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Ladences for dark matter

We can observe its effects 1n

CMB+LSS

Galaxies

ESA and the Planck Collaboration NASA and ESA

Springel & others / Virgo Consortium

Clusters

NASA and ESA

Huge amount of evidence
From all scales

CCBY 4.0



Ladences for dark matter
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Clusters Galaxies

Large scales

Sn Ia

What we know about dark matter

ACDM — the

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

Atoms

Dark
%% Energy A
Dark 68.3% ACDM
Matter stimple but exotic model!
26.8%

DM: cold dark
matter (CDM) fluid



Cold dark matter

Cold: moves much slower than ¢
Presureless: gravitational attractive, clusters
Dark (transparent): no/weakly electromagnetic interaction

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

Abundance: amount of dark matter today known



What we don’t know

What 1s DM? Nature

Celd . How cold 1t 1s? WDM
Pressureless > Cluster on all scales?

DPark (t &Hspa—lce&t% > Non-gravitational interaction? Milicharged DM
Collistonless > How small sefl-interaction? SIDM

Small scale behawvior: still weakly

Although still behaves like GDM on large scales ,
constrained and small scale challenges



Small scale challenges

Cusp-core Regularity/diversity of rotation curves
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Dark matter-

Small scales:

K Feedback:  Within ACDNN

e Star formation
« Stellar evolution
« Sn rates

« BH and AGN feedback
« Stellar feedback

Questions:

- (Can 1t solve all these?
- # simulations, # parametrizations

- Explains tight scaling relation?

- Enough teedback?

Large scales: GDM

 MOND:

Modified Newtonian Dynamics

~

Empirical relation

b

a — b

Curiosity: Baryons drwe the dynamacs!

CL?V < ag.

Works extremely well for: (1) rotation
curves; (2) scaling relations

BU'IL:

/ * Modity dark matter: \

DM with different

properties on small scales

MOND without DM

Problems explaining
large scales

\_ /

Wavelength A [h~! Mpc]
10* 1000 100 10 1
L] |IIIII | R | T 'III!I LIS T |IIIIII T L] 'Illlll T T I||\-1

—
(=]
@

2
AL |

1000 E

100 {

® SDSS galaxies
# Cluster abundance

t power spectrum P(k) [(h=! Mpc)?]

...
(=}
|

= Weak lensing

4 Lyman Alpha Forest

Curren

0.001 0.01 0.1
Wavenum ber k [h/Mpc]



Axion-like Byzzy Standard Sterile
Dark

Particles Matter Model v neutrinos

What we don’t know

Light bosons Neutrinos

Super- Extra-
symmetry dimensions

e Whatis DM? What 1s the nature of DM?

Little

Dark Matter Weak Scale nggs

State of the “art"

Effective
Field
Theory

Simplified
Models

Macroscopic Other WIMPzilla

Particle

Primordial i ool
— MaCHOs Superfluid interacting

Mass scale of DM

80 orders of magnitude

10733eV  107%2eV eV keV G:eV M, M, Mass

| | >
. |
“Light” DM WIMP g(l)\;lnpOSIte I Primordial BHs

v

Not DM QCD Limit

axion thermal relic




Ultra-lisht dark

axion

keV GeV M, M Mass
. | ! >
| . |
“Light” DM WIMP gﬁ‘P"S‘te I Primordial BHs
Limit

thermal relic



10722eV eV

Ultra-hght Dark Matter

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

QCD

Lightest possible candidate for DM

keV GeV M, pl M © Mass

| | -
| |
“Light” DM WIMP g‘l’\}fpos‘te I Primordial BHs

Limit
thermal relic

10~>"kg 1073 kg

»  Bosons (scalar fields)

Non-thermally produced

QCD

axion



10722eV eV

Ultra-hght Dark Matter T

>

Ultra-light candidate - Large Ayg ~ 1/mv

DM: wave behaviour

-9 ® 0 & »-

Large scales:

DM behaves like standard

particle DM (CDM).
Ak Galaxy halo
’ -~ P \
..'. / Small scales:
DM behaves like a wave
DM: particles

Adapd from Quanta
d > \gB 10760 kg 10-3%kg

107*° eV <m <eV| A5 ~pc—kpe




Phenomenology

RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of small structures

FDM: 2563, mc?=1.75x 107%3eV, z=0.00
Vmax = 88.1km/s
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CDM: 2563, z=0.00
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S. May et al. 2021

Formation of a solitonic core

Dynamical effects

(b) = 1.3-10°

8102 ‘€ 10 AO}AST]

‘()

»
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Wave interference

. interference

e Py Y

0.5 Mpc

Mocz et al. 2017




Ultra-lght Dark Matter - models

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

ALPs

Axions
Fuzzy DV
Wave DM
Repulsive Ultra-light Superfluid
DM DM DM

Scalar

field DM Fluid DM




10722eV eV

<>
QCD

axion

Ultra-lght Dark Matter -classes

3 classes:

Axion and ALP (axion like particles)

ub:( anv2 | 8512\¢\2—m¢>¢ L=P(X)

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

Astrophysics Review.



Fuzzy dark matter

Self interacting tuzzy dark matter




Fuzzy DM and self-interacting FDM

axion

Candidates: Ultra-light scalar particles, axion and ALP (axion like particles) or ultra-light axions

107*eV eV Axions/ALPs
* Motivation from particle physics
B » Axions/ALPs behave like DM: one
/ OCD of the leading candidates for DM

ULA or ALP

axion



Cosmological evolution

Boson/ Scalar field in a cosmological (FRW) background

b+ 3Ho+m2d+ gd*p =0

V(o) .
\Y/
Oscillations

Py X a= >

m > 107" eV ~ H(acq)

ﬂxions or Axion like particles (ALP)

\_

UO,ssb:fa/\/5 T ¢%¢+C

Non-perturbative eftects (from string theory or instatons) induce a potential:

V(9) = AL [1 — cos(o/fu)] —3 sm?8 + Tt 4+

~

Axions and ALPs are pseudo Nambu Goldstone bosons from the spontaneous symmetry breaking of a Uw(1) (U(1))
symmetry, and are described by the complex field: @ — ¢ ¢/ fa

/




Cosmological evolution

H>m

H < m
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10722eV

Cosmological evolution o

-«
QCD

In order to behave like DM: start oscillating before matter-radiation equality

H(t,) =m
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| . ! | ‘ <
| | (_,)1
| DE D | >
I | ' N
! | © | | =2
I 7 E | 0k I O~
I 1 - | I I
I ] ] | I
I { D | /}/

[ | ’ |
| | *
I I V I ¥

v Jl\ 1 PR N EPEPEE _— -1 _— N P

10° 10! 102 10° 10
Scale factor a(t) Scale factor a(t) Scale factor a(t)

m > 10" eV ~ H(aeq)



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@) Y . y

( Im M2 (Gross-Pitaevskii) g+ 0 R
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
i) = V? - yw?—m§>¢ . iy
( 2m M2 (Gross-Pritaevski) g+ 0 -
VQCI) — 471§ (m‘w‘Q — ﬁ) Poisson equaﬁon Fundamentally different than
CDM/WDM/SIDM!
/Madelung equations (¢ = /p/me”? and v =V60/m) \

Py = KpUt0H = 27
m
. )

1 1 V2
vV + (V ' V)V — <Vgra/u — 1L gnt \/ﬁ>
m @m ﬁJ

K L—» Quantum pressure J

p+V-(pv)=0




Structure formation - perturbation and stability

Competition between gravity and pressure (quantum pressure and interaction)

SIFDM
FDM ATTRACTIVE

g 2
,O—I—V(,OV):O - Pint:wp
1 1 V2P
v+ (v-V)v=—— (ngv — P4 '0)
m 2m_ /P

L—»  Quantum pressure



Structure formation - perturbation and stability

Finite clustering scale - no structure formation on small scales

SIFDM
FDM ATTRACTIVE REPULSIVE

QP wins -
Stable solution
NO structure formation

A< >\J> Aattr; )\rep

)\ > )\J7 )\attr, )\rep —_—> CDM



Structure formation - perturbation and stability

Finite clustering scale - no structure formation on small scales

SIFDM
FDM ATTRACTIVE REPULSIVE

QP wins -
NO structure formation

Finite size coherent core — Bose stars

N —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




Structure formation - perturbation and stability

Finite clustering scale - no structure formation on small scales

SIFDM
FDM ATTRACTIVE REPULSIVE

A > AJ, Aattrs Arep — CDM

QP wins -
NO structure formation

A< )‘Ja )\attra )\rep

Finite size coherent core — Bose stars

N —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 lsolz’ton ~ 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?=1.75x 107%3eV, z=0.00
Vmax = 88.1km/s

pl{p)

0.25/h~*Mpc

CDM: 2563, z=0.00

103
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100
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S. May et al. 2021

Formation of a solitonic core

107%?eV eV

- -] |

|
Ultra-light DM

.i—b
Dynamical effects

(b) £ = 1.3-10° ~
" —r

Q .2 I_
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»
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Wave interference

. interference

e Py Y

0.5 Mpc

Mocz et al. 2017




Phenomenology

107%2eV

| UltlI-light DM
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of small structures

FDM: 2563, mc?=1.75x 107%3eV, z=0.00
Vmax = 88.1km/s

pl{p)

0.25 / h~*Mpc

CDM: 2563, z=0.00

103

pl/{p)

S. May et al. 2021




Phenomenology

Suppression of small structures

Finite Jeans length A; or A, Jrep

FDM: 2563, mc2=1.75 x 10-23eV, z=0.00
Vimax = 88.1 km/s

pl{p)

CDM: 2563, z=10.00

pl/{p)

S. May et al. 2021

No small scale structure

Ult



10722eV eV

Phenomenology

Suppression of small structures
Finite Jeans length A; or Ay, Ay, _ Suppresses small scale structure
POWER SPECTRUM (sub) HALO MASS FUNCTION
102 - Small Scales
FDM 0]
1004
CDM ~ 10%4
102 .
= = 10!
5 10 3
10~ - g 10" 4
1078 101
FDM
1010 +——— T8
10~ 10°  10° 107 10° 10 10" 10t

MMz



Phenomenology

RICH PHENOMENOLOGY ON SMALL SCALES

Formation of a solitonic core

10722eV

Ultra-light DM

<>



107%2eV eV

Phenomenology o e

<>

Formation of cores

m=10"%%eV N =512° L =300kpc

1015

Fuzzy DM

NON-LINEAR

evolution: need
simulations

. o 1034

—

o
=
W

NO structure formation
Stable, oscillating solution

-
o
~
Density [solarmass/ Mpc?]

1011

1010

Simulation by Jowett Chan



Phenomenology

Formation of cores

Galaxy
halo

NFW

FDM

ondesate
core

From simulations Schive et al. 2014, fitting function:

for r < rg

for r > r,

Stable core solution

-~

p

\_

N 1.9 x 1072 ( m )—2
© T [140.091(r/Ry2,0)%® \10-2eV
m —1
re = 0.16 ({557 ) (

M

1012 M,

4

.

C M -3
(kpc) obe

~1/3
) kpc.

~

/

10°
o | ey Cusp
Sl | e NFW

® R
- A1
‘g Core '
(7] 107
5 observed
&
=
E 10°
(@]
0.1 0.5 1 5 10

Radius (kpc)

Relations used to compare
with observations



Phenomenology

Formation of cores

Galaxy
halo

NFW

Pe for r < r.
p(r) =
oNFW  for r > 71
Condesate
FDM From simulations Schive et al. 2014, fitting function: Stable core solution

N 1.9 x 1072 ( m )-2(rc )—4M o3
Pe = 1+ 0.091 (r/Ry 2.0)2]F \10-22¢V kpc o PE

m \-! Moo\ V3
~~0.1 ( ) kpc.
re =010 ({p-22 v (1012M@) pe

. /

10722eV eV

|
|

-« >
QCD

axion

r (kpc)

Relations used to compare
with observations



10~%2eV eV

Ultra-light DM

-

RICH PHENOMENOLOGY ON SMALL SCALES

Wave interference

interference

Mocz et al. 2017



10722eV eV

Phenomenology T P

>

Wave interterence: granules and vortices

1015

= o 104

—

o
.
W

—
o
~

Density [solarmass/ Mpc?]

1011

interference

1010

Simulation by Jowett Ghan

0.5 Mpc

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

Destructive interference —  ~ AR Hard to observe!



Phenomenology

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

Fuzzy DM

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

(General defet in 3D

Ring’s direction of motion

Hui et al, 2020



Phenomenology

Vortices

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

bl I bl LEsE I T L © Martin Zwierlein.

Self-interacting Fuzzy DM

D
Observational signature of superfluidity EF, 2020
Reveals quantum mechanical nature ot superfluid 1 "
Weop ™ s ~ 10 ""s
Superfluid cannot rotate uniformly. >
w ~ A/ GNPhato ~ 10718 \s71 Formation ot vortices!

It the superfluid rotates taster than the critical vel.:

Vortices: smoking gun for superfluid DM



Phenomenology

RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of small structures

FDM: 2563, mc?=1.75x 107%3eV, z=0.00
Vmax = 88.1km/s

5—102

10!

o)
3
100
101
0.25 / h~*Mpc
102
CDM: 2563, z=0.00
/\_ 103
5-102
10!
C)
ISy

10°

1071

0.25/h~*Mpc

1072

S. May et al. 2021

Formation of a solitonic core

axion

Dynamical etfects

810¢ ‘Ie 18 ANOYAST

interference

0.5 Mpc

Mocz et al. 2017




Phenomenology

Dynamical eftects

Relaxation, oscillation, friction, and heating




Phenomenology

Dynamical etlects

Relaxation, oscillation, friction, and heating

Formation of a BEC / superfluid

Formation of a condensate and a core occur from
oravitational interaction.

Condensation/relaxation time:  Tgr > Tint

100 yr ( m )3 v\’ P N
Tor N
8 "\10-2ev/ \30km/s/) \0.1M/pc3

1
int = Rl gln Smaller than the age of the universe!

Levkov et al. 2018, Kirpatrick et al. 2020

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



10722eV eV

Phenomenology | e

Dynamical eftects

Relaxation, oscillation, friction, and heating

Heating
& FDM granule sttem (star)
halo gains energy
< >
TMeff
Cond 4 -
o Friction
FDM granule
System (GG or BH)
< P
loses energy
TMeff

Globular cluster
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Observational implications and constraints O

Galaxies

CMB+LSS

VS3 pue YSYN

ESA and the Planck Collaboration

Globular clusters
Dwarfs NASA and ESA

o0t Draco E w0l Fornax

Springel & others / Virgo Consortium

-335F

Stellar stream

~35.5F

Clusters

262 261 260 259 258 2.0 L5 41.0 0.5 0.0 395 390 385 38
RA [deg] RA [deg]

-20t Sculptor {1 T Sextans

15
RA [deg]

CCBY 4.0



Observational implications and constraints

Fuzzy Dark Matter - bounds on the mass

CMB + LSS

Lyman-«
Eridanus Il Eridanus Il

star cluster

M87 BHSR - SMBHs BHSR -
stellar mass
21-cm (EDGES)
SHMF
Dyn. friction
Heating
E’f‘_"f Sﬁiti'ms dSphs
| | | | I T ' I |
10—26 1024 10—22 10—20 1018 1016 L0-14 Lgm12 o

FDM Mass (eV)

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



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

CMB + LSS

Eridanus Il Sis B

star cluster

M87 BHSR - SMBHs BHSR -
stellar mass
SHMF
Dyn. friction
Heating
Er-a—clo Sﬁms dSphs
1 | | | 1 | | 1 1
10—26 10—24 10—22 10—20 10—18 10~16 10— 14 10— 12 10-10

FDM Mass (eV)

“Ultra-lght dark matter”, E.F., 2020



Qa/Qd

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

Suppression of small structures

CMB/LSS Lyman alpha

Armengaud et al. (2017); Irsi¢ et al. (2017);
Hlozek et al, (2015, 2018) Rogers et al. (2020)

1.0

CMB
CMB + WiggleZ

Axion as
Dark matter

Axion as Dark encrgy

Pp(k)/

k

k [km™!s]

m > 2 x 107%%eV

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

Global 21 cm

Suppressed small scale structure

Postpone Ly-a coupling, heating,
relonization H

Smaller 21-cm global signal

m > 6 x 107%% eV

EDGES global 21 cm signal
Olof Nebrin et al.(2019)



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

CMB + LSS

Lyman-«

Eridanus I

21-cm (EDGES)

Eridanus |l
star cluster

M87 BHSR - SMBHSs Bt

stellar mass

Suppression of small structures

Sgr
- -stream

A -
Stellar streams L e S T

el

* DM properties encoded 1n variations density 1n
stellar streams

* Opportunity to probe nature of DM
* GD-1 : compatible with GCDM
[bata et al. (2020): at this stage, hard to disentangle DM signal.

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

Future: PFS, LSST

Dyn. friction
Heating
Draco Sextants
= b= dSphs
| | | | | | | | |
10—26 10—24 10—22 10—20 10—18 10—16 10—14 10—12

FDM Mass (eV)

10— 10 Grav. lensing




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

Dynamical etfects

ESO/Digitized Sky Survey 2

CMB + 1SS Globular clusters
Lyman-«
. Eridanus Il Fornax: globular clusters should
Eridanus Il .
star cluster have merged with Fornax due to
- Y G BHSR - dynamical friction.
stellar mass
21-cm (EDGES) Can explain these glob. Clusters
Lancaster et al. 2020
SHMF

> m > 10"t eV
Dyn. friction
Heating )

Heating of the MW disk

Draco Sextants
= b= dSphs

Church et al. 2019

10—26 10—24 1022 10—20 1018 10— 16 10— 14 1012 10— 10 m > 0.6 x 107%%eV
FDM Mass (eV)



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

Presence ol a core “Narrowing the mass range of Fuzzy Dark Matter with Ultra-faint
29 *
CMB + LSS / Duwarfs”, J. Ghan, E.F., K. Hayashi, 2021.
Lyman-«
Eridanus Eridanus |
star cluster Galaxy
alo FDM SIMULATIONS
M87 BHSR - SMBH:
Y pc
Psoliton = 1 4+ 0.001(r/r 221 , ' T
21-cm (EDGES) o(r) = [1+0.091(r/1,)?]
2
PNEW — , r > V.
SHMF | Condesate 4 (r/rS)(l + r/rS)z
Dyn. friction
Heating

Draco Sextants
e dSphs

10-26 10-24 10-22 10-20 10-18 10-16 10-14 10-12 10-10
FDM Mass (eV)



Ultra-hoht Dark Matter

FDM mass from Ultra-faint dwarfs

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

Hayashi, E.F,Chan, 2021.

FDM SIMULATIONS

2 4
PN =19%102 (——) (=) [Mypc]
10-23eV pc

Ly ~1/3
m halo
r. ~ 1600 < e eV> ( TE M@) [pe]

Stellar kinematic data from 18 UFDs to fit the FDM profile: .
o) = Politon = [1+0.091(/r)2]°
. B s
Stellar density DM profile PNEW = a1 rire
profile FDM-+NFW
Plummer o
N\ i
Spherical Jeans
equations

| |
kit

(theory) (ob
O < > obs)
[.o.s Gl. 0.5

MCMC

Parameter space: {m, M, 105 T T - Vsys}

Velocity anisotropy




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

CMB + LSS
Lyman-« @ ®
. Eridanus FDM profile from simulations
Eridanus Il
star cluster
BHSR -
M87 BHSR - SMBHs
stellar mass mlglsjelf/ll) _ l-ltg% % 10~1%eV
21-cm (EDGES)
SHMF Strongest constraint on mgp to date!
Dyn. friction
T T T T T T T T T
Heating . I +
= v SR aHis
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Observational implications and constraints
Fuzzy Dark Matter - bounds on the mass

DWARES
CMB + LSS
Dwart Spheroidals (dSphs)
Lyman-o , SEGUET
Eridanus I Eridanus |l Galaxy

star cluster

halo FDM SIMULATIONS
M87 BHSR - SMBHs

ny pC
Psoliton = s> T < T
[1 4+ 0.091(r/r,)?]

21-cm (EDGES) p(r) = ,

PNEW = 0t ity r>r
SHMF
Dyn. friction
Heating Fornax - Sculptor

—22
| | I I N — 1 m< Oo8 >< ].O ev

10729 10—* 10722 10720 10718 10-16 10~ 10-12 10-10
FDM Mass (eV)
Gonzalez-Morales et al. 2017, Satarzadeh and Spergel 2019



Constramnts on the mass

i e Possible reasons for this itncompatibility:
egl) __ : —
] CmeEl = L1§3x 107eV
Eridanus | cor o8 * Influence of baryons: baryonic processes can
M§7  BHSR-SMBHs - change the density structure of their halo - we are

21-cm (EDGES)

not probing the intrinsic DM profile.

SHMF

- * Unwersality of the core profile: FDM soliton profile
Heating might be too simplistic, could change for different
oo Secars @ o systems (might also depend on baryons)
1072° 107 10722 1072 1071% 10719 107+ 10~ 10710
FDM Mass (eV) °

Core-mass relation: might need to be better
understood. # relation 1in # sitmulations

* Challenge for the FDM model

Incompatibility between all bounds and the dSphs
(Fornax and Sculptor) bounds Safarzadeh and Spergel 2019; Hayashi, EF, Chan 2021



FDM - Core-halo mass relation

We want to study how the core relates to the halo mass

109

Ongoing

1.9 x 1072 mo o\ 2 - L
Pe =1 218 ( —22 ) Me pe 7,
[ + 0.091 (T/Rl/g,c) ] 10 eV
» M
? h
® 10>:2>70
o 7.0>2>3.0
S 803518 Schive et al 2014 Mocz et al 2017
v 06>z>02 > 1 3
+ 02>2>00 N o S
x  Single halo (3.3 > z > 0) v”( : - - CX h/ - (X 2/9
S = Mc o< M M oc M
i
o O L . . :
o . Velocity dispersion tracing Energy tracing
“/‘ [ Q
- 0% WX o 2 2
Aoy, ~ M.oZ ~ M, o
. ,f Oc Oh cYc h Y h
v /!,/ A
108’ ...1.(1)9 " —— “]..610 " — “.]‘.‘0111 M ——

(¢(2)/¢(0))/2 My, (M)

Schive et al. 2014

Velmatt et al 2018, Nor1 et al 2020, Nima et al 2020
\ y J \ : J

= Schive #+ Schive




FDM - Core-halo mass relation

Mc Mo

108 |

|
simulations
excluded

this work 0.4

Can change the inferred FDM mass!
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108

al/2M, (Mg)

dSphs

Ongoing

Schive et al. 2014
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v 0.6 > A > 0.2 Re
C;'l
Q p
0.2>2z2>0.0 . . O’,S)’
x  Single halo (3.3 > z > 0)
o X 7
v x ?',
o] QO
0% et s
%
i X7 X i
v "/ =
' v
oy B 0O
"o'.t . O
O .v/ : X
-l B
A ,5'/"
v !/ A
R N M s 2 2 aaal T | ;2 2 aaal
108 109 1010 1011
(¢(2)/¢(0) Y2 My, (M)
Steeper _ Smaller
slope core

Smaller
mass (?)



FDM - Core-halo mass relation

q1/2 [M@]

109

107

Ongoing

In collaboration with Jowett Chan

limit

simon2021
Isolated - _
Schive2014 - |
Soliton Mergers z=3 - L

108 109 1010 1011
(€()/¢(1))12 Mn [Mo]

Schive et al: M, M}}B

Mocz: steeper



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

CMB + LSS

Lyman-«

Eridanus I

21-cm (EDGES)

SHMF

Dyn. friction

Heating

Draco Sextants

SEGUE |
| = [ ]

Eridanus I
star cluster

M87

BHSR - SMBHs

10722eV eV

o |
|

>
QCD

1 hese models can be highly constrained

If these bounds holds, the FDM mass range 1s narrowing down

dSphs

BHSR -
stellar mass

1Ol26

10L24

10122

1OL20

1OL18
FDM Mass (eV)

10l16

1OL14

1OL12

1Ol10

“Ultra-lght dark matter”, E.F., 2020



Future

Observations

Prime Focus Specctrograph (PFS)

Spectrograph System (SpS) Prime Focus Instrument (PFI)

Fiber Optical Cable and

Connector System (FOCCoS) Metrology Camera System (MCS)

Vera Rubin observatory (LLSS'T)

Simulations

BINGO telescope

FDM: 2563, mc?=1.75 x 10~?3eV, z=0.00

Vmax = 88.1km/s

New probes

0.25/h~*Mpc

103

10?

10!

10°

107!

1072

p/{p)



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

LAEs & 21cm studies

* Tomography of gas and DM

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

GOAL



PFES (Prime Focus Spectrograph) Ongoing

TESTING ULTRA LIGHT DM/DM with PES

(McConnachie et al.)

_sok FOrnax PAndAS M31 Map

—33.5F

—34.0F

—34.5F

DEC [deg]
DEC [deg]

» Nature of DM (dSphs)
« Structure of MW dark halo 1 .l

L 1 L 1 1 L 1 L 1
420 415 410 405 400 395 39.0 385 38.
RA [deg]
T T

« Streams -
I Sexta

« Stellar kinematics and

chemical abundances — MW & M3 1

DEC [deg]
| |
DEC [deg)

| |

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

154 153
RA [deg]

Sqar
core . 4

dSphs i
, : q M outer disk .
* MW dwart satellites - DM halo profile and [Fe/H| & [a/)Fe] over largest areas 5 Unique & high impact
* M31 halo - DM subhalos, chemo-dynamics with spectroscopic [Fe/H] and [a/Fe]| |
MW halo/streams/disks - Chemo-dynamics of the MW outer disks, halo dynamics, constraints on the Galactic potential ? Umqlg:,beyodng/;?(:h of
aia arn

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



PFES (Prime Focus Spectrograph)

GOAL
DM Science with PEFS

DM with PFS —  synergy between science goals

\
Galaxy archeology Cosmology
* Nature of DM (dSphs) p * Small-scale tests of structure growth
* Fower spectrum
° Structure Of MW dark halo . HSG"‘PFS ° Halo_galaxy Connection M*/Mzoo
* Streams + Linear growth (RSD) * Physics of cosmic reionization via
« Stellar kinematics and LAEs & 21cm studies
chemical abundances — MW & M31 * Tomography of gas and DM
N J

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

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



Future - BINGO felescope 2@
—chl

TESTING ULTRA LIGHT DM w/ 21-cm (BINGO) Ongoing

Ultra-lght DM (FDM) with 2 1-cm intensity mapping BINGO (BAO In Neutral (Gas Observations)

» Intensity mapping (IM) - 3D tomographic map: great potential as Intensity mapping - BAO

a future cosmological probe
»  CGomplementary to forest probes * Dish diameter: 40m

- Gapacity to probe power spectrum for smaller scales * Area: 15 x 200deg? — drift scan
* Frequency range: 960 - 1260MHz

e Redshift range: 0.12 - 0.48
[ With 21-cm we can probe: m Qa/Qt J 5
. - Main goals: DE, FRBs
— - Constraints on DM
- Suppression of PS Observation start: end of 2022
- Increase 1n by,
T m=107ey :":':: :‘.‘b\\. :‘-i\_l In FORECAST G(Qa/ QT)bingo =0.2
07— Zig i% E lé”" \'\4‘ 'IH:'H Bauer et al 2020
107105 mff)zv T """'1'(30 ' 'i‘""'l'(')l ""!"{"'"102 “The BINGO project I, Abdalla, E.F., et al, 2021

k [Mpe™] +The BINGO project I - VII, including E. I



Axwon - drect and indurect detection

Axion ou ALP interacts with photons

1074

1076

laboratory

1078

—

&
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o

N

NA62, 1018 pot

| &y | (GeVT)
S

“DM-radios”

iP, 2x10%0 pot

10-8 e
-10 -6 -2 2 6 |
10 10 10 10 10 10-2 10-1 1

m, (eV) m, (GeV) Credit: I Irastorza/G Lanfranchi

Optical cavity

L=926m

Solar Sunset W Sunrise
axion system X-ray telescope system laser(155@nm)
\ mirror
A B
frequency signal

lock

CAST . 1/4 waveplate left-handed
photon

- photodetector right-handed Oba‘ta et al 2018

A/B photon




Future

Observations

Prime Focus Specctrograph (PFS)

Spectrograph System (SpS)

Prime Focus Instrument (PFI)

Fiber Optical Cable and
Connector System (FOCCoS) Metrology Camera System (MCS)

Vera Rubin observatory (LLSS'T)

BINGO telescope

Lite BIRD

Simulations

FDM: 2563, mc?2=1.75 x 1023 eV, z=0.00
Vmax = 88.1km/s

10?

10*

pl{p)

10°

1071

0.25 / h~*Mpc

1072

New probes

Substructures

- strong lensing
- stellar streams

Small scale information from PS
- substructure convergence PS



Supertluid Dark Matter




Ultra-lght fields as Dark Energy



Summary

Well motivated DM models
Ultra-nght Dark Matter Rich and distinct phenomenology on small scales

Testable prediction
One of the leading candidate for DM

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

Incompatibility between dwart bounds

Clore-halo mass Requires further investigation

: Aa different relation could change the mass bounds
relation

Simulations - relation not universal ? Large spreading?

Vortices might exist in our simulations.

Vortices . e
Need to improve their identification
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