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The Axion Dark Matter eXperiment (ADMX) has previously excluded Dine-Fischler-Srednicki-Zhitnisky
(DFSZ) axions between 680-790 MHz under the assumption that the dark matter is described by the isothermal
halo model. However, the precise nature of the velocity distribution of dark matter is still unknown, and alter-
native models have been proposed. We report the results of a non-virialized axion search over the mass range
2.81–3.31 µeV, corresponding to the frequency range 680–800 MHz. This analysis marks the most sensitive
search for non-virialized axions sensitive to Doppler effects in the Milky Way Halo to date. Accounting for fre-
quency shifts due to the detector’s motion through the Galaxy, we exclude cold flow relic axions with a velocity
dispersion of O(10−7)c with 95% confidence.

I. INTRODUCTION

Though some clues about the nature of dark matter can be
inferred from a variety of astrophysical observations, a defini-
tive explanation for it has yet to be found. Given the elusive
nature of dark matter, scientists and researchers alike have ex-
plored a variety of candidates to explain a longstanding mys-
tery in particle physics. One such candidate, the axion, is a
product of a popular solution to an intractable puzzle known
as the Strong CP problem, in which the absence of a neu-
tron electric dipole moment contradicts (or implies fine-tuning
of) the CP-violation that is implicit in the theory of quantum
chromodynamics (QCD) [1–3]. The axion is therefore a com-
pelling dark matter candidate because of its properties of elec-
tric neutrality and feeble interactions with standard model par-
ticles. Additional studies show the axion could account for the
entire observed dark matter density [4–8].

The Axion Dark Matter eXperiment (ADMX) is a direct
detection experiment searching for axion dark matter. ADMX
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uses a microwave cavity immersed in a magnetic field, which
stimulates the conversion of axions to photons via the Inverse
Primakoff effect, a realization of an experimental technique
called the axion haloscope [9]. The experiment leverages the
use of a high quality factor cavity, ultra low-noise amplifiers
and a dilution refrigerator to achieve sensitivity to both bench-
mark models for the QCD axion, namely the Kim-Shifman-
Vainshtein-Zakharov (KSVZ) [10, 11] and the Dine-Fischler-
Srednicki-Zhitnitsky (DFSZ) models [12, 13]. The coupling
strength in the DFSZ model is particularly compelling due to
its compatibility with grand unification theories [12].

ADMX was the first axion haloscope to exclude the DFSZ
axion in 2018, covering the mass range 2.66-2.81µ eV [14].
Since then, the experiment has been searching for higher mass
axions at equivalent sensitivity [15, 16].

A. Motivation

During the course of data taking, ADMX measures power
spectra at different cavity frequencies to find narrow power
excesses that could be potential axion candidates. ADMX ac-
quires two parallel data sets: a medium resolution (MR) data
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set and a high resolution (HR) data set. The HR data set is in
the form of time series data with a spectral resolution of 10
mHz while the MR data set consists of Fourier transformed
power spectra with spectral resolution of 100 Hz. The root-
mean-square (RMS) frequency variation of a signal, δ f , can
be determined using Eq. 1, where f is the signal frequency, Ea
is the average axion energy, v is the magnitude of the velocity,
δv is the velocity dispersion and c is the speed of light. The
observed spectral linewidth is defined as ∆ f = 2δ f .

δ f
f

=
δEa

Ea
≈ vδv

c2 . (1)

The MR acquisition channel searches for virialized axions,
corresponding to the isothermal sphere model for the dark
matter halo distribution in our Galaxy. Axions of this na-
ture are expected to follow a Maxwell-Boltzmann distribution
with a velocity dispersion of O(10−3)c. Axions with ma ≈
3.1 µeV and v ≈ 220 km/s, would have a spectral linewidth
O(1) kHz, making them detectable using the MR data set.
Previous searches within ADMX have used this data set to
exclude dark matter axions that abide by the isothermal halo
model within mass range 2.66−3.31 µeV [14, 15]. Searches
for axions that follow alternative models have been proposed,
which we explore further in this work.

Astrophysical observations have shown evidence for the
caustic ring model, suggesting that local dark matter within
our solar system exists as discrete flows [17–19]. This is fur-
ther supported by cosmological simulations that favor a non-
Maxwellian model, where the local density of dark matter ex-
ists as a superposition of bound clumps and tidal flows, also
sometimes referred to as “streams” [20]. These flows are de-
scribed as the late infall of dark matter particles that have not
had sufficient time to be fully thermalized [18, 21]. A theo-
rized consequence of such flows are the formation of caustics,
or high dark matter density regions, created by the repetitive
turnaround process of infalling dark matter particles that pass
the Galactic center each time[22]. The turn-around points of
closest approach are known as inner caustic rings, while those
that are most distant are outer caustic spheres [23].

It has been predicted from observations that the Earth is
located near the caustic ring generated by particles falling in
and out of the Milky Way for the fifth time [24]. Depend-
ing on whether the Earth sits inside or outside this ring’s
cross-section, it is dominated by either 4 or 2 flows, respec-
tively. The flows are referred to as “Big”, “Little”, “Up”, and
“Down”, where only the Big and Little flows are present if the
Earth sits outside the ring’s cross-section.

Given that the velocity dispersion of non-virialized ax-
ions from flows within the fifth caustic are significantly nar-
rower than that of virialized axions (O(10−7)c) [25–27],
the signal from such flows would appear as a narrow peak
(O(500 mHz)) in the power spectrum of a Sikivie-type de-
tector like ADMX [9].

These spectral linewidths are much smaller than the MR bin
width of 100 Hz, meaning that all information about spectral
shape for such signals is lost in the MR channel. Additionally,
the signal-to-noise ratio is significantly reduced because only

a fraction of a bin width’s worth of signal power is competing
with a full bin width’s worth of noise power.

Therefore, the HR channel can be used to our advantage.
With a bin width of 10 mHz, signals with small velocity dis-
persions deposit a larger fraction of their power in a single bin
than they would in the MR channel, thus achieving a higher
signal-to-noise ratio. Additionally, the ADMX detector’s rel-
ative velocity with respect to an axion causes a Doppler shift
in the detected frequency due to the Earth’s motion in the
Galaxy. To quantify this shift we can look at the total energy
of non-relativistic relic axions, Ea,

Ea = mac2 +
1
2

ma(
−→v · −→v ). (2)

Here, ma is the mass of the relic axion, c is the speed of light
in a vacuum, and −→v = −→va −−→vD is the relative velocity of ax-
ion flow and detector. As −→v changes throughout data-taking,
the energy changes slightly, manifesting as a frequency shift
of a few tens of Hz at 1 GHz. The MR analysis does not
have the required spectral resolution to observe such effects,
whereas the HR analysis is capable of detecting these small
frequency shifts. The Doppler variation of a candidate signal
could therefore be used as a way to quantify its persistence,
which we explore further in Section IV E and Appendix A.

This paper’s focus is on the analysis of the HR data set ac-
quired between 680–800 MHz [15, 28]. The structure is as
follows: Section II describes the experimental configuration
for the data collection for this analysis, with details of the de-
tector and receiver chain, Section III explains the data acqui-
sition process and details of signal processing, Section IV de-
scribes the potential candidate identification and examination
process, Section IV E and Appendix A undertake a discussion
of the signal modulation and the resulting affects to observed
signals, Section IV F describes the procedure for distinguish-
ing between radio frequency interference (RFI) and axion-like
signals, and Section V provides the limit-setting procedure
and interpretation. Barring the existence of any persistent can-
didates, the limit setting process marks the final step in the
HR data analysis, resulting in a statement of exclusion over
the 680-800 MHz frequency range for non-virialized axions.

II. ADMX OVERVIEW

A. Detector

The Axion Dark Matter eXperiment is an example of an
axion haloscope: an experimental technique first proposed by
Pierre Sikivie in 1983 as a means of detecting the so-called
“invisible” axion [9]. The detector consists of a high qual-
ity factor, cylindrical resonant microwave cavity embedded
within a high-field, superconducting solenoid magnet. The
strong magnetic field converts passing axions into microwave
photons of frequency Ea/h, where Ea is the energy of an ax-
ion defined in Eq. 2, and h is the Planck constant.

The resonator used for the frequency range of 680–800
MHz is a 140-liter copper-plated stainless steel cavity [15].
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The resultant power of the converted photons is amplified
when their frequency matches the resonant frequency of the
cavity. To leverage resonant enhancement across a range of
possible axion masses, ADMX uses two copper tuning rods
inside the cavity that can be rotated to alter cavity geometry
and its resonant frequency.

A diagram of the ADMX “insert”, which contains the vari-
ous cryogenic components of the experiment such as the cav-
ity, cold electronics, and dilution refrigerator, can be seen in
Fig. 1.

FIG. 1. Cutaway diagram of the ADMX insert. The scale on the right
hand side represents the different temperature stages of the experi-
ment, with the coldest stage containing the microwave cavity and the
first stage cold electronics, such as the Josephson Parametric Ampli-
fier (JPA), as well as the dilution refrigerator. It is worth noting that
the JPA is physically located inside the “Field-Free Region” because
it is highly sensitive to magnetic fields, but it is thermally sunk to the
coldest temperature stage. The JPA is also encased in a mu-metal
shield meant to provide passive protection from the main magnetic
field.

The power is extracted from the cavity using a dipole an-
tenna. An axion signal would manifest as a small narrow-band
excess in the resulting digitized power spectrum at a particular
frequency corresponding to the axion mass. The expected ax-
ion signal power under these experimental conditions is given
by Eq. 3,

Paxion = 2.2×10−23 W
(

β

1 + β

)(
V

136 ℓ

)(
B

7.6 T

)2

×
(

C010

0.4

)( gγ

0.36

)2 ( ρDM

0.45 GeVcm−3

)
×

(
fa

740 MHz

)(
QL

30,000

)(
1

1 + (2δ fa/∆ f0)2

)
.

(3)

In the equation above, V is the cavity volume, B is the exter-
nal magnetic field strength, C010 is the form factor (amount of
overlap between the electric field of the cavity resonant mode
and the external magnetic field), gγ is the model-dependent
coupling term, ρDM is the local dark matter density, f is the
frequency of the observed photon, and QL is the loaded qual-
ity factor of the cavity. The ADMX collaboration assumes a
local dark matter density of ρDM = ρa =0.45 GeVcm−3 [29]
in presenting its sensitivity to axions that follow the isother-
mal halo model, hence why the density term is normalized
using this value. The cavity coupling parameter, β, is a mea-
sure of how much power is picked up by the strongly coupled
antenna. It is defined as β = Q0/QL − 1, where Q0 is the
unloaded quality factor. The cavity mode linewidth, ∆ f0, is
defined by ∆ f0 = f0/QL. Finally, δ fa is some offset from
the cavity’s resonant frequency, known as the detuning factor.

ADMX optimizes the magnetic field strength, cavity vol-
ume, quality factor, form factor and cavity coupling parame-
ters, in order to maximize the power of an axion signal. In
addition, an ultra-low noise amplifier and dilution refrigera-
tor are used to minimize system noise temperature within the
experiment itself. These work together to keep the system
noise low, increasing the overall signal-to-noise-ratio (SNR).
A more detailed description of the detector can be found in
Ref. [15, 30].

B. Receiver Chain

The receiver chain extracts and amplifies the signal from
the cavity and transmits it to a digitizer where the time series
data are both recorded as is (for HR analysis) or Fourier trans-
formed and saved as power spectra (for MR analysis). Addi-
tionally, the receiver chain allows for the characterization of
various experimental parameters. Broadly speaking, the re-
ceiver chain is divided into “warm” (room temperature) and
“cold” (cryogenic) components. The cold receiver chain used
during this data-taking run can be seen in Fig. 2. It consists of
a number of lines to characterize the state of the experiment,
drive the amplifiers, and readout signal from the cavity.

The weak port (2) as depicted in Fig. 2, is designed to
perform transmission measurements to determine the cavity’s
resonant frequency as well as the loaded quality factor, QL.
The cavity bypass line (3) can be used to perform reflection
measurements, which allow us to determine how well cou-
pled the antenna is to the mode of the cavity. Details on
how these measurements are used to extract these parameters
can be found in [31]. The output line (1) is used to amplify
and measure signals coming from the cavity. Signals along
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FIG. 2. ADMX cold receiver chain for this data-taking run. Com-
ponents labeled CN are circulators. Components labeled AN are
attenuators which are used to thermally sink the RF lines as well
as to prevent signals from traveling “downstream” toward the cav-
ity. Temperature stages for different components are indicated on
the right hand side. The weak port and cavity bypass lines are used
for RF calibration measurements, the output line is used to readout
power from the cavity, and the pump line supplies the pump tone for
the JPA.

this line are first amplified by a Josephson Parametric Ampli-
fier (JPA) [32, 33], before being amplified further by a Het-
erostructure Field-Effect Transistor (HFET) from Low Noise
Factory [34]. There are also three circulators on the output
line which are unidirectional devices used to control the di-
rection of signal flow (as indicated by the arrows) and prevent
the amplified signal from the JPA from being reflected back
into the cavity. Lastly, there is the pump line (4), which sup-
plies the pump tone for the JPA, allowing us to adjust the JPA’s
resonant frequency.

Further information about the warm receiver chain and sys-
tem noise calibration for this data taking run can be found in
Ref. [31].

III. DATA ACQUISITION

The ADMX collaboration acquired data from January to
October of 2018 that spanned a frequency range 680-800
MHz. The HR data set consisted of a total of 143,249 power
spectra. Before Fourier transforming them, the data is stored
in time-series form, allowing for flexibility in the choice of
spectral bin width.

Each 100-s digitization has an accompanying sequence of
measurements and procedures needed to characterize and op-
timize the receiver chain, as described in detail in Ref. [31].
These RF characterization measurements are stored in a
database with an associated timestamp that can be mapped to
individual time-series data files, along with temperature sen-

sor data. The form factors, C010, are simulated using CST Stu-
dio [35]. Simulation outputs form factors at a few, select fre-
quencies; thus, form factors at every point in frequency space
are obtained by interpolating the simulated data.

Each pass through this 100-s sequence is referred to as a
single data-taking cadence. Under ideal operating conditions,
this data-taking cadence continued, with the tuning rods rotat-
ing at a uniform speed in one direction, for approximately 10
MHz, after which point the rods are turned around to rescan.
Once the desired sensitivity is achieved, the same region is
rescanned at a significantly increased tuning rate, only slow-
ing down at the axion candidate frequencies identified in the
MR channel.

A. Signal Processing

Data for the HR channel are originally acquired in the time
domain and must therefore be transformed into the frequency
domain to perform a search. A sample of the raw data ac-
quired in the frequency domain can be seen in Fig. 3.

FIG. 3. Example power spectrum showing the 8th order polynomial
fit to the data. The data has been rebinned such that the plot shows
only 512 data points. The HR spectra contains millions of bins – too
many to show here.

The receiver chain imposes a shape on the raw data that
changes with frequency. The shape becomes evident once the
time-series data are Fourier transformed into power spectra.
Removing this shape is the first step in processing the power
spectra. For this analysis, we used an 8th order polynomial
fit. The fit was then divided out of the data both removing
the receiver shape and normalizing it into units of RMS noise
power, σ = kBbTn, where kB is the Boltzmann constant, b
is the bin width of the spectrum, and Tn is the system noise
temperature.

IV. CANDIDATE IDENTIFICATION AND EXAMINATION

Potential axion candidates in the power spectrum are iden-
tified as frequency bins in which the power exceeded a thresh-
old, PT , and are flagged as triggers in the analysis. As outlined
in Refs. [36, 37], the functional form of the noise power distri-
bution for a single bin is given by a χ2 distribution of degree
2:
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dP
dp

=
1
σ

e−(
p
σ ). (4)

In order to determine PT , we plot a histogram of the nor-
malized power, p, using 5 individual power spectra to deter-
mine where the tail of the noise distribution lands (see Fig.
4). We use more than just one spectrum in order to introduce
some level of averaging over fluctuations in a single spectrum.
Due to the large number of data points per spectrum however,
we chose to use only 5 spectra to keep the computation time
reasonable.

According to Eq. 4, the number of frequency bins, Np, with
normalized power between p and p + ∆p is

Np =
N∆p

σ
e−(

p
σ ), (5)

where N is the total number of points and ∆p = 0.25 σ is
the bin width of the histogram. From Fig. 4 we can see
that the data fit the expected noise distribution well, with
mean = σ = 1 (due to power normalization). Additionally,
the y-intercept, which corresponds to Np when p = 0, fol-
lows Eq. 5 well. With N = 19494645, ∆p = 0.25 σ, and
p = 0, Np,calc = 4873661. Dividing this value by the fitted y-
intercept of 4886197 gives Np,calc/Np,fit = 0.997, indicating
that these two values are in quite good agreement.

FIG. 4. Histogram of 5 high-resolution power spectra. The noise
in the HR channel follows an exponential distribution. Power is ex-
pressed in terms of σ = kBbTn, the RMS noise power of a single
bin, where kB is the Boltzmann constant, b is the spectral resolu-
tion (10 mHz), and Tn is the system noise temperature [36]. Given
that the energy distribution is proportional to a Boltzmann factor
(e−E/kBT) with energy (E) proportional to the square of the ampli-
tude (e.g. E = mv2/2), the noise amplitude for a single component
has a Gaussian probability distribution. The addition of these two
Gaussian components for a single-bin analysis results in a χ2 distri-
bution of degree 2 (a simple exponential) as displayed above.

Now that we have confidence in our understanding of the
noise distribution, we are able to identify a reasonable power

threshold. We want to set the threshold such that we can ex-
pect to see, on average, 1 noise peak per spectrum that sur-
passes PT , thus eliminating the majority of the noise while
maintaining potential signals. To determine this, we calculate
the indefinite integral of the fit of the histogram in Fig. 4, set
it equal to 5 (number of spectra used), and solve for power.
This calculation results in PT = 13.8 σ. To keep things simple,
we opted to round this value to the nearest integer, settling on
PT = 14 σ as our final threshold.

All triggers in a spectrum that meet or exceed this thresh-
old are categorized as potential axion candidates. Applying
this threshold selects 444,968 triggers. The triggers are then
down-selected by a series of data cleaning cuts on experimen-
tal parameters such as the quality factor and system noise, and
proximity (in frequency space) to the resonant frequency of
the cavity. The results of these cuts are shown in Tab. I. Addi-
tionally, persistence and consistency in calculated density of a
signal between spectra is used to further narrow down poten-
tial axion candidates. The details of these various checks will
be covered in the following sections.

Cut Parameter
Triggers
Removed Constraint

Quality Factor 1,088 10,000 < QL <120,000

System Noise 2,076 0.1 K < Tsys <2 K

SAG 25,735 N/A

TABLE I. Table of cuts made on potential axion candidates (trig-
gers). The “triggers removed” here represent the number of triggers
that failed each cut individually. Therefore, there is some overlap
between each of these cuts, i.e. some triggers that failed one cut may
have (and likely did) fail another cut as well.

A. Quality Factor

The quality factor cut is made to omit peaks associated with
power spectra which have quality factors greater than QL =
120,000 and less than QL = 10,000. Power spectra with qual-
ity factors outside of this range are likely the result of a poor
Lorentzian fit to the transmission measurement. In particu-
lar, quality factors greater than QL = 120,000 are unphysical
given the copper-plating of the ADMX cavity. The quality
factor typically varies throughout the run since it is a function
of temperature, frequency, and the cavity coupling (β), how-
ever it should be within the range of 10,000 to 120,000 under
normal operating conditions.

B. System Noise Temperature

The total system noise temperature can be characterized by

Tsys =
TH

ϵSNRI
, (6)
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where TH is the noise temperature of the HFET that is used in
ADMX operations as a second-stage amplifier, ϵ is a measure
of signal attenuation between the cavity and output, and SNRI
is the signal-to-noise-improvement. This number was found
to be between ∼11-22 K across the observed frequency range
via a standard y-factor measurement[31]. SNRI is the JPA
signal-to-noise-improvement-ratio defined as:

SNRI =
Gon

Goff

Poff
Pon

. (7)

The on and off subscripts refer to the JPA pump tone being
on, or off, respectively, with G being the receiver gain, and P
the output power measured under both conditions. When the
pump tone is on, the JPA behaves as an amplifier, and when
the pump tone is off the JPA behaves as a perfect reflector.

All triggers with a system noise temperature outside of the
range Tsys = 0.1 − 2 K are cut from our candidates list. Sys-
tem noises greater than Tsys = 2 K are likely due to anoma-
lous JPA SNRI measurements. System noise temperatures
less than Tsys = 0.1 K would be lower than the standard quan-
tum limit and, therefore, unphysical. Measurements of such
low system noise temperatures can arise from overestimation
of the JPA SNRI, typically due to a poor gain measurement.

C. Full Width at Half Maximum

Triggers at frequencies outside of the Full Width at Half
Maximum (FWHM) of the cavity Lorentzian are removed be-
cause an axion signal at a frequency outside of this region
would have its power reduced by at least one-half its origi-
nal strength. The frequency range included in the FWHM is
defined by f0 ± f0

2QL
. In this equation f0 is the resonant fre-

quency of the cavity mode, and QL is the loaded quality fac-
tor. In our analysis we opt to use a slightly more conservative
range defined by f0 ± f0

1.8QL
. This preserves more data such

that we can more easily evaluate whether the signal originated
from within or from outside the cavity later on in the analysis.

D. Synthetic Axion Removal

The ADMX medium-resolution analysis procedure in-
volves blind injection of synthetic axion signals into the cav-
ity. These are used to ensure our analysis is capable of detect-
ing an axion signal, were it to appear. However, these syn-
thetic signals are binned in such a way that it is obvious they
are not real when looking at the HR data, making them useless
in terms of testing this analysis. Thus, for the purposes of this
paper, they are simply identified and removed. An example of
a synthetic signal in a high resolution spectrum can be seen in
Fig. 5.

FIG. 5. High resolution spectrum containing a synthetically gener-
ated axion signal which is used for the medium resolution analysis.
The ability to see the evenly spaced bins with particularly high pow-
ers make it clear that this is a synthetic signal rather than a true axion
signal, thus we can safely remove this for this data analysis.

E. Persistence

The axion signal frequency as seen from an Earth-based
haloscope experiences both diurnal and annual modulations
due to the Earth’s motion with respect to the Galactic halo.
The velocity of a stationary detector on the Earth’s surface
with respect to the rest frame of the Galactic halo (⃗vD) is com-
prised of three terms:

v⃗D = v⃗LSR + v⃗⊙,LSR + v⃗o + v⃗r. (8)

Here,⃗vLSR is the velocity of the Local Standard of Rest,
v⃗⊙,LSR is the Sun’s velocity with respect to the LSR, v⃗o is
the Earth’s orbital velocity, and v⃗r is the Earth’s rotational ve-
locity at the location of the detector.

The frequency of an axion signal in ADMX is defined by
fa = Ea/h, where Ea is the axion energy as defined in Eq. 2
and h is the Planck constant. Since the axion energy depends
on the overall velocity, v⃗ = v⃗a − v⃗D, and v⃗D changes over
time, we can expect the frequency of an axion signal to drift
slightly over the course of data taking, on scales that are de-
tectable with the high frequency resolution of this data set.
Signals that drift more in frequency than is expected from the
change in the detector velocity would not be real axion sig-
nals. Therefore, a cut can be imposed by considering Doppler
frequency shift, which we define as the persistence cut.

We calculate the maximum Doppler shift that could have
been observed during the data acquisition for frequency range
680-800 MHz, for five different axion velocity models (details
in Appendix A), and the results are summarized in Tab. II.
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Name of Flow ∆ f (Hz)

Big 56

Little 48

Up 49

Down 68

TABLE II. Maximum observed Doppler shifts for different axion
flows. Calculated for f0 = 800 MHz with a ∆t of 62 days.

Based on these results, we set the maximum drift frequency
to ±68 Hz as this would safely account for drifts from the four
discrete flows that the Earth is expected to be in [24], as well
as the naive radial infall case. Further, because our measure
of persistence should take into account the number of times
a given frequency is observed, we calculate a quantity known
as the persistence ratio, γ. This ratio measures the fraction of
total spectra a given trigger appeared in, and is defined by

γ =
# of triggers within drift freq.

# of spectra that contain trigger freq.
. (9)

The persistence ratio is only calculated for triggers that pass
all the aforementioned cuts and have at least one other trig-
ger within the drift frequency ((numerator of γ) ≥ 1). This
leaves 34,933 candidates to calculate the persistence ratio of.
A distribution of γ for these remaining triggers can be seen in
Fig. 6.

FIG. 6. Histogram of persistence ratio for triggers that pass all initial
cuts and have at least one other trigger within ±68 Hz. An exponen-
tial fit of the data is shown in purple. The majority of the triggers
(shown in green) fall within the bounds of the fit, however three trig-
gers have particularly large persistence ratios when compared to the
rest of the data. We denote these as persistent triggers, shown in teal.

Based on the fit of the distribution, shown in Fig. 6, it is
obvious that the triggers with persistence ratios with γ > 0.2
(highlighted in teal) are outliers from the rest of the data. As
these signals are particularly persistent, they warrant further
investigation.

F. Signal Origin Test

The persistent trigger frequencies are 686.3096, 742.5591,
and 792.6526 MHz. To further determine the nature of these
triggers, we perform a check to distinguish between axion-like
signals, which originate from within the cavity, and RFI from
external sources. This is typically done in the MR analysis by
examining the power of the signal as the cavity frequency is
tuned on and off resonance with the signal frequency. When
f0 = fa, where f0 is the cavity frequency and fa is the trig-
ger frequency, the power should be enhanced, and as the cav-
ity tunes away from fa, the power should fall off following a
Lorentzian line shape.

For the HR analysis, however, differences in parameters
such as quality factor and system noise temperature have a
greater effect on observed power (in units of σ) due to the lack
of spectrum averaging. Thus, we opt to solve for axion den-
sity, ρDM, rather than power, which should be consistent for
a real axion signal regardless of cavity parameters (resulting
in a flat line when plotting ρDM vs f0 − fa). We achieve this
by scaling the normalized power in units of σ by the system
noise to get power back in units of Watts. We can then solve
Eq. 3 for ρDM and scale the power (Paxion) by the appro-
priate factors, cancelling out effects caused by differences in
cavity parameters between individual spectra. The results of
this calculation can be seen in Fig. 7. The reduced χ2 values
for 686.3096, 742.5591, 792.6526 MHz were 5422, 26, 65362
respectively. As these are all ≫ 1, we conclude that the per-
sistent triggers do not follow the constant density model, and
are therefore not from axions, but are instead RFI.

V. EXCLUSION LIMIT

All candidates in the frequency range of interest are ul-
timately excluded, enabling us to set a limit. The exclu-
sion limit must account for the tests for persistence, which
is unique to the HR analysis. The persistence test requires
knowledge of how frequently any given bin is scanned – a dif-
ficult number to retrieve given the sheer number of bins in the
HR channel. As a result, we developed a Monte Carlo sim-
ulation in which software synthetic axions are generated and
injected into the raw time-series data, inspired by the limit
setting procedures described in [38–40]. The synthetic axion
signal-to-noise ratio was calibrated according to measured RF
parameters such as the system noise and quality factor of the
detector. The model-dependent coupling term, gγ, is fixed to
the standardized DFSZ (KSVZ) value of 0.36 (0.97). The dark
matter density was a free parameter that could be varied over
a wide range. We injected a total of 600 synthetic axion sig-
nals, with one synthetic signal every 200 kHz, starting at 680
MHz up to 800 MHz. This process was repeated with differ-
ent values for the dark matter density each time, until 95% of
the software synthetic signals were detected. This value for
the dark matter density determines the 95% confidence level.
The resulting exclusion limit can be seen in Fig. 8.
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FIG. 7. Dark matter density (ρDM) vs. offset of the trigger frequency
from the cavity frequency ( f0 − fa) for the three persistent triggers
we found (Top: 686.3096 MHz, Middle: 742.5591 MHz, Bottom:
792.6526 MHz). Dark matter density for a given signal (assuming
it comes from a single source) should be constant, thus constant fits
of the data are shown. Reduced χ2 values are shown for each of the
three fits in the legend. The number of data points on each plot is
related to the number of times that each trigger was observed. Fre-
quencies near the trigger at ∼742 MHz were observed much less
than the other two, hence why that plot has fewer points.

VI. CONCLUSION

In summary, this paper represents the first HR axion search
since the ADMX collaboration started taking data at DFSZ
sensitivity. Previously, the MR analysis excluded axions

obeying the isothermal halo model in the frequency range
680–790 MHz [15]. Unlike the MR channel, the HR chan-
nel is uniquely sensitive to a range of models for the detec-
tion of non-virialized axions. Through our analysis, we ex-
clude non-virialized DFSZ (KSVZ) axion signals in the fre-
quency range 680–800 MHz with dark matter densities be-
tween 0.02 − 0.09 GeV/cm3(0.003 − 0.01 GeV/cm3).
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Appendix A: Doppler Shift Calculation

In this Appendix we describe the calculation of the ex-
pected Doppler shifts from the four flows of interest predicted
by the Caustic Ring Model, following the framework outlined
in Ref. [41]. We begin our calculation by determining the in-
dividual components of the detector velocity, which we will
redefine here for convenience:

v⃗D = v⃗LSR + v⃗⊙,LSR + v⃗o + v⃗r. (A1)

Here, v⃗LSR is the Local Standard of Rest (LSR) velocity,
v⃗⊙,LSR is Sun’s velocity with respect to the LSR, v⃗o is the
Earth’s orbital velocity around the Sun, and v⃗r is the Earth’s
axial rotational velocity at the location of the detector. We will
use a coordinate system set in the Galactic Rest Frame (r̂, ϕ̂,
ẑg) where r̂ points away from the Galactic center, ϕ̂ points in
the direction of the Sun’s orbital motion in the Galactic plane,
and ẑg points along the North Galactic Pole. The plane of the
Earth’s rotation about the Sun (known as the ecliptic) is tilted
with respect to the Galactic plane, mostly in the ϕ̂ − ẑg plane,
at an angle of about 60◦.

We assume a value of v⃗LSR = 220 km/s · ϕ̂ (up to about
10% error).
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FIG. 8. Exclusion limit on the nonvirialized axion dark matter density. Teal shows the exclusion limit assuming DFSZ coupling, whereas
yellow shows the exclusion limit assuming KSVZ coupling. The gap between 750 and 760 MHz represents a cavity mode crossing. The Big,
Little, Up and Down flows predicted to be inside the cross-section of the fifth caustic ring are expected to have densities of 11.2, 1.1, 5.4, and
4.7 GeV/cm3 respectively[24]. Thus, axions from all four flows are excluded in this frequency range.

There are a number of estimates of the solar peculiar ve-
locity, but we opt to use (⃗v⊙,LSR,r, v⃗⊙,LSR,ϕ, v⃗⊙,LSR,zg) =

(−8.63 ± 0.64, 4.76 ± 0.49, 7.26 ± 0.36) km/s [42].
Using the vernal equinox as the location where t = 0, we

can write the Earth’s orbital velocity as defined below.

v⃗o,r = −vocos(ωt) r̂

v⃗o,ϕ = vosin(ωt)cos(60◦) ϕ̂

v⃗o,zg = −vosin(ωt)sin(60◦) ẑg

(A2)

In these expressions, vo and ω are the linear and angular
speeds of Earth’s motion around the Sun respectively. We as-
sume a value of vo = 30 km/s and ω = 2×10−7 rad/s.

Earth’s rotational speed on the surface at the equator can be
calculated as vr,eq = ωsR⊕, where ωs = 7.3×10−5 rad/s is
the angular speed of Earth’s rotation and R⊕ = 6, 378 km is
Earth’s radius. To determine what the speed is on the surface
at the detector location we must do vr = vr,eqcos(lat) where
vr,eq = 0.46 km/s and lat = 47◦ is the latitude of the detector
location (Seattle, WA, USA).

We can define a parameter, φ, as the difference between the
detector’s longitude, and the longitude which is facing the Sun
at the vernal equinox measured from west to east. Defining the
Earth’s rotational velocity in the Galactic frame is non trivial,
and it is in fact easier to first define v⃗r in a frame centered
on Earth, then one centered on the Sun, and finally converting
this to the Galactic frame.

The Earth-centered reference frame has a coordinate system
(x̂, ŷ, ẑ), where ẑ points in the direction of the Earth’s North
Pole, x̂ points in the direction of the Sun when the Earth is at

the vernal equinox, and ŷ completes a right-handed coordinate
system.

The Sun-centered reference frame has a coordinate system
(x̂′, ŷ′, ẑ′), where x̂′ is in the same direction as x̂, ẑ′ is in the
direction of the normal to the ecliptic (about 23◦ from ẑ), and
ŷ′ completes a right-handed coordinate system.

In the Earth-centered frame (x̂, ŷ, ẑ), the components of v⃗r
can be written as:

v⃗r,x = −vrsin(φ + ωst) x̂
v⃗r,y = vrcos(φ + ωst) ŷ

v⃗r,z = 0 ẑ.
(A3)

Converting these into the Sun-centered frame (x̂′, ŷ′, ẑ′)
gives:

v⃗r,x′ = −vrsin(φ + ωst) x̂′

v⃗r,y′ = vrcos(φ + ωst)cos(23◦) ŷ′

v⃗r,z′ = −vrcos(φ + ωst)sin(23◦) ẑ′.

(A4)

Finally, we can convert these velocities into the Galactic
frame (r̂, ϕ̂, ẑg), noting that ŷ′ is in the same direction as r̂.
This amounts to a rotation about the ŷ′/r̂ axis of 60◦.
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v⃗r,r = vrcos(φ + ωst)cos(23◦) r̂
v⃗r,ϕ = [−vrsin(φ + ωst)cos(60◦)

− vrcos(φ + ωst)sin(23◦)sin(60◦)] ϕ̂

v⃗r,zg = [vrsin(φ + ωst)sin(60◦)

− vrcos(φ + ωst)sin(23◦)cos(60◦)] ẑg

(A5)

We can now calculate the Doppler shift, the equation for
which can be derived from Eq. 2:

h∆ fa =
1
2

ma∆(⃗v · v⃗). (A6)

In this situation, v⃗ = v⃗a − v⃗D, where v⃗a is the axion veloc-
ity, and v⃗D is the detector velocity as defined above. As one
may notice, this shift is dependent on the axion mass and will
increase with increasing mass. Considering this, we used the
high end of our mass/frequency range (3.31 µeV/800 MHz)
in these calculations to get the maximum shifts.

For v⃗a we consider the four flows predicted to be inside
the cross-section of the fifth caustic ring[24]. Velocities
for the caustic ring flows are taken from Chakrabarty et al.
(2021) [17]. The axion velocities for all four scenarios are
summarized in Tab. III.

Inputting these values, along with the values of v⃗D detailed
above, we calculate the maximum Doppler shift one could
have observed over the course of Run 1B, with a ∆t of 62
days between measurements of the same frequency. We opt to
use this value of 62 days because it is twice the largest differ-
ence between two measurements of the same frequency. This
enables a more conservative approach to estimate the shift to
ensure real axion signals are not cut by using this threshold.
The Doppler shifts calculated for the four flows are listed in
Tab. II in the main text.

Name of Flow v⃗a,r (km/s) v⃗a,ϕ (km/s) v⃗a,z (km/s)

Big -104 509 6.1

Little -0.2 520 4.5

Up -115.3 505.1 44.8

Down -116.4 505.4 -38.1

TABLE III. Axion velocities used to calculate Doppler shift. Taken
from [24] .
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