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Axion dark matter (DM) may efficiently convert to photons in the magnetospheres of neutron stars
(NSs), producing nearly monochromatic radio emission. This process is resonantly triggered when the
plasma frequency induced by the underlying charge distribution approximately matches the axion mass.
We search for evidence of this process using archival Green Bank Telescope data collected in a survey of
the Galactic Center in the C band by the Breakthrough Listen project. While Breakthrough Listen aims to
find signatures of extraterrestrial life in the radio band, we show that their high-frequency resolution
spectral data of the Galactic Center region is ideal for searching for axion-photon transitions generated by
the population of NSs in the inner pc of the Galaxy. We use data-driven models to capture the distributions
and properties of NSs in the inner Galaxy and compute the expected radio flux from each NS using state-of-
the-art ray tracing simulations. We find no evidence for axion DM and set leading constraints on the axion-
photon coupling, excluding values down to the level gaγγ ∼ 10−11 GeV−1 for DM axions for masses
between 15 and 35 μeV.
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The quantum chromodynamics (QCD) axion is among
the most well-motivated candidates for physics beyond the
standard model, as it is capable of both resolving the strong
CP problem and accounting for the observed dark matter
(DM) abundance [1–7]. Axion masses spanning from
10 − 100 μeV constitute a particularly compelling range
of parameter space, as the DM abundance is arguably
achieved most naturally for these candidates [8–14].
Recent work has shown that QCD axions may efficiently

convert into photons in the magnetospheres of neutron stars
(NSs), generating spectral lines that may be observable using
near-future radio telescopes [15–27]. Axion-like particles
(ALPs), arising ubiquitously in string theory from the
compactification of extra dimensions [28,29] and having a
comparable phenomenology to the QCD axion, represent a
compelling alternative DM candidatewith the potential to be
observed by radio telescopes today. In this Letter we use
observations of the Galactic Center (GC) from the 100-m
Robert C. Byrd Green Bank Telescope (GBT), collected as
part of the Breakthrough Listen (BL) project searching for
extraterrestrial intelligence [30], to search for axion DM
across the mass range ma ∈ ð15; 35Þ μeV.
A majority of the current axion DM experiments attempt

to probe the coupling of axions to electromagnetism, given

by L ¼ gaγγaE · B, where E (B) is the electric (magnetic)
field, a is the axion field, and gaγγ is a coupling constant
(with units of inverse energy). In the presence of a static
external magnetic field, this interaction induces a mixing
between axions and electromagnetic radiation, allowing in
some cases for an efficient conversion between the two.
Among the most successful axion DM experiments are
ADMX [31–33] and HAYSTAC [34–36], which attempt to
leverage this principle using resonant cavities that are tuned
to amplify electromagnetic signals generated from a par-
ticular axion mass. These experiments have set powerful
constraints on the axion-photon coupling in the mass range
studied here; the current limits from these experiments are
illustrated in Fig. 1 (blue bands) and are shown alongside
the constraints from the CAST experiment [37] (black), a
recast constraint from radio observations from the GC
magnetar (produced by comparing the 95% upper limit on
the flux density used in [15,16,27] with Monte Carlo
realizations of the GC magnetar obtained using our forward
modeling framework), and the axion-photon couplings
arising in the DFSZ [38,39] and KSVZ [40,41] benchmark
models of the QCD axion. The two aforementioned models
represent only a subset of a much broader range of QCD
axions, some of which may have significantly enhanced
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axion-photon couplings [42,43]. We also highlight in Fig. 1
the region of parameter space for which ALP DM may
explain the primordial baryon asymmetry [44]—this region
is labeled “ALP Cogenesis.”
Despite their astronomical distances from Earth, NSs

provide competitive environments in which to search for
signatures of axion DM because these objects contain
enormous magnetic fields (approaching, or even exceeding,
field strengths of ∼1015 G) and are surrounded by a dilute,
radially decreasing plasma [46]. Collectively these features
induce strong resonant transitions between axions and
photons, a process that is triggered when the plasma mass
induced by the ambient charge density matches the axion
rest mass [17–19,21,24,26,47].
The axion-photon conversion process in realistic NS

magnetospheres (including photon refraction, photon
absorption, plasma broadening, the anisotropic response
of the medium, general relativistic effects, etc.) has been
described and simulated with increasing complexity in
recent years [20,22,24–26]. The signal appears as a narrow
radio line at the frequency corresponding to the axion mass.
Here, we search for the collective set of radio lines induced
from the conversion of axions in the population of NSs
located near the GC. Since each radio line will be Doppler
shifted by the relative motion of the associated NS, the
signal appears as a forest of narrow lines centered at the
frequency f ¼ ma=2π [20].
The GC NS population signal as observed by GBT was

previously modelled in [20] using the NS population

models of [48,49], which have been constructed so as to
reproduce observed pulsar distributions [50]. We improve
upon the population models in this Letter by incorporating
more recent developments in the understanding of NS
magnetic field evolution and by more carefully modeling
the spatial distribution of NSs in the GC region using the
observed star formation history. A search for axions from
the GC NS population was previously performed using
the Effelsberg 100-m telescope [23] in the L band
[ma ∈ ð5.2; 6.0Þ μeV] and S band [ma ∈ ð9.8;11.0Þ μeV];
relative to [23], our present search covers a broader mass
range [ma ∈ ð15; 35Þ μeV], makes use of more exposure
time (∼280 min as opposed to ∼80 min in [23]), uses
improved NS population models, and incorporates state-of-
the-art simulations for the axion-photon conversion process
at the level of the individual NS [24]. Observations from the
Very Large Array (VLA) of the GC magnetar SGR J1745-
2900 have also been interpreted in the context of axion-
photon conversion [15,16,27]—a search first suggested in
[19]. Our present search includes the GC magnetar within
the field of view and has a stronger radio flux sensitivity,
thus offering a notable improvement over the VLA analysis
in the mass range studied.
Data selection and reduction.—We use C band data

collected by the BLGBTGC survey [30] over four different
observing dates that sampled the region of the GC using a
hexagonal tiling, with a central pointing (A region, pointing
denoted as A00), as well as an interior ring (B region) with
six pointings, and an exterior ring (C region) with twelve
pointings. The A region is centered at the GC, while the B
region (C region) pointings are centered ∼1.80 (∼3.60) away
from the GC. The full width at half maximum (FWHM) of
the GBT beam at the central frequency of the C band is
approximately 2.50. In our analysis we use the A pointings
for our signal analysis and the C pointings for vetoing
putative signal candidates. We also use measurements of
well-characterized flux density calibrators and strong
pulsars performed during the observations as control mea-
surements that allow us to identify and veto spurious
excesses. A summary of all measurements used in this
Letter is provided in Supplemental Material (SM) Table S1
[51]; note that we use the data collected on modified Julian
date 58733 (30 min A00 pointing time) and 58737 (250min
A00 pointing time) for our signal analyses, while the data
collected on the other two days are used for radio frequency
interference (RFI) vetoes.
Our search attempts to identify quasimonochromatic

lines (δf=f ≲ 10−5), motivating the use of the medium
resolution BL data product [30], which provides a native
frequency resolution of δfnat ≈ 2.8 kHz. The data collec-
tion was performed with the dedicated dual polarization,
wideband receiver at the GBT for the BL project [30,95]
and spans 3.5 to 8.2 GHz. However, we consider only the
4–8 GHz range, beyond which the data quality is notably
degraded. The data are characterized by regular structures

FIG. 1. Upper limit (95% confidence level) on the axion-photon
coupling derived in this Letter using the BL radio observations of
the GC. We illustrate the median limit over 100 MC realizations
of the NS population (red line), and the corresponding 68% and
95% statistical uncertainties on the population model (see text for
details). We compare our upper limit to those from the CAST
[37], HAYSTAC [34,35], and ADMX [31,45] experiments, the
prediction from ALP cogenesis [44], and radio observations of
the GC magnetar [15,16], which we recast using our modeling
(see text).
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at 3 MHz intervals, which we call coarse channels, induced
by the BL polyphase filter bank. There is an exponential
loss in the gain at the coarse channel edges and a single-bin
dc spike, which renders the central frequency channel
unsuitable for inclusion in our analysis [96]. (See Ref. [97]
for a related analysis.)
For each observing date, the power spectral density data

for each target are recorded in 1.07 s intervals; we further
filter these time intervals for time-varying RFI through a
procedure described in SM [51]. Next, we mask out the dc
bin and perform a 32-fold down-binning such that the
coarse channel spectra are resolved by 32 sub-bins, which
we refer to as the fine bins, at δf ≈ 91.6 kHz width. This
provides a relative frequency resolution δf=f > 10−5 over
the full frequency range that matches the width of the
expected signal. We do not combine data across different
observing dates; these are combined later through a joint
likelihood. We also perform seven shifted downbinnings in
order to search for signals that may be misaligned with our
fiducial binning.
Analysis.—We analyze the uncalibrated A00 data in a

given coarse channel for spectral excesses that appear
within a single fine bin using a combination of parametric
and Gaussian process (GP) modeling. Our parametric
model that describes the exponential cutoff of the data at
the coarse bin edges has four model parameters (see SM
[51] for the explicit form). The covariance matrixK for our
GP model is the sum of an exponential-squared kernel, with
two hyperparameters for the normalization and the corre-
lation scale, and an exponential sine squared kernel, with
three hyperparameters describing the normalization, corre-
lation length, and oscillation period. The exponential sine
squared kernel is motivated by the clear, periodic structure
that is instrumental in nature and observed in every coarse
channel. The exponential kernel accounts for additional
instrumental and astrophysical background variations. We
also include an additional hyperparameter rescaling the
diagonal contribution of the statistical error to address
instances in which our error estimation may not be robust.
A fit of the background model to the data in an example
coarse channel is illustrated in Fig. 2.
We follow the statistical approach for searching for

narrow spectral excesses with hybrid GP and parametric
models developed in [98,99]. In particular, we construct a
likelihood ratio Λ between the model with and without a
signal component, which is simply a spectral line confined
to a single fine channel. We use the marginal likelihood
from the GP analysis in the construction of the likelihood
ratio [98]. In searching for a single fine-channel excess, we
perform the fit to the combined signal and background
model over the full coarse channel that contains the fine
channel of interest. The discovery significance is quantified
by the test statistic (TS) t ¼ −2 lnΛ. Last, the 95% upper
limits on the signal strength are determined from the profile
likelihood evaluated as a function of the signal amplitude.

An example of the analysis as applied to a single coarse
channel is depicted in Fig. 2. In the middle panel we show
the 95% upper limit on the fine-channel lines while the
bottom panel illustrates the detection significance, multi-
plied by the sign of the best-fit line amplitude. For
consistency we allow the best-fit line amplitude to be both
positive and negative. We power constrain the upper limit
[100], which means that we do not allow the 95% upper
limit to be stronger than the lower 1σ expected limit under
the null hypothesis. We derive the 1=2σ expected upper
limits, illustrated in Fig. 2 in green and gold, respectively,
through the Asimov procedure [101].
We calibrate the data following the procedure in [102]

(see SM [51]). We then join the calibrated results of the two
observing sessions using a joint likelihood to obtain flux
density limits and detection significances. Our flux density
limits are presented in Fig. 3 versus the optimal sensitivity
expected from the radiometer equation.
In the process of joining the results, we make use of the

auxiliary data collected during the observing sessions to veto
signal candidates coincident with RFI or astrophysical lines.
We then implement a spurious signal nuisance parameter,
similar to that in [99,103], to account for mismodeling and
instrumental effects by incorporating information about the
distribution of TSs of nearby test masses when assigning the
TS to a mass point of interest. The nuisance parameter is
degeneratewith the signal parameter, but for aGaussian prior
with a variance determined by the distribution of nearby TS

FIG. 2. Top: an illustration of the data and the fitted compo-
nents of our model for a single coarse channel. Middle: the
95% CL upper limits on a flux density excess with bandwidth
δf ¼ 91.6 kHz. Bottom: the corresponding significances of the
flux density excesses and deficits.
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values (see SM [51] for details). The effect of the spurious
signal nuisance parameter is illustrated in Fig. 3, with the
curve labeled “No Spur. Sig.” being the stronger limit
obtained without the spurious signal analysis. In total, there
remain 17 excesses at t > 25 including the results of both our
fiducial binning and our seven additional shifted binning
analyses. Three excesses appear within the expected fre-
quency range of formaldehyde (4813.6–4834.5 MHz) and
methanol (6661.8–6675.2MHz) masers [104], while several
others may be vetoed as transients or RFI after further
scrutiny. Eleven excesses remain at t > 25 as signal candi-
dates, but none exceed our predetermined discovery thresh-
old of t ¼ 100 (see SM [51] for details).
Results and discussion.—The expected flux density at a

given frequency generated from axion conversion near a
NS depends on gaγγ , the NS dipole magnetic field strength,
the NS rotational period, the misalignment angle of the
dipole axis with respect to the axis of rotation, the relative
orientation of the NS with respect to Earth, the DM density
near the NS, the NS velocity with respect to the Galactic
frame, the DM velocity dispersion near the NS, and the NS
mass and radius (which we fix to to be 1 M⊙ and 10 km,
respectively, as these parameters have a minimal impact on
the signal). We assume that the recent NS birth rate ΨNS as
a function of distance r from the GC is

ΨNS ¼ 9.4 × 10−6
�

r
1 pc

�
−1.93

exp

�
−

r
0.5 pc

�
pc−3 yr−1:

ð1Þ

We generate NSs from this distribution over the past
30 Myr, though the dominant NSs for our signal typically
have ages ≲1 Myr. The exponential cutoff at ∼0.5 pc
encodes the fact that there is no active star formation
(though there is potentially protostar formation) within the
circumnuclear ring from 1 to 3 pc [105]. The slope of the
density profile near the GC is set to match that observed for
young stars [106]. The normalization in (1) is set by a

combination of the recent star formation rate in the inner pc,
estimated as ∼4 × 10−3 M⊙ yr−1 with a top-heavy initial
mass function of dN=dM ∝ M−1.7 observed in the inner pc
[107], for stellar mass M, calculated over the range
1–150 M⊙, and the assumption that stars born with initial
masses between 8 M⊙ and 20 M⊙ form NSs [108].
Intriguingly, we note that this star-formation rate predicts
the existence of ∼0.25 magnetars in the GC [109], roughly
consistent with the observation of one such object at a
projected distance of ∼0.17 pc from the central black hole
[110]. We condition our randomly generated NS population
models on the existence of this magnetar; we require the
existence of a NS with a magnetic field today above
5 × 1013 G and with a projected angular distance of
2.4� 0.6 arcsec from the GC (consistent with observations
at �2σ) [111].
The dipole magnetic field strength B evolves from its

initial value at birth through Ohmic dissipation and Hall
diffusion [20,112–114]. We evolve the NS period and
misalignment angle according to the equations for coupled
magneto-rotational evolution, following [115]. As in [20]
the initial period distribution is taken to be normally
distributed, for positive periods only, and the initialmagnetic
field distribution is log-normally distributed; the parameters
of these distributions are taken from model 1 in [20] and
model B1 in [114], which performed population synthesis
studies comparing the predicted pulsar populations in these
models to the Australia Telescope National Facility pulsar
catalog [50]. We describe the NS magnetosphere using the
charge-separated Goldreich-Julian (GJ) model [46], which
is expected to be a good description of the closed-field
regions of active pulsars [116,117]. We assume that the
plasma frequency in the negatively charged regions of the
plasma is set by the charge-separated electrons, while in the
positive region it is determined by positrons (in active
pulsars) and ions (in dead NSs).
We describe the DM distribution using a Navarro-Frenk-

White (NFW) [118,119] profile, fixing the scale radius to
20 kpc and normalizing the distribution such that the local
DMdensity is 0.346 GeV=cm3. Note that recent simulations
[120–124] suggest that the DM profile may be contracted
beyond the NFW profile in the inner kiloparsec because of
baryonic feedback, which would further enhance our signal
though a cored profile, which could eliminate our sensitivity
to new parameter space, is also possible [125]), thoughwe do
not consider such a possibility here.
In order to compute the flux density from each NS in the

population, we use an updated version of the ray tracer
developed in [24]. For each NS, this procedure amounts to
MonteCarlo (MC) sampling the axion phase space density at
the axion-photon conversion surface, computing the local
axion-specific conversion probability, propagating photons
to the light cylinder using a highly magnetized cold plasma
dispersion relation, and retroactively reweighting samples to
include resonant cyclotron absorption and refraction induced

FIG. 3. A comparison of the derived flux density sensitivities
(with and without the inclusion of the spurious signal nuisance
parameter correction) compared with the radiometer equation
expected sensitivity. For presentation, the limits have been
smoothed with a median filter.
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axion-photon de-phasing. Photons are plasma broadened as
described in [22,24,25] and Doppler shifted according to the
projected line of sight velocity of the NS (see SM [51]). We
extract the observable time-averaged differential power at
each frequency and apply to each NS in the population the
GBTefficiency function, which accounts for the suppression
in sensitivity for objects off of the beam axis.
It is crucial to work beyond leading order in the axion-

photon conversion probability, which has not been done in
previous radio searches (e.g., [15,16,23,27]). Those ana-
lyses naively applied the leading-order perturbative results
for the conversion probabilities in the NS magnetospheres
such that at their upper limit values for gaγγ the conversion
probabilities evaluate to well beyond unity. We address this
issue by exponentiating the leading-order perturbative
conversion probabilities following the Landau-Zener
formalism (see, e.g., [22] and SM [51]). At large gaγγ
axion-photon conversion becomes adiabatic, leading to
conversion probabilities Pa→γ ∼ Pγ→a ∼ 1; since each
axion-photon trajectory invariably crosses an even number
of conversion surfaces, the probability of an infalling axion
state transitioning to an outgoing photon becomes expo-
nentially suppressed.
The collective flux density from all NSs in a population

is then compared with the flux density limit in Fig. 3. The
ensemble of NSs from the population produce signals
across multiple coarse bins, because of the relative Doppler
shifts, such that the brightest single fine bin typically arises
from a single NS. The 95% upper limit on jgaγγj that we
determine from this Letter is shown in Fig. 1. The solid red
curve denotes the 95% statistical upper limit, but the
median limit over all MC realizations of the NS population
(conditioned on the existence of the GC magnetar). The
dark and light shaded red regions show the 68% and 95%
containment intervals for the limit over the full ensemble of
realizations. These curves have been smoothed for clarity;
the sensitivity is only moderately degraded if the brightest
NS falls near a course-bin edge because the next-brightest
NS typically provides a comparable sensitivity (see SM
[51] Fig. S7). Our upper limit probes unexplored axion
parameter space below the existing CAST limit and
constrains the ALP cogenesis scenario [44] shaded in
yellow, where ALPs can explain the primordial baryon
asymmetry.
A qualitative improvement in sensitivity to an axion

signal may be obtained in the future with the proposed
Square Kilometer Array (SKA). As we show in
Supplemental Material, Fig. S8 [51], the SKA Phase 2
array [20,126], assumed to have 5600 15-m telescopes and
100 h of observing time, could achieve a 10σ discovery
sensitivity for jgaγγj ≳ few × 10−13 GeV−1. Given that
QCD axion DM may naturally explain the DM abundance
in this mass range, the possibility of such a result serves as
motivation for continuing to construct large telescope
arrays capable of deep searches of the GC region.
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A. Miralles, The relevance of ambipolar diffusion for
neutron star evolution, Mon. Not. R. Astron. Soc. 465,
3416 (2016).

[81] Jose A. Pons and U. Geppert, Magnetic field dissipation in
neutron star crusts: From magnetars to isolated neutron
stars, Astron. Astrophys. 470, 303 (2007).

[82] P. B. Jones, Heterogeneity of solid neutron-star matter:
Transport coefficients and neutrino emissivity, Mon. Not.
R. Astron. Soc. 351, 956 (2004).

[83] P. B. Jones, Disorder Resistivity of Solid Neutron-Star
Matter, Phys. Rev. Lett. 93, 221101 (2004).

[84] Elliott Flowers and Malvin A. Ruderman, Evolution of
pulsar magnetic fields, Astrophys. J. 215, 302 (1977).

PHYSICAL REVIEW LETTERS 129, 251102 (2022)

251102-7

https://doi.org/10.1086/533587
https://doi.org/10.1093/mnras/stx1661
https://science.nrao.edu/facilities/gbt/proposing/GBTpg.pdf
https://science.nrao.edu/facilities/gbt/proposing/GBTpg.pdf
https://science.nrao.edu/facilities/gbt/proposing/GBTpg.pdf
https://science.nrao.edu/facilities/gbt/proposing/GBTpg.pdf
https://science.nrao.edu/facilities/gbt/proposing/GBTpg.pdf
https://doi.org/10.1007/BF02702467
https://doi.org/10.1086/421324
https://doi.org/10.1086/421324
https://doi.org/10.1093/mnras/stt2300
https://doi.org/10.1093/mnras/stt2300
https://doi.org/10.1093/mnras/sty1262
https://doi.org/10.1093/mnras/sty1262
https://doi.org/10.1086/153422
https://doi.org/10.1086/153422
https://doi.org/10.1088/0004-637X/785/1/71
https://doi.org/10.1086/506193
https://doi.org/10.1103/PhysRevD.103.075030
https://doi.org/10.1103/PhysRevD.103.075030
https://doi.org/10.1086/319442
https://doi.org/10.1086/508019
https://doi.org/10.1086/508019
https://doi.org/10.1093/mnras/stx941
https://doi.org/10.1088/0004-637X/725/2/1429
https://doi.org/10.1088/0004-637X/708/1/834
https://doi.org/10.1088/0004-637X/708/1/834
https://doi.org/10.3847/2041-8213/aa96a2
https://doi.org/10.1038/350309a0
https://doi.org/10.1038/350309a0
https://doi.org/10.1093/pasj/psy080
https://doi.org/10.1093/pasj/psy080
https://doi.org/10.1088/0004-637X/741/2/108
https://doi.org/10.1093/mnras/stw3195
https://doi.org/10.1093/mnras/stw3195
https://doi.org/10.1093/mnras/stv1670
https://doi.org/10.1093/mnras/stv1670
https://doi.org/10.1088/0004-637X/692/2/1075
https://doi.org/10.1086/171646
https://doi.org/10.1086/171646
https://doi.org/10.1038/nphys2640
https://doi.org/10.1093/mnras/stt1008
https://doi.org/10.1093/mnras/stt1008
https://doi.org/10.1093/mnras/stw2936
https://doi.org/10.1093/mnras/stw2936
https://doi.org/10.1051/0004-6361:20077456
https://doi.org/10.1111/j.1365-2966.2004.07834.x
https://doi.org/10.1111/j.1365-2966.2004.07834.x
https://doi.org/10.1103/PhysRevLett.93.221101
https://doi.org/10.1086/155359


[85] P. B. Jones, First-principles point-defect calculations for
solid neutron star matter, Mon. Not. R. Astron. Soc. 321,
167 (2001).

[86] Simon Johnston and Aris Karastergiou, Pulsar braking and
the P- _P diagram, Mon. Not. R. Astron. Soc. 467, 3493
(2017).

[87] Moqbil S. Alenazi and Paolo Gondolo, Phase-space
distribution of unbound dark matter near the Sun, Phys.
Rev. D 74, 083518 (2006).

[88] Samoil M. Bilenky and S. T. Petcov, Massive neutrinos and
neutrino oscillations, Rev. Mod. Phys. 59, 671 (1987); 61,
169(E) (1989); 60, 575(E) (1988).

[89] Philip F. Hopkins et al., FIRE-2 simulations: Physics
versus numerics in galaxy formation, Mon. Not. R. Astron.
Soc. 480, 800 (2018).

[90] Daniel McKeown, James S. Bullock, Francisco J.
Mercado, Zachary Hafen, Michael Boylan-Kolchin,
Andrew Wetzel, Lina Necib, Philip F. Hopkins, and
Sijie Yu, Amplified J-factors in the Galactic Centre
for velocity-dependent dark matter annihilation in
FIRE simulations, Mon. Not. R. Astron. Soc. 513, 55
(2022).

[91] Luca Di Luzio, Federico Mescia, and Enrico Nardi,
Redefining the Axion Window, Phys. Rev. Lett. 118,
031801 (2017).

[92] Kaya Mori, Eric V. Gotthelf, Shuo Zhang, Hongjun An,
Frederick K. Baganoff, Nicolas M. Barriere, Andrei M.
Beloborodov, Steven E. Boggs, Finn E. Christensen,
William W. Craig et al., Nustar discovery of a 3.76 s
transient magnetar near Sagittarius A, Astrophys. J. Lett.
770, L23 (2013).

[93] Andrei P. Igoshev, Rainer Hollerbach, Toby Wood, and
Konstantinos N. Gourgouliatos, Strong toroidal magnetic
fields required by quiescent x-ray emission of magnetars,
Nat. Astron. 5, 145 (2021).

[94] J. A. Kennea, D. N. Burrows, C. Kouveliotou, D. M.
Palmer, Ersin Göğüş, Yuki Kaneko, P. A. Evans,
N. Degenaar, M. T. Reynolds, J. M. Miller et al., Swift
discovery of a new soft gamma repeater, SGR J1745–29,
near Aagittarius A, Astrophys. J. Lett. 770, L24 (2013).

[95] David H. E. MacMahon et al., The breakthrough listen
search for intelligent life: Awideband data recorder system
for the Robert C. Byrd green bank telescope, Publ. Astron.
Soc. Pac. 130, 044502 (2018).

[96] Matthew Lebofsky et al., The breakthrough listen search
for intelligent life: Public data, formats, reduction, and
archiving, Publ. Astron. Soc. Pac. 131, 124505 (2019).

[97] Aya Keller, Sean O’Brien, Adyant Kamdar, Nicholas
Rapidis, Alexander Leder, and Karl van Bibber, A
model-independent radio telescope dark matter search,
Astrophys. J. 927, 71 (2022).

[98] Meghan Frate, Kyle Cranmer, Saarik Kalia, Alexander
Vandenberg-Rodes, and Daniel Whiteson, Modeling
smooth backgrounds and generic localized signals with
Gaussian processes, arXiv:1709.05681.

[99] Joshua W. Foster, Marius Kongsore, Christopher Dessert,
Yujin Park, Nicholas L. Rodd, Kyle Cranmer, and
Benjamin R. Safdi, Deep Search for Decaying Dark Matter
with XMM-Newton Blank-Sky Observations, Phys. Rev.
Lett. 127, 051101 (2021).

[100] Glen Cowan, Kyle Cranmer, Eilam Gross, and Ofer Vitells,
Power-constrained limits, arXiv:1105.3166.

[101] Glen Cowan, Kyle Cranmer, Eilam Gross, and Ofer Vitells,
Asymptotic formulae for likelihood-based tests of new
physics, Eur. Phys. J. C71, 1554 (2011); 73, 2501(E) (2013);

[102] Akshay Suresh, James M. Cordes, Shami Chatterjee,
Vishal Gajjar, Karen I. Perez, Andrew P. V. Siemion,
and Danny C. Price, 4–8 GHz spectro-temporal emission
from the Galactic Center magnetar PSR J1745-2900,
Astrophys. J. 921, 101 (2021).

[103] Georges Aad et al. (ATLAS Collaboration), Measurement
of Higgs boson production in the diphoton decay channel
in pp collisions at center-of-mass energies of 7 and 8 TeV
with the ATLAS detector, Phys. Rev. D 90, 112015
(2014).

[104] IAU list of important spectral lines, https://www.craf.eu/
iau-list-of-important-spectral-lines.

[105] F. Yusef-Zadeh, J. Braatz, M. Wardle, and D. Roberts,
Massive star formation in the molecular ring orbiting the
black hole at the Galactic Center, Astrophys. J. 683, L147
(2008).

[106] T. Do, J. R. Lu, A. M. Ghez, M. R. Morris, S. Yelda, G. D.
Martinez, S. A. Wright, and K. Matthews, Stellar popula-
tions in the central 0.5 pc of the galaxy. I. A new method
for constructing luminosity functions and surface-density
profiles, Astrophys. J. 764, 154 (2013).

[107] J. R. Lu, T. Do, A. M. Ghez, M. R. Morris, S. Yelda, and K.
Matthews, Stellar populations in the central 0.5 pc of the
galaxy. II. The initial mass function, Astrophys. J. 764, 155
(2013).

[108] Chris L. Fryer, Mass limits for black hole formation,
Astrophys. J. 522, 413 (1999).

[109] Paz Beniamini, Kenta Hotokezaka, Alexander van der
Horst, and Chryssa Kouveliotou, Formation rates and
evolution histories of magnetars, Mon. Not. R. Astron.
Soc. 487, 1426 (2019).

[110] Kaya Mori et al., NuSTAR discovery of a 3.76 s transient
magnetar near Sagittarius A*, Astrophys. J. Lett. 770, L23
(2013).

[111] Nanda Rea, Paolo Esposito, José A Pons, Roberto Turolla,
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