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Mixing
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Axion-photon mixing
I L = −gaγγ

4
aFµνF̃

µν ∼ gaγγ a︸︷︷︸
dynam.

E︸︷︷︸
dynam.

· B︸︷︷︸
ext.

incoming axion

outgoing photon 
E-field parallel to B_ext

static external  
B-field B_ext

ga��

I Pa→γ ∼ B2
extg

2
aγγL

2

I L determined by Bext geometry and axion wavelength m−1a



Example: CAST

Sun

keV plasma 
produces 

axions

relativistic  
axions

High B field converts axions -> photons

X-rays

I Pa→γ ∼ B2
extg

2
aγγL

2: what is L?

I Axion and photon have same energy ω, but momentum
mismatch δk ∼ m2

a/ω

I δk � L−1CAST: L ∼ LCAST ,

I But if δk � L−1CAST, L ∼ δk−1 � LCAST /
I The CAST fix: at high ma, give photon a mass mγ ≈ ma

with e.g. 3He so that δk ∼ 0 and L ∼ LCAST ,
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Existing axion constraints

4 111. Axions and other similar particles
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Figure 111.1: Exclusion plot for axion-like particles as described in the text.

structure, for example when two NG bosons are attached to one fermion line as in axion
emission by nucleon bremsstrahlung [21].

In the DFSZ model [18], the tree-level coupling coefficient to electrons is [22]

Ce =
sin2 β

3
, (111.8)

where tan β = vu/vd is the ratio of the vacuum expectation value vu of the Higgs field Hu

giving masses to the up-type quarks and the vacuum expectation value vd of the Higgs
field Hd giving masses to the down-type quarks.

For nucleons, Cn,p have recently been determined as [11]

Cp = −0.47(3) + 0.88(3)Cu − 0.39(2)Cad − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

Cn = −0.02(3) + 0.88(3)Cd − 0.39(2)Cu − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

(111.9)

in terms of the corresponding model-dependent quark couplings Cq, q = u, d, s, c, b, t.

June 5, 2018 20:09
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Projected axion sensitivity
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NS radio signal (this talk) 
—1 day with SKA towards M54 



Axion-photon conversion in
neutron stars
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NS with strong B-field and surrounding plasma

Neutron Star
Surrounded  

by magnetosphere plasma: 
electrons, positrons, ions
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NS with strong B-field and surrounding plasma

Neutron StarDM axions fall  
towards neutron star



NS with strong B-field and surrounding plasma

Neutron StarResonant conversion at radius 
where photon mass = axion mass
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NS with strong B-field and surrounding plasma

Neutron StarResonant conversion at radius 
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NS with strong B-field and surrounding plasma

Neutron StarResonant conversion at radius 
where photon mass = axion mass

radio waves



NS with strong B-field and surrounding plasma

Neutron Star

f(v) ⇠ e�v2/2v2
0

DM velocity  
distribution: 

Axion mass sets frequency 
DM velocity dispersion sets width



NS with strong B-field and surrounding plasma

Neutron Starf(v) ⇠ e�v2/2v2
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DM
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NS with strong B-field and surrounding plasma

Neutron Starf(v) ⇠ e�v2/2v2
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NS with strong B-field and surrounding plasma

Neutron Starf(v) ⇠ e�v2/2v2
0

DM

DM converts to photon with  
same energy, then photon 

redshifts away from neutron star
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DM  
axions

radio waves

Alex Savello, VLA

radio waves

DM axions resonantly convert to radio waves 
when ma = m�

NS with strong B-field and surrounding plasma

radio emission 
propagates 

to Earth
Narrow radio line detectable at 

Earth with                      . f = ma/(2⇡)



Sensitivity Calculation



Conversion radius

I Assume rotation axis Ω̂ aligned with B-field axis ẑ for
simplicity

I Dipole B-field: B(r, θ) =
r3NS
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B0

2
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I Goldreich-Julian magnetosphere model: nc(r, θ) = 2
Ω̂ · B̂
e

I Plasma mass: ωpl ∼
√
nc
mc
∼ 1

r3/2

I Close match to numerical NS simulations away from
acceleration regions
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Radiated power and flux density

I Power: P ∼ g2aγγB2
0

(
1

r4c

)

︸ ︷︷ ︸
rc: conv. rad.

×ρ∞DM ×
(

1

v0

)

︸ ︷︷ ︸
v0: DM vel. disp.

I Larger ma, smaller rc and larger the power
I Bandwidth B: B ∼ mav

2
0

I Flux: F ∼ P

d2

I Flux density: S =
F

B
[units: Jy = 10−26 W/m2]

I Flux density noise at radio telescope: Snoise ≈
SEFD√
B∆tobs

I SEFD =
Tsys

G
I Gain: G ∼ Atelescope and G ≈ 2 K/Jy at GBT (100 m)
I Tsys ≈ 25 K︸︷︷︸

receiver

+Tastro
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Background temperature
14

individual array elements and where we have assumed
N � 1. Thus, the larger Nsynth, or equivalently the
larger the baseline, the smaller ��2.

3. Searches for brightest individual neutron star

The discussion in the previous subsection relates to
searches for the combined emission from all NSs. How-
ever, it is also possible to search for the individual
NSs themselves by focusing on narrower frequency band-
widths. Consider Fig. 7, which shows an example fre-
quency spectrum from a signal at the Galactic Center.
While most of the power in that case is distributed across
a bandwidth of order �f/f ⇠ 10�3, a few of the bright-
est individual NSs are clearly visible, with relative band-
widths �f/f ⇠ 10�6. The signal-to-noise ratio SNR for

the spectral density scales like F/
p

B, where F is the
signal flux and B is the bandwidth. That is, even if the
flux is one and a half orders of magnitude smaller for
the individual NS compared to the sum over all NSs, the
individual NS can have the same SNR as the broader
signal, for the case of the Galactic Center.

One additional advantage of searches for the bright-
est, individual NSs compared to searches for the broader
signal from the combination of NSs is that the former
is better suited for searches with radio interferometer ar-
rays, since the target of interest is a point source and one
does not lose in sensitivity for increasing baseline.

4. Benchmark telescope configurations

To estimate the sensitivity of radio observations to ax-
ion DM, we will assume a few simplified telescope config-
urations based on the GBT, VLA (in configuration D),
and the future SKA. Their assumed properties are sum-
marized in Tab. I.

5. Background astrophysical temperature

We estimate the background astrophysical sky temper-
ature from the Haslam map [47–49], which is illustrated
in Fig. 11. Note that in that map we also show the sky
locations of the three targets of interest discussed in this
work. The Haslam map is a 408 MHz all sky radio map
that combines data taken by multiple radio surveys. We
use the reprocessed version [49] that is source-subtracted
and destriped. The map is smoothed to an angular res-
olution ⇠510.

The radio emission is dominated by Galactic syn-
chrotron radiation. To infer the sky temperature beyond
408 MHz, we assume that the spectrum is a powerlaw
Tastro(f) = T408(408 MHz/f)� . The index � has been
measured to be � ⇡ 2.76 in the frequency range 0.4 - 7.5
GHz, averaged across the full sky [50]. We note that this

log10 Tastro/K1.0 3.0

Figure 11. haslam map

index is similar to that found by the ARCADE collabo-
ration [38], which analyzed the extragalactic radio back-
ground between 22 MHz and 10 GHz and found an index
� ⇡ 2.62. We will assume � = 2.76 when extrapolating
beyond 408 MHz, though we note that small variations to
this index have little e↵ect on our sensitivity projections.

We also note that while the angular resolution of the
Haslam map is su�cient for sensitivity projections in
most regions of the sky, which lack bright point sources,
it is likely insu�cient to describe the region around the
Galactic Center. For example, [37] found that the radio
flux from the Galactic Center falls o↵ at angular scales
⇠20’ from the center, which is significantly smaller scale
that the ⇠51’ resolution of the Haslam map. Thus we
caution that while we use the Haslam map for back-
ground temperature estimates in the Galactic Center
region, these should be revisited with higher-resolution
studies before interpreting the results of radio searches
in this region.

B. Projected sensitivities

In this subsection, we use the formalism described in
the previous subsection to project the sensitivity to axion
DM from radio observations with GBT and the future
SKA.

C. The Galactic Center

We begin by considering the Galactic Center region.
We assume 24 hr of observation time with GBT and re-
quire a SNR of 5.0, corresponding to ��2 = 25. Using
the sky-temperature for the Galactic Center and the pa-
rameters described above, we find the sensitivity shown
in Fig. 13. The solid black curve indicates the sensitiv-
ity for an NFW DM profile, while the blue curve also
assumes a kinematic DM spike at the Galactic Center.
The red and green curves show the variations for the
Burkert DM profile. In the case of an NFW profile with
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individual array elements and where we have assumed
N � 1. Thus, the larger Nsynth, or equivalently the
larger the baseline, the smaller ��2.

3. Searches for brightest individual neutron star

The discussion in the previous subsection relates to
searches for the combined emission from all NSs. How-
ever, it is also possible to search for the individual
NSs themselves by focusing on narrower frequency band-
widths. Consider Fig. 7, which shows an example fre-
quency spectrum from a signal at the Galactic Center.
While most of the power in that case is distributed across
a bandwidth of order �f/f ⇠ 10�3, a few of the bright-
est individual NSs are clearly visible, with relative band-
widths �f/f ⇠ 10�6. The signal-to-noise ratio SNR for

the spectral density scales like F/
p

B, where F is the
signal flux and B is the bandwidth. That is, even if the
flux is one and a half orders of magnitude smaller for
the individual NS compared to the sum over all NSs, the
individual NS can have the same SNR as the broader
signal, for the case of the Galactic Center.

One additional advantage of searches for the bright-
est, individual NSs compared to searches for the broader
signal from the combination of NSs is that the former
is better suited for searches with radio interferometer ar-
rays, since the target of interest is a point source and one
does not lose in sensitivity for increasing baseline.

4. Benchmark telescope configurations

To estimate the sensitivity of radio observations to ax-
ion DM, we will assume a few simplified telescope config-
urations based on the GBT, VLA (in configuration D),
and the future SKA. Their assumed properties are sum-
marized in Tab. I.

5. Background astrophysical temperature

We estimate the background astrophysical sky temper-
ature from the Haslam map [47–49], which is illustrated
in Fig. 11. Note that in that map we also show the sky
locations of the three targets of interest discussed in this
work. The Haslam map is a 408 MHz all sky radio map
that combines data taken by multiple radio surveys. We
use the reprocessed version [49] that is source-subtracted
and destriped. The map is smoothed to an angular res-
olution ⇠510.

The radio emission is dominated by Galactic syn-
chrotron radiation. To infer the sky temperature beyond
408 MHz, we assume that the spectrum is a powerlaw
Tastro(f) = T408(408 MHz/f)� . The index � has been
measured to be � ⇡ 2.76 in the frequency range 0.4 - 7.5
GHz, averaged across the full sky [50]. We note that this
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index is similar to that found by the ARCADE collabo-
ration [38], which analyzed the extragalactic radio back-
ground between 22 MHz and 10 GHz and found an index
� ⇡ 2.62. We will assume � = 2.76 when extrapolating
beyond 408 MHz, though we note that small variations to
this index have little e↵ect on our sensitivity projections.

We also note that while the angular resolution of the
Haslam map is su�cient for sensitivity projections in
most regions of the sky, which lack bright point sources,
it is likely insu�cient to describe the region around the
Galactic Center. For example, [37] found that the radio
flux from the Galactic Center falls o↵ at angular scales
⇠20’ from the center, which is significantly smaller scale
that the ⇠51’ resolution of the Haslam map. Thus we
caution that while we use the Haslam map for back-
ground temperature estimates in the Galactic Center
region, these should be revisited with higher-resolution
studies before interpreting the results of radio searches
in this region.

B. Projected sensitivities

In this subsection, we use the formalism described in
the previous subsection to project the sensitivity to axion
DM from radio observations with GBT and the future
SKA.

C. The Galactic Center

We begin by considering the Galactic Center region.
We assume 24 hr of observation time with GBT and re-
quire a SNR of 5.0, corresponding to ��2 = 25. Using
the sky-temperature for the Galactic Center and the pa-
rameters described above, we find the sensitivity shown
in Fig. 13. The solid black curve indicates the sensitiv-
ity for an NFW DM profile, while the blue curve also
assumes a kinematic DM spike at the Galactic Center.
The red and green curves show the variations for the
Burkert DM profile. In the case of an NFW profile with
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Figure 7. The simulated frequency spectra, in terms of !̃ ⌘
!/ma, for an observation with a 100 radius beam around the
Galactic Center and a 1.0� o↵set region, with an NFW DM
profile. The dashed lines indicate the optimal bandwidths for
observations of the two regions.

This implies that 2⇡B ⇡ 2.8�! ⇡ 1.98 ma vNS,0. That is,
to a very good approximation the optimal bandwidth is
simply 2⇡B = 2ma vNS,0, and within this bandwidth we
maintain ⇠84% of the signal. Of course, the discussion
above becomes more complicated if within the telescope
angular resolution the NS velocity dispersion vNS,0 varies
significantly.

In Fig. 7 will illustrate a simulated frequency spectrum
from two observations in the Inner Galaxy. In that figure,
we show the di↵erential relative flux spectrum dF rel/d!̃
for two observations with beams of radius rbeam = 100.
One observation is centered at the Galactic Center, while
the other is centered 1.0� in latitude above the Galactic
Center. The NS velocities increase sharply towards the
Galactic Center due to the presence of the central black
hole. In the right panel, we see that as a result the Galac-
tic Center observation, though larger in normalization,
is slightly broader in frequency space. In the Galactic
Center case, the optimal bandwidth is shown in dashed
black and is B/(ma/2⇡) ⇡ 2.5 ⇥ 10�3. In the o↵set
case, indicated in red, the optimal bandwidth is smaller
at B/(ma/2⇡) ⇠ 1.8 ⇥ 10�3. These bandwidths can be
understood from the flux-weighted NS velocity disper-
sions within the two regions. The mean flux-weighted
velocity dispersion of NSs in this field of view in the
Galactic Center (o↵set) case is ⇠479 (324) km/s, cor-
responding to vNS,0 ⇡ 391 km/s (265 km/s) and thus
B/(ma/2⇡) ⇡ 2.7⇥ 10�3 (1.8⇥ 10�3), which agrees well
with the numerical optimum bandwidth for the simula-
tions. Moreover, we find that, in agreement with the
analytic predictions, approximately 84% of the flux is
contained within the optimal bandwidth in both cases.

The curves appearing in Fig. 7 appear relatively con-

tinuous over the bandwidth because the number of NSs
within the beam area is high. In the Galactic Center
case, the number of NSs within the rbeam = 100 radius
beam is ⇠3 ⇥ 106, while in the o↵set case the number of
NSs is ⇠9 ⇥ 105. Still, in the Galactic Center case a few
narrow high-intensity peaks are visible, which arise from
NSs in the NSC that happen to be especially close to the
Galactic Center.

Recall that to identify the individual NSs in frequency
space, we need less than (2⇡B/ma)�1 ⇠ 103 NSs within
the beam area. This implies that the beam radius should
be less than ⇠1800. At a telescope like GBT, this becomes
true at high frequencies f >⇠ 20 GHz, however at radio
interferometers the synthesized beam can easily be sig-
nificantly smaller than this size even at frequencies less
than a GHz.

V. THE AXION-INDUCED RADIO SIGNAL IN
M54

The globular cluster M54 is unique in that it sits at
the dynamical center of the nearby Sagittarius dwarf
galaxy. M54 should host many neutron stars, making
the globular cluster an excellent target for axion-DM ra-
dio searches, since the Sagittarius dwarf should host a
large and cold DM halo. Below, we describe the models
we use for the distribution of NSs and DM in Sagittar-
ius, and then we calculate the projected radio flux from
axion-DM conversion.

1. Neutron stars in M54

M54 has a total stellar mass of around ⇠2 ⇥ 106 M�
and is at a distance d ⇡ 25 kpc from Earth, at the heart of
the Sagittarius dwarf galaxy [28–30]. Ref. [31] performed
simulations of NS histories in globular clusters, for a va-
riety of di↵erent metallicities, to address the question of
how many neutron stars remain in the Globular Clus-
ters, accounting for the natal velocity kicks that the NSs
receive. M54 is an old and metal-poor globular cluster,
with [Fe/H] ⇡ �1.55 [32]. This corresponds most closely
to the Z = 0.0005 metal-poor simulation in [31], though
we note that the di↵erences between the Z = 0.0005
through z = 0.02 simulations are small for our purposes
(⇠20%) [31]. Core collapse supernovae only account for
a small fractions of the retained neutron stars, due to
the high velocity kicks that the resulting neutron stars
receive; [31] (see also [33]) found that most retained neu-
tron stars arise from electron-capture supernovae pro-
cesses, since these have smaller velocity kicks. The metal-
poor simulations in [31] find that ⇠114 NSs per 2 ⇥ 105

M� are retained within the core of the globular cluster,
while ⇠126 NSs per 2 ⇥ 105 M� are retained within the
outer halo of the cluster. This implies that for M54, we
expect ⇠2400 NSs retained within the cluster, with ⇠48%
within the core.

for individ. NSs
�f/f ⇠ 10�6

I High DM density ,
I Many neutron stars ,
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individual array elements and where we have assumed
N � 1. Thus, the larger Nsynth, or equivalently the
larger the baseline, the smaller ��2.

3. Searches for brightest individual neutron star

The discussion in the previous subsection relates to
searches for the combined emission from all NSs. How-
ever, it is also possible to search for the individual
NSs themselves by focusing on narrower frequency band-
widths. Consider Fig. 7, which shows an example fre-
quency spectrum from a signal at the Galactic Center.
While most of the power in that case is distributed across
a bandwidth of order �f/f ⇠ 10�3, a few of the bright-
est individual NSs are clearly visible, with relative band-
widths �f/f ⇠ 10�6. The signal-to-noise ratio SNR for

the spectral density scales like F/
p

B, where F is the
signal flux and B is the bandwidth. That is, even if the
flux is one and a half orders of magnitude smaller for
the individual NS compared to the sum over all NSs, the
individual NS can have the same SNR as the broader
signal, for the case of the Galactic Center.

One additional advantage of searches for the bright-
est, individual NSs compared to searches for the broader
signal from the combination of NSs is that the former
is better suited for searches with radio interferometer ar-
rays, since the target of interest is a point source and one
does not lose in sensitivity for increasing baseline.

4. Benchmark telescope configurations

To estimate the sensitivity of radio observations to ax-
ion DM, we will assume a few simplified telescope config-
urations based on the GBT, VLA (in configuration D),
and the future SKA. Their assumed properties are sum-
marized in Tab. I.

5. Background astrophysical temperature

We estimate the background astrophysical sky temper-
ature from the Haslam map [47–49], which is illustrated
in Fig. 11. Note that in that map we also show the sky
locations of the three targets of interest discussed in this
work. The Haslam map is a 408 MHz all sky radio map
that combines data taken by multiple radio surveys. We
use the reprocessed version [49] that is source-subtracted
and destriped. The map is smoothed to an angular res-
olution ⇠510.

The radio emission is dominated by Galactic syn-
chrotron radiation. To infer the sky temperature beyond
408 MHz, we assume that the spectrum is a powerlaw
Tastro(f) = T408(408 MHz/f)� . The index � has been
measured to be � ⇡ 2.76 in the frequency range 0.4 - 7.5
GHz, averaged across the full sky [50]. We note that this
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index is similar to that found by the ARCADE collabo-
ration [38], which analyzed the extragalactic radio back-
ground between 22 MHz and 10 GHz and found an index
� ⇡ 2.62. We will assume � = 2.76 when extrapolating
beyond 408 MHz, though we note that small variations to
this index have little e↵ect on our sensitivity projections.

We also note that while the angular resolution of the
Haslam map is su�cient for sensitivity projections in
most regions of the sky, which lack bright point sources,
it is likely insu�cient to describe the region around the
Galactic Center. For example, [37] found that the radio
flux from the Galactic Center falls o↵ at angular scales
⇠20’ from the center, which is significantly smaller scale
that the ⇠51’ resolution of the Haslam map. Thus we
caution that while we use the Haslam map for back-
ground temperature estimates in the Galactic Center
region, these should be revisited with higher-resolution
studies before interpreting the results of radio searches
in this region.

B. Projected sensitivities

In this subsection, we use the formalism described in
the previous subsection to project the sensitivity to axion
DM from radio observations with GBT and the future
SKA.

C. The Galactic Center

We begin by considering the Galactic Center region.
We assume 24 hr of observation time with GBT and re-
quire a SNR of 5.0, corresponding to ��2 = 25. Using
the sky-temperature for the Galactic Center and the pa-
rameters described above, we find the sensitivity shown
in Fig. 13. The solid black curve indicates the sensitiv-
ity for an NFW DM profile, while the blue curve also
assumes a kinematic DM spike at the Galactic Center.
The red and green curves show the variations for the
Burkert DM profile. In the case of an NFW profile with
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Figure 7. The simulated frequency spectra, in terms of !̃ ⌘
!/ma, for an observation with a 100 radius beam around the
Galactic Center and a 1.0� o↵set region, with an NFW DM
profile. The dashed lines indicate the optimal bandwidths for
observations of the two regions.

This implies that 2⇡B ⇡ 2.8�! ⇡ 1.98 ma vNS,0. That is,
to a very good approximation the optimal bandwidth is
simply 2⇡B = 2ma vNS,0, and within this bandwidth we
maintain ⇠84% of the signal. Of course, the discussion
above becomes more complicated if within the telescope
angular resolution the NS velocity dispersion vNS,0 varies
significantly.

In Fig. 7 will illustrate a simulated frequency spectrum
from two observations in the Inner Galaxy. In that figure,
we show the di↵erential relative flux spectrum dF rel/d!̃
for two observations with beams of radius rbeam = 100.
One observation is centered at the Galactic Center, while
the other is centered 1.0� in latitude above the Galactic
Center. The NS velocities increase sharply towards the
Galactic Center due to the presence of the central black
hole. In the right panel, we see that as a result the Galac-
tic Center observation, though larger in normalization,
is slightly broader in frequency space. In the Galactic
Center case, the optimal bandwidth is shown in dashed
black and is B/(ma/2⇡) ⇡ 2.5 ⇥ 10�3. In the o↵set
case, indicated in red, the optimal bandwidth is smaller
at B/(ma/2⇡) ⇠ 1.8 ⇥ 10�3. These bandwidths can be
understood from the flux-weighted NS velocity disper-
sions within the two regions. The mean flux-weighted
velocity dispersion of NSs in this field of view in the
Galactic Center (o↵set) case is ⇠479 (324) km/s, cor-
responding to vNS,0 ⇡ 391 km/s (265 km/s) and thus
B/(ma/2⇡) ⇡ 2.7⇥ 10�3 (1.8⇥ 10�3), which agrees well
with the numerical optimum bandwidth for the simula-
tions. Moreover, we find that, in agreement with the
analytic predictions, approximately 84% of the flux is
contained within the optimal bandwidth in both cases.

The curves appearing in Fig. 7 appear relatively con-

tinuous over the bandwidth because the number of NSs
within the beam area is high. In the Galactic Center
case, the number of NSs within the rbeam = 100 radius
beam is ⇠3 ⇥ 106, while in the o↵set case the number of
NSs is ⇠9 ⇥ 105. Still, in the Galactic Center case a few
narrow high-intensity peaks are visible, which arise from
NSs in the NSC that happen to be especially close to the
Galactic Center.

Recall that to identify the individual NSs in frequency
space, we need less than (2⇡B/ma)�1 ⇠ 103 NSs within
the beam area. This implies that the beam radius should
be less than ⇠1800. At a telescope like GBT, this becomes
true at high frequencies f >⇠ 20 GHz, however at radio
interferometers the synthesized beam can easily be sig-
nificantly smaller than this size even at frequencies less
than a GHz.

V. THE AXION-INDUCED RADIO SIGNAL IN
M54

The globular cluster M54 is unique in that it sits at
the dynamical center of the nearby Sagittarius dwarf
galaxy. M54 should host many neutron stars, making
the globular cluster an excellent target for axion-DM ra-
dio searches, since the Sagittarius dwarf should host a
large and cold DM halo. Below, we describe the models
we use for the distribution of NSs and DM in Sagittar-
ius, and then we calculate the projected radio flux from
axion-DM conversion.

1. Neutron stars in M54

M54 has a total stellar mass of around ⇠2 ⇥ 106 M�
and is at a distance d ⇡ 25 kpc from Earth, at the heart of
the Sagittarius dwarf galaxy [28–30]. Ref. [31] performed
simulations of NS histories in globular clusters, for a va-
riety of di↵erent metallicities, to address the question of
how many neutron stars remain in the Globular Clus-
ters, accounting for the natal velocity kicks that the NSs
receive. M54 is an old and metal-poor globular cluster,
with [Fe/H] ⇡ �1.55 [32]. This corresponds most closely
to the Z = 0.0005 metal-poor simulation in [31], though
we note that the di↵erences between the Z = 0.0005
through z = 0.02 simulations are small for our purposes
(⇠20%) [31]. Core collapse supernovae only account for
a small fractions of the retained neutron stars, due to
the high velocity kicks that the resulting neutron stars
receive; [31] (see also [33]) found that most retained neu-
tron stars arise from electron-capture supernovae pro-
cesses, since these have smaller velocity kicks. The metal-
poor simulations in [31] find that ⇠114 NSs per 2 ⇥ 105

M� are retained within the core of the globular cluster,
while ⇠126 NSs per 2 ⇥ 105 M� are retained within the
outer halo of the cluster. This implies that for M54, we
expect ⇠2400 NSs retained within the cluster, with ⇠48%
within the core.

�f/f ⇠ 10�3
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individual array elements and where we have assumed
N � 1. Thus, the larger Nsynth, or equivalently the
larger the baseline, the smaller ��2.

3. Searches for brightest individual neutron star

The discussion in the previous subsection relates to
searches for the combined emission from all NSs. How-
ever, it is also possible to search for the individual
NSs themselves by focusing on narrower frequency band-
widths. Consider Fig. 7, which shows an example fre-
quency spectrum from a signal at the Galactic Center.
While most of the power in that case is distributed across
a bandwidth of order �f/f ⇠ 10�3, a few of the bright-
est individual NSs are clearly visible, with relative band-
widths �f/f ⇠ 10�6. The signal-to-noise ratio SNR for

the spectral density scales like F/
p

B, where F is the
signal flux and B is the bandwidth. That is, even if the
flux is one and a half orders of magnitude smaller for
the individual NS compared to the sum over all NSs, the
individual NS can have the same SNR as the broader
signal, for the case of the Galactic Center.

One additional advantage of searches for the bright-
est, individual NSs compared to searches for the broader
signal from the combination of NSs is that the former
is better suited for searches with radio interferometer ar-
rays, since the target of interest is a point source and one
does not lose in sensitivity for increasing baseline.

4. Benchmark telescope configurations

To estimate the sensitivity of radio observations to ax-
ion DM, we will assume a few simplified telescope config-
urations based on the GBT, VLA (in configuration D),
and the future SKA. Their assumed properties are sum-
marized in Tab. I.

5. Background astrophysical temperature

We estimate the background astrophysical sky temper-
ature from the Haslam map [47–49], which is illustrated
in Fig. 11. Note that in that map we also show the sky
locations of the three targets of interest discussed in this
work. The Haslam map is a 408 MHz all sky radio map
that combines data taken by multiple radio surveys. We
use the reprocessed version [49] that is source-subtracted
and destriped. The map is smoothed to an angular res-
olution ⇠510.

The radio emission is dominated by Galactic syn-
chrotron radiation. To infer the sky temperature beyond
408 MHz, we assume that the spectrum is a powerlaw
Tastro(f) = T408(408 MHz/f)� . The index � has been
measured to be � ⇡ 2.76 in the frequency range 0.4 - 7.5
GHz, averaged across the full sky [50]. We note that this
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index is similar to that found by the ARCADE collabo-
ration [38], which analyzed the extragalactic radio back-
ground between 22 MHz and 10 GHz and found an index
� ⇡ 2.62. We will assume � = 2.76 when extrapolating
beyond 408 MHz, though we note that small variations to
this index have little e↵ect on our sensitivity projections.

We also note that while the angular resolution of the
Haslam map is su�cient for sensitivity projections in
most regions of the sky, which lack bright point sources,
it is likely insu�cient to describe the region around the
Galactic Center. For example, [37] found that the radio
flux from the Galactic Center falls o↵ at angular scales
⇠20’ from the center, which is significantly smaller scale
that the ⇠51’ resolution of the Haslam map. Thus we
caution that while we use the Haslam map for back-
ground temperature estimates in the Galactic Center
region, these should be revisited with higher-resolution
studies before interpreting the results of radio searches
in this region.

B. Projected sensitivities

In this subsection, we use the formalism described in
the previous subsection to project the sensitivity to axion
DM from radio observations with GBT and the future
SKA.

C. The Galactic Center

We begin by considering the Galactic Center region.
We assume 24 hr of observation time with GBT and re-
quire a SNR of 5.0, corresponding to ��2 = 25. Using
the sky-temperature for the Galactic Center and the pa-
rameters described above, we find the sensitivity shown
in Fig. 13. The solid black curve indicates the sensitiv-
ity for an NFW DM profile, while the blue curve also
assumes a kinematic DM spike at the Galactic Center.
The red and green curves show the variations for the
Burkert DM profile. In the case of an NFW profile with
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Figure 7. The simulated frequency spectra, in terms of !̃ ⌘
!/ma, for an observation with a 100 radius beam around the
Galactic Center and a 1.0� o↵set region, with an NFW DM
profile. The dashed lines indicate the optimal bandwidths for
observations of the two regions.

This implies that 2⇡B ⇡ 2.8�! ⇡ 1.98 ma vNS,0. That is,
to a very good approximation the optimal bandwidth is
simply 2⇡B = 2ma vNS,0, and within this bandwidth we
maintain ⇠84% of the signal. Of course, the discussion
above becomes more complicated if within the telescope
angular resolution the NS velocity dispersion vNS,0 varies
significantly.

In Fig. 7 will illustrate a simulated frequency spectrum
from two observations in the Inner Galaxy. In that figure,
we show the di↵erential relative flux spectrum dF rel/d!̃
for two observations with beams of radius rbeam = 100.
One observation is centered at the Galactic Center, while
the other is centered 1.0� in latitude above the Galactic
Center. The NS velocities increase sharply towards the
Galactic Center due to the presence of the central black
hole. In the right panel, we see that as a result the Galac-
tic Center observation, though larger in normalization,
is slightly broader in frequency space. In the Galactic
Center case, the optimal bandwidth is shown in dashed
black and is B/(ma/2⇡) ⇡ 2.5 ⇥ 10�3. In the o↵set
case, indicated in red, the optimal bandwidth is smaller
at B/(ma/2⇡) ⇠ 1.8 ⇥ 10�3. These bandwidths can be
understood from the flux-weighted NS velocity disper-
sions within the two regions. The mean flux-weighted
velocity dispersion of NSs in this field of view in the
Galactic Center (o↵set) case is ⇠479 (324) km/s, cor-
responding to vNS,0 ⇡ 391 km/s (265 km/s) and thus
B/(ma/2⇡) ⇡ 2.7⇥ 10�3 (1.8⇥ 10�3), which agrees well
with the numerical optimum bandwidth for the simula-
tions. Moreover, we find that, in agreement with the
analytic predictions, approximately 84% of the flux is
contained within the optimal bandwidth in both cases.

The curves appearing in Fig. 7 appear relatively con-

tinuous over the bandwidth because the number of NSs
within the beam area is high. In the Galactic Center
case, the number of NSs within the rbeam = 100 radius
beam is ⇠3 ⇥ 106, while in the o↵set case the number of
NSs is ⇠9 ⇥ 105. Still, in the Galactic Center case a few
narrow high-intensity peaks are visible, which arise from
NSs in the NSC that happen to be especially close to the
Galactic Center.

Recall that to identify the individual NSs in frequency
space, we need less than (2⇡B/ma)�1 ⇠ 103 NSs within
the beam area. This implies that the beam radius should
be less than ⇠1800. At a telescope like GBT, this becomes
true at high frequencies f >⇠ 20 GHz, however at radio
interferometers the synthesized beam can easily be sig-
nificantly smaller than this size even at frequencies less
than a GHz.

V. THE AXION-INDUCED RADIO SIGNAL IN
M54

The globular cluster M54 is unique in that it sits at
the dynamical center of the nearby Sagittarius dwarf
galaxy. M54 should host many neutron stars, making
the globular cluster an excellent target for axion-DM ra-
dio searches, since the Sagittarius dwarf should host a
large and cold DM halo. Below, we describe the models
we use for the distribution of NSs and DM in Sagittar-
ius, and then we calculate the projected radio flux from
axion-DM conversion.

1. Neutron stars in M54

M54 has a total stellar mass of around ⇠2 ⇥ 106 M�
and is at a distance d ⇡ 25 kpc from Earth, at the heart of
the Sagittarius dwarf galaxy [28–30]. Ref. [31] performed
simulations of NS histories in globular clusters, for a va-
riety of di↵erent metallicities, to address the question of
how many neutron stars remain in the Globular Clus-
ters, accounting for the natal velocity kicks that the NSs
receive. M54 is an old and metal-poor globular cluster,
with [Fe/H] ⇡ �1.55 [32]. This corresponds most closely
to the Z = 0.0005 metal-poor simulation in [31], though
we note that the di↵erences between the Z = 0.0005
through z = 0.02 simulations are small for our purposes
(⇠20%) [31]. Core collapse supernovae only account for
a small fractions of the retained neutron stars, due to
the high velocity kicks that the resulting neutron stars
receive; [31] (see also [33]) found that most retained neu-
tron stars arise from electron-capture supernovae pro-
cesses, since these have smaller velocity kicks. The metal-
poor simulations in [31] find that ⇠114 NSs per 2 ⇥ 105

M� are retained within the core of the globular cluster,
while ⇠126 NSs per 2 ⇥ 105 M� are retained within the
outer halo of the cluster. This implies that for M54, we
expect ⇠2400 NSs retained within the cluster, with ⇠48%
within the core.

for individ. NSs
�f/f ⇠ 10�6

I Beam area shrinks with increasing frequency
I High frequency less NSs have resonant conversion
I Can be useful to search for bright individual NSs
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individual array elements and where we have assumed
N � 1. Thus, the larger Nsynth, or equivalently the
larger the baseline, the smaller ��2.

3. Searches for brightest individual neutron star

The discussion in the previous subsection relates to
searches for the combined emission from all NSs. How-
ever, it is also possible to search for the individual
NSs themselves by focusing on narrower frequency band-
widths. Consider Fig. 7, which shows an example fre-
quency spectrum from a signal at the Galactic Center.
While most of the power in that case is distributed across
a bandwidth of order �f/f ⇠ 10�3, a few of the bright-
est individual NSs are clearly visible, with relative band-
widths �f/f ⇠ 10�6. The signal-to-noise ratio SNR for

the spectral density scales like F/
p

B, where F is the
signal flux and B is the bandwidth. That is, even if the
flux is one and a half orders of magnitude smaller for
the individual NS compared to the sum over all NSs, the
individual NS can have the same SNR as the broader
signal, for the case of the Galactic Center.

One additional advantage of searches for the bright-
est, individual NSs compared to searches for the broader
signal from the combination of NSs is that the former
is better suited for searches with radio interferometer ar-
rays, since the target of interest is a point source and one
does not lose in sensitivity for increasing baseline.

4. Benchmark telescope configurations

To estimate the sensitivity of radio observations to ax-
ion DM, we will assume a few simplified telescope config-
urations based on the GBT, VLA (in configuration D),
and the future SKA. Their assumed properties are sum-
marized in Tab. I.

5. Background astrophysical temperature

We estimate the background astrophysical sky temper-
ature from the Haslam map [47–49], which is illustrated
in Fig. 11. Note that in that map we also show the sky
locations of the three targets of interest discussed in this
work. The Haslam map is a 408 MHz all sky radio map
that combines data taken by multiple radio surveys. We
use the reprocessed version [49] that is source-subtracted
and destriped. The map is smoothed to an angular res-
olution ⇠510.

The radio emission is dominated by Galactic syn-
chrotron radiation. To infer the sky temperature beyond
408 MHz, we assume that the spectrum is a powerlaw
Tastro(f) = T408(408 MHz/f)� . The index � has been
measured to be � ⇡ 2.76 in the frequency range 0.4 - 7.5
GHz, averaged across the full sky [50]. We note that this

log10 Tastro/K1.0 3.0

Figure 11. haslam map

index is similar to that found by the ARCADE collabo-
ration [38], which analyzed the extragalactic radio back-
ground between 22 MHz and 10 GHz and found an index
� ⇡ 2.62. We will assume � = 2.76 when extrapolating
beyond 408 MHz, though we note that small variations to
this index have little e↵ect on our sensitivity projections.

We also note that while the angular resolution of the
Haslam map is su�cient for sensitivity projections in
most regions of the sky, which lack bright point sources,
it is likely insu�cient to describe the region around the
Galactic Center. For example, [37] found that the radio
flux from the Galactic Center falls o↵ at angular scales
⇠20’ from the center, which is significantly smaller scale
that the ⇠51’ resolution of the Haslam map. Thus we
caution that while we use the Haslam map for back-
ground temperature estimates in the Galactic Center
region, these should be revisited with higher-resolution
studies before interpreting the results of radio searches
in this region.

B. Projected sensitivities

In this subsection, we use the formalism described in
the previous subsection to project the sensitivity to axion
DM from radio observations with GBT and the future
SKA.

C. The Galactic Center

We begin by considering the Galactic Center region.
We assume 24 hr of observation time with GBT and re-
quire a SNR of 5.0, corresponding to ��2 = 25. Using
the sky-temperature for the Galactic Center and the pa-
rameters described above, we find the sensitivity shown
in Fig. 13. The solid black curve indicates the sensitiv-
ity for an NFW DM profile, while the blue curve also
assumes a kinematic DM spike at the Galactic Center.
The red and green curves show the variations for the
Burkert DM profile. In the case of an NFW profile with

1411.3628

I Globular Cluster within Sagittarius dwarf (∼103 NSs)
I Low background, high DM density, low velocity dispersion,

20 kpc away
I δf/f ∼ 10−8 for individual NSs (or 10−4 for all sources)
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Figure 13. (Left) Observations of the Galactic Center with GBT-like (100-m diameter) and 25-m diameter telescopes for
di↵erent assumptions about the DM distribution about the Galactic Center. We assume 24 hrs of observation time and require
a signal-to-noise ratio (SNR) of 5.0. (Right) As in the left panel, except extended now we include the active pulsars in the NS
population model, using the GJ model.

From the above equations, the SEFD may be calculated
using (35). Note that at low frequencies, the SEFD is
actually independent of D. This may be seen in Fig. 13,
where we show the projected sensitivity for a 25-m di-
ameter dish, compared to the projected sensitivity of the
100-m GBT and a putative (e↵ective) ⇠1000-m Square
Kilometer Array (SKA) []. While GBT performs bet-
ter at higher frequencies than the 25-m telescope, the
two sensitivities approach each other at low frequencies.
SKA provides superior sensitivity in the 1-2 GHz range,
covering the QCD axion parameter space even in the case
of the NFW profile with no DM spike.

In the right panel of Fig. 13 we illustrate the exten-
sions of the projected sensitivities to higher frequencies
if we also include the active pulsars in the NS popu-
lation model, using the GJ model. We note the the
active pulsars likely require their own dedicated analy-
sis, as the simple GJ model does not, for example, ac-
curately capture the charge acceleration regions. Also,
the simplistic NS population model has not been accu-
rately tuned to properly account for dynamics on short
timescales relevant for the active pulsars. Still, it is sug-
gestive that including the active pulsars in the population
model provides enhanced sensitivity at high masses, even
though the active pulsars are a small faction of the total
NSs. This is because the active pulsars may maintain
high magnetic fields and short spin periods, due to their
young ages, which allows for more dense magnetospheres
and thus resonant conversion at higher frequencies. Note
that in the right panel we also include a projection for
an SKA-like observation of the GC under the hypothesis
of a NFW profile with a � = 1.5 kinematic spike; in this
case, we may probe the QCD axion model over a large
range of possible masses.
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Figure 14. As in Fig. 13, except for observations of the glob-
ular cluster M54. As for the Galactic Center, we require
SNR = 5.0 and assume 24 hr of observation time with ei-
ther a GBT-like (100 m diameter) telescope or an SKA-like
(1000 m e↵ective diameter) telescope. In this case, the domi-
nant source of noise is isotropic astrophysical emission at low
frequencies. We show both the NFW and cored DM profiles
for the GBT-like observations. In the case of the NFW profile,
observations with GBT and SKA could cover large regions of
the putative axion parameter space.

Observations of globular clusters and dwarf galaxies,
like M54, have the advantage of narrower signals in fre-

\delta f / f ~ 10^{-4} 

signal with GBT


(NFW DM)

I 24 hrs observation
I 5σ detection threshold
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Figure 13. (Left) Observations of the Galactic Center with GBT-like (100-m diameter) and 25-m diameter telescopes for
di↵erent assumptions about the DM distribution about the Galactic Center. We assume 24 hrs of observation time and require
a signal-to-noise ratio (SNR) of 5.0. (Right) As in the left panel, except extended now we include the active pulsars in the NS
population model, using the GJ model.

From the above equations, the SEFD may be calculated
using (35). Note that at low frequencies, the SEFD is
actually independent of D. This may be seen in Fig. 13,
where we show the projected sensitivity for a 25-m di-
ameter dish, compared to the projected sensitivity of the
100-m GBT and a putative (e↵ective) ⇠1000-m Square
Kilometer Array (SKA) []. While GBT performs bet-
ter at higher frequencies than the 25-m telescope, the
two sensitivities approach each other at low frequencies.
SKA provides superior sensitivity in the 1-2 GHz range,
covering the QCD axion parameter space even in the case
of the NFW profile with no DM spike.

In the right panel of Fig. 13 we illustrate the exten-
sions of the projected sensitivities to higher frequencies
if we also include the active pulsars in the NS popu-
lation model, using the GJ model. We note the the
active pulsars likely require their own dedicated analy-
sis, as the simple GJ model does not, for example, ac-
curately capture the charge acceleration regions. Also,
the simplistic NS population model has not been accu-
rately tuned to properly account for dynamics on short
timescales relevant for the active pulsars. Still, it is sug-
gestive that including the active pulsars in the population
model provides enhanced sensitivity at high masses, even
though the active pulsars are a small faction of the total
NSs. This is because the active pulsars may maintain
high magnetic fields and short spin periods, due to their
young ages, which allows for more dense magnetospheres
and thus resonant conversion at higher frequencies. Note
that in the right panel we also include a projection for
an SKA-like observation of the GC under the hypothesis
of a NFW profile with a � = 1.5 kinematic spike; in this
case, we may probe the QCD axion model over a large
range of possible masses.
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Figure 14. As in Fig. 13, except for observations of the glob-
ular cluster M54. As for the Galactic Center, we require
SNR = 5.0 and assume 24 hr of observation time with ei-
ther a GBT-like (100 m diameter) telescope or an SKA-like
(1000 m e↵ective diameter) telescope. In this case, the domi-
nant source of noise is isotropic astrophysical emission at low
frequencies. We show both the NFW and cored DM profiles
for the GBT-like observations. In the case of the NFW profile,
observations with GBT and SKA could cover large regions of
the putative axion parameter space.

Observations of globular clusters and dwarf galaxies,
like M54, have the advantage of narrower signals in fre-

\delta f / f ~ 10^{-4} 

signal with GBT


(cored DM)

I 24 hrs observation
I 5σ detection threshold
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Figure 13. (Left) Observations of the Galactic Center with GBT-like (100-m diameter) and 25-m diameter telescopes for
di↵erent assumptions about the DM distribution about the Galactic Center. We assume 24 hrs of observation time and require
a signal-to-noise ratio (SNR) of 5.0. (Right) As in the left panel, except extended now we include the active pulsars in the NS
population model, using the GJ model.

From the above equations, the SEFD may be calculated
using (35). Note that at low frequencies, the SEFD is
actually independent of D. This may be seen in Fig. 13,
where we show the projected sensitivity for a 25-m di-
ameter dish, compared to the projected sensitivity of the
100-m GBT and a putative (e↵ective) ⇠1000-m Square
Kilometer Array (SKA) []. While GBT performs bet-
ter at higher frequencies than the 25-m telescope, the
two sensitivities approach each other at low frequencies.
SKA provides superior sensitivity in the 1-2 GHz range,
covering the QCD axion parameter space even in the case
of the NFW profile with no DM spike.

In the right panel of Fig. 13 we illustrate the exten-
sions of the projected sensitivities to higher frequencies
if we also include the active pulsars in the NS popu-
lation model, using the GJ model. We note the the
active pulsars likely require their own dedicated analy-
sis, as the simple GJ model does not, for example, ac-
curately capture the charge acceleration regions. Also,
the simplistic NS population model has not been accu-
rately tuned to properly account for dynamics on short
timescales relevant for the active pulsars. Still, it is sug-
gestive that including the active pulsars in the population
model provides enhanced sensitivity at high masses, even
though the active pulsars are a small faction of the total
NSs. This is because the active pulsars may maintain
high magnetic fields and short spin periods, due to their
young ages, which allows for more dense magnetospheres
and thus resonant conversion at higher frequencies. Note
that in the right panel we also include a projection for
an SKA-like observation of the GC under the hypothesis
of a NFW profile with a � = 1.5 kinematic spike; in this
case, we may probe the QCD axion model over a large
range of possible masses.
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Figure 14. As in Fig. 13, except for observations of the glob-
ular cluster M54. As for the Galactic Center, we require
SNR = 5.0 and assume 24 hr of observation time with ei-
ther a GBT-like (100 m diameter) telescope or an SKA-like
(1000 m e↵ective diameter) telescope. In this case, the domi-
nant source of noise is isotropic astrophysical emission at low
frequencies. We show both the NFW and cored DM profiles
for the GBT-like observations. In the case of the NFW profile,
observations with GBT and SKA could cover large regions of
the putative axion parameter space.

Observations of globular clusters and dwarf galaxies,
like M54, have the advantage of narrower signals in fre-

\delta f / f ~ 10^{-8} 

signal with GBT

(brightest NS)


(NFW DM)

I 24 hrs observation
I 5σ detection threshold
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Figure 13. (Left) Observations of the Galactic Center with GBT-like (100-m diameter) and 25-m diameter telescopes for
di↵erent assumptions about the DM distribution about the Galactic Center. We assume 24 hrs of observation time and require
a signal-to-noise ratio (SNR) of 5.0. (Right) As in the left panel, except extended now we include the active pulsars in the NS
population model, using the GJ model.

From the above equations, the SEFD may be calculated
using (35). Note that at low frequencies, the SEFD is
actually independent of D. This may be seen in Fig. 13,
where we show the projected sensitivity for a 25-m di-
ameter dish, compared to the projected sensitivity of the
100-m GBT and a putative (e↵ective) ⇠1000-m Square
Kilometer Array (SKA) []. While GBT performs bet-
ter at higher frequencies than the 25-m telescope, the
two sensitivities approach each other at low frequencies.
SKA provides superior sensitivity in the 1-2 GHz range,
covering the QCD axion parameter space even in the case
of the NFW profile with no DM spike.

In the right panel of Fig. 13 we illustrate the exten-
sions of the projected sensitivities to higher frequencies
if we also include the active pulsars in the NS popu-
lation model, using the GJ model. We note the the
active pulsars likely require their own dedicated analy-
sis, as the simple GJ model does not, for example, ac-
curately capture the charge acceleration regions. Also,
the simplistic NS population model has not been accu-
rately tuned to properly account for dynamics on short
timescales relevant for the active pulsars. Still, it is sug-
gestive that including the active pulsars in the population
model provides enhanced sensitivity at high masses, even
though the active pulsars are a small faction of the total
NSs. This is because the active pulsars may maintain
high magnetic fields and short spin periods, due to their
young ages, which allows for more dense magnetospheres
and thus resonant conversion at higher frequencies. Note
that in the right panel we also include a projection for
an SKA-like observation of the GC under the hypothesis
of a NFW profile with a � = 1.5 kinematic spike; in this
case, we may probe the QCD axion model over a large
range of possible masses.
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Figure 14. As in Fig. 13, except for observations of the glob-
ular cluster M54. As for the Galactic Center, we require
SNR = 5.0 and assume 24 hr of observation time with ei-
ther a GBT-like (100 m diameter) telescope or an SKA-like
(1000 m e↵ective diameter) telescope. In this case, the domi-
nant source of noise is isotropic astrophysical emission at low
frequencies. We show both the NFW and cored DM profiles
for the GBT-like observations. In the case of the NFW profile,
observations with GBT and SKA could cover large regions of
the putative axion parameter space.

Observations of globular clusters and dwarf galaxies,
like M54, have the advantage of narrower signals in fre-

\delta f / f ~ 10^{-8} 

signal with SKA

(brightest NS)


(NFW DM)

I Caution: current NS model not optimized for active pulsars
(underestimate flux at high frequencies)



Summary and Outlook

I Radio observations of neutron stars promising avenue to
detect axion DM

I Proposal in for GBT time to observe Galactic Center, M54,
M31, and nearby isolated neutron stars

I Ongoing data analysis with Effelsberg Telescope of
magnetar J1745-2900 near the Galactic Center (R.
Eatough, J. Foster, B.S., C. Weniger)

I To do (theory):
I Closer look at active pulsars (charge acceleration region,

population study, etc.)
I More through analysis of possible extragalactic targets
I Better joint likelihood combining NSs (in progress with C.

Weniger)
I Account for DM substructure (in progress with J. Foster and
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Figure 13. (Left) Observations of the Galactic Center with GBT-like (100-m diameter) and 25-m diameter telescopes for
di↵erent assumptions about the DM distribution about the Galactic Center. We assume 24 hrs of observation time and require
a signal-to-noise ratio (SNR) of 5.0. (Right) As in the left panel, except extended now we include the active pulsars in the NS
population model, using the GJ model.

From the above equations, the SEFD may be calculated
using (35). Note that at low frequencies, the SEFD is
actually independent of D. This may be seen in Fig. 13,
where we show the projected sensitivity for a 25-m di-
ameter dish, compared to the projected sensitivity of the
100-m GBT and a putative (e↵ective) ⇠1000-m Square
Kilometer Array (SKA) []. While GBT performs bet-
ter at higher frequencies than the 25-m telescope, the
two sensitivities approach each other at low frequencies.
SKA provides superior sensitivity in the 1-2 GHz range,
covering the QCD axion parameter space even in the case
of the NFW profile with no DM spike.

In the right panel of Fig. 13 we illustrate the exten-
sions of the projected sensitivities to higher frequencies
if we also include the active pulsars in the NS popu-
lation model, using the GJ model. We note the the
active pulsars likely require their own dedicated analy-
sis, as the simple GJ model does not, for example, ac-
curately capture the charge acceleration regions. Also,
the simplistic NS population model has not been accu-
rately tuned to properly account for dynamics on short
timescales relevant for the active pulsars. Still, it is sug-
gestive that including the active pulsars in the population
model provides enhanced sensitivity at high masses, even
though the active pulsars are a small faction of the total
NSs. This is because the active pulsars may maintain
high magnetic fields and short spin periods, due to their
young ages, which allows for more dense magnetospheres
and thus resonant conversion at higher frequencies. Note
that in the right panel we also include a projection for
an SKA-like observation of the GC under the hypothesis
of a NFW profile with a � = 1.5 kinematic spike; in this
case, we may probe the QCD axion model over a large
range of possible masses.

D. M54

Figure 14. As in Fig. 13, except for observations of the glob-
ular cluster M54. As for the Galactic Center, we require
SNR = 5.0 and assume 24 hr of observation time with ei-
ther a GBT-like (100 m diameter) telescope or an SKA-like
(1000 m e↵ective diameter) telescope. In this case, the domi-
nant source of noise is isotropic astrophysical emission at low
frequencies. We show both the NFW and cored DM profiles
for the GBT-like observations. In the case of the NFW profile,
observations with GBT and SKA could cover large regions of
the putative axion parameter space.

Observations of globular clusters and dwarf galaxies,
like M54, have the advantage of narrower signals in fre-

changing conversion 

radius leads to pulsations


for misaligned NS

I 24 hrs observation
I 5σ detection threshold
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Figure 13. (Left) Observations of the Galactic Center with GBT-like (100-m diameter) and 25-m diameter telescopes for
di↵erent assumptions about the DM distribution about the Galactic Center. We assume 24 hrs of observation time and require
a signal-to-noise ratio (SNR) of 5.0. (Right) As in the left panel, except extended now we include the active pulsars in the NS
population model, using the GJ model.

From the above equations, the SEFD may be calculated
using (35). Note that at low frequencies, the SEFD is
actually independent of D. This may be seen in Fig. 13,
where we show the projected sensitivity for a 25-m di-
ameter dish, compared to the projected sensitivity of the
100-m GBT and a putative (e↵ective) ⇠1000-m Square
Kilometer Array (SKA) []. While GBT performs bet-
ter at higher frequencies than the 25-m telescope, the
two sensitivities approach each other at low frequencies.
SKA provides superior sensitivity in the 1-2 GHz range,
covering the QCD axion parameter space even in the case
of the NFW profile with no DM spike.

In the right panel of Fig. 13 we illustrate the exten-
sions of the projected sensitivities to higher frequencies
if we also include the active pulsars in the NS popu-
lation model, using the GJ model. We note the the
active pulsars likely require their own dedicated analy-
sis, as the simple GJ model does not, for example, ac-
curately capture the charge acceleration regions. Also,
the simplistic NS population model has not been accu-
rately tuned to properly account for dynamics on short
timescales relevant for the active pulsars. Still, it is sug-
gestive that including the active pulsars in the population
model provides enhanced sensitivity at high masses, even
though the active pulsars are a small faction of the total
NSs. This is because the active pulsars may maintain
high magnetic fields and short spin periods, due to their
young ages, which allows for more dense magnetospheres
and thus resonant conversion at higher frequencies. Note
that in the right panel we also include a projection for
an SKA-like observation of the GC under the hypothesis
of a NFW profile with a � = 1.5 kinematic spike; in this
case, we may probe the QCD axion model over a large
range of possible masses.

D. M54

Figure 14. As in Fig. 13, except for observations of the glob-
ular cluster M54. As for the Galactic Center, we require
SNR = 5.0 and assume 24 hr of observation time with ei-
ther a GBT-like (100 m diameter) telescope or an SKA-like
(1000 m e↵ective diameter) telescope. In this case, the domi-
nant source of noise is isotropic astrophysical emission at low
frequencies. We show both the NFW and cored DM profiles
for the GBT-like observations. In the case of the NFW profile,
observations with GBT and SKA could cover large regions of
the putative axion parameter space.

Observations of globular clusters and dwarf galaxies,
like M54, have the advantage of narrower signals in fre-

\delta f / f ~ 10^{-3} 

signal with GBT

I 24 hrs observation
I 5σ detection threshold
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Figure 13. (Left) Observations of the Galactic Center with GBT-like (100-m diameter) and 25-m diameter telescopes for
di↵erent assumptions about the DM distribution about the Galactic Center. We assume 24 hrs of observation time and require
a signal-to-noise ratio (SNR) of 5.0. (Right) As in the left panel, except extended now we include the active pulsars in the NS
population model, using the GJ model.

From the above equations, the SEFD may be calculated
using (35). Note that at low frequencies, the SEFD is
actually independent of D. This may be seen in Fig. 13,
where we show the projected sensitivity for a 25-m di-
ameter dish, compared to the projected sensitivity of the
100-m GBT and a putative (e↵ective) ⇠1000-m Square
Kilometer Array (SKA) []. While GBT performs bet-
ter at higher frequencies than the 25-m telescope, the
two sensitivities approach each other at low frequencies.
SKA provides superior sensitivity in the 1-2 GHz range,
covering the QCD axion parameter space even in the case
of the NFW profile with no DM spike.

In the right panel of Fig. 13 we illustrate the exten-
sions of the projected sensitivities to higher frequencies
if we also include the active pulsars in the NS popu-
lation model, using the GJ model. We note the the
active pulsars likely require their own dedicated analy-
sis, as the simple GJ model does not, for example, ac-
curately capture the charge acceleration regions. Also,
the simplistic NS population model has not been accu-
rately tuned to properly account for dynamics on short
timescales relevant for the active pulsars. Still, it is sug-
gestive that including the active pulsars in the population
model provides enhanced sensitivity at high masses, even
though the active pulsars are a small faction of the total
NSs. This is because the active pulsars may maintain
high magnetic fields and short spin periods, due to their
young ages, which allows for more dense magnetospheres
and thus resonant conversion at higher frequencies. Note
that in the right panel we also include a projection for
an SKA-like observation of the GC under the hypothesis
of a NFW profile with a � = 1.5 kinematic spike; in this
case, we may probe the QCD axion model over a large
range of possible masses.

D. M54

Figure 14. As in Fig. 13, except for observations of the glob-
ular cluster M54. As for the Galactic Center, we require
SNR = 5.0 and assume 24 hr of observation time with ei-
ther a GBT-like (100 m diameter) telescope or an SKA-like
(1000 m e↵ective diameter) telescope. In this case, the domi-
nant source of noise is isotropic astrophysical emission at low
frequencies. We show both the NFW and cored DM profiles
for the GBT-like observations. In the case of the NFW profile,
observations with GBT and SKA could cover large regions of
the putative axion parameter space.

Observations of globular clusters and dwarf galaxies,
like M54, have the advantage of narrower signals in fre-

\delta f / f ~ 10^{-6} 

brightest individual NS


with GBT

I 24 hrs observation
I 5σ detection threshold
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Figure 13. (Left) Observations of the Galactic Center with GBT-like (100-m diameter) and 25-m diameter telescopes for
di↵erent assumptions about the DM distribution about the Galactic Center. We assume 24 hrs of observation time and require
a signal-to-noise ratio (SNR) of 5.0. (Right) As in the left panel, except extended now we include the active pulsars in the NS
population model, using the GJ model.

From the above equations, the SEFD may be calculated
using (35). Note that at low frequencies, the SEFD is
actually independent of D. This may be seen in Fig. 13,
where we show the projected sensitivity for a 25-m di-
ameter dish, compared to the projected sensitivity of the
100-m GBT and a putative (e↵ective) ⇠1000-m Square
Kilometer Array (SKA) []. While GBT performs bet-
ter at higher frequencies than the 25-m telescope, the
two sensitivities approach each other at low frequencies.
SKA provides superior sensitivity in the 1-2 GHz range,
covering the QCD axion parameter space even in the case
of the NFW profile with no DM spike.

In the right panel of Fig. 13 we illustrate the exten-
sions of the projected sensitivities to higher frequencies
if we also include the active pulsars in the NS popu-
lation model, using the GJ model. We note the the
active pulsars likely require their own dedicated analy-
sis, as the simple GJ model does not, for example, ac-
curately capture the charge acceleration regions. Also,
the simplistic NS population model has not been accu-
rately tuned to properly account for dynamics on short
timescales relevant for the active pulsars. Still, it is sug-
gestive that including the active pulsars in the population
model provides enhanced sensitivity at high masses, even
though the active pulsars are a small faction of the total
NSs. This is because the active pulsars may maintain
high magnetic fields and short spin periods, due to their
young ages, which allows for more dense magnetospheres
and thus resonant conversion at higher frequencies. Note
that in the right panel we also include a projection for
an SKA-like observation of the GC under the hypothesis
of a NFW profile with a � = 1.5 kinematic spike; in this
case, we may probe the QCD axion model over a large
range of possible masses.

D. M54

Figure 14. As in Fig. 13, except for observations of the glob-
ular cluster M54. As for the Galactic Center, we require
SNR = 5.0 and assume 24 hr of observation time with ei-
ther a GBT-like (100 m diameter) telescope or an SKA-like
(1000 m e↵ective diameter) telescope. In this case, the domi-
nant source of noise is isotropic astrophysical emission at low
frequencies. We show both the NFW and cored DM profiles
for the GBT-like observations. In the case of the NFW profile,
observations with GBT and SKA could cover large regions of
the putative axion parameter space.

Observations of globular clusters and dwarf galaxies,
like M54, have the advantage of narrower signals in fre-

\delta f / f ~ 10^{-6} 

brightest individual NS

with GBT (with possible


kinematic DM spike

from BH)
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Figure 13. (Left) Observations of the Galactic Center with GBT-like (100-m diameter) and 25-m diameter telescopes for
di↵erent assumptions about the DM distribution about the Galactic Center. We assume 24 hrs of observation time and require
a signal-to-noise ratio (SNR) of 5.0. (Right) As in the left panel, except extended now we include the active pulsars in the NS
population model, using the GJ model.

From the above equations, the SEFD may be calculated
using (35). Note that at low frequencies, the SEFD is
actually independent of D. This may be seen in Fig. 13,
where we show the projected sensitivity for a 25-m di-
ameter dish, compared to the projected sensitivity of the
100-m GBT and a putative (e↵ective) ⇠1000-m Square
Kilometer Array (SKA) []. While GBT performs bet-
ter at higher frequencies than the 25-m telescope, the
two sensitivities approach each other at low frequencies.
SKA provides superior sensitivity in the 1-2 GHz range,
covering the QCD axion parameter space even in the case
of the NFW profile with no DM spike.

In the right panel of Fig. 13 we illustrate the exten-
sions of the projected sensitivities to higher frequencies
if we also include the active pulsars in the NS popu-
lation model, using the GJ model. We note the the
active pulsars likely require their own dedicated analy-
sis, as the simple GJ model does not, for example, ac-
curately capture the charge acceleration regions. Also,
the simplistic NS population model has not been accu-
rately tuned to properly account for dynamics on short
timescales relevant for the active pulsars. Still, it is sug-
gestive that including the active pulsars in the population
model provides enhanced sensitivity at high masses, even
though the active pulsars are a small faction of the total
NSs. This is because the active pulsars may maintain
high magnetic fields and short spin periods, due to their
young ages, which allows for more dense magnetospheres
and thus resonant conversion at higher frequencies. Note
that in the right panel we also include a projection for
an SKA-like observation of the GC under the hypothesis
of a NFW profile with a � = 1.5 kinematic spike; in this
case, we may probe the QCD axion model over a large
range of possible masses.

D. M54

Figure 14. As in Fig. 13, except for observations of the glob-
ular cluster M54. As for the Galactic Center, we require
SNR = 5.0 and assume 24 hr of observation time with ei-
ther a GBT-like (100 m diameter) telescope or an SKA-like
(1000 m e↵ective diameter) telescope. In this case, the domi-
nant source of noise is isotropic astrophysical emission at low
frequencies. We show both the NFW and cored DM profiles
for the GBT-like observations. In the case of the NFW profile,
observations with GBT and SKA could cover large regions of
the putative axion parameter space.

Observations of globular clusters and dwarf galaxies,
like M54, have the advantage of narrower signals in fre-

Future radio telescope SKA

I Caution: current NS model not optimized for active pulsars
(underestimate flux at high frequencies)


