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The model
Different approach to the problem!

New model that unifies into a single framework:

ü Dark energy

ü Cold dark matter

ü Small scale behavior of dark matter

This can be done using the physics of superfluidity!

Predictions that can be tested.

Minimal: DM only model
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Dark Matter and Dark Energy

Λ

Allen et al, (2013)

CDM

ΛCDM: Simple, yet exotic…

- Dark matter: collisionless, cold, 
presureless particle 

- Dark energy : cosmological constant Λ
drives cosmic acceleration.
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Spergel
Anderson et al (2013b)



Challenges

- Fine tuning:

!"#$ = &10
)*+,-. (012345)

10*.+,-. +78 vs.         !"9:;~!=,?~10@.)+,-.

- Radiative instability: at each order in perturbation theory, 
repeatedly fine tune required.

Dark Energy: Λ
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Dark Matter: Small scales  
- Galactic scales
- Regularity/diversity of rotation curves

THEORY

OBSERVATIONS

ü BTFR                      -B. = CD+E F:
ü Radial acceleration relation (RAR) 
ü …



Dark Energy: 

Dark Matter: Large Scales: standard cold DM particle 

Small scales

• Dark Energy: new fluid with p<0.
• Modified Gravity

Empirical force law

Challenging to write a unified theory that describes those 3 phases.
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• Feedback
• MOND
• Modification of DM



Collective modes
§ Described by the collective

behaviour of the particles.

§ No need for microphysics: 
symmetry alone describes the 
system.

Tom‡š Brauner

§ Collective modes related to symmetry = Nambu–Goldstone 
bosons

Effective degree of freedom

Effective dynamics

Order parameter
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Superfluid
§ At low temperatures, it is a superfluid 

when it condensates into a Bose-Einstein condensate (BEC).

§ De Broglie wavelength (!") of each particle is large 
enough that their quantum wave function overlap, and a  
single wave function describes the entire liquid.

§ Quantum phenomenon that appears at low temperatures 
and macroscopic scales.

§ Effective dynamics: fluid that can flow without friction.

High temperature
Thermal velocities

Low temperature
!"~$%&/(

”wave packets”

$ = $*
BEC

”matter wave overlap”

$ = 0
Pure BEC

”giant matter w7ve” 6



High temperature
Thermal velocities

Low temperature
!"~$%&/(

”wave packets”

$ = $*
BEC

”matter wave overlap”

$ = 0
Pure BEC

”giant matter wave”8

Goal: 
Use this property of the collective behaviour to 

explain the modified dynamics at certain 
scales/times in the evolution of the universe.
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Dark Matter Superfluid
DM and MOND two phases of the same substance:

§ Large scales: DM behaves like  standard particle 
dark matter.

§ Galactic scales: DM forms a condensate where 
collective macroscopic behavior leads to the 
modification of the dynamics at low accelerations.
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Large scales
Clusters Galaxy halo

DM: particles

DM: condensates

Adapted from Quanta

Lasha, J. Khoury



Condition for Superfluidity
• DM has to condensate in galaxies: 
the de Broglie wavelength of the particles 
has to overlap.

!" ~ $
%& ≳ (~ %
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-
.

⟹ 0 ≲ 2 eV

5
0 ≳ 0.1 cm

;

<

Strongly interacting axion-like particle.
DM is cold: => ~ mK
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Cold atoms in the lab



Effective field theory that describes a superfluid is represented by a:

• System with a U(1) global symmetry that is spontaneously broken.

Description of the superfluid
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The present context of a bosonic superfluid is a Bose Einstein 
condensate, in the presence of self interactions.

Ansatz:

Excitations:

Collective excitations: massless 
Goldstone and massive quasi-particles. 

Low energy: only ! excited - phonon

!



Description of the superfluid 
Low energies  ("̇/$ ≪ 1)

• Low energy DOF: Only massless Goldstone bosons excited  "

Shift symmetry  " → " + )
"

In the non-relativistic regime and at lowest order in 
derivatives:

Gravitational potential

" = +, + -
Phonon excitationsChemical potential
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) = +,

Greiter, Wilczek & Witten (1989); 
Son and Wingate (2005) 



MOND from higher-derivative corrections

Leading order:  
� n=2: !~#$ - standard BEC.
� n=3/2:  !~#%
� n=5/2 (Unitary Fermi Gas): !~#&/%
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To describe non-relativistic DM and MOND-like:

Next–to-leading order: Correction involving () $ → +$ (Φ $
modify 

the kinetic term for gravity.

Symmetry breaking potential:

OR by adding a coupling to baryons:



MOND from higher-derivative corrections

- Symmetry restoring:         

Newtonian limit MOND limit

⟹
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- Symmetry breaking:

⟹

Only DM

Mostly 
DM ”MOND”

No MOND



Description of the superfluid
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Low energy: phonon, vibration quanta- can be 
understood as sound waves.

But, not the entire story…

Phonon 

Atoms in these states are in contact, 
interact!

Taking a closer look into the superfluid: atoms.

Full richness of the internal DOF needs to be takes into 
consideration. (Out of lab!)

Components of the (same) superfluid can be in two distinguishable 
states. (Refinement)



Description of the superfluid

14

Low energy: phonon, vibration quanta- can be 
understood as sound waves.

But, not the entire story…

Phonon 

Seol Seung-kwon (2014)

Taking a closer look into 
the superfluid: atoms.

Superfluid with two distinguishable states. 

Phonons that propagate with different 
phases for each species

Phonons interact!
The complex field interacts!

Analogous to 
interference of 
waves 



Description of the superfluid
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E.g.:  Superfluid described by the Copper pairs

Different phases of the copper pairs in different parts of the 
superfluid describe distinct excitations. 

Low energy: phonon, vibration quanta- can be 
understood as sound waves.

But, not the entire story…
Excitations in different parts of the 
superfluid come from different
configurations or states

Phonons that propagate with different 
phases at different locations

Phonon 

Seol Seung-kwon (2014)



The present context of a bosonic superfluid is a Bose Einstein condensate, in 
the presence of self interactions.

Model by two superfluids:                         global symmetry

Description of the Superfluid

Interaction: breaks ! 1 × ! 1 ⟶ !%(1)

Low-energies: Analogous to 
interference of 
waves ⟹
depends only on 
angle difference
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� = (v + ⇢)ei(µ1t+⇡)
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 = (v + ⇢̄)ei(µ2t+⇡̄)
<latexit sha1_base64="eDorQh1/vCeCmF4S3OMABOZ3sVw=">AAACF3icbVDLSsNAFJ34rPEVdelmsBRaiiWpgm6EohuXFewDmhgm00k7dPJgZlIoIV/hyk9xJSiIW3Hl3zhts9DWAxcO59zLvfd4MaNCmua3trK6tr6xWdjSt3d29/aNg8O2iBKOSQtHLOJdDwnCaEhakkpGujEnKPAY6Xijm6nfGRMuaBTey0lMnAANQupTjKSSXOPUbgp6VR5XbQ/x1ObDKKuQh5SW7SBx61DCKpw7Mc0qmWsUzZo5A1wmVk6KIEfTNb7sfoSTgIQSMyREzzJj6aSIS4oZyfSSnQgSIzxCA9JTNEQBEU46+yuDJaX0oR9xVaGEM1X/NZGiQIhJ4KnOAMmhWPSm4n9eL5H+pZPSME4kCfF8kZ8wKCM4DQn2KSdYsokiCHOqjoV4iDjCUkWpqxSsxZ+XSbtes85q5t15sXGd51EAx+AElIEFLkAD3IImaAEMHsEzeAVv2pP2or1rH/PWFS2fOQJ/oH3+APfSnoA=</latexit>

⇥2 �⇥1
<latexit sha1_base64="YQ6zkW/N1s85ZwKNkNYvaT8EcZs=">AAAB+3icbZDLSsNAFIZP6q3WW6pLN4Ol4MaSVEGXRTcuK/QGbQiT6aQdOpmEmYlSQh/FlaAgbn0SV76N0zYLbf1h4OM/53DO/EHCmdKO820VNja3tneKu6W9/YPDI7t83FFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLmb17uPVCoWi5aeJtSL8EiwkBGsjeXb5UFrTDX26xc5uL5dcWrOQmgd3BwqkKvp21+DYUzSiApNOFaq7zqJ9jIsNSOczkrVQapogskEj2jfoMARVV62uH2GqsYZojCW5gmNFm7p10SGI6WmUWA6I6zHarU2N/+r9VMd3ngZE0mqqSDLRWHKkY7RPAg0ZJISzacGMJHMHIvIGEtMtImrZFJwV/+8Dp16zb2sOQ9XlcZtnkcRTuEMzsGFa2jAPTShDQSe4Ble4c2aWS/Wu/WxbC1Y+cwJ/JH1+QOXApN0</latexit>

L = P (X1) + P (X2) + 2↵ cos(⇥2 �⇥1)
<latexit sha1_base64="cggnX+fdrhsjn7AFVnOYR5gU9ik="></latexit>

Josephson or Rabi coupling:
- Contact interaction;
- Long-range phase

coherence b/ components;
- Conversion of species.

Ref: P. Tommasini, E. J. V. de Passos, A. F. R. de Toledo Piza, 
and M. S. Hussein, PRA 67
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The present context of a bosonic superfluid is a Bose Einstein condensate, in 
the presence of self interactions.

Model by two superfluids:                         global symmetry

Description of the Superfluid

Interaction: breaks ! 1 × ! 1 ⟶ !%(1)

Low-energies:
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• From condensed matter:
§ Josephson tunneling
§ Iron-based superconductors
§ MgB2
§ High Tc cuprate superconductor
§ XY model
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<latexit sha1_base64="poFV8ACx21OUxg0XyblnFIk7oTI=">AAACGHicbZDJSgNBEIZ7XGPcoh69NIaAIIaZKOhFCC7gMUI2yITQ06kkTXoWumuEEPIWnnwUT4KCeNWTb2MnGUETf2j4+KuK6vq9SAqNtv1lLSwuLa+sptbS6xubW9uZnd2qDmPFocJDGaq6xzRIEUAFBUqoRwqY70moef2rcb12D0qLMCjjIIKmz7qB6AjO0FitTN4t9wBZq3CcgHPh4o8zBefIvQaJjN5QbGWydt6eiM6Dk0CWJCq1Mp9uO+SxDwFyybRuOHaEzSFTKLiEUTrnxhoixvusCw2DAfNBN4eTw0Y0Z5w27YTKvADpxE3/mhgyX+uB75lOn2FPz9bG5n+1Royd8+ZQBFGMEPDpok4sKYZ0nBJtCwUc5cAA40qYz1LeY4pxNFmmTQrO7M3zUC3knZO8fXeaLV4meaTIPjkgh8QhZ6RIbkmJVAgnD+SJvJBX69F6tt6s92nrgpXM7JE/sj6+AQLKnm8=</latexit>

1: Ground state
2: Excited state



The present context of a bosonic superfluid is a Bose Einstein condensate, in 
the presence of self interactions.

Model by two superfluids:                         global symmetry

Description of the Superfluid

Interaction: breaks ! 1 × ! 1 ⟶ !%(1)

15

� = (v + ⇢)ei(µ1t+⇡)
<latexit sha1_base64="4nV8DRuC2UrfzYNr8ZKIrMCTwbE=">AAACC3icbVDLSsNAFJ3UV42vqEs3o6XQUiiJCroRim5cVrAPaGKYTCfN0MmDmUmhhK5d+SmuBAVx6xe48m+ctllo64ELh3Pu5d57vIRRIU3zWyusrK6tbxQ39a3tnd09Y/+gLeKUY9LCMYt510OCMBqRlqSSkW7CCQo9Rjre8Gbqd0aECxpH93KcECdEg4j6FCOpJNc4tpsBvaqMajYP4ip5yGjFDlPXghLWoJ3Q6sQ1SmbdnAEuEysnJZCj6Rpfdj/GaUgiiRkSomeZiXQyxCXFjEz0sp0KkiA8RAPSUzRCIRFONvtlAstK6UM/5qoiCWeq/msiQ6EQ49BTnSGSgVj0puJ/Xi+V/qWT0ShJJYnwfJGfMihjOA0G9iknWLKxIghzqo6FOEAcYani01UK1uLPy6R9WrfO6ubdealxnedRBEfgBFSABS5AA9yCJmgBDB7BM3gFb9qT9qK9ax/z1oKWzxyCP9A+fwDEFZjq</latexit>

 = (v + ⇢̄)ei(µ2t+⇡̄)
<latexit sha1_base64="eDorQh1/vCeCmF4S3OMABOZ3sVw=">AAACF3icbVDLSsNAFJ34rPEVdelmsBRaiiWpgm6EohuXFewDmhgm00k7dPJgZlIoIV/hyk9xJSiIW3Hl3zhts9DWAxcO59zLvfd4MaNCmua3trK6tr6xWdjSt3d29/aNg8O2iBKOSQtHLOJdDwnCaEhakkpGujEnKPAY6Xijm6nfGRMuaBTey0lMnAANQupTjKSSXOPUbgp6VR5XbQ/x1ObDKKuQh5SW7SBx61DCKpw7Mc0qmWsUzZo5A1wmVk6KIEfTNb7sfoSTgIQSMyREzzJj6aSIS4oZyfSSnQgSIzxCA9JTNEQBEU46+yuDJaX0oR9xVaGEM1X/NZGiQIhJ4KnOAMmhWPSm4n9eL5H+pZPSME4kCfF8kZ8wKCM4DQn2KSdYsokiCHOqjoV4iDjCUkWpqxSsxZ+XSbtes85q5t15sXGd51EAx+AElIEFLkAD3IImaAEMHsEzeAVv2pP2or1rH/PWFS2fOQJ/oH3+APfSnoA=</latexit>

Josephson or Rabi coupling:
- Contact interaction;
- Long-range phase

coherence b/ components;
- Conversion of species.

Low-energies:

L = P (X1) + P (X2)� 2↵ cos(✓2 � ✓1 +�Et)
<latexit sha1_base64="qlZ/sfyMG0eZZ5fJ12mh3ZGK0c8="></latexit>

⇥2 �⇥1 = ✓2 � ✓1 +�Et
<latexit sha1_base64="poFV8ACx21OUxg0XyblnFIk7oTI=">AAACGHicbZDJSgNBEIZ7XGPcoh69NIaAIIaZKOhFCC7gMUI2yITQ06kkTXoWumuEEPIWnnwUT4KCeNWTb2MnGUETf2j4+KuK6vq9SAqNtv1lLSwuLa+sptbS6xubW9uZnd2qDmPFocJDGaq6xzRIEUAFBUqoRwqY70moef2rcb12D0qLMCjjIIKmz7qB6AjO0FitTN4t9wBZq3CcgHPh4o8zBefIvQaJjN5QbGWydt6eiM6Dk0CWJCq1Mp9uO+SxDwFyybRuOHaEzSFTKLiEUTrnxhoixvusCw2DAfNBN4eTw0Y0Z5w27YTKvADpxE3/mhgyX+uB75lOn2FPz9bG5n+1Royd8+ZQBFGMEPDpok4sKYZ0nBJtCwUc5cAA40qYz1LeY4pxNFmmTQrO7M3zUC3knZO8fXeaLV4meaTIPjkgh8QhZ6RIbkmJVAgnD+SJvJBX69F6tt6s92nrgpXM7JE/sj6+AQLKnm8=</latexit>

1: Ground state
2: Excited state

Well motivated to have a potential term!
Can this potential drive accelerated expansion?



Unified Dark Energy/Dark Matter Superfluid
Low energy effective description
• Massless Goldstone bosons !", non-relativistic regime

• Oscillatory potential is well motivated from
the fundamental description and phenomenologically:

Þ Breaks shift symmetry weakly into a discrete symmetry.
§ Still protects the potential from quantum corrections.
§ Suppresses fifth forces: naturally screened DE (and DM). 

Analogous to a pNGB potential in !. Frieman et al 1995
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<latexit sha1_base64="Q8M3VPryfqQyQMhvF0sL9PLta4k="></latexit>
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<latexit sha1_base64="uxvCm7SzGDWMGrWt6Psv6do7vn4="></latexit>

Hinit ⌧ �E ⌧ mi
<latexit sha1_base64="PGRSw+cGiXpxXyz1XPeyb5SFo+E=">AAACB3icbVDLSgMxFM34rONr1KUIwVJwVWZU0GXxAV1WsA/oDEMmzbShmQfJHaEMXbnyU1wJCuLWb3Dl35hOu9DWA4GTc+4lOSdIBVdg29/G0vLK6tp6acPc3Nre2bX29lsqySRlTZqIRHYCopjgMWsCB8E6qWQkCgRrB8Prid9+YFLxJL6HUcq8iPRjHnJKQEu+dVT3cx5zGGNXCOzeMAEE3xaXyOe+VbardgG8SJwZKaMZGr715fYSmkUsBiqIUl3HTsHLiQROBRubFTdTLCV0SPqsq2lMIqa8vMgxxhWt9HCYSH1iwIVq/trISaTUKAr0ZERgoOa9ifif180gvPR0zjQDFtPpQ2EmMCR4UgrucckoiJEmhEquP4vpgEhCQVdn6hac+cyLpHVadc6q9t15uXY166OEDtExOkEOukA1VEcN1EQUPaJn9IrejCfjxXg3PqajS8Zs5wD9gfH5Awn5mBU=</latexit>

Valid for any P(X)!



Background Evolution
In a FRW universe, for any P(X) superfluid in the NR limit:

17



Equation of state

For 1 < # ≤ 2:
• As '̇ decays → Past: kinetic term dominates; 

Late times: potential term dominates.
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<latexit sha1_base64="Lw5oEP2c0+1LU79butbkAsGPtYE="></latexit>



Equation of state

For 1 < # ≤ 2:
• As '̇ decays → Past: kinetic term dominates; 

Late times: potential term dominates.
• Pressure has a higher power of '̇/) than the energy density.  

So, in the regimes where the kinetic term dominates (past):

18

Dark matter!

Past



Equation of state

For 1 < # ≤ 2:
• As '̇ decays → Past: kinetic term dominates; 

Late times: potential term dominates.
• Pressure has a higher power of '̇/) than the energy density. 
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Dark matter!

Past

＊ Naturally provides an EoS of 
matter- ”Overdamped”

＊ No damped oscillations around the 
minimum of the potential, e.g., 
spintessence, pNGB, …

* It will always have small EoS and decaying, until potential 
term makes it negative.

Oscillations
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Equation of state

For 1 < # ≤ 2:
• As '̇ decays, the kinetic term will be important in the past and 

the potential term at late times.
• Pressure has a higher power of '̇/) than the energy density.  

So, in the regimes where the kinetic term dominates (past):

• As '̇ decays, when the potential term dominates we can have 
an EoS of acceleration, denoting the dark energy.

Dark matter!
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f� ⇠ 10�2Mpl
<latexit sha1_base64="BWn4oQAq3FFS7lqOcvCXV3B3bkA=">AAACBnicbVDLSsNAFJ3UV42vqEtdDJaCG0tSBV0W3bgRKtgHNDFMppN26EwSZiZCCdm48lNcCQri1n9w5d84bbPQ1gMXDufcy733BAmjUtn2t1FaWl5ZXSuvmxubW9s71u5eW8apwKSFYxaLboAkYTQiLUUVI91EEMQDRjrB6Gridx6IkDSO7tQ4IR5Hg4iGFCOlJd86DP3MxUOaQ1dSDh37Pjup5/DGzxKW+1bFrtlTwEXiFKQCCjR968vtxzjlJFKYISl7jp0oL0NCUcxIblbdVJIE4REakJ6mEeJEetn0jRxWtdKHYSx0RQpOVfPXRIa4lGMe6E6O1FDOexPxP6+XqvDCy2iUpIpEeLYoTBlUMZxkAvtUEKzYWBOEBdXHQjxEAmGlkzN1Cs78z4ukXa85pzX79qzSuCzyKIMDcASOgQPOQQNcgyZoAQwewTN4BW/Gk/FivBsfs9aSUczsgz8wPn8Ai8OX2A==</latexit>

Parameter Constraint
Free parameters: !,Λ,$ and %.

Initial condition: 
matter-radiation equality

n=2:

Final condition: &'
constraints M

Slow-roll: possible solution 
where V >> K, for n=2 :

Superfluid condition

20

Constraint

m ⇠ eV
<latexit sha1_base64="EcMa4ItOXMRb/+E1uX/cvHjxvfk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LJaCp5KooMeiF48V7Ie0oWy2k3bpbhJ2N0IJ/RWeBAXx6s/x5L9x2+agrQ8GHu/NMDMvSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BE2DTcCO4lCKgOB7WB8O/PbT6g0j6MHM0nQl3QY8ZAzaqz0KElPc0mw1S9X3Jo7B1klXk4qkKPRL3/1BjFLJUaGCap113MT42dUGc4ETkvVXqoxoWxMh9i1NKIStZ/NL56SqlUGJIyVrciQuVr6NZFRqfVEBrZTUjPSy95M/M/rpia89jMeJanBiC0WhakgJiaz98mAK2RGTCyhTHF7LGEjqigzNqSSTcFb/nmVtM5r3kXNvb+s1G/yPIpwAqdwBh5cQR3uoAFNYCDhGV7hzdHOi/PufCxaC04+cwx/4Hz+AGxvkA4=</latexit>

M ⇠ meV
<latexit sha1_base64="daDdeoKMT9rp+ry3AK51aYox2wg=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBkPAU9hVQY9BL16ECOaByRJmJ7PJkJnZZaZXCCF/4UlQEK/+jSf/xsnjoNGChqKqm+6uKJXCou9/ebmV1bX1jfxmYWt7Z3evuH/QsElmGK+zRCamFVHLpdC8jgIlb6WGUxVJ3oyG11O/+ciNFYm+x1HKQ0X7WsSCUXTSwy3pWKGI4o1useRX/BnIXxIsSAkWqHWLn51ewjLFNTJJrW0HforhmBoUTPJJodzJLE8pG9I+bzuqqeI2HM9OnpCyU3okTowrjWSmFn5MjKmydqQi16koDuyyNxX/89oZxpfhWOg0Q67ZfFGcSYIJmf5PesJwhnLkCGVGuGMJG1BDGbqUCi6FYPnnv6RxWgnOKv7deal6tcgjD0dwDCcQwAVU4QZqUAcGGp7gBV499J69N+993przFjOH8AvexzcIgJBl</latexit>

�E ⇠ 10�11 eV
<latexit sha1_base64="gMWrQ5O2g09/qkz6b3wIoSJCNgQ=">AAACBnicbVDLSsNAFJ3UV42vqEtdDJaCCy2JCrosPsBlBfuAJpbJ9KYdOnkwMxFK6MaVn+JKUBC3/oMr/8Zpm4VWD1w4nHMv997jJ5xJZdtfRmFufmFxqbhsrqyurW9Ym1sNGaeCQp3GPBYtn0jgLIK6YopDKxFAQp9D0x9cjP3mPQjJ4uhWDRPwQtKLWMAoUVrqWLvuJXBF8BV2JQuxY99lh44zwu4BhkbHKtkVewL8lzg5KaEctY716XZjmoYQKcqJlG3HTpSXEaEY5TAyy24qISF0QHrQ1jQiIUgvm7wxwmWtdHEQC12RwhPV/DGRkVDKYejrzpCovpz1xuJ/XjtVwZmXsShJFUR0uihIOVYxHmeCu0wAVXyoCaGC6WMx7RNBqNLJmToFZ/bnv6RxVHGOK/bNSal6nudRRDtoD+0jB52iKrpGNVRHFD2gJ/SCXo1H49l4M96nrQUjn9lGv2B8fAMdCZZJ</latexit>

⇤i = 500 eV
<latexit sha1_base64="YMBzf8d+36l00+KziqsM3Eo04r0=">AAAB/nicbVDLSgMxFM3UVx1f42PnJlgKLqRkfKAboejGhYsK9gGdYchkMm1o5kGSEepQ8FNcCQri1v9w5d+YtrPQ1gOBwznncm+On3ImFULfRmlhcWl5pbxqrq1vbG5Z2zstmWSC0CZJeCI6PpaUs5g2FVOcdlJBceRz2vYH12O//UCFZEl8r4YpdSPci1nICFZa8qw951aHA+wxeAnPEHKOIG15VgXV0ARwntgFqYACDc/6coKEZBGNFeFYyq6NUuXmWChGOB2ZVSeTNMVkgHu0q2mMIyrdfHL+CFa1EsAwEfrFCk5U89dEjiMph5GvkxFWfTnrjcX/vG6mwgs3Z3GaKRqT6aIw41AlcNwFDJigRPGhJpgIpo+FpI8FJko3ZuoW7Nk/z5PWcc0+qaG700r9quijDPbBATgENjgHdXADGqAJCHgEz+AVvBlPxovxbnxMoyWjmNkFf2B8/gDud5N6</latexit>

cs,i ⌧ 10�6
<latexit sha1_base64="getNXzU1uNEqzyhGMJrqWcI3EY0=">AAAB/XicbVDLSsNAFL3xWeMr2qWbwVJwoSVRUZdFNy4r2Ae0MUymk3bo5MHMRCgh+CmuBAVx64e48m+ctllo64ELh3Pu5d57/IQzqWz721haXlldWy9tmJtb2zu71t5+S8apILRJYh6Ljo8l5SyiTcUUp51EUBz6nLb90c3Ebz9SIVkc3atxQt0QDyIWMIKVljyrTLxMHrMc9ThHjv2QnVzknlWxa/YUaJE4BalAgYZnffX6MUlDGinCsZRdx06Um2GhGOE0N6u9VNIEkxEe0K6mEQ6pdLPp9TmqaqWPgljoihSaquaviQyHUo5DX3eGWA3lvDcR//O6qQqu3IxFSapoRGaLgpQjFaNJFKjPBCWKjzXBRDB9LCJDLDBROjBTp+DM/7xIWqc156xm351X6tdFHiU4gEM4AgcuoQ630IAmEBjDM7zCm/FkvBjvxsesdckoZsrwB8bnD3uCk+Y=</latexit>

⇢eq ' 0.4 eV4
<latexit sha1_base64="H3bhFK76cqA6qSicVcSakDT5hjI=">AAACD3icbVBNS8NAEN3Ur1q/qh69LJaCBymJFvRY9OKxgv2AJpbNdtou3U3S3Y1QQn+BJ3+KJ0FBvHr25L9x0+agrQ8GHu/NMDPPjzhT2ra/rdzK6tr6Rn6zsLW9s7tX3D9oqjCWFBo05KFs+0QBZwE0NNMc2pEEInwOLX90nfqtB5CKhcGdnkTgCTIIWJ9Roo3ULZZdOQy7CYyn2FVMwBjblSp2T7EriB5KkUBzel/tFkt2xZ4BLxMnIyWUod4tfrm9kMYCAk05Uarj2JH2EiI1oxymhbIbK4gIHZEBdAwNiADlJbN/prhslB7uh9JUoPFMLfyaSIhQaiJ805leqRa9VPzP68S6f+klLIhiDQGdL+rHHOsQp+HgHpNANZ8YQqhk5lhMh0QSqk2EBZOCs/jzMmmeVZzzin1bLdWusjzy6AgdoxPkoAtUQzeojhqIokf0jF7Rm/VkvVjv1se8NWdlM4foD6zPHxFJm1s=</latexit>



f� ⇠ 10�2Mpl
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<latexit sha1_base64="EcMa4ItOXMRb/+E1uX/cvHjxvfk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LJaCp5KooMeiF48V7Ie0oWy2k3bpbhJ2N0IJ/RWeBAXx6s/x5L9x2+agrQ8GHu/NMDMvSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BE2DTcCO4lCKgOB7WB8O/PbT6g0j6MHM0nQl3QY8ZAzaqz0KElPc0mw1S9X3Jo7B1klXk4qkKPRL3/1BjFLJUaGCap113MT42dUGc4ETkvVXqoxoWxMh9i1NKIStZ/NL56SqlUGJIyVrciQuVr6NZFRqfVEBrZTUjPSy95M/M/rpia89jMeJanBiC0WhakgJiaz98mAK2RGTCyhTHF7LGEjqigzNqSSTcFb/nmVtM5r3kXNvb+s1G/yPIpwAqdwBh5cQR3uoAFNYCDhGV7hzdHOi/PufCxaC04+cwx/4Hz+AGxvkA4=</latexit>
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⇤i = 500 eV
<latexit sha1_base64="YMBzf8d+36l00+KziqsM3Eo04r0=">AAAB/nicbVDLSgMxFM3UVx1f42PnJlgKLqRkfKAboejGhYsK9gGdYchkMm1o5kGSEepQ8FNcCQri1v9w5d+YtrPQ1gOBwznncm+On3ImFULfRmlhcWl5pbxqrq1vbG5Z2zstmWSC0CZJeCI6PpaUs5g2FVOcdlJBceRz2vYH12O//UCFZEl8r4YpdSPci1nICFZa8qw951aHA+wxeAnPEHKOIG15VgXV0ARwntgFqYACDc/6coKEZBGNFeFYyq6NUuXmWChGOB2ZVSeTNMVkgHu0q2mMIyrdfHL+CFa1EsAwEfrFCk5U89dEjiMph5GvkxFWfTnrjcX/vG6mwgs3Z3GaKRqT6aIw41AlcNwFDJigRPGhJpgIpo+FpI8FJko3ZuoW7Nk/z5PWcc0+qaG700r9quijDPbBATgENjgHdXADGqAJCHgEz+AVvBlPxovxbnxMoyWjmNkFf2B8/gDud5N6</latexit>

cs,i ⌧ 10�6
<latexit sha1_base64="getNXzU1uNEqzyhGMJrqWcI3EY0=">AAAB/XicbVDLSsNAFL3xWeMr2qWbwVJwoSVRUZdFNy4r2Ae0MUymk3bo5MHMRCgh+CmuBAVx64e48m+ctllo64ELh3Pu5d57/IQzqWz721haXlldWy9tmJtb2zu71t5+S8apILRJYh6Ljo8l5SyiTcUUp51EUBz6nLb90c3Ebz9SIVkc3atxQt0QDyIWMIKVljyrTLxMHrMc9ThHjv2QnVzknlWxa/YUaJE4BalAgYZnffX6MUlDGinCsZRdx06Um2GhGOE0N6u9VNIEkxEe0K6mEQ6pdLPp9TmqaqWPgljoihSaquaviQyHUo5DX3eGWA3lvDcR//O6qQqu3IxFSapoRGaLgpQjFaNJFKjPBCWKjzXBRDB9LCJDLDBROjBTp+DM/7xIWqc156xm351X6tdFHiU4gEM4AgcuoQ630IAmEBjDM7zCm/FkvBjvxsesdckoZsrwB8bnD3uCk+Y=</latexit>

⇢eq ' 0.4 eV4
<latexit sha1_base64="H3bhFK76cqA6qSicVcSakDT5hjI=">AAACD3icbVBNS8NAEN3Ur1q/qh69LJaCBymJFvRY9OKxgv2AJpbNdtou3U3S3Y1QQn+BJ3+KJ0FBvHr25L9x0+agrQ8GHu/NMDPPjzhT2ra/rdzK6tr6Rn6zsLW9s7tX3D9oqjCWFBo05KFs+0QBZwE0NNMc2pEEInwOLX90nfqtB5CKhcGdnkTgCTIIWJ9Roo3ULZZdOQy7CYyn2FVMwBjblSp2T7EriB5KkUBzel/tFkt2xZ4BLxMnIyWUod4tfrm9kMYCAk05Uarj2JH2EiI1oxymhbIbK4gIHZEBdAwNiADlJbN/prhslB7uh9JUoPFMLfyaSIhQaiJ805leqRa9VPzP68S6f+klLIhiDQGdL+rHHOsQp+HgHpNANZ8YQqhk5lhMh0QSqk2EBZOCs/jzMmmeVZzzin1bLdWusjzy6AgdoxPkoAtUQzeojhqIokf0jF7Rm/VkvVjv1se8NWdlM4foD6zPHxFJm1s=</latexit>
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Densities Evolution

18

Initial condition (eq): All DM in the ground state (!") at eq.

Production mechanism: for 
sub-eV DM out of equilibrium

H ⇠ m = eV, zprod ⇠ 1016 ) Tprod ⇠ eV
<latexit sha1_base64="h5l4FyvSQzosS3s7b4NVfqZvzC0="></latexit>

At eq.: T dm
eq ⇠ 10�26 eV ) T dm

eq ⌧ �E
<latexit sha1_base64="Ki188MxyEvFfAkoUme2cs94TIvg="></latexit>

21
Conversion between species!



Equation of state

- Apparently it does not depend too much on the initial conditions: gets 
acceleration today – different instance to the coincidence problem. (Ongoing 
analysis)

- Exception: bottom of the potential 2" + 1 %& - takes too long to accelerate34
19
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<latexit sha1_base64="Lw5oEP2c0+1LU79butbkAsGPtYE="></latexit>



Cosmological Evolution

• Radiation:

Field rotates fast for many cycles 
and does not feel the potential. !

(not described by the NR theory)
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Cosmological Evolution

• Radiation:

Field rotates fast for many cycles 
and does not feel the potential.

• Matter:

Kinetic term dominates with 

(not described by the NR theory)
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Cosmological Evolution

• Radiation:

Field rotates fast for many cycles 
and does not feel the potential.

• Matter:

Kinetic term dominates with 

(not described by the NR theory)

• Dark Energy:   ! " dominates.
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Cosmological Evolution

• Radiation:

Field rotates fast for many cycles 
and does not feel the potential.

• Matter:

Kinetic term dominates with 

(not described by the NR theory)

• Dark Energy:   ! " dominates.

Small scales: gradients important
DM behaviour on galactic scales
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Cosmological Evolution

• Matter:

Kinetic term dominates with 

• Dark Energy:   ! " dominates.
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• Dark Energy:   ! " dominates.

FUTURE



Perturbations

23

Linear Newtonian perturbation theory
Neglecting gradients

n=2:
c2s,i =

✓i
m

⌧ 1
<latexit sha1_base64="58JcHGmPMAAOAf2zO1+kQIGueuQ=">AAACDHicbVDLSsNAFJ3UV42vqks3Q0vBhZSkCroRim5cVrAPaGKYTCft0MmDmRuhhOxd+SmuBAVx6w+48m+cPhbaeuDC4Zx7ufcePxFcgWV9G4WV1bX1jeKmubW9s7tX2j9oqziVlLVoLGLZ9YligkesBRwE6yaSkdAXrOOPrid+54FJxePoDsYJc0MyiHjAKQEteaUy9TJ1wvP7+qUTSEIzB4YMiMfzLMyxIwS2vVLFqllT4GViz0kFzdH0Sl9OP6ZpyCKggijVs60E3IxI4FSw3Kw6qWIJoSMyYD1NIxIy5WbTZ3Jc1UofB7HUFQGequaviYyESo1DX3eGBIZq0ZuI/3m9FIILN+NRkgKL6GxRkAoMMZ4kg/tcMgpirAmhkutjMR0SnQno/Eydgr348zJp12v2ac26Pas0ruZ5FNERKqNjZKNz1EA3qIlaiKJH9Ixe0ZvxZLwY78bHrLVgzGcO0R8Ynz8SH5rv</latexit>

Viable alternative to the ΛCDM :should be able to describe the growth
of density perturbations that leads to the structures we observe.



Observational Signatures
• Clustering: growth factor

Clustering in a model where the varying sound speed, dynamical 
evolution.

24

• Small suppression of density perturbation growth.
• > 2.0% difference  

Growth function



Observational Signatures
• Clustering: growth factor

Clustering in a model where the varying sound speed, dynamical 
evolution.

25

• Steeper suppression of density perturbation growth.
• > 30.0% difference from ΛCDM

Growth rate



Summary

• New model that unifies the large scale CDM, MOND and dark 
energy in a single framework using the physics of superfluidity.

• Only needs the presence of DM in the form of a superfluid.

• The theory is found in analogue condensed matter system that 
motivates the origin and the choice of potential.

• Observational signatures: 
Predicts: 30% deviation in the growth rate from ΛCDM.



Future

• Local DE contribution
Soon after production, DM becomes superfluid

Different local acceleration in galaxies?

• Hydrodynamical simulations (Illustris – Prof. Volker Springel) – solve 
Gross-Pitaevskii equation.

• Observational signatures 
• Clustering, halo abundance and cluster counts
• Non-linear regime
• Effects from the new description of DM: vortices; …

• Dynamical M;

Difference
abundance of
ground and
excited states



Thank you!



Phenomenological consequences of SfDM
Sf phonon coupled to baryonic matter
Lasha Berezhiani, Benoit Famaey, Justin Khoury, 1711.05748

• Rotation curves of both high and low surface brightness galaxies 
can be reproduced
• Slightly rising rotation curve at large radii in massive high 

surface brightness galaxies -> subtly different from Milgrom’s 
law

• Expected differences with Milgrom’s law
• Dwarf spheroidal satellite galaxies, tidal dwarf galaxies, and globular

clusters -> Milgromian or Newtonian behavior depends on the
position with respect to the

superfluid core of the host galaxy. 
• Ultra-diffuse galaxies within galaxy clusters to have velocities slightly

above the BTFR.

• Photons and gravitons follow the same geodesics, and that galaxy-
galaxy lensing, probing larger distances within galaxy halos than 
rotation curves, should follow predictions closer to the standard 
cosmological model than those of Milgrom’s law.

https://arxiv.org/search/astro-ph?searchtype=author&query=Berezhiani%2C+L
https://arxiv.org/search/astro-ph?searchtype=author&query=Famaey%2C+B
https://arxiv.org/search/astro-ph?searchtype=author&query=Khoury%2C+J


Small Scale Challenges 
Galaxies
• Baryonic Tully Fisher Relation (BTFR)

ΛC
DM
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Star dominated
Gas dominated

Circular velocity
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McGaugh (2012) 

Remarkably tight scaling relations between dynamical and baryonic 
properties.

• Radial acceleration relation (RAR) 
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Predicted radial acceleration from baryons

McGaugh (2016) 
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MOND from higher-derivative corrections

Leading order:  
� n=2: !~#$ - standard BEC.
� n=3/2:  !~#%
� n=5/2 (Unitary Fermi Gas): !~#&/%

12

To describe non-relativistic DM and MOND-like:

Next–to-leading order: Correction involving () $ → +$ (Φ $
modify 

the kinetic term for gravity.

Symmetry is broken or not depending on 
the sign of the mass at 



Dark Matter Superfluid: Cosmology

Axion-like

• Must be produced out of equilibrium.
• Decoupled from ordinary matter throughout  the 

cosmological history.
• Self-interactions: reaches thermal equilibrium at 
! ≪ !#$ ⟹ superfluid!

• Cosmologically it remains superfluid forever after.

Cosmologically: always in the Einstein-gravity, symmetry-restoring phase 

Background expansion history and linear growth of perturbations  
indistinguishable from ΛCDM.

Relativist Completion

Always positive!

49



Long Range Forces
Dangerous terms like

ℒ ∝ # $%%
are forbidden by the (discrete) shift symmetry. 

Allowed terms 

50



Numerical Analysis

• Phantom Dark Energy

Equation of state

51
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