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Analogue for axions??

WIMP DM “holy trinity”
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Axion DM “holy trinity”

e.g. interferometry

light shining through walls

axion emission and/or conversion

ga�� aE ·B

(analogy isn’t perfect: 2 -> 1 rather than 2 -> 2)
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Where to look?
Magnetar - largest B-fields 

in the known universe!

Also strong gravity:

Bmax ⇠ 1011 T
<latexit sha1_base64="hlSv8dgG2Fa0AfclMnaP9hYJpL0=">AAACC3icdVDLTgIxFO34RHyhLt00EBNXpMUJ4I7gxiUmvBJA0ikFGtqZSdsxkgl7N/6KGxca49YfcOff2AFM1OhJbnJ6zr3pvccLBdcGoQ9nZXVtfWMztZXe3tnd288cHDZ1ECnKGjQQgWp7RDPBfdYw3AjWDhUj0hOs5U0uEr91w5TmgV8305D1JBn5fMgpMVbqZ7LVftxVEkpyO4NdzSXE6DrG2D7g3KjP+pkcyp+XiwW3CFEeoRIu4IQUSu6ZC7FVEuTAErV+5r07CGgkmW+oIFp3MApNLybKcCrYLN2NNAsJnZAR61jqE8l0L57fMoMnVhnAYaBs+QbO1e8TMZFaT6VnOyUxY/3bS8S/vE5khuVezP0wMsyni4+GkYAmgEkwcMAVo0ZMLSFUcbsrpGOiCDU2vrQN4etS+D9pFvIY5fGVm6tUl3GkwDHIglOAQQlUwCWogQag4A48gCfw7Nw7j86L87poXXGWM0fgB5y3T/mYmbw=</latexit><latexit sha1_base64="hlSv8dgG2Fa0AfclMnaP9hYJpL0=">AAACC3icdVDLTgIxFO34RHyhLt00EBNXpMUJ4I7gxiUmvBJA0ikFGtqZSdsxkgl7N/6KGxca49YfcOff2AFM1OhJbnJ6zr3pvccLBdcGoQ9nZXVtfWMztZXe3tnd288cHDZ1ECnKGjQQgWp7RDPBfdYw3AjWDhUj0hOs5U0uEr91w5TmgV8305D1JBn5fMgpMVbqZ7LVftxVEkpyO4NdzSXE6DrG2D7g3KjP+pkcyp+XiwW3CFEeoRIu4IQUSu6ZC7FVEuTAErV+5r07CGgkmW+oIFp3MApNLybKcCrYLN2NNAsJnZAR61jqE8l0L57fMoMnVhnAYaBs+QbO1e8TMZFaT6VnOyUxY/3bS8S/vE5khuVezP0wMsyni4+GkYAmgEkwcMAVo0ZMLSFUcbsrpGOiCDU2vrQN4etS+D9pFvIY5fGVm6tUl3GkwDHIglOAQQlUwCWogQag4A48gCfw7Nw7j86L87poXXGWM0fgB5y3T/mYmbw=</latexit><latexit sha1_base64="hlSv8dgG2Fa0AfclMnaP9hYJpL0=">AAACC3icdVDLTgIxFO34RHyhLt00EBNXpMUJ4I7gxiUmvBJA0ikFGtqZSdsxkgl7N/6KGxca49YfcOff2AFM1OhJbnJ6zr3pvccLBdcGoQ9nZXVtfWMztZXe3tnd288cHDZ1ECnKGjQQgWp7RDPBfdYw3AjWDhUj0hOs5U0uEr91w5TmgV8305D1JBn5fMgpMVbqZ7LVftxVEkpyO4NdzSXE6DrG2D7g3KjP+pkcyp+XiwW3CFEeoRIu4IQUSu6ZC7FVEuTAErV+5r07CGgkmW+oIFp3MApNLybKcCrYLN2NNAsJnZAR61jqE8l0L57fMoMnVhnAYaBs+QbO1e8TMZFaT6VnOyUxY/3bS8S/vE5khuVezP0wMsyni4+GkYAmgEkwcMAVo0ZMLSFUcbsrpGOiCDU2vrQN4etS+D9pFvIY5fGVm6tUl3GkwDHIglOAQQlUwCWogQag4A48gCfw7Nw7j86L87poXXGWM0fgB5y3T/mYmbw=</latexit><latexit sha1_base64="hlSv8dgG2Fa0AfclMnaP9hYJpL0=">AAACC3icdVDLTgIxFO34RHyhLt00EBNXpMUJ4I7gxiUmvBJA0ikFGtqZSdsxkgl7N/6KGxca49YfcOff2AFM1OhJbnJ6zr3pvccLBdcGoQ9nZXVtfWMztZXe3tnd288cHDZ1ECnKGjQQgWp7RDPBfdYw3AjWDhUj0hOs5U0uEr91w5TmgV8305D1JBn5fMgpMVbqZ7LVftxVEkpyO4NdzSXE6DrG2D7g3KjP+pkcyp+XiwW3CFEeoRIu4IQUSu6ZC7FVEuTAErV+5r07CGgkmW+oIFp3MApNLybKcCrYLN2NNAsJnZAR61jqE8l0L57fMoMnVhnAYaBs+QbO1e8TMZFaT6VnOyUxY/3bS8S/vE5khuVezP0wMsyni4+GkYAmgEkwcMAVo0ZMLSFUcbsrpGOiCDU2vrQN4etS+D9pFvIY5fGVm6tUl3GkwDHIglOAQQlUwCWogQag4A48gCfw7Nw7j86L87poXXGWM0fgB5y3T/mYmbw=</latexit>

vesc ⇠ 0.2c
<latexit sha1_base64="I7Q4YWiIUDX57lzvBL5Kep2XwjU=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARXA1JEdvuim5cVrAPaMuQSdM2NJkZkkyhjF34K25cKOLW33Dn35hpK6jogQuHc+7l3nuCWHBtEPpwciura+sb+c3C1vbO7p67f9DUUaIoa9BIRKodEM0ED1nDcCNYO1aMyECwVjC+yvzWhCnNo/DWTGPWk2QY8gGnxFjJd48mftpVEjJNZ7CruYTIK0Hqu0XkIYQwxjAjuHyBLKlWKyVcgTizLIpgibrvvnf7EU0kCw0VROsORrHppUQZTgWbFbqJZjGhYzJkHUtDIpnupfP7Z/DUKn04iJSt0MC5+n0iJVLrqQxspyRmpH97mfiX10nMoNJLeRgnhoV0sWiQCGgimIUB+1wxasTUEkIVt7dCOiKKUGMjK9gQvj6F/5NmycPIwzfnxdrlMo48OAYn4AxgUAY1cA3qoAEouAMP4Ak8O/fOo/PivC5ac85y5hD8gPP2CXtGlRg=</latexit><latexit sha1_base64="I7Q4YWiIUDX57lzvBL5Kep2XwjU=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARXA1JEdvuim5cVrAPaMuQSdM2NJkZkkyhjF34K25cKOLW33Dn35hpK6jogQuHc+7l3nuCWHBtEPpwciura+sb+c3C1vbO7p67f9DUUaIoa9BIRKodEM0ED1nDcCNYO1aMyECwVjC+yvzWhCnNo/DWTGPWk2QY8gGnxFjJd48mftpVEjJNZ7CruYTIK0Hqu0XkIYQwxjAjuHyBLKlWKyVcgTizLIpgibrvvnf7EU0kCw0VROsORrHppUQZTgWbFbqJZjGhYzJkHUtDIpnupfP7Z/DUKn04iJSt0MC5+n0iJVLrqQxspyRmpH97mfiX10nMoNJLeRgnhoV0sWiQCGgimIUB+1wxasTUEkIVt7dCOiKKUGMjK9gQvj6F/5NmycPIwzfnxdrlMo48OAYn4AxgUAY1cA3qoAEouAMP4Ak8O/fOo/PivC5ac85y5hD8gPP2CXtGlRg=</latexit><latexit sha1_base64="I7Q4YWiIUDX57lzvBL5Kep2XwjU=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARXA1JEdvuim5cVrAPaMuQSdM2NJkZkkyhjF34K25cKOLW33Dn35hpK6jogQuHc+7l3nuCWHBtEPpwciura+sb+c3C1vbO7p67f9DUUaIoa9BIRKodEM0ED1nDcCNYO1aMyECwVjC+yvzWhCnNo/DWTGPWk2QY8gGnxFjJd48mftpVEjJNZ7CruYTIK0Hqu0XkIYQwxjAjuHyBLKlWKyVcgTizLIpgibrvvnf7EU0kCw0VROsORrHppUQZTgWbFbqJZjGhYzJkHUtDIpnupfP7Z/DUKn04iJSt0MC5+n0iJVLrqQxspyRmpH97mfiX10nMoNJLeRgnhoV0sWiQCGgimIUB+1wxasTUEkIVt7dCOiKKUGMjK9gQvj6F/5NmycPIwzfnxdrlMo48OAYn4AxgUAY1cA3qoAEouAMP4Ak8O/fOo/PivC5ac85y5hD8gPP2CXtGlRg=</latexit><latexit sha1_base64="I7Q4YWiIUDX57lzvBL5Kep2XwjU=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARXA1JEdvuim5cVrAPaMuQSdM2NJkZkkyhjF34K25cKOLW33Dn35hpK6jogQuHc+7l3nuCWHBtEPpwciura+sb+c3C1vbO7p67f9DUUaIoa9BIRKodEM0ED1nDcCNYO1aMyECwVjC+yvzWhCnNo/DWTGPWk2QY8gGnxFjJd48mftpVEjJNZ7CruYTIK0Hqu0XkIYQwxjAjuHyBLKlWKyVcgTizLIpgibrvvnf7EU0kCw0VROsORrHppUQZTgWbFbqJZjGhYzJkHUtDIpnupfP7Z/DUKn04iJSt0MC5+n0iJVLrqQxspyRmpH97mfiX10nMoNJLeRgnhoV0sWiQCGgimIUB+1wxasTUEkIVt7dCOiKKUGMjK9gQvj6F/5NmycPIwzfnxdrlMo48OAYn4AxgUAY1cA3qoAEouAMP4Ak8O/fOo/PivC5ac85y5hD8gPP2CXtGlRg=</latexit>

DM accelerates toward 
star along radial 

trajectories -  
axion velocity is crucial 
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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


!2 + @2

z +

✓
�!2

p �ga��Bt!
�ga��Bt! �m2

a

◆�✓
Ak
a

◆
= 0

Yoni Kahn [Raffelt and Stodolsky, PRD 1988]

axion wavepacket

�1

4
ga��aFµ⌫

eFµ⌫ =)
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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 5[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] 6



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] 7 



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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L =

r
2⇡rcvc
3ma
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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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dP(✓, ✓m, t)

d⌦
=
dP(✓ = ⇡

2 , ✓m = 0)

d⌦
⇥ 3 (m̂ · r̂)2 + 1

��3 cos ✓ m̂ · r̂� cos ✓m
��4/3
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misalignment angle

Yoni Kahn [Hook, YK, Safdi, Sun, arXiv:1804.03145] 9

time-dependent!



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!

Yoni Kahn [Hook, YK, Safdi, Sun, arXiv:1804.03145] 10



Projections: individual NS’s
Neutron star 
menagerie:

10�7 10�6 10�5 10�4

ma [eV]

10�18

10�16

10�14

10�12

10�10

g a
�
�

[1
/G

eV
]

108 109 1010
f = ma/(2⇡) [Hz]

RX J0806.4-4123

INS in M54

SGR J1745-2900 (NFW)

SGR J1745-2900 (DM spike)

QCD Axion

CAST

ADMX

ADMX Projection
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Solid = equator, dashed =  best-case



10�7 10�6 10�5 10�4

ma [eV]

10�18

10�16

10�14

10�12

10�10

g a
�
�

[1
/G

eV
]

108 109 1010
f = ma/(2⇡) [Hz]

RX J0806.4-4123

INS in M54

SGR J1745-2900 (NFW)

SGR J1745-2900 (DM spike)

QCD Axion

CAST

ADMX

ADMX Projection

RX J0806.4-4123

• Isolated 
• Nearby (250 pc) 
• Radio-quiet 
• Non-pulsed
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Neutron star 
menagerie:

Projections: individual NS’s

Solid = equator, dashed =  best-case



10�7 10�6 10�5 10�4

ma [eV]
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�
�

[1
/G

eV
]

108 109 1010
f = ma/(2⇡) [Hz]

RX J0806.4-4123

INS in M54

SGR J1745-2900 (NFW)

SGR J1745-2900 (DM spike)

QCD Axion

CAST

ADMX

ADMX Projection

Hypothetical NS’s  
in M54

• 21 kpc away, but…  
• High DM density 
• Lots of NS emissions 

within angular res. 
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Neutron star 
menagerie:

Projections: individual NS’s

Solid = equator, dashed =  best-case



10�7 10�6 10�5 10�4
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10�16
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10�12

10�10

g a
�
�

[1
/G
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]
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RX J0806.4-4123

INS in M54

SGR J1745-2900 (NFW)

SGR J1745-2900 (DM spike)

QCD Axion

CAST

ADMX

ADMX Projection

SJR J1745-2900

• Magnetar!  
• 0.1 pc from GC 
• Potentially enormous 

DM density 

B0 ⇡ 1010 T
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Neutron star 
menagerie:

Projections: individual NS’s

Solid = equator, dashed =  best-case



Time-dependent signal
Misaligned neutron stars have rotation axis 

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

Critical radius

0 1 2 3 4 5 6

⌦t

0

20

40

60

80

100

r c
[k

m
]

ma = 5 ⇥ 10�7 eV

ma = 5 ⇥ 10�6 eV
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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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Polarization signal

Yoni Kahn 17[Hook, YK, Safdi, Sun, arXiv:1804.03145]

EM wave always polarized along  
direction of B-field at conversion radius 
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<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 18[Chen, Safdi, Sun, to appear]

�!

!
⇠ 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

�!

!
⇠ 10�3

<latexit sha1_base64="nIClPYDN/pM+n2jTClW6ypQxxHo="></latexit><latexit sha1_base64="nIClPYDN/pM+n2jTClW6ypQxxHo="></latexit><latexit sha1_base64="nIClPYDN/pM+n2jTClW6ypQxxHo="></latexit><latexit sha1_base64="nIClPYDN/pM+n2jTClW6ypQxxHo="></latexit>



NS populations at  
Green Bank Telescope

Can be competitive with ADMX with 1 hour of observation!
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