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Ladences for dark matter

(Galaxy rotation curves

Velocity
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- Mass fraction
- Distribution

Large Scale Structure

Springel & others / Virgo Consortium

CMB/LSS
- Ratio of DM/collisional matter
- Thermal history
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- Structure
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- Distribution
- Separation from collisional matter
- Self-interaction

- Amount of baryons
Based on K. Mack



Cold dark matter ACDM

Cold: moves much slower than ¢

Wavelength A [h~! Mpc]
104 1000 100 10
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Presureless: gravitational attractive, clusters

1 3
- =
- N
= N
p= 4

1000 ¥ .

-
-
=
=
-
=

100
=
=
-
=
o
-

® Cosmic Microwave Background

Dark (transparent): no/weakly electromagnetic
Interaction

® SDSS galaxies

i® # Cluster abundance

Collisionless: no/weakly selt-interaction or interaction
with baryons Al

® Weak lensing

Current power spectrum P(k) [(h-! Mpc)3]

4 Lyman Alpha Forest
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0.001 0.01 0.1
Wavenumber k [h/Mpc]

Abundance: amount of dark matter today known



What we don’t know

Power spectrum: highly constrained for k£ > 10 Mpc™!
highly unconstrained for k < 10 Mpc™!

What 1s DM? Nature

Wavelength A [h~! Mpc]

104 1000 100 10
1055 ' LARR TR, praae g N LALERDA T SSE ST TR
Ceoeld ) How cold it is?
W E E
?
Pressureless > Cluster on all scales? 1000 3

100 [

® Cosmic Microwave Background

Doyl , Non-gravitational

Interaction?

GCollistonless > How small sefl-interaction?

® SDSS galaxies

# Cluster abundance
® Weak lensing

4 Lyman Alpha Forest

Current power spectrum P(k) [(h-! Mpc)3?]

1 "'_l 2 llllll lllll llllll
0.001 0.01 0.1
Wavenumber k [h/Mpc]

Although still behaves like Small scale behaviour: still “weakly™"

CDM on large scales constrained and small scale challenges

Small scale curiosities: cusp-core, missing satellites, BI'FR, ...



What 1s dark matter?

e \What is the nature of DM?

State of the “art"

Mass scale of DM

80 orders of magnitude

keV

GeV

M,

Fuzzy
Dark
Matter

Axion-like
Particles

Light bosons

Dark Matter

Macroscopic

Primordial

BHs MaCHOs

Standard Sterile
Model v neutrinos

Neutrinos

Super- Extra-
symmetry dimensions

Weak Scale

Effective
Field

Theory

Simplified
Models

Other

WIMPzill
Particle v

Self-

EiEe interacting

“Light” DM

Limit
thermal relic
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Composite
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Primordial BHs



Ultra-lght dark matter

keV

GeV

Mo

Mass

“Light” DM

Limit
thermal relic

WIMP

Primordial BHs



107%2eV eV

U Zt?’d-llg}llf D dT/f M Cltt@?’ © Ulnalight DM

Ultra-hight candidate, cold . Large A ~ 1/mvy

Lightest possible candidate for DM

1 m\/ keV GeV M, M Wi

(e TT :
“Light” DM~ WIMP g‘l’\flnp"s“e J Primordial BHs

Limit
thermal relic

10~ kg 10-35kg
1070ev  107*eV eV
| | T - X
Ultra,-hght DM Bosons
h 7 Non-thermally produced

P . 4 il



Motwatwon: particle physics
FDM candidates

* Natural candidate for a light scalar field 1s a pseudo-Nambu Goldstone boson  (breaking of an approximate symmetry)

10-2eV eV

Known PNGB: QCD axion . Candidate for DM

(Peccei and Quinn 1977; Weinberg 1978; Wilczek 1978 )




Motwatwon: particle physics
FDM candidates

* Natural candidate for a light scalar field 1s a pseudo-Nambu Goldstone boson

. 10-**eV eV
Known PNGB: QCD axion > Candidate for DM 1
(Peccei and Quinn 1977; Weinberg 1978; Wilczek 1978 ) .ltra—liljt DM
/ < =
Axion-like particles or ultra-light axions: o

ULA or ALP
- ALPs expected 1n string theory (Arvanitaki et al., Svrcek, Witten)

- (an generate PNGB that are ultra-light

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

Non-thermal mechanism (e.g. mis-alignement)

2
fa ( m )
1017 GeV 1022V

Qmatter ~ 0.1 (

: : : : L. Hui
* Axion and ALP interact with photons (and neutrinos)



Motwatwon: particle physics
FDM candidates

* Natural candidate for a light scalar field 1s a pseudo-Nambu Goldstone boson

—22
Known PNGB: QCD axion 107*“eV eV

> Candidate for DM i
.ltra-liht DM

- B
Axion-like particles or ultra-light axions: / qcn
ULA or ALP

(Peccei and Quinn 1977; Weinberg 1978; Wilczek 1978 )

- ALPs expected 1n string theory (Arvanitaki et al., Svrcek, Witten)
- (an generate PNGB that are ultra-light

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

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

Vector FDM: challenging in the ultra-light regime

(e.g. from misalignment requires non-minimal couplings to Ricci scalar -> viol. of unitarity long. graviton-photon scattering;
oscillating Higgs or oscillating misaligned axion - resonant production - choices for couplings for right abundance)

Spin 2 FDM: (e.g bigravity)




Motwation: particle physics

ULDM candidates

Many extensions of the Standard Model predict additional massive bosons

Massive Bosons
(integer spin)

“ Ultralight
Bosons

/ Moduli &
' Dilatons

lars

Scalars Pseudo-sc

(spin\O, CP even)

Hidden photon |

Vectors

——

Ref.: Chadha-Day et al 2022



Motwation: particle physics

ULDM candidates

Many extensions of the Standard Model predict additional massive bosons

Today:

Gravitational signatures!

Massive Bosons
(integer spin)

“ Ultralight
Bosons

/ Moduli &
' Dilatons

lars

Scalars Pseudo-sc

(spin\O, CP even)

Hidden photon |

Vectors

——

Ref.: Chadha-Day et al 2022



Cosmological sionatures




10722eV eV

Ultra-hoht Dark Matter T

t-—p

Ultra-light candidate - Large Ayg ~ 1/mv
Lightest possible candidate for DM

% 8 0 @ - .

DM: wave behaviour

Large scales:

DM behaves like standard

particle DM (CDM).
\ Galaxy halo
/:;,'/'/ Small scales:
DM behaves like a wave
DM: particles . |
Adapted from Quanta

d > \gB 10760 kg 10-3%kg

107*° eV <m <eV| A5~ pc—kpe




1072V eV

>
QCD

axion

Ultra-lght Dark Matter -classes

3 classes:

Axion and ALP (axion like particles)

1= (= 7 + gl md ) 0 £ = P(X)

— Connection with condensed matter and particle physics! “Ultra-hght dark matter”, E.Ferreira, 2020. The Astronomy and
Astrophysics Review.



Fuzzy dark matter

Self interacting tuzzy dark matter




Fuzzy Dark Matter

axion

Wave DM
Ultra-light axions

Idea:
Hu W, Barkana R, Gruzinov A (2000 a,b) Medqm ~ 10722 eV

(Reviews: EF (2021), J Nemeyer (2019), L. Hui (2021))

address the small scale problems+ rich phenom.



Fuzzy Dark Matter

axion

Wave DM
Ultra-hight axions

Focus more on spin 0 particles
here!

107%%2eV < m < 107 1% eV

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



Structure formation - non-relatwistic regime

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

Schrodinger-Poisson system : describe the FDM and the SIFDM

i) = ( v —mcb) y

V20 = 4nG(m[y]* - p)

Schrodinger equation
(Gross-Pitaevskii)

Poisson equation

g#0 —— SIFDM

Fundamentally different than
CDM/WDM/SIDM!

p+V-(pv)=0

1
v+ (v-V)v=——
m

\_

fMadelung equations (¢ = /p/me”? and v =V60/m)

(Vgra/v — dant

P, . = Kp(j+1)/j _

~

2m VP

1 Vz\f;)

L—» Quantum pressure

9
21,2 P

2

~

Finite Jeans length -
Suppresses

» structure formation

J on small scales




Cosmological evolution

Boson/ Scalar field in a cosmological (FRW) background

—

H>m

H < m

m > 10"°° eV ~ H(aeq)

UL field

o+ 3Hop+m%p =0

—> ¢early — ¢(tz)

rmt
—  Qlate X €
H(t,) =m
DE \\ DM
|
|
|
|
|
|
|
Y
e oo sead P NPT | el
100 10! 102

Scale factor a(t)

FDM
w=—1
—  (w)=0
1_
B 0
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Oscillations
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Structure formation - non-relatwistic regime

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

Schrodinger-Poisson system : describe the FDM and the SIFDM

. 1 g Schrodinger equation g=0  ——+» FDM
1) = Ve P|* — m<I>> Y . y

( Im M2 (Gross-Pitaevskii) g+ 0 I
VQCI) — 477 G (mW\Q — ,5) Poisson equati()n Fundamentally difterent than

CDM/WDM/SIDM!



Structure formation - non-relatwistic regime

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

Schrodinger-Poisson system : describe the FDM and the SIFDM

. 1 g Schrodinger equation g=0 ~  FDM
ip = V? - )% — m<1>> ) . y
( 2m M2 (Gross-Pitaevski) g+ 0 -
VQCI) — 471§ (m‘¢‘2 — ﬁ) Poisson equaﬁon Fundamentally different than
CDM/WDM/SIDM!
fMadelung equations (¢ = /p/me”? and v =V60/m) \

g G/ 9 2
p+V-(pv) =0 Pine = KpU 000 = 5 g
~

~
1 1 V?
m 2m \/p

K L—» Quantum pressure J




Structure formation - perturbation and stability

Finite clustering scale - no structure formation on small scales

SIFDM
FDM ATTRACTIVE REPULSIVE

A > )\J, Aattr, )\rep e CDM

QP wins -
NO structure formation

A< )‘Jv )\attra )\rep

Finite size coherent core — Bose stars

a —1/4
A7 =055 ( m ) i (p) (th)—1/4 kpc For attractive interactions can only form localized clumps (solitons)
0

10—22eV i

~ N
QCD axion: m ~ 107° eV

—20 : 48 7 lsoliton ~ 10_5 kpC
m < 10"“"eV = Mg > O(kpc)  Galactic scales Ao ~ —10




Phenomenology

RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of small structures

FDM: 2563, mc?2=1.75x10"2eV, z=0.00
Vmax = 88.1km/s

103

102

10!

10°

107!

0.25 / h=1 Mpc

102

CDM: 2562, z=0.00

103

- 102

10t

10°

107!

0.25/ h~} Mpc

10~

S. May et al. 2021

pl{p)

p/(p)

Formation of a solitonic core

104 eV eV

Ultra-light DM
l

<>

* Focus only in gravitational signatures

Dynamical effects

(b)t=13-10° -
Y|

)

A2

8102 ‘€ 10 AO}AST]

»
e
..

Wave interference

' #{ﬂ{ interference

' :)1 &'A.,:

0.5 Mpc

Mocz et al. 2017




Phenomenology

RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of small structures

FDM: 2563, mc?2=1.75x10"2eV, z=0.00
Vmax = 88.1km/s

pl{p)

0.25 / h=1Mpc

CDM: 2563, z=0.00

p/(p)

0.25/ h~} Mpc

S. May et al. 2021




Phenomenology

Suppression of small structures

Finite Jeans length A; or A, ,ﬂrep

FDM: 2563, mc2=1.75%x10"23eV, z=0.00
Vmax = 88.1km/s

pl{p)

0.25/h~*Mpc

CDM: 2563, z=0.00

103

p/(p)

0.25 / h=* Mpc

S. May et al. 2021

No small scale structure




Phenomenology

Suppression of small structures

Finite Jeans length A; or Ay, Ay, _ Suppresses small scale structure
POWER SPECTRUM Wavelength A [h"! Mpc]
10* 1000 100 10 1
106 : i lllllll 1 L) lll'lll L] 1 lll'lll 1 L] lllllll 1 1 L
1T FDM Small Scale.s %E
— : = 10t €
100- linear ( é - -
CDM = T
10_2 ) o 1000 £ =
&= : <
= | g : —ﬁ
o, 107% ‘.v 2 .
< iff i §' 100
/ ¥ & : ® Cosmic Microwave Background
1076 7 |— AcDM . | z ® SDSS galaxies
—om=10 " eV i j # Cluster abundance
e, =10"**aY i = 10 g
1084 == m=10-2ev _5 g g ® Weak lensing
—— i =10"24eV ‘ S 4 Lyman Alpha Forest
m=10"%6¢V
10_10 3 A rf""_2 N 1 sl el sl
10 10 0.001 0.01 0.1

Wavenumber k [h/Mpc]

Power spectrum: highly constrained for k > 10 Mpc™!
highly unconstrained for k < 10 Mpc™!




10722eV eV

Phenomenology BT

-
° QCD
Suppression of small structures
Finite Jeans length A; or Ay, Ay, _ Suppresses small scale structure
POWER SPECTRUM (sub) HALO MASS FUNCTION
102 - Small Scales \\‘\ ----- CDM
FDM . 107 4 \\\ — mz2=1
107 T : mzz = 10
CDM 2 mzz = 5l
10 1 ;* i
< | = 104
1074 - i ~
T 5
s gy % 10° 4
—= m=10"20¢V 'li
—— m=10"21eV }
10784 —— m=10"2ev ‘I 10—1
—— m=10"24¢V
m=10"26¢V
10—10 = 10—2 '

10° 108 107 108 10 101 104
M[M:)

1073 1072

Power spectrum: highly constrained for £ > 10 Mpc™!
highly unconstrained for k < 10 Mpc™!



Phenomenology

RICH PHENOMENOLOGY ON SMALL SCALES

Formation of a solitonic core

104 eV

Ultra-light DM

-



104 eV eV

Phenomenology N

Formation of cores

m=10"%eV N =512 L =300kpc J—
= 107 /// Qp | |G \\
Fuzzy DM / ) \ \\\
NON-LINEAR | e —
) . 1014 \ /
evolution: need \ /
simulations N ‘ \ //

—

o
(=2
e

NO structure formation
Stable, oscillating solution

-
o
~

Density [solarmass/ Mpc?]

loll

1010

Simulation by Jowett Chan



Phenomenology

Formation of cores

Galaxy
halo

NFW

FDM

From simulations Schive et al. 2014, fitting function:

p(r) =~

Pc

PNFW fOI“ T Z Tc

for r < rg

Stable core solution

-~

p

\_

1.9 x 102

m 2
© T [140.091(r/Ry j2.0)%® (10—22 eV)

re >~ 0.16 (

10_7:’2 eV)—-1 (

M

1012 M.,

4

r

c M _3
(kpC) ® PC )

—1/8
) kpc.

~

/

10°
N Y Cusp
% 7 NFW
5 ........
> 5
@ Core
(V] 107
- observed
®
=
& 10°
(@]

0.1 05 1 5 10

Radius (kpc)

Relations used to compare
with observations



10722V eV

Ultra-light DM

-

RICH PHENOMENOLOGY ON SMALL SCALES

Wave interference

interference

Mocz et al. 2017



104 eV eV

Ultra-light DM
l

<>

Phenomenology

Wave interterence: granules and vortices

1015

—

o
.
w

-
o
~

Density [solarmass/ Mpc?]

1011

interterence

1010

Simulation by Jowett CGhan

. ) ) . . Mocz et al. 2017
Order one fluctuations in density — Constructive interference:

Destructive interference L, A )‘dB



Vector, lagher spin or multicomponent FDM

Interference patterns

Y

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

Multiple coherent waves

Gonseca et al 2023
108
1 ﬁeld, Ptotal 2 ﬁelds, Ptotal 4 ﬁelds, Ptotal p—
s 218 Multiple FDM or VEDM (or higher spin s FDM)
Z attenuales the granule amplitude by
4 G
10" £
0 & 0p/Plotams 1 1
- 0p/pltam  /(2s+1) VN
B S T T RS T R T R S ST R—
x (kpc) x (kpc) x (kpc) (Amin et al 2022)

4 | R
Vector (and higher-spin) FDM ~ Amun et al 2022

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

Multicomponent FDM  Gonseca et al 2023
\_ J

—= e e o . oY e = o e

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




Phenomenology

Wave 1nterference: granules and vortices

1015

:’-‘ 1014

—

o
.
153

2
= o~
g 8 0 1~
€
5
2
1012 >
W
&
a
1011 ~
' it ey

1010
The time dependence of the amplitude and the phase of ULDM

Simulation by Jowett Chan

Order one fluctuations in density — Constructive mterference:

Destructive interference L, A )‘dB



Phenomenology ~

(v =+/p/me? and v = V@/m)\
Vortices 54V (ov) =€
. . . . - . 1 1 V2/p
Vortices are sites where the fluid velocity has a non-vanishing curl v+ (v:-V)v=——|Vyaw — Pint
m 2m  \/p
Two ways: \Vel. field is a gradient flow — irrotational fluid, no vorticityj

- regions where the density vanishes
- transter of angular momentum (superfluids only)

Fuzzy DM

Self-interacting Fuzzy DM

Interference of waves leads to vortices - where there 1s

Superfluid cannot rotate uniformly. It the superfluid
destructive interference

rotates faster than the critical vel., network of vortices
are formed.

Ring’s direction of motion

(General detet in 3D

© Martin Zwierlein.




Phenomenology

RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of small structures

FDM: 2563, mc2=1.75x10"%23eV, z=0.00
Vmax = 88.1km/s

/\:_ 103

£ 102

10t

p/{p)

10°

107

0.25/h~1Mpc

102

CDM: 2562, z=0.00

/\_ 103

3 102

10!

p/(p)

10°

107!

0.25/h~*Mpc

10~

S. May et al. 2021

Formation of a solitonic core

axion

Dynamical etfects
(b) F=13- 108

810¢ ‘Ie 18 ANOYAST

interference

0.5 Mpc

Mocz et al. 2017




Phenomenology

Dynamical eftects

Relaxation, oscillation, friction, and heating



Phenomenology

Dynamical eftects

Relaxation, oscillation, friction, and heating

Formation of a BEC / superfluid




Phenomenology

Dynamical etfects

Relaxation, oscillation, friction, and heating

Heating
Galaxy FDM granule sttem (star)
halo gams energy
< b
T eff
de 4 oo
S Friction
FDM granule
) » System (GG or BH)
loses energy
T eff

Globular cluster



10722eV eV

servational implications and constraints e

b e

Galaxies

CMB+LSS

VS3 pue YSYN

ESA and the Planck Collaboration

Globular clusters
Dwarfs NASA and ESA

st Draco .f Fornax

Springel & others / Virgo Consortium

Stellar stream

ESA

Clusters

Sgr
s,t.ream

-
Sun

CCBY 4.0



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

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

Astrophysics Review.
CMB + LSS

Lyman-«

Eridanus |l

BHSR -

M87 BHSR - SMBHs
stellar mass

21-cm (EDGES)

SHMF Bounds consider FDM is all DM

Heating

SEGUE |
Segue |, Interf. pattern ——

10-26 10-24 10-22 10-20 10-18 10-10 10-14 10712 10-10
FDM Mass (eV)


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

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

CMB + LSS

-

Eridanus Il
M87 BHSR - SMBHs Bren
stellar mass
21-cm (EDGES) 5
SHMF
Heating
SEGUE |
Segue |, Interf. pattern ——

10-26 10-21 1022 10-20 10-18 10716 10~ 10-12 101
FDM Mass (eV)

“Ultra-lght dark matter”, E.F., 2020


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

Observational implications and constraints

Fuzzy Dark Matter - bounds on the mass

Suppression of small structures

CMB/LSS

Hlozek et al, (2015, 2018)
1.0

CMB
CMB + WiggleZ

Qa/Qd

-32 =31 =30 =29 =28 =27 =26 =25 =24
logm('n r, eV )

m > 107%* eV

Lyman alpha

Armengaud et al. (2017); Irsi¢ et al. (2017);
Rogers et al. (2020)

10V}

k Pe(k)/x

1071

/AL e XQ-100 —— bestfit

" MIKE «iwie IMEDM = 10 x 1072 oV Y z2=23.6
s+ HIRES . [
1072 1071
k [km™!s]

m > 2x 107" eV

so enough Mpc-scale power in Ly-a forest at z = D.



BH Superradiance

CMB + LSS

Lym an-« * Superradiance
s

Eridanus Il

M87 BHSR - SMBHs

21-cm (EDGES)

SHMF

Heating

SEGUE |
L = I |

Segue |, Interf. pattern

BHSR -
stellar mass

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

Suppression of small structures

Stellar streams

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

Grav. lensing

Dynamical effects

Globular clusters

m < 107 %t eV

ESO/Digitized Sky Survey 2

Lancaster et al. 2020

10-26

10-18 10716 1014

FDM Mass (eV)

10-21 1022 10-20

1012

1010

Heati f the MW disk
- > m > 0.6 x 107%? eV

Church et al. 2019


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

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

Presence of a core

CMB + LSS

Lyman-«

Eridanus I

Galaxy
halo

Condesate
core

 —
|

“Narrowing the mass range of Fuzzy Dark

Matter with Ultra-faint Dwarfs™, ].
Chan, E.F., K. Hayashi, 2021.

Ultra faint dwarfs

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

FDM SIMULATIONS

Pec

Psoliton = g 9 r< Fe
11+ 0.091(r/r,)?]
p(r) = ,
— - , r>r
PNFW rlr)(1 + rlr,)> €

M87 BHSR - SN
' _ - —_——T—Trr T T T T
21-cm (EDGES) - ' L
10- 18} : - - . : * (- +_
SHMF ?10 + )\ * * . l + l ¢ N
] £ 10-2 t + ? * T : : { _-_.__-__,-___E_____E. ..... . ----_E--_
Heating - : 1 e
¢ :
SEGUE | T E
Segue |, Interf. pattern = ! e | i "
I T J J | T i I ! ; §5§SSZ§§§§§§’§§§5§§
10—26 10—24 10—22 10—20 10—18 10—16 10—14 10—12 10—10 S g8 & g O g &8 F&A 50{; s = 3 g
g s & 55
FDM Mass (eV) S

Preference for higher mass


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

New observables/new probes eV
!
1034 PROBES:
- Strong 1€n51ng ]Gravitational
: Stellar streams ) Probes
- g - Heating
S 101 Previous studies: Strong lensing:
J. Chan, H.Schive, S.g Wong, T. Chiueh, T. Broadhurst, 2020
Simulation by JOW@tt Chan A. Laroche, Daniel Gilman, X. Li, J. Bovy, X. Du, 2022
Stellar streams:
Neal Dalal, Jo Bovy Lam Hui, Xinyu Li, 2020
Sub-galactic power spectrum:
O(1) fluctuations in density —>  ~ A\4R Hezaveh et al. (2016)

Sub-galactic power spectrum

Kawai, Oguri (2021)

Dwarts
N. Dalal, A. Kravtsov, 2022




Interference patterns - granules

Stellar heating

Dalal et al, 2022
Mmepy > 3% 107 eV

Strong lensing

«—— D. Powell et al, 2023
mppy > 4.4 X 1072 eV

< A. Laroche et al, 2022

-21.5
CMB + LSS ; Mepy > 10 eV
Lyman-«
Eridanus Il Siis ]
star cluster
M87 BHSR - SMBHs ElnEt
stellar mass
21-cm (EDGES .
e Heating
SHMF
FDM granule
Dyn. friction l :
Heati
eating Mot
Draco S :
"r'aé‘c'o el dSphs System (star) gains

: energy

: SEGUE |
Segue |, Interf. pattern : — [

I I I | | | | | 1
1020 1024 1022 10—2¢ 1018 1016 10~ 14 1012 10— 10

FDM Mass (eV)



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

Interference patterns - granules

Stellar heating

Dalal et al, 2022
Mepy > 3 %X 107 eV

«—— D. Powell et al, 2023

mppy > 4.4 X 1072 eV

< A. Laroche et al, 2022

Mmepy > 107212 eV

CMB + LSS
Lyman-«
Eridanus I Eydss]
star cluster
M87 BHSR - SMBHs ot
stellar mass
21-cm (EDGES .
S Heating
SHMF
FDM granule
Dyn. friction . :
Heatin
h TMeff
Draco S :
= = dSphs System (star) gains
: energy
: SEGUE |
Segue |, Interf. pattern : —s -
I | I | | | | | 1
10—26 10—24 10—22 10—2Y 10~18 10—16 10—14 10~ 12 10—t

FDM Mass (eV)


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

10722V eV

Ultra-light DM

-

Loow mass perturber with lensing

- background
e galaxy

e Strong lensing: powertful probe of substructure

observer — e Sensitivity 1s limited by angular

gravitational lens * Roughly speaking, the resolution must be better than the scale

radius of the perturber
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Ultra-light DM

LLow mass perturber with lensing

Presence of granules

background
galaxy

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

observer image 2

gravitational lens

060G Te 1@ uey) [

Fuzzy lens: fluctuating tangencial critical curve;

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




lensing

MG J0751+2716

0.0 0.1 0.2 0.4 0.6 0.8 1.0

32.0”

31.8"

5 (J2000)

31.6”

314"

+27°16'31.2"

41.54° 41.52° 41.50° 7"51™m41.48°
a (J2000)

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

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

Lensed radio jet, observed with global VLBI

First image of a lensed radio jet!
Source structure allows us to “image” the lens surface density

Extended lensed radio arcs and the milli-arcsecond resolution
provide direct sensitivity to the presence of FDM granules 1n

the halo ot the lens galaxy

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 mas?



5 (J2000)

32.0”

31.8"

31.6”

314"

+27°16'31.2"

Zg nS an A lensed rado jet at milli-arcsecond resolution 11: Constraints on fuzzy dark matter from

an extended gravitational arce

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

MG J0751+2716

0.1 0.2 0.4 0.6 0.8 1.0

e Lensed radio jet, observed with global VLBI

e Iirst image of a lensed radio jet!
e Source structure allows us to “1mage” the lens surtace density

e Extended lensed radio arcs and the milli-arcsecond resolution
provide direct sensitivity to the presence of FDM granules 1n

the halo ot the lens galaxy

Bayesian approach to jointly inferring the lens mass model and

41.54° 41.52° 41.50° 7h51™m41.48° . . . .
a (J2000) source surface brightness distribution

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



lensing

Forward modeling

Instrumental response

SOUrce

m = D L(,n) s

Smooth lens

5¢(mfdm7 fdma UU)

model

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

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

FDM granules:

0 (Mfdm, fam, Tv) s the perturbation of the lensing potential -

fluctuations 1n the projected surface mass density written as
perturbations 1n the lensing convergence due to the presence of

the granules:
Model by Chan et al 2020

Adb
OK?) = 2 dl
NS /zosp oo

Smooth lensing model: from Powell et al 2022

We wish to infer a posterior distribution on the dark matter particle mass P(m fdm)

We compute likelihoods for 104 sample FDM lens realizations with My, drawn from

the log-uniform prior range log(my,/eV) € [-21.5, —19.0].



S tTO ng Zen,S an A lensed rado jet at milli-arcsecond resolution 11: 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 (k, in units of the critical density 2.c) reconstruction for 4

random realizations ot MG JO751+2716 in an FDM cosmology - the model lensed images in orange contours

my, =32x10"??eV, fom =0.63m, =1.5x10"*' eV, fom =0.74]m, =6.5 x 107*' eV, fpm = 0.66

s \&L """‘" e | '
: 2 el ". YIS 37
a .:‘Q\gg“ N4 . D A \:', ¢
- kT VIR "
P X AN s
2o Vi ‘ %99 L )
R 1. - 4
S At

i 1.0

0.5

0.0

T'he lensing effect of the FDM granules 1s apparent: 'T'he 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.



S tTO ng Zen,S an A lensed rado jet at milli-arcsecond resolution 11: Constraints on fuzzy dark matter from

an extended gravitational arc

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

Results quoted in terms of posterior odds ratio (POR) between FDM with a particle mass my,,, and

the smooth model, £/ %smooth Fuzzy dark matter

(Single spin-0 particle)

Lo} Midm > 4.4 x 1071 eV

This work I—>
0.8F

S Nadler+-2021 |—>
o L =
(E e Vector fuzzy dark matter
N Banik+2022 |—> (spin-1 particle)
0.4 F - OR 3 same mass FDM
Dalal+2022
_______ > _
Laroche+2022 |—> mvdm > 1 4 X 10 21 ev
0.2F .
Rogers+2021 |—>
0.0 1 | 1
—-21.5 —-21.0 —20.5 —20.0 —-19.5
log1o(my/eV) Spin-2 FDM

Mgpin_2 > 8.8 x 107%% eV



Vector; lugher spin or multicomponent FDM

Interference patterns

W\

R s P NS

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

Multiple coherent waves

V-
/\/\,
AVAVAVES
AVAVAV

Gonseca et al 2023

1 ﬁelda Ptotal 2 ﬁelds, Ptotal 4 ﬁelds, Ptotal | 108/\
00 218 Multiple FDM or VFDM (or higher spin s FDM)
Z attenuales the granule amplitude by
4 g
10" §
102 B 0p/Plutams 11
; 6p/pltam — /(@2s+1) VN
=0 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10 0
x (kpc) x (kpc) x (kpc) (Amin et al 2022)
Expectation for lensing: - | ™
\ Vector (and higher-spin) FDM  Amun et al 2022
Mfdm M fdm
<5/€2> = 2\/%322 /p%M dl Mnfdm,s = {\C; — QSfi 1 (Vector FDM = 3 x same mass FDM (spin 0))
Multicomponent FDM  Gonseca et al 2023

Detailed simulations and analysis in the future! \_ _




S tTO ng Zen,S an A lensed rado jet at milli-arcsecond resolution 11: 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)

Meam > 4.4 x 10721 eV

This work I—>
0.8

5 Nadler+2021 |—>
S 0.6 -
& i Vector fuzzy dark matter
& 0.4 e > _ (spin-1 particle)
Dalaf{“f‘?f_» OR 3 same mass FDM
Laroche+2022 o
0.2} -+ : Mydm > 1.4 x 107 eV
Rogers+2021 |—>
"5 —21.0 —20.5 —20.0 ~19.5
log;(my/eV)
Spin-2 FDM
Muilli-arcsecond angular resolution of VLBI, competitive constraints on dark matter models can be - > 88 x 10722V
’ Mspin—2 . €

inferred using a single strong gravitational lens observation

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



Current status
Fuzzy Dark Matter - bounds on the mass

Considering FDM 15 100% of DM

CMB + LSS
Lyman-«
Eridanus I e '
star cluster BUT.: - systematic effects!!
7 R —— I:tgﬁaF: _ - dynamics of FDM not
fully understood.
21-cm (EDGES)
SHMF
What 1f:
- DM not 100%
Heating - Mixed CDM+ULDM
- More than one field - axiverse
Segue |, Interf. pattern |—SEEE'—| [ hese bounds would c/zange/
10-26 10-21 1022 10-20 10-18 10716 10~ 10712 1010

Caner et al: FDM at most 10% for
107*' eV <m < 107" eV

FDM Mass (eV)

Sweet spot _for solving small scale problems


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

Current status
Fuzzy Dark Matter - bounds on the mass
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Ot}l er ]7 TOb A) " Ultralight DM

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

"Second Data Release from the European Pulsar Timing Array: Challenging the Ultralight Dark Matter Paradigm"

* Using PTA Clemente Smarra et al. (European Pulsar Timing Array), Phys. Rev. Lett. 131, 171001
1072 <m < 107299 Cannot be 100% of DM!
 Considering the interference pattern (Work in progress)

* GWs ressonance in ULDM halos Delgado, 2023



Other phenomenology

QCD
SOlaI‘ (Earth) halOS Poisson Gravi 2 axion
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Figures by Josh Eby



Small scales can offer some lunts of the nature of DM

Temperature of universe [eV]
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axions/AlPs S v

<€ ==

"Direct detection™

Cosmological and astrophysical Indirect detection Axion/ALPs experiments

searches
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Improving these bounds

Observations

Photometric and spectroscopic surveys

[ S

Vera Rubin Observatory
Legacy Survey of Space & Time
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/.

2022- . / |
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Modified from Jia Liu



Improving these bounds

Observations

Photometric and spectroscopic surveys

[ S

Vera Rubin Observatory
Legacy Survey of Space & Time

15,000 deg®
1.2m Optical/NIR#4
: [

L i

2022- . / |

** Euclid Mission

JPAS
8000 deg2

Modified from Jia Liu

/ Prime Focus Spectrograph (PFS)\
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Fiber Optical Cable and
“onnec oS

\ Connector System (FOCCoS

-

Nancy Grace Roman-Space
Telescope

21cm

2021

16,000 deg?
BuK-arcmin ]
27'280G HZ rf‘—?--""’ =

30 |
.-—-'-\

. e =
1te
“ Lite(tight) satellite for the studies for B-mod® polarizatiop and Inflation from
e H
¥ & 7
» . .

Full skye =+ o A
g 100uK-arcmig - % 8
 40-402GHZ T

GWs

CMB

SIMONS

OBSERVATORY

CMB-S4

Next Generation CMB Experiment
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PFES (Prime Focus Spectrograph)

PES 15 going to be exquisite to measure the properties of DM

PES: spectroscopy part of SuMIRe project

DM with PFS —  synergy between science goals

Cosmology

Galaxy archeology

- Nature of DM (dSphs)
« Structure of MW dark halo

- Power spectrum

- HSC+PFS
* Linear growth (RSD)

« Streams

 Stellar kinematics and

chemical abundances — MW & M31

* Small-scale tests of structure growth
* Halo-galaxy connection M./M,,

* Physics of cosmic reionization via

LLAEs & 21cm studies

* Tomography of gas and DM

Wide & deep survey of MW dwart galaxies w. Subaru/PEFS




DM wnth PFS

* Nature of DM (dSphs)
« Structure of MW dark halo
« Streams

 Stellar kinematics and

chemical abundances — MW & M31

Galaxy archeology Cosmology :

» Power spectrum

- HSC+PFS
» Linear growth (RSD)

* Small-scale tests of structure growth
» Halo-galaxy connection M./M,,

* Physics of cosmic reionization via
LAEs & 21cm studies

* Tomography of gas and DM

\_ AN N J

/ \ T~

Fraction of axions in the dark

- Science with dwarf galaxies

T'he small-scale l.y-a forest power spectrum

Core: SECLOT:  11-32 .y 11y < 10-25 oV
- Presence of a core or not (slope) . | |
. Galaxy Clustering (20) 0 Combined (20)
IFDM _ SlZ@ Of the core " [ CMB (20) B Combined (10) ULA
-  Profile Halo mass function
SIDM - Inner density FDM
- Transition radius
< 10-! T T = WDM
ULA - Abundance data to understand the <
role of baryons in each system & | I sipM  constraints on the oplical depth:
— Bgyond L‘}ze cove ConStraint the ULDM Imass
) Grazlulels. heatmtg of stars (dwarls) Kinematic Sunyaev—Lel’dovich effect: sensitive to the
- noular morirmmentuin ' 30 31 E BY) 9 o7 Y o5 . . . .
: P oglma/eV) duration of the reionization

- Stellar streams
Lague et al 2021

Properties of DM



Summary

Current status

: . for 100% DM!
Ultra-Light Dark Matter FDM: for 1007
Well motivated DM models o
Rich and distinct phenomenology on small scales ST BHSR SUEHs A
Testable prediction —
Cosmologlcz.ll and astrophysmalosystems. can probe Tty AN
mass, spin (# of fields), self-interaction, ... FDM Mass (eV)
Future
Granules N
Strong lensing: o
- Observations I
Miam > 4.4 x 107%' eV
Mydm > 1.4 x 107%! eV
Heating:  mppy > 3x 107%eV Improve 1n simulations

New probes/observables


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

