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The dark matter problem

Which
solution?
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- Modified Gravity
- New Parficle beyond the Standard Model
- Baryonic Dark Matter
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Ihe dark matter problem

MODIFIED GRAVITY

Remarkable successes on galactic scales
Difficult to make it working on larger scales

Clowe+, 2006

Baumann 2014 y
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The dark matter problem

MODIFIED GRAVITY

Remarkable successes on galactic scales
Difficult to make it working on larger scales
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The dark matter problem

NEW PARTICLE
BEYOND the STANDARD MODEL

some “gastrophysics” is needed
fo make it fully working at small scales

CUSP-CORE MISSING SATELLITES (too-big-to-fail)

0.1 1 10
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The dark matter problem

BARYONIC DARK MATTER
needs to be decoupled before BBN

- very compact primordial objects: primordial black holes
- new composite states made of standard model particles

Production mechanism?

microlensing
evaporation ) GW
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DM fundamental properties

A successful DM candidate:

 Dark and dissipationless (usually neutral)

» Collisionless (or with 6/m < cm?/q)

e Cold (or Warm)

» Stable or long lived (lifetime > age of the U. ~ 13 Gyr)
e Produced in the early Universe

e Nof too light / not foo heavy
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DM fundamental properties - mass

BOSON:s
Particle
. < |
A = —— < galaxy size
muv FERMIONs
> Pauli principle <Therma| bM Discreteness defectable
| > ' (star clusters stability and microlensing)
- |
QCD axion WM limit unitarity limit
- classic window -10
102eV TNy keV GeV 10Tev My 107 Mg
- | ] ]
5 m i | . | —
“p ; Lin 2019
uzzy

DM Ultralight” DM " Light” DM WIMP  Composite DM Primordial

((Q-balls, nuggets, etc) el iy
non-thermal black holes

bosonic fields

Noft too light - Not too heavy
but still quite a wide range of possibilities!
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ALP dark matter

ALPs (Axion-Like Particles)

(pseudo-)scalar particles
mainly pseudo-Nambu-Goldstone bosons
(QCD axion, many “stringy” axions, ...)

assumption:
ALPs constitute (a fraction of) the DM content in the Universe

ghoton coupling;:
LP-photon coupling
descnbed by the low-energy

effective Lagrangian:
9rang - decay/conver5|on

L= —tguaF,F, info photon(s)

{
— “monochromatic”
emission
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ALP phenomenology (photons)

The ALP-photon coupling = phenomenology related to

2% %l ﬂ(l_s . .‘ kL

*)

A&M’ a-—-»>-—<95yy

cOVIVEYsSIOV) a--»-—<Yrns needs large magnetic field
- created in lab (haloscopes)
é( - extreme astro objects (e.g. neutron stars)
B,

Or inverse processes (y-ray fansparency, stellar cooling, ...)
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Bounds on ALPs

https://github.com/cajohare/AxionLimits
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Looking for a photon monochromatic emission af EY ~m /2

given by ALP decay
from regions with high dark-matfter density

~Oor a good sfory:
Who? What? When? Where? Why?
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Looking for a photon monochromatic emission af EY ~m /2

given by ALP decay
from regions with high dark-matfter density

~Oor a good sfory:
Who? What? When? Where? Why?

... let’s take a journey across
different mass ranges and astrophysical fargets
fo see current bounds and near-future prospects
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MeV ALFs (iaw)w)ac—l/ays)
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COS| telescope

Compton Spectrometer and Imager (COSI)
wide-FOV telescope designed to survey the y-ray sky af 0.2-0 MeV
- Imaging with high-resolufion spectroscopy (AE/E ~ few x 107

selected by NASA in October 2021, to be launched in 2027/

Pump-out port

Cryostat Germanium

Multi-Layer
P detectors (16x)

Insulation (MLI)
blankets @8

High voltage
filter/feedthrough (16x)

,,,,,,,,

l \ Photomultiplier

tube (HV/PMT)
Anti-coincidence Shield (12%)

Modules (6x)

Detector Readout
Modules (32x)

Cryocooler
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COJI sensitivity to MeV ALPs

Projected sensitivity compared to current bounds
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X-rays and ALPs

10—1]’

Excluded by X-ray O
eROSITA [0.2-8 keV] -~ . 2
data from Dec. 2019 to Feb. 2022 T 107 *
(about half-way) E \’\ —F
6%10-19- %

10—20 .

25 50 75 100 125 150 17.5 20.0
m, [keV]

Line Infensity Mapping

Caputo, MR, Taoso, JCAP2020

ALP decay = phofons at E =m /2 in the rest frame
f the ALP is af redshiff z , we see E_ = ma/2/(1+ze)

10728

— The ALP emission should show a correlation with

large-scale structures af redshiff z = z_and no &

correlation with LSS af z # z_. r025

f DM is made of ALPs _ =
- line infensity mapping competing with lensing, | .~  —oers
galaxy counts, efc.. in cosmological searches 10

ms [keV]
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eV ALPs (optical)
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ALP signal

To observe photons from ALP decays we need an experiment with:
- good frequency resolution

- decent FoV

- good angular resolution

- good sensitivity
... and observing the DARKNESS!

— MUSQCe

miulll it spectrosconic explorer

on the VLT af Paranal Observatory (ESO)

A = 465-930 nm
ang. res. < 1 arcsec

spectr. res. AE/E < 107
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MUSE observations

MUSE observations

of five dwarf spheroidal
galaxies:
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Bounds on ALPs

I\/|IR+, .PLB|2021.
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NIRB and Axion-like Particles
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UeV ALPs Gadio)
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ALP stimulated decay

E; 7 E; - E, ——p——
Photon
Stimulated decay
Photon
Random direct an Photon
ﬁﬁﬁﬁﬁ o
E, O E; 3 E, ——
Absorption Spontaneous emission Stimulated emission
v, [GHZ]

101 1 10 102
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fr =5 1T S |-
Es 102} {8
Decay 9 1
_ 3
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Flux: S Lo [ a0t pa(e, <
UXx. decay = Ny LRRAe ﬂa( 9 ~') [1 -+ 2fnf({{’.. (), mu)]
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ALP stimulated decay - projected limifs

Stimulated emission within the source Caputo, MR+ JCAP2019

Dwarf spheroidal galaxy Galactic Center
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ALP stimulated decay - echo

The ALP stimulated decay can be used fo

listen for the echo of a powerful radio beam
(i.e. faint radio line traveling in the ~opposite direction)

ARTIFICIAL BEAM

(Arza&Sikivie PRL2019, Arza&Todarello PRD2022)

ASTRO BEAM

(Ghosh+ 2020
Sun+ PRD2022
Buen-Abad+ PRD2022)

NFW Halo
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ALP stimulated decay - axion echo

Stimulated emission from a beam (Ghosh+, 2020)
going through the Milky Way halo Source: Cygnus A
3 " [MH:C] 104 10° 106
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ALP conversion

ALPs may convert fo radio-frequency Y
electromagnetic radiafion in the stfrong magnetic
fields around neutron stars

B,

GBT

) Foster+, 2022
Galactic Center *
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Very promising fechnique
but with quite uncertfain
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Summarizing

It is a period with no strong bias concerning the
particle dark matter mass
- mulfi-wavelength approach

Searching for ALP decays in the sky will likely play a
crucial role in shaping the allowed fraction of the ALP

paramefer space
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ALP stimulated decay - projected limifs

A “golden era” for radio astronomy
has been sfarfing with the SKAO
and ifs precursors

|

uonesiuebiQ YMS :Hpaid

SKAT-Low: 100 hours @ 100 MHz
- 180 wly/beam
(line sensitivity for Av/v=10"%)
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