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We report the first result of a direct search for a Cosmic axion Background (CaB) – a relativistic
background of axions that is not dark matter – performed with the axion haloscope, the Axion Dark
Matter eXperiment (ADMX). Conventional haloscope analyses search for a signal with a narrow
bandwidth, as predicted for dark matter, whereas the CaB will be broad. We introduce a novel
analysis strategy, which searches for a CaB induced daily modulation in the power measured by the
haloscope. Using this, we repurpose data collected to search for dark matter to set a limit on the
axion photon coupling of the CaB originating from dark matter decay in the 800–995 MHz frequency
range. We find that the present sensitivity is limited by fluctuations in the cavity readout as the
instrument scans across dark matter masses. Nevertheless, we demonstrate that these challenges
can be surmounted with the use of superconducting qubits as single photon counters, and allow
ADMX to operate as a telescope searching for axions emerging from the decay of dark matter. The
daily modulation analysis technique we introduce can be deployed for various broadband RF signals,
such as other forms of a CaB or even high-frequency gravitational waves.

Axions, originally motivated by their simple solution
to the strong CP problem [1], have since been accepted
more broadly as a compelling extension of the Stan-
dard Model. Most searches for axions that are relics of
the early Universe assume they make up a local non-
relativistic fluid, which is characteristic of dark mat-
ter [2]. However, a local axion energy density could take
on other forms. Axions could be produced in the early
Universe thermally, via parametric resonance, the decay
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of topological defects, or alternatively could emerge in
the late Universe from the decay of another dark mat-
ter candidate [3]. Collectively, the relativistic abundance
of such axions would form a Cosmic axion Background
(CaB): an axion analog of the photons in the cosmic
microwave background. The CaB, if produced in the
early Universe, would constitute a form of dark radia-
tion and therefore a contribution to ∆Neff , for which the
Hubble tension provides a mild hint [4, 5]. In the late
Universe, the CaB will constitute a local axion energy
density, analogous to axion dark matter, and therefore
can be searched for with axion haloscopes [6–19]. The
principal difference, however, is that whereas dark mat-
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ter is narrow spectrally, the CaB can be comparatively
very broad. In a ∼1 GHz frequency range, dark matter
has a bandwidth of O(1 kHz), whereas the CaB band-
width could be O(100 MHz) or larger.

In this work, we perform the first direct search
for the CaB with the Axion Dark Matter eXperiment
(ADMX) [20–26]. To do so, we focus on one specific
form the CaB could take: relativistic axions, a, emerging
from the decay of dark matter particles, χ. The search
can therefore be considered as an extension of the dark
matter indirect detection program, with axions acting
as final states. As we will review, this signal gives rise
to power in a resonant cavity that modulates over the
course of a day. Accordingly, we introduce an analysis
strategy to directly search for modulating power in an
existing ADMX dataset, and in this way construct the
first analysis for the CaB.

ADMX as a telescope for dark matter decay. We
begin by outlining the details of the model we consider
and the power it could generate in ADMX. We search for
the axions arising from the decay of dark matter. The
simplest realization of such a scenario would appear to
be a two-body decay, χ → aa. However, as discussed in
Ref. [3], axions are bosons so that such a decay can be
enormously Bose enhanced, which would lead to a run-
away decay and rapidly deplete the dark matter. The
runaway would not occur if the decay is slightly modi-
fied, for instance by the inclusion of an intermediate state
ϕ in a cascade decay. For this reason, we focus on ax-
ions arising from the decay channel χ→ ϕϕ→ aaaa. In
general, the spectrum of axions produced in the decays
will depend on mDM, mϕ, and ma. As we focus on rela-
tivistic axions, we always assume ma is negligible. If we
further assume mϕ � mDM, then the spectrum of axions
depends on two parameters: mDM and the dark matter
lifetime, τ (see, e.g., Refs. [27, 28]). While there is no
dedicated experimental search of this scenario, there are
constraints on the lifetime for dark matter to decay into
a relativistic species, for instance, Dark Energy Survey
(DES) measurements require τ > 50 Gyr ∼ 3.6 tU [29],
where tU is the present age of the universe.

As detailed in the supplementary material, the result-
ing CaB from the dark matter decays will generate the
following differential power in a resonant cavity,

dPa
dω

(ω, α) =
ρcg

2
aγγB

2V Cβ

8Q((ω − ω0)2 + (ω0/2Q)2)

ω3
0

ω3

×
[
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∫
dzdφK(ω, α)

]
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(1)

The power depends on properties of the cavity and of the
axion. For the cavity, B is the external magnetic field, V
is its volume, Q is the quality factor, β is the coupling be-
tween the cavity and antenna, C is the cavity form factor
for the TM010 mode [26], and ω0 is the resonant angu-
lar frequency of the same mode. For the axion, we have
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FIG. 1. Left: a schematic depiction of the spatial coherence
of a dark matter (orange) or CaB (light blue) signal over the
TM010 mode of a cylindrical cavity. The dark matter signal is
coherent across the cavity, and therefore independent of the
incident direction, whereas the CaB is not, and therefore the
dashed and solid curves can give rise to significantly different
signals. Right: a quantification of this effect using the ex-
pression in Eq. (2), where α is the angle between the incident
axion and the cavity magnetic field, R = 0.2 m, and L = 1 m.
The power of photons converted from the CaB is maximized
at α = π/2, when the cavity magnetic field is perpendicular
to the incident axions, and suppressed when α = 0.

the axion energy ω and the expressions in parentheses
detail the flux of axions arising from decays within the
Milky Way (MW) and extragalactic (EG) decays. The
full expressions for the flux are given in the supplemen-
tary material, but briefly, Ωa(ω) describes the spectrum
of axions and depends on the lifetime τ , vanishing as
τ →∞, whereas the angular distributions are controlled
by the integrands. Specifically, we integrate over the full
sky using spherical coordinates φ and θ = arccos z. The
parameter Dν(z) describes the angular dependence of de-
cays in the MW, which occur primarily at the Galactic
Center, and there is no analog for the EG flux as the
flux of axions is essentially isotropic. The normalization
factor, ρc ' 4.8 keV/cm

3
, denotes the critical density.

The final ingredient in Eq. (1), K(ω, α), generates the
daily modulation, and describes the fact that the rela-
tivistic axion is not spatially coherent across the instru-
ment. As the ADMX cavity is not a sphere, the coherence
across the cavity will depend on α, the angle between the

axion, k̂, and the magnetic field, ẑ. For an ideal cylindri-
cal cavity of height L and radius R, we can compute [3]

K(ω, α) =

[
sin(ωL cosα)

ωL cosα

J0(ωR sinα)

1− (ωR sinα/j01)2

]2

, (2)

where J0 is a Bessel function of the first kind, and j01 is
that function’s first zero. A depiction of why this factor
arises for the CaB, but not dark matter, is given in Fig. 1.
Axion dark matter (orange) has a significantly larger de
Broglie wavelength than its Compton wavelength. Con-
sequently, it sources a spatially coherent effect across the
cavity. This is not the case for the CaB (light blue),
which has a de Broglie wavelength comparable to its
Compton wavelength and therefore can oscillate spatially
across the cavity. The effect of the resulting interference
is described by K(ω, α). While this factor suppresses the
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overall power (K(ω, α) ≤ 1), the way in which it does
so is critically dependent on the incident angle of the
wave – for instance, a wave incident down the height of
the cavity will oscillate many more times than one inci-
dent radially, given that L � R. Combining this effect
with the fact that the axions originate from dark matter
decays in the MW arise preferentially from the Galac-
tic Center and that cavity magnetic field orientation will
rotate with the Earth throughout the day, results in a
unique daily modulation signal that we will exploit to
search for the CaB.

A daily modulation analysis. Having defined the sig-
nal, we now outline the analysis we intend to perform on
existing ADMX data, which will fundamentally make use
of the daily modulation emerging from K(ω, α). Briefly,
ADMX uses an axion haloscope designed to search for
axions that could constitute the local dark matter halo
using a cold resonant cavity immersed in a static mag-
netic field. The apparatus consists of a 136 ` cylindrical
copper-plated stainless steel microwave cavity immersed
in a 7.5 T superconducting magnet. The resonant fre-
quency of the cavity is adjusted through the use of two
movable internal bulk copper rods. The RF power in
the cavity is extracted using an antenna, and then am-
plified with a Josephson Parametric Amplifier (JPA) [30]
and the following Heterostructure Field Effect Transistor
(HFET) amplifiers [31]. For further details, see Ref. [32].

In the present work, we will search for a CaB signal in
existing ADMX data that was collected with the explicit
purpose of searching for axion dark matter. The dataset
amounts to a series of power measurements taken over
100-second intervals throughout the day, each taken at
different resonant frequencies, and scanned in search of
the unknown dark matter mass. For each of these mea-
surements, a dark matter signal would emerge as a nar-
row line in the data on top of a broad thermal photon
background. There is then a relatively clean separation
into frequency regions where there is background only
and those where there is signal and background, which
allows one to calibrate the signal strength with respect
to the thermal noise within one digitization bandwidth.
Such a separation is not possible for the CaB. The sig-
nal is broader than both the cavity linewidth and the
digitization bandwidth: the only way to distinguish a
CaB signal from the thermal background in a single scan
would be to exploit the B2 scaling in Eq. (1). If we
combine multiple scans taken throughout the day, how-
ever, we can search for the daily modulation of the CaB
signal. Unfortunately, the backgrounds also vary with
time; there is time variation in the gain as well as tem-
perature drifts in the system which are mentioned later.
The HFET response is relatively stable and therefore we
can neglect its time dependence. The bias current of the
JPA is adjusted every four digitizations to maximize the
dark matter signal-to-noise ratio. During this process,
gain stability is not the figure of merit, and the gain can
vary between 15–30 dB. This will lead to large fluctua-
tions in the observed power as a function of time, and

FIG. 2. Top: an example of the mean power (gray) as a
function of time collected on April 30, 2021. We further show
the JPA gain in green, and in the inset demonstrate the two
are strongly correlated. Bottom: For the same dataset, we
divide the mean power out by the gain (left axis) and show
the results PEM computed according to Eq. (3) (right axis).

will form an important background when searching for a
modulating signal.

To mitigate the impact of gain fluctuations, we define
a new observable, which we refer to as the Power Excess
Modulation (PEM),

PEM =
P (t)/GJPA(t)− 〈P (t)/GJPA(t)〉

〈σP (t)/GJPA(t)〉 kBTsys

√
b

T
. (3)

Here, P (t) and σP (t) are the mean and standard devia-
tion of the power in a dataset collected at a time t, com-
puted over the frequencies in the digitization bandwidth,
which is 100 Hz for the data we used. For that same
dataset, we further use the gain in the JPA, denoted by
GJPA(t). Finally, 〈·〉 corresponds to expressions averaged
over a full day, Tsys is the system-noise temperature, typ-
ically around 500 mK, kB is the Boltzmann constant, b
is the bin width of the spectrum, and T is the collection
time for the dataset, which for the results we use is 100
seconds.

The PEM in Eq. (3) quantifies the variation of the
power in a single scan relative to the average for that day,
accounting for the measured gain. If we have PEM val-
ues collected at a series of times ti, we can combine these
into a single dataset dPEM ≡ {PEM(ti)}, within which
we can look for an axion signal oscillating throughout the
day. To provide an example of the data, in Fig. 2 (top)
we show the mean power as a function of time through-
out the day, for data taken on April 30, 2021. As can
be seen, the gain from the JPA varies by an O(1) value
throughout the day, and those fluctuations are strongly
correlated with the observed value of P̄ . In the bottom
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panel, we show the power after the gain has been divided
out, and it is within this data we search for a signal of
the CaB, which is also shown. We note that the use
of P (t)/GJPA(t) rather than the average power greatly
improves the sensitivity to the CaB. Nevertheless, our
knowledge of GJPA(t) is imperfect. Since measurements
of the JPA gain were only performed approximately ev-
ery 5 minutes, meaning values are not available for ev-
ery dataset. Therefore, residual variations caused by the
JPA were taken into account as a systematic uncertainty
described later.

Data reduction and systematics. We now describe
the existing ADMX data we will use to search for the
CaB. In particular, we made use of an existing ADMX
search for dark matter performed over the frequency
range 800–1020 MHz [26]. Given the background consid-
erations are different when searching for the CaB rather
than dark matter, we applied additional quality cuts to
the dataset. Firstly, the JPA gain was found to be sig-
nificantly unstable during the time when the data in the
range 950–1020 MHz were collected, and consequently we
decided to exclude this entirely. Secondly, we discarded
all rescan datasets – measurements performed to follow
up any potential candidates observed in the dark mat-
ter search – to avoid discontinuities in the PEM. Even
though these could be accounted for, the amount of res-
can data is negligible, so including it would not substan-
tially improve our sensitivity. Finally, we discarded those
datasets which were collected while the liquid Helium was
being refilled, as the vibrations led to further fluctuations
in the JPA gain. These three cuts reduced our initial
dataset by roughly 50%.

Before analyzing the data, there are three sources
of systematic uncertainty we identified that are beyond
those conventionally accounted for in haloscope analyses,
as they are unique to the PEM analysis: short timescale
fluctuations dominated by the JPA variation, power fluc-
tuations from the other parts of the radio frequency (RF)
system, and an imperfect calculation of K(ω, α). We de-
scribe each of these below in turn.

To begin with, as mentioned the P̄ (t) values we mea-
sure are collected every ∼100 seconds, whereas JPA gain
variation are only remeasured every ∼5 minutes. The
two are strongly correlated, however, as clearly shown in
Fig. 2, and therefore the imperfect knowledge of GJPA

represents an uncertainty to be accounted for. The gain
fluctuations are statistically random and approximately
Gaussian. In order to model the systematic error induced
by these fluctuations, we take the full PEM dataset as a
function of time and fit it with a Savitzky-Golay (SG)
filter (length 201 and polynomial order 3). The SG filter
is used to remove all fluctuations over timescales larger
than ∼5 minutes, for instance, a potential HFET gain
drift or even a possible contribution from the CaB. The
remaining short-time fluctuations are attributed to the
JPA, and we model these as a Gaussian with a width
determined by the standard deviation of these residuals.
This fluctuation is then combined with the other sys-

tematic uncertainties we account for in quadrature. We
emphasize that the SG filter is used only for estimating
the uncertainty; the fit to search for a CaB amplitude is
performed without the SG filter.

While variation in the JPA gain are the dominant
source of temporal variations in the power, there are
other milder contributions from the RF system, such as
variations in temperature, although the leading second-
order effect is gain fluctuations in the HFET. This uncer-
tainty was estimated by directly measuring the stability
of the room-temperature RF system. During the mea-
surements, the part of the RF system that is cooled down
was disconnected from the full apparatus, so that the
fluctuations were only measured in the latter. Through
this process, the fluctuations were measured to be at most
2%, and this value was incorporated as a systematic un-
certainty. There is, however, an additional HFET ampli-
fier in the part of the instrument that is cooled. There-
fore, we disconnected it from the above measurement,
and we conservatively attribute it the same uncertainty.
Combining the two in quadrature, we then attribute the
full RF system (excluding the JPA) a systematic uncer-
tainty of 2.8%.

The final source of systematic uncertainty arises from
the calculation of K(ω, α). We determined this from
Eq. (2) though that result assumes a perfectly cylindri-
cal cavity. For comparison, the relevant form factor for
dark matter, C, deviates from this perfect value due to
the presence of the tuning rods in the cavity, for example,
and is precisely determined using simulations with Ansys
HFSS. We attribute an uncertainty of 30% to our com-
putation of K, as this is the magnitude of the variation
in C as the tuning rods are moved.

A CaB search in existing ADMX data. Having de-
scribed our dataset, dPEM, and the PEM analysis frame-
work, we turn to the search for the CaB. We will per-
form the search using a Gaussian likelihood analysis,
determining limits with a likelihood ratio test statistic.
While we expect fluctuations in the power throughout
the day from various background sources as described
above, these have been accounted for either by our ex-
plicit inclusion of GJPA in the PEM or else through
the use of systematic uncertainties. Accordingly, our
null hypothesis (H0) is simply that PEM = 0. For
our alternative hypothesis (H1) we add to the null hy-
pothesis a contribution from the CaB. As a reference
point, we can consider the largest CaB signal that can be
presently obtained: this occurs when we take τ = 3.6 tU,
and gCAST

aγγ = 0.66 × 10−10 GeV−1, i.e. saturating the
DES and CAST bounds, respectively (with the latter
taken from Ref. [33]). From this maximally allowed hy-
pothesis we can then vary gaγγ , which varies the over-
all amplitude of the signal according to Eq. (1), deter-
mine the best fit value and then define a signal strength
µ = (gfit

aγγ/g
CAST
aγγ )2, which will also be the ratio of the best

fit PEM to that predicted when µ = 1. Note we choose
to vary gaγγ , rather than τ , as the former solely scales
the signal amplitude; the lifetime changes the shape of
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FIG. 3. 90% C.L. on gaγγ for a CaB arising from the decay
of dark matter, assuming τ = 3.6 tU. The results do not
yet exceed the CAST bound [33], and are primarily limited
by fluctuations in the JPA gain. These would be removed
if the same analysis were performed using an absolute power
measurement, and with other improvements such as a reduced
system temperature or modified cavity geometry, significantly
enhanced sensitivity can be achieved. See text for details.

the signal as we describe in the supplementary material.
From here we define a signal hypothesis H1 as the alter-
native hypothesis where µ obtains its preferred value in
the data.

From these hypotheses, we define the probability of H0

and H1 as p(H0) and p(H1), respectively. We then set
the following criteria:

• p(H0) > 0.003: no evidence for new physics;

• p(H0) < 0.003 and p(H1) < 0.003: the null hypoth-
esis is disfavored, but there is no evidence for the
CaB; and

• p(H0) < 0.003 and p(H1) > 0.003: there is a pref-
erence for the CaB.

In the above, 0.003 corresponds to the 3σ threshold.
In the absence of evidence for the maximal CaB sig-
nal predicted by H1, we can determine a 90% confi-
dence level (C.L.) limit on gaγγ by scaling gCAST

aγγ with√
µ+ 1.281×∆µ, where ∆µ is fit uncertainty on the best

fit value of µ. The value of 1.281 arises from 90% of the
one-sided Gaussian probability.

Using the above procedure, we searched for a signal
of the CaB between 800 and 995 MHz, which in total
amounted to 143 days of data. Nevertheless, we found
that the data taken near 850 MHz dominated the sensi-
tivity as it was taken over a period of time where the JPA
was especially stable. We analyzed each day of data sep-
arately and found that all spectra were consistent with
the expected background in the absence of a CaB, i.e.
p(H0) > 0.003. Therefore, we use the combined data

over all days to establish an upper limit on gaγγ (with τ
fixed as above). The results are shown in Fig. 3.

At present, this first search for the CaB is not able
to reach the allowed parameter space below gCAST

aγγ . The
primary limitation is that existing haloscopes are only
sensitive to the relative power excess, for instance, as
encapsulated in the PEM. However, this is not a funda-
mental limitation. For example, a single photon counter
using a superconducting qubit (see e.g. Ref. [34]) essen-
tially measures the absolute photon occupation number
in the cavity, which would allow for absolute power mea-
surements. Such a measurement would remove the need
to subtract the mean, as we do in the PEM given we are
presently only sensitive to time variations rather than
the absolute scale. As a result, at present we are com-
pletely insensitive to the contribution to the CaB from
extragalactic decays, worsening the sensitivity to gaγγ by
∼2/5. An additional benefit of an absolute power mea-
surement is that as it only measures the number of states
in the cavity it will render the amplifiers gain fluctuations
negligible when at present they are our dominant back-
ground. Removing this background would improve our
sensitivity to roughly gCAST

aγγ . In addition to measuring the
absolute power, single photon counters using a supercon-
ducting qubit can potentially achieve a noise tempera-
ture of around 10 mK by using quantum nondemolution
measurements [35], which would improve the sensitivity
further. Finally, as we describe in the supplementary
material, the ADMX cavity geometry (L ∼ 5R) signifi-
cantly suppresses the CaB power through K(ω0, α). A
cavity with L ∼ R would largely lift that suppression.
In Fig. 3 we show the expected improved sensitivity that
would result from each of these considerations.

Discussion. We have performed the first direct search
for the CaB with an axion haloscope. While there are
many forms the CaB could take, we focused on the pos-
sibility of a cascade decay of dark matter to axions,
χ→ ϕϕ→ aaaa, and exploited the resulting daily mod-
ulation in the signal. In particular, we introduced the
PEM analysis to search for a daily variation in the power,
and then applied this method to existing ADMX data.

While our results are specific to the dark matter decay
CaB, the methodology employed here is general and can
be used to search for other possible broadband signals
in axion haloscopes. The present sensitivity we obtained
with the PEM is roughly an order of magnitude weaker
than might have been expected, and this was solely due
to the large variations in the gain. To improve on this, fu-
ture measurements can monitor the relative HFET gain
fluctuation, for instance, by injecting RF tones during
data taking and thereby have an accurate measurement
of the gain at all times rather than every 5 minutes. Also,
data-taking without fine-tunings of the JPA bias current
at the same cavity resonant frequency would realize sta-
bler PEM spectra. Looking even further forward, the
sensitivity will improve significantly once absolute power
measurements in the cavity are possible, an avenue that
will be opened by single photon measurements. Com-
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bining this improvement with the expected strides axion
haloscopes will make in the coming decade, it is likely this
will be only the first of many searches for non-dark mat-
ter signals at such instruments. Indeed, it could well be
that the first signs of new physics in these instruments
emerges in the form of a CaB, high-frequency gravita-
tional waves (see e.g. Refs. [36, 37]), or another as yet
unanticipated signal.
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SUPPLEMENTARY MATERIAL

“Search for the Cosmic Axion Background with ADMX”

In this supplementary material we provide additional details regarding two points from the main text. Firstly, we
describe the dark matter decay model we study to generate the CaB, and provide the full details of Eq. (1). Secondly,
we describe the origin of the suppression of CaB power that results from the form factor in Eq. (2).

We begin with the dark matter model. In a scenario where light dark matter decays to axions, we emphasize that
a direct decay χ → aa can rapidly deplete all of the dark matter. To see this, note that the occupation number of
final state axions as a function of their energy ω is given by

fa(ω) =
2π2

ω3

dρa
dω

. (S1)

This is a general result. If we apply it to the case of a two body decay, then the spectrum peaks as ω = mDM/2, and
we find approximately

fa(mDM/2) ∼ 109

(
ρa
ργ

)(
mDM

10 µeV

)−4

. (S2)

Accordingly, in the range of masses to which ADMX is sensitive, if we want an appreciable CaB density (so that ρa &
ργ), the occupation number will be enormous. As axions are bosons, this large occupation number will significantly
bose enhance the decay of dark matter itself, leading to a runaway process that will deplete dark matter.

This observation motivated our consideration of the next-to-minimal scenario involving a cascade decay through a
mediator, ϕ. In particular, in the main text, we studied χ → ϕϕ → aaaa. Here we present a summary of a simple
benchmark model which exhibits cascade decays and whose spectrum is used as the template in our experiment. The
model assumes that dark matter and the mediator are real scalar fields and with interactions set by

L ⊃ 1

2
gχϕ2 +

1

2Λ
ϕ(∂µa)2, (S3)

where g is a dimensionful coupling. Note that radiative corrections generate a χ(∂a)2 coupling and hence a direct
χ → aa decay. Relative to the χ → ϕϕ decay rate, shown below in Eq. (S4), the χ → aa rate is suppressed by
(mDM/Λ)4. If the product of this factor and the Bose-enhancement factor in Eq. (S2) is small, χ → aa is slow on
cosmic timescales and we assume this condition is satisfied. We note that this condition is non-trivial to satisfy since
we also assume that the decay of ϕ, controlled by Λ, is sufficiently fast that it occurs promptly over astrophysical
scales. Nonetheless, there is ample parameter space where both requirements can be met.

In this model, the lifetime of dark matter is controlled by the initial decay, and for mϕ � mDM given by

Γχ→ϕϕ =
g2

16πmDM
' 1

10 tU

( g

10−19 eV

)2
(
mDM

1 µeV

)−1

. (S4)

To produce a detectable flux of axions, we want as large a decay rate as possible, although we still require Γ−1 = τ .
3.6 tU as measured by DES. We see that in order for this model to yield a signal consistent with observations and be
detectable by ADMX requires a tiny value of the coupling g. An additional simplification that occurs in the limit
of mϕ � mDM is that the energy spectrum of the axions emitted for each decay takes on a particularly simple form
(see, e.g., Refs. [27, 28])

dN

dω
=

8

mDM
Θ(mDM/2− ω), (S5)

where Θ denotes the Heaviside step function.
From the lifetime and spectrum, we can compute the energy density of axions produced locally, and hence the

differential power generated in a resonant cavity. This was the result given in Eq. (1). Most of the contributions to
that expression were given in the main text, however, we did not state ΩMW

a (ω), ΩEG
a (ω), or Dν(z) explicitly, and do

so now. Firstly, assuming an NFW dark matter distribution in the MW [38, 39], we obtain the following local density
of axions from dark matter decay

ΩMW

a (ω) =
2e−tU/τ

πτρc

ω2

m2
DM

4πρ0rs ln ν

1− ν−2
Θ(mDM/2− ω). (S6)



2

Here ρ0 ' 0.32 GeV/cm
3

and ν = rs/r� determine the NFW profile, with rs = 20 kpc the scale radius and r� the
distance of the Sun from the Galactic Center. Note that due to the exponential depletion of dark matter locally for
τ � tU, the axion density does not simply scale as 1/τ (although it does when τ � tU). The extragalactic decays also
contribute a density of axions, given by

ΩEG

a (ω) =
8ΩDMω

2

τH0m2
DM

∫ 1

0

da

a

e−(t(a)−tr)/τ√
Ωm/a3 + ΩΛ

Θ(a− 2ω/mDM). (S7)

Here H0 is the Hubble constant, whilst ΩDM, Ωm, and ΩΛ are the cosmological dark matter, matter, and dark energy
densities, respectively. The integral is performed over the scale factor a, and t(a) is the age of the universe at that
scale factor, so that t(1) = tU. Finally, in a model where dark matter can decay, we need to normalize ΩDM to a
point in time when it has been measured, and we have chosen to do so at tr, the time of recombination. Again this
expression has a complicated dependence on the dark matter lifetime, except in the limit where τ � tU.

The density of axions produced from decays within and outside our own Galaxy are comparable. Nevertheless,
the EG contribution is essentially isotropic in the sky and therefore does not contribute significantly to the PEM.
By isolating time-varying signals, the PEM singles out the local decays, which primarily originate from the Galactic
Center. Accordingly, we need to know the angular dependence of the incident axions, and this is determined by Dν(z),
as described in the main text. If we again assume an NFW profile, then we can explicitly evaluate

Dν(z) =
ν − 1

4 ln ν(ν2 + z2 − 1)3/2

[
ν(ν + 1) atanh

(
2zν
√
ν2 + z2 − 1

ν2 + z2(ν2 + 1)− 1

)

− 2ν(ν + 1) atanh

(
ν2 − zν + z2 − 1

(z − ν)
√
ν2 + z2 − 1

)
− 2(ν + z + 1)

√
ν2 + z2 − 1

]
.

(S8)

Finally, we expand on the physical origin of the suppression that arises from the relativistic form factor K(ω, α). In
the main text, and particularly in Fig. 1, we emphasized that the origin of this suppression is that the CaB spatially
oscillates over the cavity, and when integrated over the magnetic volume, the net effect is a suppressed total axion
power compared to dark matter, which is spatially coherent over the instrument. Of course, we note that although
this effect suppresses the total power, it also gave rise to the daily modulation we exploited in the PEM analysis.

Whilst the above discussion is correct, it may give the impression that such a suppression of power is an intrinsic
property of relativistic axions detected in resonant cavities, and this is not correct. This point is emphasized in
Fig. S1, where we show K(ω, α) evaluated at the resonant frequency for three choices of the ratio L/R. From there,
we can see that in a cavity with L = R, or especially if L� R, the form factor is significantly larger. This will reduce
the size of any daily modulation signal, but once ADMX can make absolute power measurements, such a geometry
would lead to a larger CaB signal, as was shown in Fig. 3.

The physical origin of this is that resonant frequency for the TM010 mode of an idealized cylindrical cavity is given
by ω0 = j01/R. Importantly, R not L determines the resonant frequency. As the cavity transfer function only has
appreciable support for ω ' ω0 (see Eq. (1)), this implies that CaB modes with wavelengths ∼R are those which
primarily source power. If L � R, then for any incident direction, the primary modes have wavelengths that do
not oscillate significantly over the cavity. If L � R, however, then unless α ' 90◦ (when the CaB wave is incident
perpendicular to the magnetic field), the wave will oscillate for several cycles, leading to a suppression.

We can also see this analytically. On resonance,

K(ω0, α) =

[
sin(j01 cosαL/R)

j01 cosαL/R

J0(j01 sinα)

1− sin2 α

]2

. (S9)

Firstly, when the incident wave and magnetic field are perpendicular, we have K(ω0, π/2) = [j01J1(j01)]2/4 ' 0.39.
This result is independent of L/R, because the wave is propagating radially across the cavity, and the distance
travelled and resonant mode are both controlled by R. On the other hand, for α = 0, we have

K(ω0, 0) =

[
sin(j01L/R)

j01L/R

]2

. (S10)

For L/R → 0, this result tends to unity – exactly reproducing the dark matter result. For L/R → ∞, however, the
field oscillates many times across the cavity, and the form factor is driven to zero. For the ADMX geometry, where
L = 5R, there is already significant suppression. Of course, we emphasize that in the model we study, the axions are
incident from across the sky, and therefore we are sensitive to a weighted integral of the form factor over all angles.
Nevertheless, with L = R, the integrated power from the CaB would be increased by roughly a factor of five.
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FIG. S1. The relativistic cavity form factor from Eq. (2), evaluated at the nominal TM010 resonant frequency ω0 = j01/R, for
different values of the ratio L/R. The ADMX geometry, where L = 5R, was shown as representing the CaB in Fig. 1, and
contrasted with the equivalent dark matter value of K(ω0, α) = 1. As can be seen, when L � R (as for ADMX), there is a
significant suppression of the form factor. For L = R, or L � R, the effect is greatly reduced, and the form factor becomes
comparable to dark matter. The origin of this behavior, and the consequences for CaB searches are discussed in the text.


