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Outline
๏ Background and motivation

๏ What are axion stars?

๏ Axion star explosions!

๏ …and other transient axion bursts

๏ Conclusions and what’s next
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Our Galaxy, Our Halo
3

You Are Here

Milky Way  
(That We Can See)

Radius 10-20 kiloparsecs (kpc)

≈        km

Mass

Shape Disk-like

Local Mass Density Very small (except for 
sun, planets, etc.)

How do we know it’s 
there?

We can see it 
(optical, IR, UV)

1018

∼ 1011M⊙

Grand Goal: Understand this 
at the level of particle physics

Dark Matter Halo

100-200 kpc

≈        km

Spherical

Invisible! Can only 
see effects indirectly 

(gravitational 
influence on stars, 

galaxy formation, etc.)

 *At large  
scales

?

∼ 1012M⊙

1019

ρlocal = 0.4
GeV
cm3

100 
protons
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๏ Light bosonic DM is wave-like on distance scales of order 
 
 
 
 
 
 

       with oscillatory frequencies of ωϕ ∼ 2πm ≃ MHz ( m
10−10 eV )

Dark Matter Models

๏ Quantum mechanics: such particles must be bosons 
 
because phase space density 𝒩 ( ∝ m−4) ≫ 1

4

m

Light Bosonic  
Dark Matter 

(sometimes “axions”)

10−22 eV ≲ m ≲ eV

λdB =
1

m σvir
∼ RE ( 10−10 eV

m ) ∼ AU ( 10−14 eV
m ) ∼ kpc ( 10−22 eV

m )

Mass of the 
DM “particle”

Macroscopic 
Dark Matter

M⊙ ≲ m

e.g.  
black holes

Thermally-Produced 
Dark Matter

keV ≲ m ≲ 100 TeV

e.g.  
Weakly Interacting Massive Particles  

(WIMPs)
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https://www.youtube.com/watch?v=bY1S6rkWU0c

Simulations by Schive et al., Phys. Rev. Lett. 113, 261302 (2014)

You Are Here 
(sort of)

Axion Star
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Formation of Axion Stars
6

Eggemeier and Niemeyer, 
Phys. Rev. D 100, 063528 (2019)

Mocz et al., 
MNRAS, Volume 471, Issue 4, November 2017

Schive et al.,  
Phys. Rev. Lett. 113, 261302 (2014)

Levkov, Panin, Tkachev,  
Phys. Rev. Lett. 121, 151301 (2018)
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๏ Axion dark matter is non-relativistic field of very large occupation number ⇒ NR classical field

๏ Expand field 𝝓 in terms of non-relativistic wavefunction 𝜓 : 

๏ E.o.M is Gross-Pitaevskii+Poisson (GPP) equation:

ϕ(t, r) =
1

2 m
[e−i m t ψ(t, r) + c . c . ]

Equations of Motion

i
∂ψ
∂t

= [−
∇2

2m
+ Vg ( |ψ |2 ) + Vint ( |ψ |2 )] ψ

Kinetic energy
(Repulsive)

Poisson Gravity

(Attractive)
∇2Vg = 4 π G m2 ψ

2

Self-interactions
For ALP potential,

V(ϕ) = m2 f 2 [1 − cos ( ϕ
f )] =

m2

2
ϕ2 −

1
4! ( m

f )
2

ϕ4 +
1

6! f 2 ( m
f )

2

ϕ6 − . . .

Coherent state → Oscillates 
Leading time dependence
·ψ ∼ (m − μ0)ψ ≪ m ψ m∫ d3r |ψ |2 = M⋆

Normalization

(Attractive) (Repulsive)
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What is an Axion Star?
8

i
∂ψ
∂t

= [−
∇2

2m
+ Vg ( |ψ |2 ) + Vint ( |ψ |2 )] ψ

Ground-state solutions of the  
Gross-Pitaevskii+Poisson (GPP) Equations

0 2 4 6 8 100.0
0.5
1.0
1.5
2.0

๏ Low density → Self-interactions, [ kinetic ~ gravity ] 
 
          M ≃

10−12 M⊙

m2
5 ( 2000 km

R )

mϕ ∫ d3r |ψ |2 = M

Normalization

“Dilute boson star”

∝
1

R2
∝ −

M
R ∝ −

M
R3

+
M2

R6
− . . .
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Mass-Radius Relation
9

M ∝ R−1

M ∝ R

(Attractive) 
Self-interactions 

relevant

Gravity 
relevant

Stable under 
perturbations

Unstable under 
perturbations

Mc ≃ 10
MP f

m
≃ 10−3M⊙ ( f

1016 GeV ) ( 10−10 eV
m )

Rc ≃ 0.2
MP

m f
≃ 105 km ( 1016 GeV

f ) ( 10−10 eV
m )

One-to-one relationship between: 
M, R, ψ(0), μ0, . . .
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Axion Star Collapse
10

Stable Axion Star
Mass Growth 

(accretion, merger) 
M ↑

Gravitational 
Collapse

Bosenova Explosion

Reformation? 
(Speculative)

Energy emitted can be an  
fraction of axion star mass 

𝒪(1)

Mc ≃ 10−3M⊙ ( f
1016 GeV ) ( 10−10 eV

m )

Prediction

Simulation
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Simulation Results
11

with spread of δk ∼ m

Large integrated energy!  
In first peak, 

<latexit sha1_base64="T9Hmhz8tzmYlwcz8FbZEqrvEvSw=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVERF0WRXBZwT6gCWEynbRDZyZhZiKUmIW/4saFIm79DXf+jZM2C209MHA4517umRMmjCrtON9WZWl5ZXWtul7b2Nza3rF39zoqTiUmbRyzWPZCpAijgrQ11Yz0EkkQDxnphuPrwu8+EKloLO71JCE+R0NBI4qRNlJgH3gc6RFGLLvJg8yTHCYEjfPArjsNZwq4SNyS1EGJVmB/eYMYp5wIjRlSqu86ifYzJDXFjOQ1L1UkQXiMhqRvqECcKD+b5s/hsVEGMIqleULDqfp7I0NcqQkPzWSRVs17hfif1091dOlnVCSpJgLPDkUpgzqGRRlwQCXBmk0MQVhSkxXiEZIIa1NZzZTgzn95kXROG+55w707qzevyjqq4BAcgRPgggvQBLegBdoAg0fwDF7Bm/VkvVjv1sdstGKVO/vgD6zPH1yTllM=</latexit>

Epeak ≈ 3400 m
f2

m2
≃ 1052 GeV

f2
16

m10

k0 ≃ 2.4 mMomentum peak

Short duration δtburst ∼ 𝒪(400)/m

Multiple explosions  
per collapse! 
(Ignored here)

Higher-energy peaks! 
(Ignored here)
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Naive Sensitivity Reach
๏ Idea: Detect high-energy axion burst from axion star collapse + Bosenova!

12

Axion Star 
Bosenova

Detect Bosenova AxionsDark Matter Axions
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Axion Star 
Grows in Mass

Incoming Axion Field

M ↑

1. 

Axion Star 
Collapse

M ≃ Mc

2. 

3. 

4. 

     

 ⇒ Low Quality 

                 

v* ≃ 1
Q* ∼ 1

See also Dror, Murayama, Rodd (2101.09287) 
for relativistic axion signals from cosmology

 
    ⇒ High Quality 

                 

ρDM ≃ 0.4 GeV/cm3

vDM ≃ 10−3

QDM ∼ v−2
DM ∼ 106

Naive guess: Our Signal Can “Win” Only If     

 

   

g*

gDM
∼

ρDM QDM

ρ* Q*
∼ 103 ρDM

ρ*
<latexit sha1_base64="QYduPXefc1lmq5dr9bxM1oHBymQ="></latexit>

⇠ 1

f12

R
100AU

. 1

<latexit sha1_base64="8ArIT3ImWAn6JY2y3J2z148t/iM="></latexit>

⇢⇤ ⇡ Epeak
4⇡R2 �xburst

<latexit sha1_base64="1UziRVhXMreJr9gl1TgBkS4RrJM="></latexit>

⇠ 107
GeV

cm3
f2
12

✓
100AU

R

◆2
<latexit sha1_base64="xq6KK+P/SeyQr9wicofcYPgPa9Q=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeiF49VrC2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Lure3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjBuRbg==</latexit>

R
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We Might Do Worse
13

We Can Do Better!
Short duration 

at source Long duration 
at detector

Axion 
Burst

δxburst

δx

Naive guess:  

   
g*

gDM
∼

ρDM QDM

ρ* Q*
∼ 103 ρDM

ρ*
≲ 1

Though energy density decreases,  
burst duration grows. 

Can still ‘catch’ whole signal (up to a point)!

Wave spreadingNo wave spreading
<latexit sha1_base64="0XXi/1Vvcmr0Glcq/Y2p1NKNzCw=">AAACCHicbVBNS8NAEN34WetX1KMHF4vgqSYi6rHoxWMF+wFNCJvNtl26m4TdiVhCj178K148KOLVn+DNf+O2zUFbHww83pthZl6YCq7Bcb6thcWl5ZXV0lp5fWNza9ve2W3qJFOUNWgiEtUOiWaCx6wBHARrp4oRGQrWCgfXY791z5TmSXwHw5T5kvRi3uWUgJEC+8CLmACCIcg9JXGYKQ0j7GkusffAT2RgV5yqMwGeJ25BKqhAPbC/vCihmWQxUEG07rhOCn5OFHAq2KjsZZqlhA5Ij3UMjYlk2s8nj4zwkVEi3E2UqRjwRP09kROp9VCGplMS6OtZbyz+53Uy6F76OY/TDFhMp4u6mcCQ4HEqOOKKURBDQwhV3NyKaZ8oQsFkVzYhuLMvz5PmadU9r7q3Z5XaVRFHCe2jQ3SMXHSBaugG1VEDUfSIntErerOerBfr3fqYti5Yxcwe+gPr8wdJlpmB</latexit>

�tburst ⇠ ⇠/m
<latexit sha1_base64="/5BJq478YLxejbWkSu3Xobl30xY=">AAACHXicbVDLSgMxFM34rPVVdekmWAQXUmZqUZdFNy6r2Ad02pJJM21oMjMkd4QyzI+48VfcuFDEhRvxb0zbWWjrgcDJOfdy7z1eJLgG2/62lpZXVtfWcxv5za3tnd3C3n5Dh7GirE5DEaqWRzQTPGB14CBYK1KMSE+wpje6nvjNB6Y0D4N7GEesI8kg4D6nBIzUK1TcPhNAMGBXc4ldXxGayG7ZPc2MUZqMumep+UsCQ0pEcpf2CkW7ZE+BF4mTkSLKUOsVPt1+SGPJAqCCaN127Ag6CVHAqWBp3o01iwgdkQFrGxoQyXQnmV6X4mOj9LEfKvMCwFP1d0dCpNZj6ZnKyYp63puI/3ntGPzLTsKDKAYW0NkgPxYYQjyJCve5YhTE2BBCFTe7YjokJiAwgeZNCM78yYukUS455yXntlKsXmVx5NAhOkInyEEXqIpuUA3VEUWP6Bm9ojfryXqx3q2PWemSlfUcoD+wvn4AIxmh+g==</latexit>

�t ⇠ m2 �k

k3
R⟶

<latexit sha1_base64="/5BJq478YLxejbWkSu3Xobl30xY=">AAACHXicbVDLSgMxFM34rPVVdekmWAQXUmZqUZdFNy6r2Ad02pJJM21oMjMkd4QyzI+48VfcuFDEhRvxb0zbWWjrgcDJOfdy7z1eJLgG2/62lpZXVtfWcxv5za3tnd3C3n5Dh7GirE5DEaqWRzQTPGB14CBYK1KMSE+wpje6nvjNB6Y0D4N7GEesI8kg4D6nBIzUK1TcPhNAMGBXc4ldXxGayG7ZPc2MUZqMumep+UsCQ0pEcpf2CkW7ZE+BF4mTkSLKUOsVPt1+SGPJAqCCaN127Ag6CVHAqWBp3o01iwgdkQFrGxoQyXQnmV6X4mOj9LEfKvMCwFP1d0dCpNZj6ZnKyYp63puI/3ntGPzLTsKDKAYW0NkgPxYYQjyJCve5YhTE2BBCFTe7YjokJiAwgeZNCM78yYukUS455yXntlKsXmVx5NAhOkInyEEXqIpuUA3VEUWP6Bm9ojfryXqx3q2PWemSlfUcoD+wvn4AIxmh+g==</latexit>

�t ⇠ m2 �k

k3
R

Momentum modes naturally separate in-flight: 
Can regain some coherence at the detector,

<latexit sha1_base64="Kbhqqiz8rOeiWV13XbzNRDpGRlY=">AAACCXicbVBNS8NAEN3Ur1q/qh69LBZBRGpSRD0WvXisYD+gCWGz3bRLd5OwOxFK6NWLf8WLB0W8+g+8+W/ctjlo64OBx3szzMwLEsE12Pa3VVhaXlldK66XNja3tnfKu3stHaeKsiaNRaw6AdFM8Ig1gYNgnUQxIgPB2sHwZuK3H5jSPI7uYZQwT5J+xENOCRjJL2MXSOpnJ6eZqyQOUqVhPMau5hLX3ISfSb9csav2FHiRODmpoBwNv/zl9mKaShYBFUTrrmMn4GVEAaeCjUtuqllC6JD0WdfQiEimvWz6yRgfGaWHw1iZigBP1d8TGZFaj2RgOiWBgZ73JuJ/XjeF8MrLeJSkwCI6WxSmAkOMJ7HgHleMghgZQqji5lZMB0QRCia8kgnBmX95kbRqVeei6tydV+rXeRxFdIAO0TFy0CWqo1vUQE1E0SN6Rq/ozXqyXqx362PWWrDymX30B9bnD67tma8=</latexit>

⌧⇤,burst ⇠ 2⇡/m ⟶

<latexit sha1_base64="oehe+ho/eZ0dYn4skdjtFHhFZY0="></latexit>

⌧⇤ ⇠ 2⇡m2 �k

⇠ k3
R

Wave spreadingNo wave spreading
<latexit sha1_base64="oehe+ho/eZ0dYn4skdjtFHhFZY0="></latexit>

⌧⇤ ⇠ 2⇡m2 �k

⇠ k3
R

<latexit sha1_base64="oehe+ho/eZ0dYn4skdjtFHhFZY0="></latexit>

⌧⇤ ⇠ 2⇡m2 �k

⇠ k3
R

<latexit sha1_base64="8ArIT3ImWAn6JY2y3J2z148t/iM="></latexit>

⇢⇤ ⇡ Epeak
4⇡R2 �xburst

<latexit sha1_base64="2C5RqFjkh2mAfHNOBPXQd4+V44Y="></latexit>

⇢⇤ ⇡ Epeak
4⇡R2 �x⟶

Wave spreadingNo wave spreading

<latexit sha1_base64="ng28eOPAikwH7EZbVcdkaB/9lX4=">AAACHXicbVC7TsMwFHXKq5RXgJHFokJiQFVSKmCsYGEsiD6kJq0cx2mt2klkO4gqyo+w8CssDCDEwIL4G9w2A7QcydLxOffq3nu8mFGpLOvbKCwtr6yuFddLG5tb2zvm7l5LRonApIkjFomOhyRhNCRNRRUjnVgQxD1G2t7oauK374mQNArv1DgmLkeDkAYUI6WlvllzfMIUgg/QkZRDJxAIp7xXdU5yY5Slo95ppv8cqSFGLL3N+mbZqlhTwEVi56QMcjT65qfjRzjhJFSYISm7thUrN0VCUcxIVnISSWKER2hAupqGiBPpptPrMnikFR8GkdAvVHCq/u5IEZdyzD1dOVlRznsT8T+vm6jgwk1pGCeKhHg2KEgYVBGcRAV9KghWbKwJwoLqXSEeIh2Q0oGWdAj2/MmLpFWt2GcV+6ZWrl/mcRTBATgEx8AG56AOrkEDNAEGj+AZvII348l4Md6Nj1lpwch79sEfGF8/Kdmh/g==</latexit>

�x ⇠ m2 �k

k3
R<latexit sha1_base64="lKhd1jn80FMJhWzas1bw71CXykM=">AAACCnicbVA9SwNBEN3zM8avqKXNahCs4p2IWgZtLCOYD8iFsLeZJEt2787dOUk4Utv4V2wsFLH1F9j5b9x8FJr4YODx3gwz84JYCoOu++0sLC4tr6xm1rLrG5tb27md3YqJEs2hzCMZ6VrADEgRQhkFSqjFGpgKJFSD3vXIrz6ANiIK73AQQ0OxTijagjO0UjN34LdAIqP9ZuprRYNEGxxS3wgF99TvixPVzOXdgjsGnSfelOTJFKVm7stvRTxRECKXzJi658bYSJlGwSUMs35iIGa8xzpQtzRkCkwjHb8ypEdWadF2pG2FSMfq74mUKWMGKrCdimHXzHoj8T+vnmD7spGKME4QQj5Z1E4kxYiOcqEtoYGjHFjCuBb2Vsq7TDOONr2sDcGbfXmeVE4L3nnBuz3LF6+mcWTIPjkkx8QjF6RIbkiJlAknj+SZvJI358l5cd6dj0nrgjOd2SN/4Hz+APecmm8=</latexit>

�xburst ' ⇠/m

Energy density at detector drops fast with distance, 
<latexit sha1_base64="tBxrUn+ts6DzvtxA265+PJ48DM8=">AAACAXicbVC7TsMwFHV4lvIKsCCxWFRILFQJIGCsYGEsiD6kJlSO67RWndiyHaQqCgu/wsIAQqz8BRt/g9NmgJYjWTo65175nhMIRpV2nG9rbn5hcWm5tFJeXVvf2LS3tpuKJxKTBuaMy3aAFGE0Jg1NNSNtIQmKAkZawfAq91sPRCrK4zs9EsSPUD+mIcVIG6lr73pCcqE59CKkBxix9Da7T49Osq5dcarOGHCWuAWpgAL1rv3l9ThOIhJrzJBSHdcR2k+R1BQzkpW9RBGB8BD1ScfQGEVE+ek4QQYPjNKDIZfmxRqO1d8bKYqUGkWBmczvVNNeLv7ndRIdXvgpjUWiSYwnH4UJgyZxXgfsUUmwZiNDEJbU3ArxAEmEtSmtbEpwpyPPkuZx1T2rujenldplUUcJ7IF9cAhccA5q4BrUQQNg8AiewSt4s56sF+vd+piMzlnFzg74A+vzB5LAlvc=</latexit>

/ R�3

∼

∼
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How to Search
14

Sensitivity Ratio

“Is a given DM experiment equally/more sensitive 
to relativistic bursts compared to standard search?”

Total experimental integration time tint = yr
<latexit sha1_base64="XXSntWPin0KIkFGILgP55RXRbvU="></latexit>

g⇤(!0)

gDM(!0)
⇠

r
⇢DM

⇢⇤

t1/4int min
⇣
⌧1/4DM, t1/4int

⌘

min
h
(�t)1/4 , t1/4int

i
min

⇣
⌧1/4⇤ , t1/4int

⌘

For absolute sensitivity, 
we use ABRACADABRA 

long-term reach
Kahn, Safdi, Thaler (1602.01086)

Though see also  
DMRadio (Snowmass2021) 

and SHAFT (2003.03348)

Define # burst-making objects 

 
within  of Earth

<latexit sha1_base64="gC8WNM3TNsekUe3gGF0kFAphY5E="></latexit>

N(R) =
fDM⇢DM

E
4⇡R3

3
<latexit sha1_base64="xq6KK+P/SeyQr9wicofcYPgPa9Q=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeiF49VrC2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Lure3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjBuRbg==</latexit>

R

For axion stars, 
<latexit sha1_base64="evkzeFpqQO+Nm5eqcgfZGgnCO6w="></latexit>

Nstar(R) ⇡ fDM

✓
R

100AU

◆3 m5

f12

Check whether 

 
(# bursts within  of Earth per year)
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R

“How likely is it for a ‘nearby’ burst to occur  
within 1 year of experimental running?”

Assume average time for burst τ = 10Gyr

https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF2_CF0-IF1_IF0_Saptarshi_Chaudhuri-219.pdf
https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF2_CF0-IF1_IF0_Saptarshi_Chaudhuri-219.pdf
https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF2_CF0-IF1_IF0_Saptarshi_Chaudhuri-219.pdf
https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF2_CF0-IF1_IF0_Saptarshi_Chaudhuri-219.pdf
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1. Blue: sensitivity bands 
for future ABRACADABRA 

 
Note: coupling  
but signal 

∝ 1/f
<latexit sha1_base64="YEJdplWYhQS7q9WBaXcyIyfijGg=">AAACDXicbVDLSgMxFM3UV62vUZduglVwVWZE1GVRBJcV7AM6Q8mkmTY0k4xJRijD/IAbf8WNC0Xcunfn35hpR9DWA4HDOfeSe04QM6q043xZpYXFpeWV8mplbX1jc8ve3mkpkUhMmlgwITsBUoRRTpqaakY6sSQoChhpB6PL3G/fE6mo4Ld6HBM/QgNOQ4qRNlLPPvBiKWItoKfupE69COkhRiy9yjL4Y4U9u+rUnAngPHELUgUFGj370+sLnESEa8yQUl3XibWfIqkpZiSreIkiMcIjNCBdQzmKiPLTSZoMHhqlD0MhzeMaTtTfGymKlBpHgZnMr1WzXi7+53UTHZ77KeVxognH04/ChEETMa8G9qkkWLOxIQhLam6FeIgkwtoUWDEluLOR50nruOae1tybk2r9oqijDPbAPjgCLjgDdXANGqAJMHgAT+AFvFqP1rP1Zr1PR0tWsbML/sD6+AZ5FJxw</latexit>
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2. Gray: Axion stars won’t collapse 
in the usual way for f ≳ 1017 GeV

JE, Street, Suranyi, Wijewardhana (2011.09087)

3. Red: Contours for  
Explosions infrequent? 

Shorter lifetime possible?

τ = 10 Gyr

4. Yellow: Axion→photons  
through parametric resonance

Levkov, Panin, Tkachev (2004.05179)
Feature or bug? 

(Multi-messenger signal?)

Bosenova 
Explosion
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Sensitivity to General Explosions

16

Axion 
Burst

Total burst energy E as free parameter
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Open Questions
๏ We ignored multiple peaks + multiple explosions, but 

 
this could be key in identifying the burst signal shape

๏ Emission spectrum computed for QCD axion potential 
 

• How does the spectrum change for other potentials?

• Possible direct probe of fundamental axion potential!!

๏ Axion star mass distribution is unknown

• Burst frequency needs clarification!

17

V(ϕ) =
m2f 2(1 + z)

z
1 + z − 1 + z2 + 2z cos

ϕ
f
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Conclusions
๏ Axion stars are a unique prediction of light scalar field dark matter 

 
 
 

๏      Axion stars in our galaxy can decay, collapse, and even explode! 
 
 

๏      Potential probe of fundamental axion potential, very difficult in conventional DM search 
 
      (How do details of self-int. potential modify emission spectrum? More simulations!)

๏ More speculative implications:

๏ Many explosions in distant past → relic background from transients?

๏ Coincident photon / GW bursts (e.g. asymmetric collapses or mergers) → multi-messenger signals?

18

Axion 
Burst
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Bonus Round
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What is an Axion Star
20

Very relativistic, , 
higher-harmonic corrections to field

ϕ ∼ f

Integrate out modes of energy  
 

Very unstable to decay
2μ0,3μ0, . . .

Use Klein-Gordon Equation

□ ϕ − V′ (ϕ) = 0

Non-relativistic, 
coupled to (Newtonian) gravity, 

leading self-interaction, 
STABLE for , 

number-changing negligible
M < Mc

“[Dilute] Axion Star”, 
“Soliton”, “Oscillaton”

Non-relativistic, 
gravity negligible, 

leading self-interaction, 
unstable to perturbations 

decay processes become important
“[Transition] Axion Star”, 

“Oscillon”

“[Dense] Axion Star”

Kaup (Phys Rev 1968);  
Ruffini+Bonazzola (Phys Rev 1969)

Chavanis (1103.2050),  
+Delfini (1103.2054)

Braaten, Mohapatra, Zhang (1512.00108)

“Axiton”, “Oscillon”, Kolb+Tkachev (astro-ph/9311037)

In
c. 

f
Rapid decay
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Axions / Experiments
๏ Axions (Axion-like particles)

๏ Decay constant  also dictates 
 
axion couplings to ordinary matter

๏ A concrete model: QCD axion

f

21

V(ϕ) = m2
ϕ f2 (1 − cos

ϕ
f )

(m2
ϕ f2) ∼ Λ4

QCD

ga ∝
1
f

Luzio, Gavela, Quilez, Ringwald, 
arXiv: 2102.01082

≃
m2

ϕ

2
ϕ2 −

λ
4!

ϕ4 +
g
6!

ϕ6 − . . .

Astro 
Probes: 

~Flat

PresentNear 
Future

Unknown 
(need new ideas)
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Boson Star Formation
๏ Analytic argument

• Gravitational relaxation of quasiparticles sufficient for formation

22

See e.g. Binney and Tremaine, “Galactic Dynamics, 2nd Edition”

Quasiparticle dispersion

Δv2 ≃ 8 N ( G M
Rgal v ) ln N

Velocity change per crossing

Δv2

v2
≃

8 ln N
N

Fractional velocity change

Boson star formation

trelax ≃
0.1 N
ln N

tcross

Relaxation to ground state
Hui, Ostriker, Tremaine, Witten (1610.08297) 

Bar-Or, Fouvry, Tremaine (1809.07673)

See also Levkov, Panin, Tkachev (1804.05857)

Analytic timescale matches simulation results!
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Nucleon Couplings
25

Sensitivity Ratio
<latexit sha1_base64="5GpVsyF3SEVogi2Jp8bEp3OtmBE="></latexit>
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New broadband search strategies needed!

Bosenova Explosion


