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107%2eV eV

Ultra-lght Dark Matter T

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

Lightest possible candidate for DM
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Ultra-hoht g e ALPs or
Dark Matter " Ultra-light axions

Gravitational
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107%2eV eV

Ultra-hoht Dark Matter 0

<>

10722 eV eV

Ultra-light DM

<€ >

Cosmological and astrophysical
v searches

Gravitational probes

1072 eV < mpgm < 10718 eV

Eridanus Il
N MMMMMMM - SMBHs

Heating

Particle properties: mass, spin
And also fraction.




Ultra-hoht Dark Matter oo

104 eV eV

<>

Ultra-light candidate - Large Ayg ~ 1/mv

Lightest possible candidate for DM

Large scales:

DM behaves like standard
particle DM (CDM).

DM: particles
d > \gp

DM: wave behaviour

Galaxy halo

Small scales:

DM behaves like a wave

Adapted from Quanta
10~ kg 10~ ¥ kg

107%° eV <m <eV| 25"~ pc—kpe




Ultra-lght Dark Matter -classes

axion

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




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




Phenomenology

RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of small structures

FDM: 2563, mc?2=1.75x10"2eV, z=0.00
Vmax = 88.1km/s
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Formation of a solitonic core

104 eV eV

Ultra-light DM
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* Focus only in gravitational signatures

Dynamical effects
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Mocz et al. 2017




Phenomenology

RICH PHENOMENOLOGY ON SMALL SCALES

10722eV

Ultra-light DM

<«

* Focus only in gravitational signatures

Suppression of small structures

POWER SPECTRUM
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10722V eV

Ultra-light DM

-

RICH PHENOMENOLOGY ON SMALL SCALES

Wave interference

interference

Mocz et al. 2017



10722eV eV

Phenomenology ——

>

Wave interterence: granules and vortices

interterence

0.5 Mpc

Mocz et al. 2017

Jowett Chan

Order one fluctuations in density —  Constructive mterference:

Destructive interterence >~ MR Hard to observe!



Phenomenology

RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of small structures

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

Dynamical eftects

Relaxation, oscillation, friction, and heating



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



Constraimning DM properties

Mass, Spin, fraction




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

CMB + LSS t dark matter”; E.F.; 2020. The Astronomy and
Astrophysics Review.
Lyman-«
Eridanus Il Eridanus Il

star cluster

BHSR -

M87 BHSR - SMBHs
stellar mass

21-cm (EDGES)
SHMF

Heating
Bounds consider FDM is all DM

SEGUE |
Segue |, Interf. pattern e

10726 1024 102 10-20 10-18 10716 10-14 10~ 10-10
FDM Mass (eV)



0, /9,

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

Suppression of small structures

k Pp(k)/n

100

10—

Pos 4 J’VL*\LH\P

;+ A.+ ;; o
o J\g\ 5y

- __L_s_,,“ ¢ 1 : f =4
e AN R e 6 % 2 kT
1 N e e
e XQ-100 —— bestfit e + 28
= MIKE mppy = 10 % 1072V N 2=236

4 HIRES

1072 107!
k [km™g]

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

m > 2x 107" eV

Heating of the MW disk

Stellar streams = | sar
CMB/LSS .
Hlozek et al, (2015, 2018)
10 cl_\ﬂa — T T T T T T CMB + LSS Superradiance )
CMB + WiggleZ > 3
Lyman-o
et Egﬁimi;;L G | :
rav. lensing
M87 BHSR - SMBHs Birsk-
stellar mass
21-cm (EDGES)
log,,(m, /eV) SHMF .
Dynamical effects
TN > 10_24 ev Heating
Y N
Globular clusters 3
o)
I_yman a|pha SEGUE | =
Segue |, Interf. pattern —s ! 21 3
I T T T 1 T | 1 1 m < 10_ ev §0
] —26 —24 —22 —20 —18 —16 —14 —12 —10
; A 10 10 10 10 10 10 10 10 10 g
P . FDM Mass (eV) <
s ik » ~§

Lancaster et al. 2020

m > 0.6 x 107%% eV

Church et al. 2019



Observational implications and constraints

Galaxy
halo

Fuzzy Dark Matter - bounds on the mass

Presence of a core

CMB + LSS
Lyman-a
: Eridanus I e
Enidanusil star cluster core
M87 BHS
21-cm (EDGES)
SHMF
Heating
Segue |, Interf. pattern
i | | ~ | I

1022 10~20 10~18 10—16

FDM Mass (eV)

10L26 10—24

Ultra faint dwarfs
FDM SIMULATIONS

Pe
r<r,

r

Psoliton = g ?
|1+ 0.091(r/r.)?|
Ps

PNFW = 0 1 riry

\

p(r) = 5

Stellar kinematic data from 18 UFDs to fit the FDM

profile from simulations

llllllllllllllllll
.
" -
- . g

10
10 . P * :
m(Segl) =1 1+8.3 X 10_19€V o ?} + 2 X4
R— . ~ 5 e . -4 .
E 102 L4 : T|
L : gtg
Preference for higher mass - |
S R IR E LT RN AR R
g8 g7 ST 99544 79F

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



Current status

Fuzzy Dark Matter - bounds on the mass

CMB + LSS

Lyman-«

Eridanus I

21-cm (EDGES)

SHMF

Heating

Segue |, Interf. pattern

Eridanus Il
star cluster

M87 BHSR - SMBHSs

SEGUE |
A

1 hese models can be hughly constrained

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

Some bounds are incompatible!

Need:
- Observations

10L26 10L24 10%22

Caner et al: FDM at most 10% for

|

1OL2O 10L18 10L16
FDM Mass (eV)

10721 eV < m < 10717 eV Sweet spot for solving small scale problems

10L14

i . - Improve sims
10—12 10—10 - New observables
- New probes

It 15 not because the bound s here that it 1s correct!


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

Interference pattern

ONGOING In collaboration with Jowett Chan and Simon May

- (Characterizing the interference patterns using full ssmulations

Density [solarmass/ Mpc?]

- Strong lensing In collaboration with: Devon Powel, Stmona Vegetti, Stmon Whate
_  Stellar streams In collaboration with: Sten Delos and Fabian Schmudt
Simulation by Jowett Ghan
o . Previous studies: Strong lensing:
O(1) fluctuations in density —> ~ ) 1B J. Chan, H.Schive, S.g Wong, T. Chiueh, T. Broadhurst, 2020

A. Laroche, Daniel Gilman, X. Li, J. Bovy, X. Du, 2022

Stellar streams:

PROBES: Neal Dalal, Jo Bovy Lam Hui, Xinyu Li, 2020
. Sub-galactic power spectrum:
- StI‘OIlg lensmg lGraVitational Hezaveh et al. (2016)
- Stellar streams J probes Sub-galactic power spectrum
Kawai, Oguri (2021)
- Heatmg Dwarfs

N. Dalal, A. Kravtsov, 2022



Interference patterns - granules

Strong lensing

Constraints 2.0 «—— D. Powell et al, 2023
mppy > 4.4 X 1072 eV
< A. Laroche et al, 2022
CMB + LSS mepy > 107212 eV
Lyman-«
Eridanus Il Stz s Il
star cluster
M87 BHSR - SMBHs Slat
stellar mass
21-cm (EDGES)
SHMF
Heating
Stellar heating
Dalal et aln 202 2 Segue |, Interf. pattern |—SEGUL|
nhqm4>>3jX](T49e\7 | I I I I I | I |
102° 10-% 10~ 1072 10-1° 1071 10~ 1071

FDM Mass (eV)

10—10

Heating

FDM granule

+—>

Meff

System (star) gains
energy



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




10722eV eV

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




Ze n._s‘ an 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

0.0 0.1 0.2 0.4 0.6 0.8 1.0

e Lensed radio jet, observed with global VLBI

3220

e Iirst image of a lensed radio jet!

32.0"
e Source structure allows us to “1mage” the lens surtace density

31.8" e Extended lensed radio arcs and the milli-arcsecond resolution

5 (J2000)

16l 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

+27°16'31.2"

source surface brightness distribution

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

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



S tTO ng Zen-S an 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 (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 w,\.‘.' ahs pbi.,
- 2y Bk GONIE RSP AS &
a .:&&g“\ . D A \:',.
- ARl L ”
[ e B N4
2sa) ol i 51"
ST FETIN
L . Ahs

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 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

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

1.0 |

This work I—>
0.8F
Nadler+2021 I—»
0.6
Banik+2022 |—>
04 F
Laroche+2022 |—>
D2 F

Fuzzy dark matter

(Single spin-0 particle)

—

Dalal+2022 Metdm > 44 < 10—21 eV

Rogers+2021 |—>
0.0

~21.5 —21.0 —20.5 —20.0 —19.5
logo(my/eV)




Mass, Stan, fraction



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 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)

1.0

This work I—>
0.8

Meam > 4.4 x 10721 eV

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



Vector; lugher spin or multicomponent FDM

Interference patterns

W\

AL NG

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

Multiple coherent waves

Yk
QAVAY
AVAVAVED
AVAVAY

Gonseca et al 2023

1 ﬁeld, Ptotal 2 ﬁelds, Ptotal 4 ﬁelds, Ptotal 108/\
s 218 Multiple FDM or VEDM (or higher spin s FDM)
Z attenuales the granule amplitude by
4 G
10"
=
102 { [5P/P]nfdm,s ~ 1 _ 1
; 6p/pltam — /(@2s+1) VN
10 -5 0 5 10 —10 =5 0 5 10 =10 -5 0 5 10 "W
x (kpc) x (kpc) x (kpc) (Amin et al 2022)

Other signatures dependent on spu: core-to-halo mass ratio (and its scatter),
spin of the core, shape ot the central regions of dark matter halos a I

Vector (and higher-spin) FDM ~ Amun et al 2022
(Vector FDM = 3 x same mass FDM (spin 0))

Presence of self-interaction leads to different signatures!
High spin and self interaction  Jain et al 2023
Both for the cores and wlerference patterns \_ .




Mass, spn, self-interaction, fraction



Fraction of ULDM

0, /9,

1.0

CMB/LSS

Hlozek et al, (2015, 2018)

Axion as Dark encrgy

I I ) J ' I | 1

CMB
CMB + WiggleZ

Axion as
Dark mattel

-32 -31 =30 -29 -28 -27 ~26 -25 -24

logyy(m, /eV)

m > 10" ** eV

CMB + LSS

Lyman-«

Eridanus I

21-cm (EDGES)

SHMF

Heating

Segue |, Interf. pattern

Eridanus Il
star cluster

M87 BHSR - SMBHs

SEGUE |

BHSR -
stellar mass

10—26 10—24 10—22

10L20 1OL18 10L16
FDM Mass (eV)

Degenerate with fraction!!

10L14 10—12

10—10



Improving these bounds

Observations >1em

Photometric and spectroscopic surveys

Prime Focus Spectrograph (PFS)

Spectrograph System (SpS) Prime Focus Instrument (PFI)

[ S

Vera Rubin Observatory

Legacy Survey of Space & Time Bl k=it

15,000 deg®
1.2m Optical/NIR#4
: [

L i

2022- - 4
| o

— f 2021 £
LaiteBIRD 16,000 deg?
, TAMERR 27-280GHZ

B E.clid Mission Nancy Grace Roman-Space
Telescope

~ 3\
e A\

Full shy « = ’ < Lk AN
i 100uK-arcmig - ® | :

| 40-402GHZTT - 4; E“A |

CMB-S4

Next Generation CMB Experiment

JPAS
8000 deg2

GWs

Modified from Jia Liu

+ direct detection experiments



Summary

Ciurrent status
Ultra_Light Dark Matter v 155 FDM: Incompatibilities!

Lyman-a

Eridanus Il Eridanus Il

Well motivated DM models

21-cm (EDGES)

Rich and distinct phenomenology on small scales

Dyn. friction

Testable prediction

Draco Sextants
[ I = | dSphs

EEEEEE
Segue |, Interf. pattern —_—

1072 1024 10722 10720 1018 10716 10-14 10712 10710
FDM Mass (eV)

Granules

Future

Strong lensing:

Meam > 4.4 x 10721 eV

o
o
T

slope of DM profile

Observations

—1.5

10k

- | Ursa Minor ! B

> i N i < 10F
—2.0F & ' P | D - —
— S Fe ; s -

m > 1.4 x 1074 eV PES & L
vdm : | |

. T NI | ! R NN | ! I = ik
1077 10T 107 = T
S

YpM: inner

Heating:  mgpy, > 3% 107" eV Improve in simulations

New probes/observables



