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Axions in Japan

Nov 10-14, 2025
Kavli IPMU

Asia/Tokyo timezone

Invited speakers

e Andrey Kravisov

e Atsushi Nishizawa

¢ Chanda Prescod-Weinstein
e Cora Uhlemann
 Francesca Chadha-Day
e |ppei Obata

e Jens Niemeyer

e Keir Rogers

e Masahiro Kawasaki

e Mustafa Amin

e Neal Dalal

e Philip Mocz

e Richard Easther

e Simona Vegetti

e Tomohiro Fujita

e Vera Gluscevic

e Yuko Urakawa

e Yuta Michimura

DARK MATTER
BLACK HOLES

2025

Dark matter and black holes

Dec 1-5, 2025
Kavli IPMU

Asia/Tokyo timezone

Speaker List

Invited speaker list (alphabetical order; as of 24/March/2024):

George Fuller - UCSD

Shunsaku Horiuchi - Institute of Science Tokyo
Tesla Jeltema - UCSC

Kazunori Kohri - NAOJ

Sachiko Kuroyanagi - IFT, Madrid

Yifan Lu - UCLA

Shigeki Matsumoto - Kavli IPMU

Lucio Mayer - University of Zurich

Smadar Naoz - UCLA

Stefano Profumo - UCSC

Surjeet Rajendran - JHU

John Silverman - Kavli IPMU

Masahiro Takada - Kavli IPMU

Jonathan Tan - Chalmers University, Virginia

Registration open!!!



A httle bit about me. . .

[ am onginally from Brazil

Currently: Assistant Professor at Kavli Institute
for the Physics and Mathematics of the Universe,
University of Tokyo

Z

INSTITUTE FOR THE PHYSICS AND
& & O I O e S S O S R e & 211000
MATHEMATICS OF THE UNIVERSE

My research:

T'heoretical cosmology

- FEarly universe
- Dark energy
- Dark matter

- Ultra-light DM, axions

I also use observational data to test cosmological models and simulations.
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Outline

Lecture 1: Cosm. Signatures Lecture 2: ULDM bounds
( \ ( \
Part I:
« ULDM gravitational bounds
* Evidences of DM
* DM model building
* DM models * Interaction of ULDM with
SM
Part 11: * Axion/ALPs interaction
1n astrophysical systems
« ULDM definition * Direct detection
« ULDM models
* ULDM dynamics
* Observational signatures * DM Supertiuid

\_ J \_ /




Disclaimer

- Impossible to cover all the possible searches there are now! But I will do my best to give a general view.
- Biased review of the ULDM field
- Ield that 1s changing rapidly, so my apologies for not mentioning your model or reterence

- Lectures are going to have a practical component. Hope 1t 1s useful in your research!

4 ] O

Natural units(c = h = 1)
lkg — 5 x 10°° eV
1 Mg —~ 10% eV y

Units of mass, energy and momentum = eV
<
Length = eV~!

BU'T sometimes (astro/cosmology)

Iparsec (pc) ~ 3 x 10°m \




Further reading

Reviews!!!
Main reference for gravitational searches:

- Elisa Ferreira, Ultra-light dark matter, 'he Astronomy and Astrophysics Review. 29 (2021) 1, 7, arXiv:2005.03254

- Andrew Eberhardt and Elsa Ferreira, Ultralight fuzzy dark matter review, arXiv: 2507.00705

Other very good reviews

- Lam Hui, Wave dark matter; Ann.Rev.Astron.Astrophys. 59 (2021) 247-289, arXiv: 2101.11735

- Jens G., Nemeyer Small-scale structure of fuzzy and axion-lke dark matter, Prog.Part.Nucl.Phys. 103787, arXiv:1912.07064

- Dawvid Marsh, Axiwon cosmology, Phys.Rept. 643 (2016) 1-79, arXiv:1510.07633

Reference for non-gravitational searches:

- Francesca Chadha-Day et al., Axion dark matter: What 1s 1t and why now?, Sci.Adv. 8 (2022) 8, ahj3618,
arXiv: 2105.01406

+ many references (i the shdes)


https://arxiv.org/abs/2005.03254
https://arxiv.org/abs/2507.00705
https://arxiv.org/abs/2101.11735
https://arxiv.org/abs/1912.07064
https://arxiv.org/abs/1510.07633
https://arxiv.org/abs/2105.01406
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Part I: dark matter



can observe 1its effects 1n

Galaxies

NASA and ESA

Clusters

CCBY 4.0

CMB+IL.SS

NASA and ESA

Springel & others / Virgo Consortium

Huge amount of evidence
From all scales



Ladences for dark matter -

(Galaxy rotation curves

Velocity
(km s-1)

% 10,000 20,000 30,000 40,000

09T 9(J OLIBJA] :JIPAIN)

Distance (light years)

- Mass fraction
- Distribution

Large Scale Structure

Springel & others / Virgo Consortium

CMB/LSS
- Ratio of DM/collisional matter
- Thermal history

Based on K. Mack

Clusters Lensing

O
O
g
| Strong lensing Weak lensing Micro lensing
* Mass fraction . Mass fraction - Distribution - Mass fraction
* Distribution + Distribution - Shape - Smoothness
- Structure
Cluster collision Big Bang Nucleosynthesis
e
10-2- Deuterium (2H) ,
::5 Helium (°He) j

Element Abundance (Relative to Hydrogen)

NASA/CXC/CfA and NASA/STScl

5 E
10 3 10
o ]
108 % ] ;
= i<
w v 15
: @ E <
1010 i . 1 =Z
£/ Lithium ("Li)
1011 L PEPEPETTTY BRI E T | saa bl | ..,..T
1012 101 1010 109 108 107

Density of Ordinary Matter (Relative to Photons)

s Sugrin Encrckpesia of awreny

- Distribution
- Separation from collisional matter
- Self-interaction

- Amount of baryons



Clusters Galaxies

Large scales

Sn Ia

What we know about dark matter

ACDM — the

Atoms

Dark
4.9% Energy A
Dark 68.3%
Matter
26.8%

DM: cold dark
matter (CDM) fluid

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

Planck 2018
(), = 0.0484 + 0.0003

(2, = 0.308 -

- 0.012






Large scale structure

Angular separation
90° 18° 1° 0.2°

0.1°

0.07°

1 |

6000

5000

4000

3000

Power [uK?]

2000

1000 |

2 10 30 500 1000 1500
Multipole

(2, = 0.308 £0.012

2000

(Planck 20168)

2500

10

galaxy
clustering

llll

104

10-3

llllll
0.01

k [Mpc™!]

0.1



Cold dark matter

Cold: moves much slower than ¢
Presureless: gravitational attractive, clusters

Dark (transparent): no/weakly electromagnetic
Interaction

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

Abundance: amount of dark matter today known

~

Backg.:

CDM on large scales described \

by a perfect fluad.

p, P
w=P/p

with P=0= w =0

K = pxXa

3

Pert.: 0,0

with ¢s ~ 0




Cold dark matter

Wavelength A [h-! Mpc]
104 1000 100 10 |

105 - 1] Illlll PO L) l | F IR B B 1 l LI L llll'l o1 1 Illl:

10* =

Cold: moves much slower than ¢

1000 ¥ o

100 [

® Cosmic Microwave Background

Presureless: gravitational attractive, clusters

® SDSS galaxies

# Cluster abundance

Dark (transparent): no/weakly electromagnetic
Interaction

10
- ® Weak lensing

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

4 Lyman Alpha Forest

lrl lllllll 1 | HLN Wl A ll 1 L b 1 11 l 1 llllllll 1 Ll L1
0.001

0.01 0.1 1 10
Wavenumber k [h/Mpc]

Collisionless: no/weakly selt-interaction or

Interaction with baTYOHS Many observational probes for k ~ 1072 — 10 Mpc ™!
range of redshift z <3 —4

Abundance: amount of dark matter today known Incredible agreement to CDM!



What we don’t know about dark matter

Wavelength A [h~! Mpc]
10* 1000 100 10
106 : 1 'lllll | SO | L) Illlll $ 8 1 lllllll 1 L "lllll 1 1

104

Celd N How cold 1t 1s?

1000 ¥

100 [

® Cosmic Microwave Background

m ~ keV

BP%S‘S‘H‘P%I‘%S‘S > ClUStCT on all SC&I@S?

® SDSS galaxies

i # Cluster abundance
® Weak lensing

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

Doyl , Non-gravitational

Interaction?

4 Lyman Alpha Forest

1 "_1 L llllll lllll llljl
0.001 0.01 0.1

o o . ) Wavenumber k [h/Mpc]
Coellisteonless > How small sefl-interaction?

CDM on large scales Small scale behawvior: still weakly
constrained and small scale challenges

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



What we know about dark matter

Properties:

What we learned from observations



What we know about dark matter

Properties:

Cold

What we learned from observations

Presureless



Wavelength A [h-! Mpec]
10 1000 100 10
105 : L l'l'll T L] L} l'lll’ L} T I'lll|| 1 L] I'llll LI | T ll":-

LT,

104

What we know about dark matter

Properties:

1000 ¥

100 {

® Cosmic Microwave Background
® SDSS galaxies

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

{0 | # Cluster abundance

§ : = Weak lensing f
::; 4 Lyman Alpha Forest
From LSS: e A
0.001 0.01 0.1 1 10
Wavenum ber k [h/Mpc]
CMBJ/LSS Cluster Galactic Satellite galaxies/ Measure PS well untl scales
103 - substructures k ~ 10 —20Mpc~!
101 g CDM
nonﬁnear»r -

~ linear

g 10—1 i
s

10—3_

10—5_

10~7 ——— "

10~* 1077 10~ 107 10 107
—1
k- [Mpc] Dimensionless power spectrum

A%(k) = dr(k/27)3 P(k)
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2 point correlation function

L1

Decompose in Fourier modes:

X :Z(Sk Sin k$—|—¢l<;
& k=2mw/\

= |05

Espectro de poténcias

Um dos principais objetos estatisticos da cosmologia!



point correlation function

L1 L9

It Gaussian, all the information in the 2pt CF If not,
n-point correlation function:

000 0000 .




Matter power spectrum

Matter-radiation transition

llll 1 1 1 lll]ll ll 1 1 ll]lll 1 1 I llllll l 1 1 —lllll_-l
104 L cgalaxy |
: clustering -

ol CMB _

10

LE =
: | | | 2 . RCD 8 ll | | 1 | L lll | | | 1 1 1 ll | | | q _3-1-1 ll | | | 1 | :
10~* 15~ 0.01 0.1 1 10
Grandes k [Mpc_l] Pequenas

escalas escalas



T'hese photons are the first ight ot our universe...

... e tell us how the universe was at early times.



Cosmic Microwave Background (CAVB)

(Given the expansion of the universe, we observe these photons 1n
mIiCrowave.



Cosmic Microwave Background (CAB)

Crédito: ESA

Temperature 2.7 K. Small fluctuations - imitial condition for the structures
of our universe



Baryon Acoustic Oscillation (BAO)

“?  Photon
~ Pressure

 Oscillation 1n the baryon-photon fluid: pressure vs gravity

Effective

/" Potential

* This wave propagates until matter/radiation decoupling 5
We

e Its signature 1s imprinted 1in the GMB and the distribution of galaxies

Scale known to 0.2%b precision from

CMB power spectrum (147.4+0.3 Mpc)

Crédito: CASTRO



CMB (0 ¢) = g mfje C7 Y™ (6, )

Angular separation
90°  18° 1° 0.2° 0.1° 0.

I 1 | 1 T

6000 [ =

5000 3

4000 .

3000 [ 2
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1000 |

!
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2 10 30 500 1000 1500 2000 2500
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We measure the i B8
size today

Time

* BAOs are “standard rulers” to measure expansion



Matter power spectrum

Matter-radiation transition

llll 1 1 1 lll]ll ll 1 1 ll]lll 1 1 I llllll l 1 1 —lllll_-l
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ol CMB _
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Wavelength A [h-! Mpec]
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What we know about dark matter

Properties:

1000 ¥

100 {

® Cosmic Microwave Background
® SDSS galaxies

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

{0 | # Cluster abundance

§ : = Weak lensing f
::; 4 Lyman Alpha Forest
From LSS: e A
0.001 0.01 0.1 1 10
Wavenum ber k [h/Mpc]
CMBJ/LSS Cluster Galactic Satellite galaxies/ Measure PS well untl scales
103 - substructures k ~ 10 —20Mpc~!
101 g CDM
nonﬁnear»r -

~ linear

g 10—1 i
s

10—3_

10—5_

10~7 ——— "

10~* 1077 10~ 107 10 107
—1
k- [Mpc] Dimensionless power spectrum

A%(k) = dr(k/27)3 P(k)



What we know about dark matter

Properties:
CMB/LSS Cluster Galactic Satellite galaxies/

103 i Lyman a substructures
101 7 CDM

non-linear

linear

A?(k) = 4n(k/27)° P(k)
1073 10=2 101 10Y 101 102
k [Mpc™']

CDM pert. (¢, = 0) inside Hubble radius:

5 loga rad. domination
X
a matter domination

T, eV]
3 103 1072 107! 109 101 107 103 1G*
]-0 ? A ] g Tl % AR AR g — :' | v pFEVIEE] < N 4 S| ¥ N '_i 10_2
2
10% E 10—1
101 = : 0
- i Ma,tt.eé igadiationd 10
i ominated :Dominate —
S 100 — | 100 &
= 10~ 2 <
- 1 104 <
—2
10 1103
1073 1 104
— H)/1+2)[] 10
10—4 e . e
109 101 102 103 104 10° 106 107 108
1 + z Lin 2019

Perturbation modes enter the Hubble radius

)\phys — a/k = H 1
k—aH = H/(1+ 2)

After this, the density pert. of GDM start to evolve, grow -

contribute to the PS



What we know about dark matter

Properties: T, =T,0(1+2)
T, eV]
3 1073 1072 1071 109 101 102 103 104
CMBJ/LSS Cluster Galactic Satellite galaxies/ 10 U U T I e 1()_2
103 i Lyman a substructures s :
10 - 10—1
101 g CDM 101 — - 0
Fon—linear , , , o " Matt.eé ;gadiationd 10
inear p ominated :Dominate e
S 100} — 1 10! é’x
= 10~ > <
- 1 10¢ <
—2
10 1103
1073 { 104
— H@)/a+2)|] Y
101 102 10° 10! 102 103 104 10° 10 107 108
1 + z Lin 2019

Perturbation modes enter the Hubble radius ~ Aphys = a/k = H™'
k=aH =H/(1+ 2)

So we can describe the observations, all the modes in the white region ( < 10 Mpc™!) are inside the Hubble radius and contribute to the PS, and
are very precisely described by GDM = cold and pressureless



What we know about dark matter

Properties: T, = 1+ 2
p T’y [eV] Y ’770( )
10° 102 10% 10t 10° 101 102 103 10*
CMB/LSS Cluster Galactic Satellite galaxies/ 2 L 10~
103 - Lyman a substructures 5 i :
1 10! | : { 100
10 T e COM - | Matter -Radiation | 10
il e N é 100 _ Dominated ;Domlna,ted 101 'g
i&/ 10_1 = : : 1
P = 10-1 [ 102 -
< - 110 <
10 ~ , .. -2 5
L WDM . WDM 10 1 10°
% 0.1keV ~4keV :
B | : ' 103 _ A
0 — HE/(+2) || 1
1;"“&301' T T—Y 10—4 B . I —
107 — T T 10V 101 102 103 10 10° 10° 107 108
1073 1072 1071 10V 101 107 1+ 2
k [Mpc™!]

Lin 2019

If DM relativistic (or hot) when z < 10, this mode is inside Ry, so it will contribute to the PS - since relativ. pert. DO NOT cluster, we
would have a suppression in the power spectrum for k < 10 — 20 Mpc™! - not in agreement with observations!

If DM in thermal equilibrium with the baryon-photon plasma (7, = T))

—> DM has to be non-relativistic before z = 107
= m,, > keV WDM bound



What we know about dark matter

Properties:

103 J

101 J

CMB/LSS

non-linear
linear

Clusters

Galactic

DM constrained to be CDM

T, [eV]
10% 103 10 10t 109 100 102 10° 107
Satellite galaxies/ 102 |
substructures 10 | “
—_— Matter éRa/diation
8_' 100 i Dominated :Dominated
: Ei :
Small Scales: unconstrained = 10-1
2
1072
——i: ........... - CDM
NS 10-3
"”T?\ . | — H(2)/(1+2)
- \ . 104 ' ' N ' ' '
| A N 10° 10t 102 100 10t 10° 108 107 108
A 1+ 2 _
el b . Lin 2019
! oy :
T T
. \
I \a
i ; \\ .
FuzzyDM % WDM *~  WDM
10~ % eV \v4 keV *, 10keV
N\ ey
\\ &
\ \f‘ p/\ ,\".,:-.‘:'.
\ ! (¢ Vhorer o
i Ay e
‘ i P M2 &8 i
A BT
\ ¢ ] |l|2| .-
4 a IJI ' lJﬂll ;lhl‘-k

10-2

Dewiations from CGDM 1n the highlighted region are allowed, since highly

unconstrained!

= 10—2
11071
1 10°
1 10!
1 102
1 108

1104

A [Mpc]



What we know about dark matter

Properties:

What we learned from observations

05

G()ld z |

= i

(=

= 10¢

:5 C

=

a. 0¥

£

=

Presureless e

1000 1
Illlll L) LB T Il":-
r : L i l
@ 100 F E
5 3 ® Cosmic Microwave Background ]
§ " @ SDSS galaxies h ]
i - #Cluster abundance
§ 3 = Weak lensing E
3 E a Lyman Alpha Forest 1
1 -_I lllllll L L IIIIIII ' L lllllll - 1 III!III i Lol Ll ;
0.001 0.01 0 1 10
Wavenumbe




What we know about dark matter

Properties:

Cold

Presureless

Dark (transparent): DM does not interact electromagnetically



What we know about dark matter

Dark (transparent/neutral): DM does not interact electromagnetically

Obviously: If DM interacted electromagnetically, interacted with photons, it would scatter light and thus not be dark

\ DM charge €€



What we know about dark matter

Dark (transparent/neutral): DM does not interact electromagnetically

It DM had a charge €€ :

- I M [M._]
Suppression of the power spectrum P e
100 ¢ . : ,
: : : : - Cosmic Cluster  Galactic 5
Charged DM particles interact with the Standard Model via a small | o
' '_ . Unk "
coupling through the photon | Wi
g .non-linear (simulation) : : “‘
Nﬂ 1~|lnear(ana|yt|c) ........................................................ ,- ..... \‘_
It the DM 1s coupled with the baryon-photon plasma during | BRAYeR L
recombination, the DM density fluctuations can be washed out due to i Oscillations
the radiation pressure and the photon diftusion (Silk damping). 'T'he ADM: 2 11 wDM(8keV)
. . . 0.01 — ) — Y . SNSRI B - S e :
BAO structure will also be directly altered through the couphng 0.01 0.1 - N _110] 100 10
pc

Ex: ADM - atomic dark matter

Ref.: Kaplan et al 2009, Cyr-Racine et al 2012

Interactions of DM with SM particles at early imes would suppress the power spectrum, since the radiation
pressure of the baryons and photons would prevent DM density perturbations from growing



What we know about dark matter

Dark (transparent/neutral): DM does not interact electromagnetically

It DM had a charge €€ :

- Bound (@ recombination

DM be completely decoupled from the baryon-photon plasma
at recombination =
v
€ < 3.5 X 10_7(mdm/1 GeV)O‘58 for myg,, > 1 GeV .
€ < 4.0 x 107" (mam/1 GeV)?*® for mgm, < 1GeV ol

* similar bounds from direct detection

DM has neutral or charge < mili-charge!

M [M]
10'® 10%0 10 162 164 108 10° 10*

100 -

10}

non-linear (simulation) - : A

Flinear (analytic)

Cosmic Cluster  Galactic e

Unknown small
scale behavior

|||||
'
¢

R
= )
Baryon_ i
Acoustic =y
Oscillations ::\‘
ADM:  z 1 WDM(8keV)
* =
T T s
k [Mpc ']

Ex: ADM - atomic dark matter




Interactions

1) DM 1nteracts gravitationally - evidence for its existence

2) It cannot or have a small electromagnetic interaction

DM has neutral or charge < mili-charge!

Acts on

Exchange particle

Exchange particle
mass

Relative strength

Range

Gravitation

particles with
mass and energy

graviton (not yet
observed)

massless

negligible,
predicted about
10—41

o0

1
decreasing X —
2

Electromagnetic

particles with
charge

photon, 7y

massless

137

6.

1
decreasing =

r

Weak

quarks and
leptons (decay)

W+, W~ and Z°

My = 91 GeVe2

1076

10—18

1
decreasing o< —
r

Strong

quarks

gluons, g, and
mesons

My = 80GeVc=2, gluonsare

massless

10—15

increasing o< 7



Interactions

Acts on

1) DM 1nteracts gravitationally - evidence for its existence

Exchange particle

2) It cannot or have a small electromagnetic interaction

Exchange particle
mass

Relative strength

Range

What about the weak and strong forces?

Strong force

The elementary particles of the DM that interact with the strong force are the
quarks, interacting via gluons

And quarks also have electric charge!! '1'his means that they also interact
electromagnetically:

It DM interacted through the strong force: this would change the abundance of
light elements.

Gravitation

particles with
mass and energy

graviton (not yet
observed)

massless

negligible,
predicted about
10—41

o0

1
decreasing X —
2

ek o+ =23 N

®:0:®

chorge = 23
UL U A

4 3 N

3

RKS

';,‘ U 4}

Q57T MaVie* 1057 NMadvie*
-1 o~
. electron muon
w) <32 Vit <01 MW
= 0 A
. @
& | electron muon
= _neutrine 7 neutrino |

Electromagnetic

particles with
charge

photon, 7y

massless

137

o0

1
decreasing X —

72

«t 275 Qe

A5 Mo

@ | b 0

~ down ) strange J bottom JL photon

1
decreasing o< —
r

L sTA07 ekt

Weak Strong
quarks and quarks
leptons (decay)
W+, W~ and Z° gluons, g, and
mesons
My = 80GeVc=2, gluonsare
massless
My = 91 GeVc 2
10°° 1
10—18 10—15

increasing o< 7

t -

418 GaWo

1777 GaWe*

IHZ Gavic

D@.

, L Z boson

-

<155 Nelii!

neutnno y

B8) 4 Gavi*

. 9. @ 0

[“WbosonJ

GAUGE BOSONS



Interactions

1) DM 1nteracts gravitationally - evidence for its existence

2) It cannot or have a small electromagnetic interaction

3) It cannot interact via the strong force

4) Weak force - DM can interact through the weak force

Acts on

Exchange particle

Exchange particle
mass

Relative strength

Range

Gravitation

particles with
mass and energy

graviton (not yet
observed)

massless

negligible,
predicted about
10—41

o0

1
decreasing X —
2

Electromagnetic

particles with
charge

photon, 7y

massless

137

6.

1
decreasing =

r

Weak

quarks and
leptons (decay)

W+, W~ and Z°

My = 91 GeVe2

1076

10—18

1
decreasing o< —
r

Strong

quarks

gluons, g, and
mesons

My = 80GeVc=2, gluonsare

massless

10—15

increasing o< 7



What we know about dark matter

Properties:

Cold

Presureless
Dark (transparent): DM does not interact electromagnetically

Collisionless: no/weakly self-interaction; non-interacting



What we know about dark matter

Collisionless: no/weakly self-interaction; non-interacting

Sell-interaction

Can DM interact with 1tself?

It dark-matter particles have a non-trivial probability of interacting there are 1imp.

1cations for the

distribution of DM: self-interaction allows energy and momentum to flow from one
matter halo to another beyond what 1s enabled by gravity.

Self-interacting can lead to changes 1n:

- Distribution of DM 1n the halo

- Halo shape

- Hierarchical assembly ot structure on non-linear scales
- Matter power spectrum

vbart of the dark



What we know about dark matter

Collisionless: no/weakly self-interaction; non-interacting

Selt-interaction

Can be tested with:

Selt-interacting can lead to changes 1n: - Mergers m groups and clusters

- Distribution of DM in the halo - Strong gravitational lensing 1n clusters
- Stellar streams 1n the Milky Way

- X-ray and weak lensing observations of
clusters, groups and large ellipticals

- Dwart galaxies

- Rotation curves ot spiral galaxies

- LSS

- Halo shape

- Hierarchical assembly of structure on non-
linear scales

- (Matter poOwer spectrum )




What we know about dark matter

Collisionless: no/weakly self-interaction; non-interacting

M [Mg)
Selfiinteraction 10" 10'° 10" 10" 10" 10° 10° 10
— 100 ¢ ' . | ' | | | l | . | | | | a
Oog Cosmic Cluster Galactic _—
. . . Unknown small
Selt-interacting can lead to changes 1n: O ' scale behavior
- Diaistribution of DM 1n the halo - | .
= -li (simulation) S s 8
- Hal() Shape N<] 1E_Iri‘r.:’.gé.r.r.‘(zagl.%z.).."?‘..9.0. ,;‘_
[ - \
- Hierarchical assembly of structure on non- Baryon L
. Acoustic = it
linear scales 0.1} Oscillations L
= e |
- (Matter power spectrum ) | ADME i1 wDM(BkeV)
- ... WOloor o1 T 10 100 10°
k [Mpc ']

Ex: ADM - atomic dark matter

Presence of a “dark radiation” bath interacting withe dark matter would delay growth of
density perturbations and lead to the presence of “dark acoustic oscillations™



What we know about dark matter

Collisionless: no/weakly self-interaction; non-interacting

Selt-interaction

Can be tested with:

Selt-interacting can lead to changes 1n: - Mergers m groups and clusters

- Distribution of DM in the halo - Strong gravitational lensing 1n clusters
- Stellar streams 1n the Milky Way

- X-ray and weak lensing observations of
clusters, groups and large ellipticals

- Dwart galaxies

- Rotation curves ot spiral galaxies

- LSS

- Halo shape

- Hierarchical assembly of structure on non-
linear scales

- Matter power spectrum

Current bounds: O'/mdm < 0.13 Cm2/g ] O'/mdm < 0.39 Cm2/g Vel. independent

From: measured core densities

Jrom strong lensing Ref.: Adhikari et al. 2022



What we know about dark matter

Properties:

Cold

Presureless
Dark (transparent): DM does not interact electromagnetically

Collisionless: no/weakly self-interaction; non-interacting



What we don’t know about dark matter

Wavelength A [h~! Mpc]
10* 1000 100 10
106 : 1 'lllll | SO | L) Illlll $ 8 1 lllllll 1 L "lllll 1 1

104

Celd N How cold 1t 1s?

1000 ¥

100 [

® Cosmic Microwave Background

m ~ keV

BP%S‘S‘H‘P%I‘%S‘S > ClUStCT on all SC&I@S?

® SDSS galaxies

i # Cluster abundance
® Weak lensing

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

Doyl , Non-gravitational

Interaction?

4 Lyman Alpha Forest

1 "_1 L llllll lllll llljl
0.001 0.01 0.1

o o . ) Wavenumber k [h/Mpc]
Coellisteonless > How small sefl-interaction?

CDM on large scales Small scale behawvior: still weakly
constrained and small scale challenges

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



Small scale challenges

Cusp-core
T T Missing satellites
1072 EP Dark matter only __':': %
e 1% Incompatibility between the #
> L ¥ N !9 = of satellites predicted by
é S T T TR b g simulations using LGDM and
55 = MW (> 90 kmpal)- . < .
- F e G 2 > the # of observed satellites
QIC 2574 & DDO 154 © DG g %
[ O MGC 2366 Tr0ODO 53 O DG2 i =1
¥ Ho | £ ME 1 dwl L
10-5 |=CQHe =
: 1 L1 1 11 lI 1 1 L1 1 11 ll T ‘. <
19~ 100
R/RU.J
Radius
10°
P ‘CEUSP
Faol  uG NFW
CDM - = J —."% . : . :
il owe ' Regularity/diversity ot rotation curves
NFW pI‘OﬁlG 5 observed - ’ ’
g 108
0.1 0.5 1 5 10

Radius (kpc)



But what 1s dark matter?
What 1s its nature/microphysics.

How can we build a model of DM



Model burlding:

Pre-requasites for a dark matter candidate

Cold or warm Thermal candidate: my,,, > keV Or produced cold by a non-thermal mechanism

Has to be non-relativistic at BBN

M [M]

Reproduce large and small scale distribution

108 cosmic Cluster  Galactic

Clusters like pressure-less fluid on large scales . < 1 Mpc_l

A% (k)

Clustering on scales smaller than & 2 10 Mpc ™! highly unconstrained

Non-interacting or weakly interacting (Dark,eolissionless)

Can have a small electromagnetic interaction. Bound < milicharge

Can have a self interaction. Bounds:  ¢/mgm < 0.13cm?/g, 0/mgm < 0.35cm?/g

Can interact via the weak force

Abundance (),,, = 0.308 = 0.012 (Planck 2018)

Stable If 1t 1s a particle, 1t has to be stable with hifetime of DM should be much greater than the age of the universe



Mass scale of dark matter

Observations from both LSS and local, can put model-independent bounds on DM parameters, like mass and spin.

Mass

10728 eV 10722 eV eV keV GeV O(100TeV) M
_________ R | | | | |
' |
DE l j
Not 100% Iiim‘it —_— Unitary
DM thermal relic bound
Observations:
s - LSS
> - Recombination
- BBN

ntemediay . (yalaxy clusters

Galaxy properties: namely galaxy densities must reach of order GeV cm—3, their velocity dispersions
are of order 100 km s—1, and their sizes are of order kpc.

Star clusters

Small scale
structure
[

* not 1n scale

- electron mass 0.511 MeV

Natural units (¢ = 1)
1kg =~ 5x 10% eV
1 Mgy —~ 10% eV



Mass scale of dark matter

Particle DM Macroscopic DM
Wave DM
107%% eV 10_22 eV eV keV GeV O(lOOTeV) M, M@ Mass
_________ Lo ! | ! ! ! ! S

| | g

DE | |

Not 100% %iiém,it ! relic Ly
DM 1561 mal relic oun

Non-thermal

Bosons

Fermuons and bosons

Non-thermal

Natural units (¢ = 1)
1kg =~ 5x 10% eV
1 Mg —~10% eV



Mass scale of dark matter

eV keV GeV O(100TeV) M Mass

I l I | I &
Not 100% Limit Unitary
thermal relic hound

DM

* Lower limit

This candidate 1s described by bosons. It for example we consider a spin 0 particle, described by a scalar field.

Natural units (¢ = 1)
1kg =~ 5x 10% eV
1 Mgy —~ 10% eV



Mass scale of dark matter

= We can use observations of L.SS and galaxies to put bounds in the “particle" physics properties, like mass and spin, of the
DM candidate

80 orders of magnitude

ticle DM Macroscopic DM
Wave DM
10—22 eV eV keV GeV C)(lOOTeV) Mpl M@ Mass
________ L] | | l | l | =
* ] |
Not 100% -Liélllit Unitary
thermal relic bound

DM
Non-thermal Non-thermal
Bowns Fermuons and bosons .

These lectures!

Natural units (¢ = 1)
1kg =~ 5x 10% eV
1 Mg —~10% eV



Guwen these properties, what are the possibilities for a DM candidate?



Landscape of dark matter models



Axion-like o Standard
Particles o Model v

Landscape of dark matter models

Light bosons Neutrinos

Super-
symmetry

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

Dark Matter Weak Scale

State of the “art”

Effective
Field

Theory

Simplified
Models

Macroscopic Macros Qthor WIMPzilla

Particle

Primordial : Self-
BHs ' interacting

Mass scale of DM

80 orders of magnitude

]_0—33 eV 10—22 eV eIV keV G:eV Mpl A|4® Mass
- , — . ! . ! >
“Light” DM WIMP gp P I Primordial BHs

Not DM 0OCD Limit
e thermal relic



Landscape of dark matter models

. . Fuzzy .
Axion-like Sy Sterile

Particles N neutrinos

Light bosons Neutrinos

Super- Extra-
symmetry dimensions

Littl
Dark Matter Weak Scale Higes

Effective
Field

Theory

Simplified
Models

Macroscopic Othar WIMPzilla

Particle

Primordial . Self-
BHs MaCHOs Superfluid interacting




Axion-like o Standard
Particles o Model v

Landscape of dark matter models

Light bosons Neutrinos

Super-
symmetry

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

Dark Matter Weak Scale

State of the “art”

Effective
Field

Theory

Simplified
Models

Macroscopic Macros Qthor WIMPzilla

Particle

Primordial : Self-
BHs ' interacting

Mass scale of DM

80 orders of magnitude

]_0—33 eV 10—22 eV eIV keV G:eV Mpl A|4® Mass
- , — . ! . ! >
“Light” DM WIMP gp P I Primordial BHs

Not DM 0OCD Limit
e thermal relic



Ultra-loht dark matter

keV GeV

“Light” DM~ WIMP

Limit
thermal relic




Detimition of ULDM

Mass range and wave behaviour



107%2eV eV

Ultra-lght dark matter i D
Ultra-hight candidate, cold . Large A ~ 1/mvy
Lightest possible candidate for DM
lmv keV GeV M, pl M ® Mass
“Light” DM WIMP g‘f\flnp'o“"ite j Primordial BHs "
Limit
thermal relic
10™>"kg 107 kg
10722 eV eV
a | I » B lar fiel
Ultra.—hght DM osons (scalar fields)

< > Non-thermally produced

P . 4 il



Wave-Farticle duality

All matter exhibits a wave behaviour

Mass (kg)

Speed (m/s)

Accelerated e-

9.1 x 10731

5.9 x 106

1.2x 10710

Golf ball

0.045

220

4.8 x 10739

electrons

De Broglie 1924



107%2eV eV

Ultra-lght dark matter T

t-—p

Ultra-light candidate - Large Ayg ~ 1/mv

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| 25"~ pc—kpe




“Ultra-hght dark matter”, EF, 2020.

How lght 15 ultra-hght?

Behave as wave on galactic scales:

» A4 must be smaller than the halo A4 overlap to be ot halo size
AdB < Rhalo )\b,\,i>d,\, m_\*
mv Puir

—25

10~ kg 107¥ kg

107*° eV <m < eV

AP ~ pe — kpe



Detiniion ot ULLDM
Candidates



Motwation: particle physics
ULDM candidates

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

. 107%2eV eV
Known PNGB: QCD axion > Candidate for DM -
(Peccei and Quinn 1977; Weinberg 1978; Wilczek 1978 ) Ultra-light DM
-«

Axion-like particles

QOCD

ﬂxions or Axion like particles (ALP)

\_

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

v(),ssb:fa,/\/5 T ¢%¢+C

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

V(6) = AL [1— cos(6/fa)] — om?é? + 96" 4

~

/




Motwation: particle physics
ULDM candidates

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

. 10~%%eV eV
Known PNGB: QCD axion > Candidate for DM "|
(Peccei and Quinn 1977: Weinberg 1978; Wilczek 1978 ) Ultra-hght DM
«¢ >

Axion-like particles or ultra-light axions:

- 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, decay of defects, ...)

f 7/6
Qa,a:ion ~ 0.1 - (92
)40 (1012 GeV) !

2
fa ( m )
1017 GeV 10—22¢eV

QALP ~ 0.1 <
L. Hui



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

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

—22
Known PNGB: QCD axion . Candidate for DM "1{0 eV eV

(Peccei and Quinn 1977: Weinberg 1978; Wilczek 1978 ) Ultra-llght DM

Axion-like particles or ultra-light axions: QCD

- 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

——

WISPs are a subset of ULDM

Ref.: Chadha-Day et al 2022



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
Bosons

/ Moduli &
f Dilatons

Hidden photon
Vectors

4
/ P
A -
N %
ES Vs
B 3
b . 4
2 W
W P
— a8
_ad
. e v
- —

—

- Formation mechanism: needs to have a relic

abundance that gives the correct DM abundance

Ref.: Modified from Chadha-Day et al 2022



Searching for ULDM



How to search for ULDM?

Q
_ +




10~22 eV eV
axions/ALPs? s v

. S—

. . . . "Direct detection”
Cosmological and astrophysical Indirect detection . .
cenrches Axion/ALPs experiments

axion | 1
S .......... | e R e ‘.
D, -
; detector
Sun magnet
CMB + LSS
Lyman-a
Eridanus Il
m87 BHSR - SMBHs S;‘?R -
21-cm (EDGES) A\ ’
Heating Dark Matter Candidates
Vector Bosons Vector Bosons
Segue |, Interf. pattern ', ¢ A Scalar Bosons (gauge coupling) (kinetic mixing)
T o T P P T e ! 10+ | (T 104 ' e 102
102 1022 1020 10-1% 10716 10~ 10712 10710 f t t I f f laser(1556nm)
FDM Mass (eV) Spin Based Sensors Particle Mass (eV/c?)
[
Optical Interferometers (incl GW detectors) Broadband Reflectors
— I
Sgr

Haloscopes (cavity, plasma, dielectric) mirror

stream

B
Atam Interferometers Qubits
1 [
: ! LC Osciltars Quantum Materials {m“‘"‘c’
Atomic, Molecular, Nuclear Clocks !
[ ]
Torsion Balances Cavity - Cavity/at. & mol. trans Molecular Absorption m 1/4 waveplate left-handed
i [ 1 [ ]
Mechanical Resonators DhOtDﬂ
i | 2
| —————————— | - photodetector right-handed
EP Tests (Eot-Wash + MICROSCOPE) A/B photon
l 1
1 I } i 1 i
T T T T T T

10° 10"

Compton Frequency (Hz)

Gravitational Interactions with the SM

Y
Y
a--»-
ay(
¥
Bo



Gravitational signatures

Cosmological and astrophysical




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-lght dark matter”, E.Ferreira, 2020. The Astronomy and

Astrophysics Review.



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 DIV
Wave DM
Repulsive Ultra-light Superfluid
DM DM DM

Scalar

field DM Fluid DM




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!

(Some of the grav. phenom. 1s carried for vectors, for example)

* Spin 0 - FDM
* Spin | - Vector FDM
* Higher spin FDM

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



ULDM evolution



Cosmological evolution

b+ 3Hp+m?p =0 FDM V<¢>\/
Oscillations o

H >> T — ¢early — ¢(tz) — w=—1

H < m . Pre o e™ > {w) =0

H(t,)=m
AR ™ O — ——
= Hubble I I . ' §
l | —1
. early late | s
' | | N
' | | O
| o | DE DM | S
Q 0F |
| - |
' D ! !
' |
| |
! Y ' |
i e Pt PR PR T R
P ST S
a* a>|<

Scale factor a(t) Scale factor a(t) Scale factor a(t)



Cosmological evolution

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

T

[

|

' DE

' |

l | |

I ) | !

! ! i

| : |

| 4 | '

| : |

| I l

' | V %
102

100 i 100 10! 102
Scale factor a(t) Scale factor a(t) Scale factor a(t)

- Hubble

— ma/z

910¢ "ysien

UL field

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<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 - non-relatwistic regume

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

Schrodinger-Poisson system : describe the FDM and the SIFDM

“70 : 1 U2 g |¢|2 md ) ¥ Schrodinger equation g=0 —~  FDM
2m, - 8m?2 (Gross-Pitaevski) g+ 0 -
qu) — 47TG (m‘¢|2 — 15) Poisson equation Fundamentally difterent than
CDM/WDM/SIDM!
/ Rets.: EE, “ULDM” review \
HOMEWORK Niemeyer 2019 review
1 v
From the relativistic action of a scalar field in FRW S¢ = / d'zy/~g [59“ 0Oy — V(¢)]
Write the perturbed equation in Newtonian gauge Sp = / d'z a’ B(l —49) ¢” — ;—z(dfb)z — {1 — 2¢)V(¢)]

V|2 g

\ Compute the non-relativistic action and EoM (Schrodinger-Poisson system) 5= [t waw —wam) - T 16m2¢|4m(¢¢*(¢¢*>)¢w(6’@




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 V2/p
v+ (v-V)v=—— <ngv — P4 '0)
m 2m_ /P

L— Quantum pressure



Structure formation - perturbation and stability

Finite clustering scale (Jeans length)- no structure formation on small scales
(CGDM, 4, eftectively zero)

SIFDM
FDM ATTRACTIVE REPULSIVE

QP dominates -
Stable solution
NO structure formation

A< >\J7 )\attra )\rep

For A > Az, Aattr, Aep  —>  CDM



Structure formation - perturbation and stability

Finite clustering scale - no structure formation on small scales

SIFDM
FDM ATTRACTIVE REPULSIVE

QP dominates -
NO structure formation

A< )‘J7 )\attra )\rep

Finite size coherent core — Bose stars

. 12 [\ "4
A; =55 ( ) P 0, h)" 4k
/ 10-22eV (p) S P

m < 107%%eV = X\;p > O(kpc) Galactic scales



Structure formation - perturbation and stability

Finite clustering scale - no structure formation on small scales

In the limit where only self-interaction 1s important:
SIFDM
=5 v+ Ly
- 2m - 8m?2 ' ATTRACTIVE REPULSIVE

We can decompose as:  (x,t) = .(t) + 5 (x,t)

: ) = T 1ah |2
Homogeneous: i, = - |90 |% e . gn
—ipct 2m
Periodic solution - ¥c(t) = o e "He
where |o|? = ng  fixes the amplitude and K = QN‘O/ 8m?
o 1 n
Perturbations: iU = — — V250 4 ) (; (60 + 60*)
2m 8m
Rewriting 6% as @ = A+iB
= d(a_( 0 50\ (A Solution: (Wi >0) 0% = Z (wi + Ck) € + Z* (wi — Ci) e+
dt \ Bk —£ — 4% By, ,
gno k* | k* (We <0) 80 = cq (7 — 9Ck) €7 + o (75 + 3¢k ) e

\ Dispersion relation i = 42 om T a2



Structure formation - perturbation and stability HOMEWORK

EXERCISE:
In the limit where only self-interaction 1s important:
SIFDM
=5V + Ly
- 2m " 8m?2 ' ATTRACTIVE REPULSIVE

We can decompose as:  (x,t) = .(t) + 5f(x,t)

Homogeneous: i = =2 |1ho|?4he
8m?

Po(t) = tho eHe?

Perturbations: 10V = —LVZ&P | il (6F + 60™)
2m 8m?

Derwe the solutions to the Schrodinger equation above for an attractive and repulswe potential.
Ldentify the different scales of the problem and where we have clustering or a stable, oscillatory solution.



Structure formation - perturbation and stability

Finite clustering scale - no structure formation on small scales

SIFDM

ATTRACTIVE
ATTRACTIVE REPULSIVE

‘9| no
2m

k> k. (>\ < )\c) —> Solution oscillates and is stable

T'his stable configuration, however, 1s different than in the case for
repulsive interaction, forming a localized object, with maximum size
otven by A,

For attractive interactions can only form localized clumps (solitons)

~ N
QCD axion: m ~ 107° eV

A\, ~ —10748

k < ke ()\ > )\C) — Exponential growth (ike GCDM)

T lsoliton ~ 10_5 kpC




Structure formation - perturbation and stability

Finite clustering scale - no structure formation on small scales

REPULSIVE g > 0 SIFDM

ATTRACTIVE REPULSIVE

. gno Homogeneous configuration 1s always stable, and 1t 1s
ke = om always going to be described by an oscillatory solution,
either 1f A 13 bigger or smaller than 4.

Dispersion relation

W ~ Cok
Long wavelength regime

A A

Long range - superflurd

Superfluid!

wi ~ k*/2m

Free masswe particle

Short wavelength regime



Structure formation - perturbation and stability

Finite clustering scale - no structure formation on small scales

SIFDM
FDM ATTRACTIVE REPULSIVE

A > Aj Aattrs Arep — CDM

n

2= 470

2m

QP wins -
NO structure formation
A< >‘J7 )\attra )\rep
Finite size coherent core — Bose stars
—1/4
m —1/2 (p —1/4
A7 =05b (10_22 eV) (;) (th) kpc g>_0 — VA Solution oscillates. Condensate (long range)
o1 R A> A, Structures grow. No condensate.
_920 , . A< A Solution oscillates. Condensate (finite size)
m < 10"“"eV = Mg > O(kpc)  Galactic 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

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




Predictions

Lanear evolution

Boson/ Scalar field in a cosmological (FRW) background

1.2
—— my=10"280 eV
10/ —— my=10"290 eV
§ S m¢ = 10—30'0 eV
© 0.8+ —— my=10"310¢eV
S~
S —— my=10"320eV
L o6 Boltzmann codes: axionCAMB,
Tg c axionECAMB, AxiCLASS
0.4 E
LS, N
= S
L 0.2, i New emulator (to appear soon)
5
< 0.0 —— TS | . e "A'A"' . ' v ' 'A'l""v ......... "‘V""‘v‘
=0.2" | v ' v
L _
10 107" 10! 10° Condition DM today:

Redshlft, Z
m > 10"2° eV ~ H(aeq)



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

10?2

10t

pl/{p)

10°

107!

0.25 / h=1Mpc

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 SMAILL SCALES

* Focus onlv In aravitational sianatures

Suppression of small structures

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

103

102

10t

S
Y
100
101
0.25/h~1Mpc
1072
CDM: 2563, z=0.00
103
F 102
10!
)
IS

10°

107!

0.25/ h~} Mpc

10~

S. May et al. 2021




Phenomenology

Suppression of small structures

attr » /lrep _ Suppresses small scale structure

Finite Jeans length 4; or A

POWER SPECTRUM TRANSFER FUNCTION

102 i Small Scales

100 2
CDM

1074 -

1077 0.2} . , \
1071 V\‘;\ V \ \‘~ E, \\\\
10~ gy . : > [
4 10V 10 107

Wavenumber k [Mpc™']

- Degenerate with WDM



Phenomenology

Suppression of small structures

Finite Jeans length A; or Ay, Ay,
m —1/2 0 —1/4
Ay =55 ( ) & Quh) 4Kk
J 10—-22 oV (p) (Q2mh) pC
POWER SPECTRUM
102 | FDM Small Sca-l_e‘s‘
109 1 |
CDM
= 1
5 107
1079 1
- m=10"20eV
—— m=10"%eV
10784 |—— m=10"2ev
—— o =10"24eV
- = 10"%aV
1010 +———
1077 1072

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

10722eV eV

OCD

Suppresses small scale structure

(sub) HALO MASS FUNCTION

_ > 000 = CDM
103"' \\\ — g2 =1
] \‘\ n22 = 10
_ 2 J nizz = ol)
; 10?
-
~ 10!+
=
= :
= 100 4
i~
10~1
10-2 , FDM
10° 10° 107 10% 10” 1010 101!

MM

* hard to get a proper prediction!



Practice:

Linear power spectrum

L.earn how to generate the linear power spectrum for

ULDM using Boltzmann codes.

Follow the instructions 1n this notebook:

https://colab.research.google.com/drive/

1364W_MEvl8a0 LIG7LY MnSUtDEQkukl M Y?Pusp=sharing

POWER SPECTRUM

102-

non-linear
linear

FDM

Small Scales

10—10

1073 |

CDM


https://colab.research.google.com/drive/1364W_M8vl8a01lG7LYMnSUtDEQkuk1MY?usp=sharing
https://colab.research.google.com/drive/1364W_M8vl8a01lG7LYMnSUtDEQkuk1MY?usp=sharing

104 eV eV

Phenomenology —

-

RICH PHENOMENOLOGY ON SMALL SCALES

* Focus onlv Iin aravitational sianatures

Formation of a solitonic core




104 eV eV

Phenomenology N

Formation of cores

m=10"%eV N =512 L =300kpc e
= 107 /// op | |G \
Fuzzy DM g / L \\\
NON-LINEAR N . (\ — —
evolution: need \ /
simulations \ ‘ \ //
D
1032 »-
$ NO structure formation
g Stable, oscillating solution
8
1012 é,
3
loll

1010




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 =
e ~0.1 ( ) ;
re =010\ = ev (1012M@) %pe

\_ /




eV

Phenomenology

QCD
axion

RICH PHENOMENOLOGY ON SMALL SCALES

* Focus onlv in aravitational sianatures

Formation of a solitonic core

Wave interference

interference

Mocz et al. 2017



104 eV eV

Ultra-light DM
l

<>

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




Vector; lugher spin or multicomponent FDM

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

1 field y Ptotal

—10 -9

0
x (kpc)

0

10

2 ﬁelds, Ptotal

—10 —o

0
x (kpc)

5

10

Multiple coherent waves

Gonseca et al 2023

4 flelds, protal

—-10 =95

0
x (kpc)

5

10

. 108

/N
=5
1002

’—l
=)
T~

=3
ULDM Density

—_
-
o

Interference patterns

W\

AL NG

Yk
QAVAY
AVAVAVED
AVAVAY

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

_




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)
10° 10¢ 10° 10¢ 10° 10 10° 10° 10! 10°
Tab (y1)
107 10! 10° 10! 10-2 10-3 10~ 10~ 10~ 10-7 10~



Modelling 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 etfect.

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

Randomly distributed

b(t, F) = ZAEeiBEeiE-f—iwkt
k

Also known as random phase halo model

The amplitudes should reflect the velocity (or momentum) dispersion within the halo

= = AR Y Aphg ) R T
k kK



Modeling a granular halo

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

OR

AL
LU

0’ 107+20 107+40
mt

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

Nakatsuka et al 2022

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

Randomly distributed

b(t, &) = ZAgeiBEeiE-:E—iwkt
k

Also known as random phase halo model \

'T'he amplitudes should reflect the velocity (or momentum) dispersion within the halo 5 B a4 & a0

2 2 (Bz—Bgz,) i(k—k')-Z—i(wy— t
p=mp|* =m ) AL +m Y ApAp e PR IR) TR bk )
k kA£k!



Modeling a granular halo

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

OR il

We can adopt simpler descriptions of the galactic halo to describe this eftect. — \ ..... / / ......... :

Nakatsuka ét al 2022

““““““
\ dl

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

(O) (mt —- 02t — m, - T+ 0-) T\ -
2" Z Z f — O(t)/oy — oo(t)/oy — Oo(t)

lllllllllllllllll

¢ & t/T

-

-3

)

%\




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



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

C)
oY
100
10t
0.25/h~1Mpc
102
CDM: 2563, z=0.00
/\_ 103
5102
10?
)
IS
10°
10™1
0.25/h~*Mpc
10~2

S. May et al. 2021

Formation of a solitonic core

Axion clouds

Baumann et al. 2019

eV

QCD

axion

* Focus only in gravitational signatures

Dynamical etfects
(b) £ = 1.3- 106

810¢ ‘Ie 18 ANOYAST

interference

0.5 Mpc

Mocz et al. 2017




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



Heating

eated
Star system

5'Uheat

Star system

S o

A Y

\




Bose Fanstein Condensate

% S

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

High temperature
Thermal velocities

e St 27
W~
VY 7 v\ 7
Low temperature T =T, T=0
Ag~T /2 BEC Pure BEC
"wave packets” "matter wave overlap” "giant matter wave”

» At low temperatures, each particle wave tunction overlap - single wave tunction describes the entire fluid.

Superfluid
¢ A
- L

opears at low 1" after the superfluid condenses into a BEC.

tective dynamics: fluid flows without friction

Description

Mean field
approximation:
Large N, dilute

\_

p(r,t) = (U(r,t))
Fixed mo = [P(r, 1))

small perturbation: describes
depletion of the condensate

A

U(r,t) = (r,t) + 6U(r,t)

classical field J L>

“wavefunction of the condensate”

with _ 5

Credit: Peking University

Or(r, 1) = ( v <r>+Uow<r,t>|2) b(r, b

Non-linear Schrodinger equation - Gross-Pitaevskil equation J




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

Dynamical eftects -

Relaxation, oscillation, friction, and heating

Formation of a BEC / superfluid

Open question!

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

- Gosmologically, classical or quantum field?




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

- 103

£ 102

10t

10°

107

102

- 103

3 102

10!

10°

107!

10~

p/{p)

p/(p)

Formation of a solitonic core

Axion clouds

Baumann et al. 2019

eV

QCD

axion

* Focus only in gravitational signatures

Dynamical effects

(b)Yt =1.3-10°

o

810¢ ‘e 18 NOYAST

A2

Wave interference

interference

0.5 Mpc

Mocz et al. 2017



B ch /f H () Ze S upe TTddzanC 6 Zeldovich (1972) Starobinsky (1973) Arvanitaki et al. [0905.4720]

A cloud ot ultra-light bosons (and vector fields) can be created around rotating black holes -
if the particle Compton wavelength 1s of the order of the size of the BH

VY,

Superradiance

Structure like a “gravitational atom”™

ﬁ
H. Chia et al, 2018
Emits gravitational waves Dynamics can be altered by the
U, n RSB BHSR - presence of a companion - binary
- S

stellar mass

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

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



How to search for ULDM?

Poisson Gravi 5
7

V2V, =472Gm?
(Attractive)
Coherent state — Oscillates _ . ;
Leading time dependence . Oy \ ) )
— i = ==V (1w1?) + Vi (1912 | w
Ww~m—oy <<my ot 2m
Kinetic energy Self-interactions
(Repulsive) For axion potential,

L

2
V(g) = m>f* [1 — cos (%)‘ - m7¢2 -

Normalization

m“d3r|t//|2 =M,

() () o
a\7) " Yep\s) ¢~

(Attractive) (Repulsive)

QCD

AX1011

Direct detection of ultralight dark matter bound to the Sun with space quantum sensors

10712 VS my S 1077

¥ (Cannot be misaligment mechanism

Yu-Dai Tsai et al, Nature Astron. (2022)

Solar Probe

Figures by Josh Eby


https://inspirehep.net/literature/1991369
https://inspirehep.net/authors/1274923

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




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



Next lecture

Cosmological and astrophysical

searches

CMB + LSS
Lyman-a

Eridanus Il

M87 BHSR - SMBHs
21-cm (EDGES)
SHMF
eating
Segue |, Interf. pattern !
T T T s
1021 1022 1020 10-18 10

FDM Mass (eV)

Sgr
stream

Sgr
core

122 V7
o)

Ultra-licht DM

T 1
-2 1071

Indirect detection

ABRA
10 ¢m

SHAFT
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MWD

CROWS
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=
=
#
2
A

NCAPT_——REEEET

Mass scale of DM

keV GeV M pl M o} Mass
| | 1 | -
| = 1 =
Ultra-light DM “Light” DM WIMP | Somposite Primordial BHs
Limit

thermal relic

Interactions with the SM

ALPS-I
OSQAR

CAST

"Direct detection”
Axion/ALPs experiments

Dark Matter Candidates
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calar Bosons (gauge coupling) (kinetic mixing)
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10 e 104 1w e 02
I 1 1 | 1 1
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! LC Oscillators Quantum Materials
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https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N

Axions in Japan

Nov 10-14, 2025
Kavli IPMU

Asia/Tokyo timezone

Invited speakers

e Andrey Kravisov

e Atsushi Nishizawa

¢ Chanda Prescod-Weinstein
e Cora Uhlemann
 Francesca Chadha-Day
e |ppei Obata

e Jens Niemeyer

e Keir Rogers

e Masahiro Kawasaki

e Mustafa Amin

e Neal Dalal

e Philip Mocz

e Richard Easther

e Simona Vegetti

e Tomohiro Fujita

e Vera Gluscevic

e Yuko Urakawa

e Yuta Michimura

DARK MATTER
BLACK HOLES

2025

Dark matter and black holes

Dec 1-5, 2025
Kavli IPMU

Asia/Tokyo timezone

Speaker List

Invited speaker list (alphabetical order; as of 24/March/2024):

George Fuller - UCSD

Shunsaku Horiuchi - Institute of Science Tokyo
Tesla Jeltema - UCSC

Kazunori Kohri - NAOJ

Sachiko Kuroyanagi - IFT, Madrid

Yifan Lu - UCLA

Shigeki Matsumoto - Kavli IPMU

Lucio Mayer - University of Zurich

Smadar Naoz - UCLA

Stefano Profumo - UCSC

Surjeet Rajendran - JHU

John Silverman - Kavli IPMU

Masahiro Takada - Kavli IPMU

Jonathan Tan - Chalmers University, Virginia

Registration open!!!



