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Early Universe; Axion Initial Distribution 

N ⇠ 1061



Consider Non-Relativistic Behavior

Hamiltonian

Number Density

(For corrections:  Namjoo, Guth, Kaiser 2017,  
Eby, Mukaida, Takimoto, Wijewardhana, Yamada 2018)

�(x, t) =
1p
2m

�
e�imt (x, t) + eimt ⇤(x, t)

�



Equation of Motion

Dynamical Time Scales



Equation of Motion

Occupancy number change rate �k ⌘ Ṅk

Nk
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Equilibrium with high occupancy suggests BEC

Dynamical Time Scales

⇠ Gm2 nave

k2
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(See Levkov, Panin, Tkachev 2018)

(See Sikivie, Yang 2009)



Axion BEC Literature

- Sikivie, Yang (2009) 
- Erken, Sikivie, Tam, Yang (2011) 
- Chavanis (2012) 
- Banik, Sikivie (2013) 
- Davidson, Elmer (2013) 
- Saikawa, Yamaguchi (2013) 
- Noumi, Saikawa, Sato, Yamaguchi (2014) 
- Vega, Sanchez (2014) 
- Li, Rindler-Daller, Shapiro (2014) 
- Berges, Haeckel (2014) 
- Guth, Hertzberg, Prescod-Weinstein (2014) 
- Banik, Christopherson, Sikivie, Todarello (2015) 
- Davidson (2015) 

   -   Eby, Suranyi, Wijewardhana (2014, 2015, 2016,  
   2017, 2018, 2019, 2020) [w/Leembruggen, Ma, Street, Vaz] 
  - ……. and others ……



Classical vs Quantum with Interactions



Quantum vs Classical??

Sikivie, Todarello, 1607.00949

Quantum Classical (fixed initial conditions)



Initial classical state ai =
p

Ni e
I✓i , ✓i 2 [0, 2⇡)

Ensemble average over random initial phases

Meaningful comparison

Connects to uncertainty in branch of wavefunction

Hertzberg 1609.01342

Correct Classical Treatment
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Correct Classical Treatment

(matches  
quantum)



Implication for Correlation Functions

At high occupancy:

Hertzberg 1609.01342



Basic correlation functions of quantum fields can be mimicked by 
classical averaging, at high occupancy, despite the macroscopic 
spreading of wave-functions in these chaotic systems

Hertzberg 1609.01342

Implication for Axion Simulations

Note: this is not some trivial consequence of Ehrenfest theorem… 

(Return to residual quantumness at end of talk)



Implication for Axion Dark Matter

Statistically, axions should be well described  
by classical field theory

What is the BEC?  

Hogan, Rees 1988; Kolb, Tkachev 1993, 1994, 1995; Barranco, Bernal 2001; Fairbairn, 
Marsh, Quevillon, Rozier 2017; Kitajima, Soda, Urakawa 2018; Eby, Leembruggen, Ma, 
Street, Suranyi, Vaz, Wijewardhana 2014-2020     

Also can form in halos of PBHs: Hertzberg, Sciappacasse, Yanagida 2020

Miniclusters —> Axion stars 

May be numerous in galaxies  

 Guth, Hertzberg, Prescod-Weinstein 2014



Axion Stars in Detail



Equation of Motion

Return to Non-Relativistic Classical Field Theory

(� < 0)



Star Solutions (BEC) at fixed N

Schiappacasse, Hertzberg 1710.04729

Exact

Sech Approx.

Exponential Approx.
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Two Branches of Solutions

See Chavanis, Delfini 2011 and others…   
Schiappacasse, Hertzberg 1710.04729



Two Branches of Solutions

Stable

Unstable

See Chavanis, Delfini 2011 and others…   
Schiappacasse, Hertzberg 1710.04729



Two Branches of Solutions

See Chavanis, Delfini 2011 and others…   
Schiappacasse, Hertzberg 1710.04729



Relativistic Branch (Axiton)



Relativistic Branch (Axiton/Oscillon)

Unstable

Quasi-Stable (Axiton/Oscillon)

Kolb, Tkachev astro-ph/9311037;  Fodor, Fogacs, Horvath, Mezei 0903.0953;  
Hertzberg 1003.3459;  Eby, Suranyi, Wijewardhana 1512.01709;  Schiappacasse, Hertzberg 
1710.04729;  Visinelli, Baum, Redondo, Freese, Wilczek 1710.08910; …



Repulsive Self Interactions

(see; Fan 2016)

<latexit sha1_base64="dQPkbp3ThmZB9KMw2ALT8yx7QEs="></latexit>
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Repulsive Self Interaction (Axion-Like Particle)

(� > 0)

See Colpi, Shapiro, Wasserman 1986;  Chavanis, Delfini 2011 and others…   
Schiappacasse, Hertzberg 1710.04729;  Hertzberg, Rompineve, Yang 2010.07927 



Implications for Fuzzy Dark Matter

 Can it explain galactic cores? 

Hu, Barkana, Gruzinov 2000, ….
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ma ⇠ 10�21 eV



Core Density Vs Core Radius (Data)

Data from: Rodriguez, del Popolo, Marra, de Oliveira 2017
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Core Density Vs Core Radius (Data)
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Data from: Rodriguez, del Popolo, Marra, de Oliveira 2017



Core Density Vs Core Radius (Light Scalar in BEC)
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                   Deng, Hertzberg, Namjoo, Masoumi 1804.05921



Core Density Vs Core Radius (Light Scalar in BEC)
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Never obtain

Core Density Vs Core Radius (Light Scalar in BEC)
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Extension to general potentials, 
polytropes, full relativistic

                   Deng, Hertzberg, Namjoo, Masoumi 1804.05921
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and stable

    Solid = Stable
Dashed = Unstable



Axion Star Resonance into Photons



Consider Axion to Photon Coupling

�

��

Photon Lagrangian

Equation of motion

�(t) ⇡ �a cos(m�t)

L� =
1

2
(E2 �B2) + ga� �E ·B

(Sikivie 1983; Adshead, Giblin, Scully, Sfakianakis 2015, 2016; Masaki, Aoki, Soda 2017)



Homogeneous Axion Field

Mathieu Equation

k ⇡ ma

2

Parametric resonance 
     always present

µ⇤
H

⇡ 1

4
ga� m� �a

                                               e.g., Yoshimura 1996;  
- maybe relevant to Hubble tension for ultralight axions: Gonzalez, Hertzberg, Rompineve 2006.13959



Comment on Photon Plasma Mass

In plasma, the photon acquires an effective mass !2
p =

4⇡↵ne

me

In VERY EARLY universe, this is huge; preventing resonance

Clumps in halo: !2
p ⇡ ne

0.03 cm�3

�
6⇥ 10�12 eV

�2

Negligibly small; allowing for resonance



Inhomogeneous (Spherical) Axion Star

Decomposition into vector spherical harmonics

Mlm(k, r) = i
jl(kr)p
l(l + 1)

r⇥ [Ylm(✓,')r]

Nlm(k, r) =
i

k
r⇥Mlm

where

A(r, t) =
X

lm

Z
d3k

(2⇡)3
[alm(k, t)Nlm(k, r) + blm(k, t)Mlm(k, r)]

Hertzberg, Schiappacasse 1805.00430 

https://arxiv.org/abs/1805.00430


Inhomogeneous (Spherical) Axion Star

ä10(k, t) + k2a10(k, t) + ga�k

Z
dk0

(2⇡)
@t�̃(k � k0)a10(k

0, t)

l = 1,m = 0, b10 = �i a10

Hertzberg, Schiappacasse 1805.00430 

= 0

Instability channel

https://arxiv.org/abs/1805.00430


Inhomogeneous (Spherical) Axion Star

ä10(k, t) + k2a10(k, t) + ga�k

Z
dk0

(2⇡)
@t�̃(k � k0)a10(k

0, t)

l = 1,m = 0, b10 = �i a10

Hertzberg, Schiappacasse 1805.00430 

= 0

µhom > µesc

Instability channel

Tkachev 1986, 1987, 2015;  
Hertzberg 2010;  Kawasaki, Yamada 2014 

https://arxiv.org/abs/1805.00430


Resonance Condition (Spherical) Axion Star

No resonance for standard QCD axion-photon coupling

Hertzberg, Schiappacasse 1805.00430 

ga� >
0.3

fa

ga� ⇠ ↵

fa

Allowed for models with enhanced couplings, decay to hidden sectors, 
or repulsive interactions

(� < 0)

(e.g., Daido, Takahashi, Yokozaki 2018)

(e.g., Fan 2016)

(e.g., Farina, Pappadopulo, Rompineve, Tesi 2016)

https://arxiv.org/abs/1805.00430


Including Angular Momentum



Two Branches of Solutions (with Angular Momentum)

Hertzberg, Schiappacasse 1804.07255
(l
=

m
=

5)
(l =

m
=
10)

(l =
m
=
15)

(l =
m
=
20)

(l =
m
=
25)

High angular momentum allows higher amplitude at core,  
which helps for resonance into photons



Resonance Condition (Non-Spherical) Axion Star

Resonance allowed for standard  
QCD axion-photon couplings,  
with high angular momentum

Hertzberg, Schiappacasse 1805.00430 

ga� >
0.3

fa
p
l + 1
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https://arxiv.org/abs/1805.00430


Astrophysical Consequences
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Lasing Stars Early Universe

Hertzberg, Schiappacasse 1805.00430 

(i) Mass Pile Up

https://arxiv.org/abs/1805.00430


Axion Star Mergers

Hertzberg, Li, Schiappacasse 2005.02405
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Mmerged > max{M1, M2}
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k
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ma

= O(1)meters

(also Tkachev 2015)

Lasing Stars Late Universe

Hertzberg, Li, Schiappacasse 2005.02405



Recall that non-linear dynamics can launch states into 
Schrodinger cat-like states 

Schrodinger Cat Billiards
Quantumness destroyed due to 

DECOHERENCE

+



Recall that non-linear dynamics can launch states into 
Schrodinger cat-like states 

(Axion) Dark Matter Schrodinger Cat

Quantumness destroyed due to 
DECOHERENCE???

Less clear because dark matter has
tiny (non-gravitational) interactions



Could Dark Matter Schrodinger Cats Survive?



Entanglement from Gravitational Scattering

| f i = |A1i| 1i+ |A2i| 2i
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| ii = (|A1i+ |A2i)| i
<latexit sha1_base64="T4CbbTbxdHGOyMc0IuXeyiKZ2T8=">AAACHXicbZBNS8MwGMdTX+d8q3r0EhzCRBjtnOhFmHrxOMG9wFpKmqVbWJqWJBVGty/ixa/ixYMiHryI38Zsq6Cbfwj88n+eh+T5+zGjUlnWl7GwuLS8sppby69vbG5tmzu7DRklApM6jlgkWj6ShFFO6ooqRlqxICj0GWn6/etxvXlPhKQRv1ODmLgh6nIaUIyUtjyzMnRqknrUEYh3GbkoDi89O7scay5nfDR0YvnT5ZkFq2RNBOfBzqAAMtU888PpRDgJCVeYISnbthUrN0VCUczIKO8kksQI91GXtDVyFBLpppPtRvBQOx0YREIfruDE/T2RolDKQejrzhCpnpytjc3/au1EBeduSnmcKMLx9KEgYVBFcBwV7FBBsGIDDQgLqv8KcQ8JhJUONK9DsGdXnodGuWSflE5vK4XqVRZHDuyDA1AENjgDVXADaqAOMHgAT+AFvBqPxrPxZrxPWxeMbGYP/JHx+Q22MKJS</latexit>

Product State Entangled State

Probe particle

|A1i+ |A2i
<latexit sha1_base64="UOQ5h2KqPmP/LbIqAU3xX5D0GKA=">AAACAHicbZDLSsNAFIZPvNZ6i7pw4WawCIJQkqrosurGZQV7gTaEyXTSDp1MwsxEKLEbX8WNC0Xc+hjufBunbRba+sPAx3/O4cz5g4QzpR3n21pYXFpeWS2sFdc3Nre27Z3dhopTSWidxDyWrQArypmgdc00p61EUhwFnDaDwc243nygUrFY3OthQr0I9wQLGcHaWL69/3jlux2JRY/TE8OVnH275JSdidA8uDmUIFfNt7863ZikERWacKxU23US7WVYakY4HRU7qaIJJgPco22DAkdUednkgBE6Mk4XhbE0T2g0cX9PZDhSahgFpjPCuq9ma2Pzv1o71eGllzGRpJoKMl0UphzpGI3TQF0mKdF8aAATycxfEeljiYk2mRVNCO7syfPQqJTd0/L53Vmpep3HUYADOIRjcOECqnALNagDgRE8wyu8WU/Wi/VufUxbF6x8Zg/+yPr8Af6Mlgg=</latexit>

| i
<latexit sha1_base64="7C4lCCzxv/hAVKAylIaRq6GsPX0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmAdklzA76U2GzM4uM7NCiPkNLx4U8erPePNvnCR70MSChqKqm+6uMBVcG9f9dgorq2vrG8XN0tb2zu5eef+gqZNMMWywRCSqHVKNgktsGG4EtlOFNA4FtsLh7dRvPaLSPJEPZpRiENO+5BFn1FjJf/JTzX1FZV9gt1xxq+4MZJl4OalAjnq3/OX3EpbFKA0TVOuO56YmGFNlOBM4KfmZxpSyIe1jx1JJY9TBeHbzhJxYpUeiRNmShszU3xNjGms9ikPbGVMz0IveVPzP62Qmug7GXKaZQcnmi6JMEJOQaQCkxxUyI0aWUKa4vZWwAVWUGRtTyYbgLb68TJpnVe+8enl/Uand5HEU4QiO4RQ8uIIa3EEdGsAghWd4hTcnc16cd+dj3lpw8plD+APn8wduf5Hy</latexit>

| 1i
<latexit sha1_base64="IUrk5fo6ZROpYG9B+nUjSeDY2jo=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSR+oMeiF48V7Ac0sWy2k3bpZhN2N0qJ/R9ePCji1f/izX/jts1BWx8MPN6bYWZekHCmtON8W4Wl5ZXVteJ6aWNza3unvLvXVHEqKTZozGPZDohCzgQ2NNMc24lEEgUcW8HweuK3HlAqFos7PUrQj0hfsJBRoo10/+QlinVdTxLR59gtV5yqM4W9SNycVCBHvVv+8noxTSMUmnKiVMd1Eu1nRGpGOY5LXqowIXRI+tgxVJAIlZ9Nrx7bR0bp2WEsTQltT9XfExmJlBpFgemMiB6oeW8i/ud1Uh1e+hkTSapR0NmiMOW2ju1JBHaPSaSajwwhVDJzq00HRBKqTVAlE4I7//IiaZ5U3dPq+e1ZpXaVx1GEAziEY3DhAmpwA3VoAAUJz/AKb9aj9WK9Wx+z1oKVz+zDH1ifP5tbkpY=</latexit>

| 2i
<latexit sha1_base64="81CF1CpkFH2TxoFBqav31LF4shE=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laQqeix68VjBfkATy2Y7aZduNmF3o5TY/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFCWdKO863tbS8srq2Xtgobm5t7+yW9vabKk4lxQaNeSzbAVHImcCGZppjO5FIooBjKxheT/zWA0rFYnGnRwn6EekLFjJKtJHun7xEsW7Vk0T0OXZLZafiTGEvEjcnZchR75a+vF5M0wiFppwo1XGdRPsZkZpRjuOilypMCB2SPnYMFSRC5WfTq8f2sVF6dhhLU0LbU/X3REYipUZRYDojogdq3puI/3mdVIeXfsZEkmoUdLYoTLmtY3sSgd1jEqnmI0MIlczcatMBkYRqE1TRhODOv7xImtWKe1o5vz0r167yOApwCEdwAi5cQA1uoA4NoCDhGV7hzXq0Xqx362PWumTlMwfwB9bnD5zmkpc=</latexit>

(e.g., baryon,…)

Allali, Hertzberg 2005.12287



Trace Out Probe Particle

⇢ = | f ih f |
<latexit sha1_base64="UFpVEUIjNqYGJPtxV2AW0e6yOk0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKuEhWJAqWBiLRB9SE0WO67RWHTuyHaQq7czCr7AwgBArX8DG3+CmGaDlSFf36Jx7Zd8TJowq7Tjf1sLi0vLKammtvL6xubVt7+w2lUglJg0smJDtECnCKCcNTTUj7UQSFIeMtMLBzcRvPRCpqOD3epgQP0Y9TiOKkTZSYB94si+uRl5d0SDyJOI9Rjw2bbk2CuyKU3VywHniFqQCCtQD+8vrCpzGhGvMkFId10m0nyGpKWZkXPZSRRKEB6hHOoZyFBPlZ/kpY3hklC6MhDTFNczV3xsZipUaxqGZjJHuq1lvIv7ndVIdXfoZ5UmqCcfTh6KUQS3gJBfYpZJgzYaGICyp+SvEfSQR1ia9sgnBnT15njRPqu5p9fzurFK7LuIogX1wCI6BCy5ADdyCOmgADB7BM3gFb9aT9WK9Wx/T0QWr2NkDf2B9/gD2V5sU</latexit>

Full Density Matrix

⇢red = Trp[⇢]
<latexit sha1_base64="NbWXOPMJ3nOijEr+5ikUfMLP98o=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclcQHuhGKblxW6AuaECaTSTt0kgkzE7GE7Nz4K25cKOLWX3Dn3zhps9DWAxcO59zLvff4CaNSWda3sbC4tLyyWlmrrm9sbm2bO7sdyVOBSRtzxkXPR5IwGpO2ooqRXiIIinxGuv7opvC790RIyuOWGifEjdAgpiHFSGnJMw8cMeReJkiQXzmRzx+ylsi9LMn7heF6Zs2qWxPAeWKXpAZKND3zywk4TiMSK8yQlH3bSpSbIaEoZiSvOqkkCcIjNCB9TWMUEelmkz9yeKSVAIZc6IoVnKi/JzIUSTmOfN0ZITWUs14h/uf1UxVeuhmNk1SRGE8XhSmDisMiFBhQQbBiY00QFlTfCvEQCYSVjq6qQ7BnX54nnZO6fVo/vzurNa7LOCpgHxyCY2CDC9AAt6AJ2gCDR/AMXsGb8WS8GO/Gx7R1wShn9sAfGJ8/X12aRg==</latexit>

Reduced Density Matrix

= |A1ihA1|+ |A2ihA2|+ h 1| 2i|A2ihA1|+ h 2| 1i|A1ihA2|
<latexit sha1_base64="zZ7ezgZoJvkCXSzeF6D1q4i4Sgs="></latexit>

Allali, Hertzberg 2005.12287



Trace Out Probe Particle

⇢ = | f ih f |
<latexit sha1_base64="UFpVEUIjNqYGJPtxV2AW0e6yOk0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKuEhWJAqWBiLRB9SE0WO67RWHTuyHaQq7czCr7AwgBArX8DG3+CmGaDlSFf36Jx7Zd8TJowq7Tjf1sLi0vLKammtvL6xubVt7+w2lUglJg0smJDtECnCKCcNTTUj7UQSFIeMtMLBzcRvPRCpqOD3epgQP0Y9TiOKkTZSYB94si+uRl5d0SDyJOI9Rjw2bbk2CuyKU3VywHniFqQCCtQD+8vrCpzGhGvMkFId10m0nyGpKWZkXPZSRRKEB6hHOoZyFBPlZ/kpY3hklC6MhDTFNczV3xsZipUaxqGZjJHuq1lvIv7ndVIdXfoZ5UmqCcfTh6KUQS3gJBfYpZJgzYaGICyp+SvEfSQR1ia9sgnBnT15njRPqu5p9fzurFK7LuIogX1wCI6BCy5ADdyCOmgADB7BM3gFb9aT9WK9Wx/T0QWr2NkDf2B9/gD2V5sU</latexit>

Full Density Matrix

⇢red = Trp[⇢]
<latexit sha1_base64="NbWXOPMJ3nOijEr+5ikUfMLP98o=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclcQHuhGKblxW6AuaECaTSTt0kgkzE7GE7Nz4K25cKOLWX3Dn3zhps9DWAxcO59zLvff4CaNSWda3sbC4tLyyWlmrrm9sbm2bO7sdyVOBSRtzxkXPR5IwGpO2ooqRXiIIinxGuv7opvC790RIyuOWGifEjdAgpiHFSGnJMw8cMeReJkiQXzmRzx+ylsi9LMn7heF6Zs2qWxPAeWKXpAZKND3zywk4TiMSK8yQlH3bSpSbIaEoZiSvOqkkCcIjNCB9TWMUEelmkz9yeKSVAIZc6IoVnKi/JzIUSTmOfN0ZITWUs14h/uf1UxVeuhmNk1SRGE8XhSmDisMiFBhQQbBiY00QFlTfCvEQCYSVjq6qQ7BnX54nnZO6fVo/vzurNa7LOCpgHxyCY2CDC9AAt6AJ2gCDR/AMXsGb8WS8GO/Gx7R1wShn9sAfGJ8/X12aRg==</latexit>

Reduced Density Matrix

= |A1ihA1|+ |A2ihA2|+ h 1| 2i|A2ihA1|+ h 2| 1i|A1ihA2|
<latexit sha1_base64="zZ7ezgZoJvkCXSzeF6D1q4i4Sgs="></latexit>

Off diagonal elements; 
controlling true quantum effects

Allali, Hertzberg 2005.12287



Result for Overlap of Probe Particle States

We evolve a Gaussian wave packet using perturbation theory

|h 1| 2i|2 = 1� 2�
<latexit sha1_base64="udLT1r4VvntAtNPu7Lin93/BQoQ=">AAACEnicbVDLSsNAFJ34rPUVdekmWARdWJKo6EYo6sJlBfuAJpbJ9LYdOpmEmYlQ2n6DG3/FjQtF3Lpy5984TbPQ1gOXezjnXmbuCWJGpbLtb2NufmFxaTm3kl9dW9/YNLe2qzJKBIEKiVgk6gGWwCiHiqKKQT0WgMOAQS3oXY392gMISSN+p/ox+CHucNqmBCstNc3Doccw7zDwYkmbzjBtridSbXjvXjhHrncNTOGmWbCLdgprljgZKaAM5ab55bUikoTAFWFYyoZjx8ofYKEoYTDKe4mEGJMe7kBDU45DkP4gPWlk7WulZbUjoYsrK1V/bwxwKGU/DPRkiFVXTntj8T+vkaj2uT+gPE4UcDJ5qJ0wS0XWOB+rRQUQxfqaYCKo/qtFulhgonSKeR2CM33yLKm6Ree4eHp7UihdZnHk0C7aQwfIQWeohG5QGVUQQY/oGb2iN+PJeDHejY/J6JyR7eygPzA+fwC1kZ14</latexit>

Probe particle | i
<latexit sha1_base64="7C4lCCzxv/hAVKAylIaRq6GsPX0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmAdklzA76U2GzM4uM7NCiPkNLx4U8erPePNvnCR70MSChqKqm+6uMBVcG9f9dgorq2vrG8XN0tb2zu5eef+gqZNMMWywRCSqHVKNgktsGG4EtlOFNA4FtsLh7dRvPaLSPJEPZpRiENO+5BFn1FjJf/JTzX1FZV9gt1xxq+4MZJl4OalAjnq3/OX3EpbFKA0TVOuO56YmGFNlOBM4KfmZxpSyIe1jx1JJY9TBeHbzhJxYpUeiRNmShszU3xNjGms9ikPbGVMz0IveVPzP62Qmug7GXKaZQcnmi6JMEJOQaQCkxxUyI0aWUKa4vZWwAVWUGRtTyYbgLb68TJpnVe+8enl/Uand5HEU4QiO4RQ8uIIa3EEdGsAghWd4hTcnc16cd+dj3lpw8plD+APn8wduf5Hy</latexit>

| 1i
<latexit sha1_base64="IUrk5fo6ZROpYG9B+nUjSeDY2jo=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSR+oMeiF48V7Ac0sWy2k3bpZhN2N0qJ/R9ePCji1f/izX/jts1BWx8MPN6bYWZekHCmtON8W4Wl5ZXVteJ6aWNza3unvLvXVHEqKTZozGPZDohCzgQ2NNMc24lEEgUcW8HweuK3HlAqFos7PUrQj0hfsJBRoo10/+QlinVdTxLR59gtV5yqM4W9SNycVCBHvVv+8noxTSMUmnKiVMd1Eu1nRGpGOY5LXqowIXRI+tgxVJAIlZ9Nrx7bR0bp2WEsTQltT9XfExmJlBpFgemMiB6oeW8i/ud1Uh1e+hkTSapR0NmiMOW2ju1JBHaPSaSajwwhVDJzq00HRBKqTVAlE4I7//IiaZ5U3dPq+e1ZpXaVx1GEAziEY3DhAmpwA3VoAAUJz/AKb9aj9WK9Wx+z1oKVz+zDH1ifP5tbkpY=</latexit>

| 2i
<latexit sha1_base64="81CF1CpkFH2TxoFBqav31LF4shE=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laQqeix68VjBfkATy2Y7aZduNmF3o5TY/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFCWdKO863tbS8srq2Xtgobm5t7+yW9vabKk4lxQaNeSzbAVHImcCGZppjO5FIooBjKxheT/zWA0rFYnGnRwn6EekLFjJKtJHun7xEsW7Vk0T0OXZLZafiTGEvEjcnZchR75a+vF5M0wiFppwo1XGdRPsZkZpRjuOilypMCB2SPnYMFSRC5WfTq8f2sVF6dhhLU0LbU/X3REYipUZRYDojogdq3puI/3mdVIeXfsZEkmoUdLYoTLmtY3sSgd1jEqnmI0MIlczcatMBkYRqE1TRhODOv7xImtWKe1o5vz0r167yOApwCEdwAi5cQA1uoA4NoCDhGV7hzXq0Xqx362PWumTlMwfwB9bnD5zmkpc=</latexit>

p

p

Allali, Hertzberg 2005.12287

<latexit sha1_base64="UrzhzNXi+vZJ/BMLqEPB9uSNKUY=">AAAB9HicdVDLSgMxFM34rPVVdekmWAQXUpKitt0V3bgRKtgHdIYhk6ZtaCYzJplCGfodblwo4taPceffmGkrqOiBC4dz7uXee4JYcG0Q+nCWlldW19ZzG/nNre2d3cLefktHiaKsSSMRqU5ANBNcsqbhRrBOrBgJA8Hawegq89tjpjSP5J2ZxMwLyUDyPqfEWMlz0xsfn7ph4mN36heKqIQQwhjDjODKBbKkVquWcRXizLIoggUafuHd7UU0CZk0VBCtuxjFxkuJMpwKNs27iWYxoSMyYF1LJQmZ9tLZ0VN4bJUe7EfKljRwpn6fSEmo9SQMbGdIzFD/9jLxL6+bmH7VS7mME8MknS/qJwKaCGYJwB5XjBoxsYRQxe2tkA6JItTYnPI2hK9P4f+kVS7h8xK6PSvWLxdx5MAhOAInAIMKqINr0ABNQME9eABP4NkZO4/Oi/M6b11yFjMH4Aect08xnpG9</latexit>

{M1, µ1}
<latexit sha1_base64="l1v3eg9pPPYgxBMhvI6BaYNqPBU=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBg4Qkxrbeil68CBVsLTQhbLbbduluEnc3hRL6O7x4UMSrP8ab/8ZNW0FFHww83pthZl6YMCqVZX0YhaXlldW14nppY3Nre6e8u9eWcSowaeGYxaITIkkYjUhLUcVIJxEE8ZCRu3B0mft3YyIkjaNbNUmIz9Egon2KkdKS72XXgXPi8TRwvGlQrljmeb3quFVomZZVsx07J07NPXWhrZUcFbBAMyi/e70Yp5xECjMkZde2EuVnSCiKGZmWvFSSBOERGpCuphHiRPrZ7OgpPNJKD/ZjoStScKZ+n8gQl3LCQ93JkRrK314u/uV1U9Wv+xmNklSRCM8X9VMGVQzzBGCPCoIVm2iCsKD6VoiHSCCsdE4lHcLXp/B/0nZM+8y0btxK42IRRxEcgENwDGxQAw1wBZqgBTC4Bw/gCTwbY+PReDFe560FYzGzD37AePsER8mRyw==</latexit>

{M2, µ2}



Decoherence Rate from N-Probe Particles

Off diagonal element
of density matrix

Decoherence rate

Allali, Hertzberg 2005.12287

<latexit sha1_base64="rbppmERILHCgZ04u2GqoQIJqenk="></latexit>
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O(1)Mass and Size Parameters

Application to Diffuse Axions

Allali, Hertzberg 2005.12287



Allali, Hertzberg 2005.12287

Application to Boson Stars

Boson stars are much denser

Extremely rapid decoherence —> Very classical

Probe particle | i
<latexit sha1_base64="7C4lCCzxv/hAVKAylIaRq6GsPX0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmAdklzA76U2GzM4uM7NCiPkNLx4U8erPePNvnCR70MSChqKqm+6uMBVcG9f9dgorq2vrG8XN0tb2zu5eef+gqZNMMWywRCSqHVKNgktsGG4EtlOFNA4FtsLh7dRvPaLSPJEPZpRiENO+5BFn1FjJf/JTzX1FZV9gt1xxq+4MZJl4OalAjnq3/OX3EpbFKA0TVOuO56YmGFNlOBM4KfmZxpSyIe1jx1JJY9TBeHbzhJxYpUeiRNmShszU3xNjGms9ikPbGVMz0IveVPzP62Qmug7GXKaZQcnmi6JMEJOQaQCkxxUyI0aWUKa4vZWwAVWUGRtTyYbgLb68TJpnVe+8enl/Uand5HEU4QiO4RQ8uIIa3EEdGsAghWd4hTcnc16cd+dj3lpw8plD+APn8wduf5Hy</latexit>

| 1i
<latexit sha1_base64="IUrk5fo6ZROpYG9B+nUjSeDY2jo=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSR+oMeiF48V7Ac0sWy2k3bpZhN2N0qJ/R9ePCji1f/izX/jts1BWx8MPN6bYWZekHCmtON8W4Wl5ZXVteJ6aWNza3unvLvXVHEqKTZozGPZDohCzgQ2NNMc24lEEgUcW8HweuK3HlAqFos7PUrQj0hfsJBRoo10/+QlinVdTxLR59gtV5yqM4W9SNycVCBHvVv+8noxTSMUmnKiVMd1Eu1nRGpGOY5LXqowIXRI+tgxVJAIlZ9Nrx7bR0bp2WEsTQltT9XfExmJlBpFgemMiB6oeW8i/ud1Uh1e+hkTSapR0NmiMOW2ju1JBHaPSaSajwwhVDJzq00HRBKqTVAlE4I7//IiaZ5U3dPq+e1ZpXaVx1GEAziEY3DhAmpwA3VoAAUJz/AKb9aj9WK9Wx+z1oKVz+zDH1ifP5tbkpY=</latexit>

| 2i
<latexit sha1_base64="81CF1CpkFH2TxoFBqav31LF4shE=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laQqeix68VjBfkATy2Y7aZduNmF3o5TY/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFCWdKO863tbS8srq2Xtgobm5t7+yW9vabKk4lxQaNeSzbAVHImcCGZppjO5FIooBjKxheT/zWA0rFYnGnRwn6EekLFjJKtJHun7xEsW7Vk0T0OXZLZafiTGEvEjcnZchR75a+vF5M0wiFppwo1XGdRPsZkZpRjuOilypMCB2SPnYMFSRC5WfTq8f2sVF6dhhLU0LbU/X3REYipUZRYDojogdq3puI/3mdVIeXfsZEkmoUdLYoTLmtY3sSgd1jEqnmI0MIlczcatMBkYRqE1TRhODOv7xImtWKe1o5vz0r167yOApwCEdwAi5cQA1uoA4NoCDhGV7hzXq0Xqx362PWumTlMwfwB9bnD5zmkpc=</latexit>

Boson star

Decoherence Rate

(e.g., baryon,…)



Allali, Hertzberg 2012.12903

General Relativistic Extension

Probe particle | i
<latexit sha1_base64="7C4lCCzxv/hAVKAylIaRq6GsPX0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmAdklzA76U2GzM4uM7NCiPkNLx4U8erPePNvnCR70MSChqKqm+6uMBVcG9f9dgorq2vrG8XN0tb2zu5eef+gqZNMMWywRCSqHVKNgktsGG4EtlOFNA4FtsLh7dRvPaLSPJEPZpRiENO+5BFn1FjJf/JTzX1FZV9gt1xxq+4MZJl4OalAjnq3/OX3EpbFKA0TVOuO56YmGFNlOBM4KfmZxpSyIe1jx1JJY9TBeHbzhJxYpUeiRNmShszU3xNjGms9ikPbGVMz0IveVPzP62Qmug7GXKaZQcnmi6JMEJOQaQCkxxUyI0aWUKa4vZWwAVWUGRtTyYbgLb68TJpnVe+8enl/Uand5HEU4QiO4RQ8uIIa3EEdGsAghWd4hTcnc16cd+dj3lpw8plD+APn8wduf5Hy</latexit>

| 1i
<latexit sha1_base64="IUrk5fo6ZROpYG9B+nUjSeDY2jo=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSR+oMeiF48V7Ac0sWy2k3bpZhN2N0qJ/R9ePCji1f/izX/jts1BWx8MPN6bYWZekHCmtON8W4Wl5ZXVteJ6aWNza3unvLvXVHEqKTZozGPZDohCzgQ2NNMc24lEEgUcW8HweuK3HlAqFos7PUrQj0hfsJBRoo10/+QlinVdTxLR59gtV5yqM4W9SNycVCBHvVv+8noxTSMUmnKiVMd1Eu1nRGpGOY5LXqowIXRI+tgxVJAIlZ9Nrx7bR0bp2WEsTQltT9XfExmJlBpFgemMiB6oeW8i/ud1Uh1e+hkTSapR0NmiMOW2ju1JBHaPSaSajwwhVDJzq00HRBKqTVAlE4I7//IiaZ5U3dPq+e1ZpXaVx1GEAziEY3DhAmpwA3VoAAUJz/AKb9aj9WK9Wx+z1oKVz+zDH1ifP5tbkpY=</latexit>

| 2i
<latexit sha1_base64="81CF1CpkFH2TxoFBqav31LF4shE=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laQqeix68VjBfkATy2Y7aZduNmF3o5TY/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFCWdKO863tbS8srq2Xtgobm5t7+yW9vabKk4lxQaNeSzbAVHImcCGZppjO5FIooBjKxheT/zWA0rFYnGnRwn6EekLFjJKtJHun7xEsW7Vk0T0OXZLZafiTGEvEjcnZchR75a+vF5M0wiFppwo1XGdRPsZkZpRjuOilypMCB2SPnYMFSRC5WfTq8f2sVF6dhhLU0LbU/X3REYipUZRYDojogdq3puI/3mdVIeXfsZEkmoUdLYoTLmtY3sSgd1jEqnmI0MIlczcatMBkYRqE1TRhODOv7xImtWKe1o5vz0r167yOApwCEdwAi5cQA1uoA4NoCDhGV7hzXq0Xqx362PWumTlMwfwB9bnD5zmkpc=</latexit>

(e.g., photon,…)



General Relativistic Extension

Probe particle | i
<latexit sha1_base64="7C4lCCzxv/hAVKAylIaRq6GsPX0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmAdklzA76U2GzM4uM7NCiPkNLx4U8erPePNvnCR70MSChqKqm+6uMBVcG9f9dgorq2vrG8XN0tb2zu5eef+gqZNMMWywRCSqHVKNgktsGG4EtlOFNA4FtsLh7dRvPaLSPJEPZpRiENO+5BFn1FjJf/JTzX1FZV9gt1xxq+4MZJl4OalAjnq3/OX3EpbFKA0TVOuO56YmGFNlOBM4KfmZxpSyIe1jx1JJY9TBeHbzhJxYpUeiRNmShszU3xNjGms9ikPbGVMz0IveVPzP62Qmug7GXKaZQcnmi6JMEJOQaQCkxxUyI0aWUKa4vZWwAVWUGRtTyYbgLb68TJpnVe+8enl/Uand5HEU4QiO4RQ8uIIa3EEdGsAghWd4hTcnc16cd+dj3lpw8plD+APn8wduf5Hy</latexit>

| 1i
<latexit sha1_base64="IUrk5fo6ZROpYG9B+nUjSeDY2jo=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSR+oMeiF48V7Ac0sWy2k3bpZhN2N0qJ/R9ePCji1f/izX/jts1BWx8MPN6bYWZekHCmtON8W4Wl5ZXVteJ6aWNza3unvLvXVHEqKTZozGPZDohCzgQ2NNMc24lEEgUcW8HweuK3HlAqFos7PUrQj0hfsJBRoo10/+QlinVdTxLR59gtV5yqM4W9SNycVCBHvVv+8noxTSMUmnKiVMd1Eu1nRGpGOY5LXqowIXRI+tgxVJAIlZ9Nrx7bR0bp2WEsTQltT9XfExmJlBpFgemMiB6oeW8i/ud1Uh1e+hkTSapR0NmiMOW2ju1JBHaPSaSajwwhVDJzq00HRBKqTVAlE4I7//IiaZ5U3dPq+e1ZpXaVx1GEAziEY3DhAmpwA3VoAAUJz/AKb9aj9WK9Wx+z1oKVz+zDH1ifP5tbkpY=</latexit>

| 2i
<latexit sha1_base64="81CF1CpkFH2TxoFBqav31LF4shE=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laQqeix68VjBfkATy2Y7aZduNmF3o5TY/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFCWdKO863tbS8srq2Xtgobm5t7+yW9vabKk4lxQaNeSzbAVHImcCGZppjO5FIooBjKxheT/zWA0rFYnGnRwn6EekLFjJKtJHun7xEsW7Vk0T0OXZLZafiTGEvEjcnZchR75a+vF5M0wiFppwo1XGdRPsZkZpRjuOilypMCB2SPnYMFSRC5WfTq8f2sVF6dhhLU0LbU/X3REYipUZRYDojogdq3puI/3mdVIeXfsZEkmoUdLYoTLmtY3sSgd1jEqnmI0MIlczcatMBkYRqE1TRhODOv7xImtWKe1o5vz0r167yOApwCEdwAi5cQA1uoA4NoCDhGV7hzXq0Xqx362PWumTlMwfwB9bnD5zmkpc=</latexit>

(e.g., photon,…)
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General Relativistic Extension

Decoherence Rate
for superposition of

different phases

Starting from QFT, can derive RSE for 1-particle sub-space:

Exponentially suppressed for non-relativistic axions or probes

So the phase is rather robust against decoherence - may be relevant to direct detection

(Although may decohere near black hole horizons)

<latexit sha1_base64="LId/6OTJ7mHB3oFGagfNfe2VJEA="></latexit>
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(ignoring spin)

Allali, Hertzberg 2012.12903



Thank you


