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Ultra-light dark matter:  
the light and fuzzy side of  dark matter



Evidences for dark matter

Springel & others / Virgo Consortium

ESA and the Planck Collaboration

NASA and ESA

NASA and ESA
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CMB+LSS
Galaxies

Clusters

Huge  amount of  evidence 
From all scales?  

We can observe its effects in



Evidences for dark matter
Galaxy rotation curves
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Large Scale Structure Cluster collision Big Bang Nucleosynthesis
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Strong lensing
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Weak lensing

• Distribution
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• Structure

Micro lensing

• Mass fraction

• Smoothness

CMB/LSS

• Ratio of DM/collisional matter

• Thermal history
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Springel & others / Virgo Consortium

• Distribution

• Separation from collisional matter

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

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

CDM   
simple but exotic model!

Λ

Λ

DM: cold dark 
matter (CDM) fluid



Cold dark matter

•  Cold: moves much slower than c 

•  Presureless: gravitational attractive, clusters 

•  Dark (transparent): no/weakly electromagnetic 
interaction 

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

• Abundance: amount of  dark matter today known



What we don’t know
•  What is DM? 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, …



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

State of  the “art"

Mass scale of  DM



Small scales can offer some hints of  the nature of  DM 

Small Scales
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Astrophysical 
Observables

DM 
Distribution

Nature of  DM 
Microphysics 

Particle physics

Opportunity to probe the nature of  DM!



Ultra-light dark matter



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

Lightest possible candidate for DM

10−35 kg10−57 kg

Bosons 

Non-thermally produced



Ultra-light Dark Matter

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

Small scales:  
DM behaves like a wave  

DM: particles
d � �dB
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DM: wave behaviour

�dB
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Adapted from Quanta

Galaxy halo

Ultra-light candidate Large λdB ∼ 1/mv

10−35 kg

λULDM
dB ∼ pc − kpc
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10�60 kg

Lightest possible candidate for DM



Motivations of  the ULDM

Large scales
Clusters Galaxy halo

DM: particles

DM: wave behaviour

Adapted from Quanta

�dB
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• Particle physics/HEP/condensed matter 
motivation 

• Might address small scales problems 

• Rich phenomenology on small scales:

- Wave nature manifest on galactic scales 

Candidates: Axions, ALPs, UL particles, …



Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Levkov et al. 2018

S. May et al. 2021



Ultra-light Dark Matter - models

Scalar 
field DM

Repulsive 
DM

Fluid DM

Ultra-light 
DM

AxionsALPs

There are many ways to have a DM with this property  many ULDM models in the literature 
However, each of  these models presents a different dynamics on small scales - different phenomenology

→



Ultra-light Dark Matter -classes
3 classes: 

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

DM Superfluid Self  Interacting FDM 
 (SIFDM)

Fuzzy DM  
(FDM) 

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

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

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

Axion and ALP (axion like particles)

Connection with condensed matter and particle physics!⟶
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L = P (X)



Fuzzy dark matter 
Self  interacting fuzzy dark matter



Fuzzy 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 in spin 0 particles here!

(Some of  the grav. phenom. is carried for vectors, for example) 
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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))



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 )

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

Axions or Axion like particles (ALP) 
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Candidate for DM

Axion-like particles

(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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(Francesca Chadha-Day's talk!)

* Axion and ALP interact with photons (and neutrinos) (Chris McCabe and Francesca Calore’s talk!)
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Cosmological evolution
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In order to behave like DM: start oscillating before matter-radiation equality 
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Structure formation - non-relativistic regime
Evolution on small scales: take non-relativistic regime of  the theory, relevant for structure formation. 

Schrödinger-Poisson system : describe the FDM and the SIFDM

Fundamentally different than 
CDM/WDM/SIDM! 
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Structure formation - perturbation and stability

REPULSIVEATTRACTIVEFDM
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Structure formation - perturbation and stability
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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



Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017
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Phenomenology
Suppression of  small structures 

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

S. May et al. 2021



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
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�J

FDM

WDM
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PX(k, z) = T 2
X(k, z)P⇤CDM (k)

<latexit sha1_base64="r/FtvCZiaW0W6HkKuncDRN6W318="></latexit>(
TWDM = [1 + (↵k)2µ]�5/µ

TFDM = cos x3
J (k)

1+x8
J (k)

- Degenerate with WDM



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

'output_for_mp4/output533.dat.z271'
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Core

Levkov et al. 2018

S. May et al. 2021



Phenomenology
Formation of  cores 

NO structure formation 
Stable, oscillating solution

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Simulation by Jowett Chan

NON-LINEAR 
evolution:  need 

simulations

Fuzzy DM



Phenomenology
Formation of  cores 

NFW

From simulations Schive et al. 2014, fitting function:

NFW

observed

Relations used to compare 
with observations

FDM Stable core solution



Phenomenology
Formation of  cores 

NFW

From simulations Schive et al. 2014, fitting function:

Relations used to compare 
with observations

FDM Stable core solution

Schive et al. 2014



Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017
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Core

Levkov et al. 2018
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Phenomenology
Wave interference: granules and vortices

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Simulation by Jowett Chan

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

Destructive interference Hard to observe!



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)

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

⇢̇+r · (⇢v) = 0

v̇ + (v ·r)v = � 1

m

✓
Vgrav � Pint �

1

2m

r2p⇢
p
⇢

◆

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
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Phenomenology
Dynamical effects

Relaxation, oscillation, friction, and heating



Phenomenology
Dynamical effects

Relaxation, oscillation, friction, and heating

Formation of  a BEC / superfluid



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

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

High temperature
Thermal velocities

Low temperature
!!~#"#/%

”wave packets”

# = #&
BEC

”matter wave overlap”

# = 0
Pure BEC

”giant matter wave”
d ⇠ �dB

<latexit sha1_base64="6ZO3bMJVbBAmv+YeLuLNPMkI3oI=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqqRafOxK3bisYB/QhDCZTNqhM0mYmQgh1F9x40IRt36IO//GSRpErQcGDufcw71zvJhRqSzr06isrK6tb1Q3a1vbO7t75v7BQEaJwKSPIxaJkYckYTQkfUUVI6NYEMQ9Robe7Dr3h/dESBqFdyqNicPRJKQBxUhpyTXrPrQl5dBmOuMjN/O7c9dsWE2rAFwmrZI0QImea37YfoQTTkKFGZJy3LJi5WRIKIoZmdfsRJIY4RmakLGmIeJEOllx/Bwea8WHQST0CxUs1J+JDHEpU+7pSY7UVP71cvE/b5yo4NLJaBgnioR4sShIGFQRzJuAPhUEK5ZqgrCg+laIp0ggrHRftaKEqxzn319eJoPTZuus2b5tNzrdso4qOARH4AS0wAXogBvQA32AQQoewTN4MR6MJ+PVeFuMVowyUwe/YLx/ATiHlKQ=</latexit>

• Appears at low T after the superfluid condenses into a BEC. 
• Effective dynamics: fluid flows without friction

Superfluid

Description

classical field
“wavefunction of the condensate”

Mean field 
approximation:  ̂(r, t) =  (r, t) + � ̂(r, t)

<latexit sha1_base64="Wi9p11knKKmq2H3ZQbA9V7BHEdQ=">AAACNnicdVDLSgMxFM3UV62vUZdugkWoKGWqxcdCKLpxI1SwttApJZNm2tDMg+SOUIZ+lRu/w103LhRx6yeYmRaxVg8EDufcQ+49Tii4AssaGZm5+YXFpexybmV1bX3D3Ny6V0EkKavRQASy4RDFBPdZDTgI1gglI54jWN3pXyV+/YFJxQP/DgYha3mk63OXUwJaaps3do9AbFcVHxZsj0DPcWM5PIT9CztUfFrCB9juMAEE/xdqm3mraKXAs6Q0IXk0QbVtPtudgEYe84EKolSzZIXQiokETgUb5uxIsZDQPumypqY+8ZhqxenZQ7ynlQ52A6mfDzhVfyZi4ik18Bw9mSypfnuJ+JfXjMA9a8XcDyNgPh1/5EYCQ4CTDnGHS0ZBDDQhVHK9K6Y9IgkF3XQuLeE8wcn3ybPk/qhYOi6Wb8v5yuWkjizaQbuogEroFFXQNaqiGqLoEY3QK3oznowX4934GI9mjElmG03B+PwCUsysaA==</latexit>

 (r, t) = h ̂(r, t)i
<latexit sha1_base64="NAMZu4QGZvSxpBhCoGfFFrIqj3A=">AAACJXicbVDLSsNAFJ34rPVVdelmsAgVpKRafIBC0Y3LCvYBTSiT6aQdOpmEmRuhhP6MG3/FjQuLCK78FZM0iLYeGDiccy5z73ECwTWY5qexsLi0vLKaW8uvb2xubRd2dpvaDxVlDeoLX7UdopngkjWAg2DtQDHiOYK1nOFt4rcemdLclw8wCpjtkb7kLqcEYqlbuLICzUuWR2DguJEaH8MRvsaWILIvmDUgEFl1zcczCUulfrdQNMtmCjxPKhkpogz1bmFi9XwaekwCFUTrTsUMwI6IAk4FG+etULOA0CHps05MJfGYtqP0yjE+jJUedn0VPwk4VX9PRMTTeuQ5cTJZVs96ifif1wnBvbAjLoMQmKTTj9xQYPBxUhnuccUoiFFMCFU83hXTAVGEQlxsPi3hMsHZz8nzpHlSrpyWq/fVYu0mqyOH9tEBKqEKOkc1dIfqqIEoekIv6A1NjGfj1Xg3PqbRBSOb2UN/YHx9A74IpY8=</latexit>with

small perturbation: describes 
depletion of the condensate

n0 = | (r, t)|2
<latexit sha1_base64="iXdWW4QYaPIydbIgZk0vyQLZSjc=">AAACA3icbVDLSsNAFJ3UV62vqDvdBItQQUpSi4+FUHTjsoJ9QBPLZDpph04mYWYilLTgxl9x40IRt/6EO//GSRpErQcuHM65l3vvcUNKhDTNTy03N7+wuJRfLqysrq1v6JtbTRFEHOEGCmjA2y4UmBKGG5JIitshx9B3KW65w8vEb91hLkjAbuQoxI4P+4x4BEGppK6+w7rm+dgOBSnZPpQD14v55FAejG8rXb1ols0UxiyxMlIEGepd/cPuBSjyMZOIQiE6lhlKJ4ZcEkTxpGBHAocQDWEfdxRl0MfCidMfJsa+UnqGF3BVTBqp+nMihr4QI99Vncmd4q+XiP95nUh6p05MWBhJzNB0kRdRQwZGEojRIxwjSUeKQMSJutVAA8ghkiq2QhrCWYLj75dnSbNSto7K1etqsXaRxZEHu2APlIAFTkANXIE6aAAE7sEjeAYv2oP2pL1qb9PWnJbNbINf0N6/AFtrl3o=</latexit>

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

✓
�r2

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

◆
 (r, t)

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

Non-linear Schrödinger equation - Gross-Pitaevskii equation

Credit: Peking University



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>

⌧gr ⇠ 106 yr
⇣ m

10�22 eV

⌘3
✓

v

30 km/s

◆6 ✓ ⇢

0.1M�/pc3

◆�2

⌧int =
1p
8|g|n

<latexit sha1_base64="Lxt87QXFccxVRHFLsK/ZfoY95ao=">AAACFHicbVDLSsNAFJ34rPUVdelmsCiCUBJRdFl047KCfUATwmQ6TYdOHszcCCXkI9z4K25cKOLWhTv/xkmbhW09MHA4517mnuMngiuwrB9jaXlldW29slHd3Nre2TX39tsqTiVlLRqLWHZ9opjgEWsBB8G6iWQk9AXr+KPbwu88Mql4HD3AOGFuSIKIDzgloCXPPDtxgKRe5oQEhjLMApnn2AkCPCvzCPLcM2tW3ZoALxK7JDVUoumZ304/pmnIIqCCKNWzrQTcjEjgVLC86qSKJYSOSMB6mkYkZMrNJqFyfKyVPh7EUr8I8ET9u5GRUKlx6OvJ4kg17xXif14vhcG1qxMlKbCITj8apAJDjIuGcJ9LRkGMNSFUcn0rpkMiCQXdY1WXYM9HXiTt87p9WbfuL2qNm7KOCjpER+gU2egKNdAdaqIWougJvaA39G48G6/Gh/E5HV0yyp0DNAPj6xeHqJ/F</latexit>

⌧gr � ⌧intCondensation/relaxation time: 

Smaller than the age of  the universe! 

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

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 

- Cosmologically, classical or quantum field?



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



Observational implications and constraints

“Ultra-light dark matter”, E.F., 2020

Fuzzy Dark Matter - bounds on the mass



Observational implications and constraints

CMB/LSS Lyman alpha Global 21 cm

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

Rogers et al. (2020)

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

m & 2⇥ 10�20 eV

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

EDGES global 21 cm signal

Suppressed small scale structure

Postpone Ly-α coupling, heating, 
reionization H

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

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



Observational implications and constraints

Stellar streams

• DM properties encoded in variations density in 
stellar streams 

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

Schutz 2020: bound in the FDM sub-halo mass function 
using stellar streams and grav. lensing 

Grav. lensing

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



Observational implications and constraints

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

Church et al. 2019

Globular clusters

Lancaster et al. 2020

ESO/Digitized Sky Survey 2

Fuzzy Dark Matter - bounds on the mass Dynamical effects
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m < 10�21 eV



Black Hole Superradiance
A cloud of  ultra-light bosons (and vector fields) can be created around rotating black holes - 
if  the particle Compton wavelength is of  the order of  the size of  the BH

Structure like a “gravitational atom”

Emits gravitational waves Dynamics can be altered by the 
presence of  a companion - binary

H. Chia et al, 2018

H. Chia et al, 2018 H. Chia et al, 2018

Zeldovich (1972) Starobinsky (1973) Arvanitaki et al. [0905.4720]



Observational implications and constraints

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

 ρ(r) =
ρsoliton ≃

ρc

[1 + 0.091(r/rc)2]8 , r < rϵ

ρNFW =
ρs

(r/rs)(1 + r/rs)2 , r > rϵ

FDM SIMULATIONS

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



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

DM profile 
FDM+NFW

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

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

Spherical Jeans 
equations

σ(theory)
l.o.s

Stellar density  
profile 
Plummer

σ(obs)
l.o.s

MCMC

Fit

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

 ρ(r) =
ρsoliton ≃

ρc

[1 + 0.091(r/rc)2]8 , r < rϵ

ρNFW =
ρs

(r/rs)(1 + r/rs)2 , r > rϵ

ρc(r) = 1.9 × 1012 ( m
10−23 eV )

−2

( rc

pc )
−4

[M⊙ pc]

rc ≃ 1600 ( m
10−23 eV )

−1

( Mhalo

1012 M⊙ )
−1/3

[pc]

FDM SIMULATIONS

Strongest constraint on  to date!mFDM



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

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

Strongest constraint on  to date!mFDM

FDM mass from Ultra-faint dwarfs

m (Seg1)
FDM = 1.1+8.3

−0.7 × 10−19 eV

Hayashi, E.F,Chan, 2021.



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

DWARFS

 ρ(r) =
ρsoliton ≃

ρc

[1 + 0.091(r/rc)2]8 , r < rϵ

ρNFW =
ρs

(r/rs)(1 + r/rs)2 , r > rϵ

FDM SIMULATIONS

Dwarf Spheroidals (dSphs)

Fornax  -  Sculptor
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m< 0.8⇥ 10�22 eV

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



m (Seg1)
FDM = 1.1+8.3

−0.7 × 10−19 eV

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

Possible reasons for this incompatibility:

Constraints on the mass

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

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

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

• Challenge for the FDM model 

≠ ≠

Safarzadeh and Spergel 2019; Hayashi, EF, Chan 2021



FDM - Core-halo mass relation
We want to study how the core relates to the halo mass

?
Mh

Schive et al. 2014

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

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

= Schive  Schive≠

J. Chan et al. 2021



FDM - Core-halo mass relation

Steeper 
slope

Smaller 
core

Smaller 
mass 

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



Observational implications and constraints

These models can be highly constrained 

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

Fuzzy Dark Matter - bounds on the mass

Sweet spot for solving small scale problems

* A. Pozo et al. 2020: FDM with  explains classical 
dwarf profiles with tidal stripping included

m ∼ 10−22 eV



Observational implications and constraints
Bounds on the mass and other parameters

Self interacting FDM DM Superfluid

Still highly unconstrained
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L = P (X)

* Check: Lasha Berezhiani et al (2020)



Interference pattern
Granules

Simulation by Jowett Chan

Order one fluctuations in density          ⟶ Constructive interference: granules 
Destructive interference Hard to observe!

Strong lensing: 

James H. H. Chan, Hsi-Yu Schive, Shing-Kwong Wong, Tzihong 
Chiueh, Tom Broadhurst, 2020

 - Flux ratio anomalies of a few tens of percent

 - Produce rare hexad and octad images


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


Sub-galactic power spectrum:

Hezaveh et al. (2016) 



Future - signals in cosmology
Observations

Simulations

New probes

CMB 21cm

Prime Focus Spectrograph (PFS)

BINGO

202

CHI

Modified from Jia Liu

Photometric and spectroscopic surveys

HIRAX



Ongoing: Vortices in FDM and SIFDM

  

PRELIMINARY In collaboration with Jowett Chan 

Fuzzy DM Self-interacting Fuzzy DM

+ Improve theoretical understanding of  these DM vortices In collaboration with P. Bittar 



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

Strong lensing? Stellar streams? 
Can they be formed in the filaments?  



Rotation of  filaments: vortices
Peng Wang, Noam I. Libeskind, Elmo Tempel, Xi Kang, Quan Guo, "Possible observational evidence that cosmic filaments spin” (2021)

- Stacking thousands of  filaments and examining the velocity of  galaxies perpendicular to the filament’s axis (via their red and blue shift)  
- Found  that filaments display motion consistent with rotation  largest objects known to have angular momentum⟶



Rotation of  filaments: vortices

Stephon Alexander, Christian Capanelli, Elisa G. M. Ferreira, and Evan McDonough, "Cosmic Filament Spin from Dark Matter Vortices” (2021)

- Not clear that we can get spinning cosmic filaments in LCDM 
- Seems to be difficult to theoretically explain the acquisition of  angular momentum on megaparsec scales 
- Some simulations seem to be finding spinning cosmic filaments

- Suggest that a collection of  (ULDM) vortices enclosed in a cylindrical volume aligned with the axis of  a filament are able to 
generate rotations at the Mpc scale and reproduce the result of  Wang et al (2021)

For example, for a
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m ⇠ 10�22eV
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Compatible with: 
- in regions where the density vanishes (Hui et al 2020, Lague et al 
2020) 

- Transfer of  angular momentum (Berezhiani, 2015)



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

           

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

m  = 1e-22 eV
a_s = 0 cm

           

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

           

Ongoing: Simulation of  the SIFDM

PRELIMINARY 

In collaboration with Jowett Chan 

SIFDM can present very different phenomenology - very few simulations of  this class

Solving the Schrödinger-Poisson equations using a splitting spectral method

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



Simulations of  ULDM

• Hybrid simulations: large scales (hydro) + small sales (SP-sims) 

• Soliton mergers 

• Soliton oscillations 

• Adding baryons

(See works from S. May & V. Springel, L. Hui, Veelmat, Niemeyer & Schwabe, Schive, Chiueh & Broadhurst, Mocz et al., …)



Future - signals in cosmology

CMB 21cm

Prime Focus Spectrograph (PFS)

BINGO

202

CHI

Modified from Jia Liu

Photometric and spectroscopic surveys

HIRAX

Observations
Simulations

New probes

Substructures 
     - strong lensing 
     - stellar streams 

Small scale information from PS 
     - substructure convergence PS



Sub-galactic power spectrum
Using gravitational probes, strong lensing and stellar streams, to describe substructures 



Sub-galactic power spectrum
Using gravitational probes, strong lensing and stellar streams, to describe substructures 

Substructure convergence power spectrum
A. Diaz Rivero, et al.  (2017); Diaz Rivero, et al. , (2018) 

Bayer et al. (2018) ; Auger et al. 2009 
FDM: Kawai et al. (2021)

Hezaveh et al. (2016) (projected mPS by using strong lensing) Develop a formalism to compute the substructure convergence power spectrum for 
different populations of  dark matter subhalos.

Change of  language: instead of  talking about lensing perturbations in terms of  individual 
subhalos, look at the correlation function of  the projected density field.  (based on Dvorkin’s slide)



Sub-galactic power spectrum
Using gravitational probes, strong lensing and stellar streams, to describe substructures 

Substructure convergence power spectrum Sten Delos and Fabian Schmidt (2021)

Stellar streams: perturbed by passing substructure. Good gravitational probe, since given 
their low dynamical temperature and negligible self-interaction, it retains the memory of  
those encounters.

THIS WORK: Fully analytical understanding of  the stream perturbations!

Previous: 
- Mostly numerical 
- Perturbations  sub-halo mass 

function
⟶

Relates the stellar stream perturbation to the surrounding matter distribution, from dark and luminous substructure

Power spectrum of  a stream's stellar density is analytically related to that of  the 
substructure background:



56 narrow band filters in the optical

Future - signals in cosmology

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



Future - Cosmic Microwave Background 
TESTING ULTRA LIGHT DM CMB

CMB - S4

Constraints on

Significantly improve constraints on the 
composition of  the dark sector!

H
lozek et al., 2016

Constraints on the optical depth

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

Constraint the ULDM mass

• LiteBIRD 
• Advances ACTPol 
• CMB-S4



PFS (Prime Focus Spectrograph)

GOAL

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

chemical abundances – MW & M31  

Cosmology

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

Galaxy evolution
• Small-scale tests of structure growth 

• Halo-galaxy connection 

• Physics of cosmic reionization via 
LAEs & 21cm studies 

• Tomography of gas and DM

M*/M200

DM with PFS   synergy between science goals  ⟶

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

PFS: spectroscopy part of  SuMIRe project

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



  

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

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

chemical abundances – MW & M31  

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

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

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

dSphs

M31

MW outer disk

Unique: beyond reach of  
Gaia and VLT

⟶
Unique & high impact⟶

Ongoing



 

PFS (Prime Focus Spectrograph)

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

chemical abundances – MW & M31  

Cosmology

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

Galaxy evolution
• Small-scale tests of structure growth 

• Halo-galaxy connection 

• Physics of cosmic reionization via 
LAEs & 21cm studies 

• Tomography of gas and DM

M*/M200

DM with PFS   synergy between science goals  ⟶

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

DM Science with PFS

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

LSST will discover tens of  thousands of  lensed galaxies.  
This vast increase in sample sizes (in coordination with other facilities, e.g. HST, ALMA) will provide much stronger statistical constraints on 

dark matter models than what is currently possible.  



LSS probes
PFS in coordination with:

“…will provide much stronger statistical constraints on dark matter models" 

- Vera C. Rubin Legacy Survey of  Space and Time (LSST) 

- Atacama Large Millimeter/submillimeter Array (ALMA) 

- Nancy Grace Roman Space Telescope (WFIRST)  

- Gaia 

- …

1902.01055



Future - BINGO telescope 

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

21-cm 

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

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

Bauer et al 2020 
Carucci et al 2018

- Suppression of  PS 
- Increase in bHI

FORECAST

BINGO (BAO In Neutral Gas Observations)  

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

Observation start: end of 2022

Intensity mapping  -  BAO

mFDM

m Ωa/ΩtWith 21-cm we can probe:

- Main goals: DE, FRBs 
- Constraints on DM 

σ(Ωa/ΩT)bingo = 0.2

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



Superfluid Dark Matter



Superfluid Dark Matter

Lasha Berezhiani and Justin Khoury (2016)  

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

MOND

Newtonian 
Dynamics

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

DM  forms a superfluid 
 emergent MOND dynamics 

in galaxies 
⟶

Suppresses small structures, dyn. effects, formation of  cores

a =

(
abN , abN � a0.q

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



Superfluid Dark Matter
Lasha Berezhiani and Justin Khoury (2016)  

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

L = P (X), X = ✓̇ �m�� (~r✓)2

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

EFT of superfluids

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

P (X) =
2⇤ (2m)3/2

3
X
p
|X|

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

Softly breaks shift 
symmetryLint ⇠

⇤

Mpl
✓⇢b

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

⇤ =
p
a0Mpl ⇠ 0.8meV

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

How to construct - MOND from phonons 

    Leads to an equation of state    
required to describe MOND

⟶ P ∼ ρ3

BEC� n = 2 : P ⇠ ⇢2

� n = 3/2 : P ⇠ ⇢3

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

“MOND”

Different phenomena P (X) /
⇣
✓̇/m

⌘n

<latexit sha1_base64="asheYxIOgc3RvIczxDUfgqkj4OU=">AAACFXicbVDJSgNBFOyJW4xb1KOXxiAkIHGiweUW9OIxglkgE0NP503SpGeh+40QhvyEF3/FiwdFvAre/Bs7C+JW0FBU1evuV24khUbb/rBSc/MLi0vp5czK6tr6RnZzq67DWHGo8VCGqukyDVIEUEOBEpqRAua7Ehru4GLsN25BaREG1ziMoO2zXiA8wRkaqZPdr+abBepEKowwpI4ED/PU6YaYONgHZKMDnzpK9PpYuDHxnF20J6B/SWlGcmSGaif7bq7isQ8Bcsm0bpXsCNsJUyi4hFHGiTVEjA9YD1qGBswH3U4mW43onlG61AuVOQHSifp9ImG+1kPfNUmfYV//9sbif14rRu+0nYggihECPn3IiyU1BYwrol2hgKMcGsK4EuavlPeZYhxNkZlJCWdjHH+t/JfUD4ulo2L5qpyrnM/qSJMdskvypEROSIVckiqpEU7uyAN5Is/WvfVovViv02jKms1skx+w3j4BJdKeWw==</latexit>

Unitary Fermi 
gas

To mediate the MONDian force, 
couple phonons to baryons:

Crystal Lens

Low energy: only θ  excited - phonon 
Nambu Goldstone boson

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

⟹

|~r�| > 3 a0
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- Newtonian limit:

~r2� =
⇢s + ⇢b
2M2

pl
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⟹

|~r�| < 3 a0
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- MOND limit:

~r ·
 
|~r�|
a0

~r�

!
=

⇢s + ⇢b
2M2

pl
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Only DM

Mostly DM

”MOND”
No MOND



Low surface brightness High surface brightness

Superfluid Dark Matter
Rotation curves 

Superfluid core: 
Rhalo = 57 kpc

RSf = 40 kpc
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Rhalo = 445 kpc

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



Superfluid Dark Matter
Observational consequences 

Berezhiani et al. 2018)  



Superfluid Dark Matter
Dynamical Friction 

Inner region of  galaxy: 
Superfluid core 

Superfluid flows without friction

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

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

ESO/Digitized Sky Survey 2

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

superfluid 
v < vc



Superfluid Dark Matter

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

•  Presents only a phenomenological non-relativistic description 

•  Need to develop cosmology 

•Does not present many constraints yet. 

Presents opportunities of  theoretical and observational advances!



Ultra-light fields as Dark Energy



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

Behave as dark energy with  forw ∼ − 1

mfdm < 10−32 eV

Ultra-light fields as Dark Energy
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Unified superfluid dark sector 

• DM superfluid with two interacting distinguishable 
states. 

• Phonons: propagate with different phases for each 
species   

           Potential for the  
• Prediction for clustering

⟶ (θ1 − θ2)

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

Unified framework 
w/ DM alone!

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

Ultra-light fields as Dark Energy

Background evolution Clustering: 
growth factor

- Acceleration from interactions (no dark energy) 

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



Future

Vera Rubin observatory (LSST)

Prime Focus Specctrograph (PFS)

CMB-S4 LiteBIRD

BINGO telescope  

Search for DE - main goal of  many of  these experiemnts



Future - Cosmic Microwave Background 

Cosmic Birefringence from axions 

Parity-violating physics in polarisation of  the cosmic microwave background

Minami/Komatsu

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

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

Rotation of  the CMB polarization plane Minami , Komatsu 2020



Summary
Well motivated DM models 
Rich and distinct phenomenology on small scales  
Testable prediction 
One of  the leading candidate for DM

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

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

Ultra-Light Dark Matter

Small Scales 

Core-halo mass 
relation

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



Thank you very much!



Extra slides



FDM simulation
<latexit sha1_base64="jVNjG0HkZCXNTobyRQ9MgzaeZ5Y="></latexit>
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�Spectral technique to solve the SP system

Time evolution of  the wave function

Small :Δt

Split into 3 operations (Baker-
Campbell-Haussdorff  formula)
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1st
<latexit sha1_base64="xdmhanc+S2sYSqH9Pr8nLbAHJO4=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyUpoi6LblxWsA9oY5lMpu3QySTMTIQa8iVuXCji1k9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf2qfXDYUVEiCW2TiEey52NFORO0rZnmtBdLikOf064/vcn97iOVikXiXs9i6oV4LNiIEayNNLSrjYd0EGI9kWEqgiwb2jWn7syBVolbkBoUaA3tr0EQkSSkQhOOleq7Tqy9FEvNCKdZZZAoGmMyxWPaN1TgkCovnQfP0KlRAjSKpHlCo7n6eyPFoVKz0DeTeUa17OXif14/0aMrL2UiTjQVZHFolHCkI5S3gAImKdF8ZggmkpmsiEywxESbriqmBHf5y6uk06i7F/XG3XmteV3UUYZjOIEzcOESmnALLWgDgQSe4RXerCfrxXq3PhajJavYOYI/sD5/AEQ7k38=</latexit>

2nd
<latexit sha1_base64="umBdaQqB+1e503+yOBQvkh6ypFo=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiRV1GXRjcsK9gFtLJPJtB06mYSZiVBDvsSNC0Xc+inu/BsnbRbaemDgcM693DPHjzlT2nG+rZXVtfWNzdJWeXtnd69i7x+0VZRIQlsk4pHs+lhRzgRtaaY57caS4tDntONPbnK/80ilYpG419OYeiEeCTZkBGsjDezK2UPaD7EeyzCVQZYN7KpTc2ZAy8QtSBUKNAf2Vz+ISBJSoQnHSvVcJ9ZeiqVmhNOs3E8UjTGZ4BHtGSpwSJWXzoJn6MQoARpG0jyh0Uz9vZHiUKlp6JvJPKNa9HLxP6+X6OGVlzIRJ5oKMj80TDjSEcpbQAGTlGg+NQQTyUxWRMZYYqJNV2VTgrv45WXSrtfci1r97rzauC7qKMERHMMpuHAJDbiFJrSAQALP8Apv1pP1Yr1bH/PRFavYOYQ/sD5/AEvpk4Q=</latexit>

3rd

Operator Splitting Spectral Method

Timestep criteria

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

�t ⇠ �x2



FDM simulation

<latexit sha1_base64="jVNjG0HkZCXNTobyRQ9MgzaeZ5Y="></latexit>
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�

Spectral technique to solve the SP system

<latexit sha1_base64="HaUEOOhzwNDhi7JOfm7H/M1a0oo="></latexit>

 n+1
c ⇡ ei�c �t/2 F�1

h
eik

2�t F�1
h
ei�c �t/2  n

c

ii

<latexit sha1_base64="RoFQo+tdGJA8SmLRkboc4IRnoQY=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5IUUZdFNy4r2Ae0sUymk3boTBJmboQa8iVuXCji1k9x5984abPQ1gMDh3Pu5Z45fiy4Bsf5tkpr6xubW+Xtys7u3n7VPjjs6ChRlLVpJCLV84lmgoesDRwE68WKEekL1vWnN7nffWRK8yi8h1nMPEnGIQ84JWCkoV11H9KBJDBRMtWQZUO75tSdOfAqcQtSQwVaQ/trMIpoIlkIVBCt+64Tg5cSBZwKllUGiWYxoVMyZn1DQyKZ9tJ58AyfGmWEg0iZFwKeq783UiK1nknfTOYZ9bKXi/95/QSCKy/lYZwAC+niUJAIDBHOW8AjrhgFMTOEUMVNVkwnRBEKpquKKcFd/vIq6TTq7kW9cXdea14XdZTRMTpBZ8hFl6iJblELtRFFCXpGr+jNerJerHfrYzFasoqdI/QH1ucPYqyTkw==</latexit>

1st
<latexit sha1_base64="xdmhanc+S2sYSqH9Pr8nLbAHJO4=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyUpoi6LblxWsA9oY5lMpu3QySTMTIQa8iVuXCji1k9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf2qfXDYUVEiCW2TiEey52NFORO0rZnmtBdLikOf064/vcn97iOVikXiXs9i6oV4LNiIEayNNLSrjYd0EGI9kWEqgiwb2jWn7syBVolbkBoUaA3tr0EQkSSkQhOOleq7Tqy9FEvNCKdZZZAoGmMyxWPaN1TgkCovnQfP0KlRAjSKpHlCo7n6eyPFoVKz0DeTeUa17OXif14/0aMrL2UiTjQVZHFolHCkI5S3gAImKdF8ZggmkpmsiEywxESbriqmBHf5y6uk06i7F/XG3XmteV3UUYZjOIEzcOESmnALLWgDgQSe4RXerCfrxXq3PhajJavYOYI/sD5/AEQ7k38=</latexit>

2nd
<latexit sha1_base64="umBdaQqB+1e503+yOBQvkh6ypFo=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiRV1GXRjcsK9gFtLJPJtB06mYSZiVBDvsSNC0Xc+inu/BsnbRbaemDgcM693DPHjzlT2nG+rZXVtfWNzdJWeXtnd69i7x+0VZRIQlsk4pHs+lhRzgRtaaY57caS4tDntONPbnK/80ilYpG419OYeiEeCTZkBGsjDezK2UPaD7EeyzCVQZYN7KpTc2ZAy8QtSBUKNAf2Vz+ISBJSoQnHSvVcJ9ZeiqVmhNOs3E8UjTGZ4BHtGSpwSJWXzoJn6MQoARpG0jyh0Uz9vZHiUKlp6JvJPKNa9HLxP6+X6OGVlzIRJ5oKMj80TDjSEcpbQAGTlGg+NQQTyUxWRMZYYqJNV2VTgrv45WXSrtfci1r97rzauC7qKMERHMMpuHAJDbiFJrSAQALP8Apv1pP1Yr1bH/PRFavYOYQ/sD5/AEvpk4Q=</latexit>

3rd

Operator Splitting Spectral Method

Timestep criteria

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

<latexit sha1_base64="jVNjG0HkZCXNTobyRQ9MgzaeZ5Y="></latexit>

i~@t c(t,x) = � ~2
2ma(t)2

r2
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a(t)
�c  c(t,x)

r2
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�

Schrödinger-Poisson systemThe fields  and  are discretised on a uniform Cartesian mesh with  grid 
points - allow numerical computations using Fast Fourier transform. It follows the 
operations: 

ψ Φ N3

May et al. 2020 
Steps (20a) to (20e) implemented 
as a module in the AREPO code 

Jowett 
Own implementation

• Calculate the potential



FDM simulation
May et al 2020: Box size and resolution 

<latexit sha1_base64="tiZzzC1lT/RRV9N8Da2HNVpNn88="></latexit>�
⌦m = 0.3, ⌦b = 0, ⌦⇤ = 0.7, H0 = 70 km s�1(h = 0.7), �8 = 0.9

 
Simulations: 

IC:  z = 127

Largest three-dimensional cosmological simulations of  
FDM structure formation to low redshifts


