecting the forwardschein is the
bright point source itself, whereas for synchrotron radiation
the forwardschein and gegenschein appear on equally
“blank” parts of the sky. Taken together, despite the low
surface brightness, the all-sky contribution of stimulated
decay due to GSR is important due to its sheer spatial extent.
Unlike other sources we consider, the observed GSR is

emitted along the entire line of sight (LOS). We therefore
need to evaluate the full integral of Eq. (4) over the source
position. This integral includes both forwardschein and
gegenschein in the same and opposite directions of the
source through the kernel of Eq. (3). To perform this
integral, we need to know where the GSR is emitted along
the LOS, which requires us to consider 3D models of the
galactic magnetic field and relativistic electron density.
On the other hand, the empirical understanding we have of
GSR comes primarily from the desourced Haslam map
which only provides 2D information projected along the
LOS. We therefore use a combination of the 2D observa-
tional information and 3D parametric models of the GSR
emissivity to calculate the expected axion stimulated decay
intensity. To do this, we choose a particular GSR model,
i.e., a combination of a galactic magnetic field model and a
relativistic electron distribution model, and keep only the
coherent large-scale (regular) field. We compute the GSR
emissivity as

j ∝ Bðpþ1Þ=2
⊥ ne; ð21Þ

where B⊥ is the magnitude of the field perpendicular to the
LOS, and p is the relativistic electron spectral index, which
we assume to be p ¼ 3 [64,66]. We then calculate the
expected GSR emission observed at Earth’s location, and
then scale the normalization of the model’s GSR emissivity
in each direction independently such that the observed
intensity matches the Haslam map at 408 MHz. By doing
this, we have effectively used the Haslam map to restore the
random variations of the transverse B field that we did not
explicitly include in our model, while using the 3D model
to only inform the LOS distribution of the GSR emission.
For our fiducial models, we use the non-random (regular)

components of the B-field model in Ref. [64], shown in
panel (a) of Fig. 7, and the NE2001 model [65] for
relativistic electron distribution shown in panel (b) of the
same figure, which is also used in Ref. [64]. The calculated
GSR intensity from these models are shown against the
observed intensity (Haslam) map in panels (c) and (d). As
expected, the Haslam map contains more random variations
on small angular scales than the modeled map, though the
two have a similar structure on large scales. Their ratio
(adjusted such that the mean is 1) is shown in panel (e).
Panel (f) shows an external view of the synchrotron
emissivity (normalized by the Haslam map). Along with
the DM density distribution, the GSR emissivity is used to
calculate the total axion stimulated decay intensity.
In order to quantify the systematic errors from choosing

this particular B-field model, we also consider two other
older models of the galactic magnetic field in Ref. [67]: the
axis-symmetry spiralþ halo model and a bisymmetric
spiralþ halo model. In Appendix B, we show the B field
distribution of these alternative models and the expected

FIG. 7. Pipeline for estimating GSR emissivity. In panels (a) and (b), we show our fiducial Galactic magnetic-field model from
Ref. [64] and the relativistic electron density assumed therein [65]. These models, along with the electron spectral index, allow us to
determine the specific GSR intensity seen from Earth, shown in panel (c). We compare this intensity with the Haslam map of the radio
sky shown in panel (d), and obtain the intensity ratio shown in panel (e), which captures small scale variations of the emissivity. Using
this ratio together with the 3D model, we can construct the combined emissivity shown in panel (f).
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stimulated decay sensitivity from considering GSR alone.
The predicted sensitivities are very similar across different
models, differing by around 1% compared to the fiducial
model. This makes the GSR a particularly robust contri-
bution to the total axion sensitivity. This robustness can be
attributed to the fact that the 3D models inform the LOS
distribution of the GSR emissivity while the total normali-
zation is primarily determined from the observed Haslam
map. Even though GSR is a weaker contribution to
stimulating radiation than SNRs, the sensitivity to axion
decay induced by GSR is subject to much smaller uncer-
tainties. Therefore, the sensitivity inferred from considering
GSR only (omitting SNRs from the analysis) constitutes a
minimal sensitivity to axions.

IV. SENSITIVITY

For this analysis, we primarily consider compact radio
interferometer arrays, with CHIME as our fiducial instru-
ment. Such telescopes are optimized for mapping speed,
such that they are well suited to making deep maps of large
portions of the sky. We also consider existing and planned
compact arrays such as the Hydrogen Epoch of Reionization
Array (HERA) [68], the Canadian Hydrogen Observatory
and Radio-transient Detector (CHORD) [69], the Hydrogen
Intensity Real-time Analysis eXperiment (HIRAX) [70], and
the Bustling Universe Radio Survey Telescope in Taiwan
(BURSTT) [71].
Radio interferometers fundamentally measure modes on

the Fourier plane of the sky, which can be mapped to the
aperture plane of the telescope. However, since the inter-
ferometers considered here are compact, the aperture
plane is filled at the order-unity level. We therefore make
simplifying approximations in the following discussion that
allow us to map the measurement into configuration space
as if performed by a single-dish telescope. We then apply a
correction for the missing Fourier modes due to the unfilled
parts of the aperture.
In detail, the synthesized beam of an interferometer has a

solid angle of ΔΩideal ∼ λ2=Aarray, where Aarray is the extent
of the area covered by the array. If the array area were
completely filled, the brightness temperature of each
element of the sky with sizeΔΩ and brightness temperature
Tsig would be measured with a signal-to-noise ratio

S=N ¼ Tsig

Tsky þ Treceiver=ηs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
npolΔνtobs

q
; ð22Þ

where Tsky is the brightness temperature of backgrounds on
the sky, ηs is the signal chain efficiency, Treceiver=ηs is the
sky-calibrated receiver noise temperature, (i.e., the receiver
noise temperature accounting for any signal losses from
the signal chain or correlator), and npol is the number of
polarizations observed by the telescope, which is 2 for all
dish telescopes and 1 for BURSTT. Realistically, the full

extent of the array is occupied by the physical receiver up to
a filling factor

ηf ¼ Aaperture=Aarray; ð23Þ

where Aaperture is the physical area covered by the aperture.
Aside from the issue of not spatially filling the full array
area, the aperture is not completely efficient in capturing
the incoming power, leading to another fractional loss of
power characterized by the aperture efficiency

ηa ¼ Aeff=Aaperture; ð24Þ

where Aeff is the effective aperture area after accounting for
losses. Due to the unfilled array area, the synthesized beam
obtains sidelobes such that measured pixels on the sky are
no longer independent. A simple way to approximately
account for this is through the use of an effective beam
solid angle,

ΔΩ ¼ λ2=Aeff ¼ ΔΩideal=ðηfηaÞ ð25Þ

such that the measured brightness within each effective
beam constitutes a measurement that is approximately
independent of the other effective beams. In our sensitivity
estimates, we will use Cartesian pixelizations of the sky
with pixel sizes consistent with the above expression,
which will allow us to treat each pixel as an independent
measurement. Note that only Aeff determines the density of
pixels or number of independent measurements in any
direction on the sky, which will be the driving factor in
determining the sensitivity. The exact geometry of the
array, as long as it is compact, only affects the relative
locations of the pixels, and is secondary in determining the
overall sensitivity. We note additionally that this treatment
is most accurate for arrays with a maximally redundant
baseline configuration, e.g., square or hexagonal arrays,
like all the arrays we consider in this work. For arrays
with less redundant baseline configurations, such as the
Murchison Widefield Array (MWA) and Low-Frequency
Array (LOFAR), the beams remain independent but
their sensitivity is reduced. Since they do not repeatedly
sample the same redundant baselines for measuring the
spatially extended axion signal, the sensitivity using non-
redundant baselines scales as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Aarray=Aeff

p
relative to the

redundant arrays.
The telescopes considered here are drift-scan telescopes,

in that during observations they have fixed pointing and
scan the sky only via the Earth’s rotation. For any location
on the sky, the integration time per day is given by the time
it stays in the primary beam of the telescope

tobs=Ndays ¼ 24 hour ·
Δθprimary;EW

2π cos δ
; ð26Þ
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whereΔθprimary;EW is the angular extent of the primary beam
in the east-west (EW) direction. We note that the primary
beam is associated with one dish in an array, and differs
from the synthesized beams formed by multiple dishes. The
cos δ factor (where δ denotes the declination) accounts for
the fact that a LOS closer to the North or South Poles will
have a longer integration time (assuming a fixed EW
angular extent of the primary beam). If the poles are in
the telescope field of view (FOV), we cap the integration
time for pixels near the poles at 24 hours per day.
Additionally, for telescopes with a FOV on both sides of
either pole, pixels around the pole would enter the instanta-
neous FOV twice a day, in which case we need to double the
integration time in Eq. (26). In the telescopes we consider,
only CHIME observes any polar region of the sky. To
compare the axion sensitivities between different instru-
ments, we assume tobs ¼ 5 years of observation time for
each one, matching the existing collecting time of CHIME
(corresponding to archival data). Alternatively, when only
accounting for data taken at night, 5 years roughly
corresponds to the ultimate expected exposure of all
CHIME data. Our sensitivity forecasts depend only weakly
on this assumption, with the reach to gaγγ scaling as ∼t1=4obs .
The signal we expect to see is a spectral line from

stimulated decay that is broadened by the DM velocity
dispersion, which we approximate as a Gaussian with width
σd. Following Refs. [33,34], we take a top hat spectral
window of width Δν ¼ 2.17νdσd centered at the decay
frequency ν ¼ ma=4π to maximize the signal-to-noise
ratio. This admits a fraction fΔ ¼ 0.721 of the total signal
power, which we take into account in all signal temperature
calculations. Since σd ∼ 10−3, achieving the top hat win-
dow function requires the telescope to have a resolving
power ν=Δν greater than 1000, which is satisfied by all the
telescopes we consider. We expect that some frequencies
will be contaminated by human-generated radio frequency
interference (RFI). If the RFI is persistent at certain
frequencies, then the search will lose sensitivity to the
corresponding axion masses. For intermittent RFI, the
resulting in a loss of integration time is unlikely to
substantially affect our forecasts due to the weak scaling
of our sensitivity to gaγγ with tobs as discussed above.
In general, we will use a grid pixelization in right

ascension and declination. The pixelization and integration
time for each telescope we consider differ slightly, as
described in detail in the following subsection. In the
subsection after that, we then summarize our estimate
procedures and attempt to derive a figure of merit for the
ability of the telescopes we consider to detect axion DM.

A. Telescopes

1. CHIME

Our fiducial instrument, CHIME, is a stationary transit
telescope that observes in the frequency range of

400–800 MHz. It consists of four 100 m × 20 m cylindri-
cal reflectors whose cylinder axes are aligned along
the north-south (NS) direction. There are 2 m gaps
between neighboring reflectors, making the EW extent
DEW ¼ 86 m. In the EW direction, we therefore pick up a
filling factor ηf;EW ¼ 80 m=86 m ≈ 0.93. The aperture
illumination of CHIME is very uniform in the NS direction,
with a illuminated cylindrical length of lcyl ¼ 78 m.
Situated at 49.3° N, CHIME can see in declination from
approximately 10° S to 19° past the North Pole, with
directions from 71° N to 90° N entering the instantaneous
FOV twice a day [38].
To build a rectilinear pixelization in equatorial coordi-

nates, we construct a grid that is uniform in α (right
ascension) and varying in δ (declination) such that Eq. (25)
holds consistently for δ-dependent Aeff . The extent of the
pixels in the declination direction can be expressed as

Δδ ¼ λ=ðDNS cos δZ cos δÞ; ð27Þ

where DNS ¼ lcyl ¼ 78 m, and δZ ¼ δ − δCHIME is the
zenith angle, i.e., the difference between declination of
the pixel and the latitude of CHIME. The 1= cos δZ factor
accounts for the fact that CHIME has a smaller baseline for
LOS directions that are not directly above the instrument.
The 1= cos δ factor compensates the reduced pixel width in
right ascension as declination increases, common to all
telescopes. This factor of 1= cos δ would ideally be incor-
porated in the right ascension pixel width Δα. However, to
keep a simpler rectilinear pixelization, we have shifted this
factor to the declination pixel width Δδ. We have checked
that the polar regions of the sky (where this shift is most
pronounced) do not significantly contribute to our sensi-
tivity, since our signal is dominated by SNRs near the
Galactic plane. Therefore, we do not expect that changing
these details of our pixelization procedure will impact the
resulting sensitivity.
In the EW direction, the short focal-length cylinders of

CHIME are poorly illuminated. As such, the pixelization in
right ascension α can be expressed as

Δα ¼ λ=ðηf;EWηaDEWÞ; ð28Þ

where ηf;EWDEW ¼ 80 m as noted above. The EW extent
of the primary beam can be expressed as

Δθprimary;EW ¼ λ=ðηaDEW;primaryÞ; ð29Þ

where DEW;primary ¼ 20 m is the width of a single reflector.
Using Fig. 17 of Ref. [38], which shows measurements of
full width half max (FWHM) ΔθEW;primary, we therefore
deduce that ηa ≈ 0.5. Note that we have attributed the
effective loss of sensitivity entirely to the EW direction,
since only the EW direction contains gaps and is poorly
illuminated. Based on the pixelization and efficiencies
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described here, this corresponds to 17.2 minutes on the
equator for 400 MHz and 8.6 minutes for 800 MHz.
To estimate the receiver temperature of CHIME, we

determine the calibrated temperature on a dim part of the
sky (shown as the blue curves in Fig. 25 of Ref. [38]) and
subtract off the expected synchrotron radiation temperature
in the corresponding location in the CHIME FOV. We then
average the remainder over frequency in order to estimate
the calibrated receiver temperature, which is approxi-
mately 40 K.

2. HERA

HERA is a stationary transit telescope situated in South
Africa at 30.7° S, observing at 50–250 MHz [68]. Currently
under construction and taking data with the existing
elements, the full HERA instrument will feature 350 of
Ddish ¼ 14 m diameter dishes, Ncore ¼ 320 of which will
be arranged in a hexagonal pattern in the compact core.
Because of the hexagonal arrangement, the observed
fourier modes cannot be simply translated to a pixelization
on the sky. Instead, we will continue to use a pixelization
that is rectilinear in equatorial coordinates. This approxi-
mation is equivalent to considering HERA to be a square
array of the same total array size with the same geometric
filling factor ηf.
Focusing on the core elements, the dishes are arranged in

a hexagonal pattern with the dish centers 14.6 m apart.

Each hexagon occupies Ahex ¼
ffiffi
3

p
2
ð14.6 mÞ2 ≈ 184.6 m2.

The circular dish occupies Adish ¼ π
4
ð14 mÞ2 ≈ 153.9 m2,

making the filling factor ηf ¼ Adish=Ahex ≈ 0.834. We
will approximate this array as a square with side
D ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

NcoreAhex
p

≈ 243 m, and the same filling factor ηf.
We thus have the following pixelization

Δδ ¼ λ=ð ffiffiffiffiffiffiffiffiffi
ηfηa

p
D cos δZ cos δÞ; ð30Þ

and

Δα ¼ λ=ð ffiffiffiffiffiffiffiffiffi
ηfηa

p
DÞ; ð31Þ

where the factors 1= cos δZ and 1= cos δ have the same
origin as those in Eq. (27) (with δZ ¼ δ − δHERA). Note that
we have distributed the pixel size increase due to ηf and ηa
evenly in the declination and right ascension directions due
to the symmetry of EWand NS directions under our square
array approximation. We take the aperture efficiency of
HERA to be ηa ¼ 0.6 [68].
We approximate the primary beam FWHM of the HERA

dishes as

Δθprimary ¼
λffiffiffiffiffi

ηa
p

Ddish
; ð32Þ

where Ddish ¼ 14 m. This gives a FWHM of 11.6° at
137 MHz, which is roughly consistent with the measured
FWHM of ∼10° [68]. The primary beam size determines
both the instantaneous FOV in the NS direction and
the integration time for a fixed location on the sky, as
the telescope transits in the EW direction. Notably, the
instantaneous FOV is much smaller than that of CHIME.
The integration time can be determined from Eq. (26),
which corresponds to 147–29 minutes in the center of
the FOV, at 50–250 MHz respectively. Finally for the
calibrated receiver temperature of HERA, we take
Treceiver=ηs ¼ 100 K.

3. CHORD

CHORD is a partially constructed radio telescope
array situated at 49.3° N. It is proposed to feature a
512-dish compact core of ultra-wideband dishes covering
300–1500 MHz [69]. While the outrigger stations feature
additional telescopes, we will focus on the core array,
which is laid out in a rectangular grid. We approximate the
array as 22 grid points in the EW direction and 23 in the NS
direction, with each grid space occupying a 7 m by 9 m
rectangle (7 m in the EW direction), making the total array
extent DEW ×DNS ¼ 154 m× 207 m. CHORD’s dishes
have diameter Ddish ¼ 6 m, making the filling factor
ηf ¼ π

4
ð6 mÞ2=63 m2 ≈ 0.45. We estimate the aperture

efficiency to be ηa ¼ 0.5. Although the geometry is not
symmetric between the EW direction and the NS direction,
due to complicated shape of the gap, we approximate the
fourier mode loss in both directions as the same.
CHORD differs from CHIME (and HERA) in that its

dishes can be manually repointed in elevation between
observing campaigns, meaning that although the instanta-
neous FOV is narrow, the total survey area can cover a large
angle in the NS direction up to 30° on either side of the
zenith. This also implies that the total effective area will not
necessarily suffer the reduction due to zenith angle, a factor
of cos δZ ¼ cosðδ − δCHORDÞ. Our pixelization will be

Δδ ¼ λ=ð ffiffiffiffiffiffiffiffiffi
ηfηa

p
DNS cos δÞ ð33Þ

and

Δα ¼ λ=ð ffiffiffiffiffiffiffiffiffi
ηfηa

p
DEWÞ: ð34Þ

We similarly approximate the primary beam FWHM as

Δθprimary ¼ λ=ð ffiffiffiffiffi
ηa

p
DdishÞ; ð35Þ

where Ddish ¼ 6 m. Since CHORD is a pointing telescope
array, the exact integration time of each pixel depends on the
survey strategy. As an approximation, we assume CHORD is
going to uniformly cover its full survey declination, from
19° N to 79° N, spanning Δθsurvey ¼ 60°. The integration

LOOKING IN THE AXION MIRROR PHYS. REV. D 109, 043042 (2024)

043042-13



time for each pixel will be modified from Eq. (26) by the
survey time fraction

tobs=Ndays ¼ 24 hour
Δθprimary;EW

2π cos δ

Δθprimary;NS
Δθsurvey

; ð36Þ

where Ndays correspond to the total number of days in the
full survey. We take the calibrated receiver temperature
Treceiver=ηs ¼ 30 K [69].

4. HIRAX

HIRAX is an array of dish telescopes of similar layout to
CHORD currently under development. The initial HIRAX-
256 features a 16 × 16 array of 6 m dishes observing at
400–800 MHz, with future plans to expand into a 32 × 32-
element array (HIRAX-1024). Situated at 30.7° S, it is
expected to observe up to a zenith angle of 30°, from 0° to
60° S thanks to its pointing dishes [70], similar to those of
CHORD. The grid configuration of HIRAX will also be
similar to CHORD, with each dish occupying a 7 m× 9 m
area. As noted below Eq. (25), the detailed arrangement of
the telescope dishes does not significantly affect our
sensitivity projection. As with CHORD, we similarly
assume an aperture efficiency of ηa ¼ 0.5. We use
Eqs. (33) and (34) for the sky pixelization of HIRAX,
and additionally use the expressions for the primary beam
width and integration time in Eqs. (35) and (36), with the
appropriate factors substituted in for HIRAX instead of
CHORD. We take the calibrated receiver temperature of
HIRAX to be Treceiver=ηs ¼ 50 K [70].

5. BURSTT

BURSTT will be a compact antenna array situated at
approximately 23.7° N, observing in 300–800 MHz [71].
BURSTT-256 will feature a main station of 16 × 16 array
of antennas, each occupying a 2 m × 2 m area, with plans
to extend to a 2048 element array. In contrast to the dish
arrays considered above, the BURSTT antennae yield a
very large instantaneous FOV in both the NS and EW
directions. The antennae also feature a relatively consistent
beam width at Δθprimary ≈ 60° in both NS and EW direc-
tions, throughout the observing frequency range, making
the effective collecting area frequency dependent. This can
be expressed as

Δθprimary ¼ λ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Aant;effðλÞ

q
¼ λ0=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Aant;eff;0

p
; ð37Þ

where λ0 is a reference wavelength and Aant;eff;0 is the
corresponding effective area of a single antenna. We thus
have

AeffðλÞ ¼ Aeff;0λ
2=λ20: ð38Þ

Choosing λ0 ¼ c=300 MHz, the effective area is Aeff;0 ¼
0.91 m2, making the collecting efficiency

ηðλÞ ¼ AeffðλÞ=Aarray ð39Þ

approximately 0.23 at the reference frequency of 300 MHz.
Note that η corresponds to the product of the filling factor
and aperture efficiency ηfηa for dish arrays. The pixeliza-
tion of BURSTT can be determined similarly to the other
telescopes we consider using Eqs. (30) and (31), where we
substitute ηfηa with ηðλÞ, obtaining

Δδ ¼ λffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ηðλÞAarray

p
cos δZ cos δ

¼ Δθprimaryffiffiffiffi
N

p
cos δZ cos δ

; ð40Þ

and

Δα ¼ λffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ηðλÞAarray

p ¼ Δθprimaryffiffiffiffi
N

p ; ð41Þ

where N ¼ 256 is the number of elements in the array.
The integration time for each pixel can be calculated from
Eq. (26). Note that in contrast to traditional dish telescopes,
BURSTT will only observe one polarization. Finally,
we take the calibrated receiver temperature to be
Treceiver=ηs ¼ 30 K for BURSTT [71].

B. Figure of merit

To intuitively understand the signal-to-noise perfor-
mances of the various telescope arrays, and to guide future
search efforts, in this subsection we derive a figure of merit
for telescopes under simplifying assumptions. We start
from the total signal-to-noise ratio written as the sum in
quadrature of the per-pixel ratio Eq. (22)

ðS=NÞ2 ¼
X
i

�
Tsig;i

Tsky;i þ Trec=ηs

�
2

npolΔνtobs;i; ð42Þ

where i indexes over the pixels. The temperature depend-
ence in the right hand side is determined by the survey
region of the telescope and relative brightness of the sky
compared to the calibrated receiver temperature. In general,
since our sensitivity is dominated by SNRs concentrated on
the galactic plane, with higher concentration on the galactic
center, we expect telescopes capable of seeing the galactic
center or its antipodal point to have better sensitivity.
The average GSR temperature measured in the Haslam map
at 408 MHz is about 35 K, which is similar to the calibrated
receiver temperature of a typical radio telescope we
consider. Since the GSR flux scales steeply with the
frequency as ν−2.5, we expect the receiver temperature to
be the dominant source of systematic temperature only at
high frequencies. At low frequencies, the temperature
dependence therefore depends mainly on what parts of
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the sky are being surveyed. In fact, since Tsig is the highest
near the galactic plane, the relevant Tsky entering Eq. (22) is
also considerably higher, making the calibrated receiver
temperature less dominant in its contribution to the system
temperature at frequencies just above 400 MHz (the lower
end of the frequency range covered by CHIME).
To obtain a simple figure ofmerit for comparing telescopes

searching for stimulated axion decay, we neglect the temper-
ature dependence (since it depends mainly on the properties
of the sky at low frequencies rather than on the telescope)
and focus instead on the remainder of the expression

ðS=NÞ2 ∝ npolν
X
i

tobs;i; ð43Þ

where we have used the fact that the selected frequency
band Δν ∝ ν. Since the size of the instantaneous FOV
does not change as the telescope drifts across the sky, the
total integration time per day summed over all the pixels is
simply 24 hours times the number of pixels in the instanta-
neous FOV Npix;FOV,X

i

tobs;i ¼ 24 hour · Npix;FOV: ð44Þ

Therefore,

ðS=NÞ2 ∝ npolνNpix;FOV ¼ npolν
ΩFOV

ΔΩ
∝ ν3AeffΩFOV; ð45Þ

where in the last stepwe used Eq. (25). Thus, a figure ofmerit
for the telescopes can be written as

S=N ∝ ν3=2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
npolAeffΩFOV

q
; ð46Þ

which is closely related to the étendue of the telescope
E ¼ AarrayΩFOV. For compact circular dish arrays and
antenna arrays, the FOV is directly determined by the per-
element effective area,

ΩFOV ∼
λ2

Aeff;element
; ð47Þ

which can further simply the figure of merit to

S=N ∝ ν1=2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
npolAeff=Aeff;element

q

¼ ν1=2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
npolNelement

p
: ð48Þ

The number under the square root can be roughly interpreted
as the total number of channels at which the array is
observing.
In Table I, we compare the above figures of merit of the

various telescope arrays we consider, which roughly aligns
with the projected signal-to-noise ratio in a full numerical
evaluation. In general, arrays with a large effective collect-
ing area and instantaneous FOVare suitable for our search,
since the expected signal comes from all parts of the sky
(especially the Galactic plane). We compare all telescopes
at a reference frequency of 400 MHz, except HERAwhich
has a maximum frequency of 250 MHz. To compare HERA
to the other instruments, we extrapolate its properties from
250 MHz to higher frequencies. For the figure of merit, this
amounts to a simple frequency scaling in ΩFOV.
To understand the frequency scaling of the full sensi-

tivity to axions, we must factor in the frequency depend-
ence of the temperature-dependent factor in Eq. (42).
The signal temperature Tsig ∝ IgðνÞ=ν2Δν depends on
the spectral index of the dominant contribution to

TABLE I. Figures of merit and sensitivity comparison. The figure of merit of Eq. (48) (normalized relative to
CHIME) provides an estimate of how suitable an array is for probing axion stimulated decay. We also show the
signal-to-noise ratio normalized to that of CHIME as computed with our full pipeline. In general, telescopes with
large effective collecting area and instantaneous FOVare best suited for the axion search considered in this work. We
compare different telescopes at 400 MHz, with the exception being HERAwhose top frequency is 250 MHz. We use
the frequency scaling in Eq. (48) to extrapolate the figure of merit for a comparison. At 250 MHz, the calibrated
receiver temperature of HERA is comparable to the background sky temperature, so we use the full frequency
scaling of the Tsig=ðTsky þ Trec=ηsÞ factor to extrapolate the full S=N we computed at 250 MHz up to 400 MHz for
comparison. The extrapolation up to 400 MHz in the figure of merit and S=N for HERA agree exceptionally well,
highlighting the effectiveness and self-consistency of the various approximations used in deriving these scalings.

Telescope arrays Frequency [MHz] Aeff [m2] ΩFOV [deg2] Relative merit
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
npolAeffΩFOV

p
Relative S=N

CHIME 400 3120 515 1.000 1.000
HERA 250 29548 40
HERA (extrap.) 400 29548 16 0.537 0.537
CHORD 400 7173 102 0.676 0.993
HIRAX-256 400 3629 102 0.481 0.684
HIRAX-1024 400 14515 102 0.962 1.834
BURSTT-256 400 131 3600 0.383 0.251
BURSTT-2048 400 1037 3600 1.078 1.258

LOOKING IN THE AXION MIRROR PHYS. REV. D 109, 043042 (2024)

043042-15



stimulated decay (SNRs) and how resolved the gegenschein
images are by the interferometers. Taking the median SNR
spectral index [panel (b) of Fig. 6] and assuming the SNR
gegenschein image is resolved so that the solid angle size
is fixed, then Ig ∝ ν−0.5 and Tsig ∝ ν−3.5. Meanwhile, the
noise temperature scales differently at different frequency
ranges: At high frequencies Trec=ηs ∼ ν0 dominates over
Tsky, and at low frequencies, Tsky ∝ ν−2.5 dominates. Put
together, S=N ∝ ν−3 or ν−0.5 at high and low frequencies,
respectively. The sensitivity to axions scales as gaγγ ∝
ðS=NÞ−1=2 ∝ ν1.5 or ν0.25 at high and low frequencies,
respectively. Although the estimate presented here involves
many assumptions, this scaling argument agrees fairly well
with the sensitivity projected in Fig. 1, which was com-
puted fully generally without making such assumptions.

C. Results

In Fig. 1 we summarize the sensitivity to stimulated
axion DM decay using existing or near-future radio tele-
scopes, along with other constraints that are relevant to the
accessible parameter space. There is clear complementarity
between stimulated decay searches and the existing con-
straints from terrestrial experiment and observations of
high-energy astrophysical phenomena.
Without any need for new hardware, CHIME, CHORD,

HIRAX, and BURSTT can all constrain axion DM in mass
gaps that are currently not constrained by haloscope
experiments searching for axion conversion in a resonant
cavity [13–22]. CHORD and BURSTTalso have sensitivity
to slightly lower masses beyond what terrestrial experi-
ments can currently access. No part of the axion DM
parameter space accessible to HERA has been probed by
terrestrial axion experiments to date.
Meanwhile, other astrophysical probes can set powerful

constraints on the existence of axions, irrespective of
axions being the DM of our Universe. For instance,
CAST sets very robust limits on axions emitted from the
Sun which would be converted to x-ray photons in a
laboratory magnetic field [37]. Additionally, axions could
be produced in magnetic white dwarfs and convert to
x-rays in the magnetosphere [39] or could induce a
linear polarization in thermal magnetic white dwarf emis-
sion [40]. Based on our forecast, the search for stimulated
axion decay should yield an improved sensitivity compared
to these searches (subject to our assumption that axions are
all of the DM). The strongest astrophysical constraint in the
parameter space of interest comes from pulsar polar caps
where the plasma cannot screen electric fields, resulting in
the emission of axions that can subsequently convert to
photons resonantly [72]; requiring that this emission not
exceed the observed flux results in a strong constraint,
shown as a line in Fig. 1 with the corresponding systematic
uncertainty shown as a shaded band [41]. Our median
projected sensitivity is slightly weaker than the constraint

from pulsar polar caps, but the 95% containment for HERA
does overlap with the pulsar polar cap systematic uncer-
tainty band. Even absent the ability to access different
parameter space, the search strategy presented here will still
be a valuable cross check on searches involving high-
energy astrophysical phenomena, since the systematic
uncertainties related to those phenomena are completely
orthogonal to those relevant to stimulated axion DM decay.

V. DISCUSSION AND OUTLOOK

In this work, we have analyzed the sensitivity of a variety
of survey interferometers to the stimulated decay of axion
DM. Because of the wide FOVof these telescopes, we have
carried out a systematic study of all possible astrophysical
sources of stimulating radiation over the last ∼105 years
(corresponding to the Galactic light-crossing timescale).
We find that extragalactic point sources and short-

duration transients contribute negligibly to the overall
signal. We additionally find that the strength of the
stimulated decay signal from GSR is robust to different
choices for modeling Galactic magnetic fields and relativ-
istic electron densities. Therefore, the signal induced by
GSR is subject to relatively small systematic uncertainty
and constitutes the minimum sensitivity of these searches.
On top of this minimum sensitivity, we find that

stimulating radiation from SNRs can lead to an even larger
axion decay signal. However, the SNR contribution to the
sensitivity is subject to larger systematic uncertainties
because the SNR emission history varies on timescales
that are comparable to the Galactic light-crossing time. To
determine the signal strength, we must therefore integrate
over the whole SNR emission history, including parts that
are either unmeasured or difficult to model. For instance,
even for well-characterized SNRs, it is difficult to model
the luminosity in the free-expansion phase when the SNR is
brightest. Moreover, there may be a population of as-yet
undetected SNRs (the SNR graveyard) that are dim today
but whose stimulating radiation can still contribute to the
signal. To quantify and mitigate these systematic uncer-
tainties, we generated 300 realizations of signal templates
based on drawing any unknown SNR properties from
empirical distributions. For instance, we determined the
light curves in the free-expansion phase using radio
observations of young SNRs. Although the brightness of
individual SNRs (and therefore, their contribution to the
signal) can vary substantially, we find that in the aggregate,
the variations wash out; the all-sky sensitivity to gaγγ varies
by a factor of ∼2 between median realizations and
realizations at the edge of our 95% containment band.
Therefore, the inclusion of SNRs in the signal template can
still result in relatively robust predictions for the sensitivity
to axions.
Given our axion decay emission templates, we have

performed sensitivity estimates for existing or near-future
radio telescopes including CHIME, HERA, CHORD,
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HIRAX, and BURSTT. To facilitate estimates for other
compact survey interferometers, we have constructed a
figure of merit that explains much of the variation in
predicted sensitivity (not accounting for telescope position,
which matters because much of our signal is concentrated
on the Galactic plane). We find that arrays with a large
étendue are best suited for axion DM searches of the kind
considered in this work. Therefore, the goal of axion
detection is well aligned with other scientific objectives
that benefit from a large étendue, for instance discovering
FRBs or measuring the 21 cm power spectrum from the
epoch of reionization and cosmic dawn. Thus, axion
detection should be considered a collateral scientific
objective of more futuristic arrays, for instance the pro-
posed (full) Packed Ultra-wideband Mapping Array
(PUMA) [73], which has a figure of merit that is a little
more than five times larger than CHIME at 400 MHz. The
ambitious proposals to measure the power spectrum from
the cosmic dark ages on the far side of the moon [74,75]
would have a figure of merit that is approximately 20 times
larger than HERA at 50 MHz; given the relevant frequency
scalings, this could also potentially imply very strong
sensitivity down to 100 kHz (ma ∼ 10−9 eV), correspond-
ing to the proposed frequency coverage.
We find that existing radio telescopes CHIME and HERA

should already have impressive sensitivity to stimulated
axion decay using archival data, potentially paving the way
to a world-leading limit on axion DM. CHIME especially
benefits from its large area and FOV. Our forecasted
sensitivity lies in a region of axion parameter space that
is highly complementary to other astrophysical probes, as
well as terrestrial experiments. The radio searches for
stimulated decay discussed in this work involve very
different assumptions, parametric scalings, and systematic
uncertainties compared to other axion searches, which will
bolster any exclusions or claimed detections of axions.
Additionally, the search strategy presented here has several
advantages over other types of searches.
Terrestrial axion DM searches rely on the assumption

that the DM is smoothly distributed with a local terrestrial
density that is similar to the mean density of the Galactic
neighborhood. This assumption may be substantially
violated in axion cosmologies involving the early for-
mation of axion mini-haloes [76], which would survive
to the present day [77,78] and impact the sensitivity of
haloscope searches. In contrast, searches for axion decay
stimulated by astrophysical sources are not dependent on
the local terrestrial DM density. The aggregate all-sky
signal strength comes from integrating the axion DM
density over a deep column for many different lines of
sight, and is therefore not affected by the presence of
axion minihaloes. Quantitatively, the column of DM
accessed by a single stimulating source has a ∼kpc
column depth, with the decaying DM covering a
∼σ2d ≈ 10−6 solid angle, which means that the DM column

contains a total mass of approximately ∼1M⊙. In com-
parison, the distribution of axion minihalo masses has
negligible support above ∼10−8M⊙ in a present-day NFW
halo [77,78]. Such a comparison indicates that it is
appropriate to assume a smooth continuum distribution
in performing integrals over the DM column, regardless of
the presence of minihalos locally.
Similar assumptions about the local DM distribution must

be made for proposed setups involving stimulated decay
induced by high-power terrestrial emitters [32,79–81]. In
these proposals, a megawatt-scale emitter produces a series
of “pulses” lasting for a few hours, with each pulse at a
different radio frequency. The search for the echo from
stimulated decay can then constrain axion DM in the solar
neighborhood. However, given the geometry depicted in
Fig. 2, it is clear that the resulting signal is very sensitive
to the local velocity distribution, particularly since the
terrestrial emitter setup is far from the focused limit. The
configuration of astrophysical sources, on the other hand,
generally generates stimulated decay emission in the focused
limit where the overall signal power is not affected by the
DM velocity dispersion.
Finally, other astrophysical constraints on axions

involving compact objects (e.g. magnetic white dwarfs
or pulsar polar caps) are strong and do not require an
assumption that axions are the DM. However, the relevant
signals for these searches typically scale as g4aγγ , while
axion decay scales like g2aγγ . These scalings indicate that
the path towards accessing lower values of gaγγ will be
relatively less impeded for the stimulated decay signal.
Moreover, many searches involving compact objects are
limited by astrophysical uncertainties rather than instru-
mental sensitivity, whereas the search proposed here will
significantly benefit from larger radio telescopes con-
structed in the future.
The code used to produce the results in this paper is

available at Ref. [82]. A detailed analysis pipeline for
CHIME will be presented in future work, which will pave
the way towards the first use of this instrument to set limits
on axion DM. We will additionally release an ensemble of
signal templates that can be used by the radio-astronomy
community to perform axion searches using other
telescopes.
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APPENDIX A: DETAILED DERIVATION OF THE
STIMULATED DECAY INTENSITY

In this appendix we present a more detailed derivation of
the stimulated photon intensity in Eq. (4). To simplify the
discussion, we ignore the time dependence of the source.
We first start an expression for the stimulated decay flux of
a infinitely far away source,

Sst ¼
g2aγγ
16

Sν;0

Z
ρðxdÞdxd; ðA1Þ

where the integral occurs over the antipodal DM column [33].
We convert it to an expression of total stimulated emission
power for DM occupying volume element,

PstðîÞ ¼
g2aγγ
16

PνðîÞρðx⃗dÞdxî

¼ g2aγγ
16

SνðîÞdA⊥îρðx⃗dÞdxî; ðA2Þ

where dxî corresponds to the depth of the volume element
along the incoming photon direction and dA⊥î is the
perpendicular area element. Dividing out this volume
element and writing the source flux in terms of source
intensity and a small incoming photon solid angle
Sν ¼ IνdΩi, we obtain the DM emissivity

jstðîÞ ¼
g2aγγ
16

ρðx⃗dÞIνðîÞdΩi: ðA3Þ

Applying the emitted photon angular distribution, we
obtain the emissive intensity (emittance per solid angle
dΩe) of the DM

djst
dΩe

ðî; êÞ ¼ jstðîÞF ðî; êÞ: ðA4Þ

We consider the emission in a fixed direction ê, and we
integrate over the incoming photon direction. Identifying
î ¼ x̂ds in our setup, we have

djst
dΩe

ðêÞ ¼ g2aγγ
16

Z
dΩiρðx⃗dÞIνðîÞF ðî; êÞ

¼ g2aγγ
16

Z
dΩxds

Z
dxdsρðx⃗dÞ

jνðx⃗sÞ
4π

F ðx̂ds; êÞ

¼ g2aγγ
16

Z
d3x⃗sρðx⃗dÞ

jνðx⃗sÞ
4πx2ds

F ðx̂ds; êÞ: ðA5Þ

In the final line, we have substituted d3x⃗ds ¼ d3x⃗s since we
are keeping x⃗d fixed. From the observer perspective, we
identity the emitted photon direction as ê ¼ −x̂d so the
stimulated decay intensity is

Istð−x̂dÞ ¼
Z

dxd
djg
dΩe

ð−x̂dÞ

¼ g2aγγ
16

Z
dxdd3x⃗sρðx⃗dÞ

jνðx⃗sÞ
4πx2ds

F ðx̂ds;−x̂dÞ: ðA6Þ

Restoring the time dependence of the observed intensity
due to the time dependence of the source emissivity and the
time delay of the photons, we have

Istð−x̂d; tÞ ¼
g2aγγ
16

ZZ
dxdd3x⃗s
4πx2ds

ρðx⃗dÞ

× jνðx⃗s; t − xd − xdsÞF ðx̂ds;−x̂dÞ: ðA7Þ

APPENDIX B: DEPENDENCE ON MODELING
CHOICES

1. Supernova remnants

In this subsection, we consider the systematic uncer-
tainty on the axion sensitivity due to SNR modeling
choices. As previously discussed in Ref. [34], the modeling
of the electron evolution during the Sedov-Taylor phase can
affect the gegenschein signal strength. In addition to the
classical model, we consider an adiabatic model where
the product of the SNR volume V and electron spectral
normalization Ke remain constant, VKe ∼ constant.
Figure 8 shows the 95% containment of realizations of
the total signal, assuming both the observed SNRs and
graveyard SNRs follow the alternate electron model during
the Sedov-Taylor phase. Note that we still sample the peak
luminosity Lpk and time tpk in the free expansion phase
from the same distribution taken from [59]. However,
the conditions that Lpk and tpk must satisfy for SNRs with
observed fluxes change with the electron modeling choice
(in order to reproduce the observed flux at the present day).
To further compare with Ref. [34] and to highlight the

importance of including the empirically motivated light
curve in the free-expansion phase, in Fig. 9 we show
the total sensitivity under the excessively conservative
assumption that the radio luminosity stays constant in free
expansion (t < 100 years). In other words, when scaling
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back the light curve for observed SNRs from the present
day, we assume that the luminosity does not rise past
t < 100 years.
In Figs. 10 and 11, we show the effects of modeling

choices of the transition time from free expansion phase to
adiabatic phase, and the SNe rate in our Galaxy, respec-
tively. For clarity, we only show the median reach for the
alternative modeling choices, but they each still feature a
statistical uncertainty band similar to the ones shown in
Fig. 1. The difference in axion sensitivity caused by these

modeling choices is small compared to the spread
coming from different realizations of other more
relevant SNR properties. Note that the SNR rate, while
having a large effect on the SNR graveyard population,
has only a small effect on the total sensitivity since the
graveyard SNRs contribute less to the overall gegenschein
signal.

FIG. 8. Alternative electron model. Projected reach of HERA,
CHIME, and CHORD assuming an alternative electron model in
the SNR adiabatic phase. This modeling choice impacts the
luminosity histories of both the observed SNRs and the graveyard
SNRs. For comparison, the reach and containment under the
fiducial electron model are shown in gray.

FIG. 9. Alternative free-expansion: constant luminosity. Pro-
jected reach of HERA, CHIME, and CHORD assuming a constant
radio luminosity in the free expansion phase (< 100 years) for
observed SNRs, and fiducial assumptions for graveyard SNRs.
Given this change, the contributions from observed SNRs and
graveyard SNRs become more similar, and both are contributing to
the statistical spread. For comparison, the reach and containment
under the fiducial free-expansion model are shown in gray.

FIG. 10. Alternative free expansion-adiabatic transition time.
We show alternative transition times between phases of SNR
evolution (for all SNRs) of 30 years and 300 years in comparison
with the fiducial assumption of 100 years (gray). The assumption
that the transition occurs 30 years after the SN produces a
stronger constraint because the observed SNRs would have
higher peak luminosities to reproduce the observed flux today.
Therefore, under this assumption the observed SNRs would
produce a stronger stimulating source for axion decay.

FIG. 11. Alternative galactic SNR rate. We show the impact of
alternative galactic SNR rate of 1.9=century and 12.0=century in
comparison with the fiducial value of 4.6=century. The solid
colored lines show the variation of the total sensitivity (higher
rates yield better sensitivity). The dashed and dot-dashed lines
show the graveyard-SNR-only contribution of the fiducial and
alternative SNR rates, respectively.
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2. Galactic synchrotron radiation

In Fig. 12, we show the top-down view of two alternative
galactic B-field models we use to construct a 3D GSR
emissivity distribution. These models assume the same
relativistic electron distribution NE2001 [65] as our fiducial
GSR model. As discussed in Sec. III D, we use 3D B-field
and relativistic electron models to inform the LOS dis-
tribution of the GSR emissivity, and use the Haslam
408 MHz map to set the normalization of the integrated
emissivity independently for each LOS. Therefore we
expect the resulting axion stimulated decay signal to only
depend weakly on the spatial modeling choice. In Fig. 13,

we can see that the axion reach is insensitive to the GSR
model, even when only considering the subdominant GSR
contribution to the overall signal. The predicted signal from
the GSR therefore serves as a robust, model-independent
lower bound on the total all-sky axion decay signal.

APPENDIX C: EXTENDED RESULTS

1. Comparison of various stimulating sources

In Fig. 14, we compare the sensitivity achievable by
CHIME if only a single type of stimulating source for axionFIG. 12. Alternative galactic magnetic field models. Here we

show the cross sections of two alternative galactic magnetic field
models presented in Ref. [67] for modeling the 3D distribution of
the stimulating GSR source: (a) the axisymmetric spiralþ halo
model and (b) bisymmetric spiralþ halo model.

FIG. 13. Projected sensitivity for alternative galactic magnetic
field models. The colored thin dot-dashed and dotted lines
represent the GSR-only contribution to the axion sensitivity
from the axisymmetric spiralþ halo model and the bisymmetric
spiralþ halo, respectively. The colored dashed lines represent the
GSR-only sensitivity of the fiducial model of Ref. [64]. The
percent-level differences between the two alternative models and
the fiducial model have been artificially inflated by a factor of 30
for visualization purposes. The colored solid lines represent the
total sensitivity assuming the fiducial and alternate B-field
models. The differences are not visible on this plot.

FIG. 14. Sensitivity contribution of various stimulating sources
for CHIME. The SNR sources have variable reach in different
realizations of their properties; the median sensitivity is shown as
a solid line with corresponding 95% containment bands. The
contributions from GSR and extragalactic sources are subject to
much smaller systematic uncertainties, and thus they provide a
robust upper (lower) limit to the overall reach in gaγγ (sensitivity).

FIG. 15. Projected reach of HIRAX-256 and BURSTT-256.
Similar to Fig. 1, we show the projected sensitivity to the axion
photon coupling gaγγ for HIRAX-256 and BURSTT-256, with
HERA and CHORD shown for reference in gray. The bands
represent 95% containment of the statistical variation of 300
realizations of all stimulating sources, while the thin lines include
only GSR and extragalactic radio sources.
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decay is considered. The dominant contribution comes
from the observed SNRs, followed by the graveyard SNRs,
which have smaller fluxes since they tend to be farther
away, which diminishes their ability to stimulate axion
decay. Both populations of SNRs are characterized by
systematic uncertainties due to incomplete information
about the light curves where we can sample from empiri-
cally determined continuum distributions, as well as
systematic uncertainties from binary modeling choices,
as detailed in Appendix B 1. The next-largest contributions
to the stimulated decay signal come from GSR and
extragalactic radio sources, which are subject to much
smaller systematic uncertainties, as shown in Appendix B 2
for the GSR component. These sources provide a robust

minimum sensitivity to axion decay, making their inclusion
important for the overall projection.

2. Comparison of different instrumental configurations

In Fig. 1, we show the sensitivity of CHIME, CHORD,
HERA, HIRAX-1024, and BURSTT-2048. In Fig. 15, we
show the same for HIRAX-256 and BURSTT-256, with the
median sensitivity and 95% coverage band of HERA and
CHORD shown for reference. Of all the currently existing
arrays, CHIME is one of the best in its frequency range
thanks to its large collecting area and FOV. With ∼5 years
of data already taken, CHIME is the ideal telescope to
carry out the search for axion decay stimulated by astro-
physical sources.
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