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Evidences for dark matter

Springel & others / Virgo Consortium

ESA and the Planck Collaboration

NASA and ESA

NASA and ESA
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CMB+LSS
Galaxies

Clusters

Huge  amount of  evidence 
From all scales?  

We can observe its effects in



Evidences for dark matter
Galaxy rotation curves
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Large Scale Structure Cluster collision Big Bang Nucleosynthesis
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• Distribution

Strong lensing

• Mass fraction

• Distribution

Weak lensing

• Distribution

• Shape

• Structure

Micro lensing

• Mass fraction

• Smoothness

CMB/LSS

• Ratio of DM/collisional matter

• Thermal history
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Springel & others / Virgo Consortium

• Distribution

• Separation from collisional matter

• Self-interaction • Amount of baryons
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What we know about dark matter
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s CDM – the standard cosmological model Λ

Successful description of  our universe with 6 free parameters, tested to sub-percent precision. 

CDM   
simple but exotic model!

Λ

Λ

DM: cold dark 
matter (CDM) fluid



Cold dark matter

•  Cold: moves much slower than c 

•  Presureless: gravitational attractive, clusters 

•  Dark (transparent): no/weakly electromagnetic interaction 

•  Collisionless: no/weakly self-interaction or interaction with baryons 

• Abundance: amount of  dark matter today known



What we don’t know
• What is DM? What is the nature of  DM?

State of  the “art"

Mass scale of  DM



What we don’t know
•  What is DM? Nature  

•  Cold 

•  Pressureless 

•  Dark (transparent) 

•  Collisionless 

How cold it is?

Cluster on all scales?

Non-gravitational interaction?

How small sefl-interaction?

WDM

SIDM

Milicharged DM

Small scale behavior: still weakly 
constrained and small scale challenges

Although still behaves like CDM on large scales



Small scale challenges
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Cusp-core 

Missing satellites

Incompatibility between the # 
of  satellites predicted by 
simulations using LCDM and 
the  # of  observed satellites  

Incompatibilidade entre a massa central de 

Regularity/diversity of  rotation curves 

Bullock, Baylon-Kolchin

• Baryonic Tully-Fisher relation (BTFR)
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Star dominated
Gas dominated

McGaugh (2012) 
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Circular velocity

Remarkably tight scaling relations between dynamical and 
baryonic properties.D

en
sit

y

Radius



• Feedback: • MOND: • Modify dark matter:

• Star formation 
• Stellar evolution 
• Sn rates 
• BH and AGN feedback 
• Stellar feedback 
• … 

Within CDMΛ

Empirical relation

a =

(
abN , abN � a0.q

abNa0, abN ⌧ a0.
<latexit sha1_base64="uwSMMYiKhFrcyhyY4+A71fMeNCE="></latexit>

Curiosity: Baryons drive the dynamics! 

Works extremely well for: (1) rotation 
curves; (2) scaling relations 

MOND without DM
BUT:

Dark matter-     Large scales: CDM 

Small scales:

Problems explaining 
large scales

Questions:
- Can it solve all these? 
-  simulations,  parametrizations 
- Enough feedback? 
- Explains tight scaling relation?

≠ ≠

DM with different 
properties on small scales 

Modified Newtonian Dynamics



Small scales can offer some hints of  the nature of  DM 

Small Scales
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Astrophysical 
Observables

DM 
Distribution

Nature of  DM 
Microphysics 

Particle physics

Opportunity to probe the nature of  DM!



Ultra-light dark matter



Ultra-light Dark Matter

Large scales:  
DM  behaves like standard 
particle DM (CDM). 

Small scales:  
DM behaves like a wave  

DM: particles
d � �dB
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DM: wave behaviour

�dB
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d ⌧ �dB
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Adapted from Quanta

Galaxy halo

Ultra-light candidate Large λdB ∼ 1/mv



Strengths of  the ULDM

Large scales
Clusters Galaxy halo

DM: particles

DM: wave behaviour

Adapted from Quanta

�dB
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• Particle physics/HEP/condensed matter 
motivation 

• Might address small scales problems 

• Rich phenomenology on small scales:

- Wave nature manifest on galactic scales 

- Forms a Bose-Einstein condensate or superfluid interior of  
galaxies

Candidates: Axions, ALPs, UL particles, …

Allows to probe the internal 
properties of the ULDM



Bose Einstein Condensate
• Bose Einstein condensate (BEC): macroscopic  
occupation of  the ground state 

• At low temperatures, each particle wave function overlap - single wave function describes the entire fluid.

High temperature
Thermal velocities

Low temperature
!!~#"#/%

”wave packets”

# = #&
BEC

”matter wave overlap”

# = 0
Pure BEC

”giant matter wave”
d ⇠ �dB
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• Appears at low T after the superfluid condenses into a BEC. 
• Effective dynamics: fluid flows without friction

Superfluid

Description

classical field
“wavefunction of the condensate”

Mean field 
approximation:  ̂(r, t) =  (r, t) + � ̂(r, t)
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 (r, t) = h ̂(r, t)i
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small perturbation: describes 
depletion of the condensate

n0 = | (r, t)|2
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Fixed
Large N, dilute i@t (r, t) =

✓
�r2

2m
+ Vtrap(r) + U0| (r, t)|2

◆
 (r, t)

<latexit sha1_base64="B7Cv6fNUSNrF1NH4RewqRElma+s="></latexit>

Non-linear Schrödinger equation - Gross-Pitaevskii equation

Credit: Peking University



How light is ultra-light?

“Ultra-light dark matter”, EF, 2020. 
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�dB

Behave as wave on galactic scales:

•  must be smaller than the haloλdB
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�dB < Rhalo

•  overlap to be of  halo size λdB
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m & 10�25 eV⟹ ⟹ m  2eV
<latexit sha1_base64="i/HhMbKAA5DxePCr8Nbxna8P7IU=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWpgi6LblxWsA9oQplMb9qhM5M4MxFKKPgrblwo4tbvcOffmLRZaOuBgcM593LPnCDmTBvH+bZKK6tr6xvlzcrW9s7unr1/0NZRoii0aMQj1Q2IBs4ktAwzHLqxAiICDp1gfJP7nUdQmkXy3kxi8AUZShYySkwm9e0jgT0OD7iOPUHMSIkU2tNK3646NWcGvEzcglRRgWbf/vIGEU0ESEM50brnOrHxU6IMoxymFS/REBM6JkPoZVQSAdpPZ/Gn+DRTBjiMVPakwTP190ZKhNYTEWSTeUa96OXif14vMeGVnzIZJwYknR8KE45NhPMu8IApoIZPMkKoYllWTEdEEWqyxvIS3MUvL5N2veae1+p3F9XGdVFHGR2jE3SGXHSJGugWNVELUZSiZ/SK3qwn68V6tz7moyWr2DlEf2B9/gDQGZTA</latexit>

10−35 kg

λULDM
dB ∼ pc − kpc

pc ≃ 3 × 1016 m
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10�25 eV . m . eV
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Ultra-light Dark Matter - models

Scalar 
field DM

Repulsive 
DM

Fluid DM

Ultra-light 
DM

AxionsALPs

There are many ULDM models in the literature 
However, each of  these models presents a different dynamics on small scales - different phenomenology



Ultra-light Dark Matter -classes
3 classes: 

“Ultra-light dark matter”, E.Ferreira, 2020. The Astronomy and 
Astrophysics Review.

DM Superfluid Self  Interacting FDM 
 (SIFDM)

Fuzzy DM  
(FDM) 

- Gravitationally bounded ultra-light 
scalar field model  
- Condensation under gravity (BEC)

- Presence of  (weakly) self-interaction 
- Condensation under gravity + SI 
(superfluid)

- Forms a superfluid in galaxies 
- MOND behaviour interior of  
galaxies

Axion and ALP (axion like particles)

Connection with condensed matter and particle physics!⟶

mDOFs gm



Phenomenology “Ultra-light dark matter”, E.Ferreira, 2020. Review. 

RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Levkov et al. 2018

S. May et al. 2021



Fuzzy dark matter 

Self  interacting fuzzy dark matter



Fuzzy DM and self-interacting FDM

Self  Interacting FDM 
 (SIFDM)

Fuzzy DM  
(FDM) 

- Gravitationally bounded ultra-light 
scalar field model  
- Condensation under gravity (BEC)

- Presence of  (weakly) self-interaction 
- Condensation under gravity + SI 
(superfluid)

m gm

Ultra-light scalar particles, axion and ALP (axion like particles) or ultra-light axionsCandidates:
Axions/ALPs 

•  Motivation from particle physics 
• Axions/ALPs behave like DM: one 

of  the leading candidates for DM
ULA or ALP QCD 

axion



Axions and ALPs are pseudo Nambu Goldstone bosons from the spontaneous symmetry breaking of  a UPQ(1) (U(1)) 
symmetry, and are described by the complex field: 

Cosmological evolution
Boson/ Scalar field in a cosmological (FRW) background

Axions or Axion like particles (ALP) 

<latexit sha1_base64="wsl3YHUi9dT/hO1QUFssq06OIdA=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwYXURBTdCEU3LivYBzQxTKaTdujkwcykUEI2/oobF4q49TPc+TdO2yy0euDC4Zx7ufceP+FMKsv6MkoLi0vLK+XVytr6xuaWub3TknEqCG2SmMei42NJOYtoUzHFaScRFIc+p21/eDPx2yMqJIujezVOqBvifsQCRrDSkmfuOQ3JrkbOMaIPGUNOMmAngYdzz6xaNWsK9JfYBalCgYZnfjq9mKQhjRThWMqubSXKzbBQjHCaV5xU0gSTIe7TrqYRDql0s+kDOTrUSg8FsdAVKTRVf05kOJRyHPq6M8RqIOe9ifif101VcOlmLEpSRSMyWxSkHKkYTdJAPSYoUXysCSaC6VsRGWCBidKZVXQI9vzLf0nrtGaf16y7s2r9uoijDPtwAEdgwwXU4RYa0AQCOTzBC7waj8az8Wa8z1pLRjGzC79gfHwDdYuVrg==</latexit>

 = v ei�/fa

<latexit sha1_base64="rXYvo2W1WwzZ9ppDIHUcGsljKYY=">AAACAXicbVDJSgNBEK2JW4zbqBfBS2MIeJA4ExS9CEEvHiOYBZJh6On0JE16Frt7AmEYL/6KFw+KePUvvPk3dpaDJj4oeLxXRVU9L+ZMKsv6NnJLyyura/n1wsbm1vaOubvXkFEiCK2TiEei5WFJOQtpXTHFaSsWFAcep01vcDP2m0MqJIvCezWKqRPgXsh8RrDSkmseDN3UOpHSy9AV8l182pEPQqWVzDWLVtmaAC0Se0aKMEPNNb863YgkAQ0V4VjKtm3FykmxUIxwmhU6iaQxJgPco21NQxxQ6aSTDzJU0koX+ZHQFSo0UX9PpDiQchToK0sBVn05743F/7x2ovxLJ2VhnCgakukiP+FIRWgcB+oyQYniI00wEUzfikgfC0yUDq2gQ7DnX14kjUrZPi9bd2fF6vUsjjwcwhEcgw0XUIVbqEEdCDzCM7zCm/FkvBjvxse0NWfMZvbhD4zPH1zMljI=</latexit>

v0,ssb = fa/
p
2

<latexit sha1_base64="0+DpGkx4HrIESGXG6J8Ty04ZXQ8=">AAACAXicbVBNS8NAEJ34WetX1IvgZbEIglASUfRY9OKxgv2AJpTNdtMs3WzC7kYppV78K148KOLVf+HNf+M2zUFbHww83pthZl6Qcqa043xbC4tLyyurpbXy+sbm1ra9s9tUSSYJbZCEJ7IdYEU5E7Shmea0nUqK44DTVjC4nviteyoVS8SdHqbUj3FfsJARrI3Utfe9NGLIk6wfaSxl8oBy4YR07YpTdXKgeeIWpAIF6l37y+slJIup0IRjpTquk2p/hKVmhNNx2csUTTEZ4D7tGCpwTJU/yj8YoyOj9FCYSFNCo1z9PTHCsVLDODCdMdaRmvUm4n9eJ9PhpT9iIs00FWS6KMw40gmaxIF6TFKi+dAQTCQztyISYYmJNqGVTQju7MvzpHladc+rzu1ZpXZVxFGCAziEY3DhAmpwA3VoAIFHeIZXeLOerBfr3fqYti5Yxcwe/IH1+QO92pZs</latexit>

� ! �+ c

Non-perturbative effects  (from string theory or instatons) induce a potential: 
<latexit sha1_base64="K826oYyyhCIZ0890ZojzX8MbLXQ="></latexit>

V (�) = ⇤4
a [1� cos(�/fa)] �!

1

2
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�4 + · · ·

<latexit sha1_base64="EuXS0jmRP1Bc45CvPDl+my0jQBQ=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOyS5idzCZDZmeHeQhhyW948aCIV3/Gm3/jJNmDJhY0FFXddHfFkjNtfP/bK62tb2xulbcrO7t7+wfVw6O2zqwitEUynqlujDXlTNCWYYbTrlQUpzGnnXh8N/M7T1RplolHM5E0SvFQsIQRbJwUhnLEUMg5Svq4X635dX8OtEqCgtSgQLNf/QoHGbEpFYZwrHUv8KWJcqwMI5xOK6HVVGIyxkPac1TglOoon988RWdOGaAkU66EQXP190SOU60naew6U2xGetmbif95PWuSmyhnQlpDBVksSixHJkOzANCAKUoMnziCiWLuVkRGWGFiXEwVF0Kw/PIqaV/Ug6u6/3BZa9wWcZThBE7hHAK4hgbcQxNaQEDCM7zCm2e9F+/d+1i0lrxi5hj+wPv8AUNckS0=</latexit>

� ⌧ fa

<latexit sha1_base64="ZGwIfC4lDOP6qnbjwYra0QNn3WE=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquKHosevFYwX5Au5Rsmm1Ds0lIskJZ+iO8eFDEq7/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4W19Y3NreJ2aWd3b/+gfHjUMjLVhDaJ5FJ3ImwoZ4I2LbOcdpSmOIk4bUfju5nffqLaMCke7UTRMMFDwWJGsHVSu1XtqRE775crfs2fA62SICcVyNHol796A0nShApLODamG/jKhhnWlhFOp6VeaqjCZIyHtOuowAk1YTY/d4rOnDJAsdSuhEVz9fdEhhNjJknkOhNsR2bZm4n/ed3UxjdhxoRKLRVksShOObISzX5HA6YpsXziCCaauVsRGWGNiXUJlVwIwfLLq6R1UQuuav7DZaV+m8dRhBM4hSoEcA11uIcGNIHAGJ7hFd485b14797HorXg5TPH8Afe5w+FMo8I</latexit>

V (�)

Oscillations

<latexit sha1_base64="veT3X6JXwJk8BqzyGBDnru5AmF8=">AAACJHicbZDLSsNAFIYn9VbrLerSzWARBKUkVVEQoeimywr2Ak0sk8mkHTq5MDMRSujDuPFV3Ljwggs3PouTNEJtPTDwzX8uM+d3IkaFNIwvrbCwuLS8Ulwtra1vbG7p2zstEcYckyYOWcg7DhKE0YA0JZWMdCJOkO8w0naGN2m+/UC4oGFwJ0cRsX3UD6hHMZJK6umXluuGMrGiAR3DI3hSh9b03b+vwpQV9q3jDH+VK6Onl42KkQWcBzOHMsij0dPf1XAc+ySQmCEhuqYRSTtBXFLMyLhkxYJECA9Rn3QVBsgnwk6yJcfwQCku9EKuTiBhpk53JMgXYuQ7qtJHciBmc6n4X64bS+/CTmgQxZIEePKQFzMoQ5g6Bl3KCZZspABhTtVfIR4gjrBUvpaUCebsyvPQqlbMs4pxe1quXed2FMEe2AeHwATnoAbqoAGaAINH8AxewZv2pL1oH9rnpLSg5T274E9o3z8PZ6Ht</latexit>
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Structure formation - non-relativistic regime
Evolution on small scales: take non-relativistic regime of  the theory, relevant for structure formation. 

Schrödinger-Poisson system : describe the FDM and the SIFDM

Fundamentally different than 
CDM/WDM/SIDM! 

i ̇ =

✓
� 1

2m
r2 +

g

8m2
| |2 �m�

◆
 

r2� = 4⇡G(m| |2 � ⇢̄)
<latexit sha1_base64="5U29PN8QJ+0Hak72J/ExoHMmXmk="></latexit>

Schrödinger equation 
(Gross-Pitaevskii) 

Poisson equation

g = 0

g 6= 0 SIFDM

FDM 



Structure formation - non-relativistic regime
Evolution on small scales: take non-relativistic regime of  the theory, relevant for structure formation. 

Schrödinger-Poisson system : describe the FDM and the SIFDM

Fundamentally different than 
CDM/WDM/SIDM! 

i ̇ =

✓
� 1

2m
r2 +

g

8m2
| |2 �m�

◆
 

r2� = 4⇡G(m| |2 � ⇢̄)
<latexit sha1_base64="5U29PN8QJ+0Hak72J/ExoHMmXmk="></latexit>

Schrödinger equation 
(Gross-Pitaevskii) 

Poisson equation

g = 0

g 6= 0 SIFDM

FDM 

Madelung equations

Pint = K⇢(j+1)/j =
g

2m2
⇢2

<latexit sha1_base64="qVsaoA1d2Gh0mAy/ZXbfPb0FtBU="></latexit>

( ⌘
p
⇢/mei✓ and v ⌘ r✓/m)

Quantum pressure

FLUID  
DESCRIPTION

<latexit sha1_base64="+U2LPm1q7G/6TkFnmKUYoGc/x08="></latexit>

⇢̇+r · (⇢v) = 0

v̇ + (v ·r)v = � 1
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Structure formation - perturbation and stability

REPULSIVEATTRACTIVEFDM

<latexit sha1_base64="rtQ+q7zMoxkxfQPYXraLpCehfYw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKV/AG5Jm6vWnPr7gxkmXgFqUGBZq/61e0nLIu5QiapMR3PTTHIqUbBJJ9UupnhKWUjOuAdSxWNuQny2bETcmKVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1MoyuglyoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafCo2BG/x5WXyeFb3Luru/XmtcVPEUYYjOIZT8OASGnAHTfCBgYBneIU3RzkvzrvzMW8tOcXMIfyB8/kDa9GNxQ==</latexit>

g > 0
<latexit sha1_base64="Bxkm256OEp5nQw8ik/Dz2DTQk74=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YOHohePFYwttKFstpt26WYTdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphKYdB1v53Syura+kZ5s7K1vbO7V90/eDRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9up33ri2ohEPeA45UFMB0pEglG0kj8g18TtVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPjt2Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRVZALlWbIFZsvijJJMCHTz0lfaM5Qji2hTAt7K2FDqilDm0/FhuAtvrxMHs/q3kXdvT+vNW6KOMpwBMdwCh5cQgPuoAk+MBDwDK/w5ijnxXl3PuatJaeYOYQ/cD5/AGjFjcM=</latexit>

g < 0

SIFDM

Quantum pressure

<latexit sha1_base64="Q+BKAKSdvbMYOkTvm0XW9LIwxzM=">AAACEXicbVDLSsNAFJ34rPUVdelmsAhdlSQouhGKblxWsA9o0jCZTtqhM0mYmQgl5Bfc+CtuXCji1p07/8ZJm4W2Hhg4nHMvc88JEkalsqxvY2V1bX1js7JV3d7Z3ds3Dw47Mk4FJm0cs1j0AiQJoxFpK6oY6SWCIB4w0g0mN4XffSBC0ji6V9OEeByNIhpSjJSWfLPe8jOXIzUWPKORynN4Bd1QIJyN8szhAyeHrhjHA8c3a1bDmgEuE7skNVCi5Ztf7jDGKSeRwgxJ2betRHkZEopiRvKqm0qSIDxBI9LXNEKcSC+bJcrhqVaGMIyFfpGCM/X3Roa4lFMe6MnieLnoFeJ/Xj9V4aWnkyapIhGefxSmDKoYFvXAIRUEKzbVBGFB9a0Qj5HuQ+kSq7oEezHyMuk4Dfu8Yd2d1ZrXZR0VcAxOQB3Y4AI0wS1ogTbA4BE8g1fwZjwZL8a78TEfXTHKnSPwB8bnD25JnV4=</latexit>

Pint =
g

2m2
⇢2

Competition between gravity and pressure (quantum pressure and interaction)

<latexit sha1_base64="+U2LPm1q7G/6TkFnmKUYoGc/x08="></latexit>
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Structure formation - perturbation and stability

REPULSIVEATTRACTIVEFDM

<latexit sha1_base64="rtQ+q7zMoxkxfQPYXraLpCehfYw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKV/AG5Jm6vWnPr7gxkmXgFqUGBZq/61e0nLIu5QiapMR3PTTHIqUbBJJ9UupnhKWUjOuAdSxWNuQny2bETcmKVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1MoyuglyoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafCo2BG/x5WXyeFb3Luru/XmtcVPEUYYjOIZT8OASGnAHTfCBgYBneIU3RzkvzrvzMW8tOcXMIfyB8/kDa9GNxQ==</latexit>

g > 0
<latexit sha1_base64="Bxkm256OEp5nQw8ik/Dz2DTQk74=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YOHohePFYwttKFstpt26WYTdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphKYdB1v53Syura+kZ5s7K1vbO7V90/eDRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9up33ri2ohEPeA45UFMB0pEglG0kj8g18TtVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPjt2Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRVZALlWbIFZsvijJJMCHTz0lfaM5Qji2hTAt7K2FDqilDm0/FhuAtvrxMHs/q3kXdvT+vNW6KOMpwBMdwCh5cQgPuoAk+MBDwDK/w5ijnxXl3PuatJaeYOYQ/cD5/AGjFjcM=</latexit>

g < 0

SIFDM

QP wins -  
Stable solution 

NO structure formation

        CDM⟶

Finite clustering scale - no structure formation on small scales



Structure formation - perturbation and stability

REPULSIVEATTRACTIVEFDM

<latexit sha1_base64="rtQ+q7zMoxkxfQPYXraLpCehfYw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKV/AG5Jm6vWnPr7gxkmXgFqUGBZq/61e0nLIu5QiapMR3PTTHIqUbBJJ9UupnhKWUjOuAdSxWNuQny2bETcmKVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1MoyuglyoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafCo2BG/x5WXyeFb3Luru/XmtcVPEUYYjOIZT8OASGnAHTfCBgYBneIU3RzkvzrvzMW8tOcXMIfyB8/kDa9GNxQ==</latexit>

g > 0
<latexit sha1_base64="Bxkm256OEp5nQw8ik/Dz2DTQk74=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YOHohePFYwttKFstpt26WYTdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphKYdB1v53Syura+kZ5s7K1vbO7V90/eDRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9up33ri2ohEPeA45UFMB0pEglG0kj8g18TtVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPjt2Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRVZALlWbIFZsvijJJMCHTz0lfaM5Qji2hTAt7K2FDqilDm0/FhuAtvrxMHs/q3kXdvT+vNW6KOMpwBMdwCh5cQgPuoAk+MBDwDK/w5ijnxXl3PuatJaeYOYQ/cD5/AGjFjcM=</latexit>

g < 0

SIFDM

QP wins -  
NO structure formation

QCD axion: m ⇠ 10�5 eV

�a ⇠ �10�48
<latexit sha1_base64="dF1dqpTz8jGT2GvDGfVBdKcYltI="></latexit>

lsoliton ⇠ 10�5 kpc
<latexit sha1_base64="pyhgOLPJ9Zk/e9WNeybwNtta+wk=">AAACEXicbVDLSgMxFM3UV62vqks3wSJ0oWVG62tXdOOygn1Ap5ZMmraheQxJRihDf8GNv+LGhSJu3bnzb8xMi6j1QODknHu5954gZFQb1/10MnPzC4tL2eXcyura+kZ+c6uuZaQwqWHJpGoGSBNGBakZahhphoogHjDSCIaXid+4I0pTKW7MKCRtjvqC9ihGxkqdfJF1Yi0ZNVKMoa8ph557Gx8c288+9DkyA8XjYYjHnXzBLbkp4CzxpqQApqh28h9+V+KIE2EwQ1q3PDc07RgpQzEj45wfaRIiPER90rJUIE50O04vGsM9q3RhTyr7hIGp+rMjRlzrEQ9sZbKj/usl4n9eKzK9s3ZMRRgZIvBkUC9i0EiYxAO7VBFs2MgShBW1u0I8QAphY0PMpSGcJzj5PnmW1A9L3lGpfF0uVC6mcWTBDtgFReCBU1ABV6AKagCDe/AInsGL8+A8Oa/O26Q040x7tsEvOO9fxvadHw==</latexit>

For attractive interactions can only form localized clumps (solitons) 

Finite size coherent core – Bose stars

�J = 55
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✓
⇢
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<latexit sha1_base64="8Op36kB+Fac1aavGf9jZehi6fXM="></latexit>

m  10�20eV ) �dB > O(kpc)
<latexit sha1_base64="p1ubcV1LB0cmE2s0Y3T23xu9zG4="></latexit>

Galactic scales

Finite clustering scale - no structure formation on small scales



Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017
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Phenomenology
Suppression of  small structures 

Finite Jeans length    or  λJ λattr , λrep No small scale structure

S. May et al. 2021

<latexit sha1_base64="/hF3AB/1uYuHJmvapRVD4qLlPvo=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw4y45Rb04jEBs0AyhJ5OJWnT0zN09whhyBd48aCIVz/Jm39jZxFcHxQ83quiql6YCK6N5707C4tLyyurubX8+sbm1nZhZ7eu41QxrLFYxKoZUo2CS6wZbgQ2E4U0CgU2wuHVxG/codI8ljdmlGAQ0b7kPc6osVJVdQpFzy15funMJ7+J73pTFGGOSqfw1u7GLI1QGiao1i3fS0yQUWU4EzjOt1ONCWVD2seWpZJGqINseuiYHFqlS3qxsiUNmapfJzIaaT2KQtsZUTPQP72J+JfXSk3vIsi4TFKDks0W9VJBTEwmX5MuV8iMGFlCmeL2VsIGVFFmbDZ5G8Lnp+R/Uj92/VPXq54Uy5fzOHKwDwdwBD6cQxmuoQI1YIBwD4/w5Nw6D86z8zJrXXDmM3vwDc7rB096jUg=</latexit>r
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Phenomenology
Suppression of  small structures 

Finite Jeans length    or  λJ λattr , λrep Suppresses small scale structure

POWER SPECTRUM (sub) HALO MASS FUNCTION

FDM

FDM
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Phenomenology
Suppression of  small structures 

Finite Jeans length    or  λJ λattr , λrep Suppresses small scale structure

POWER SPECTRUM (sub) HALO MASS FUNCTION

FDM

FDM

Ongoing: Modifying Boltzmann codes (CLASS) for the SIFDM case. 

CDM



Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Levkov et al. 2018

S. May et al. 2021



Phenomenology
Formation of  cores 

NO structure formation 
Stable, oscillating solution

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Simulation by Jowett Chan

NON-LINEAR 
evolution:  need 

simulations



Phenomenology
Formation of  cores 

NFW

From simulations Schive et a. 2014, fitting function:

NFW

observed

Relations used to compare 
with observations

FDM



Ongoing: Core - halo relation

PRELIMINARY 

In collaboration with Jowett Chan 
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Simulation of  the FDM model: solving the Schrödinger-Poisson equations using a 
splitting spectral method

Different relation than 
the literature

GOAL
Test the  

relation
Mc × Mhalo

Can change predictions of  m!



m  = 1e-22 eV 
a_s = - 2e-74 cm

           

L  = 1 Mpc/h 
N  = 980^3  
z_i = 50 
timestep = 1000

m  = 1e-22 eV
a_s = 0 cm

           

m  = 1e-22 eV 
a_s = 2e-74 cm

           

Ongoing: Simulation of  the SIFDM

PRELIMINARY 

In collaboration with Jowett Chan 
SIFDM can present very different phenomenology - very few simulations of  this class

Solving the Schrödinger-Poisson equations using a splitting spectral method

Other simulations with SIFDM: Amin et al. 2019, 
Hartman et al. 2019 (2 fluid – Madelung), Glennon et al 2020 (PySIUltraLight).
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g < 0FDM



Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Levkov et al. 2018

S. May et al. 2021



Phenomenology
Wave interference: granules and vortices

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Simulation by Jowett Chan

Mocz et al. 2017
Order one fluctuations in density          ⟶ Constructive interference: granules 

Destructive interference Hard to observe!



Observational signature of  superfluidity 

Reveals quantum mechanical nature of  superfluid 

Superfluid cannot rotate uniformly.  

If  the superfluid rotates faster than the critical vel.: 

!cr ⇠ 1

mR2
⇠ 10�41s�1
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For a halo with 

Formation of  vortices!

EF, 2020

Vortices: smoking gun for superfluid DM

© Martin Zwierlein.

Phenomenology
Vortices



What is the predicted size and abundance of  vortices in the halo? 
Are they observable?  



Ongoing: Vortices in SIFDM

  

PRELIMINARY 
In collaboration with Jowett Chan 

r2� = 4⇡G(m| |2 � ⇢̄)
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Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Levkov et al. 2018

S. May et al. 2021



Phenomenology
Dynamical effects

Relaxation, oscillation, friction, and heating



Phenomenology
Dynamical effects

Relaxation, oscillation, friction, and heating

Formation of  a BEC / superfluid

Levkov et al. 2018, Kirpatrick et al. 2020

Formation of  a condensate and a core occur from 
gravitational interaction. 

<latexit sha1_base64="OGWlHLoEXVUXxKNw96URvXN5TH8="></latexit>
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⇣ m

10�22 eV

⌘3
✓

v

30 km/s

◆6 ✓ ⇢
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⌧gr � ⌧intCondensation/relaxation time: 

Smaller than the age of  the universe! 

Thermalization and condensation seem to happen inside the galaxy! 
Formation of  a soliton (ground state) or Bose star in the interior of  galaxies 



Phenomenology
Dynamical effects

Relaxation, oscillation, friction, and heating

Formation of  a BEC / superfluid

Levkov et al. 2018, Kirpatrick et al. 2020

Formation of  a condensate and a core occur from 
gravitational interaction. 
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⌧gr � ⌧intCondensation/relaxation time: 

Smaller than the age of  the universe! 
BUT:            Analogous system to a 
condensate used. 
Condensation happens? 
Open question! GOAL

Thermalization and condensation seem to happen inside the galaxy! 
Formation of  a soliton (ground state) or Bose star in the interior of  galaxies 



Observational implications and constraints

Springel & others / Virgo Consortium

ESA and the Planck Collaboration

NASA and ESA

N
ASA and ESA

CC BY 4.0

CMB+LSS

Galaxies

Clusters

Dwarfs 

Stellar stream

Globular clusters

ESA



Observational implications and constraints
Fuzzy dark matter - bounds on the mass

“Ultra-light dark matter”, E.F., 2020. The Astronomy and 
Astrophysics Review.



Observational implications and constraints
Fuzzy dark matter - bounds on the mass

“Ultra-light dark matter”, E.F., 2020



Observational implications and constraints
Fuzzy dark matter - bounds on the mass

CMB/LSS Lyman alpha Global 21 cm

Hlozek et al, (2015, 2018)
Armengaud et al. (2017); Iršič et al. (2017);

Rogers et al. (2020)
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m & 2⇥ 10�20 eV

so enough Mpc-scale power in Ly-α forest at z = 5. Olof Nebrin et al.(2019)

EDGES global 21 cm signal

Suppressed small scale structure

Postpone Ly-α coupling, heating, 
reionization H

Smaller 21-cm global signal
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m & 10�24 eV
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m & 6⇥ 10�22 eV



Observational implications and constraints
Fuzzy Dark Matter - bounds on the mass

Stellar streams

• DM properties encoded in variations density in 
stellar streams 

• Opportunity to probe nature of  DM 
• GD-1 : compatible with CDM 
Ibata et al. (2020): at this stage, hard to disentangle DM signal. 

Schutz 2020: bound in the FDM using stellar streams and 
grav. lensing 

Future: PFS, LSST 

Grav. lensing



Observational implications and constraints
Fuzzy Dark Matter - bounds on the mass

Heating of the MW disk 
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m > 0.6⇥ 10�22 eV

Church et al. 2019

Globular clusters

Lancaster et al. 2020

Fornax: globular cluster should  
have merged with Fornax due to 
dynamical friction. 

Can explain these glob. Clusters

ESO/Digitized Sky Survey 2
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Observational implications and constraints
Fuzzy dark matter - bounds on the mass

“Ultra-light dark matter”, E.F., 2020

“Narrowing the mass range of  Fuzzy Dark Matter with Ultra-faint 
Dwarfs”, J. Chan, E.F., K. Hayashi, 2021.

 ρ(r) =
ρsoliton ≃

ρc

[1 + 0.091(r/rc)2]8 , r < rϵ

ρNFW =
ρs

(r/rs)(1 + r/rs)2 , r > rϵ

FDM SIMULATIONS



Constraints on the mass
FDM mass from Ultra-faint dwarfs “Narrowing the mass range of  Fuzzy Dark Matter with Ultra-faint 

Dwarfs”, J. Chan, EF, K. Hayashi, 2021.

Stellar kinematic data from 18 UFDs to fit the FDM profile:

Ultra-faint dwarfs (UFD): ideal laboratory to study DM 

 ρ(r) =
ρsoliton ≃

ρc

[1 + 0.091(r/rc)2]8 , r < rϵ

ρNFW =
ρs

(r/rs)(1 + r/rs)2 , r > rϵ

ρc(r) = 1.9 × 1012 ( m
10−23 eV )

−2

( rc

pc )
−4

[M⊙ pc]

rc ≃ 1600 ( m
10−23 eV )

−1

( Mhalo

1012 M⊙ )
−1/3

[pc]

FDM SIMULATIONS

Strongest constraint on  to date!mFDM

mFDM = 1.1+8.3
−0.7 × 10−19 eV



Observational implications and constraints
Fuzzy dark matter - bounds on the mass

“Ultra-light dark matter”, E.F., 2020

These models can be highly constrained 

If  these bounds holds, the FDM mass range is narrowing down 

GOAL: Constraints for SIFDM



Future

Vera Rubin observatory (LSST)

Prime Focus Specctrograph (PFS)

CMB-S4 LiteBIRD

BINGO telescope  



PFS (Prime Focus Spectrograph)

GOAL

Galaxy archeology
• Nature of  DM (dSphs)  
• Structure of  MW dark halo  
• Streams  
• Stellar kinematics and  

chemical abundances – MW & M31  

Cosmology

• Power spectrum 
• HSC+PFS 
• Linear growth (RSD)

Galaxy evolution
• Small-scale tests of structure growth 

• Halo-galaxy connection 

• Physics of cosmic reionization via 
LAEs & 21cm studies 

• Tomography of gas and DM

M*/M200

DM with PFS   synergy between science goals  ⟶

Wide & deep survey of  MW dwarf  galaxies w. Subaru/PFS

PFS: spectroscopy part of  SuMIRe project

PFS is going to be exquisite to measure the properties of  DM 



  

PFS (Prime Focus Spectrograph)
TESTING ULTRA LIGHT DM/DM with PFS GOAL

Galaxy archeology
• Nature of  DM (dSphs)  
• Structure of  MW dark halo  
• Streams  
• Stellar kinematics and  

chemical abundances – MW & M31  

GA         potential to put unprecedented constraints on ULDM. Potential for discovery!⟶

Wide & deep survey of  MW dwarf  galaxies w. Subaru/PFS

• MW dwarf  satellites - DM halo profile and [Fe/H] & [α/Fe] over largest areas  
• M31 halo - DM subhalos, chemo-dynamics with spectroscopic [Fe/H] and [α/Fe]  
• MW halo/streams/disks - Chemo-dynamics of  the MW outer disks, halo dynamics, constraints on the Galactic potential

dSphs

M31

MW outer disk

Unique: beyond reach of  
Gaia and VLT

⟶
Unique & high impact⟶

Ongoing



 

PFS (Prime Focus Spectrograph)

GOAL

Galaxy archeology
• Nature of  DM (dSphs)  
• Structure of  MW dark halo  
• Streams  
• Stellar kinematics and  

chemical abundances – MW & M31  

Cosmology

• Power spectrum 
• HSC+PFS 
• Linear growth (RSD)

Galaxy evolution
• Small-scale tests of structure growth 

• Halo-galaxy connection 

• Physics of cosmic reionization via 
LAEs & 21cm studies 

• Tomography of gas and DM

M*/M200

DM with PFS   synergy between science goals  ⟶

Wide & deep survey of  MW dwarf  galaxies w. Subaru/PFS

DM Science with PFS

Use PFS GA, GE and cosmology to constrain the properties of  DM. 



Future - BINGO telescope 
TESTING ULTRA LIGHT DM w/ 21-cm (BINGO)

Ultra-light DM (FDM) with 21-cm intensity mapping

21-cm 

• Intensity mapping (IM) - 3D tomographic map: great potential as 
a future cosmological probe  

• Complementary to forest probes 
• Capacity to probe power spectrum for smaller scales

Bauer et al 2020 
Carucci et al 2018

- Suppression of  PS 
- Increase in bHI

FORECAST

BINGO (BAO In Neutral Gas Observations)  

• Dish diameter: 40m   
• Area : 15 x 200deg2 – drift scan   
• Frequency range: 960 - 1260MHz   
• Redshift range: 0.12 - 0.48

Observation start: end of 2022

Intensity mapping  -  BAO

mFDM

m Ωa/ΩtWith 21-cm we can probe:

- Main goals: DE, FRBs 
- Constraints on DM 

σ(Ωa/ΩT)bingo = 0.2

“The  BINGO project I”, Abdalla, E.F., et al, 2021 
+The  BINGO project II - VII, including E.F. 

Ongoing



Future - Cosmic Microwave Background 
TESTING ULTRA LIGHT DM CMB GOAL

CMB - S4

Constraints on

Significantly improve constraints on the 
composition of  the dark sector!

H
lozek et al., 2016

Constraints on the optical depth

Kinematic Sunyaev–Zel’dovich effect: sensitive to 
the duration of  the reionization 

Constraint the ULDM mass

• LiteBIRD 
• Advances ACTPol 
• CMB-S4



Axion - direct and indirect detection
Axion ou ALP interacts with photons

Credit: I Irastorza/G Lanfranchi

Optical cavity

Obata et al 2018
CAST

Axion ou ALP interacts with neutrinos

Shao-Feng Ge, Hitoshi Murayama, 2019 
Abhish Dev et al, 2020

Effects of  oscillations of  the axions can be 
probed in neutrino oscillation 

experiments

This effect can also be seen in: 
- CMB                    -    BBN 
- Astrophysical neutrinos and Sn 1987A

Super-Kamiokande? 
(Hyper-K)

- time variation os neutrino signal 
- Oscillation prob. distorted 
- …

https://arxiv.org/search/hep-ph?searchtype=author&query=Ge%2C+S
https://arxiv.org/search/hep-ph?searchtype=author&query=Murayama%2C+H
https://arxiv.org/search/hep-ph?searchtype=author&query=Ge%2C+S
https://arxiv.org/search/hep-ph?searchtype=author&query=Murayama%2C+H


Superfluid Dark Matter



Superfluid Dark Matter

Lasha Berezhiani and Justin Khoury (2016)  

Similar phenomenology than the FDM & SIFDM + explains the rotations curves and scaling relations   

MOND

Newtonian 
Dynamics

Large scales:  
DM  behaves like standard 
particle DM (CDM). Galactic scales: 

DM  forms a superfluid 
 emergent MOND dynamics 

in galaxies 
⟶

Suppresses small structures, dyn. effects, formation of  cores

a =

(
abN , abN � a0.q

abNa0, abN ⌧ a0.
<latexit sha1_base64="uwSMMYiKhFrcyhyY4+A71fMeNCE="></latexit>



Superfluid Dark Matter
Lasha Berezhiani and Justin Khoury (2016)  

L = P (X)
<latexit sha1_base64="6oiQD+5WQ64GzJNT+Zvd1xiR/+A=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyXR4mMhFN24cFHBPqANZTKdtEMnD2YmhRL6J25cKOLWP3Hn3zhJg6j1wMDhnHu5Z44bcSaVZX0ahaXlldW14nppY3Nre8fc3WvJMBaENknIQ9FxsaScBbSpmOK0EwmKfZfTtju+Sf32hArJwuBBTSPq+HgYMI8RrLTUN82ej9WIYJ7cza4alc5x3yxbVSsDWiR2TsqQo9E3P3qDkMQ+DRThWMqubUXKSbBQjHA6K/ViSSNMxnhIu5oG2KfSSbLkM3SklQHyQqFfoFCm/txIsC/l1Hf1ZJpT/vVS8T+vGyvvwklYEMWKBmR+yIs5UiFKa0ADJihRfKoJJoLprIiMsMBE6bJKWQmXKc6+v7xIWidV+7Rau6+V69d5HUU4gEOogA3nUIdbaEATCEzgEZ7hxUiMJ+PVeJuPFox8Zx9+wXj/ArnSkzM=</latexit>

L = P (X), X = ✓̇ �m�� (~r✓)2

2m
<latexit sha1_base64="HZSMdV+ZL7YiFL9qy7XgJBDMYlM="></latexit>

EFT of superfluids

To describe non-relativistic MOND, it is imposed that:

P (X) =
2⇤ (2m)3/2

3
X
p
|X|

<latexit sha1_base64="UfM/GSEezn9y3p3TNd3SoDPFV7E="></latexit>

Softly breaks shift 
symmetryLint ⇠

⇤

Mpl
✓⇢b

<latexit sha1_base64="H0K6O1s8Ir/cEWUEkbi2a1KsdOQ="></latexit>

⇤ =
p
a0Mpl ⇠ 0.8meV

<latexit sha1_base64="Lrtg+mBW1UOcYhCy6QNrgzdaYBM="></latexit>

How to construct - MOND from phonons 

    Leads to an equation of state    
required to describe MOND

⟶ P ∼ ρ3

BEC� n = 2 : P ⇠ ⇢2

� n = 3/2 : P ⇠ ⇢3

� n = 5/2 : P ⇠ ⇢5/3
<latexit sha1_base64="rxpjUyXyesA3P201/N4MTYQ3btw="></latexit>

“MOND”

Different phenomena P (X) /
⇣
✓̇/m

⌘n
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Unitary Fermi 
gas

To mediate the MONDian force, 
couple phonons to baryons:

Crystal Lens

Low energy: only θ  excited - phonon 
Nambu Goldstone boson

 = (v + ⇢)ei(µt+✓)
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Superfluid Dark Matter

⟹

|~r�| > 3 a0
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- Newtonian limit:

~r2� =
⇢s + ⇢b
2M2
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<latexit sha1_base64="PkYcYDbnHIwdeK+nvzUVo2XVmUU=">AAACHnicbVBLSwMxGMz6rPW16tFLsAiCUHaroheh6MWLUME+oFuXbJptQ7PJkmQLZdlf4sW/4sWDIoIn/Tdm2x60dSBkmJmP5JsgZlRpx/m2FhaXlldWC2vF9Y3NrW17Z7ehRCIxqWPBhGwFSBFGOalrqhlpxZKgKGCkGQyuc785JFJRwe/1KCadCPU4DSlG2ki+feYNCU49jgKGsocK9Gp9Ci+9UCKjyr7w1fH4CrK0cuunMTOhrOjbJafsjAHniTslJTBFzbc/va7ASUS4xgwp1XadWHdSJDXFjGRFL1EkRniAeqRtKEcRUZ10vF4GD43ShaGQ5nANx+rviRRFSo2iwCQjpPtq1svF/7x2osOLTkp5nGjC8eShMGFQC5h3BbtUEqzZyBCEJTV/hbiPTDXaNJqX4M6uPE8albJ7Uq7cnZaqV9M6CmAfHIAj4IJzUAU3oAbqAINH8AxewZv1ZL1Y79bHJLpgTWf2wB9YXz8W7aJz</latexit>

⟹

|~r�| < 3 a0
<latexit sha1_base64="HR0W88WDi5TRiWrncakKRg11hsE=">AAACB3icbVC7SgNBFJ2NrxhfUUtBBoNgIWE3EbSwCNpYRjAPyIbl7mQ2GTI7u8zMBsImnY2/YmOhiK2/YOffOHkUmnjgwuGce7n3Hj/mTGnb/rYyK6tr6xvZzdzW9s7uXn7/oK6iRBJaIxGPZNMHRTkTtKaZ5rQZSwqhz2nD799O/MaASsUi8aCHMW2H0BUsYAS0kbz88cgdUJK6AnwOY+xWe2yEr3HZPcfg2TkvX7CL9hR4mThzUkBzVL38l9uJSBJSoQkHpVqOHet2ClIzwuk45yaKxkD60KUtQwWEVLXT6R9jfGqUDg4iaUpoPFV/T6QQKjUMfdMZgu6pRW8i/ue1Eh1ctVMm4kRTQWaLgoRjHeFJKLjDJCWaDw0BIpm5FZMeSCDaRDcJwVl8eZnUS0WnXCzdXxQqN/M4sugInaAz5KBLVEF3qIpqiKBH9Ixe0Zv1ZL1Y79bHrDVjzWcO0R9Ynz9ivpet</latexit>

- MOND limit:
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Only DM

Mostly DM

”MOND”
No MOND



Low surface brightness High surface brightness

Superfluid Dark Matter
Rotation curves 

Superfluid core: 
Rhalo = 57 kpc

RSf = 40 kpc
<latexit sha1_base64="bAZW4GpbaCY1+D6NzYXWuHfQigs=">AAACJHicbVDLSsNAFJ34rPEVdelmsCgupKRarSKFohuX9dEHNCFMppN26OTBzEQoIR/jxl9x48IHLtz4LSZpEG09cOFwzr3ce48dMCqkrn8qM7Nz8wuLhSV1eWV1bV3b2GwJP+SYNLHPfN6xkSCMeqQpqWSkE3CCXJuRtj28TP32PeGC+t6dHAXEdFHfow7FSCaSpZ3v3VjRADE/rh1XoXEADRfJAXejYYBjaBhq6t86cQ1W9Enb0op6Sc8Ap0k5J0WQo2Fpb0bPx6FLPIkZEqJb1gNpRohLihmJVSMUJEB4iPqkm1APuUSYUfZkDHcTpQcdnyflSZipvyci5Aoxcu2kM71RTHqp+J/XDaVzakbUC0JJPDxe5IQMSh+micEe5QRLNkoIwpwmt0I8QBxhmeSqZiGcpTj5eXmatA5L5aNS5bpSrF/kcRTANtgB+6AMqqAOrkADNAEGD+AJvIBX5VF5Vt6Vj3HrjJLPbIE/UL6+Ac93oz4=</latexit>

Rhalo = 445 kpc

RSf = 79 kpc
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58% of the total mass of the halo 25% of the total mass of the halo



Superfluid Dark Matter
Observational consequences 

Berezhiani et al. 2018)  



Superfluid Dark Matter
Dynamical Friction 

Inner region of  galaxy: 
Superfluid core 

Superfluid flows without friction

• Fornax: globular cluster should have 
merged with Fornax due to 
dynamical friction. 
Superfluid  no friction 
Can explain these glob. Clusters
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BUT: what about the Bullet Cluster?

Complete analysis in: B. Elder et al., JCAP 1910 (2019) no.10, 074 

ESO/Digitized Sky Survey 2

Large cluster subsonic and small 
cluster supersonic (Sf  core)    
Bullet cluster as expected! Landa criteria for 

superfluid 
v < vc



Superfluid Dark Matter

Superfluid DM model presents a very interesting behaviour in galaxies, being able to reproduce 
MOND from DM   

•  Presents only a phenomenological non-relativistic description 

•  Need to develop cosmology 

•Does not present many constraints yet. 

Presents opportunities of  theoretical and observational advances!



Ultra-light fields as Dark Energy



Fuzzy Dark Matter 
Hlozek et al, 2015; Jiangang Kang et al. (2019) 

Behave as dark energy with  forw ∼ − 1

mfdm < 10−32 eV

Ultra-light fields as Dark Energy

Fr
ac

tio
n 

of
 a

xi
on

s/
da

rk
 se

ct
or



Unified superfluid dark sector 

• DM superfluid with two interacting distinguishable 
states. 

• Phonons: propagate with different phases for each 
species   

           Potential for the  
• Prediction for clustering

⟶ (θ1 − θ2)

ℒ = P(X1) + P(X2) − M4 [1 + cos(θ1 − θ2)/f ]
Potential - dark energy Dark matter

Unified framework 
w/ DM alone!

“Unified superfluid dark sector”, EF, G. Franzmann, J. Khoury, 
R. Brandenberger, 2018 

Ultra-light fields as Dark Energy

Background evolution Clustering: 
growth factor

- Acceleration from interactions (no dark energy) 

- Use condensed matter methods in cosmology – effective change 
of  the dynamics, no change in the fundamental theory. 



Future

Vera Rubin observatory (LSST)

Prime Focus Specctrograph (PFS)

CMB-S4 LiteBIRD

BINGO telescope  

Search for DE - main goal of  many of  these experiemnts



Future - Cosmic Microwave Background 

Cosmic Birefringence from axions 

Parity-violating physics in polarisation of  the cosmic microwave background

Minami/Komatsu

Could be cause by an ultra-light axion that behaves like dark energy

LiteBIRD can possibly constraint this effect 
- Develop models with such axion 
- Study their predictions 
- Forecasts for LiteBIIRD

Rotation of  the CMB polarization plane Minami , Komatsu 2020



Future Directions



Future Directions

Potential for discovery (highly constrain) these models in the near future!

Exciting times for the study of  ULDM - new simulations, new probes and observations  

We have only scratched the surface of  the study of  these models and their constraints:  

Ultra-light Dark Matter

Numerical Simulations

Ultra-Light field as Dark Energy

Observations: testing ULDM/
axions

Predictions, improving 
and developing models

PFS (Prime Focus Spectrograph)

21cm with BINGO

Constraining ALPs with LiteBIRD



Future Directions
Open questions 

We have only scratched the surface of  the study of  these models and their constraints:  

Self-Interacting FDM 
• Observable signatures? 
• Simulations? 

Dark Matter superfluid 
• Relativistic completion? 
• Microphysics description? 
• Cosmology? 
• Mass? 

Condensation 
• BEC or a Superfluid formed in galaxies? 
• Break of  classicality?

Core vs halo relation 
• Observable signatures? 
• Simulations? 
• Mergers? 

Vortices 
• Prediction - simulations? 
• Observable? How can be probed? 

New models 
• New well motivated models? (vector ULDM) 
• New microphysics description?

Exciting times for the study of  ULDM - new simulations, new probes and observations  



Future Directions

Potential for discovery (highly constrain) these models in the near future!

Exciting times for the study of  ULDM - new simulations, new probes and observations  

We have only scratched the surface of  the study of  these models and their constraints:  

Ultra-light Dark Matter

Numerical Simulations

Ultra-Light field as Dark Energy

Observations: testing ULDM/
axions

Predictions, improving 
and developing models

PFS (Prime Focus Spectrograph)

21cm with BINGO

Constraining ALPs with LiteBIRD

Necessary to compare these models with observations

• SIFDM and DM Sf  
• NEW observable: vortices and its 

predictions  
• Zoom-in simulations -  halo mass vs 

core relation

ALPs and UL fields role in the dark sector

• Unified DM superfluid: completion 
and testOpen questions



• "Constraining interacting dark energy with CMB and BAO future surveys", L. Santos, Wen Zhao,, EF, J. Quintin, (2017). 
• "Testing the Interaction between Dark Energy and Dark Matter with Planck Data", A. Costa, X. Xu,  B. Wang, EF, E. Abdalla, 2014. 
• "Evidence for interacting dark energy from BOSS",  EF, J. Quintin, A. Costa, E. Abdalla, B. Wang, 2017.

Also happy to talk about my work on other topics in cosmology 

• "Covariant c-flation”, R. , R. Cuzinatto, EF, G. Franzmann, 2019. 
• "Dynamics of Cosmological Perturbations and Reheating in the Anamorphic Universe”, L. Graef, W. Hipolito-Ricaldi, EF, R,Brandenberger, 2017 
• "Particle Production in Ekpyrotic Scenarios”, W. Hipolito-Ricaldi, EF, R. Brandenberger, L. Graef, 2017. 
• "Curvature Perturbations in a Cosmology with a Space-Like Singularity”, EF, R. Brandenberger, 2016. 
• "Fluctuations  in  a cosmology with a spacelike singularity and their gauge theory dual description”, R. Bradenberger, EF, et al., 2016. 
• "A new model of axion monodromy inflation and its cosmological implications”, Yi-Fu Cai, F. Chen, EF, J. Quintin, 2016. 
• "Searching  for  Features  of  a  String  Inspired  Inflationary  Model with Cosmological Observations”, Yi-Fu Cai, EF, B. Hu, J. Quintin, 2015. 
• "Resonance of Entropy Perturbations in Massless Preheating”, H. Moghaddam, R. Brandenberger, Yi-Fu Cai, EF, 2015. 
• "The Trans-Planckian Problem in the Healthy Extension of Horava-Lifshitz Gravity”, EF, R. Brandenberger, 2014.

• “The Bingo project I: Baryon Acoustic Oscillations from Integrated Neutral Gas Observations”, E. Abdalla, EF, et al., 2021. 
• “The Bingo project II: Instrument”, C. Wuensche, et al. (including  EF), 2021. 
• “The Bingo project III: Optics”, F. Abdalla, et al. (including  EF), 2021. 
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Summary
Well motivated DM models 
Rich and distinct phenomenology on small scales  
Testable prediction 
One of  the leading candidate for DM

Opportunity to probe the microphysics, particle physics properties of  DM 
Small scales provide strong constraints in these models 
FDM mass being narrowed down

PFS will be exquisite to to measure the properties of  DM 
21cm - complementary probe, power on small scales (BINGO telescope) 
Simulations necessary for testing ULDM models with observations 
New observables, new well motivated models

Axion like particles and ultra-light fields can have an important role in 
the dark sector

Ultra-Light Dark Matter

Small Scales 

Future

Dark Energy



Thank you! 

どうもありがとうございました


