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Rare collisions

KEDM =
1

2
mDMv2DM > 1 keV
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[Goodman & Witten PRD 1985; Drukier, Freese, Spergel PRD 1986; image credit LZ collab.]
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Behaves as classical field

New paradigm for 
dark matter detection! 

Focus of this talk

“traditional” 
WIMP DM

Elementary 
particle



Axion DM: here and now
a(x, t) =

p
2⇢DM

ma
cos(mat+O(vDM)x)
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Classical physics is fine:

oscillates at frequency  
set by DM mass
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Local DM velocity Spatial coherence Temporal coherence

�vDM ⇠ vDM ⇠ 10�3 �dB =
�Comp

vDM

e.g. ma = 10�9 eV

�Comp ⇠ km

⌧Comp ⇠ µs

⌧coh =
⌧Comp

v2DM
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[Graham and Rajendran, Phys. Rev. D88 (2013)]

ma = 10�9 eV =) Na ⇠ 1018/cm3
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amplitude set  
by local DM density



In axion DM background, get oscillating observables:

What should we measure?

dn = gda

HN � gaNNra · ~�N

Time-varying EDM

Spin-dependent force

) Oscillating 
response 
from static 

fields

Note: 

a(x, t) =

p
2⇢DM

ma
cos(mat+O(vDM)x)
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Yoni Kahn 5[Sikivie, Phys. Rev. Lett. (1983)]

ra ⇠ vDM ⇠ 10�3
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so some are easier than others 

r⇥Ba =
@Ea

@t
� ga��

✓
E0 ⇥ra�B0

@a

@t

◆
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r ·Ea = �ga��B0 ·ra
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Axion direct detection

Goal: detect axion DM on Earth 
through interactions with laboratory B-fields

r⇥Ba =
@Ea

@t
� ga��

✓
E0 ⇥ra�B0

@a

@t

◆

<latexit sha1_base64="jrG7IEbqAZnEIyzROYRcWemFbkw="></latexit><latexit sha1_base64="jrG7IEbqAZnEIyzROYRcWemFbkw="></latexit><latexit sha1_base64="jrG7IEbqAZnEIyzROYRcWemFbkw="></latexit><latexit sha1_base64="jrG7IEbqAZnEIyzROYRcWemFbkw="></latexit>



Axion searches  
with magnetic fields

Cavity regime: ) �Comp ⇠ Rexp

e.g. ADMX

Quasistatic regime: �Comp � Rexp

e.g. ABRACADBRA

Radiation regime: �Comp ⌧ Rexp

e.g. MADMAX

⇢Je↵
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Quasistatic regime: ABRACADABRA

a

h

R

B0

r

Jeff

Ba

broadband or 
resonant 

detection in 
zero-field region

superconducting 
toroid magnet

[YK, Safdi, Thaler, Phys. Rev. Lett. 2016]Yoni Kahn 7

Volume enhancement at low masses
h�(t)2i ⇠ g2a��⇢DMB2

0V
5/3
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A Broadband/Resonant Approach to Cosmic Axion Detection  
with an Amplifying B-field Ring Apparatus
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FIG. 3. The limit on the axion-photon coupling ga�� constructed from ABRACADABRA-10cm data described in this work.
We compare the observed limit, which has been down-sampled in the number of mass points by a factor of 104 for clarity of
presentation, to the expectation for the power-constrained limit under the null hypothesis. This down-sampling excludes the
87 isolated mass points vetoed in the discovery analysis; further details will be presented in [13]. Additionally, we show the
astrophysical constraint on ga�� in this mass range from the CAST helioscope experiment [23]; the region above the grey line
is excluded.

parameter Navg and mean

sk =

8
<

:
A ⇡f(v)

mav

���
v=

p
4⇡fk/ma�2

fk > ma/2⇡ ,

0 fk  ma/2⇡ ,
(4)

where A is defined in Eq. (3). We assume f(v) is given
by the Standard Halo Model, with velocity dispersion
v0 = 220 km/s/c, and vobs = 232 km/s/c the DM velocity
in the Earth frame [28], with c the speed of light. With
the DM density and velocity distribution specified, the
only free parameter in the predicted signal rate is ga�� .

We expect our background noise sources to be normally
distributed in the time domain, such that when combined
with an axion spectrum, the resulting PSD data is still
Erlang-distributed. Accordingly, our combined signal-
plus-background model prediction in each frequency bin
is an Erlang distribution P (F̄k;Navg, µk) with shape pa-
rameter Navg and mean µk = sk + b (see [27] for de-
tails). Although the background PSD varies slowly with
frequency, the axion signal for a given mass is narrow
enough that we restrict to a small frequency range and
parameterize the background as a constant b across the
window. We verified that the results of our analysis were
not sensitive to the size of the window chosen.

We performed our analysis on the F̄10M and F̄1M spec-
tra over frequency ranges 500 kHz to 2MHz and 75 kHz to
500 kHz, respectively. We chose the frequency at which
we transition from one set of spectra to the other so that
the axion signal window is su�ciently resolved every-
where, though we have seen that the exact choice has
little e↵ect on the final result. We rebin the F̄10M (F̄1M)
spectra in time into 53 (24) spectra that cover 32,000 s
(64,000 s) each. This was done to speed up processing
time, though it is not necessary for our analysis approach.

We test for an axion signal at mass ma and coupling
strength A by constructing a joint likelihood of Erlang
distributions over the 53 (24) F̄10M (F̄1M) given the ob-
served PSD data [13, 27]. For each axion mass, we as-
sign a unique background nuisance parameter to each of
the rebinned F̄10M (F̄1M) spectra and profile over the
joint likelihood to construct the profile likelihood for A
at that mass. This accounts for the possibility that the
background level might change on timescales of hours to
days.
To detect an axion signal, we place a 5� threshold on

a discovery test-statistic (TS). To evaluate this we first
calculate the profile likelihood ratio �(ma, A), at fixed
ma, as the ratio of the background-profiled likelihood
function as a function of A to the likelihood function
evaluated at the best-fit value Â. From here, we define
TS(ma) = �2 log �(ma, 0) for Â > 0 and zero otherwise.
This quantifies the level at which we can reject the null
hypothesis of A = 0. The 5� condition for discovery at a
given ma is TS(ma) > TSthresh, where [27]

TSthresh =


��1

✓
1 � 2.87 ⇥ 10�7

Nma

◆�2
(5)

accounts for the local significance as well as the look-
elsewhere e↵ect (LEE) for the Nma independent masses
in the analysis (here � is the cumulative distribution
function for the normal distribution with zero mean and
unit variance). For this analysis, Nma ⇡ 8.1 ⇥ 106 be-
tween 75 kHz and 2MHz, and TSthresh = 56.1.
Where we have no detection, we set a 95% C.L. limit,

A95%, again with the profile likelihood ratio. To do so, we
use the statistic t(ma, A) = �2 log �(ma, A), with A > Â,
by t(ma, A95%) = 2.71. We implement one-sided power-
constrained limits [29], which in practice means that we

This is a theorist’s dream: theory to experiment in 2 years flat!

ABRACADABRA-10cm:  
hot off the presses

[Ouellet, YK, et al., arXiv:1810.12257 and arXiv:1901.10652]Yoni Kahn 8

superconducting magnet  
and pickup loop

2

In this Letter, we present first results from
ABRACADABRA-10 cm, probing the axion-photon
coupling ga�� for ADM in the frequency range
f 2 [75 kHz, 2MHz], corresponding to axion masses
ma 2 [3.1 ⇥ 10�10, 8.3 ⇥ 10�9] eV. This mass range is
highly complementary to that probed by the ADMX ex-
periment [16–18], HAYSTAC [19], and other microwave
cavity experiments [20–22], which probe ma ⇠ 10�6 �
10�5 eV. Our result represents the most sensitive lab-
oratory search for ADM below 1µeV, is competitive
with leading astrophysical constraints from CAST [23],
and is the first step towards a larger-scale version of
ABRACADABRA sensitive to the smaller values of ga��
relevant for the QCD axion in the mass range where ax-
ions can probe GUT-scale physics.

MAGNET AND CRYOGENIC SETUP

FIG. 1. Left: Rendering of the ABRACADABRA-10 cm
setup. The primary magnetic field is driven by 1,280 super-
conducting windings around a POM support frame (green).
The axion-induced field is measured by a superconducting
pickup loop mounted on a PTFE support (white). A second
superconducting loop runs through the volume of the magnet
to produce a calibration signal. All of this is mounted inside a
superconducting shield. Right: Picture of the exposed toroid
during assembly.

ABRACADABRA-10 cm consists of a superconducting
persistent toroidal magnet produced by Superconducting
Systems Inc. [24] with a minimum inner radius of 3 cm, a
maximum outer radius of 6 cm, and a maximum height of
12 cm. The toroidal magnet is counter-wound to cancel
azimuthal currents; see [13] for details. We operate the
magnet in a persistent field mode with a current of 121A,
producing a maximum field of 1T at the inner radius. We
confirmed this field with a Hall sensor to a precision of
⇠ 1%. Due to the toroidal geometry of the magnet, the
field in the center should be close to zero (in the absence
of an axion signal).

To reduce AC magnetic field noise, we use both mag-
netic shielding and vibrational isolation. The toroid is

mounted in a G10 support inside a tin-coated copper shell
which acts as a magnetic shield below 3.7K, when the tin
coating becomes superconducting. The toroid/shield as-
sembly is thermalized to the coldest stage of an Oxford
Instruments Triton 400 dilution refrigerator and cooled
to an operating temperature of ⇠ 1.2K. The weight of
the shield and magnet is supported by a Kevlar string
which runs ⇠2m to a spring attached to the top of the
cryostat. This reduces the mechanical coupling and vi-
bration between the detector and cryostat.
We measure AC magnetic flux in the center of the

toroid with a solid NbTi superconducting pickup loop of
radius 2.0 cm and wire diameter 1mm. The induced cur-
rent on this pickup loop is carried away from the magnet
through ⇠ 50 cm of 75µm solid NbTi twisted pair read-
out wire up to a Magnicon two-stage SQUID current sen-
sor. The 75µm wire is shielded by superconducting lead
produced according to [25]. The majority of the 1mm
wire is inside the superconducting shielding of the mag-
net, but about 15 cm is only shielded by stainless steel
mesh sleeve outside the shield.
The two-stage Magnicon SQUID current sensor is op-

timized for operation at < 1K; we operate it at 870mK.
The input inductance of the SQUID is Lin ⇡ 150 nH and
the inductance of the pickup loop is Lp ⇡ 100 nH. The
SQUID is operated with a flux-lock feedback loop (FLL)
to linearize the output, which limits the signal band-
width to ⇡ 6MHz. We read out the signal with an
AlazarTech ATS9870 8-bit digitizer, covering a voltage
range of ±40mV. The digitizer is clocked to a Stanford
Research Systems FS725 Rb frequency standard. In or-
der to fit the signal into the range of our digitizer, we
filter the signal through a 10 kHz high-pass filter and a
1.9MHz anti-aliasing filter before sending it to the digi-
tizer.
To calibrate the detector, we run a superconducting

wire through the volume of the toroid at a radius of
4.5 cm into which we can inject an AC current to gen-
erate a field in the pickup loop, similar to what we ex-
pect from an axion signal. The coupling between the
calibration and pickup loop can be calculated from ge-
ometry to be ⇡50 nH. We perform a calibration scan to
calculate the end-to-end gain of our readout system. Our
calibration measurements indicate that our pickup-loop
flux-to-current gain is lower than expected by a factor of
⇠ 6. We determined this to be likely due to parasitic
impedances in the circuit, and we will address this issue
in future designs.

DATA COLLECTION

We collected data from July 16, 2018 to August 14,
2018, for a total integration time of Tint = 2.45 ⇥ 106 s.
The data stream was continuously sampled at a sampling
frequency of 10MS/s for the duration of the data-taking

inside a 150 mK 
dilution refrigerator



Future ABRA reach

[YK, Safdi, Thaler, Phys. Rev. Lett. 2016; Ouellet, YK, et al., arXiv:1810.12257;  
J. Foster, ABRACADABRA collab.]Yoni Kahn 9
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Axion indirect 
detection

Goal: detect photons produced by 
axions interacting with astrophysical B-fields



Axion-photon mixing
a(t) = a0e

i(kz�!t)

Ak(t) / ei(k
0z�!t)

Bt(z) B(z) E

only mixes 
with one 

polarization
only transverse 
field contributes

plasma frequency
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Yoni Kahn [Raffelt and Stodolsky, PRD 1988]

axion wavepacket
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Resonant conversion
Option 1: B-field has significant spatial variations 
at axion wavelength (hard to obtain:                                       )ma = 10�6 eV =) �a ⇠ m

Option 2: B-field is approximately homogeneous, 
photon dispersion changes with plasma density

conversion occurs near!2
p = m2

a

ne

r

r = rc

rc

Need momentum matching

Yoni Kahn 11[Raffelt and Stodolsky, PRD 1988; Pshirkov and Popov, JETP 2009]



Neutron stars: ideal candidates!
2 key (related) ingredients for axion indirect detection:

2. Goldreich-Julian model 
relates plasma frequency 

in “lobes” to dipole B-field:

Monotonically decreasing, 
can always solve              .!p = ma

!p /
p
ne /

r
B0

⇣rNS

r

⌘3
(3 cos2 ✓ � 1)

1. Strong B-fields

B✓ =
B0

2

⇣rNS

r

⌘3
sin ✓

B0 ⇠ 1010 T

Yoni Kahn [Hook, YK, Safdi, Sun, arXiv:1804.03145] 12



Infalling axion DM conversion
r = rc

gravitational acceleration + Liouville = enhanced DM density 

v0 ⇠ 10�3

v ⇠ 0.2

!p > ma !p < ma

plasma acts as  
“mirror” for infalling DM, 

“window” for outgoing DM

! = ma

ma = 1 GHz (⇠ 10
�6

eV), B0 = 10
10

T

=) rc ⇠ 220 km at ✓ = ⇡/2

Yoni Kahn [Hook, YK, Safdi, Sun, arXiv:1804.03145] 13



Photon transition probability

transition prob. peaks at conversion 
radius, happens over distance

outgoing photon wave damped 
by plasma (like ocean waves):

p1a� ⇡ 1

2vc
g2a��B(rc)

2L2
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Expected photon flux

incoming+outgoing
= ⇢1DM

2p
⇡

1

v0

r
GM

rc

Total power ~ 1010 W for QCD axion, local DM density

⇡
r

2GMNS

rc

dP
d⌦

⇡ 2⇥ p1a�⇢
rc
DMvcr

2
c
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Radio bump hunt

Added bonus: energy conservation keeps line narrow

Desired characteristics: 
• Radio-quiet (negligible foreground) 
• Low DM velocity dispersion (dwarfs) 
• Close by (< kpc), or
• DM-rich (Galactic center, dwarfs)

Smin = SNRmin
SEFDp

npolB�tobs

[Arecibo]

⇠ 10�6!

2 Jy ⇠ 2⇥ 10
15
W

kHzkpc
2

F

B
⇠ P

4⇡d2
1

10�6!
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Time-dependent signal
Misaligned neutron stars have rotation axis 

misaligned from magnetic poles: 
strong time dependence of plasma freq. in GJ model

Critical radius
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Time-dependent signal
Misaligned neutron stars have rotation axis 

misaligned from magnetic poles: 
strong time dependence of plasma freq. in GJ model

Striking signal: looks promising!

Light curve
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✓ = 45�
<latexit sha1_base64="TfZzgxHQ0YUVUtx14yWNrlpMK2o=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQieQk/2HISgF48RzAKZMfR0OkmTnoXuGiXEfIoXD4p49Uu8+Td2FkFFHxQ83quiqp4XSaGBkA9rZXVtfWMzsZXc3tnd20+lD5o6jBXjDRbKULU9qrkUAW+AAMnbkeLU9yRveaOLmd+65UqLMLiGccRdnw4C0ReMgpG6qbQDQw4Un+FC8cZhQrFuKkOypFqy8wVMsuVcmZSqhpBCvlopYjtL5sigJerd1LvTC1ns8wCYpFp3bBKBO6EKBJN8mnRizSPKRnTAO4YG1OfancxPn+ITo/RwP1SmAsBz9fvEhPpaj33PdPoUhvq3NxP/8jox9CvuRARRDDxgi0X9WGII8SwH3BOKM5BjQyhTwtyK2ZAqysCklTQhfH2K/yfNXNY2/KqQqZ0v40igI3SMTpGNyqiGLlEdNRBDd+gBPaFn6956tF6s10XrirWcOUQ/YL19AkEGk1s=</latexit><latexit sha1_base64="TfZzgxHQ0YUVUtx14yWNrlpMK2o=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQieQk/2HISgF48RzAKZMfR0OkmTnoXuGiXEfIoXD4p49Uu8+Td2FkFFHxQ83quiqp4XSaGBkA9rZXVtfWMzsZXc3tnd20+lD5o6jBXjDRbKULU9qrkUAW+AAMnbkeLU9yRveaOLmd+65UqLMLiGccRdnw4C0ReMgpG6qbQDQw4Un+FC8cZhQrFuKkOypFqy8wVMsuVcmZSqhpBCvlopYjtL5sigJerd1LvTC1ns8wCYpFp3bBKBO6EKBJN8mnRizSPKRnTAO4YG1OfancxPn+ITo/RwP1SmAsBz9fvEhPpaj33PdPoUhvq3NxP/8jox9CvuRARRDDxgi0X9WGII8SwH3BOKM5BjQyhTwtyK2ZAqysCklTQhfH2K/yfNXNY2/KqQqZ0v40igI3SMTpGNyqiGLlEdNRBDd+gBPaFn6956tF6s10XrirWcOUQ/YL19AkEGk1s=</latexit><latexit sha1_base64="TfZzgxHQ0YUVUtx14yWNrlpMK2o=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQieQk/2HISgF48RzAKZMfR0OkmTnoXuGiXEfIoXD4p49Uu8+Td2FkFFHxQ83quiqp4XSaGBkA9rZXVtfWMzsZXc3tnd20+lD5o6jBXjDRbKULU9qrkUAW+AAMnbkeLU9yRveaOLmd+65UqLMLiGccRdnw4C0ReMgpG6qbQDQw4Un+FC8cZhQrFuKkOypFqy8wVMsuVcmZSqhpBCvlopYjtL5sigJerd1LvTC1ns8wCYpFp3bBKBO6EKBJN8mnRizSPKRnTAO4YG1OfancxPn+ITo/RwP1SmAsBz9fvEhPpaj33PdPoUhvq3NxP/8jox9CvuRARRDDxgi0X9WGII8SwH3BOKM5BjQyhTwtyK2ZAqysCklTQhfH2K/yfNXNY2/KqQqZ0v40igI3SMTpGNyqiGLlEdNRBDd+gBPaFn6956tF6s10XrirWcOUQ/YL19AkEGk1s=</latexit><latexit sha1_base64="TfZzgxHQ0YUVUtx14yWNrlpMK2o=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQieQk/2HISgF48RzAKZMfR0OkmTnoXuGiXEfIoXD4p49Uu8+Td2FkFFHxQ83quiqp4XSaGBkA9rZXVtfWMzsZXc3tnd20+lD5o6jBXjDRbKULU9qrkUAW+AAMnbkeLU9yRveaOLmd+65UqLMLiGccRdnw4C0ReMgpG6qbQDQw4Un+FC8cZhQrFuKkOypFqy8wVMsuVcmZSqhpBCvlopYjtL5sigJerd1LvTC1ns8wCYpFp3bBKBO6EKBJN8mnRizSPKRnTAO4YG1OfancxPn+ITo/RwP1SmAsBz9fvEhPpaj33PdPoUhvq3NxP/8jox9CvuRARRDDxgi0X9WGII8SwH3BOKM5BjQyhTwtyK2ZAqysCklTQhfH2K/yfNXNY2/KqQqZ0v40igI3SMTpGNyqiGLlEdNRBDd+gBPaFn6956tF6s10XrirWcOUQ/YL19AkEGk1s=</latexit>



Polarization signal

Yoni Kahn 19[Hook, YK, Safdi, Sun, arXiv:1804.03145]

EM wave always polarized along  
direction of B-field at conversion radius 
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n̂ · ✏̂1 [✓ = 30�]

[✓ = 90�]

n̂ · ✏̂2 [✓ = 30�]

[✓ = 90�]

✓m = 15�
<latexit sha1_base64="FlYahwy4sqmVhny9wFjBDhnzuCw=">AAAB/HicdVDLSgNBEJz1GeMrmqOXwSB4CrvrmsSDEPTiMYJ5QDYus5NJMmT2wUyvsIT4K148KOLVD/Hm3zibRFDRgoaiqpvuLj8WXIFpfhhLyyura+u5jfzm1vbObmFvv6WiRFLWpJGIZMcnigkesiZwEKwTS0YCX7C2P77M/PYdk4pH4Q2kMesFZBjyAacEtOQVii6MGBAvwOfYOr11KZfUK5TM8lmtYjsVbJZNs2rZVkbsqnPiYEsrGUpogYZXeHf7EU0CFgIVRKmuZcbQmxAJnAo2zbuJYjGhYzJkXU1DEjDVm8yOn+IjrfTxIJK6QsAz9fvEhARKpYGvOwMCI/Xby8S/vG4Cg1pvwsM4ARbS+aJBIjBEOEsC97lkFESqCaGS61sxHRFJKOi88jqEr0/x/6Rlly3Nr51S/WIRRw4doEN0jCxURXV0hRqoiShK0QN6Qs/GvfFovBiv89YlYzFTRD9gvH0CsjSUJw==</latexit><latexit sha1_base64="FlYahwy4sqmVhny9wFjBDhnzuCw=">AAAB/HicdVDLSgNBEJz1GeMrmqOXwSB4CrvrmsSDEPTiMYJ5QDYus5NJMmT2wUyvsIT4K148KOLVD/Hm3zibRFDRgoaiqpvuLj8WXIFpfhhLyyura+u5jfzm1vbObmFvv6WiRFLWpJGIZMcnigkesiZwEKwTS0YCX7C2P77M/PYdk4pH4Q2kMesFZBjyAacEtOQVii6MGBAvwOfYOr11KZfUK5TM8lmtYjsVbJZNs2rZVkbsqnPiYEsrGUpogYZXeHf7EU0CFgIVRKmuZcbQmxAJnAo2zbuJYjGhYzJkXU1DEjDVm8yOn+IjrfTxIJK6QsAz9fvEhARKpYGvOwMCI/Xby8S/vG4Cg1pvwsM4ARbS+aJBIjBEOEsC97lkFESqCaGS61sxHRFJKOi88jqEr0/x/6Rlly3Nr51S/WIRRw4doEN0jCxURXV0hRqoiShK0QN6Qs/GvfFovBiv89YlYzFTRD9gvH0CsjSUJw==</latexit><latexit sha1_base64="FlYahwy4sqmVhny9wFjBDhnzuCw=">AAAB/HicdVDLSgNBEJz1GeMrmqOXwSB4CrvrmsSDEPTiMYJ5QDYus5NJMmT2wUyvsIT4K148KOLVD/Hm3zibRFDRgoaiqpvuLj8WXIFpfhhLyyura+u5jfzm1vbObmFvv6WiRFLWpJGIZMcnigkesiZwEKwTS0YCX7C2P77M/PYdk4pH4Q2kMesFZBjyAacEtOQVii6MGBAvwOfYOr11KZfUK5TM8lmtYjsVbJZNs2rZVkbsqnPiYEsrGUpogYZXeHf7EU0CFgIVRKmuZcbQmxAJnAo2zbuJYjGhYzJkXU1DEjDVm8yOn+IjrfTxIJK6QsAz9fvEhARKpYGvOwMCI/Xby8S/vG4Cg1pvwsM4ARbS+aJBIjBEOEsC97lkFESqCaGS61sxHRFJKOi88jqEr0/x/6Rlly3Nr51S/WIRRw4doEN0jCxURXV0hRqoiShK0QN6Qs/GvfFovBiv89YlYzFTRD9gvH0CsjSUJw==</latexit><latexit sha1_base64="FlYahwy4sqmVhny9wFjBDhnzuCw=">AAAB/HicdVDLSgNBEJz1GeMrmqOXwSB4CrvrmsSDEPTiMYJ5QDYus5NJMmT2wUyvsIT4K148KOLVD/Hm3zibRFDRgoaiqpvuLj8WXIFpfhhLyyura+u5jfzm1vbObmFvv6WiRFLWpJGIZMcnigkesiZwEKwTS0YCX7C2P77M/PYdk4pH4Q2kMesFZBjyAacEtOQVii6MGBAvwOfYOr11KZfUK5TM8lmtYjsVbJZNs2rZVkbsqnPiYEsrGUpogYZXeHf7EU0CFgIVRKmuZcbQmxAJnAo2zbuJYjGhYzJkXU1DEjDVm8yOn+IjrfTxIJK6QsAz9fvEhARKpYGvOwMCI/Xby8S/vG4Cg1pvwsM4ARbS+aJBIjBEOEsC97lkFESqCaGS61sxHRFJKOi88jqEr0/x/6Rlly3Nr51S/WIRRw4doEN0jCxURXV0hRqoiShK0QN6Qs/GvfFovBiv89YlYzFTRD9gvH0CsjSUJw==</latexit>

✓ = 30�
<latexit sha1_base64="jfwjIo7UrqNWLgstckv4Xn1L46w=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgKfQkMctBCHrxGMEskImhp9NJmvQsdNcoIeZTvHhQxKtf4s2/sbMIKvqg4PFeFVX1vEgKDYR8WImV1bX1jeRmamt7Z3fPTu83dBgrxusslKFqeVRzKQJeBwGStyLFqe9J3vRGFzO/ecuVFmFwDeOId3w6CERfMApG6tppF4YcKD7DeXLjMqFY186QLKkUnXwBk2wpVyLFiiGkkK+UT7GTJXNk0BK1rv3u9kIW+zwAJqnWbYdE0JlQBYJJPk25seYRZSM64G1DA+pz3ZnMT5/iY6P0cD9UpgLAc/X7xIT6Wo99z3T6FIb6tzcT//LaMfTLnYkIohh4wBaL+rHEEOJZDrgnFGcgx4ZQpoS5FbMhVZSBSStlQvj6FP9PGrmsY/hVIVM9X8aRRIfoCJ0gB5VQFV2iGqojhu7QA3pCz9a99Wi9WK+L1oS1nDlAP2C9fQI3yZNV</latexit><latexit sha1_base64="jfwjIo7UrqNWLgstckv4Xn1L46w=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgKfQkMctBCHrxGMEskImhp9NJmvQsdNcoIeZTvHhQxKtf4s2/sbMIKvqg4PFeFVX1vEgKDYR8WImV1bX1jeRmamt7Z3fPTu83dBgrxusslKFqeVRzKQJeBwGStyLFqe9J3vRGFzO/ecuVFmFwDeOId3w6CERfMApG6tppF4YcKD7DeXLjMqFY186QLKkUnXwBk2wpVyLFiiGkkK+UT7GTJXNk0BK1rv3u9kIW+zwAJqnWbYdE0JlQBYJJPk25seYRZSM64G1DA+pz3ZnMT5/iY6P0cD9UpgLAc/X7xIT6Wo99z3T6FIb6tzcT//LaMfTLnYkIohh4wBaL+rHEEOJZDrgnFGcgx4ZQpoS5FbMhVZSBSStlQvj6FP9PGrmsY/hVIVM9X8aRRIfoCJ0gB5VQFV2iGqojhu7QA3pCz9a99Wi9WK+L1oS1nDlAP2C9fQI3yZNV</latexit><latexit sha1_base64="jfwjIo7UrqNWLgstckv4Xn1L46w=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgKfQkMctBCHrxGMEskImhp9NJmvQsdNcoIeZTvHhQxKtf4s2/sbMIKvqg4PFeFVX1vEgKDYR8WImV1bX1jeRmamt7Z3fPTu83dBgrxusslKFqeVRzKQJeBwGStyLFqe9J3vRGFzO/ecuVFmFwDeOId3w6CERfMApG6tppF4YcKD7DeXLjMqFY186QLKkUnXwBk2wpVyLFiiGkkK+UT7GTJXNk0BK1rv3u9kIW+zwAJqnWbYdE0JlQBYJJPk25seYRZSM64G1DA+pz3ZnMT5/iY6P0cD9UpgLAc/X7xIT6Wo99z3T6FIb6tzcT//LaMfTLnYkIohh4wBaL+rHEEOJZDrgnFGcgx4ZQpoS5FbMhVZSBSStlQvj6FP9PGrmsY/hVIVM9X8aRRIfoCJ0gB5VQFV2iGqojhu7QA3pCz9a99Wi9WK+L1oS1nDlAP2C9fQI3yZNV</latexit><latexit sha1_base64="jfwjIo7UrqNWLgstckv4Xn1L46w=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgKfQkMctBCHrxGMEskImhp9NJmvQsdNcoIeZTvHhQxKtf4s2/sbMIKvqg4PFeFVX1vEgKDYR8WImV1bX1jeRmamt7Z3fPTu83dBgrxusslKFqeVRzKQJeBwGStyLFqe9J3vRGFzO/ecuVFmFwDeOId3w6CERfMApG6tppF4YcKD7DeXLjMqFY186QLKkUnXwBk2wpVyLFiiGkkK+UT7GTJXNk0BK1rv3u9kIW+zwAJqnWbYdE0JlQBYJJPk25seYRZSM64G1DA+pz3ZnMT5/iY6P0cD9UpgLAc/X7xIT6Wo99z3T6FIb6tzcT//LaMfTLnYkIohh4wBaL+rHEEOJZDrgnFGcgx4ZQpoS5FbMhVZSBSStlQvj6FP9PGrmsY/hVIVM9X8aRRIfoCJ0gB5VQFV2iGqojhu7QA3pCz9a99Wi9WK+L1oS1nDlAP2C9fQI3yZNV</latexit>

(✏̂1 = ✓̂, ✏̂2 = �̂)
<latexit sha1_base64="EVKpyfGwafKTwWZn1Z6mAtEZ01Y=">AAACK3icbVDLSgMxFM3Ud31VXboJFkFBykwRdCMU3bhUsLbQKSWT3jqhmcyQ3BHKMP/jxl9xoQsfuPU/TB+Ith4IHM45l5t7gkQKg6777hTm5hcWl5ZXiqtr6xubpa3tWxOnmkOdxzLWzYAZkEJBHQVKaCYaWBRIaAT9i6HfuAdtRKxucJBAO2J3SvQEZ2ilTun8wA8ZZj4kRshY5R2PntGxhCEgy4+oT6ci1Z9IEor8sFMquxV3BDpLvAkpkwmuOqVnvxvzNAKFXDJjWp6bYDtjGgWXkBf91EDCeJ/dQctSxSIw7Wx0a073rdKlvVjbp5CO1N8TGYuMGUSBTUYMQzPtDcX/vFaKvdN2JlSSIig+XtRLJcWYDoujXaGBoxxYwrgW9q+Uh0wzjrbeoi3Bmz55ltxWK57l18fl2vmkjmWyS/bIAfHICamRS3JF6oSTB/JEXsmb8+i8OB/O5zhacCYzO+QPnK9v4hGncg==</latexit><latexit sha1_base64="EVKpyfGwafKTwWZn1Z6mAtEZ01Y=">AAACK3icbVDLSgMxFM3Ud31VXboJFkFBykwRdCMU3bhUsLbQKSWT3jqhmcyQ3BHKMP/jxl9xoQsfuPU/TB+Ith4IHM45l5t7gkQKg6777hTm5hcWl5ZXiqtr6xubpa3tWxOnmkOdxzLWzYAZkEJBHQVKaCYaWBRIaAT9i6HfuAdtRKxucJBAO2J3SvQEZ2ilTun8wA8ZZj4kRshY5R2PntGxhCEgy4+oT6ci1Z9IEor8sFMquxV3BDpLvAkpkwmuOqVnvxvzNAKFXDJjWp6bYDtjGgWXkBf91EDCeJ/dQctSxSIw7Wx0a073rdKlvVjbp5CO1N8TGYuMGUSBTUYMQzPtDcX/vFaKvdN2JlSSIig+XtRLJcWYDoujXaGBoxxYwrgW9q+Uh0wzjrbeoi3Bmz55ltxWK57l18fl2vmkjmWyS/bIAfHICamRS3JF6oSTB/JEXsmb8+i8OB/O5zhacCYzO+QPnK9v4hGncg==</latexit><latexit sha1_base64="EVKpyfGwafKTwWZn1Z6mAtEZ01Y=">AAACK3icbVDLSgMxFM3Ud31VXboJFkFBykwRdCMU3bhUsLbQKSWT3jqhmcyQ3BHKMP/jxl9xoQsfuPU/TB+Ith4IHM45l5t7gkQKg6777hTm5hcWl5ZXiqtr6xubpa3tWxOnmkOdxzLWzYAZkEJBHQVKaCYaWBRIaAT9i6HfuAdtRKxucJBAO2J3SvQEZ2ilTun8wA8ZZj4kRshY5R2PntGxhCEgy4+oT6ci1Z9IEor8sFMquxV3BDpLvAkpkwmuOqVnvxvzNAKFXDJjWp6bYDtjGgWXkBf91EDCeJ/dQctSxSIw7Wx0a073rdKlvVjbp5CO1N8TGYuMGUSBTUYMQzPtDcX/vFaKvdN2JlSSIig+XtRLJcWYDoujXaGBoxxYwrgW9q+Uh0wzjrbeoi3Bmz55ltxWK57l18fl2vmkjmWyS/bIAfHICamRS3JF6oSTB/JEXsmb8+i8OB/O5zhacCYzO+QPnK9v4hGncg==</latexit><latexit sha1_base64="EVKpyfGwafKTwWZn1Z6mAtEZ01Y=">AAACK3icbVDLSgMxFM3Ud31VXboJFkFBykwRdCMU3bhUsLbQKSWT3jqhmcyQ3BHKMP/jxl9xoQsfuPU/TB+Ith4IHM45l5t7gkQKg6777hTm5hcWl5ZXiqtr6xubpa3tWxOnmkOdxzLWzYAZkEJBHQVKaCYaWBRIaAT9i6HfuAdtRKxucJBAO2J3SvQEZ2ilTun8wA8ZZj4kRshY5R2PntGxhCEgy4+oT6ci1Z9IEor8sFMquxV3BDpLvAkpkwmuOqVnvxvzNAKFXDJjWp6bYDtjGgWXkBf91EDCeJ/dQctSxSIw7Wx0a073rdKlvVjbp5CO1N8TGYuMGUSBTUYMQzPtDcX/vFaKvdN2JlSSIig+XtRLJcWYDoujXaGBoxxYwrgW9q+Uh0wzjrbeoi3Bmz55ltxWK57l18fl2vmkjmWyS/bIAfHICamRS3JF6oSTB/JEXsmb8+i8OB/O5zhacCYzO+QPnK9v4hGncg==</latexit>



Neutron star populations

Yoni Kahn 20[Chen, Safdi, Sun, arXiv:1811.01020]

�!

!
⇠ 10�6

<latexit sha1_base64="2TKMEr4a80tO2Ja9JdJJmubCbec="></latexit><latexit sha1_base64="2TKMEr4a80tO2Ja9JdJJmubCbec="></latexit><latexit sha1_base64="2TKMEr4a80tO2Ja9JdJJmubCbec="></latexit><latexit sha1_base64="2TKMEr4a80tO2Ja9JdJJmubCbec="></latexit>

v ⇠ 10�3
<latexit sha1_base64="JYyF+JtexsTzZR7QRvGHJIZeNHQ=">AAAB9XicbZDLSgMxFIbP1Futt6pLN8EiuLHMWEGXRTcuK9gLtNOSSTNtaJIZkkylDH0PNy4Uceu7uPNtTNtZaOsPgY//nMM5+YOYM21c99vJra1vbG7ltws7u3v7B8XDo4aOEkVonUQ8Uq0Aa8qZpHXDDKetWFEsAk6bwehuVm+OqdIsko9mElNf4IFkISPYWKs7Rh3NBPLcbnpRmfaKJbfszoVWwcugBJlqveJXpx+RRFBpCMdatz03Nn6KlWGE02mhk2gaYzLCA9q2KLGg2k/nV0/RmXX6KIyUfdKguft7IsVC64kIbKfAZqiXazPzv1o7MeGNnzIZJ4ZKslgUJhyZCM0iQH2mKDF8YgETxeytiAyxwsTYoAo2BG/5y6vQuCx7lh+uStXbLI48nMApnIMH11CFe6hBHQgoeIZXeHOenBfn3flYtOacbOYY/sj5/AHrQJF4</latexit><latexit sha1_base64="JYyF+JtexsTzZR7QRvGHJIZeNHQ=">AAAB9XicbZDLSgMxFIbP1Futt6pLN8EiuLHMWEGXRTcuK9gLtNOSSTNtaJIZkkylDH0PNy4Uceu7uPNtTNtZaOsPgY//nMM5+YOYM21c99vJra1vbG7ltws7u3v7B8XDo4aOEkVonUQ8Uq0Aa8qZpHXDDKetWFEsAk6bwehuVm+OqdIsko9mElNf4IFkISPYWKs7Rh3NBPLcbnpRmfaKJbfszoVWwcugBJlqveJXpx+RRFBpCMdatz03Nn6KlWGE02mhk2gaYzLCA9q2KLGg2k/nV0/RmXX6KIyUfdKguft7IsVC64kIbKfAZqiXazPzv1o7MeGNnzIZJ4ZKslgUJhyZCM0iQH2mKDF8YgETxeytiAyxwsTYoAo2BG/5y6vQuCx7lh+uStXbLI48nMApnIMH11CFe6hBHQgoeIZXeHOenBfn3flYtOacbOYY/sj5/AHrQJF4</latexit><latexit sha1_base64="JYyF+JtexsTzZR7QRvGHJIZeNHQ=">AAAB9XicbZDLSgMxFIbP1Futt6pLN8EiuLHMWEGXRTcuK9gLtNOSSTNtaJIZkkylDH0PNy4Uceu7uPNtTNtZaOsPgY//nMM5+YOYM21c99vJra1vbG7ltws7u3v7B8XDo4aOEkVonUQ8Uq0Aa8qZpHXDDKetWFEsAk6bwehuVm+OqdIsko9mElNf4IFkISPYWKs7Rh3NBPLcbnpRmfaKJbfszoVWwcugBJlqveJXpx+RRFBpCMdatz03Nn6KlWGE02mhk2gaYzLCA9q2KLGg2k/nV0/RmXX6KIyUfdKguft7IsVC64kIbKfAZqiXazPzv1o7MeGNnzIZJ4ZKslgUJhyZCM0iQH2mKDF8YgETxeytiAyxwsTYoAo2BG/5y6vQuCx7lh+uStXbLI48nMApnIMH11CFe6hBHQgoeIZXeHOenBfn3flYtOacbOYY/sj5/AHrQJF4</latexit><latexit sha1_base64="JYyF+JtexsTzZR7QRvGHJIZeNHQ=">AAAB9XicbZDLSgMxFIbP1Futt6pLN8EiuLHMWEGXRTcuK9gLtNOSSTNtaJIZkkylDH0PNy4Uceu7uPNtTNtZaOsPgY//nMM5+YOYM21c99vJra1vbG7ltws7u3v7B8XDo4aOEkVonUQ8Uq0Aa8qZpHXDDKetWFEsAk6bwehuVm+OqdIsko9mElNf4IFkISPYWKs7Rh3NBPLcbnpRmfaKJbfszoVWwcugBJlqveJXpx+RRFBpCMdatz03Nn6KlWGE02mhk2gaYzLCA9q2KLGg2k/nV0/RmXX6KIyUfdKguft7IsVC64kIbKfAZqiXazPzv1o7MeGNnzIZJ4ZKslgUJhyZCM0iQH2mKDF8YgETxeytiAyxwsTYoAo2BG/5y6vQuCx7lh+uStXbLI48nMApnIMH11CFe6hBHQgoeIZXeHOenBfn3flYtOacbOYY/sj5/AHrQJF4</latexit>

Doppler broadening: larger bandwidth 
But signal adds incoherently! 

If NNS > 1000, still win

�!
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NS populations at  
Green Bank Telescope

Can be competitive with ADMX with 1 hour of observation!
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Figure 13. Projected sensitivities to axion DM from 24 hrs of observation time towards the Galactic Center with the telescopes
indicated and requiring 5� detection. We consider variations to the DM profile, with NFW DM (top left) and Burkert DM (top
right), as well as a possible DM spike at the Galactic Center. The top two panels are for the analysis that looks for the broad
(�f/f ⇠ 10�3) emission from the ensemble of NSs, while the bottom two panels compare the sensitivity of this technique to
that which looks only for the brightest individual NS, with �f/f ⇠ 10�6. In addition to variations in the DM density profile,
we also show the uncertainty arising in these projections from the NS population models by switching between models 1 and 2.
All sensitivity curves exhibit two noticeable features: a slight increase in sensitivity below ⇠10�6 eV and a sharp decrease in
sensitivity at high ma. The former feature is due, in part, to the transition to masses small enough that axions may resonantly
convert in the ion-dominated part of the plasma. The latter feature is due to the fact that at high masses the conditions
for resonant conversion are not obtained, and the axion-photon transition occurs non-resonantly. Note that in addition to the
projected sensitivities, we also display the motivated region for the QCD axion, current constraints from the CAST experiment,
and current and projected constraints from the ADMX experiment.

well. This behavior is seen in the bottom right panel
of Fig. 13, for example, which takes the NFW DM pro-
file and the NS model 2. The solid blue curve is the
estimated sensitivity with GBT, which can be directly
compared to the solid black curve. Note that the dotted
curves estimate the sensitivity including the possible DM
spike, which can play a more important role here since it
may enhance the flux of the brightest NS. The red curves
show the estimated sensitivity using the future SKA2, as

described in Tab. II.

For NS model 1, as illustrated in the bottom left panel
of Fig. 13, the brightest NS search is seen to be highly
variable over the entire frequency range, and even at low
frequencies there are regions where the single-NS GBT
search is more sensitive than the GBT search for the
ensemble signal. This variability is due to the fact that
for NS model 1, even at low frequencies the signal is
dominated by a few NSs with high mmax

a ; these are NSs

Future radio searches

Yoni Kahn 22[Chen, Safdi, Sun, arXiv:1811.01020]
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Figure 14. As in Fig. 13, except for observations of the globular cluster M54. The left panel assumes NS model 1, while the
right takes NS model 2. The solid black curves illustrate the sensitivity for the broad search for the (�f/f ⇠ 10�4) signal from
the ensemble of NSs, while the colored curves project the sensitivity to the single brightest NS (with �f/f ⇠ 10�8) for one
illustrative Monte Carlo realization.

Figure 15. As in Fig. 13, except for observations of the nearby
galaxy M31. Here, we only consider the search for the ensem-
ble of NSs, since there are many more NSs within the field of
view for the case of M31 relative to the Galactic Center. The
frequency spread of this signal is expected to be �f/f ⇠ 10�3.
We illustrate the sensitivity for NS model 1 and for the Burk-
ert and NFW DM profiles.

gravitational potentials within these systems. The latter
systematic, concerning the distribution of NS properties,
is unique to this search strategy. Depending on the evo-
lution of magnetic fields of NSs on timescales of order the
age of the Galaxy, the large population of dead NSs could
dominate the axion-induced flux. On the other hand,
if those fields decay on these long timescales, then the

younger active pulsars still provide a significant source
of axion-induced radio flux that can be used to constrain
axion DM.

Understanding the evolution of magnetic fields of dead
NSs at late times is crucial for making more accurate pre-
dictions for the sensitivity of radio searches to axion DM.
Additionally, more work is needed to properly model the
magnetar population and the magnetospheres of these
systems, since such high-field NSs are an important con-
tribution to the flux from the active population. We hope
that this potential avenue towards axion DM detection
can serve as motivation for dedicated e↵orts to further
understand the properties of these systems.

On the observational side, we outlined the advantages
and disadvantages of using telescope arrays, such as VLA
or the future SKA, versus large single dishes, like GBT, in
searching for the axion-induced signal. For the Galactic
Center, for example, the emission from the ensemble of
NSs is extended on angular scales typically much larger
than the synthesized beam areas of telescope arrays,
making single dishes more favorable instruments. On the
other hand, we showed that searches for the brightest in-
dividual NSs can give comparable or increased sensitiv-
ity, relative to searches for the broader-spectrum emission
from the ensemble of NSs. Searches for the narrow-band
bright single NSs may be performed equally well with
either telescope arrays or single dishes; in this case ar-
rays having the advantage of larger primary beam areas
over which to search. However, there is likely an analysis
framework between these two extremes that gives supe-
rior sensitivity. For example, instead of looking for the
brightest NS one could look for the brightest two NSs,
or the brightest N NSs. However, accounting for the tri-
als factor in such a search is non-trivial, given that the

QCD axion might be within our reach!
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Figure 14. As in Fig. 13, except for observations of the globular cluster M54. The left panel assumes NS model 1, while the
right takes NS model 2. The solid black curves illustrate the sensitivity for the broad search for the (�f/f ⇠ 10�4) signal from
the ensemble of NSs, while the colored curves project the sensitivity to the single brightest NS (with �f/f ⇠ 10�8) for one
illustrative Monte Carlo realization.

Figure 15. As in Fig. 13, except for observations of the nearby
galaxy M31. Here, we only consider the search for the ensem-
ble of NSs, since there are many more NSs within the field of
view for the case of M31 relative to the Galactic Center. The
frequency spread of this signal is expected to be �f/f ⇠ 10�3.
We illustrate the sensitivity for NS model 1 and for the Burk-
ert and NFW DM profiles.

gravitational potentials within these systems. The latter
systematic, concerning the distribution of NS properties,
is unique to this search strategy. Depending on the evo-
lution of magnetic fields of NSs on timescales of order the
age of the Galaxy, the large population of dead NSs could
dominate the axion-induced flux. On the other hand,
if those fields decay on these long timescales, then the

younger active pulsars still provide a significant source
of axion-induced radio flux that can be used to constrain
axion DM.

Understanding the evolution of magnetic fields of dead
NSs at late times is crucial for making more accurate pre-
dictions for the sensitivity of radio searches to axion DM.
Additionally, more work is needed to properly model the
magnetar population and the magnetospheres of these
systems, since such high-field NSs are an important con-
tribution to the flux from the active population. We hope
that this potential avenue towards axion DM detection
can serve as motivation for dedicated e↵orts to further
understand the properties of these systems.

On the observational side, we outlined the advantages
and disadvantages of using telescope arrays, such as VLA
or the future SKA, versus large single dishes, like GBT, in
searching for the axion-induced signal. For the Galactic
Center, for example, the emission from the ensemble of
NSs is extended on angular scales typically much larger
than the synthesized beam areas of telescope arrays,
making single dishes more favorable instruments. On the
other hand, we showed that searches for the brightest in-
dividual NSs can give comparable or increased sensitiv-
ity, relative to searches for the broader-spectrum emission
from the ensemble of NSs. Searches for the narrow-band
bright single NSs may be performed equally well with
either telescope arrays or single dishes; in this case ar-
rays having the advantage of larger primary beam areas
over which to search. However, there is likely an analysis
framework between these two extremes that gives supe-
rior sensitivity. For example, instead of looking for the
brightest NS one could look for the brightest two NSs,
or the brightest N NSs. However, accounting for the tri-
als factor in such a search is non-trivial, given that the


