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Evidences for dark matter
Galaxy rotation curves
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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

CDMΛ



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

•  Cold 

•  Pressureless 

•  Dark 

•  Collisionless 

How cold it is?

Cluster on all scales?

Non-gravitational 
interaction?

How small sefl-interaction?

WDM

SIDM

Milicharged 
DM

Small scale behaviour: still “weakly" 
constrained and small scale challenges

Although still behaves like 
CDM on large scales

Small scale curiosities: cusp-core, missing satellites, BTFR, …

Power spectrum: highly constrained for  
                                highly unconstrained for 

k > 10 Mpc−1

k < 10 Mpc−1



What is dark matter?
• 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 

Non-thermally produced

10−30 eV



Motivation: particle physics
FDM candidates 
• Natural candidate for a light scalar field is a pseudo-Nambu Goldstone boson

Known PNGB: QCD axion 
(Peccei and Quinn 1977; Weinberg 1978; Wilczek 1978 )

Candidate for DM

(breaking of  an approximate symmetry)



Motivation: particle physics
FDM candidates 
• Natural candidate for a light scalar field is a pseudo-Nambu Goldstone boson

Known PNGB: QCD axion 
(Peccei and Quinn 1977; Weinberg 1978; Wilczek 1978 )

Candidate for DM

Axion-like particles or ultra-light axions:

- ALPs expected in string theory 
- Can generate PNGB that are ultra-light

ULA or ALP

(Arvanitaki et al., Svrcek, Witten)

- Formation mechanism: needs to have a relic abundance that gives the correct DM abundance

Non-thermal mechanism (e.g. mis-alignement)
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Motivation: particle physics
FDM candidates 
• Natural candidate for a light scalar field is a pseudo-Nambu Goldstone boson

Known PNGB: QCD axion 
(Peccei and Quinn 1977; Weinberg 1978; Wilczek 1978 )

Candidate for DM

Axion-like particles or ultra-light axions:

- ALPs expected in string theory 
- Can generate PNGB that are ultra-light

ULA or ALP

(Arvanitaki et al., Svrcek, Witten)

- Formation mechanism: needs to have a relic abundance that gives the correct DM abundance

Spin-0: Non-thermal mechanism (e.g. misalignement)

Vector FDM: challenging in the ultra-light regime  
(e.g. from misalignment requires non-minimal couplings to Ricci scalar -> viol. of  unitarity long. graviton-photon scattering; 
oscillating Higgs or oscillating misaligned axion - resonant production - choices for couplings for right abundance) 
Spin 2 FDM: (e.g bigravity)



Motivation: particle physics
ULDM candidates 

Ref.: Chadha-Day et al 2022

Many extensions of  the Standard Model predict additional massive bosons



Motivation: particle physics
ULDM candidates 

Ref.: Chadha-Day et al 2022

Many extensions of  the Standard Model predict additional massive bosons

Today: 
Gravitational signatures!



Cosmological signatures



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

10−35 kg

λULDM
dB ∼ pc − kpc

<latexit sha1_base64="eViSpWha+4uvA9v0Ldc5GyZ3RDc=">AAACH3icbZDLSgMxFIYz9VbrrerSTbAILrTMFKsui25cVrAX6Iwlk55pQ5OZIckIZeibuPFV3LhQRNz1bUwvYG09EPj4/3PIOb8fc6a0bY+szMrq2vpGdjO3tb2zu5ffP6irKJEUajTikWz6RAFnIdQ00xyasQQifA4Nv3879htPIBWLwgc9iMETpBuygFGijdTOXzr2Y3peKg/dM+wKontSpFAfYpeDUooJLH5xzm/nC3bRnhReBmcGBTSrajv/7XYimggINeVEqZZjx9pLidSMchjm3ERBTGifdKFlMCQClJdO7hviE6N0cBBJ80KNJ+r8REqEUgPhm87ximrRG4v/ea1EB9deysI40RDS6UdBwrGO8Dgs3GESqOYDA4RKZnbFtEckodpEmjMhOIsnL0O9VHTKRfv+olC5mcWRRUfoGJ0iB12hCrpDVVRDFD2jV/SOPqwX6836tL6mrRlrNnOI/pQ1+gFHj6KT</latexit>

10�25 eV . m . eV
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10�60 kg

Lightest possible candidate for DM

Ultra-light Dark Matter



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

i ̇ =

✓
� 1

2m
r2 +

g

8m2
| |2 �m�

◆
 

<latexit sha1_base64="CPXkUpMEPAvt1aKeh0vjquv5MIU=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSLUTUmKqBuh6MaFiwr2AW0ok+m0HTqZhJmJWEJ+xY0LRdz6I+78GydtFtp6YOBwzr3cM8ePOFPacb6tldW19Y3NwlZxe2d3b98+KLVUGEtCmyTkoez4WFHOBG1qpjntRJLiwOe07U9uMr/9SKVioXjQ04h6AR4JNmQEayP17VIvwHpMME/uUnSFGpXOad8uO1VnBrRM3JyUIUejb3/1BiGJAyo04ViprutE2kuw1IxwmhZ7saIRJhM8ol1DBQ6o8pJZ9hSdGGWAhqE0T2g0U39vJDhQahr4ZjJLqha9TPzP68Z6eOklTESxpoLMDw1jjnSIsiLQgElKNJ8agolkJisiYywx0aauoinBXfzyMmnVqu55tXZ/Vq5f53UU4AiOoQIuXEAdbqEBTSDwBM/wCm9War1Y79bHfHTFyncO4Q+szx9YxpNW</latexit>

L = P (X)



Fuzzy dark matter 
Self  interacting fuzzy dark matter



Fuzzy Dark Matter

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

Wave DM 
Ultra-light axions
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mfdm ⇠ 10�22 eV
Idea:

address the small scale problems+ rich phenom. 

Hu W, Barkana R, Gruzinov A  (2000 a,b) 
(Reviews: EF (2021), J. Niemeyer (2019), L. Hui (2021))



Fuzzy Dark Matter

Fuzzy DM  
(FDM) 

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

m

Wave DM 
Ultra-light axions

Focus more on spin 0 particles 
here!

Hu W, Barkana R, Gruzinov A  (2000 a,b) 
(Reviews: EF (2021), J. Niemeyer (2019), L. Hui (2021))
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10�22 eV < m < 10�18 eV



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! 
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Schrödinger equation 
(Gross-Pitaevskii) 

Poisson equation

g = 0

g 6= 0 SIFDM

FDM 

Madelung equations

Pint = K⇢(j+1)/j =
g

2m2
⇢2
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Structure formation - non-relativistic regime

Finite Jeans length -  
Suppresses 

structure formation 
on small scales



Cosmological evolution
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m > 10�28 eV ⇠ H(aeq)
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S

Boson/ Scalar field in a cosmological (FRW) background



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 ̇ =
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r2� = 4⇡G(m| |2 � ⇢̄)
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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>
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Quantum pressure

FLUID  
DESCRIPTION
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Structure formation - non-relativistic regime



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
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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
✓
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◆�1/4

(⌦mh)�1/4 kpc
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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

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

* Focus only in gravitational signatures



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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Halo

Core

Levkov et al. 2018

S. May et al. 2021



Phenomenology
Suppression of  small structures 

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

S. May et al. 2021



Phenomenology
Suppression of  small structures 

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

POWER SPECTRUM

FDM
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k < 10 Mpc−1



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
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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Levkov et al. 2018
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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
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



Vector, higher spin or multicomponent FDM

Amin et al 2022

Gonseca et al 2023

Vector (and higher-spin) FDM

Multicomponent FDM

ULDM or ULA are a coherent wave - same frequency and constant phase difference

(Vector FDM = 3 x same mass FDM (spin 0))

Interference patterns

Multiple coherent waves 

For ULDM:
Gonseca et al 2023

Multiple FDM or VFDM (or higher spin s FDM) 
attenuates the granule amplitude by

<latexit sha1_base64="0Gruk7OXA9zOePuEPuZjLwj+MiE="></latexit>

[�⇢/⇢]nfdm,s

[�⇢/⇢]fdm
/ 1p

(2s+ 1)
=

1p
N

(Amin et al 2022)

Cosmological/astrophysical probes can also given information about the spin!



Phenomenology
Wave interference: granules and vortices

Simulation by Jowett Chan

Order one fluctuations in density          ⟶ Constructive interference: granules 
Destructive interference

The time dependence of  the amplitude and the phase of  ULDM



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

<latexit sha1_base64="qVsaoA1d2Gh0mAy/ZXbfPb0FtBU="></latexit>
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Vel. field is a gradient flow  irrotational fluid, no vorticity⟶Two ways: 
- regions where the density vanishes 
- transfer of  angular momentum (superfluids only)

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

General defet in 3D

Self-interacting Fuzzy DM
Superfluid cannot rotate uniformly. If  the superfluid 
rotates faster than the critical vel., network of  vortices 
are formed. 

EF, 2020

© Martin Zwierlein.



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'
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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



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.

Bounds consider FDM is all DM

 ,  

      Strong lensing

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


 ,  

      Strong lensing

Observational implications and constraints

“Ultra-light dark matter”, E.F., 2020

Fuzzy Dark Matter - bounds on the mass

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Observational implications and constraints

CMB/LSS
Lyman alpha

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. 
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m & 10�24 eV

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



 ,  

      Strong lensing

Dynamical effects

Observational implications and constraints
Stellar streams

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

Grav. lensing

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

Globular clusters

Lancaster et al. 2020
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m < 10�21 eV
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m > 0.6⇥ 10�22 eV
Church et al. 2019

BH Superradiance

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


 ,  

      Strong lensing

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
Ultra faint dwarfs

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

Preference for higher mass 

Presence of  a core

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Interference pattern

Simulation by Jowett Chan

 fluctuations in density          𝒪(1) ⟶

Gravitational 
probes

Strong lensing:  
J. Chan, H.Schive, S.g Wong, T. Chiueh, T. Broadhurst, 2020 
A. Laroche, Daniel Gilman, X. Li, J. Bovy, X. Du, 2022  

Stellar streams:	 	 	                   
Neal Dalal, Jo Bovy Lam Hui, Xinyu Li, 2020 

Sub-galactic power spectrum: 
Hezaveh et al. (2016)  
Sub-galactic power spectrum 
Kawai, Oguri (2021) 
Dwarfs 
N. Dalal, A. Kravtsov, 2022

New observables/new probes

Previous studies:

PROBES: 
- Strong lensing 
- Stellar streams 
- Heating



Interference patterns - granules

 ,  

      Strong lensing A. Laroche et al, 2022

Dalal et al, 2022

Strong lensing

Stellar heating

mFDM > 10−21.5 eV

mFDM > 3 × 10−19 eV

Heating

System (star) gains 
energy

FDM granule

      Strong lensing D. Powell et al, 2023
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mFDM > 4.4⇥ 10�21 eV

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Interference patterns - granules

 ,  

      Strong lensing A. Laroche et al, 2022

Dalal et al, 2022
Stellar heating

mFDM > 10−21.5 eV

mFDM > 3 × 10−19 eV

Heating

System (star) gains 
energy

FDM granule

      Strong lensing D. Powell et al, 2023
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mFDM > 4.4⇥ 10�21 eV

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Strong lensing
Low mass perturber with lensing

• Strong lensing: powerful probe of  substructure 

• Sensitivity is limited by angular angular resolution  

• Roughly speaking, the resolution must be better than the scale 

radius of  the perturber



Strong lensing

Previous works: 
J. Chan, H.Schive, S.g Wong, T. Chiueh, T. Broadhurst, 2020 
A. Laroche, Daniel Gilman, X. Li, J. Bovy, X. Du, 2022  

Presence of  granules 

J. C
han et al. 2020

Low mass perturber with lensing

Fuzzy lens: fluctuating tangencial critical curve; flux ratio 
anomalies also sizable.

Surface densities overlaid with sources and quad images 
for fuzzy and smooth lenses



Strong lensing A lensed radio jet at milli-arcsecond resolution II: Constraints on fuzzy dark matter from 
an extended gravitational arc 

D. Powell, S. Vegetti, J.P. McKean, S. White, EF, S. May, C. Spingola 

MG J0751+2716

Data taken at 1.6 GHz using global very long baseline interferometry (VLBI) with an angular resolution, measured as the 
full width at half  maximum (FWHM) of  the main lobe of  the dirty beam response, of  5.5×1.8 mas2  

• Lensed radio jet, observed with global VLBI 

• First image of  a lensed radio jet!  

• Source structure allows us to “image” the lens surface density  

• Extended lensed radio arcs and the milli-arcsecond resolution 

provide direct sensitivity to the presence of  FDM granules  in 

the halo of  the lens galaxy 



Strong lensing A lensed radio jet at milli-arcsecond resolution II: Constraints on fuzzy dark matter from 
an extended gravitational arc 

D. Powell, S. Vegetti, J.P. McKean, S. White, EF, S. May, C. Spingola 

• Lensed radio jet, observed with global VLBI 

• First image of  a lensed radio jet!  

• Source structure allows us to “image” the lens surface density  

• Extended lensed radio arcs and the milli-arcsecond resolution 

provide direct sensitivity to the presence of  FDM granules  in 

the halo of  the lens galaxy 

Bayesian approach to jointly inferring the lens mass model and 

source surface brightness distribution  

(Suyu et al. 2006; Vegetti & Koopmans 2009; Hezaveh et al. 2016; Rizzo et al. 2018) 

MG J0751+2716



Strong lensing A lensed radio jet at milli-arcsecond resolution II: Constraints on fuzzy dark matter from 
an extended gravitational arc 

D. Powell, S. Vegetti, J.P. McKean, S. White, EF, S. May, C. Spingola 

Forward modeling

<latexit sha1_base64="wmyyK88Pf5gg0E7BlryO39DzNEg=">AAACJXicbVDLSgNBEJz1bXxFPXoZDEIECbvi66AQ1IMHDwomBrIhzE56zeDsg5leISz7M178FS8eDCJ48lecxBU1WtBQVHXT3eXFUmi07TdrbHxicmp6ZrYwN7+wuFRcXqnrKFEcajySkWp4TIMUIdRQoIRGrIAFnoRr7/Zk4F/fgdIiCq+wF0MrYDeh8AVnaKR28dANGHY9Pw3oET11t+h5VnY7IJFRN9Zii375LiDLNqn7reisXSzZFXsI+pc4OSmRHBftYt/tRDwJIEQumdZNx46xlTKFgkvICm6iIWb8lt1A09CQBaBb6fDLjG4YpUP9SJkKkQ7VnxMpC7TuBZ7pHFyoR72B+J/XTNA/aKUijBOEkH8u8hNJMaKDyGhHKOAoe4YwroS5lfIuU4yjCbZgQnBGX/5L6tsVZ6+ye7lTqh7nccyQNbJOysQh+6RKzsgFqRFO7skjeSZ968F6sl6s18/WMSufWSW/YL1/AIr9pB0=</latexit>

m = DL(� , ⌘) s

Instrumental response

Lens operator

source

Potential perturbations 

Smooth lens model
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� (mfdm, fdm,�v)

FDM granules: 

 - is the perturbation of  the lensing potential - 
fluctuations in the projected surface mass density written as 
perturbations in the lensing convergence due to the presence of  
the granules:
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� (mfdm, fdm,�v)

We wish to infer a posterior distribution on the dark matter particle mass  

<latexit sha1_base64="u37sGpzfelCj53AINqkPT7sabUU="></latexit>

h�2i = �db

2
p
⇡⌃2

c

Z

los
⇢2DM dl

Model by Chan et al 2020 

Smooth lensing model: from Powell et al 2022

We compute likelihoods for 104 sample FDM lens realizations with  drawn from 
the log-uniform prior range log( /eV) ∈ [−21.5, −19.0]. 

mfdm
mfdm
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P(mfdm)



Strong lensing A lensed radio jet at milli-arcsecond resolution II: Constraints on fuzzy dark matter from 
an extended gravitational arc 

D. Powell, S. Vegetti, J.P. McKean, S. White, EF, S. May, C. Spingola 

Example convergence maps with corresponding MAP surface mass density maps (𝜅, in units of  the critical density Σ𝑐) reconstruction for 4 
random realizations of  MG J0751+2716 in an FDM cosmology - the model lensed images in orange contours  

The lensing effect of  the FDM granules is apparent: The critical curves wiggle back and forth across the lensed arcs, which would require the 
presence of  multiple images of  the same region of  the source along the arc.  



Strong lensing A lensed radio jet at milli-arcsecond resolution II: Constraints on fuzzy dark matter from 
an extended gravitational arc 

D. Powell, S. Vegetti, J.P. McKean, S. White, EF, S. May, C. Spingola 

Fuzzy dark matter 
(Single spin-0 particle)

Vector fuzzy dark matter 
(spin-1 particle) 

OR 3 same mass FDM

Spin-2 FDM
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mfdm > 4.4⇥ 10�21 eV
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mspin�2 > 8.8⇥ 10�22 eV
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mvdm > 1.4⇥ 10�21 eV

Results quoted in terms of  posterior odds ratio (POR) between FDM with a particle mass  and 
the smooth model, / smooth 

mfdm
𝒫 𝒫



Vector, higher spin or multicomponent FDM

Amin et al 2022

Gonseca et al 2023

Vector (and higher-spin) FDM

Multicomponent FDM

ULDM or ULA are a coherent wave - same frequency and constant phase difference

(Vector FDM = 3 x same mass FDM (spin 0))

Interference patterns

Multiple coherent waves 

For ULDM:
Gonseca et al 2023

Multiple FDM or VFDM (or higher spin s FDM) 
attenuates the granule amplitude by

<latexit sha1_base64="0Gruk7OXA9zOePuEPuZjLwj+MiE="></latexit>

[�⇢/⇢]nfdm,s

[�⇢/⇢]fdm
/ 1p

(2s+ 1)
=

1p
N

Expectation for lensing:

(Amin et al 2022)
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h�2i = �dB

2
p
⇡⌃2

c

Z
⇢2DM dl
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mnfdm,s =
mfdm

N
=

mfdm

2s+ 1

Detailed simulations and analysis in the future!



Strong lensing A lensed radio jet at milli-arcsecond resolution II: Constraints on fuzzy dark matter from 
an extended gravitational arc 

D. Powell, S. Vegetti, J.P. McKean, S. White, EF, S. May, C. Spingola 

Fuzzy dark matter 
(Single spin-0 particle)

Vector fuzzy dark matter 
(spin-1 particle) 

OR 3 same mass FDM

Spin-2 FDM
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mfdm > 4.4⇥ 10�21 eV

<latexit sha1_base64="s9ki3sZgbsscnP2VWLFd1/BubP0=">AAACIXicbVDLSgMxFM34rPU16tJNsAgubJkpRbuSohuXFewDOmPJpGkbmmSGJCOUYX7Fjb/ixoUi3Yk/Y6atoK0HLhzOuZd77wkiRpV2nE9rZXVtfWMzt5Xf3tnd27cPDpsqjCUmDRyyULYDpAijgjQ01Yy0I0kQDxhpBaObzG89EqloKO71OCI+RwNB+xQjbaSuXeXdxONIDyVPVERFWiyn8ApWS1XoacqJgq7zkBTLRvXO4U8naaZdu+CUnCngMnHnpADmqHftidcLccyJ0JghpTquE2k/QVJTzEia92JFIoRHaEA6hgpklvvJ9MMUnhqlB/uhNCU0nKq/JxLElRrzwHRmJ6pFLxP/8zqx7lf9hIoo1kTg2aJ+zKAOYRYX7FFJsGZjQxCW1NwK8RBJhLUJNW9CcBdfXibNcsm9KFXuKoXa9TyOHDgGJ+AMuOAS1MAtqIMGwOAJvIA38G49W6/WhzWZta5Y85kj8AfW1zfupKIg</latexit>

mspin�2 > 8.8⇥ 10�22 eV

<latexit sha1_base64="m3B1uW7XELIgPNyh87k3HFKShV4=">AAACHnicbVDLSgMxFM34rPU16tJNsAgudJiU+lhJ0Y3LCvYBnVoyaaYNTWaGJFMow3yJG3/FjQtFBFf6N6YPQVsPXDiccy/33uPHnCntul/WwuLS8spqbi2/vrG5tW3v7NZUlEhCqyTikWz4WFHOQlrVTHPaiCXFwue07vevR359QKViUXinhzFtCdwNWcAI1kZq26einXoC654U6aAjsgxeQuSUoKeZoAoi9z49KaIMesfwp43WsrZdcB13DDhP0JQUwBSVtv3hdSKSCBpqwrFSTeTGupViqRnhNMt7iaIxJn3cpU1DQ2yWt9Lxexk8NEoHBpE0FWo4Vn9PpFgoNRS+6RydqGa9kfif10x0cNFKWRgnmoZksihIONQRHGUFO0xSovnQEEwkM7dC0sMSE20SzZsQ0OzL86RWdNCZU7otFcpX0zhyYB8cgCOAwDkogxtQAVVAwAN4Ai/g1Xq0nq03633SumBNZ/bAH1if3/jToSQ=</latexit>

mvdm > 1.4⇥ 10�21 eV

Milli-arcsecond angular resolution of VLBI, competitive constraints on dark matter models can be 
inferred using a single strong gravitational lens observation  

Gravitational effects can give tell us about particle properties of DM (mass, spin, self-interaction, …) 



Considering FDM is 100% of  DM 

Fuzzy Dark Matter - bounds on the mass

Sweet spot for solving small scale problems

Current status

 ,  

BUT: - systematic effects!! 
  - dynamics of  FDM not 
fully understood.

      Strong lensing

Caner et al: FDM at most 10% for 
<latexit sha1_base64="ggPQUkBz62oiSlDzC2Kkmn3QzuI=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0VwoSUp1bpwUXTjsoJ9QBPLZDpph84kYWYilJAvceOvuHGhiOBK/8ZJm4W2HrhwOOde7r3HixiVyrK+jcLS8srqWnG9tLG5tb1j7u61ZRgLTFo4ZKHoekgSRgPSUlQx0o0EQdxjpOONrzO/80CEpGFwpyYRcTkaBtSnGCkt9c0z27pPTqt2Cp0T6HCkRoInpJ3CS8h1TV27Pu/2zbJVsaaAi8TOSRnkaPbNT2cQ4piTQGGGpOzZVqTcBAlFMSNpyYkliRAeoyHpaRogTqSbTN9L4ZFWBtAPha5Awan6eyJBXMoJ93RndqKc9zLxP68XK//CTWgQxYoEeLbIjxlUIcyyggMqCFZsognCgupbIR4hgbDSiZZ0CPb8y4ukXa3Y55Xaba3cuMrjKIIDcAiOgQ3qoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8YXz8vJp9+</latexit>

10�21 eV < m < 10�17 eV

What if: 
-DM not 100% 
-Mixed CDM+ULDM 
-More than one field - axiverse 
-…

These bounds would change!

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Fuzzy Dark Matter - bounds on the mass
Current status

Credit: Keir Rogers



Other probes

• Microlensing to probe the interference patterns         (Work in progress)

"Second Data Release from the European Pulsar Timing Array: Challenging the Ultralight Dark Matter Paradigm" 
Clemente Smarra et al. (European Pulsar Timing Array), Phys. Rev. Lett. 131, 171001 

<latexit sha1_base64="JMaBOek3be3FzwlOONhk7M9dZZY=">AAACEHicbZDLSgMxFIYzXmu9jbp0EyyiG4eZtl6WRTcuK9gLtGPJpJk2NMkMSUYoQx/Bja/ixoUibl26821M2wG19UDg4//P4eT8Qcyo0q77ZS0sLi2vrObW8usbm1vb9s5uXUWJxKSGIxbJZoAUYVSQmqaakWYsCeIBI41gcDX2G/dEKhqJWz2Mic9RT9CQYqSN1LGPPPcuPSmWR7DNiFKKcsh/cGqWnNKoYxdcx50UnAcvgwLIqtqxP9vdCCecCI0ZUqrlubH2UyQ1xYyM8u1EkRjhAeqRlkGBOFF+OjloBA+N0oVhJM0TGk7U3xMp4koNeWA6OdJ9NeuNxf+8VqLDCz+lIk40EXi6KEwY1BEcpwO7VBKs2dAAwpKav0LcRxJhbTLMmxC82ZPnoV50vDPn9KZcqFxmceTAPjgAx8AD56ACrkEV1AAGD+AJvIBX69F6tt6s92nrgpXN7IE/ZX18AzkUmtQ=</latexit>

10�24 . m . 10�23.3 Cannot be 100% of  DM! 

•  Using PTA

• Considering the interference pattern (Work in progress)

• GWs ressonance in ULDM halos Delgado, 2023 

• …



Other phenomenology

Figures by Josh Eby 

Solar (Earth) halos



Small scales can offer some hints of  the nature of  DM 



Cosmological and astrophysical 
searches

Indirect detection "Direct detection” 
Axion/ALPs experiments

Gravitational Interactions with the SM

      

If  ULDM are axions/ALPs



56 narrow band filters in the optical

CMB

21cm

Prime Focus Spectrograph (PFS)
BINGO

2022

CHIME

Modified from Jia Liu

JPAS

2021-

8000 deg2
56 narrow band filters-optical

Photometric and spectroscopic surveys

HIRAX

Observations

GWs

Improving these bounds



56 narrow band filters in the optical

CMB

21cm

Prime Focus Spectrograph (PFS)
BINGO

2022

CHIME

Modified from Jia Liu

JPAS

2021-

8000 deg2
56 narrow band filters-optical

Photometric and spectroscopic surveys

HIRAX

Observations

GWs

+ direct detection experiments

Improving these bounds



PFS (Prime Focus Spectrograph)

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 



DM with PFS
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

- Science with dwarf  galaxies 
Core: 
- Presence of  a core or not (slope) 
- Size of  the core 
- Profile 

- Inner density 
- Transition radius 

- Abundance data to understand the 
role of  baryons in each system

- Beyond the core 
- Granules: heating of  stars (dwarfs) 

- Angular momentum 
- Stellar streams

Fraction of  axions in the dark 
sector:

Constraints on the optical depth:

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

Constraint the ULDM mass

Halo mass function

Lague et al 2021

<latexit sha1_base64="BwV6GEXd0nwL1mfhbG8fxaIQ5VM=">AAACHXicbVDLSsNAFJ34rPUVdelmsAgutCS1PhYuim5cVrAPaGKZTKft0JkkzEyEEvIjbvwVNy4UceFG/BsnaRa29cCFwzn3cu89XsioVJb1YywsLi2vrBbWiusbm1vb5s5uUwaRwKSBAxaItockYdQnDUUVI+1QEMQ9Rlre6Cb1W49ESBr492ocEpejgU/7FCOlpa5Zta2H+OS0kjjH0OFIDQWPSTOBV5DryszKWQKn3a5ZsspWBjhP7JyUQI561/xyegGOOPEVZkjKjm2Fyo2RUBQzkhSdSJIQ4REakI6mPuJEunH2XQIPtdKD/UDo8hXM1L8TMeJSjrmnO9MT5ayXiv95nUj1L92Y+mGkiI8ni/oRgyqAaVSwRwXBio01QVhQfSvEQyQQVjrQog7Bnn15njQrZfu8XL2rlmrXeRwFsA8OwBGwwQWogVtQBw2AwRN4AW/g3Xg2Xo0P43PSumDkM3tgCsb3L9M3n1U=</latexit>

10�32 eV < m < 10�25 eV

The small-scale Ly-α forest power spectrum

…

FDM

ULA

SIDM

WDM

Properties of  DM

FDM

SIDM

ULA



Summary

Well motivated DM models 
Rich and distinct phenomenology on small scales  
Testable prediction

Ultra-Light Dark Matter
Current status

Granules

for 100% DM!FDM:

<latexit sha1_base64="ZBHoVKY3vP7RQOvu4lCe2YeQYVU=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0VwoSUp8bGSohuXFewDmlgm00k7dCYJMxOhhHyJG3/FjQtFBFf6N07aCtp64MLhnHu59x4/ZlQqy/oyCguLS8srxdXS2vrG5pa5vdOUUSIwaeCIRaLtI0kYDUlDUcVIOxYEcZ+Rlj+8yv3WPRGSRuGtGsXE46gf0oBipLTUNU94N3U5UgPB06DHswxeQKfiQFdRTiS0rbv0uGpn0D2CP22kmXXNslWxxoDzxJ6SMpii3jU/3F6EE05ChRmSsmNbsfJSJBTFjGQlN5EkRniI+qSjaYj0ci8dv5fBA630YBAJXaGCY/X3RIq4lCPu6878RDnr5eJ/XidRwbmX0jBOFAnxZFGQMKgimGcFe1QQrNhIE4QF1bdCPEACYaUTLekQ7NmX50mzWrFPK86NU65dTuMogj2wDw6BDc5ADVyDOmgADB7AE3gBr8aj8Wy8Ge+T1oIxndkFf2B8fgPi8qEX</latexit>

mfdm > 4.4⇥ 10�21 eV

<latexit sha1_base64="m3B1uW7XELIgPNyh87k3HFKShV4=">AAACHnicbVDLSgMxFM34rPU16tJNsAgudJiU+lhJ0Y3LCvYBnVoyaaYNTWaGJFMow3yJG3/FjQtFBFf6N6YPQVsPXDiccy/33uPHnCntul/WwuLS8spqbi2/vrG5tW3v7NZUlEhCqyTikWz4WFHOQlrVTHPaiCXFwue07vevR359QKViUXinhzFtCdwNWcAI1kZq26einXoC654U6aAjsgxeQuSUoKeZoAoi9z49KaIMesfwp43WsrZdcB13DDhP0JQUwBSVtv3hdSKSCBpqwrFSTeTGupViqRnhNMt7iaIxJn3cpU1DQ2yWt9Lxexk8NEoHBpE0FWo4Vn9PpFgoNRS+6RydqGa9kfif10x0cNFKWRgnmoZksihIONQRHGUFO0xSovnQEEwkM7dC0sMSE20SzZsQ0OzL86RWdNCZU7otFcpX0zhyYB8cgCOAwDkogxtQAVVAwAN4Ai/g1Xq0nq03633SumBNZ/bAH1if3/jToSQ=</latexit>

mvdm > 1.4⇥ 10�21 eV

Strong lensing:

Heating: mFDM > 3 × 10−19 eV

Future

Observations 

Improve in simulations 
New probes/observables
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      Strong lensing

Cosmological and astrophysical systems can probe  
mass, spin (# of  fields), self-interaction, …

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N

