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Ladences for dark matter
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Cold dark matter ACDM

Cold: moves much slower than ¢
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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
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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, ...



Model burlding: pre-requusites for a dark matter candidate

* Cold or warm Thermal candidate: my,,, > keV * Abundance
Has to be non-relativistic at BBN  Or produced cold by a non-thermal mechanism ,, = 0.308 £0.012 (Planck 2018)
* Reproduce large and small scale distribution » Stable
Clusters like pressure-less fluid on large scales <10 Mpc_l Ifitis a particle, it has to be stable with

1 lifetime >> than the age of the universe

Clustering on scales smaller than g > 10 Mpc™" highly unconstrained

* Non-interacting or weakly interacting (Dark, colissionless)

Can have a small electromagnetic interaction. Bound < milicharge ; Can interact via the weak force

Can have a self interaction. Bounds: o¢/mg,, < 0.13 Cm2/g, 0 /Mam < 0.35 cm2/g
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What 1s dark matter?

e \What is the nature of DM?

State of the “art"

Mass scale of DM
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Ultra-light fields

Ultra-hight candidate, cold . Large A ~ 1/mvy
Lightest possible candidate for DM or DE

10733eV  107%2eV eV keV GeV M, M Wi
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Sub-dominant ULDM QCD Non-thermally produced

Can be 100% of DM



Ultra-lisht dark

keV GeV M, Mg Mass
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Limit
thermal relic

“Ultra-hght dark matter”, E.Ferreira, 2020.
“Wave dark matter”, Lam Hui, 2020.
New review on ULDM, Eberhardt, EF (to appear)



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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10722eV eV

Ultra-hoht Dark Matter T
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Ultra-light candidate - Large Ayg ~ 1/mv
Lightest possible candidate for DM
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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




10722 eV eV

Motwation: particle physics e S,
ULDM candidates Ultra-light DM

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

Many extensions of the Standard Model predict additional massive bosons

Massive Bosons
(integer spin)

Ultralight
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- Formation mechanism: needs to have a relic

abundance that gives the correct DM abundance

Ref.: Modified from Chadha-Day et al 2022



Cosmological and astrophysical
searches
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Gravitational signatures!
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Astrophysical signatures




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




Fuzzy Dark Matter

axion

Wave DM
Ultra-hight axions

Focus more on spin 0 particles
here!

107%%eV <m <10 7eV

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



Cosmological evolution

Boson/ Scalar field in a cosmological (FRW) background
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Ultra-hght fields as Dark Energy

Behave as (most of) dynamical dark energy with w ~ — 1 for

1.2
2% —— my=10"280 eV
Medm < 10 eV 1.0 —— my=10"20 eV
§ — m¢ = 10—30'0 eV
© 08— my=10"10eV |
S~
. . . L . b — my=1077"eV
Like quintessence with an axion-like potential: U o6
=
[ 5
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V(¢) = A*[1 — cos(¢/ fa)]" o 5
L 0.2] <
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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

i) = ( v —mcb) y

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

Schrodinger equation
(Gross-Pitaevskii)

Poisson equation

g#0 —— SIFDM

Fundamentally different than
CDM/WDM/SIDM!
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10 *26V eV

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< )‘Ja )\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
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S. May et al. 2021

Formation of a solitonic core
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* Focus only in gravitational signatures
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Baumann et al. 2019
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Mocz et al. 2017




Predictions

Lanear evolution

Boson/ Scalar field in a cosmological (FRW) background
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Redshlft, Z
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Predictions

Non-lnear evolution

Pseudo-spectral methods

Solves the Schrodinger-Poisson equations.

— Used widely 1n the field to simulate: 1solated

halos, the formation of cores, and cosmological
simulations

Expensive! At ~ Ax?

FDM: 2563, mc?2=1.75%x10"23eV, z=0.00
Vmax = 88.1km/s

103

Largest to date:
10/Mpc/h
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107!
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S. May et al. 2021

sunmulations

Mock halo generation

e Soliton collisions

* Eigenvalue decomposition: semi-analytical

model to describe the halo

—10

—3 0 o

10
z [kp]

Eberhardt et al. 2024

Approximation schemes

* Figenvalue solvers
* Madelung simulations

* N-body schemes (or initial
condition sims)

Nadler et al. 2024



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
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* Focus only in gravitational signatures
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10722eV eV

Phenomenology

Suppression of small structures

OCD

Finite Jeans length A; or A, /lrep > Suppresses small scale structure
—1/4
m -1/2 ([ p
Ay =55 ( ) & Qb)) * kpe
! 10—22eV p (§2m2) P
POWER SPECTRUM (sub) HALO MASS FUNCTION
2. - S
10 FDM Small Scale.s 1 \\\ _____ CDM
\ 10° E \\\ — g2 =1
0P i : maz = 10
CDM — 102 4 nma22 = ol)
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MM
Power spectrum: highly constrained for £ > 10 Mpc™! * hard to get a proper prediction!

unconstrained for k < 10 Mpc™!



Phenomenology

Suppression of small structures

Finite Jeans length A; or Ay, Ay, _ Suppresses small scale structure

POWER SPECTRUM TRANSFER FUNCTION

102 1 Small Scales
FDM ; p
R
100 o
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)
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- Degenerate with WDM



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 e
= 107 /// op | |G \
Fuzzy DM g / L \\\
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evolution: need \ /
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Phenomenology

Formation of cores
Galaxy W .
halo g | T S’Usp

NFW : Bl T NFW

orr <r o . )

p(T) ~ IOC — T g 7 = :

ONFW for v > re 310 observed
g 108
0.1 0.5 1 5 10
Radius (kpc)
FDM From simulations Schive et al. 2014, fitting function: Updated in Chan, EF et al 2021
g 55 1.9 x 1072 ( m )—2(rc )—4M g
" [1+0.091(r/Ryj2,)%® \10-22eV kpc ; | Relations used to compare

with observations

m —1 M =
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10722V eV

Ultra-light DM

-

RICH PHENOMENOLOGY ON SMALL SCALES

Wave interference

interference

Mocz et al. 2017
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Ultra-light DM
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Phenomenology

Wave interterence: granules and vortices

1015

10** &

1012

Density [solarmass/ Mpc

1011

interterence

1010

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

Destructive interference L, A )‘dB




Modeling a granular halo

Coherent wave oscillation of ULDM

o(t, %) = m~1\/2p(t, &) cos[mt

Fixed
freq.

0

Constant
phase

IV

107+20  107+40
mit




Modeling a granular halo

Coherent wave oscillation of ULDM

o(t, %) = m~1\/2p(t, ) cos[mt + 0] \/\/\/\/\M/\/
Fixed Constant \/\/\]\/V\/V\/

freq. phase

-3t . .
. . . . 107 107+20  107+40
But, the halo in these models 1s like this: / s Nakatsuka et al 2022

Superposition of plane waves

W - WA




Modeling a granular halo

Coherent wave oscillation of ULDM

— —1 —
8(t, %) = m~1\/3p(t, 7) coslmt + 6] 1,
Fixed Constant \ ”
freq. phase
But, the halo in these models 1s like this: U \}
U
| U I - tosc
tdB
Superposition of plane waves

bone, = 20 /10
M = V)

tap = 2/ (mv?)

1.9 % 100 yr <1022 ev> (250 km/s)2

™ (v



Modeling a granular halo b,

tose, = 20T /10 | M ﬁ W

tdB = 27r/(mv2) 5 | U U U
G 10_22 eV 290 km/s | U > Tosc.
= 1.9 x 10 yTr 8 t
m v dB
"t
1072 10-24 10728 10722 10-21 10-20 10719 1018 10-17 10716 10-15
Mass (eV)
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Tab (y1)
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Modeling a granular halo

Full SP simulations can describe perfectly this interference pattern (while fluid ones cannot describe it)

OR

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

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

Randomly distributed

Random phase t. 7)) = A_,e"?B,;;eiE'f—’iwkt
halo model vit, ) Z}; -

Wave interference produces de-Broglie-scale, order unity density
fluctuations which vary on time scale of 7

This collection of plane waves can also be represented like this:

¢(t,r) = A(Z) cos(mt + o))

describes the interference
patterns

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

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

— ;. 1s the energy of each eigenmode (labeled abstractly by k), with gk
replaced by the corresponding eigenfunction.

Energy eigenvalue

P(r,0,6,t) = > Anim Fpim(r, 0, ¢p)e Entt/h

n,l,m
7 Fun(r0.)= BP0,

Radial eigenfunction
energy eigenmodes of the gravitational potential of the

virialized halo



Vector; lugher spin or multicomponent FDM

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

1 field y Ptotal
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Gonseca et al 2023
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Multiple FDM or VFDM (or higher spin s FDM)

attenuates the granule amplitude by

0p/Plutdm,s L

1
0p/Pltam /25 +1) VN

(Amin et al 2022)

-~

\_

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

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

~

Multicomponent FDM  Gonseca et al 2023

_




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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S. May et al. 2021

Formation of a solitonic core

Axion clouds

Baumann et al. 2019

axion

Dynamical etfects
(b) £ = 1.3- 106
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interference

0.5 Mpc

Mocz et al. 2017




Phenomenology

Dynamical eftects

Relaxation, oscillation, friction, and heating
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Dynamical eftects

Relaxation, oscillation, friction, and heating

Formation of a BEC / superfluid




Phenomenology

Dynamical eftects

Relaxation, oscillation, friction, and heating

Formation of a BECG / superfluid

A. Guth M. Hertzberg, C.

_ izat] : ins |
T'hermalization (and condensation) seem to happen inside the galaxy! Prescod-Weinstein (2014)

Formation of a soliton (ground state) or Bose star in the interior of galaxies

Wave turbulence theory
- Formation ot a condensate and a core occur from (a) i=0 (b) = 1.3-10°
oravitational interaction. P 7 20 g .

||

.2
Condensation/relaxation ime: 7o > Ting i AR 1
6 —2
T 10° r( e )3 7 P 02
& A0 2V 30km/s 0.1 Mg /pc? : ¥ T, Ay et
1 4 - ! . B 2 . .‘ - ()
Tint — < T
v8lgln

Smaller than the age of the universe! Levkov et al. 2018, Kirpatrick et al. 2020



Phenomenology N
Dynamical etfects

Relaxation, oscillation, friction, and heating

(Work i progress)

Formation of a BECG / superfluid In collaboration with Yuta Sekino and
Ryo Namba

Open question!

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

. . For an overdensity whose size 1s the typical DM de Broglie wavelength, we find that the decoherence
- Evolution all classical? rate 1n the halo 1s higher than the present Hubble rate for DM masses m=bXxX10*{ =7} eV and in
earth based experiments it 1s higher than the classical field coherence rate for m=10™{—=6}eV. When

spreading of the states occurs, the rates can become much faster, as we quantify. Also, we establish

- Allaly and Hertzberg 2020 that DM BECs decohere very rapidly and so are very well described by classical field theory.

- Dvali and Lell 2018
- A. Eberhardt et al. 2022, 2023

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



Phenomenology

Dynamical etfects

Relaxation, oscillation, friction, and heating

(Work i progress)
Formation of a BECG / superfluid In collaboration with Yuta Sekino and

Ryo Namba
Open question!

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

. . "For an overdensity whose size s the typical DM de Brogle wavelength, we find that the decoherence rate in the halo 1s
- Evolution all classical? lugher than the present Hubble rate for DM masses m<5X10M =71} eV and in Earth based experiments it 1s higher

than the classical field coherence rate for m=10™{—6%}el! When spreading of the states occurs, the rates can become

much_faster; as we quantify. Also, we establish that DM BECs decohere very rapudly and so are very well described by
classical field theory.”

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

- Allaly and Hertzberg 2020
- Dvali and Lell 2018
- A. Eberhardt et al. 2022, 2023

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



Phenomenology

Vortices

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

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

Fuzzy DM

Interference of waves leads to vortices - where there 1s
destructive interference

Ring’s direction of motion

(General detet in 3D

¥ Velocity circulation

Hui et al 2020

r (¢ = \/p/mew and v =V60/m) \

KVeI. field is a gradient flow — irrotational fluid, no vorticityj

Quanta magazine

Self-interacting Fuzzy DM

Superfluid cannot rotate uniformly. It the superfluid
rotates faster than the critical vel., network of vortices
are formed.

© Martin Zwierlein.




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



Phenomenology

RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of small structures

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

0.25/h~1Mpc

CDM: 2562, z=0.00

0.25/h~*Mpc

S. May et al. 2021
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Formation of a solitonic core

Axion clouds

Baumann et al. 2019

axion

Dynamical effects

(b)Yt =1.3-10°

o
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A2

Wave interference

interference

0.5 Mpc

Mocz et al. 2017



Phenomenology

Axion clouds

- Superradiance

Cloud created around rotating BHs

- External potential

it = ( v Ly —mcb) y

Self-gravity
V20 = 4nG(m[y]* — p)

Baumann et al. 2019

External potential

Lx.: BHs, neutron stars, stars, planets, ...




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!

C)
ISy
100
10t
0.25/h~1Mpc
102
CDM: 2563, z=0.00
103
=107
10!
I
IS
10°
1071
0.25 / h~'Mpc
102

S. May et al. 2021

Formation of a solitonic core

104 eV eV

Ultra-light DM
l

<>

* Focus only in gravitational signatures

Dynamical effects
(b) = 1.3-10°

; -

2 —
1 0]
<
5
_ A <
@
D
* 5 N
02 =
’ 0
z

Axion clouds

Baumann et al. 2019

Wave interference

' #{ﬂ{ interference

' :)1 &'A.,:

0.5 Mpc

Mocz et al. 2017
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servational implications and constraints e
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Galaxies

CMB+LSS
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ESA and the Planck Collaboration

Globular clusters
Dwarfs NASA and ESA

st Draco .f Fornax

Springel & others / Virgo Consortium

Stellar stream

ESA

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

PTA

CMB + LSS

Lyman-«

Eridanus I

Leo Il (Zimmermann et al)

SMBH evolution ( Ellis et al 2025)

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

BHSR -

M87 BHSR - SMBHs
stellar mass

SHMF (Schutz2020)

Heating

Segue |, Interf. pattern

Bounds consider FDM is all DM
Nadler 21,24

SEGUE |
L = | |

10—26 10—24 10—22

10-20 10-18 10716 10-14 10712 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
https://inspirehep.net/authors/1032527

10722eV eV

Current status . ;

Ultra-light DM

Fuzzy Dark Malter - bounds on the mass e

and the Planck Collaboration

PTA
Loz oy ' Superradiance
CMB + LSS "\ ’
Springel & others / Virgo Consortium .
Lyman-« “
Before ]
-CN . :
& N Eridanus Il 5 p \
Electron After .
om BHSR -
2%@ Leo Il (Zimmermann et al): M87 BHSR - SMBHSs steﬁar S

Stellar stream Dwarf galaxies

SMBH evolution ( Ellis et al 2025)

Sgr
s't_ream

SHMF (Schutz2020) Nadler 21,24 " 4
Heating
; SEGUE |
NASA and ESA Segue |, Interf. pattern : —= !

10-26 10-24 102 10-20 10-18 10-16 10-14 10~12 1010
FDM Mass (eV)

“Ultra-lght dark matter”, E.E., 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
https://inspirehep.net/authors/1032527

Current status

Fuzzy Dark Matter - bounds on the mass

ULDM Mass Constraints

Review: Eberhardt, EF 2025

UVLF
BHSR
Fornax, Carina, Leo Il
Leo Il
WALLABY /ALFALFA
|Strong Lens
— SPARC
Segue |,
MW Satellites
Fornax, Sculptor
Lyman-alpha
Eri Il
Milkyway disc
PTA
10~ 10~23 10~%2 10~ 10=%0 10~19 10~18

m [eV]




Current status

Review: Eberhardt, EE 2025
Fuzzy Dark Matter - bounds on the mass eview: Eberhar

Den§it Constraints

109 p
MW subadhalos
1071
,,,, yman-alpha

E ””’1
% 10—2 s Fornax,| Carina, Leo Il
e E

10—3_ el

T e U ROV R | LL ~ —

10-% 10~2 10 10~% 101 10~ 18



How to probe these.?
Foolution and suppression: CMB and LSS



Observational implications and constraints

Fuzzy Dark Matter - bounds on the mass

Suppression of small structures + evolution

Lixtremely light dark matter or axion DE

1.0

CMB/LSS

0.8

0.2

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

Hlozek et al, (2015, 2018)

I I 1 ' ' I ' 1

CMB
CMB + WiggleZ

Axion as
Dark matter

Axion as Dark enorgy

A
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CMB and LSS

Lvolution and shape of PS

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

100 . :
111  Planck 107 - ' Credit: Keir Rogers
1 Nl P-ACT A : -+DE;S
= 10
= - e /
7 SPARC |/
.-§ 9 4
-~ 10~
3 SH kSZ PTA
G 71073 ;
X 2 ] SKA-IM
.
O 1077 Eri.-11
: kSZ-OV
1071 - w ‘ ' | | ' |
| 10 32 10 30 10 238 10 26 10 24 10 22 10 -20 10 18
UDM mass my [eV]

—27 —26

—26 _xr.
Max [l0g(Mey)] Max = 10 eV :

Qo /(U + Q) <0.070  (95%, Planck)
Calabrese et al 2025 <0.052 (95%, P-ACT). (51)



ACT DR6 DEST

Larly dark energy Axion dark energy

0.4 —
B ACT B Prior
B +PantheonPlus
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__ A4 3 0.2 - .
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i DESI Previous: Planck
20.10}
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o2t /il @t |t B | \ |
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Calabrese et al 2025 Urena-Lopez et al 2025



Emulator for FDM

Linear predictions:

Boltzmann codes: axionCAMB, AxionECAMB,

1.2 :
—_— m¢ = 10—28.0 eV AX].C LASS

10/ —— my=10"220 eV |
é — m¢ — 10—30.0 eV °
S 08— my=A0e Very slow!!' I - 8 min per spectrum
'S: —— my=107320 gy
O 0.6
=
g g Parameter inference — very hard!
T 7 N .
S 5
L 0.2 2
> .
—
< 0.0 S NP N AW AWA /\V/\\/\ Aﬁ-'v"‘.‘,‘y‘ WA N 1 t t . .

CW emulator < O appear) (Work 1n progress) with Fernanda Matos
-0.2

102 10-1 100 101 102 103
Redshift, z .
Phase 1 - inear emulator

Most complete ULDM emulator in the market!

Phase 2 - non-linear emulator



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

Suppression of small structures + evolution

Lyman alpha One of the strongest bounds on ULDM!

Armengaud et al. (2017); Irsi¢ et al. (2017); .
Rogers et al. (2020) Constraints depends on:

* [GM modelling - simplifying assumptions

e Trusts on IC sims

k Pp(k)/m

(Work in progress) with Stmon May

New cosmological fuzzy dark matter simulations including baryons, using the

[lustrisTNG galaxy formation model

k [km™!s]

Revise these bounds + study the evolution of IGM as a way ot constraining F

m > 2 x 107" eV

so enough Mpc-scale power in Ly-a forest at z = D. Filaments and interference patterns important here!

IGM properties not so influenced by feedback

‘DM.



How to probe these.?

Presence of a core



Observational implications and constraints N e mas e of Ficy Dar

Chan, E.F., K. Hayashi, 2021.
Fuzzy Dark Matter - bounds on the mass an ayashi

Presence of a core

PTA
Gl
CMB + LSS halo
Lyman-«
Eridanus |l
Leo Il (Zimmermann et al) M87 BHSR - SMBHSs Etlgﬁ:: ;nass T Coeate

core

SMBH evolution ( Ellis et al 2025)

SHMF (Schutz2020) Nadler 21,24
Heating

SEGUE | Ultra faint dwarfs
Segue |, Interf. pattern ——

10-26 10-24 10722 10-20 1018 10716 10-14 10-12 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
https://inspirehep.net/authors/1032527

Ultra-hoht Dark Matter

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

Ultra-faint d UFD): 1deal laboratory to study DM
ra-faint dwarfs (UFD): 1deal laboratory to study N

-2 4
: . () =1.9x 1012 (—m > <r—> M
Stellar kinematic data from 18 UFDs to fit the FDM profile: ) ! 8 102ev ) \pe 1/3[ 0P}
Psoliton = 8 ° r<r € m - L !
p(}") — [1 St 0091(7'/FC)2] r. = 1600 < 10-23 eV) 1012 M@ [pc]
. ).
Stellar density DM profile PNFW = S r>r.,
profile FDM+NFW
Plummer .
\ / . s e A - : o s
I . : . . . . : E E E . 5 -
Spherical Jeans ] * - + ‘ 4
equations = Tiiiit1]: il SEEN
g 12 —t +? * : NN | . . L _
l A A N 1
Fit 101 : :
(theory) : : -
line-of-sight velocity dispersion 0[ 0.5 Y < > Gl(gbss)
MCMC —

Parameter space (10): {m, M 105 7o -rh, vsys}

Stellar velocity anisotropy




Hayashi, E.F,Chan, 2021.

Ultra-hoht Dark Matter

Fuzzy Dark Matter - bounds on the mass
FDM mass from Ultra-faint dwarfs

Stellar kinematic data from 18 UFDs to fit the

FDM profile from simulations

PTA
CMB + LSS
Lyman-«
. 1) +8.3 —19
Eridanus | ms = 11483 % 107 PeV
FDM —0.7
BHSR -
Leo Il (Zimmermann et al) M87 BHSR - SMBHs Stallar Ass
10*16 I I 1 1 I 1 1 1 1 I l. 1 1 I I I 1 I
SMBH evolution ( Ellis et al 2025) | S g _ : :
SHMF Nadler 21,24 = w-af | gl } * ¢ 5 = 3 * l Lo
. § 102 ----.t--.t---.t.---+ ............................... i---------} .................................. -~
Heating . R
SEGUE | 02| : ? i
Segue |, Interf. pattern ] : _
| - —— - | - | D = = o o
10~ 10~% 10~ 101 10~ 10~ 10~ " 1071 § FIfiifsSppfiiFs
a2 SE S5 g FEE 558
FDM Mass (eV) §ie" < - S 4
S § 5
Preference for higher mass

10-26


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

Ultra-hoht Dark Matter

Fuzzy Dark Matter - bounds on the mass

PTA

CMB + LSS

Lyman-«

Eridanus I

Leo Il (Zimmermann et al)

SMBH evolution ( Ellis et al 2025)

SHMF

Heating

Segue |, Interf. pattern

M87 BHSR - SMBHs

Nadler 21,24

= 1

1072 10~> 10-22

1OI—20 10I—18 1OL16
FDM Mass (eV)

Ultra faint dwarfs

Hayashi, E.F,Chan, 2021.

FDM mass from Ultra-faint dwarfs

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

(Segl) __ +8.3 —19
m D = 1 14835 10719 eV

Important:
- Bayesian analysis - reason for a constraint
- 'Bad' assumption

- Systematic eftects !


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

Ultra-hoht Dark Matter

Fuzzy Dark Matter - bounds on the mass

PTA

CMB + LSS

Lyman-«

Eridanus I

Leo Il (Zimmermann et al)

SMBH evolution ( Ellis et al 2025)

SHMF

Heating

Segue |, Interf. pattern

M87 BHSR - SMBHs

Nadler 21,24

= 1

1072 10~> 10-22

1OI—20 10I—18 1OL16
FDM Mass (eV)

Ultra faint dwarfs

Hayashi, E.F,Chan, 2021.

FDM mass from Ultra-faint dwarfs

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

(Segl) __ +8.3 —19
m D = 1 14835 10719 eV

Important:
- Bayesian analysis - reason for a constraint
[— 'Bad' assumption ]

- Systematic eftects !



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

FDM - Core-halo mass relation

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

Fuzzy Dark Matter - bounds on the mass

PTA

CMB + LSS

Lyman-«

Eridanus Il

21-cm (EDGES)

SHMF

Heating

Segue |, Interf. pattern

M87

SEGUE |

10—26 1OL24 1OI—22

10720 107 1016 10o% 10712 10710
FDM Mass (eV)

+ Improved zoom in simulations to understand sub-halo

properties

(Work i progress)

Shun'ichi Shin'ichiro
Horigome Ando

FDM mass from Ultra-faint dwarfs

e Stellar kinematic data from 18 UFDs + classical dwarts to fit
the FDM profile from simulations

* New analysis:

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

- Using environmental effects to put informed priors tor
Bayesian analysis the dwarts quantities - SASHIMI

|

Result: more conservative and improved bounds


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

CMB + LSS Systematics everywhere!
Lyman-«
Sl | Etgcrjirﬁ:tclalr
- BUT: - systematic effects!!
Leo Il (Zimmermann et al? M87 BHSR - SMBL. s T _ dynamics of FDM not
o fully understood.
SMBH evolution ( Ellis et al 2025)
SHMF Nadler 21,24
Dyn. friction
Heating
: Need:
|IZr_ag_cIo Sextants dSphs - Observations
: - Improve sims
Segue |, Interf. pattern : e | - New observables
: - New probes

10726 10-24 1022 10-20 10-18 10-16 10-14 10712 10-10
| FDM Mass (V)

Sweet spot for solving small scale problems 1t 15 not because a bound 1s here that is 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
https://inspirehep.net/authors/1032527

FDM constraints 2.0

interference patterns




FDM constraints 2.0

Interference pattern

Simulation by Jowett Chan

O(1) fluctuations in density — ~ \4p

N
Density [solarmass/ Mpc?]

104 eV eV

] ‘Ultri-ﬁght DM
PROBES:
- Strong lensing
- Stellar streams
- Heating
- Dynamical friction
Heating System (star)
FDM granule gains energy
Meft
Friction
FDM granule
System (GG or BH)
Meff loses energy

Globular cluster



Interference patterns - granules

Strong lensing

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

< A. Laroche et al, 2022

—21.5
ehiterlos J. Chan, et al 2022

Lyman-«

Galaxy dynamics

Leo Il (Zimmermann et al) M87 BHSR - SMBL.s
Heating

SMBH evolution ( Ellis et al 2025)
FDM granule

SHMF Nadler 21,24
+—>
. Heating
Stellar heatng Teft
SEGUE |
Dalal et al, 2022 — Segue |, Interf. pattern = System (star) gains

mpoy > 3XA0TEEV 0 Tas jgtea 922 19020 19018 jg16 100 .

FDM Mass (eV)

See Peter Graham talk


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

Interference patterns - granules

Strong lensing

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

< A. Laroche et al, 2022

—21.5
ehibarles J. Chan, et al 2022

Lyman-«

Galaxy dynamics

Leo Il (Zimmermann et al) M87 BHSR - SMBL.s
Heating
SMBH evolution ( Ellis et al 2025)
FDM granule
SHMF Nadler 21,24
+—>
Heating Mt

Stellar heating

Dalal et al, 2022
Mepy > 3 X 107 eV

System (star) gains
l energy

1046 1024 1042 1040 1018 1016 10~
FDM Mass (eV)

See Peter Graham talk



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

Stellar heating - ultra-faint dwarfs

Dalal et al 2022

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

* ‘Irack the halt-light radius and stellar dispersion

* Compared with observations of Segue I and 11

m >3 x 10717 eV

Details:

Constructive
interf. pattern
overdensity

Heated
Star system

5vheat

Star system

Destructive
interf. pattern

e Soliton excluded (authors claim conservative bounds)

e '|idally stripped halo? Alters the granules




Stellar heating - ultra-faint dwarfs

Dalal et al 2022

* Study stellar heating on UFD due to the presence ot granules
* ‘Irack the halt-hght radius and stellar dispersion

* Compared with observations of Segue I and 11

p [Meckpc3]

m >3 x 107 eV

Details:
e Soliton excluded (authors claim conservative bounds)

e '|idally stripped halo? Alters the granules

(In progress)

p [Mokpc—3]

100 ckpc

Before Infall z=0.4

100 ckpc

After Infall z=0.2

4&.:“‘ _"'{‘ g;

Q\\V ‘ﬂ
B S
d\ t."‘lh '\k

Jowett et al, 2024



Interference patterns - granules

Strong lensing

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

< A. Laroche et al, 2022

—21.5
CMB + LSS mepy > 1077~ eV

Lyman-«

Galaxy dynamics

Leo Il (Zimmermann et al) M87 BHSR - SMBL.s
Heating
SMBH evolution ( Ellis et al 2025)
FDM granule
SHMF Nadler 21,24
+—>
Heating Mt

Stellar heating

Dalal et al, 2022
Mppyy > 3 X 10719V i |

1046 1024 1042 1040 1018 1016 10~
FDM Mass (eV)

SEGUE |
[ b

Segue |, Interf. pattern

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

10722V eV

Ultra-light DM

<

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

Flux anomaly Resolved 1imaging
Unresolved strong lensed system Resolved strong lensing from galaxy surface brightness
image 1

- background
- galaxy

observer image 2

. gravitational lens

Any asymmetry 1n the structure 1n the lens, can break the
symmetry that yielded the flux ratio predictions




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




10722eV eV

Strong lensing G e

-

Presence of granules

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

* 11 quadruply imaged quasars

* granularity arising from FDM can significantly affect flux ratios

Mepy > 107212 eV

Chan et al

060¢ T8 uey) [

* 11 quadruply imaged quasars

Fuzzy le.ns: ﬂuct.uating tangencial critical curve; flux ratio + quadruply lensed system HS 0810+2554
anomalies also sizable.

* successtully reproduce both the positions and fluxes ot the

Previous works: observed 1mages, including anomalies that GDM models
J. Chan, H.Schive, S.g Wong, T. Chiueh, T. Broadhurst, 2020 fail to explain

A. Laroche, Daniel Gilman, X. L1, J. Bovy, X. Du, 2022




Interference patterns - granules

Strong lensing

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

< A. Laroche et al, 2022

—21.5
ahibarles J. Chan, et al 2022

Lyman-«

Galaxy dynamics

M87 BHSR - SMBL s
Heating
SMBH evolution ( Ellis et al 2025)
FDM granule
SHMF
. Heating
Stellar heatng Mheff
SEGUE |
Dalal et al, 2022 — Segue |, Interf. pattern = ! System (star) gains

mpoy > 3XA0TEEV 0 Tas jgtea 922 19020 19018 jg16 100 .

FDM Mass (eV)

See Peter Graham talk


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

Ze n._s‘ 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

0.0 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?



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
lensing

Forward modeﬂing Smooth lensing model: from Powell et al 2022

FDM granules:

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

0P (M fdms fam: 0v) _is the perturbation of the lensing potential -
fluctuations 1n the projected surtace mass density written as

perturbations 1n the lensing convergence due to the presence of
the granules:

Adb
0K%) = 2 dl
RN /zosp P

Instrumental response

SOUrce

m = D L(,n) s

Lens operator Ty rep— We wish to infer a posterior distribution on the dark matter particle mass P(m f dm)

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

the log-uniform prior range log(m,, /eV) & [—21.5, —19.0].
OV (M fdm, fam, Ov) S p ge log(my,/eV) € [ ]

Free parameters: {m, fDM,aU,m )\S}



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



Strong lensing

- background

sy axion-photon coupling

""""""""""""""" . m ~ 10_[22—17] eV

™

J

observer

Binary stars

3
heating

k m ~ 1071167100 ey J
a

Stellar streams

Heating + coherent
perturbations

=)
heating

om0y

Pulsar 'Timing Array

itation of the Pulsar Timing Array concept. Credit: David
Champion / MPIfR

Artistic represer

T, r~

Wave wterference

"4

Mass, spin (# particles), fraction

K Solar system

~

m ~ 107 116-100 gy

axwon-photon couplingJ

K Stochastic lensing \

Modified from: https://i.astro.tsinghua.edu.cn/~smao/contents/microlens.html




K \ de Broglie scale time delays in pulsar networks for
\ .. ultralight dark matter

Pulsa Tlmlg fj‘xrray Andrew Eberhardt, Qjuyue Liang, EF,

2411.18051

Strong lensing

- background
= galaxy

Filaments

interference

Cosmuc filament spin_from DM vortices

S. Alexander, C. Gapanelli, EF, E.

McDonough, 2022
KStochastic lensing\

Wawe wterference

g

Mass, spin (# particles), fraction

axion-photon coupling

%@@8@%&%@%@8&%%&%5@}00ntents/ microlens.html

Modified from: https://i.astro.tsinghua.edu.cn/

odified from: https://i

p—
-
¢
W
—
o0
D
=
M




Stochastic lensing of stars by ultralight dark matter halos, A.
Eberhardt, EF, W. Luo, S. Lin, Y. L1, 2025

granule

&

Microlensed

Every source 1n the galaxy will flicker with a period given by the mass

10-17eVY (200km/s
Tab = 2mh/mo* ~ 30 ( ) ( / ) yTS, BU'L, very small!

m 0



Stochastic lensing Androw Evertard Wentao Lu, Y

— 17 10~%2eV eV
ULDM M = Fi/mo ~ 6 x 108 (10 eV) (200 km / S) kpc. l—. |

™m O
s 2
> 10~17eV /200km/s
Tap = 2mh/mao” ~ 30 yIs,
™m O
Density along LOS x10~11 Kk over time
: — T/ =00 6 —e— simulated data
LenSIHg — Plr=03 | | == N rms prediction
—— T/r=34 4l
LGHSng convergence: 0 KU Bl (Y oA Nl o K e a s
observer at the origin and source a bg 2t :
distance D away along the line of sight
D
4G z(D — x)
i Or
Okgr = —5 dx D dp(x) ,
¢ Jo _
P — Psm
—2 r | |
0 2 4

T/t
We approximate the dark matter granules as a Gaussian
random field with correlation length equal to the de Broglie

wavelength, A = h/mo, and expectation and variance given S8 3 1012 ( m ) —1/2 - —-1/2 0 E 3/4
(5p) = 0 and (6p?) = p2 o 10-17eV 200km /s 10" M /kpc3 kpc




Andrew Eberhardt, Wentao Lui, Yin Li

Stochastic lensing e Shrsi Lim 2025

10176V [200k T [y13]
ULDM Aab = h/mo ~ 6 x 107° ( - ) ( m/ S) kpc. 10° 10° 10
m g | | [
10~17eVY) /200km/s”
Tab = 2wh/mo? ~ 30 ( — - ) ( m/s) YIS, 1.of 1—1.9
O
3 L
. é 1.0f 110
Lensing < as
| ; B
Lensnlg B observer at the origin and source a bg 05 0 ] _05 :I'/
distance D away along the line of sight
4 P (D -
OKgr = W—zG/ da:x( D 2) dp(x)
¢ Jo o e 0.0 | 1 0.0
10~ 10-T7 T
Myldm [GV]

We approximate the dark matter granules as a Gaussian
random field with correlation length equal to the de Broglie
wavelength, A = h/mo, and expectation and variance given

—1/2 —1/2 D 3/4
OKE ~ 3 x 10712 ( _7:17 ) ( (li ) ( 7Mp ; 3) (k—)
(6p) = 0 and (6p2) = p2 10~17eV 200 km /s 10" Mg /kpc pc




Stochastic lensing

Lensing
observer at the origin and source a
distance D away along the line of sight
5 4G Dd :z:(D—:L')d
Kgr = — 5 0 T p(x)

P — Psm

(bservational effect

Every source 1n the galaxy will flicker with a period given by the mass

7 2
Tab = 2h/ma? ~ 30 (10 eV) (200 km/s) yIs,

™m O

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

Objects to use?

Ex.: globular cluster, star; ...

(Work in progress)
FRB diffraction
W/ Ue-li Pen

Tab [yTS]
10° 10° 101

1.5 1—1.5
L

1.0 1—1.0 2
£=)

|
0.5 1-05 —
0.0 | 1 0.0
10—19 10—17 10—15
Myldm [ev]




Andrew Eberhardt, Wentao Lui, Yin Li

Stochastic lensing

Density along LOS %«10~-11 K over time
—1
GT&HUICS ~ 0(10 7) eV AL — T/7=00 6 —e— simulated data
— Plr=ly | 2| 2 === % rms prediction
5 — T/T=34 41
', 30000
1/2 ‘ % . | i ---------------------
m —1/2 o a = w2
OKk8 ~ 3 x 10712 ( ) =.90000
S 10~ 17eV 200 km /s %
Q 0_
) 0 D \ 34 10000 '
10" Mg /kpe3 ) \ kpc 3
075 100 125 10 0 2 A
z’ [kpc] T/t

%107 Density along LOS x10~7 Kk over time

Log Density Slice 1 1.0

— T/a:=10.0
= Tiry=14
T/r=T.1

—0.5F
—e— simulated data
------ rms prediction
—10 0 10 0 1.0 | | 1
z [kpc| 7.5 10.0 12.5 15.0 0 20 40 60

' [kpc] T/



- background

™

Strong lensing

sy axion-photon coupling

m ~ 107122717 ey

J

-

Binary stars

3
heating

@ o

Pulsar Timing Array

g

k m ~ 1

~[16-10] ,y7 J

Wawe wterference

Mass, spin (# particles), fraction

-

Stellar streams

_’-

heating
\_ m~10"

[23—18] eV

a B

Filaments

interference

Cosmuc filament spin_from DM vortices

S. Alexander, C. Gapanelli, EF, E.

McDonough, 2022
KStochastic lensing\

Modified from: https://i.astro.tsinghua.edu.cn/
~smao/contents/microlens.html




(Work i progress)

In collaboration with Andrew Eberhardt,
Margot Imbach and Naoki Yoshida

K | Stellar heating
Binary stars
———_ Heated S
/// I \ S g T \\\
/oo O\ dlar system 3
— [ % e\ | \
heating <‘ ! 4’) 6vheat H)
\ / /
\ " —_
_Mea_ EO | % X | X OVheqt > OV
 m~0he ey x
Star system
=L
Stellar streams
\_ m~ 1078y ) |
(Work i progress)
In collaboration with Andrew Eberhardt :
’ !
and Fabian Schmidt Preparation for PFS!




Strong lensing

- background
= galaxy

axwon-photon coupling

m ~ 107122717 ey

™

J

-

Binary stars

3
heating

k m ~ 1

~[16-10] ,y7 J

(Work in progress)

-

Stellar streams

K m ~ 10~

=)
heating

[23—18] eV

Wave 1

@ B

Pulsar Timing Array

wterference

g

Mass, spin (# particles), fraction

~

m ~ 107 116-100 gy

axwon-photon couplingJ

a B

Filaments

interference

Cosmuc filament spin_from DM vortices

S. Alexander, C. Gapanelli, EF, E.

McDonough, 2022
KStochastic lensing\

Modified from: https://i.astro.tsinghua.edu.cn/
~smao/contents/microlens.html




Interference patterns - granules

Stellar heating

CMB + LSS

Dalal et al, 2022 —

Mepy > 3 X 1077 eV

A

Strong lensing

«—— D. Powell et al, 2023

mppy > 4.4 X 1072 eV

< A. Laroche et al, 2022

mepy > 107212 eV

J. Chan, et al 2022

Lyman-«

Galaxy dynamics

21-cm (EDGES)
SHMF
Heating

Segue |, Interf. pattern

M87 BHSR - SMBL. s

Nadler 21,24

Probing the tfuzziness on smaller and smaller
scales (larger masses) - still wave behavior!

SEGUE |
- !

1OL26

1OI—24 1OL22

1OL20 1Ol18 1OL16
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

Strong lensing

- background

sy axion-photon coupling

""""""""""""""" . m ~ 10_[22—17] eV

™

J

observer

Binary stars

3
heating

k m ~ 1071167100 ey J
a

Stellar streams

Heating + coherent
perturbations

=)
heating

om0y

Pulsar 'Timing Array

itation of the Pulsar Timing Array concept. Credit: David
Champion / MPIfR

Artistic represer
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~
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K Stochastic lensing \

Modified from: https://i.astro.tsinghua.edu.cn/~smao/contents/microlens.html




Current status

Fuzzy Dark Matter - bounds on the mass Renew: Eberhards, EF (io appear)

ULDM Mass Constraints

'UVLF
BHSR
Fornax, Carina, Leo I
Leo I
WALLABY /ALFALFA

Strong Lens Bounds depend on assumptions,

] SPARC stmplifications, stmulations, ...

Segue |1 And can be conservative or best case scenario.
'MW Satellites Systematic etfects!
Fornax, Sculptor Careful when interpreting them!
Lyman-alpha
| Eri Il
Milkyway disc
PTA
— e — e — el
10~ 10-23 1022 102" 10-20 10-19 10~18

m [eV]



Current status
Fuzzy Dark Matter - bounds on the mass

Den§it Constraints

-

ULDM Mass vs Energ

l

]

i MW subsdhalos
10~
,,,, yman-alpha
s -7
i 10—2 <l Fornax,| Carina, Leo Il
S |
PTA _
1077
’,/””fa g 1016 eV
T B T A= 0
10=23 10~22 10 10

10~ 10~ 18

m [eV]

Review: Eberhardt, EF (to appear)

Much more:

* ULDM not 100%

* Multiple axions

* Add self-interaction
* Couplings

* Spin




1 he search for dark matter (ULDM) 15 a

multi-probe/multi-scale endeavour. ..



Small scales can offer some hants of the nature of DM

Mhalo
. 102M
Final =
frontier
105Mg
{ Invisibles
i 108 Mg
§  Visible
dwarts
10" Mg
101“Mg

Clusters 10Mg

Large scales

“perturbations (astrometr

Gravitational nanolensing
(time domain)

Milky Way stellar halo

Dwarf &
ultradiffuse galaxy
counts as a function

of z (wide-field
galaxy surveys,
targeted surveys )

Stellar
kinematics
(astrometry,
spectroscopy)

Cluster component offsets
(lensing, wide-field
surveys)

Local measurements of
H, (astrometry)

|

Initial mass function

Substructure lensing

Probes

Gravitational waves

from compact- compact-object
object DM (multi- DM (time
messenger) domain)

lensing subhalo

Lya forest mass functions of
(spectroscopy) group & cluster
Stellar-mass— halos (galaxy

halo-mass relation surveys, ground-
w/cosmological and space-based
_tools on wide-field _spectroscopy)

Cluster mass from wide-
field surveys

Galaxy survey & CMB
measurements of
H,, og, Nogr

Microlensing of

Substructure

Future

Current

Past

Buckleya et al 2017



1 he search for dark matter (ULDM) 15 a

multi-probe/multi-scale endeavour. ..

exciling times for axion dark matter



Summary

Current status

: | O |
Ultra-Light Dark Matter FDM: for 100% DM!
Strong lensing
Well motivated DM models CMB + LSS
Rich and distinct phenomenology on small scales mana
. i Ga amics
Testable prediction o
M87 BHSR - SMBHs
21-cm (EDGES)
SHMF
Heating

SEGUE|
Segue |, Interf. pattern UEI

Granules

10-26 10-24 10-22 10-20 10718 10-16 10-14
) FDM Mass (eV)
Strong lensing:

Meam > 4.4 x 10721 eV Future

_921
Mydm > 1.4 X 1077 eV Observations

. Improve 1n stimulations
Heating:  mgpy, > 3% 107" eV prov u

New probes/observables
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