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QCD Axion in brief



|✓| . 10�10

-3 -2 -1 0 1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

q

V

✓ ! �/fa

�La ⇠ �

fa
Ea ·Ba +

1

2
(@�)2 � V (�)

�Lqcd ⇠ ✓Ea ·Ba

ma ⇠
⇤2
qcd

fa
� ⇠ �

⇤4
qcd

f4
a

Axion mass: (Attractive) Self-Coupling:

V (�) =
1

2
m2

a�
2 +

�

4!
�4 + . . .

(Peccei, Quinn, Weinberg, Wilczek

Kim, Shifman, Vainshtein, Zakharov

Dine, Fischler, Srednicki, Zhitnitsky)

QCD-Axion



|✓| . 10�10

✓ ! �/fa

�La ⇠ �

fa
Ea ·Ba +

1

2
(@�)2 � V (�)

�Lqcd ⇠ ✓Ea ·Ba

⌦a ⇡ h✓2i i
✓

fa
1012GeV

◆7/6

< 0.25

Abundance

-3 -2 -1 0 1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

q

V
Related issues for string-axions, 


ALPs, light bosonic DM

(Peccei, Quinn, Weinberg, Wilczek

Kim, Shifman, Vainshtein, Zakharov
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Fluctuations and Evolution



In Post-Inflationary Scenario; Initial Distribution 

N ⇠ 1061
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(ma ⇠ 10�5 eV )



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

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)

- Banik, Christopherson, Sikivie, Todarello (2015)

- Davidson (2015)


   -   Eby, Suranyi, Wijewardhana (2014, 2015, 2016, 

   2017, 2018, 2019, 2020) [w/Leembruggen, Ma, Street, Vaz]

  - ……. many more……



Classical vs Quantum with Interactions

Part 1



What About Interactions?

Fundamental claim of Sikivie, Todarello, 1607.00949


On time scales                    the classical description

breaks down, requiring the full quantum theory,

which is the only way to see thermalization

t > ⌧ = 1/�



|{Ni}i = |12, 25, 4, 12, 1i

ai =
p

NiInitial classical state

Toy Model

Second Quantized Language

Consider just 5 oscillators for simplicity

Initial quantum state

Sikivie, Todarello, 1607.00949



Quantum vs Classical??

Sikivie, Todarello, 1607.00949

Quantum Classical



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 (JCAP)

Correct Classical Treatment
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Implication for Correlation Functions



Implication for Correlation Functions

At high occupancy

Ergodic theorem

Hertzberg 1609.01342 (JCAP)



Correlation functions of quantum and classical micro-states 
agree at high occupancy, despite the macroscopic spreading 

of wave-functions in these chaotic systems

Implication for Axion Simulations

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


Hertzberg 1609.01342 (JCAP)



Akin to billiard balls which exhibit chaos 


Albrecht, Phillips 2012 (Return to this at end of talk)



Implication for Axion Dark Matter

Statistically, axions are well described 

by classical field theory, after all

What is the BEC?  

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

Miniclusters

—> Axion stars


that may exist in

galaxies



Light Scalar Condensates/Stars in Detail

Part 2



Equation of Motion

Return to Non-Relativistic Classical Field Theory

(� < 0)



Star Solutions (BEC) at fixed N

Exact

Sech Approx.

Exponential Approx.
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Two Branches of Solutions

Stable

Unstable

See Chavanis, Delfini 2011 and others…  

Schiappacasse, Hertzberg 1710.04729 (JCAP)



Two Branches of Solutions

See Chavanis, Delfini 2011 and others…  

Schiappacasse, Hertzberg 1710.04729 (JCAP)



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)



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, ….



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)

0.001 0.010 0.100 1 10
0.001

0.100

10

1000

105

107

Radius R
˜
90

C
en
tra
lD
en
si
ty

�̃ c
(� > 0)

(� < 0)

⇢c ⇠
1

R4
c

Rc ⇠ const



Never obtain

Core Density Vs Core Radius (Light Scalar in BEC)
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Core Density Vs Core Radius (Light Scalar in BEC)

                   Deng, Hertzberg, Namjoo, Masoumi 1804.05921 (PRD)
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Pseudo-Scalar Resonance into Photons

Part 3



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



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 (JCAP)

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

= 0

µhom > µesc

Instability channel

Tkachev 1986, 1987, 2015; 

Hertzberg 2010;  Kawasaki, Yamada 2014 

Hertzberg, Schiappacasse 1805.00430 (JCAP)

https://arxiv.org/abs/1805.00430


Resonance Condition (Spherical) Axion Star

No resonance for standard QCD axion-photon coupling

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)

(assuming attractive)

Hertzberg, Schiappacasse 1805.00430 (JCAP)

https://arxiv.org/abs/1805.00430


Astrophysical Consequences
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Axion Star Mergers

Hertzberg, Li, Schiappacasse 2005.02405 (JCAP)



Axion Star Mergers

Phase

dependence

Hertzberg, Li, Schiappacasse 2005.02405 (JCAP)
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Any Aspects of Light Scalar DM not 

captured by classical field theory?

Example: Quantum radiation (even at high occupancy) for appreciable self-couplings

Hertzberg 1003.3459 (PRD), Hertzberg, Rompineve, Yang 2010.07927 (PRD)

Part 4



Schrodinger Cat Billiards

+

Albrecht, Phillips

Quantumness destroyed due to 
DECOHERENCE

Recall; non-linear dynamics can launch states into

Schrodinger cat-like states




Non-linear dynamics can launch states into

Schrodinger cat-like states


Dark Matter Schrodinger Cat (Axions)

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

Product State Entangled State

Probe particle | i
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(e.g., baryon,…)



Trace Out Probe Particle

Full Density Matrix

Reduced Density Matrix

Off diagonal elements; 
controlling true quantum effects

=



Overlap of Probe Particle States

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

| ii = |unsi+ |scii
<latexit sha1_base64="lbjHImAGtI7yBgmbI3QzoOD1/g4=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0UQhJL4oG6EohuXFewDmhAm00k7dDIJMxOxpPkUN/6KGxeK6E6/xmkbRFsPDBzOOZc79/gxo1JZ1qdRWFhcWl4prpbW1jc2t8ztnaaMEoFJA0csEm0fScIoJw1FFSPtWBAU+oy0/MHV2G/dESFpxG/VMCZuiHqcBhQjpSXPrI6cWFKPOgLxHiPwAo6c0I/u04TLLBePckni7CfomWWrYk0A54mdkzLIUffMD6cb4SQkXGGGpOzYVqzcFAlFMSNZyUkkiREeoB7paMpRSKSbTg7M4IFWujCIhH5cwYn6eyJFoZTD0NfJEKm+nPXG4n9eJ1HBuZtSHieKcDxdFCQMqgiO24JdKghWbKgJwoLqv0LcRwJhpTst6RLs2ZPnSfO4Yp9Uzm5Oy7XLvI4i2AP74BDYoApq4BrUQQNg8ACewAt4NR6NZ+PNeJ9GC0Y+swv+wPj6BkaOpOs=</latexit>

(e.g., baryon,…)

R

I I

Allali, Hertzberg 2005.12287 (JCAP)



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

<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}

Allali, Hertzberg 2005.12287 (JCAP)



Decoherence Rate from N-Probe Particles

Off diagonal element
of density matrix

Decoherence rate

<latexit sha1_base64="rbppmERILHCgZ04u2GqoQIJqenk="></latexit>

NY

n=1

|h 1| 2i|n =
NY

n=1

(1��b) ⇠ e�
PN

n=1 �b

Allali, Hertzberg 2005.12287 (JCAP)



Diffuse scalars
(axions)

Probe: Diffuse baryons kp ⇠ mp vvir
<latexit sha1_base64="hIFe5t8yqIw7VbvfnuOFmW65gd4=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEF1ISH+iy6MZlBfuANoTJdNIOnUnCzKRQQ/FX3LhQxK3/4c6/cdpmoa0HLvdwzr3MnRMknCntON9WYWl5ZXWtuF7a2Nza3rF39xoqTiWhdRLzWLYCrChnEa1rpjltJZJiEXDaDAa3E785pFKxOHrQo4R6AvciFjKCtZF8+2DgJx3FBBKmnw79bMjk2LfLTsWZAi0SNydlyFHz7a9ONyapoJEmHCvVdp1EexmWmhFOx6VOqmiCyQD3aNvQCAuqvGx6/RgdG6WLwliaijSaqr83MiyUGonATAqs+2rem4j/ee1Uh9dexqIk1TQis4fClCMdo0kUqMskJZqPDMFEMnMrIn0sMdEmsJIJwZ3/8iJpnFXc88rl/UW5epPHUYRDOIITcOEKqnAHNagDgUd4hld4s56sF+vd+piNFqx8Zx/+wPr8AaQBlVs=</latexit>

Decoherence Rate

Decoherence Time

Application to Light Diffuse DM (axions)

<latexit sha1_base64="gSYf4N8IVby/sXTEsOlXGvH5M0Q="></latexit>

�dec ⇠
G2 mp ⇢b ⇢2DM

m8
a v

9
vir

<latexit sha1_base64="/ndoGcPGOrxTE5RmH1YrrPshFZg=">AAACDnicbVDLSgMxFM3UV62vUZduBkvBVZ0RxW6EogtdVrAPaOtwJ5NpQ5PJkGSEMvQL3Pgrblwo4ta1O//G9LHQ1gOBk3PuJTknSBhV2nW/rdzS8srqWn69sLG5tb1j7+41lEglJnUsmJCtABRhNCZ1TTUjrUQS4AEjzWBwNfabD0QqKuI7PUxIl0MvphHFoI3k2yXtZyHBowvvuHMNnMP02kmkSLRwuA/3WWXk20W37E7gLBJvRopohppvf3VCgVNOYo0ZKNX23ER3M5CaYkZGhU6qSAJ4AD3SNjQGTlQ3m8QZOSWjhE4kpDmxdibq740MuFJDHphJDrqv5r2x+J/XTnVU6WY0TlJNYjx9KEqZY4KOu3FCKgnWbGgIYEnNXx3cBwlYmwYLpgRvPvIiaZyUvbOye3tarF7O6sijA3SIjpCHzlEV3aAaqiOMHtEzekVv1pP1Yr1bH9PRnDXb2Ud/YH3+AGISnFI=</latexit>

tdec = 1/�dec / m8
a

<latexit sha1_base64="PEkKNu+Ve9cf/Bn5721P//Qvxxg=">AAACFnicbVDNS8MwHE3n15xfVY9egkPwoKN1Ez2O6cHLYIL7gHWWNM22sLQpSSqM0r/Ci/+KFw+KeBVv/jdmWw+6+SDweO/9kvyeFzEqlWV9G7ml5ZXVtfx6YWNza3vH3N1rSR4LTJqYMy46HpKE0ZA0FVWMdCJBUOAx0vZGVxO//UCEpDy8U+OI9AI0CGmfYqS05JqndZc6kgZJxYmow3UUllNHDLmbXNdTh+mbfOQmfu0Epfdl1yxaJWsKuEjsjBRBhoZrfjk+x3FAQoUZkrJrW5HqJUgoihlJC04sSYTwCA1IV9MQBUT2kulaKTzSig/7XOgTKjhVf08kKJByHHg6GSA1lPPeRPzP68aqf9lLaBjFioR49lA/ZlBxOOkI+lQQrNhYE4QF1X+FeIgEwko3WdAl2PMrL5LWWck+L1m3lWK1ltWRBwfgEBwDG1yAKrgBDdAEGDyCZ/AK3own48V4Nz5m0ZyRzeyDPzA+fwArup9c</latexit>

Mi ⇠
4⇡

3
⇢DM�3

dB,a

<latexit sha1_base64="cLLpBKmMPbDWyKaNAyEH7Q2OSYk=">AAACI3icbVDLSsNAFJ34rPVVdelmsAgupCRFUVyVunFZwT6gKeFmMm2HziRhZlIoIf/ixl9x40Ipblz4L07TLrT1wMDhnHO5c48fc6a0bX9Za+sbm1vbhZ3i7t7+wWHp6LilokQS2iQRj2THB0U5C2lTM81pJ5YUhM9p2x/dz/z2mErFovBJT2LaEzAIWZ8R0EbySneuSDzmKiZSx41M0uVmOAAvDeqXkGW5U3VjlptYeIDHXjpmMsu8Utmu2DnwKnEWpIwWaHilqRtEJBE01ISDUl3HjnUvBakZ4TQruomiMZARDGjX0BAEVb00vzHD50YJcD+S5oUa5+rviRSEUhPhm6QAPVTL3kz8z+smun/bS1kYJ5qGZL6on3CsIzwrDAdMUqL5xBAgkpm/YjIECUSbWoumBGf55FXSqlac64r9eFWu1Rd1FNApOkMXyEE3qIYeUAM1EUHP6BW9ow/rxXqzptbnPLpmLWZO0B9Y3z8g2qXN</latexit>

µi ⇠
1

�dB,a
⇠ 2⇡

mavvir

Allali, Hertzberg 2005.12287 (JCAP)



Galactic Halo
Atmosphere

Hubble H0-1

Classical Coherence
Escape Atmosphere

10-9 10-7 10-5 0.001
10-20

10-10

1

1010

1020

Dark matter particle mass ma [eV/c2]

(In
ve
rs
e)
D
ec
oh
er
en
ce
R
at
e

� d
ec

-1
[s
ec

]
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Application to Diffuse DM (Axions)

Allali, Hertzberg 2005.12287 (JCAP)



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 2005.12287 (JCAP)



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,…)

Rigorous quantum gravity calculation — General Relativity is a well behaved effective theory

Allali, Hertzberg 2012.12903 (PRD), 2103.15892 (PRL)



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,…)

Rigorous quantum gravity calculation — General Relativity is a well behaved effective theory

Allali, Hertzberg 2012.12903 (PRD), 2103.15892 (PRL)



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 DM or probes

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

<latexit sha1_base64="LId/6OTJ7mHB3oFGagfNfe2VJEA="></latexit>

�dec / exp

"
�
m2

aE
2
p

µ2k2

#
⇠ exp


� 1

v2av
2
p

�

(ignoring spin)

<latexit sha1_base64="1wMNoYcHp4HiSOUlA6dQ+hR3P/4=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQyCp7Croh6DevAiRDAPyC5hdjJJhsxjmZlVwyaf4sWDIl79Em/+jZNkD5pY0FBUddPdFcWMauN5305uaXlldS2/XtjY3NrecYu7dS0ThUkNSyZVM0KaMCpIzVDDSDNWBPGIkUY0uJr4jQeiNJXi3gxjEnLUE7RLMTJWarvFUcAj+ZRe344DhUSPkbZb8sreFHCR+BkpgQzVtvsVdCROOBEGM6R1y/diE6ZIGYoZGReCRJMY4QHqkZalAnGiw3R6+hgeWqUDu1LZEgZO1d8TKeJaD3lkOzkyfT3vTcT/vFZiuhdhSkWcGCLwbFE3YdBIOMkBdqgi2LChJQgram+FuI8UwsamVbAh+PMvL5L6cdk/K5/cnZYql1kcebAPDsAR8ME5qIAbUAU1gMEjeAav4M0ZOS/Ou/Mxa8052cwe+APn8wewapRJ</latexit>

|DMi

(Although may decohere near black hole horizons)

Allali, Hertzberg 2012.12903 (PRD), 2103.15892 (PRL)



Light Scalars Producing Novel Galactic Behavior?

Part 5



Possible Difficulties with CDM on Galactic Scales?

(from McGaugh 2011)

<latexit sha1_base64="T+ByLKZcmWcrdvmDtCqidaKr6eE=">AAAB+XicbVBNSwMxEJ31s9avVY9egkXwVHZLUY9FL16ECvYD2rpk02wbmt2EJFsoS/+JFw+KePWfePPfmLZ70NYHA4/3ZpiZF0rOtPG8b2dtfWNza7uwU9zd2z84dI+Om1qkitAGEVyodog15SyhDcMMp22pKI5DTlvh6Hbmt8ZUaSaSRzORtBfjQcIiRrCxUuC690HYlUpII9A4iJ6qgVvyyt4caJX4OSlBjnrgfnX7gqQxTQzhWOuO70nTy7AyjHA6LXZTTSUmIzygHUsTHFPdy+aXT9G5VfooEspWYtBc/T2R4VjrSRzazhiboV72ZuJ/Xic10XUvY4lMDU3IYlGUcmTfnMWA+kxRYvjEEkwUs7ciMsQKE2PDKtoQ/OWXV0mzUvYvy5WHaql2k8dRgFM4gwvw4QpqcAd1aACBMTzDK7w5mfPivDsfi9Y1J585gT9wPn8AE/STTQ==</latexit>

Mb / v4f

<latexit sha1_base64="onnhGVvHV4kr0tCugim7wwmhbgg=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclZkq6s6iGzdCBfuAdhwyaaYNzSQhyVRK7ae4caGIW7/EnX9j2s5CWw9cOJxzL/feE0lGtfG8b2dpeWV1bT23kd/c2t7ZdQt7dS1ShUkNCyZUM0KaMMpJzVDDSFMqgpKIkUbUv574jQFRmgp+b4aSBAnqchpTjIyVQrdwG0ZtqYQ0Ag7C+OHkMnSLXsmbAi4SPyNFkKEaul/tjsBpQrjBDGnd8j1pghFShmJGxvl2qolEuI+6pGUpRwnRwWh6+hgeWaUDY6FscQOn6u+JEUq0HiaR7UyQ6el5byL+57VSE18EI8plagjHs0VxyqD9c5ID7FBFsGFDSxBW1N4KcQ8phI1NK29D8OdfXiT1csk/K5XvTouVqyyOHDgAh+AY+OAcVMANqIIawOARPINX8OY8OS/Ou/Mxa11yspl98AfO5w+dB5OV</latexit>

Mb / v3f?

Baryonic Tully-Fisher Relation (BTFR)



Modify Gravity on Galactic Scales (MOND)?

Implementing this is very difficult:

The unique, causal, Lorentz invariant, theory of massless spin 2 particles, 
at large distances, is general relativity

(Feynman, Weinberg, Deser,…)

A possibility: we can add new degrees of freedom. In particular, 

new scalars could mediate a new long range (peculiar) interaction

<latexit sha1_base64="ivCsOxNIHxv9Q8KGtQ8zfbAtPf0=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiRF1GXRjRuhin1AE8NkOmmHTjJhZiKUkIUbf8WNC0Xc+hHu/BsnMQttPTBwOOde7pzjx4xKZVlfRmVpeWV1rbpe29jc2t4xd/d6kicCky7mjIuBjyRhNCJdRRUjg1gQFPqM9P3pRe7374mQlEe3ahYTN0TjiAYUI6Ulz6wjJxY8VhymV15KIpw5XM/Dm7tW5pkNq2kVgIvELkkDlOh45qcz4jgJSaQwQ1IObStWboqEopiRrOYkksQIT9GYDDWNUEikmxYhMniolREMuNAvUrBQf2+kKJRyFvp6MkRqIue9XPzPGyYqOHNTGsWJyvMVh4KEQZ05bwSOqCBYsZkmCAuq/wrxBAmEle6tpkuw5yMvkl6raZ80W9fHjfZ5WUcV1MEBOAI2OAVtcAk6oAsweABP4AW8Go/Gs/FmvP+MVoxyZx/8gfHxDcdVmC0=</latexit>

a / Menc

R2

(Milgrom)

If instead:

<latexit sha1_base64="yiVViNBYGummoRUJ3vYGDMaTQbs="></latexit>

v2

R
= a /

r
Menc

R2
=) Mb / v4f



Simplistic Attempt

Introduce function F with 2 different asymptotic regimes:

High densities/galactic scales Mediates a MOND-like force

Low densities/large scales
0.0 0.5 1.0 1.5 2.0

0.0
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1.0
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2.5
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X/Xc

F

(canonical)

<latexit sha1_base64="0R1by0n6hyV/YFgs9xfP//gTsT4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpt8vV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPv5eM6A==</latexit>

]

(3/2 scaling)

<latexit sha1_base64="+Ma4bdBvd9R/Dt4mKTLigAAqAbc=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQCiUpUl0WXehCoT76gCaEyXTSDp08mJkIJeQj3Pgrblwo4taFO//GSRtEWw8MHM45l7n3uBGjQhrGl1ZYWFxaXimultbWNza39O2dtghjjkkLhyzkXRcJwmhAWpJKRroRJ8h3Gem4o7PM79wTLmgY3MlxRGwfDQLqUYykkhy9klg+kkOMWHKTWqGKQrNuRRSep5Uf5zJ1ktur1NHLRtWYAM4TMydlkKPp6J9WP8SxTwKJGRKiZxqRtBPEJcWMpCUrFiRCeIQGpKdogHwi7GRyVAoPlNKHXsjVCyScqL8nEuQLMfZdlcz2FLNeJv7n9WLpndgJDaJYkgBPP/JiBmUIs4Zgn3KCJRsrgjCnaleIh4gjLFWPJVWCOXvyPGnXqma9Wrs+KjdO8zqKYA/sg0NggmPQABegCVoAgwfwBF7Aq/aoPWtv2vs0WtDymV3wB9rHN9Q7nq8=</latexit>

R
16⇡G

+ LSM

Example:
<latexit sha1_base64="AJjoEZ5icwvuQkwHlwvr0NI91QM=">AAACDHicbVDNSgMxGMzWv1r/qh69BItQsdTdWtSLUBTEYwXbLnS3JZtN29BsdkmyQln6AF58FS8eFPHqA3jzbUzbPWh1IDDMzMeXb7yIUalM88vILCwuLa9kV3Nr6xubW/ntnaYMY4FJA4csFLaHJGGUk4aiihE7EgQFHiMtb3g18Vv3REga8js1iogboD6nPYqR0lI3X7i+sJ1S0TpyFGU+cRCLBqhTdUrQ7lQOO4l1XB3rlFk2p4B/iZWSAkhR7+Y/HT/EcUC4wgxJ2bbMSLkJEopiRsY5J5YkQniI+qStKUcBkW4yPWYMD7Tiw14o9OMKTtWfEwkKpBwFnk4GSA3kvDcR//PaseqduwnlUawIx7NFvZhBFcJJM9CngmDFRpogLKj+K8QDJBBWur+cLsGaP/kvaVbK1mn55LZaqF2mdWTBHtgHRWCBM1ADN6AOGgCDB/AEXsCr8Wg8G2/G+yyaMdKZXfALxsc34M6Y/Q==</latexit>

F = X (1 + ↵̃4 X2)1/4

Large     , can stay within regime of EFT<latexit sha1_base64="NXwYcXGiuCx2+S29kshCcKG+iWM=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9FLx4r2A9ol5JNs21okg1JtlCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqQhsk4YluR9hQziRtWGY5bStNsYg4bUWj+5nfGlNtWCKf7ETRUOCBZDEj2Dqp1R1jrYasV674VX8OtEqCnFQgR71X/ur2E5IKKi3h2JhO4CsbZlhbRjidlrqpoQqTER7QjqMSC2rCbH7uFJ05pY/iRLuSFs3V3xMZFsZMROQ6BbZDs+zNxP+8Tmrj2zBjUqWWSrJYFKcc2QTNfkd9pimxfOIIJpq5WxEZYo2JdQmVXAjB8surpHlRDa6rl49XldpdHkcRTuAUziGAG6jBA9ShAQRG8Ayv8OYp78V79z4WrQUvnzmGP/A+fwB95o+u</latexit>'



Simplistic Attempt

Introduce function F with 2 different asymptotic regimes:

High densities/galactic scales Mediates a MOND-like force

<latexit sha1_base64="CWgf5iPuRNghzJchosHN742WIDU="></latexit>

a / �sign(↵̃)

r
Menc

R2
r̂

Low densities/large scales
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<latexit sha1_base64="0R1by0n6hyV/YFgs9xfP//gTsT4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpt8vV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPv5eM6A==</latexit>

]

(3/2 scaling)

<latexit sha1_base64="+Ma4bdBvd9R/Dt4mKTLigAAqAbc=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQCiUpUl0WXehCoT76gCaEyXTSDp08mJkIJeQj3Pgrblwo4taFO//GSRtEWw8MHM45l7n3uBGjQhrGl1ZYWFxaXimultbWNza39O2dtghjjkkLhyzkXRcJwmhAWpJKRroRJ8h3Gem4o7PM79wTLmgY3MlxRGwfDQLqUYykkhy9klg+kkOMWHKTWqGKQrNuRRSep5Uf5zJ1ktur1NHLRtWYAM4TMydlkKPp6J9WP8SxTwKJGRKiZxqRtBPEJcWMpCUrFiRCeIQGpKdogHwi7GRyVAoPlNKHXsjVCyScqL8nEuQLMfZdlcz2FLNeJv7n9WLpndgJDaJYkgBPP/JiBmUIs4Zgn3KCJRsrgjCnaleIh4gjLFWPJVWCOXvyPGnXqma9Wrs+KjdO8zqKYA/sg0NggmPQABegCVoAgwfwBF7Aq/aoPWtv2vs0WtDymV3wB9rHN9Q7nq8=</latexit>

R
16⇡G

+ LSM

<latexit sha1_base64="2ezLM9oIeYUNPYoXfCKVAUZbXl8="></latexit>

� 3↵̃

23/2
r·(r'|r'|) = �̃ TB



Simplistic Attempt

Two Problems

Theoretical: High energy perturbations on top of the MONDian solution 

are superluminal (related details later)

Phenomenological: Although the scalar becomes canonical at large scales, it 
introduces another          force. So it is difficult to consistently obtain 


the desired galactic and large scale behaviors

<latexit sha1_base64="17RmzvKvUUmPYMBgynw7Hr5cGAo=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21oNhuSbKEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZeqAQ31vO+UWFjc2t7p7hb2ts/ODwqH5+0TJJqypo0EYnuhMQwwSVrWm4F6yjNSBwK1g7H93O/PWHa8EQ+2aliQUyGkkecEuukdm9CtBrxfrniVb0F8Drxc1KBHI1++as3SGgaM2mpIMZ0fU/ZICPacirYrNRLDVOEjsmQdR2VJGYmyBbnzvCFUwY4SrQrafFC/T2RkdiYaRy6zpjYkVn15uJ/Xje10W2QcalSyyRdLopSgW2C57/jAdeMWjF1hFDN3a2Yjogm1LqESi4Ef/XlddKqVf3rau3xqlK/y+MowhmcwyX4cAN1eIAGNIHCGJ7hFd6QQi/oHX0sWwsonzmFP0CfP32Uj60=</latexit>'

<latexit sha1_base64="4O+7Sj6HErbSh5jBgOXBSKr6Bi0=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GPRiyepYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVSs6uGrHfXK5X9ij8DWiZBTsqQo94rfXX7kqQJFZZwbEwn8JUNM6wtI5xOit3UUIXJCA9ox1GBE2rCbHbtBJ06pY9iqV0Ji2bq74kMJ8aMk8h1JtgOzaI3Ff/zOqmNr8KMCZVaKsh8UZxyZCWavo76TFNi+dgRTDRztyIyxBoT6wIquhCCxZeXSbNaCS4q1fvzcu06j6MAx3ACZxDAJdTgFurQAAKP8Ayv8OZJ78V79z7mrStePnMEf+B9/gBphI8H</latexit>

�N

<latexit sha1_base64="aZ8eYctzw97wV9wJ3TsZKPmh/9A=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkR9Vj04rGCaQttLJvttl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJlIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2TJxqxn0Wy1i3Qmq4FIr7KFDyVqI5jULJm+Hoduo3n7g2IlYPOE54ENGBEn3BKFrJ9871Y7VbKrsVdwayTLyclCFHvVv66vRilkZcIZPUmLbnJhhkVKNgkk+KndTwhLIRHfC2pYpG3ATZ7NgJObVKj/RjbUshmam/JzIaGTOOQtsZURyaRW8q/ue1U+xfB5lQSYpcsfmifioJxmT6OekJzRnKsSWUaWFvJWxINWVo8ynaELzFl5dJo1rxLivV+4ty7SaPowDHcAJn4MEV1OAO6uADAwHP8ApvjnJenHfnY9664uQzR/AHzucP4XiOFQ==</latexit>

1/r2

<latexit sha1_base64="Q6kzvOlA5ZGwMdeh2MNQoamBDOc=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxhLvEqEeiF4/44JHAhswOA0yYnd3M9JqQDZ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbqZ+84lrIyL1iOOY+yEdKNEXjKKVHryz+26x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNStm7KFfuzkvV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AitWNUQ==</latexit>

1/R

<latexit sha1_base64="mqR0V+BtjQALswMZ8PED4PgFo30=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHxhLvEqEeiF49oXCCBlXRLFxq63U3bNSEbfoMXDxrj1R/kzX9jgT0o+JJJXt6bycy8IBFcG8f5RoWV1bX1jeJmaWt7Z3evvH/Q1HGqKPNoLGLVDohmgkvmGW4EayeKkSgQrBWMbqZ+64kpzWP5YMYJ8yMykDzklBgree7Z/WOtV644VWcGvEzcnFQgR6NX/ur2Y5pGTBoqiNYd10mMnxFlOBVsUuqmmiWEjsiAdSyVJGLaz2bHTvCJVfo4jJUtafBM/T2RkUjrcRTYzoiYoV70puJ/Xic14ZWfcZmkhkk6XxSmApsYTz/Hfa4YNWJsCaGK21sxHRJFqLH5lGwI7uLLy6RZq7oX1drdeaV+ncdRhCM4hlNw4RLqcAsN8IACh2d4hTck0Qt6Rx/z1gLKZw7hD9DnD7C4jfU=</latexit>

1/R2
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<latexit sha1_base64="9nH4QRG1yuSk6PYbsB5EturzZU0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGUS9CUBCPEc0DkiXMTibJkNnZZaZXCEs+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K4ilMOi6305uZXVtfSO/Wdja3tndK+4fNEyUaMbrLJKRbgXUcCkUr6NAyVux5jQMJG8Go5up33zi2ohIPeI45n5IB0r0BaNopYfbq1a3WHLL7gxkmXgZKUGGWrf41elFLAm5QiapMW3PjdFPqUbBJJ8UOonhMWUjOuBtSxUNufHT2akTcmKVHulH2pZCMlN/T6Q0NGYcBrYzpDg0i95U/M9rJ9i/9FOh4gS5YvNF/UQSjMj0b9ITmjOUY0so08LeStiQasrQplOwIXiLLy+TRqXsnZcr92el6nUWRx6O4BhOwYMLqMId1KAODAbwDK/w5kjnxXl3PuatOSebOYQ/cD5/AMkxjXo=</latexit>

F = X



Clever idea: Use Spontaneous Symmetry Breaking

Complex Scalar Dark Matter
<latexit sha1_base64="66miVUzhGZMtgu/7oG+hihZ3nv0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddJt1L1mvfFwVWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPlA44m</latexit>

�<latexit sha1_base64="/7ps9mCb06pHcRfCgrnGXVK0H9w=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpSRD0WvXisYGqhDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHHR2nilCfxDxW3RBrypmkvmGG026iKBYhp4/h5Db3H5+o0iyWD2aa0EDgkWQRI9jkkl/3zgfVmttw50CrxCtIDQq0B9Wv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZV0mg3vstG8v6i1boo4ynACp1AHD66gBXfQBh8IjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4A6MCNgA==</latexit>

U(1) Symmetry

Reproduces CDM on large scales Allows for phase transition to superfluid

at galactic densities

Goldstone      can act as long-ranged force mediator
<latexit sha1_base64="TAZZlab/bt6q4oDaFmCOBYD5U84=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSqlW9y2rt/qJSv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/pkGPLw==</latexit>

✓

Example:

Berezhiani, Khoury 2015

Sophisticated Attempt - SuperFluid Dark Matter (SFDM)

(Quantum, from particle point of view,

Classical, from field point of view)



Berezhiani, Khoury 2015

Slowly varying phase       and modulus       around superfluid condensate

At tree-level, can integrate out heavy modulus (Higgs mode)

Find low energy effective action for Goldstone is

with

<latexit sha1_base64="TAZZlab/bt6q4oDaFmCOBYD5U84=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSqlW9y2rt/qJSv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/pkGPLw==</latexit>

✓
<latexit sha1_base64="9E3R0mfNOMN6lj+iN0ZmXdxQK0M=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHoxWME84BkCbOT2eyQeSwzs0II+QUvHhTx6g9582+cTfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmtEUUV7obYUM5k7RlmeW0m2qKRcRpJxrf5X7niWrDlHy0k5SGAo8kixnBNpf6OlGDStWv+XOgVRIUpAoFmoPKV3+oSCaotIRjY3qBn9pwirVlhNNZuZ8ZmmIyxiPac1RiQU04nd86Q+dOGaJYaVfSorn6e2KKhTETEblOgW1ilr1c/M/rZTa+CadMppmlkiwWxRlHVqH8cTRkmhLLJ45gopm7FZEEa0ysi6fsQgiWX14l7XotuKrVHy6rjdsijhKcwhlcQADX0IB7aEILCCTwDK/w5gnvxXv3Phata14xcwJ/4H3+ACH2jk4=</latexit>⇢

By coupling to baryons, can mediate MOND-like force — reproduce BTFR, and CDM on large scales

(3/2 scaling)

ef

Sophisticated Attempt - SuperFluid Dark Matter (SFDM)



Analysis of High Energy Perturbations

Hertzberg, Litterer, Shah 2105.02241 (JCAP)

Decompose into components

Expand around superfluid (              )

Linear equation of motion for

high energy perturbations

Diagonalize to obtain Higgs normal mode perturbations

and associated effective metric

<latexit sha1_base64="hUAZDvF51jgUFnvm8NasiZ7MZOg=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4KkmRPnZFNy4r2Ae0Q8mkaRubScYkUyhDv8ONC0Xc+jHu/BszbQUVPXDhcM693HtPEAluLEIfXmZtfWNzK7ud29nd2z/IHx61jIo1ZU2qhNKdgBgmuGRNy61gnUgzEgaCtYPJVeq3p0wbruStnUXMD8lI8iGnxDrJ702JZpHhQsn+XT9fQEWEEMYYpgRXysiRWq1awlWIU8uhAFZo9PPvvYGiccikpYIY08Uosn5CtOVUsHmuFxsWETohI9Z1VJKQGT9ZHD2HZ04ZwKHSrqSFC/X7REJCY2Zh4DpDYsfmt5eKf3nd2A6rfsJlFFsm6XLRMBbQKpgmAAdcM2rFzBFCNXe3QjommlDrcsq5EL4+hf+TVqmIy8XSzUWhfrmKIwtOwCk4BxhUQB1cgwZoAgruwQN4As/e1Hv0XrzXZWvGW80cgx/w3j4BjWCSoQ==</latexit>"j

<latexit sha1_base64="oPy1FwtE4kvP8o8P7Yr3/6oUWww=">AAACGXicbVDLSgMxFM34rPU16tJNsIi6KTNF1KUoFJcVrBY6pWTSO20w8zC5I5Shv+HGX3HjQhGXuvJvzLSD+LoQODnnnpvc4ydSaHScD2tqemZ2br60UF5cWl5ZtdfWL3WcKg5NHstYtXymQYoImihQQitRwEJfwpV/fZrrV7egtIijCxwm0AlZPxKB4AwN1bUdT0KAu/UdD25ScZt5CVMomKR1Lza+r2tr5CnRH+Be1644VWdc9C9wC1AhRTW69pvXi3kaQoRcMq3brpNgJ8vncgmjspdqSBi/Zn1oGxixEHQnG282otuG6dEgVuZESMfsd0fGQq2HoW86Q4YD/VvLyf+0dorBUScTUZIiRHzyUJBKijHNY6I9oYCjHBrAuBLmr5QPmGIcTZhlE4L7e+W/4LJWdQ+qtfP9yvFJEUeJbJItsktcckiOyRlpkCbh5I48kCfybN1bj9aL9TppnbIKzwb5Udb7J9p+oNc=</latexit>✓
F 0 ⌘ @F

@X

◆



Causal Propagation?

Obtain eigenvalues of effective metric

Conditions for hyperbolicity

Condition for subluminality

Evaluate in SFDM model

<latexit sha1_base64="mjebgiL1At7dwZAW1QYx+SzLvvQ=">AAACDHicbVC9TsMwGHTKXyl/BUYWiwqJoaqSUkEXpKosDAxFoj+oSSvHcVqrThzZDlIV9QFYeBUWBhBi5QHYeBvcNgO0nGTpfPed7O/ciFGpTPPbyKysrq1vZDdzW9s7u3v5/YOW5LHApIk546LjIkkYDUlTUcVIJxIEBS4jbXd0NfXbD0RIysM7NY6IE6BBSH2KkdJSP1+oXyYVuxj0zuyifaNzHurp+73NdcoWQ96rTvSUWTJngMvESkkBpGj081+2x3EckFBhhqTsWmaknAQJRTEjk5wdSxIhPEID0tU0RAGRTjJbZgJPtOJBnwt9QgVn6u9EggIpx4GrJwOkhnLRm4r/ed1Y+VUnoWEUKxLi+UN+zKDicNoM9KggWLGxJggLqv8K8RAJhJXuL6dLsBZXXiatcsk6L5VvK4VaPa0jC47AMTgFFrgANXANGqAJMHgEz+AVvBlPxovxbnzMRzNGmjkEf2B8/gC00Jos</latexit>

B =
4m3 ⇤4 Y

⇢8

MOND regime
<latexit sha1_base64="Gh6ZycD8i/+JjRprB00mzsBvHZA=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAIsbGMYD4gd4S9zVyyZPfu2N0TQsjfsLFQxNY/Y+e/cZNcoYkPBh7vzTAzL0wF18Z1v5219Y3Nre3CTnF3b//gsHR03NJJphg2WSIS1QmpRsFjbBpuBHZShVSGAtvh6G7mt59QaZ7Ej2acYiDpIOYRZ9RYyfe5tFtQk/qt2yuV3Yo7B1klXk7KkKPRK335/YRlEmPDBNW667mpCSZUGc4ETot+pjGlbEQH2LU0phJ1MJnfPCXnVumTKFG2YkPm6u+JCZVaj2VoOyU1Q73szcT/vG5moptgwuM0MxizxaIoE8QkZBYA6XOFzIixJZQpbm8lbEgVZcbGVLQheMsvr5JWteJdVaoPl+VaPY+jAKdwBhfgwTXU4B4a0AQGKTzDK7w5mfPivDsfi9Y1J585gT9wPn8AHvuRFg==</latexit>

=) B < 0
<latexit sha1_base64="7SojAbLdPsbFjIG88yUiDFkIXUs=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqIVFMI1lRPMByRH2NnPJkr29Y3dPCCE/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaCUW3mt55QaR7LRzNO0I/oQPKQM2qs9FC7cXvFklt25yCrxMtICTLUe8Wvbj9maYTSMEG17nhuYvwJVYYzgdNCN9WYUDaiA+xYKmmE2p/MT52SM6v0SRgrW9KQufp7YkIjrcdRYDsjaoZ62ZuJ/3md1ITX/oTLJDUo2WJRmApiYjL7m/S5QmbE2BLKFLe3EjakijJj0ynYELzll1dJs1L2LsuV+4tS9TaLIw8ncArn4MEVVOEO6tAABgN4hld4c4Tz4rw7H4vWnJPNHMMfOJ8/hnqNTg==</latexit>

C < 0and

(ghost-like)

<latexit sha1_base64="T7KN/8h44ECT0HAR/AzhVCNlCHY=">AAACDXicbVC7TsMwFHV4lvIKMLJEFCSGqkqqCliQKrowMBSJPlCTVo7jtlbtOLIdpCrKD7DwKywMIMTKzsbf4LYZoOVIlo7OuUfX9/gRJVLZ9rextLyyurae28hvbm3v7Jp7+03JY4FwA3HKRduHElMS4oYiiuJ2JDBkPsUtf1Sb+K0HLCTh4Z0aR9hjcBCSPkFQaalnHtcuk7JbZG7RvdGpAHYrbvHe5TrjiiHvJo6dpj2zYJfsKaxF4mSkADLUe+aXG3AUMxwqRKGUHceOlJdAoQiiOM27scQRRCM4wB1NQ8iw9JLpNal1opXA6nOhX6isqfo7kUAm5Zj5epJBNZTz3kT8z+vEqn/hJSSMYoVDNFvUj6mluDWpxgqIwEjRsSYQCaL/aqEhFBApXWBel+DMn7xImuWSc1Yq31YK1ausjhw4BEfgFDjgHFTBNaiDBkDgETyDV/BmPBkvxrvxMRtdMrLMAfgD4/MHww2axQ==</latexit>

C =
2m⇤4 Y

⇢10

(Aharanov, Komar, Susskind;

Wald; Adams, Arkani-Hamed, 

Dubovsky, Nicolis, Rattazzi; 


Bruneton;…)

Hertzberg, Litterer, Shah 2105.02241 (JCAP)



Causal Propagation? - General Analysis

Obtain eigenvalues of effective metric

Conditions for hyperbolicity

Condition for subluminality

We proved that when        allow MOND regime
<latexit sha1_base64="Gh6ZycD8i/+JjRprB00mzsBvHZA=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAIsbGMYD4gd4S9zVyyZPfu2N0TQsjfsLFQxNY/Y+e/cZNcoYkPBh7vzTAzL0wF18Z1v5219Y3Nre3CTnF3b//gsHR03NJJphg2WSIS1QmpRsFjbBpuBHZShVSGAtvh6G7mt59QaZ7Ej2acYiDpIOYRZ9RYyfe5tFtQk/qt2yuV3Yo7B1klXk7KkKPRK335/YRlEmPDBNW667mpCSZUGc4ETot+pjGlbEQH2LU0phJ1MJnfPCXnVumTKFG2YkPm6u+JCZVaj2VoOyU1Q73szcT/vG5moptgwuM0MxizxaIoE8QkZBYA6XOFzIixJZQpbm8lbEgVZcbGVLQheMsvr5JWteJdVaoPl+VaPY+jAKdwBhfgwTXU4B4a0AQGKTzDK7w5mfPivDsfi9Y1J585gT9wPn8AHvuRFg==</latexit>

=) B < 0
<latexit sha1_base64="7SojAbLdPsbFjIG88yUiDFkIXUs=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqIVFMI1lRPMByRH2NnPJkr29Y3dPCCE/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaCUW3mt55QaR7LRzNO0I/oQPKQM2qs9FC7cXvFklt25yCrxMtICTLUe8Wvbj9maYTSMEG17nhuYvwJVYYzgdNCN9WYUDaiA+xYKmmE2p/MT52SM6v0SRgrW9KQufp7YkIjrcdRYDsjaoZ62ZuJ/3md1ITX/oTLJDUo2WJRmApiYjL7m/S5QmbE2BLKFLe3EjakijJj0ynYELzll1dJs1L2LsuV+4tS9TaLIw8ncArn4MEVVOEO6tAABgN4hld4c4Tz4rw7H4vWnJPNHMMfOJ8/hnqNTg==</latexit>

C < 0and

Most general form

<latexit sha1_base64="H8dnSVJQ8Hf1SbC7eYc5dLz0oIk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Qe0oWy2m3TpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6xHHK/ZhGSoSCUbTSQ9RX/XLFrbpzkFXi5aQCORr98ldvkLAs5gqZpMZ0PTdFf0I1Cib5tNTLDE8pG9GIdy1VNObGn8xPnZIzqwxImGhbCslc/T0xobEx4ziwnTHFoVn2ZuJ/XjfD8NqfCJVmyBVbLAozSTAhs7/JQGjOUI4toUwLeythQ6opQ5tOyYbgLb+8Slq1qndZrd1fVOo3eRxFOIFTOAcPrqAOd9CAJjCI4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBQiI3T</latexit>gn

(ghost-like)<latexit sha1_base64="SBOmosVSnHDbT1ZfvFG3L/2wfhU=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBHqJiQxtHUjRTcuK9gHNKFMppN26OTBzEQsIb/ixoUibv0Rd/6Nk7aCih64cDjnXu69x08YFdI0P7SV1bX1jc3SVnl7Z3dvXz+odEWcckw6OGYx7/tIEEYj0pFUMtJPOEGhz0jPn14Vfu+OcEHj6FbOEuKFaBzRgGIklTTUKzVXUjYimYtYMkH5hXk61Kumcd6s204dmoZpNizbKojdcM4caCmlQBUs0R7q7+4oxmlIIokZEmJgmYn0MsQlxYzkZTcVJEF4isZkoGiEQiK8bH57Dk+UMoJBzFVFEs7V7xMZCoWYhb7qDJGciN9eIf7lDVIZNL2MRkkqSYQXi4KUQRnDIgg4opxgyWaKIMypuhXiCeIISxVXWYXw9Sn8n3Rtw6ob9o1TbV0u4yiBI3AMasACDdAC16ANOgCDe/AAnsCzlmuP2ov2umhd0ZYzh+AHtLdPniGULw==</latexit>

(↵̃ > 0)

(Aharanov, Komar, Susskind;

Wald; Adams, Arkani-Hamed, 

Dubovsky, Nicolis, Rattazzi; 


Bruneton;…)

Hertzberg, Litterer, Shah 2105.02241 (JCAP)



Conclusions

5. Superfluid Dark Matter is a novel way (only known?) to obtain success of CDM 

on large scales and success of MOND on galactic scales.
We studied a general class of models, and proved that high energy perturbations 

always violate hyperbolicity — ghost like behavior — in MOND regime, while 

intermediate regions can exhibit forms of superluminality

4. Macroscopic quantum states (Schrodinger cats) of light scalar dark matter might 

exist, and would be potentially robust against decoherence.
We found superposed spatial profiles decohere rapidly for light DM and boson stars, 
superposed phases live exponentially long & may launch detectors into superpositions

1. Quantum correlation functions often do not follow single classical field solution.

But I showed it is well modeled by classical ensemble average, or volume integral

2. Condensate are localized clumps. They have been suggested to explain the cores at 
centers of galaxies. But we showed this does not fit the pattern across galaxies

3. Pseudo-scalar (axion) clumps couple to photons. Parametric resonance is possible 

for couplings above our derived bound from occasional merger due to scalar emission



Thank you


