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Evidences for dark matter
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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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Strong lensing
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Micro lensing

• Mass fraction

• Smoothness

CMB/LSS

• Ratio of DM/collisional matter

• Thermal history
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• 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? 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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Remarkably tight scaling relations between dynamical and 
baryonic properties.D
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• 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



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

State of  the “art"

Mass scale of  DM



Ultra-light dark matter



Ultra-light Dark Matter
Ultra-light candidate, cold Large λdB ∼ 1/mv

Lightest possible candidate for DM

10−35 kg10−57 kg

Bosons (scalar fields) 

Non-thermally produced



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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Adapted from Quanta

Galaxy halo

Ultra-light candidate Large λdB ∼ 1/mv

10−35 kg

λULDM
dB ∼ pc − kpc
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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



Ultra-light Dark Matter - models

Scalar 
field DM

Repulsive 
DM

Fluid DM

Ultra-light 
DM

AxionsALPs

There are many ways to have a DM with this property  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!⟶
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L = P (X)



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) 
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Non-perturbative effects  (from string theory or instatons) induce a potential: 
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m > 10�28 eV ⇠ H(aeq)



Cosmological evolution
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<latexit sha1_base64="k2AkfM2kRgmzotlF0+InmjdF3hg=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgxbAril6EoBePEcwDNkuYnUySIfNYZnqFsOQzvHhQxKtf482/cZLsQRMLGoqqbrq74kRwC77/7RVWVtfWN4qbpa3tnd298v5B0+rUUNagWmjTjollgivWAA6CtRPDiIwFa8Wju6nfemLGcq0eYZywSJKB4n1OCTgp7GjJBgTf4LOgW674VX8GvEyCnFRQjnq3/NXpaZpKpoAKYm0Y+AlEGTHAqWCTUie1LCF0RAYsdFQRyWyUzU6e4BOn9HBfG1cK8Ez9PZERae1Yxq5TEhjaRW8q/ueFKfSvo4yrJAWm6HxRPxUYNJ7+j3vcMApi7AihhrtbMR0SQyi4lEouhGDx5WXSPK8Gl1X/4aJSu83jKKIjdIxOUYCuUA3dozpqIIo0ekav6M0D78V79z7mrQUvnzlEf+B9/gCj5JAs</latexit>

! = �1

<latexit sha1_base64="i0FQqIgPYD+d7x7JbDZm0VqwTQg=">AAACDXicbVA9SwNBFNyLXzF+RS1tFqNgFe5E0TJoYxnBRCEXw97mJVmye7fsvhPCcX/Axr9iY6GIrb2d/8ZNTKHRgYVh5j32zURaCou+/+kV5uYXFpeKy6WV1bX1jfLmVtMmqeHQ4IlMzE3ELEgRQwMFSrjRBpiKJFxHw/Oxf30HxookvsKRhrZi/Vj0BGfopE55L9QD0clCxXBgVCYZQp7TUJtEY0LhNhMK80654lf9CehfEkxJhUxR75Q/wm7CUwUxcsmsbQW+xnbGDAouIS+FqQXN+JD1oeVozBTYdjZJk9N9p3RpLzHuxUgn6s+NjClrRypyk+Or7aw3Fv/zWin2TtuZiHWKEPPvj3qppC7ouBraFQY4ypEjjBvhbqV8wAzj6AosuRKC2ch/SfOwGhxX/cujSu1sWkeR7JBdckACckJq5ILUSYNwck8eyTN58R68J+/Ve/seLXjTnW3yC977FxREnNM=</latexit>

�late / eimt
<latexit sha1_base64="Qyp1OHzotOoivFPn+UaJ/7KONvU=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUlE0Y1QdOOygn1AE8pkepMOnUzCzEQooeDGX3HjQhG3/oQ7/8Zpm4W2Hrhw5px7mXtPkHKmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqSSTFJo04YnsBEQBZwKammkOnVQCiQMO7WB4M/HbDyAVS8S9HqXgxyQSLGSUaCP17AOPExFxwF4SQ0SwJ2fPK+z07KpTc6bAi8QtSBUVaPTsL6+f0CwGoSknSnVdJ9V+TqRmlMO44mUKUkKHJIKuoYLEoPx8esMYHxulj8NEmhIaT9XfEzmJlRrFgemMiR6oeW8i/ud1Mx1e+jkTaaZB0NlHYcaxTvAkENxnEqjmI0MIlczsiumASEK1ia1iQnDnT14krdOae15z7s6q9esijjI6REfoBLnoAtXRLWqgJqLoET2jV/RmPVkv1rv1MWstWcXMPvoD6/MHVfSWqQ==</latexit>

h!i = 0

<latexit sha1_base64="B1v+dKfpYwCsIyQrwN1bmjiKyqE=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kokoeix68eChgv2ANpTNdtMu3eyG3U2lhP4TLx4U8eo/8ea/cdPmoK0PBh7vzTAzL0w408bzvp2V1bX1jc3SVnl7Z3dv3z04bGqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2Fo9vcb42p0kyKRzNJaBDjgWARI9hYqee63XspBooNhgYrJZ/KPbfiVb0Z0DLxC1KBAvWe+9XtS5LGVBjCsdYd30tMkGFlGOF0Wu6mmiaYjPCAdiwVOKY6yGaXT9GpVfooksqWMGim/p7IcKz1JA5tZ4zNUC96ufif10lNdB1kTCSpoYLMF0UpR0aiPAbUZ4oSwyeWYKKYvRWRIVaYGBtWHoK/+PIyaZ5X/cuq93BRqd0UcZTgGE7gDHy4ghrcQR0aQGAMz/AKb07mvDjvzse8dcUpZo7gD5zPH3vmk44=</latexit>

=)

<latexit sha1_base64="B1v+dKfpYwCsIyQrwN1bmjiKyqE=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kokoeix68eChgv2ANpTNdtMu3eyG3U2lhP4TLx4U8eo/8ea/cdPmoK0PBh7vzTAzL0w408bzvp2V1bX1jc3SVnl7Z3dv3z04bGqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2Fo9vcb42p0kyKRzNJaBDjgWARI9hYqee63XspBooNhgYrJZ/KPbfiVb0Z0DLxC1KBAvWe+9XtS5LGVBjCsdYd30tMkGFlGOF0Wu6mmiaYjPCAdiwVOKY6yGaXT9GpVfooksqWMGim/p7IcKz1JA5tZ4zNUC96ufif10lNdB1kTCSpoYLMF0UpR0aiPAbUZ4oSwyeWYKKYvRWRIVaYGBtWHoK/+PIyaZ5X/cuq93BRqd0UcZTgGE7gDHy4ghrcQR0aQGAMz/AKb07mvDjvzse8dcUpZo7gD5zPH3vmk44=</latexit>

=)

DE

DM

U
L 

fie
ld

Scale factor a(t) Scale factor a(t)

early late

Scale factor a(t)

DE DM

<latexit sha1_base64="ZG8aEvVsrTWuQ/FFUBmPRsNh4jo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREFD0WvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKVfNrLzya9as2tuzOQZeIVpAYFmr3qV7efsCzmCpmkxnQ8N8UgpxoFk3xS6WaGp5SN6IB3LFU05ibIZ8dOyIlV+iRKtC2FZKb+nshpbMw4Dm1nTHFoFr2p+J/XyTC6DnKh0gy5YvNFUSYJJmT6OekLzRnKsSWUaWFvJWxINWVo86nYELzFl5fJ43ndu6y79xe1xk0RRxmO4BhOwYMraMAdNMEHBgKe4RXeHOW8OO/Ox7y15BQzh/AHzucPo72Okg==</latexit>a⇤
<latexit sha1_base64="ZG8aEvVsrTWuQ/FFUBmPRsNh4jo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREFD0WvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKVfNrLzya9as2tuzOQZeIVpAYFmr3qV7efsCzmCpmkxnQ8N8UgpxoFk3xS6WaGp5SN6IB3LFU05ibIZ8dOyIlV+iRKtC2FZKb+nshpbMw4Dm1nTHFoFr2p+J/XyTC6DnKh0gy5YvNFUSYJJmT6OekLzRnKsSWUaWFvJWxINWVo86nYELzFl5fJ43ndu6y79xe1xk0RRxmO4BhOwYMraMAdNMEHBgKe4RXeHOW8OO/Ox7y15BQzh/AHzucPo72Okg==</latexit>a⇤

<latexit sha1_base64="ZG8aEvVsrTWuQ/FFUBmPRsNh4jo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREFD0WvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKVfNrLzya9as2tuzOQZeIVpAYFmr3qV7efsCzmCpmkxnQ8N8UgpxoFk3xS6WaGp5SN6IB3LFU05ibIZ8dOyIlV+iRKtC2FZKb+nshpbMw4Dm1nTHFoFr2p+J/XyTC6DnKh0gy5YvNFUSYJJmT6OekLzRnKsSWUaWFvJWxINWVo86nYELzFl5fJ43ndu6y79xe1xk0RRxmO4BhOwYMraMAdNMEHBgKe4RXeHOW8OO/Ox7y15BQzh/AHzucPo72Okg==</latexit>a⇤

<latexit sha1_base64="g19dYklHj42OgRMJV1hLOVZj+b8=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRaheii7ouhFKHrpsYL9wHYp2TTbhibZJckKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz84KYM21c99vJrayurW/kNwtb2zu7e8X9g6aOEkVog0Q8Uu0Aa8qZpA3DDKftWFEsAk5bwehu6reeqNIskg9mHFNf4IFkISPYWOmxVja99GxyeiN6xZJbcWdAy8TLSAky1HvFr24/Iomg0hCOte54bmz8FCvDCKeTQjfRNMZkhAe0Y6nEgmo/nV08QSdW6aMwUrakQTP190SKhdZjEdhOgc1QL3pT8T+vk5jw2k+ZjBNDJZkvChOOTISm76M+U5QYPrYEE8XsrYgMscLE2JAKNgRv8eVl0jyveJcV9/6iVL3N4sjDERxDGTy4girUoA4NICDhGV7hzdHOi/PufMxbc042cwh/4Hz+AG10kBo=</latexit>

H(t⇤) = m

M
arsh, 2016

FDM



Cosmological evolution

U
L 

fie
ld

Scale factor a(t) Scale factor a(t)Scale factor a(t)

DE DM

<latexit sha1_base64="g19dYklHj42OgRMJV1hLOVZj+b8=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRaheii7ouhFKHrpsYL9wHYp2TTbhibZJckKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz84KYM21c99vJrayurW/kNwtb2zu7e8X9g6aOEkVog0Q8Uu0Aa8qZpA3DDKftWFEsAk5bwehu6reeqNIskg9mHFNf4IFkISPYWOmxVja99GxyeiN6xZJbcWdAy8TLSAky1HvFr24/Iomg0hCOte54bmz8FCvDCKeTQjfRNMZkhAe0Y6nEgmo/nV08QSdW6aMwUrakQTP190SKhdZjEdhOgc1QL3pT8T+vk5jw2k+ZjBNDJZkvChOOTISm76M+U5QYPrYEE8XsrYgMscLE2JAKNgRv8eVl0jyveJcV9/6iVL3N4sjDERxDGTy4girUoA4NICDhGV7hzdHOi/PufMxbc042cwh/4Hz+AG10kBo=</latexit>

H(t⇤) = m

CM
B

CM
B

CM
B

M
arsh, 2016

In order to behave like DM: start oscillating before matter-radiation equality 

<latexit sha1_base64="JWdZnfiED12dylKf7NXusOrclZg=">AAACHHicbVDLSgMxFM3UV62vqks3wSJU0DJTFbuSopsuK9gHtHXIpGkbmmTGJCOUYT7Ejb/ixoUiblwI/o1pO4i2HgicnHMv997jBYwqbdtfVmphcWl5Jb2aWVvf2NzKbu/UlR9KTGrYZ75sekgRRgWpaaoZaQaSIO4x0vCGV2O/cU+kor640aOAdDjqC9qjGGkjudkTDi+gY99Gx8VSDNtHsM2RHkgekbr5KsphJY/c6Ee9i+NDN5uzC/YEcJ44CcmBBFU3+9Hu+jjkRGjMkFItxw50J0JSU8xInGmHigQID1GftAwViBPViSbHxfDAKF3Y86V5QsOJ+rsjQlypEfdM5XhJNeuNxf+8Vqh7pU5ERRBqIvB0UC9kUPtwnBTsUkmwZiNDEJbU7ArxAEmEtckzY0JwZk+eJ/ViwTkr2NenufJlEkca7IF9kAcOOAdlUAFVUAMYPIAn8AJerUfr2Xqz3qelKSvp2QV/YH1+AwZGoC8=</latexit>

m > 10�28 eV ⇠ H(aeq)



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 



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

m

✓
Vgrav � Pint �

1

2m

r2p⇢
p
⇢

◆

Structure formation - non-relativistic regime



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>

⇢̇+r · (⇢v) = 0

v̇ + (v ·r)v = � 1

m

✓
Vgrav � Pint �

1

2m

r2p⇢
p
⇢

◆



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
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For attractive interactions can only form localized clumps (solitons) 

Finite size coherent core – Bose stars

�J = 55
⇣ m

10�22 eV

⌘�1/2
✓
⇢

⇢̄

◆�1/4

(⌦mh)�1/4 kpc
<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



Structure formation - perturbation and stability

REPULSIVEATTRACTIVEFDM
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g > 0
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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
⇣ m

10�22 eV

⌘�1/2
✓
⇢

⇢̄

◆�1/4

(⌦mh)�1/4 kpc
<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

        CDM⟶



Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects
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10	kpc

Halo

Core

Levkov et al. 2018

S. May et al. 2021
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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
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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
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

Fuzzy DM



Phenomenology
Formation of  cores 

NFW

From simulations Schive et al. 2014, fitting function:

NFW

observed

Relations used to compare 
with observations

FDM Stable core solution



Phenomenology
Formation of  cores 

NFW

From simulations Schive et al. 2014, fitting function:

Relations used to compare 
with observations

FDM Stable core solution

Schive et al. 2014



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
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!



Interference of  waves leads to vortices - where there is destructive interference  

General defet in 3D

Phenomenology
Vortices

Fuzzy DM

Vortices are sites where the fluid velocity has a non-vanishing curl

Hui et al, 2020



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

<latexit sha1_base64="HkVmhKNY6wD8aL7rzvxa1ERkXkM=">AAACJ3icbVDLSgMxFM34rPVVdekmWAQ3lpla0JUU3bisYh/QmQ6ZNNOGJjNDkhFKmL9x46+4EVREl/6JaTsLbT0QOPece8m9J0gYlcq2v6yl5ZXVtfXCRnFza3tnt7S335JxKjBp4pjFohMgSRiNSFNRxUgnEQTxgJF2MLqe+O0HIiSNo3s1TojH0SCiIcVIGckvXboxJwPkaywy6ErKoRsKhLWTaX7Xq+aaY/f0ac0xFUdqKLiWmRFM7ZfKdsWeAi4SJydlkKPhl17dfoxTTiKFGZKy69iJ8jQSimJGsqKbSpIgPEID0jU0QpxIT0/vzOCxUfowjIV5kYJT9feERlzKMQ9M52RPOe9NxP+8bqrCC0/TKEkVifDsozBlUMVwEhrsU0GwYmNDEBbU7ArxEJmclIm2aEJw5k9eJK1qxTmrVG9r5fpVHkcBHIIjcAIccA7q4AY0QBNg8AiewRt4t56sF+vD+py1Lln5zAH4A+v7BxWepWs=</latexit>

>
! ⇠ �

p
GN⇢halo ⇠ 10�18�s�1

<latexit sha1_base64="yYGNGoQ3Y6qHQVc2R7ChUNjRU3s="></latexit>

Formation of  vortices!

EF, 2020

Vortices: smoking gun for superfluid DM

© Martin Zwierlein.

Phenomenology
Vortices

Self-interacting Fuzzy DM

Vortices are sites where the fluid velocity has a non-vanishing curl



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
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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10�22 eV
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✓
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⌧int =
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<latexit sha1_base64="Lxt87QXFccxVRHFLsK/ZfoY95ao=">AAACFHicbVDLSsNAFJ34rPUVdelmsCiCUBJRdFl047KCfUATwmQ6TYdOHszcCCXkI9z4K25cKOLWhTv/xkmbhW09MHA4517mnuMngiuwrB9jaXlldW29slHd3Nre2TX39tsqTiVlLRqLWHZ9opjgEWsBB8G6iWQk9AXr+KPbwu88Mql4HD3AOGFuSIKIDzgloCXPPDtxgKRe5oQEhjLMApnn2AkCPCvzCPLcM2tW3ZoALxK7JDVUoumZ304/pmnIIqCCKNWzrQTcjEjgVLC86qSKJYSOSMB6mkYkZMrNJqFyfKyVPh7EUr8I8ET9u5GRUKlx6OvJ4kg17xXif14vhcG1qxMlKbCITj8apAJDjIuGcJ9LRkGMNSFUcn0rpkMiCQXdY1WXYM9HXiTt87p9WbfuL2qNm7KOCjpER+gU2egKNdAdaqIWougJvaA39G48G6/Gh/E5HV0yyp0DNAPj6xeHqJ/F</latexit>

⌧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

Heating

Friction

System (star) 
gains energy

System (GC or BH) 
loses energy

Globular cluster

FDM granule

FDM granule



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

“Ultra-light dark matter”, E.F., 2020

Fuzzy Dark Matter - bounds on the mass



Observational implications and constraints

CMB/LSS Lyman alpha Global 21 cm

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

Rogers et al. (2020)

<latexit sha1_base64="LlSwJuc94q1hcVJTk1H6VcEd+dY=">AAACE3icdVDLSsNAFJ3UV62vqEs3g0UQ0ZIURZdFNy4r2Ac0sUym03boTBJmboQS8g9u/BU3LhRx68adf+P0IdTXgQuHc+7l3nuCWHANjvNh5ebmFxaX8suFldW19Q17c6uuo0RRVqORiFQzIJoJHrIacBCsGStGZCBYIxhcjPzGLVOaR+E1DGPmS9ILeZdTAkZq2wcSez0wvsRl7AGXTGPXuUmPyk6GvUPsSQJ9JVNWz9p20S05Y2DnF/myimiKatt+9zoRTSQLgQqidct1YvBTooBTwbKCl2gWEzogPdYyNCRmuZ+Of8rwnlE6uBspUyHgsTo7kRKp9VAGpnN0ov7pjcS/vFYC3TM/5WGcAAvpZFE3ERgiPAoId7hiFMTQEEIVN7di2ieKUDAxFmZD+J/UyyX3pORcHRcr59M48mgH7aJ95KJTVEGXqIpqiKI79ICe0LN1bz1aL9brpDVnTWe20TdYb59DzZyJ</latexit>

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

<latexit sha1_base64="qsTirAeRwrZrH5V/sp4JQvn1+ik=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJVURTBWsDAWiT6kJlSO67ZWbSeyHaQqyszCr7AwgBArX8DG3+C0GaDlSFc6Oude3XtPEDGqtON8W4Wl5ZXVteJ6aWNza3vH3t1rqTCWmDRxyELZCZAijArS1FQz0okkQTxgpB2MrzO//UCkoqG405OI+BwNBR1QjLSRevYhh95QG59D17lPzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpq+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9eDST6iIYk0Eni0axAzqEGa5wD6VBGs2MQRhSc2tEI+QRFib9EomBHf+5UXSqlbc84pzWyvXr/I4iuAAHIET4IILUAc3oAGaAINH8AxewZv1ZL1Y79bHrLVg5TP74A+szx8VtZlC</latexit>

m & 10�24 eV
<latexit sha1_base64="ZLH1310+AyA/hyUH18qU++h7Uz4=">AAACE3icbVDLSsNAFJ3UV62vqks3g0UQ0ZIUX8uiG5cV7AOaWCbTaTt0JgkzN0IJ+Qc3/oobF4q4dePOv3HaZqGtBy4czrmXe+/xI8E12Pa3lVtYXFpeya8W1tY3NreK2zsNHcaKsjoNRahaPtFM8IDVgYNgrUgxIn3Bmv7weuw3H5jSPAzuYBQxT5J+wHucEjBSp3gksdsH40t8jl3gkmns2PfJSaWSYvcYu5LAQMmENdJOsWSX7QnwPHEyUkIZap3il9sNaSxZAFQQrduOHYGXEAWcCpYW3FiziNAh6bO2oQExy71k8lOKD4zSxb1QmQoAT9TfEwmRWo+kbzrHJ+pZbyz+57Vj6F16CQ+iGFhAp4t6scAQ4nFAuMsVoyBGhhCquLkV0wFRhIKJsWBCcGZfnieNStk5K9u3p6XqVRZHHu2hfXSIHHSBqugG1VAdUfSIntErerOerBfr3fqYtuasbGYX/YH1+QNMAZyO</latexit>

m & 6⇥ 10�22 eV

Fuzzy Dark Matter - bounds on the mass
Suppression of  small structures



Observational implications and constraints

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

Fuzzy Dark Matter - bounds on the mass Suppression of  small structures



Observational implications and constraints

Heating of the MW disk 

<latexit sha1_base64="yx39KWujUB2zRWW17ZIzc99AMKY=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxoSEpvlZSdOOygn1AE8tkOmmHziRhZiKUkD9w46+4caGIW7fu/BsnbRZaPXDhcM693HuPHzMqlW1/GaW5+YXFpfJyZWV1bX3D3NxqySgRmDRxxCLR8ZEkjIakqahipBMLgrjPSNsfXeV++54ISaPwVo1j4nE0CGlAMVJa6pn7HF5A2zqFrqKcSOjYd+lRrZZB9xC6HKmh4ClpZT2zalv2BPAvcQpSBQUaPfPT7Uc44SRUmCEpu44dKy9FQlHMSFZxE0lihEdoQLqahkgv99LJPxnc00ofBpHQFSo4UX9OpIhLOea+7sxPlLNeLv7ndRMVnHspDeNEkRBPFwUJgyqCeTiwTwXBio01QVhQfSvEQyQQVjrCig7BmX35L2nVLOfEsm+Oq/XLIo4y2AG74AA44AzUwTVogCbA4AE8gRfwajwaz8ab8T5tLRnFzDb4BePjG9TCmhA=</latexit>

m > 0.6⇥ 10�22 eV

Church et al. 2019

Globular clusters

Lancaster et al. 2020

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

Can explain these glob. Clusters

ESO/Digitized Sky Survey 2
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m > 10�21 eV

Fuzzy Dark Matter - bounds on the mass Dynamical effects



Observational implications and constraints

“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

Fuzzy Dark Matter - bounds on the mass
Presence of  a core



Ultra-light Dark Matter
FDM mass from Ultra-faint dwarfs Hayashi, E.F,Chan, 2021.

DM profile 
FDM+NFW

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

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

Spherical Jeans 
equations

σ(theory)
l.o.s

Stellar density  
profile 
Plummer

σ(obs)
l.o.s

MCMC

Fit

Parameter space: {m, Mhalo, rϵ, rs, rβ, β0, β∞, η, rh, vsys}
Velocity anisotropy

 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



Ultra-light Dark Matter
Fuzzy Dark Matter - bounds on the mass

• Stellar kinematic data from 18 UFDs to fit the 
FDM profile from simulations

Strongest constraint on  to date!mFDM

FDM mass from Ultra-faint dwarfs

m (Seg1)
FDM = 1.1+8.3

−0.7 × 10−19 eV

Hayashi, E.F,Chan, 2021.



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

DWARFS

 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

Dwarf Spheroidals (dSphs)

Fornax  -  Sculptor
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m< 0.8⇥ 10�22 eV

Gonzalez-Morales et al. 2017, Safarzadeh and Spergel 2019  



m (Seg1)
FDM = 1.1+8.3

−0.7 × 10−19 eV

Incompatibility between all bounds and the dSphs 
(Fornax and Sculptor) bounds

Possible reasons for this incompatibility:

Constraints on the mass

• Influence of  baryons:  baryonic processes can 
change the density structure of  their halo - we are 
not probing the intrinsic DM profile. 

• Universality of  the core profile: FDM soliton profile 
might be too simplistic, could change for different 
systems (might also depend on baryons) 

• Core-mass relation: might need to be better 
understood.  relation in  simulations 

• Challenge for the FDM model 

≠ ≠

Safarzadeh and Spergel 2019; Hayashi, EF, Chan 2021



FDM - Core-halo mass relation
Ongoing

We want to study how the core relates to the halo mass

?
Mh

Schive et al. 2014

Schive et al 2014 Mocz et al 2017
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Mc / M1/3
h
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Velocity dispersion tracing Energy tracing
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h

Velmatt et al 2018, Nori et al 2020, Nima et al 2020

= Schive  Schive≠



FDM - Core-halo mass relation
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FDM - Core-halo mass relation Ongoing
In collaboration with Jowett Chan 

Schive et al: 


Mocz: steeper

Mc ∝ M1/3
h

PRELIMINARY



Observational implications and constraints

“Ultra-light dark matter”, E.F., 2020

These models can be highly constrained 

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

Fuzzy Dark Matter - bounds on the mass



Future

Vera Rubin observatory (LSST)

Prime Focus Specctrograph (PFS)

CMB-S4 LiteBIRD

BINGO telescope 

Observations Simulations

New probes



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



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

Credit: I Irastorza/G Lanfranchi

Optical cavity

Obata et al 2018
CAST



Future

Vera Rubin observatory (LSST)

Prime Focus Specctrograph (PFS)

CMB-S4 LiteBIRD

BINGO telescope 

Observations Simulations

New probes

Substructures 
     - strong lensing 
     - stellar streams 

Small scale information from PS 
     - substructure convergence PS



Superfluid Dark Matter



Ultra-light fields as Dark Energy



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 
Incompatibility between dwarf  bounds

Requires further investigation 
Aa different relation could change the mass bounds 
Simulations - relation not universal ? Large spreading? 

Ultra-Light Dark Matter

Small Scales 

Core-halo mass 
relation

Vortices Vortices might exist in our simulations.  
Need to improve their identification



Muito obrigada!


