
Elisa G. M. Ferreira

Kavli IPMU 

Narrowing down the mass range of  
ultra-light dark matter

KMI/NITEP School 2026: Dark Matter - 

From Ultra Light To Super Massive


11/March/2026




Evidences for dark matter
Galaxy rotation curves
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• Distribution

• Separation from collisional matter

• Self-interaction • Amount of baryons
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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



Model building: pre-requisites for a dark matter candidate
• Cold or warm Thermal candidate: 
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mdm � keV

Or produced cold by a non-thermal mechanism

Clusters like pressure-less fluid on large scales
Clustering on scales smaller than                               highly unconstrained
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k . 10Mpc�1
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k & 10Mpc�1

Can have a small electromagnetic interaction. Bound < milicharge  ;

(Dark, colissionless)

Can have a self  interaction. Bounds:

•  Non-interacting or weakly interacting 

•  Reproduce large and small scale distribution

Can interact via the weak force
<latexit sha1_base64="rLy/VwAQVLaipXwg+eXr3dfKfr8="></latexit>

�/mdm < 0.13 cm2/g , �/mdm < 0.35 cm2/g

• Abundanceb ±
⌦m = 0.308± 0.012 (Planck 2018)

• Stable
 If it is a particle, it has to be stable with 
lifetime >> than the age of  the universe

Has to be non-relativistic at BBN

Mass scale of  
dark matter



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

State of  the “art"



What is dark matter?
• What is the nature of  DM?

State of  the “art"

Mass scale of  DM



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

Lightest possible candidate for DM or DE

Bosons


Non-thermally producedSub-dominant ULDM

Can be 100% of  DM

10−35 kg10−57 kg



Ultra-light dark matter

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

“Wave dark matter”, Lam Hui, 2020.


New review on ULDM, Eberhardt, EF (to appear)



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



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
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10�25 eV . m . eV

<latexit sha1_base64="o+hlrUvuaV7AaDMX68zjurecgS0=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoDKQbzGChbGItGH1ITKcZ3Wqp1EtoNURVn4FRYGEGLlM9j4G5w2A7Qc6UpH59yre+/xY86URujbKi0sLi2vlFcra+sbm1v29k5LRYkktEkiHsmOjxXlLKRNzTSnnVhSLHxO2/7oJvfbj1QqFoX3ehxTT+BByAJGsDZSz95z0EN6coEy6B5DV2A9lCIdDbKeXUU1NAGcJ05BqqBAo2d/uf2IJIKGmnCsVNdBsfZSLDUjnGYVN1E0xmSEB7RraIgFVV46eSCDh0bpwyCSpkINJ+rviRQLpcbCN535iWrWy8X/vG6igysvZWGcaBqS6aIg4VBHME8D9pmkRPOxIZhIZm6FZIglJtpkVjEhOLMvz5PWac05r6G7s2r9uoijDPbBATgCDrgEdXALGqAJCMjAM3gFb9aT9WK9Wx/T1pJVzOyCP7A+fwDjXpVW</latexit>

10�60 kg

Lightest possible candidate for DM

Ultra-light Dark Matter



Motivation: particle physics
ULDM candidates 

Ref.: Modified from Chadha-Day et al 2022

Many extensions of  the Standard Model predict additional massive bosons

Natural candidate for a light scalar field is a pseudo-Nambu Goldstone boson

Tensors

(spin 2)

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



Cosmological and astrophysical 
searches

Indirect detection "Direct detection”

Axion/ALPs experiments

Gravitational Interactions with the SM

      

This talk!

Outline

For most of  this talk: 
Gravitational signatures!



Astrophysical signatures



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 
 - Presence of  (weakly) self-interaction
 - 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




Fuzzy Dark Matter

Fuzzy DM 

(FDM) 

- Gravitationally bounded ultra-light 
scalar field model 

m

Wave DM








(Reviews: EF (2021), J. Niemeyer (2019), L. Hui (2021))
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10�22 eV . m . 10�17 eV



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

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

<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)

Eo
S

Boson/ Scalar field in a cosmological (FRW) background



Behave as (most of) dynamical dark energy with  forw ∼ − 1

mfdm < 10−32 eV

Ultra-light fields as Dark Energy

Like quintessence with an axion-like potential:

<latexit sha1_base64="+w8XrbSQN+ZC/9+x8z9e4g6Z5pQ=">AAACEXicbVC7TsMwFHXKq5RXgZHFokJqB0qCqsKCVMHCwFAk+pCStHIcp7XqxJHtIFVRf4GFX2FhACFWNjb+BrfNAIUjWTo651xd3+PFjEplml9Gbml5ZXUtv17Y2Nza3inu7rUlTwQmLcwZF10PScJoRFqKKka6sSAo9BjpeKOrqd+5J0JSHt2pcUzcEA0iGlCMlJb6xXK77MRDWoEX0LnRYz7q1aBtHTuYy5lzEvRRxe3paMmsmjPAv8TKSAlkaPaLn47PcRKSSGGGpLQtM1ZuioSimJFJwUkkiREeoQGxNY1QSKSbzi6awCOt+DDgQr9IwZn6cyJFoZTj0NPJEKmhXPSm4n+enajg3E1pFCeKRHi+KEgYVBxO64E+FQQrNtYEYUH1XyEeIoGw0iUWdAnW4sl/Sfu0atWr9dtaqXGZ1ZEHB+AQlIEFzkADXIMmaAEMHsATeAGvxqPxbLwZ7/Nozshm9sEvGB/fuqqbHA==</latexit>

V (�) = ⇤4[1� cos(�/fa)]
n

(Also early dark energy)

<latexit sha1_base64="uX5nkwGUCu9y5zbYDVSNE6PMpQ0=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaRIdSMU3bhwUcE+oI3hZjJph04ezEyEEOqvuHGhiFs/xJ1/47TNQlsPDBzOOZd753gJZ1JZ1rexsrq2vrFZ2ipv7+zu7ZsHhx0Zp4LQNol5LHoeSMpZRNuKKU57iaAQepx2vfH11O8+UiFZHN2rLKFOCMOIBYyA0pJrVga3OuzDQx1f4tAFHLjgmlWrZs2Al4ldkCoq0HLNr4EfkzSkkSIcpOzbVqKcHIRihNNJeZBKmgAZw5D2NY0gpNLJZ8dP8IlWfBzEQr9I4Zn6eyKHUMos9HQyBDWSi95U/M/rpyq4cHIWJamiEZkvClKOVYynTWCfCUoUzzQBIpi+FZMRCCBK91XWJdiLX14mnXrNbtQad2fV5lVRRwkdoWN0imx0jproBrVQGxGUoWf0it6MJ+PFeDc+5tEVo5ipoD8wPn8Awk+TkQ==</latexit>

⇤2 = mafa



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 � ⇢̄)
<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
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<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

Finite Jeans length - 

Suppresses 

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
⇣ 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

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

Axion clouds

Baumann et al. 2019



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

<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)

Condition DM today:

Predictions

Boltzmann codes: axionCAMB, 
axionECAMB, AxiCLASS

New emulator (to appear soon)



Pseudo-spectral methods Mock halo generation 

Non-linear evolution - simulations

Solves the Schrödinger-Poisson equations.

Approximation schemes

Predictions

 Used widely in the field to simulate: isolated 
halos, the formation of  cores, and cosmological 
simulations


→

Largest to date: 
10/Mpc/h

S. May et al. 2021

• Soliton collisions 


• Eigenvalue decomposition: semi-analytical 
model to describe the halo


• Eigenvalue solvers 


• Madelung simulations


• N-body schemes (or initial 
condition sims)

Eberhardt et al. 2024
Nadler et al. 2024

Expensive!

<latexit sha1_base64="x5Wj4FzBZyON2sdDiP41+5nM2EM=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRF1GVRFy4r2Ac0sUymk3boTBJmbsQSiht/xY0LRdz6Fe78G6dtFtp64MKZc+5l7j1BIrgGx/m2FhaXlldWC2vF9Y3NrW17Z7eh41RRVqexiFUrIJoJHrE6cBCslShGZCBYMxhcjv3mPVOax9EtDBPmS9KLeMgpASN17H3vigkgGLCnucT56wHfVTp2ySk7E+B54uakhHLUOvaX141pKlkEVBCt266TgJ8RBZwKNip6qWYJoQPSY21DIyKZ9rPJCSN8ZJQuDmNlKgI8UX9PZERqPZSB6ZQE+nrWG4v/ee0UwnM/41GSAovo9KMwFRhiPM4Dd7liFMTQEEIVN7ti2ieKUDCpFU0I7uzJ86RRKbun5crNSal6kcdRQAfoEB0jF52hKrpGNVRHFD2iZ/SK3qwn68V6tz6mrQtWPrOH/sD6/AEgAJX5</latexit>
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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

* Focus only in gravitational signatures

Axion clouds

Baumann et al. 2019



Phenomenology
Suppression of  small structures 

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

POWER SPECTRUM (sub) HALO MASS FUNCTION

FDM

FDM

CDM<latexit sha1_base64="/lOqpxf6YDX959Pg970K36IvYac=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiSi6LLoxmUF+4A2hMlk0g6dScLMpFBC/sSNC0Xc+ifu/BsnbRZaPTBwOOde7pkTpJwp7ThfVm1tfWNzq77d2Nnd2z+wD496KskkoV2S8EQOAqwoZzHtaqY5HaSSYhFw2g+md6Xfn1GpWBI/6nlKPYHHMYsYwdpIvm0LPx8JrCdS5FEoisK3m07LWQD9JW5FmlCh49ufozAhmaCxJhwrNXSdVHs5lpoRTovGKFM0xWSKx3RoaIwFVV6+SF6gM6OEKEqkebFGC/XnRo6FUnMRmMkypFr1SvE/b5jp6MbLWZxmmsZkeSjKONIJKmtAIZOUaD43BBPJTFZEJlhiok1ZDVOCu/rlv6R30XKvWs7DZbN9W9VRhxM4hXNw4RracA8d6AKBGTzBC7xaufVsvVnvy9GaVe0cwy9YH99l75Qn</latexit>mfdm

<latexit sha1_base64="ehFZbdA80Kenaq6t/GD0pV0Gg7s=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIosuiG3FVwT6gCWEymbZDZyZhZiLUEPwVNy4Ucet/uPNvnLRZaOuBgcO553LPnDBhVGnH+bYqS8srq2vV9drG5tb2jr2711FxKjFp45jFshciRRgVpK2pZqSXSIJ4yEg3HF8X8+4DkYrG4l5PEuJzNBR0QDHSRgrsA48Zc4SCzONIjyTPbvM8sOtOw5kCLhK3JHVQohXYX14U45QToTFDSvVdJ9F+hqSmmJG85qWKJAiP0ZD0DRWIE+Vn0/Q5PDZKBAexNE9oOFV/b2SIKzXhoXEWEdX8rBD/m/VTPbj0MyqSVBOBZ4cGKYM6hkUVMKKSYM0mhiAsqckK8QhJhLUprGZKcOe/vEg6pw33vOHcndWbV2UdVXAIjsAJcMEFaIIb0AJtgMEjeAav4M16sl6sd+tjZq1Y5c4++APr8wcup5Wy</latexit>

�J

Power spectrum: highly constrained for 

                                           unconstrained for 

k > 10 Mpc−1

k < 10 Mpc−1

�J = 55
⇣ m

10�22 eV

⌘�1/2
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◆�1/4

(⌦mh)�1/4 kpc
<latexit sha1_base64="8Op36kB+Fac1aavGf9jZehi6fXM="></latexit>

* hard to get a proper prediction!



Phenomenology
Suppression of  small structures 

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

POWER SPECTRUM TRANSFER FUNCTION

FDM

CDM<latexit sha1_base64="/lOqpxf6YDX959Pg970K36IvYac=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiSi6LLoxmUF+4A2hMlk0g6dScLMpFBC/sSNC0Xc+ifu/BsnbRZaPTBwOOde7pkTpJwp7ThfVm1tfWNzq77d2Nnd2z+wD496KskkoV2S8EQOAqwoZzHtaqY5HaSSYhFw2g+md6Xfn1GpWBI/6nlKPYHHMYsYwdpIvm0LPx8JrCdS5FEoisK3m07LWQD9JW5FmlCh49ufozAhmaCxJhwrNXSdVHs5lpoRTovGKFM0xWSKx3RoaIwFVV6+SF6gM6OEKEqkebFGC/XnRo6FUnMRmMkypFr1SvE/b5jp6MbLWZxmmsZkeSjKONIJKmtAIZOUaD43BBPJTFZEJlhiok1ZDVOCu/rlv6R30XKvWs7DZbN9W9VRhxM4hXNw4RracA8d6AKBGTzBC7xaufVsvVnvy9GaVe0cwy9YH99l75Qn</latexit>mfdm

<latexit sha1_base64="ehFZbdA80Kenaq6t/GD0pV0Gg7s=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIosuiG3FVwT6gCWEymbZDZyZhZiLUEPwVNy4Ucet/uPNvnLRZaOuBgcO553LPnDBhVGnH+bYqS8srq2vV9drG5tb2jr2711FxKjFp45jFshciRRgVpK2pZqSXSIJ4yEg3HF8X8+4DkYrG4l5PEuJzNBR0QDHSRgrsA48Zc4SCzONIjyTPbvM8sOtOw5kCLhK3JHVQohXYX14U45QToTFDSvVdJ9F+hqSmmJG85qWKJAiP0ZD0DRWIE+Vn0/Q5PDZKBAexNE9oOFV/b2SIKzXhoXEWEdX8rBD/m/VTPbj0MyqSVBOBZ4cGKYM6hkUVMKKSYM0mhiAsqckK8QhJhLUprGZKcOe/vEg6pw33vOHcndWbV2UdVXAIjsAJcMEFaIIb0AJtgMEjeAav4M16sl6sd+tjZq1Y5c4++APr8wcup5Wy</latexit>

�J

FDM

WDM

- Degenerate with WDM



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

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 Updated in Chan, EF et al 2021



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


Destructive interference



Modeling a granular halo
Coherent wave oscillation of  ULDM
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Modeling a granular halo
Coherent wave oscillation of  ULDM
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Nakatsuka et al 2022
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But, the halo in these models is like this:



Modeling a granular halo
Coherent wave oscillation of  ULDM
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Modeling a granular halo

…
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Modeling a granular halo
Full SP simulations can describe perfectly this interference pattern (while fluid ones cannot describe it)

…

OR

We can adopt simpler descriptions of  the galactic halo to describe this effect.

1) A simple model of  a galactic halo, consider a 
superposition of  plane waves:

Wave interference produces de-Broglie-scale, order unity density 
fluctuations which vary on time scale of  tdB

Randomly distributed

This collection of  plane waves can also be represented like this:
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�(t, ~x) = A(~x) cos(mt+ ↵(~x))

describes the interference 
patterns

2) Another model would superimpose eigenstates of  a desired 
gravitational potential (Lin et al. 2018, Li et al. 2021)

Perform an eigenmode decomposition of  the halo wavefunction, where the 
eigenmodes are for a fixed gravitational potential

   is the energy of  each eigenmode (labeled abstractly by k), with  
replaced by the corresponding eigenfunction.
→ ωk ei ⃗k⋅ ⃗x

Radial eigenfunction

Energy eigenvalue

energy eigenmodes of  the gravitational potential of  the 
virialized halo

Random phase 
halo model



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
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Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Dynamical effects

Wave interference

Mocz et al. 2017

Levkov et al. 2018

S. May et al. 2021

Formation of  a solitonic core
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Baumann et al. 2019



Phenomenology
Dynamical effects

Relaxation, oscillation, friction, and heating
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Formation of  a BEC / superfluid



Phenomenology
Dynamical effects

Relaxation, oscillation, friction, and heating

Formation of  a BEC / superfluid

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


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


A. Guth M. Hertzberg, C. 
Prescod-Weinstein (2014)

Levkov et al. 2018, Kirpatrick et al. 2020

Wave turbulence theory



Phenomenology
Dynamical effects

Relaxation, oscillation, friction, and heating

Formation of  a BEC / superfluid

Open question!

- Need theoretical work to describe analytically the formation of  these 
solitons


- Evolution all classical? 

- Allali and Hertzberg 2020

- Dvali and Zell 2018 

- A. Eberhardt et al. 2022, 2023

- M. Yamaguchi et al.

Re-thermalization or not: (Sikivie and Yang 2009; Erken et al. 2012; Marsh 2016; Guth et al. 2015; Castellanos 
et al. 2014; Davidson and Elmer 2013; Davidson 2015) 

(Work in progress)
In collaboration with Yuta Sekino and 

Ryo Namba

For an overdensity whose size is the typical DM de Broglie wavelength, we find that the decoherence 
rate in the halo is higher than the present Hubble rate for DM masses m≲5×10^{−7} eV and in 
earth based experiments it is higher than the classical field coherence rate for m≲10^{−6}eV. When 
spreading of  the states occurs, the rates can become much faster, as we quantify. Also, we establish 
that DM BECs decohere very rapidly and so are very well described by classical field theory.



Phenomenology
Dynamical effects

Relaxation, oscillation, friction, and heating

Formation of  a BEC / superfluid

Open question!

- Need theoretical work to describe analytically the formation of  these 
solitons


- Evolution all classical? 

- Allali and Hertzberg 2020

- Dvali and Zell 2018 

- A. Eberhardt et al. 2022, 2023

- M. Yamaguchi et al.

Re-thermalization or not: (Sikivie and Yang 2009; Erken et al. 2012; Marsh 2016; Guth et al. 2015; Castellanos 
et al. 2014; Davidson and Elmer 2013; Davidson 2015) 

(Work in progress)
In collaboration with Yuta Sekino and 

Ryo Namba

"For an overdensity whose size is the typical DM de Broglie wavelength, we find that the decoherence rate in the halo is 
higher than the present Hubble rate for DM masses m≲5×10^{−7} eV and in Earth based experiments it is higher 
than the classical field coherence rate for m≲10^{−6}eV. When spreading of  the states occurs, the rates can become 
much faster, as we quantify. Also, we establish that DM BECs decohere very rapidly and so are very well described by 
classical field theory.” 

Here: gravitational interactions only; with baryons, much faster!



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

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

( ⌘
p
⇢/mei✓ and v ⌘ r✓/m)

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.

Quanta magazine

Hui et al 2020



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



Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Dynamical effects

Wave interference

Mocz et al. 2017

Levkov et al. 2018

S. May et al. 2021

Formation of  a solitonic core
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Phenomenology
Axion clouds

- Superradiance

- External potential

Baumann et al. 2019

i ̇ =

✓
� 1

2m
r2 +

g

8m2
| |2 �m�

◆
 

r2� = 4⇡G(m| |2 � ⇢̄)
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Self-gravity +
External potential

Ex.: BHs, neutron stars, stars, planets, …

Cloud created around rotating BHs



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

Axion clouds

Baumann et al. 2019



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

PTA

Leo II (Zimmermann et al)

(Schutz2020) Nadler 21,24

SMBH evolution ( Ellis et al 2025)

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://inspirehep.net/authors/1032527


 ,  

      Strong lensing

PTA

“Ultra-light dark matter”, E.F., 2020

Springel & others / Virgo Consortium

ESA and the Planck Collaboration

Dwarf  galaxies

NASA and ESA

21-cm 

Stellar stream

Superradiance

Current status
Fuzzy Dark Matter - bounds on the mass

Leo II (Zimmermann et al)

(Schutz2020) Nadler 21,24

SMBH evolution ( Ellis et al 2025)

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://inspirehep.net/authors/1032527


Fuzzy Dark Matter - bounds on the mass
Current status

Review: Eberhardt, EF, 2025




Fuzzy Dark Matter - bounds on the mass
Current status

Review: Eberhardt, EF, 2025 




How to probe these?
Evolution and suppression: CMB and LSS



Observational implications and constraints

CMB/LSS

Hlozek et al, (2015, 2018)

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

m & 10�24 eV

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

Atacama Cosmology Telescope (ACT) Data Release 6 (DR6) (2025) improved over these bounds 


Extremely light dark matter or axion DE



CMB and LSS
Evolution and shape of  PS

Atacama Cosmology Telescope (ACT) Data Release 6 (DR6) (2025) improved over these bounds 


Credit: Keir Rogers


Calabrese et al 2025




DESIACT DR6
Early dark energy

Calabrese et al 2025
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V (�) = ⇤4[1� cos(�/fa)]
3

Axion dark energy

Urena-Lopez et al 2025


DESI
 Previous: Planck




Emulator for FDM

Boltzmann codes: axionCAMB, AxionECAMB, 
AxiCLASS

New emulator (to appear)

Linear predictions:

Very slow!! 1 - 8 min per spectrum

(Work in progress) with Fernanda Matos


Parameter inference  very hard!→

Phase 1 - linear emulator 

Phase 2 - non-linear emulator 

Most complete ULDM emulator in the market!



Observational implications and constraints

Lyman alpha

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.


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

Constraints depends on:

• IGM modelling - simplifying assumptions 

• Trusts on IC sims 

(Work in progress) with Simon May


New cosmological fuzzy dark matter simulations including baryons, using the 
IllustrisTNG galaxy formation model 


Revise these bounds + study the evolution of  IGM as a way of  constraining FDM. 

IGM properties not so influenced by feedback

Filaments and interference patterns important here!

One of  the strongest bounds on ULDM!



How to probe these?
Presence of  a core



 ,  

      Strong lensing

PTA

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

Ultra faint dwarfs

Presence of  a core

Leo II (Zimmermann et al)

(Schutz2020) Nadler 21,24

SMBH evolution ( Ellis et al 2025)

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://inspirehep.net/authors/1032527


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 (10): {m, Mhalo, rϵ, rs, rβ, β0, β∞, η, rh, vsys}
Stellar 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

line-of-sight velocity dispersion



 ,  

      Strong lensing

PTA

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

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

FDM mass from Ultra-faint dwarfs

m (Seg1)
FDM = 1.1+8.3

−0.7 × 10−19 eV

Hayashi, E.F,Chan, 2021.

Preference for higher mass 

Ultra faint dwarfs

Leo II (Zimmermann et al)

Nadler 21,24

SMBH evolution ( Ellis et al 2025)

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://inspirehep.net/authors/1032527


 ,  

      Strong lensing

PTA

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

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

FDM mass from Ultra-faint dwarfs

m (Seg1)
FDM = 1.1+8.3

−0.7 × 10−19 eV

Hayashi, E.F,Chan, 2021.
Ultra faint dwarfs

Important:

- Bayesian analysis - reason for a constraint

- 'Bad' assumption

- Systematic effects !

Leo II (Zimmermann et al)

Nadler 21,24

SMBH evolution ( Ellis et al 2025)

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://inspirehep.net/authors/1032527


 ,  

      Strong lensing

PTA

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

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

FDM mass from Ultra-faint dwarfs

m (Seg1)
FDM = 1.1+8.3

−0.7 × 10−19 eV

Hayashi, E.F,Chan, 2021.
Ultra faint dwarfs

Important:

- Bayesian analysis - reason for a constraint

- 'Bad' assumption

- Systematic effects !

Leo II (Zimmermann et al)

Nadler 21,24

SMBH evolution ( Ellis et al 2025)

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://inspirehep.net/authors/1032527


FDM - Core-halo mass relation
We want to study how the core relates to the halo mass - might be one part this puzzle

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

= Schive  Schive≠

J. Chan et al. 2021



FDM - Core-halo mass relation

Well fitted by:

J. Chan, EF, S. May, K. Hayashi, M. Chiba 2021

 

ρ(r) =
ρsoliton ≃

ρc

[1 + 0.091(r/rc)2]8 , r < rϵ

ρNFW =
ρs
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Ultra-light Dark Matter
Fuzzy Dark Matter - bounds on the mass

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

FDM mass from Ultra-faint dwarfs

Shun'ichi 
Horigome

Shin'ichiro 
Ando

• New analysis:

(Work in progress)

- Improved modelling of  FDM based on previous work and 
simulation from our group

 ,  

      Strong lensing

PTA

- Using environmental effects to put informed priors for 
Bayesian analysis the dwarfs quantities - SASHIMI

Result: more conservative and improved bounds
+ Improved zoom in simulations to understand sub-halo 
properties

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

Sweet spot for solving small scale problems

Current status

 ,  

BUT: - systematic effects!!

  - dynamics of  FDM not 
fully understood.

Need:

- Observations

- Improve sims

- New observables

- New probes

      Strong lensing

It is not because a bound is here that is correct!

Systematics everywhere!

Leo II (Zimmermann et al)

Nadler 21,24

SMBH evolution ( Ellis et al 2025)

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://inspirehep.net/authors/1032527


interference patterns

FDM constraints 2.0



Interference pattern

Simulation by Jowett Chan

 fluctuations in density          𝒪(1) ⟶

FDM constraints 2.0

PROBES:

- Strong lensing

- Stellar streams

- Heating

- Dynamical friction

Heating System (star) 
gains energyFDM granule

Friction

System (GC or BH) 
loses energy

Globular cluster

FDM granule



 ,  

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

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

Heating

System (star) gains 
energy

FDM granule

Galaxy dynamics

J. Chan, et al 2022 


See Peter Graham talk

Leo II (Zimmermann et al)

Nadler 21,24

SMBH evolution ( Ellis et al 2025)

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://inspirehep.net/authors/1032527


 ,  

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

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

Heating

System (star) gains 
energy

FDM granule

Galaxy dynamics

J. Chan, et al 2022 


See Peter Graham talk

Leo II (Zimmermann et al)

Nadler 21,24

SMBH evolution ( Ellis et al 2025)

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://inspirehep.net/authors/1032527


Stellar heating - ultra-faint dwarfs

• Study stellar heating on UFD due to the presence of  granules


• Track the half-light radius and stellar dispersion


• Compared with observations of  Segue I and II 
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m > 3⇥ 10�19 eV

Details:


• Soliton excluded (authors claim conservative bounds)


• Tidally stripped halo? Alters the granules

Dalal et al 2022



Stellar heating - ultra-faint dwarfs

• Study stellar heating on UFD due to the presence of  granules


• Track the half-light radius and stellar dispersion


• Compared with observations of  Segue I and II 
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m > 3⇥ 10�19 eV

Details:


• Soliton excluded (authors claim conservative bounds)


• Tidally stripped halo? Alters the granules

Dalal et al 2022

Jowett et al, 2024(In progress)



 ,  

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

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

Heating

System (star) gains 
energy

FDM granule

Galaxy dynamics

Leo II (Zimmermann et al)

Nadler 21,24

SMBH evolution ( Ellis et al 2025)

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://inspirehep.net/authors/1032527


Strong lensing
Strong lensing: sensitive to the mass distribution of  the total matter in the lens system

Flux anomaly Resolved imaging

Unresolved strong lensed system

Any asymmetry in the structure in the lens, can break the 
symmetry that yielded the flux ratio predictions 

Resolved strong lensing from galaxy surface brightness



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

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

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

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

• 11 quadruply imaged quasars

Laroche et al

Chan et al

• granularity arising from FDM can significantly affect flux ratios 


mFDM > 10−21.5 eV

• 11 quadruply imaged quasars

• quadruply lensed system HS 0810+2554 

• successfully reproduce both the positions and fluxes of  the 
observed images, including anomalies that CDM models 
fail to explain 



 ,  

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

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

Heating

System (star) gains 
energy

FDM granule

Galaxy dynamics

J. Chan, et al 2022 


See Peter Graham talk

SMBH evolution ( Ellis et al 2025)

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 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


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) 



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 modelling
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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 
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h�2i = �db

2
p
⇡⌃2

c

Z

los
⇢2DM dl

Model by Chan et al 2020: statistics of  spatially-varying surface mass 
density fluctuations, given the density profile of  the dark matter, as well as 
some basic assumptions on the behavior of  scalar fields in a potential well

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)

Smooth lensing model: from Powell et al 2022
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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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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 
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Only DM

Mostly DM

”MOND”

Pulsar Timing Array

Binary stars

Stellar streams

Stochastic lensing

Solar system

Mass, spin (# particles), fraction self  interaction
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Strong lensing

axion-photon coupling

axion-photon coupling

Wave interference
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Heating + coherent 
perturbations



M
od

ifi
ed

 fr
om

: h
ttp

s:
//i

.a
st

ro
.ts

in
gh

ua
.e

du
.c

n/
~s

m
ao

/c
on

te
nt

s/
m

ic
ro

le
ns

.h
tm

l

de Broglie scale time delays in pulsar networks for 

ultralight dark matter


Andrew Eberhardt, Qiuyue Liang, EF, 
2411.18051Strong lensing
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axion-photon coupling

Pulsar Timing Array

Stochastic lensing

Mass, spin (# particles), fraction self  interaction
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Wave interference
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Filaments

Cosmic filament spin from DM vortices

S. Alexander, C. Capanelli, EF, E. 

McDonough, 2022




Stochastic lensing
Microlensing Stochastic lensing

Stochastic lensing of  stars by ultralight dark matter halos, A. 
Eberhardt, EF, W. Luo, S. Lin, Y. Li, 2025

Every source in the galaxy will flicker with a period given by the mass

BUT, very small!



Andrew Eberhardt, Wentao Lui, Yin Li 
and Shurui Lin, 2025Stochastic lensing

ULDM

Lensing

observer at the origin and source a 

distance D away along the line of  sight 

We approximate the dark matter granules as a Gaussian 
random field with correlation length equal to the de Broglie 
wavelength, λ = ħ/mσ, and expectation and variance given
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h�⇢i = 0 and h�⇢2i = ⇢2sm

Lensing convergence:



Stochastic lensing
ULDM

Andrew Eberhardt, Wentao Lui, Yin Li 
and Shurui Lin, 2025

Lensing

observer at the origin and source a 

distance D away along the line of  sight 

We approximate the dark matter granules as a Gaussian 
random field with correlation length equal to the de Broglie 
wavelength, λ = ħ/mσ, and expectation and variance given
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Stochastic lensing
Lensing

observer at the origin and source a 

distance D away along the line of  sight 
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Observational effect

Every source in the galaxy will flicker with a period given by the mass

Objects to use?
Ex.: globular cluster, star, …

Andrew Eberhardt, Wentao Lui, Yin Li 
and Shurui Lin, 2025

(Work in progress) 

FRB diffraction

W/ Ue-li Pen



Stochastic lensing
Granules

Soliton oscillation

<latexit sha1_base64="7i15g7p1uOWZNdDe4WSPlWVUCv8=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VoQUsi0rosunFnBfuAJpbJdNIOnUnCzEQoId/gxl9x40IRt67c+TdO2iy0euDC4Zx7ufceL2JUKsv6MgpLyyura8X10sbm1vaOubvXkWEsMGnjkIWi5yFJGA1IW1HFSC8SBHGPka43ucz87j0RkobBrZpGxOVoFFCfYqS0NDCrjqQcOhypMUYsuU5hxbbukhO7kVad47kheEI66cAsWzVrBviX2DkpgxytgfnpDEMccxIozJCUfduKlJsgoShmJC05sSQRwhM0In1NA8SJdJPZSyk80soQ+qHQFSg4U39OJIhLOeWe7sxOlIteJv7n9WPln7sJDaJYkQDPF/kxgyqEWT5wSAXBik01QVhQfSvEYyQQVjrFkg7BXnz5L+mc1ux6rX5zVm5e5HEUwQE4BBVggwZogivQAm2AwQN4Ai/g1Xg0no03433eWjDymX3wC8bHNyz6nI8=</latexit>

⇠ O(10�17) eV

<latexit sha1_base64="yCDvBhXfw9Dj08ZyAyG6EB+cbxM=">AAACHHicbVDLSgMxFM34rPU16tJNsAgVbJlppbosunFnBfuATi2ZNG1Dk8yQZIQyzIe48VfcuFDEjQvBvzHTdqGtBwKHc84l9x4/ZFRpx/m2lpZXVtfWMxvZza3tnV17b7+hgkhiUscBC2TLR4owKkhdU81IK5QEcZ+Rpj+6Sv3mA5GKBuJOj0PS4WggaJ9ipI3Utcueohx6HOkhRiy+SWDede7jQqmcFOCUlZIT73QakTwmjaRr55yiMwFcJO6M5MAMta796fUCHHEiNGZIqbbrhLoTI6kpZiTJepEiIcIjNCBtQwXiRHXiyXEJPDZKD/YDaZ7QcKL+nogRV2rMfZNMV1TzXir+57Uj3b/oxFSEkSYCTz/qRwzqAKZNwR6VBGs2NgRhSc2uEA+RRFibPrOmBHf+5EXSKBXdSrFye5arXs7qyIBDcATywAXnoAquQQ3UAQaP4Bm8gjfryXqx3q2PaXTJms0cgD+wvn4AEOmfhQ==</latexit>

⇠ O(10�23
� 10�22) eV

Andrew Eberhardt, Wentao Lui, Yin Li 
and Shurui Lin, 2025



Binary stars

Stellar streams

Strong lensing

axion-photon coupling

<latexit sha1_base64="EWmP/2vC9tbC8tX6bSMNGTedJ4s=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJioFVSUOlYwcJYJPqQklA5rtNatZPIdpCqKB/Awq+wMIAQKx/Axt/gtBmg5UiWjs45V773eBGjUpnmt1FYWV1b3yhulra2d3b3yvsHXRnGApMODlko+h6ShNGAdBRVjPQjQRD3GOl5k+vM7z0QIWkY3KlpRFyORgH1KUZKS4NyhUNHUg4t8z6p2vXzqtV0U+icQYcjNRY8Id1Up8yaOQNcJlZOKiBHe1D+coYhjjkJFGZIStsyI+UmSCiKGUlLTixJhPAEjYitaYA4kW4yOyaFJ1oZQj8U+gUKztTfEwniUk65p5PZinLRy8T/PDtWftNNaBDFigR4/pEfM6hCmDUDh1QQrNhUE4QF1btCPEYCYaX7K+kSrMWTl0m3XrMatcbtRaV1lddRBEfgGJwCC1yCFrgBbdABGDyCZ/AK3own48V4Nz7m0YKRzxyCPzA+fwBnpZld</latexit>

m ⇠ 10�[23�18] eV

<latexit sha1_base64="+Mx8Lw1cY2RihXEup/CUxH6mNKI=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEgMtIoRKowVLIxFog8pCZXjOq1VO4lsB6mK8gEs/AoLAwix8gFs/A1OmwFajmTp6Jxz5XuPH3OmtG1/W0vLK6tr66WN8ubW9s5uZW+/o6JEEtomEY9kz8eKchbStmaa014sKRY+p11/fJ373QcqFYvCOz2JqSfwMGQBI1gbqV+pCugqJiCy79Oagxo1ZHsZdE+hK7AeSZHSTmZSdt2eAi4SVJAqKNDqV77cQUQSQUNNOFbKQXasvRRLzQinWdlNFI0xGeMhdQwNsaDKS6fHZPDYKAMYRNK8UMOp+nsixUKpifBNMl9RzXu5+J/nJDq49FIWxommIZl9FCQc6gjmzcABk5RoPjEEE8nMrpCMsMREm/7KpgQ0f/Ii6ZzVUaPeuD2vNq+KOkrgEByBE4DABWiCG9ACbUDAI3gGr+DNerJerHfrYxZdsoqZA/AH1ucPXiyZVw==</latexit>

m ⇠ 10�[16�10] eV

<latexit sha1_base64="OlGgAypHrwmdbbuPLqNipL6A+kk=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXtswUaV0W3bisYB/QGUsmzbShSWZIMkIZ5gPc+CtuXCji1g9w59+YaWehrQcCh3POJfceP2JUadv+tlZW19Y3Ngtbxe2d3b390sFhR4WxxKSNQxbKno8UYVSQtqaakV4kCeI+I11/cp353QciFQ3FnZ5GxONoJGhAMdJGGpTKHLqKcujY90mlX6tVnIaXQvccuhzpseQJ6aQmZVftGeAycXJSBjlag9KXOwxxzInQmCGl+o4daS9BUlPMSFp0Y0UihCdoRPqGCsSJ8pLZMSk8NcoQBqE0T2g4U39PJIgrNeW+SWYrqkUvE//z+rEOLr2EiijWROD5R0HMoA5h1gwcUkmwZlNDEJbU7ArxGEmEtemvaEpwFk9eJp1a1alX67cX5eZVXkcBHIMTcAYc0ABNcANaoA0weATP4BW8WU/Wi/VufcyjK1Y+cwT+wPr8AWR4mVs=</latexit>

m ⇠ 10�[22�17] eV

Pulsar Timing Array

Stochastic lensing

Mass, spin (# particles), fraction self  interaction
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Wave interference

<latexit sha1_base64="EWmP/2vC9tbC8tX6bSMNGTedJ4s=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJioFVSUOlYwcJYJPqQklA5rtNatZPIdpCqKB/Awq+wMIAQKx/Axt/gtBmg5UiWjs45V773eBGjUpnmt1FYWV1b3yhulra2d3b3yvsHXRnGApMODlko+h6ShNGAdBRVjPQjQRD3GOl5k+vM7z0QIWkY3KlpRFyORgH1KUZKS4NyhUNHUg4t8z6p2vXzqtV0U+icQYcjNRY8Id1Up8yaOQNcJlZOKiBHe1D+coYhjjkJFGZIStsyI+UmSCiKGUlLTixJhPAEjYitaYA4kW4yOyaFJ1oZQj8U+gUKztTfEwniUk65p5PZinLRy8T/PDtWftNNaBDFigR4/pEfM6hCmDUDh1QQrNhUE4QF1btCPEYCYaX7K+kSrMWTl0m3XrMatcbtRaV1lddRBEfgGJwCC1yCFrgBbdABGDyCZ/AK3own48V4Nz7m0YKRzxyCPzA+fwBnpZld</latexit>

m ⇠ 10�[23�18] eV

<latexit sha1_base64="OlGgAypHrwmdbbuPLqNipL6A+kk=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXtswUaV0W3bisYB/QGUsmzbShSWZIMkIZ5gPc+CtuXCji1g9w59+YaWehrQcCh3POJfceP2JUadv+tlZW19Y3Ngtbxe2d3b390sFhR4WxxKSNQxbKno8UYVSQtqaakV4kCeI+I11/cp353QciFQ3FnZ5GxONoJGhAMdJGGpTKHLqKcujY90mlX6tVnIaXQvccuhzpseQJ6aQmZVftGeAycXJSBjlag9KXOwxxzInQmCGl+o4daS9BUlPMSFp0Y0UihCdoRPqGCsSJ8pLZMSk8NcoQBqE0T2g4U39PJIgrNeW+SWYrqkUvE//z+rEOLr2EiijWROD5R0HMoA5h1gwcUkmwZlNDEJbU7ArxGEmEtemvaEpwFk9eJp1a1alX67cX5eZVXkcBHIMTcAYc0ABNcANaoA0weATP4BW8WU/Wi/VufcyjK1Y+cwT+wPr8AWR4mVs=</latexit>

m ⇠ 10�[22�17] eV

Filaments

Cosmic filament spin from DM vortices

S. Alexander, C. Capanelli, EF, E. 

McDonough, 2022




Binary stars

<latexit sha1_base64="+Mx8Lw1cY2RihXEup/CUxH6mNKI=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEgMtIoRKowVLIxFog8pCZXjOq1VO4lsB6mK8gEs/AoLAwix8gFs/A1OmwFajmTp6Jxz5XuPH3OmtG1/W0vLK6tr66WN8ubW9s5uZW+/o6JEEtomEY9kz8eKchbStmaa014sKRY+p11/fJ373QcqFYvCOz2JqSfwMGQBI1gbqV+pCugqJiCy79Oagxo1ZHsZdE+hK7AeSZHSTmZSdt2eAi4SVJAqKNDqV77cQUQSQUNNOFbKQXasvRRLzQinWdlNFI0xGeMhdQwNsaDKS6fHZPDYKAMYRNK8UMOp+nsixUKpifBNMl9RzXu5+J/nJDq49FIWxommIZl9FCQc6gjmzcABk5RoPjEEE8nMrpCMsMREm/7KpgQ0f/Ii6ZzVUaPeuD2vNq+KOkrgEByBE4DABWiCG9ACbUDAI3gGr+DNerJerHfrYxZdsoqZA/AH1ucPXiyZVw==</latexit>

m ⇠ 10�[16�10] eV

Stellar streams

<latexit sha1_base64="EWmP/2vC9tbC8tX6bSMNGTedJ4s=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJioFVSUOlYwcJYJPqQklA5rtNatZPIdpCqKB/Awq+wMIAQKx/Axt/gtBmg5UiWjs45V773eBGjUpnmt1FYWV1b3yhulra2d3b3yvsHXRnGApMODlko+h6ShNGAdBRVjPQjQRD3GOl5k+vM7z0QIWkY3KlpRFyORgH1KUZKS4NyhUNHUg4t8z6p2vXzqtV0U+icQYcjNRY8Id1Up8yaOQNcJlZOKiBHe1D+coYhjjkJFGZIStsyI+UmSCiKGUlLTixJhPAEjYitaYA4kW4yOyaFJ1oZQj8U+gUKztTfEwniUk65p5PZinLRy8T/PDtWftNNaBDFigR4/pEfM6hCmDUDh1QQrNhUE4QF1btCPEYCYaX7K+kSrMWTl0m3XrMatcbtRaV1lddRBEfgGJwCC1yCFrgBbdABGDyCZ/AK3own48V4Nz7m0YKRzxyCPzA+fwBnpZld</latexit>

m ⇠ 10�[23�18] eV

Stellar heating

(Work in progress)
In collaboration with Andrew Eberhardt, 

and Fabian Schmidt Preparation for PFS!

(Work in progress)
In collaboration with Andrew Eberhardt, 

Margot Imbach and Naoki Yoshida



Binary stars

Stellar streams

Strong lensing

axion-photon coupling

<latexit sha1_base64="EWmP/2vC9tbC8tX6bSMNGTedJ4s=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJioFVSUOlYwcJYJPqQklA5rtNatZPIdpCqKB/Awq+wMIAQKx/Axt/gtBmg5UiWjs45V773eBGjUpnmt1FYWV1b3yhulra2d3b3yvsHXRnGApMODlko+h6ShNGAdBRVjPQjQRD3GOl5k+vM7z0QIWkY3KlpRFyORgH1KUZKS4NyhUNHUg4t8z6p2vXzqtV0U+icQYcjNRY8Id1Up8yaOQNcJlZOKiBHe1D+coYhjjkJFGZIStsyI+UmSCiKGUlLTixJhPAEjYitaYA4kW4yOyaFJ1oZQj8U+gUKztTfEwniUk65p5PZinLRy8T/PDtWftNNaBDFigR4/pEfM6hCmDUDh1QQrNhUE4QF1btCPEYCYaX7K+kSrMWTl0m3XrMatcbtRaV1lddRBEfgGJwCC1yCFrgBbdABGDyCZ/AK3own48V4Nz7m0YKRzxyCPzA+fwBnpZld</latexit>

m ⇠ 10�[23�18] eV

<latexit sha1_base64="+Mx8Lw1cY2RihXEup/CUxH6mNKI=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEgMtIoRKowVLIxFog8pCZXjOq1VO4lsB6mK8gEs/AoLAwix8gFs/A1OmwFajmTp6Jxz5XuPH3OmtG1/W0vLK6tr66WN8ubW9s5uZW+/o6JEEtomEY9kz8eKchbStmaa014sKRY+p11/fJ373QcqFYvCOz2JqSfwMGQBI1gbqV+pCugqJiCy79Oagxo1ZHsZdE+hK7AeSZHSTmZSdt2eAi4SVJAqKNDqV77cQUQSQUNNOFbKQXasvRRLzQinWdlNFI0xGeMhdQwNsaDKS6fHZPDYKAMYRNK8UMOp+nsixUKpifBNMl9RzXu5+J/nJDq49FIWxommIZl9FCQc6gjmzcABk5RoPjEEE8nMrpCMsMREm/7KpgQ0f/Ii6ZzVUaPeuD2vNq+KOkrgEByBE4DABWiCG9ACbUDAI3gGr+DNerJerHfrYxZdsoqZA/AH1ucPXiyZVw==</latexit>

m ⇠ 10�[16�10] eV

<latexit sha1_base64="OlGgAypHrwmdbbuPLqNipL6A+kk=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXtswUaV0W3bisYB/QGUsmzbShSWZIMkIZ5gPc+CtuXCji1g9w59+YaWehrQcCh3POJfceP2JUadv+tlZW19Y3Ngtbxe2d3b390sFhR4WxxKSNQxbKno8UYVSQtqaakV4kCeI+I11/cp353QciFQ3FnZ5GxONoJGhAMdJGGpTKHLqKcujY90mlX6tVnIaXQvccuhzpseQJ6aQmZVftGeAycXJSBjlag9KXOwxxzInQmCGl+o4daS9BUlPMSFp0Y0UihCdoRPqGCsSJ8pLZMSk8NcoQBqE0T2g4U39PJIgrNeW+SWYrqkUvE//z+rEOLr2EiijWROD5R0HMoA5h1gwcUkmwZlNDEJbU7ArxGEmEtemvaEpwFk9eJp1a1alX67cX5eZVXkcBHIMTcAYc0ABNcANaoA0weATP4BW8WU/Wi/VufcyjK1Y+cwT+wPr8AWR4mVs=</latexit>

m ⇠ 10�[22�17] eV

(Work in progress)

Only DM

Mostly DM

”MOND”

Pulsar Timing Array

Stochastic lensing

Solar system

Mass, spin (# particles), fraction self  interaction
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axion-photon coupling

Wave interference

<latexit sha1_base64="+Mx8Lw1cY2RihXEup/CUxH6mNKI=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEgMtIoRKowVLIxFog8pCZXjOq1VO4lsB6mK8gEs/AoLAwix8gFs/A1OmwFajmTp6Jxz5XuPH3OmtG1/W0vLK6tr66WN8ubW9s5uZW+/o6JEEtomEY9kz8eKchbStmaa014sKRY+p11/fJ373QcqFYvCOz2JqSfwMGQBI1gbqV+pCugqJiCy79Oagxo1ZHsZdE+hK7AeSZHSTmZSdt2eAi4SVJAqKNDqV77cQUQSQUNNOFbKQXasvRRLzQinWdlNFI0xGeMhdQwNsaDKS6fHZPDYKAMYRNK8UMOp+nsixUKpifBNMl9RzXu5+J/nJDq49FIWxommIZl9FCQc6gjmzcABk5RoPjEEE8nMrpCMsMREm/7KpgQ0f/Ii6ZzVUaPeuD2vNq+KOkrgEByBE4DABWiCG9ACbUDAI3gGr+DNerJerHfrYxZdsoqZA/AH1ucPXiyZVw==</latexit>

m ⇠ 10�[16�10] eV <latexit sha1_base64="EWmP/2vC9tbC8tX6bSMNGTedJ4s=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJioFVSUOlYwcJYJPqQklA5rtNatZPIdpCqKB/Awq+wMIAQKx/Axt/gtBmg5UiWjs45V773eBGjUpnmt1FYWV1b3yhulra2d3b3yvsHXRnGApMODlko+h6ShNGAdBRVjPQjQRD3GOl5k+vM7z0QIWkY3KlpRFyORgH1KUZKS4NyhUNHUg4t8z6p2vXzqtV0U+icQYcjNRY8Id1Up8yaOQNcJlZOKiBHe1D+coYhjjkJFGZIStsyI+UmSCiKGUlLTixJhPAEjYitaYA4kW4yOyaFJ1oZQj8U+gUKztTfEwniUk65p5PZinLRy8T/PDtWftNNaBDFigR4/pEfM6hCmDUDh1QQrNhUE4QF1btCPEYCYaX7K+kSrMWTl0m3XrMatcbtRaV1lddRBEfgGJwCC1yCFrgBbdABGDyCZ/AK3own48V4Nz7m0YKRzxyCPzA+fwBnpZld</latexit>

m ⇠ 10�[23�18] eV

<latexit sha1_base64="OlGgAypHrwmdbbuPLqNipL6A+kk=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXtswUaV0W3bisYB/QGUsmzbShSWZIMkIZ5gPc+CtuXCji1g9w59+YaWehrQcCh3POJfceP2JUadv+tlZW19Y3Ngtbxe2d3b390sFhR4WxxKSNQxbKno8UYVSQtqaakV4kCeI+I11/cp353QciFQ3FnZ5GxONoJGhAMdJGGpTKHLqKcujY90mlX6tVnIaXQvccuhzpseQJ6aQmZVftGeAycXJSBjlag9KXOwxxzInQmCGl+o4daS9BUlPMSFp0Y0UihCdoRPqGCsSJ8pLZMSk8NcoQBqE0T2g4U39PJIgrNeW+SWYrqkUvE//z+rEOLr2EiijWROD5R0HMoA5h1gwcUkmwZlNDEJbU7ArxGEmEtemvaEpwFk9eJp1a1alX67cX5eZVXkcBHIMTcAYc0ABNcANaoA0weATP4BW8WU/Wi/VufcyjK1Y+cwT+wPr8AWR4mVs=</latexit>

m ⇠ 10�[22�17] eV

Filaments

Cosmic filament spin from DM vortices

S. Alexander, C. Capanelli, EF, E. 

McDonough, 2022




 ,  

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

      Strong lensing D. Powell et al, 2023
<latexit sha1_base64="Kv4egoDel/IeBMzNmK+83XFN/f8=">AAACFXicbVDLSgMxFM34rPVVdekmWAQXtcyU+lhJURE3QgX7gM5YMmnahiaZIckIZZifcOOvuHGhiFvBnX9jpu1CWw9cOJxzL/fe44eMKm3b39bc/MLi0nJmJbu6tr6xmdvarqsgkpjUcMAC2fSRIowKUtNUM9IMJUHcZ6ThDy5Sv/FApKKBuNPDkHgc9QTtUoy0kdq5Am/HV5c3CTyD5WIZuppyoqBj38eHJSeBbgG6HOm+5DGpJ+1c3i7aI8BZ4kxIHkxQbee+3E6AI06Exgwp1XLsUHsxkppiRpKsGykSIjxAPdIyVCCz3ItHXyVw3ygd2A2kKaHhSP09ESOu1JD7pjM9UU17qfif14p099SLqQgjTQQeL+pGDOoAphHBDpUEazY0BGFJza0Q95FEWJsgsyYEZ/rlWVIvFZ3j4tFtOV85n8SRAbtgDxwAB5yACrgGVVADGDyCZ/AK3qwn68V6tz7GrXPWZGYH/IH1+QNe+5yB</latexit>

mFDM > 4.4⇥ 10�21 eV

Galaxy dynamics

J. Chan, et al 2022 


Probing the fuzziness on smaller and smaller 
scales (larger masses) - still wave behavior!Nadler 21,24

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


Only DM

Mostly DM

”MOND”

Pulsar Timing Array

Binary stars

Stellar streams

Stochastic lensing

Solar system

Mass, spin (# particles), fraction self  interaction
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Strong lensing

axion-photon coupling

axion-photon coupling

Wave interference

<latexit sha1_base64="+Mx8Lw1cY2RihXEup/CUxH6mNKI=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEgMtIoRKowVLIxFog8pCZXjOq1VO4lsB6mK8gEs/AoLAwix8gFs/A1OmwFajmTp6Jxz5XuPH3OmtG1/W0vLK6tr66WN8ubW9s5uZW+/o6JEEtomEY9kz8eKchbStmaa014sKRY+p11/fJ373QcqFYvCOz2JqSfwMGQBI1gbqV+pCugqJiCy79Oagxo1ZHsZdE+hK7AeSZHSTmZSdt2eAi4SVJAqKNDqV77cQUQSQUNNOFbKQXasvRRLzQinWdlNFI0xGeMhdQwNsaDKS6fHZPDYKAMYRNK8UMOp+nsixUKpifBNMl9RzXu5+J/nJDq49FIWxommIZl9FCQc6gjmzcABk5RoPjEEE8nMrpCMsMREm/7KpgQ0f/Ii6ZzVUaPeuD2vNq+KOkrgEByBE4DABWiCG9ACbUDAI3gGr+DNerJerHfrYxZdsoqZA/AH1ucPXiyZVw==</latexit>

m ⇠ 10�[16�10] eV
<latexit sha1_base64="EWmP/2vC9tbC8tX6bSMNGTedJ4s=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJioFVSUOlYwcJYJPqQklA5rtNatZPIdpCqKB/Awq+wMIAQKx/Axt/gtBmg5UiWjs45V773eBGjUpnmt1FYWV1b3yhulra2d3b3yvsHXRnGApMODlko+h6ShNGAdBRVjPQjQRD3GOl5k+vM7z0QIWkY3KlpRFyORgH1KUZKS4NyhUNHUg4t8z6p2vXzqtV0U+icQYcjNRY8Id1Up8yaOQNcJlZOKiBHe1D+coYhjjkJFGZIStsyI+UmSCiKGUlLTixJhPAEjYitaYA4kW4yOyaFJ1oZQj8U+gUKztTfEwniUk65p5PZinLRy8T/PDtWftNNaBDFigR4/pEfM6hCmDUDh1QQrNhUE4QF1btCPEYCYaX7K+kSrMWTl0m3XrMatcbtRaV1lddRBEfgGJwCC1yCFrgBbdABGDyCZ/AK3own48V4Nz7m0YKRzxyCPzA+fwBnpZld</latexit>

m ⇠ 10�[23�18] eV

<latexit sha1_base64="+Mx8Lw1cY2RihXEup/CUxH6mNKI=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEgMtIoRKowVLIxFog8pCZXjOq1VO4lsB6mK8gEs/AoLAwix8gFs/A1OmwFajmTp6Jxz5XuPH3OmtG1/W0vLK6tr66WN8ubW9s5uZW+/o6JEEtomEY9kz8eKchbStmaa014sKRY+p11/fJ373QcqFYvCOz2JqSfwMGQBI1gbqV+pCugqJiCy79Oagxo1ZHsZdE+hK7AeSZHSTmZSdt2eAi4SVJAqKNDqV77cQUQSQUNNOFbKQXasvRRLzQinWdlNFI0xGeMhdQwNsaDKS6fHZPDYKAMYRNK8UMOp+nsixUKpifBNMl9RzXu5+J/nJDq49FIWxommIZl9FCQc6gjmzcABk5RoPjEEE8nMrpCMsMREm/7KpgQ0f/Ii6ZzVUaPeuD2vNq+KOkrgEByBE4DABWiCG9ACbUDAI3gGr+DNerJerHfrYxZdsoqZA/AH1ucPXiyZVw==</latexit>

m ⇠ 10�[16�10] eV

<latexit sha1_base64="EWmP/2vC9tbC8tX6bSMNGTedJ4s=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJioFVSUOlYwcJYJPqQklA5rtNatZPIdpCqKB/Awq+wMIAQKx/Axt/gtBmg5UiWjs45V773eBGjUpnmt1FYWV1b3yhulra2d3b3yvsHXRnGApMODlko+h6ShNGAdBRVjPQjQRD3GOl5k+vM7z0QIWkY3KlpRFyORgH1KUZKS4NyhUNHUg4t8z6p2vXzqtV0U+icQYcjNRY8Id1Up8yaOQNcJlZOKiBHe1D+coYhjjkJFGZIStsyI+UmSCiKGUlLTixJhPAEjYitaYA4kW4yOyaFJ1oZQj8U+gUKztTfEwniUk65p5PZinLRy8T/PDtWftNNaBDFigR4/pEfM6hCmDUDh1QQrNhUE4QF1btCPEYCYaX7K+kSrMWTl0m3XrMatcbtRaV1lddRBEfgGJwCC1yCFrgBbdABGDyCZ/AK3own48V4Nz7m0YKRzxyCPzA+fwBnpZld</latexit>

m ⇠ 10�[23�18] eV

<latexit sha1_base64="OlGgAypHrwmdbbuPLqNipL6A+kk=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXtswUaV0W3bisYB/QGUsmzbShSWZIMkIZ5gPc+CtuXCji1g9w59+YaWehrQcCh3POJfceP2JUadv+tlZW19Y3Ngtbxe2d3b390sFhR4WxxKSNQxbKno8UYVSQtqaakV4kCeI+I11/cp353QciFQ3FnZ5GxONoJGhAMdJGGpTKHLqKcujY90mlX6tVnIaXQvccuhzpseQJ6aQmZVftGeAycXJSBjlag9KXOwxxzInQmCGl+o4daS9BUlPMSFp0Y0UihCdoRPqGCsSJ8pLZMSk8NcoQBqE0T2g4U39PJIgrNeW+SWYrqkUvE//z+rEOLr2EiijWROD5R0HMoA5h1gwcUkmwZlNDEJbU7ArxGEmEtemvaEpwFk9eJp1a1alX67cX5eZVXkcBHIMTcAYc0ABNcANaoA0weATP4BW8WU/Wi/VufcyjK1Y+cwT+wPr8AWR4mVs=</latexit>

m ⇠ 10�[22�17] eV

<latexit sha1_base64="OlGgAypHrwmdbbuPLqNipL6A+kk=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXtswUaV0W3bisYB/QGUsmzbShSWZIMkIZ5gPc+CtuXCji1g9w59+YaWehrQcCh3POJfceP2JUadv+tlZW19Y3Ngtbxe2d3b390sFhR4WxxKSNQxbKno8UYVSQtqaakV4kCeI+I11/cp353QciFQ3FnZ5GxONoJGhAMdJGGpTKHLqKcujY90mlX6tVnIaXQvccuhzpseQJ6aQmZVftGeAycXJSBjlag9KXOwxxzInQmCGl+o4daS9BUlPMSFp0Y0UihCdoRPqGCsSJ8pLZMSk8NcoQBqE0T2g4U39PJIgrNeW+SWYrqkUvE//z+rEOLr2EiijWROD5R0HMoA5h1gwcUkmwZlNDEJbU7ArxGEmEtemvaEpwFk9eJp1a1alX67cX5eZVXkcBHIMTcAYc0ABNcANaoA0weATP4BW8WU/Wi/VufcyjK1Y+cwT+wPr8AWR4mVs=</latexit>

m ⇠ 10�[22�17] eV

Heating + coherent 
perturbations



Fuzzy Dark Matter - bounds on the mass
Current status

Review: Eberhardt, EF (to appear)


Bounds depend on assumptions, 
simplifications, simulations, … 

And can be conservative or best case scenario. 

Systematic effects!


Careful when interpreting them!



Fuzzy Dark Matter - bounds on the mass
Current status

Review: Eberhardt, EF (to appear)


Much more:

• ULDM not 100% 

• Multiple axions  

• Add self-interaction

• Couplings

• Spin




The search for dark matter (ULDM) is a 
multi-probe/multi-scale endeavour…



Small scales can offer some hints of  the nature of  DM 

Future

Buckleya et al 2017

Current

Past



The search for dark matter (ULDM) is a 
multi-probe/multi-scale endeavour…

exciting times for axion dark matter



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



Thank you!


