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e |What is the evidence for Dark Matter?
e WVhat is it? What are its properties?

e How can we uncover its identity?
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Dark Matter in Cosmology

Cosmic Microwave
Background (CMB)
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https://arxiv.org/abs/1502.01589

Dark Matter in Cosmology Multipole moment, ¢
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tage = 0.5 Gyr
Redshift = 10.11
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I Hierarchical Substructure

Structure formation proceeds ‘bottom-up’: small sub-halos assemble hierarchically to form larger halos,
which host galaxy clusters, galaxies and dwarf galaxies!
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https://arxiv.org/abs/0809.0898
https://arxiv.org/abs/0911.0436

G.a\a)qes iﬂ S|m u‘aUOnS [Video on previous slide available here]

Dark matter has become an integral part of the standard cosmological model - the /A Cold Dark
Matter (/ACDM) Model. DM plays a key role in our understanding of how Galaxies form, their
properties and distributions.

Cosmological simulations can now produce realistic (and beautiful) Galaxies.

[HHlustrisTNG simulation - 2101.12373]

[See also e.g. Auriga Simulations - 1610.01159]

Warning: Galaxy formation is messy and non-linear and still not fully understood
[E.g. 1609.05917 vs 1610.07663] | 10



https://arxiv.org/abs/2101.12373
https://arxiv.org/abs/1609.05917
https://arxiv.org/abs/1610.07663
https://arxiv.org/abs/1610.01159
https://www.youtube.com/watch?v=Fim6dWJhxz4

I Dark Matter in Galaxies

Rotational velocity v,(7) of stars (and gas) in

disk galaxies allows us to infer (in principle) the
enclosed mass distribution.

GMegnc(r)

T

Urot (T) —

Rotation curves flatten at large radii, which
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https://ui.adsabs.harvard.edu/abs/1980ApJ...238..471R

I Dark Matter in Galaxies

Rotational velocity v,(7) of stars (and gas) in

disk galaxies allows us to infer (in principle) the
enclosed mass distribution.
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Rotation curves flatten at large radii, which
cannot be explained by mass of observed gas

and stars (expect Keplerian v, (r) 1/\/; at
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https://arxiv.org/abs/2004.11688
https://arxiv.org/abs/1404.1938

‘Dark Matter properties

- Dark Matter Shopplng List

Non-baryonic: Dark Matter cannot consist of baryonic matter
(protons, neutrons, etc). In particular, it cannot participate in
Big Bang Nucleosynthesis (BBN) at 7 > 1 MeV, t < 3 mins

baryon density parameter Qh?

* Now—bargjowio
x ‘Neutral’
*x ‘Cold’” (L.e. slow

0.27 102 IM,O\/LV\,@)
| | x Produced in suffictent

5026 : AmouAts
&
4]
= 0.25 [0711.4996]
£ 0.24
Q@
F 0.23 Neutral: Dark Matter cannot be charged”,

103 otherwise it would couple to photons, affecting
Z CMB anisotropies. It would also be able to
a dissipate energy (form visible stars/galaxies?)

104

*Strictly speaking, the Dark Matter cannot have a large

e charge-to-mass ratio (it could for example have a
E 5 millicharge, much smaller than the electron charge).
=10

10-10 | — 10?
baryon-to-photon ratio = n,/n,

Cold relic: It has to be produced in the correct abundance, with the correct ‘temperature’ in order to
explain the observed distribution of structure in the Universe... ]1—3'


https://arxiv.org/abs/0711.4996
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Dark Matter Mass Range
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Very light DM ( < 10722 eV)
has wave-like properties on
astrophysical scales,
spoiling galactic structure

[Schive et al (2014), 1406.6586]
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https://arxiv.org/abs/1406.6586

Dark Matter Mass Range
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https://link.aps.org/doi/10.1103/PhysRevLett.42.407

Dark Matter Mass Range
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https://link.aps.org/doi/10.1103/PhysRevLett.42.407

Dark Matter Mass Range
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https://link.aps.org/doi/10.1103/PhysRevLett.42.407

Weakly Interacting Massive Particles

Weakly Interacting Massive Particles (WIMPs) are a class of particles with couplings comparable to
the Standard Model Weak Interactions. Typically in the mass range 1 GeV < m, < 100TeV.

WIMPs generically arise in models of Supersymmetry (SUSY), proposed to solve the Hierarchy Problem
in the Standard Model (“why is the Higgs boson so light, when its mass should received receive

corrections from loops of heavy particles?”)

Standard particles [hep-ph/9506380]  SUSY particles

7

In some SUSY models (r-parity
conserving), the lightest
supersymmetric particle Is
stable, making it a natural Dark
Matter candidate.

HIggs

’ Leptons

Now, the term WIMP Is used to mean a generic MeV-1eV mass particle with weak couplings to the
standard model.

- Quarks
particles

. Force particles Squarks O Sleptons o SUSY force



https://arxiv.org/abs/hep-ph/9506380

‘Producing WIMP Dark Matter

SM SM SM DM

‘Freeze-out’ @® Dark Matter
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. Cold vs Hot Dark Matter 11308.1399]

Very light relics m < eV decouple and freeze out when they are still relativistic! We call such particles Hot
Dark Matter. Standard Model Neutrinos are Hot Dark Matter!

n order to explain the observed structure in the Universe, Dark Matter must freeze-out when non-relativistic
.e. It must be Cold Dark Matter.

Dark Matter which is produced semi-relativistically (m ~ keV) may also be viable + testable: Warm Dark
Matter.

.- Cold DM


https://arxiv.org/abs/1308.1399

I Collider Searches for WIMPs

The same Interactions which produce DM early
in the Universe can be used to search tor DM in
colliders (e.g. proton-proton collisions):

SM DM

[Credit: CMS/CERN]

Spin-1 Portal 2HDM+a Stealth SUSY

q X X
Vector /
Axial-vector a
i A P ”
9q gpMm <’ X
A N
A N o
h ~~

[CMS, 2405.13778) G


https://arxiv.org/abs/2405.13778

I DM at Colliders: CMS at LHC

IFCA participates in the Compact Muon Solenoid (CMS)
experiment at the Large Hadron Collider (LHC):

e Run I-Il (completed): involved in search for DM
candidates with associated SM particle production -
e.g. mono-Higgs, Dark Higgs, top quark-associated

e Run lll (2022 - 2024): extend to search for long lived
Dark mediators from DM decay

e HL-LHC (2027+): preparing for high luminosity —

precision measurements (esp. Higgs and top) to
search for deviations due to New Physics.

Summary of CMS constraints on the mass scale of new mediator particles coupling to DM:

vector mediator (qq), gq=0.25,gom=1,m, =1 GeV M 0.35-0.7 1911.03761 ( = 3j) 18 fb~1
vector mediator (££), gg=0.1,gpm=1,9,=0.01,m, > 1 TeV M 02-1.92 2103.02708 (2e, 2p) 140 fp~!
(axial-)vector mediator (qq), gq =0.25,gom =1, my =1 GeV M 0.5-2.8 1911.03947 (2j) 137 fb!
(axial-)vector mediator (xx), gq=0.25, gom =1, m; =1 GeV M <1.95 EX0-20-004 (= 1j + py'ss) 101 fb~!
(axial)-vector mediator (££), gg = 0.1, gpm =1, gy = 0.1, My > Mpeq/2 M 02-4.64 2103.02708 (2e, 2p) 140 fb~1
5 scalar mediator (+t/tf), g3 =1, gom =1, m, =1 GeV M <0.29 1901.01553 (0, 1£ + = 2j + py'ss) 36 fb!
£ scalar mediator (fermion portal), A, =1, m, =1 GeV M <15 EX0-20-004 (= 1j + pi'ss) 101 fb~!
: pseudoscalar mediator (+j/V), gg=1,gom=1,m, =1 GeV M <0.47 EX0-20-004 ( = 1j + pyss) 101 fb1
a pseudoscalar mediator (+t/tf), gg=1,gom=1,m,=1 GeV M <0.3 1901.01553 (0, 1L + = 2j + p{'ss) 36 fb~!
complex sc. med. (dark QCD), My, =5 GeV, cTx,, =25 mm M <1.54 1810.10069 (4j) 16 fb~1
Z' mediator (dark QCD), Myark = 20 GeV, riny = 0.3, Agark = A4 M 1.5-5.1 2112.11125 (2j + p¥'s) [C I\/l S | C H E P 20 2 2] 138 fb!
Baryonic Z/, gq=0.25,gpm =1, m, = 1 GeV M <1.6  1908.01713 (h + py'ss) 5 36 fb~!
Z' - 2HDM, g7 =0.8,gpm =1, tanB =1, m, =100 GeV M 0.5-3.1 1908.01713 (h + p{'ss) 36 fb!
Leptoquark mediator, =1, B=0.1, Ax py = 0.1, 800 < M, < 1500 GeV M 0.3-0.6 1811.10151 (1p + 1j + p'ss) 77 fb~!

0.1 1.0 10
Mass scale [TeV] ]TO.


https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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‘Gravitational Lensing

galaxy cluster

_~ lensed galaxy images

distorted light-rays

B



‘Gravitational Lensing

galaxy cluster

A smooth lens and a lens with structure
do not produce the same maximum
magnification

B


https://arxiv.org/abs/2307.09505

‘Primordial Black Holes (PBHs) as DM

Icarus, a star at z ~ 1.49 observed by Hubble Space Telescope.
Lensed and magnified by >2000x by intervening galaxy cluster

(MACS J1149). Mco [g]
102 10%®  10%®  10%'  10%%  10%7
- | r r -1 [ r T T I

0L \ £
10 : [/ SN«
N FRB

: / Long
| e
E 1071 “L [car /‘ =
= X & \/
S HYe '
G D
|
Compact objects (COs) o 107 Quasars
such as Primordial Black OGLE
Holes (PBHs) in the lens

OGLE high-cadence
would reduce the total 107 Micro-lensing ~

magnification — constraint!

I T T A TN TN S TR T NN S TR I T T ]
| . 10~ 10 100 107 10 10°
LS1/ Lev 2{016\A Mco [MG)]

Late May 2016

[Kelly et al., 1706.102/79; Diego et al., 1/06.10281]

[See e.g. Green & BJK, arXiv:2007.10722 for a review of PBHS] | 23



https://arxiv.org/abs/1706.10279
https://arxiv.org/abs/1706.10281
https://arxiv.org/abs/2007.10722

'Crushing substructure with Godzilla

'\®Godziua
-

Giant Sunburst arc (z = 2.37)

his Image appears to be an extremely bright luminous
blue variable (LBV) star, nicknamed

| - N = Extreme magnification (u > 1000) may be explained
W, . : B o py a DM halo with mass ~ 10° M along the line of
Galaxy cluster PSZ1 G311.65-18.48 sight (suggests mpy 2 4keV?)

(z = 0.443) [ o


https://arxiv.org/abs/2203.08158

I Satellites and Stellar Streams

Counting the number of satellite (“dwart”) galaxies also
allows us to constrain the amount of DM substructure
and therefore the nature of DM.

u (mag/arcsec?) u (mag/arcsec?) M (mag/arcsec?)

C N C S

Some satellite galaxies are disrupted by the tidal field of S - S e S [ T )
the host galaxy, leading to the formation of
1 ) - ‘

Lumpy & evolving potential Smooth & static potentia
B o | | R B . A

Stellar streams probe the gravitational potential of the

W host galaxy.

-20)

30 o e | | | This allows us to map out the density in the DM halo
30 20 -10 0 10 20 30 4030 -20 -10 0 10 20 30 40 and test for the (e.g. DM

X (kpc) X (kpc) sub-halos).

B


https://arxiv.org/abs/2402.13314
https://arxiv.org/abs/2104.06071

'ARRAKIHS

Analysis of Resolved Remnants of Accreted
galaxies as a Key Instrument for Halo Surveys

Aim to perform the definitive survey of nearby Milky Way-
ike galaxies down to low surface brightnesses. Study the
statistics and shapes of satellite galaxies and stellar
streams to probe the nature of DM.

— IFCA

m—— Jose Maria Diego

Science Data Center Lead

ISIM300 —
(2 visible, 2 near IR bands)

U.Liege
Michod! De Becker

ARRAKIHS  MISSION PROFILE

First Fast (“F-class”™) mission of ESA's Science
Programme led by Spain (specifically IFCA).

Selected in November 2022, passing to Phase B of
mission preparation in May 2024, with launch into
Low Earth Orbit planned for 2030.

Map the tidal streams in nearby
galaxy halos to unveil the nature
of Dark Matter

Sample: 200 nearby galaxies
over 200 deg?

Telescope: 0.3m, f/10
Instrument: VIS + SWIR
SB: ~31.5 mag/arcsec?
Pixel: 0.7" (VIS), 2” (SWIR)
Duration: 5 years

Cost: <100M USD

ARRAKIHS

+ CTAC —— ICE/SATLANTIS
Ben Moor

N Soviliago Serr

Swiss Coordinator Project Manage

NP2 Surrey U. M Lund Obs.
P2l Dems Erkal B Oscor Agerte
UK Coardinator Sweden Coordinator
S—1AA W— UM
[ — lawd Movetinez '»’qﬂﬂl".' [ — 'Arvr'angg'ew Gémer-techoso
0 rvations Coordinator Models Coordinator
g U.Florida

Paul Torrey

JS Coordinator

ARRARIH

[Includes content from slides

by Rafael Guzman] | o




Direct detection of WIMPs on Earth Y

For WIMPs with GeV-scale masses, L . : - J
. . No convincing signal yet!
expect detectable elastic nuclear recolls 10732
=), LUX (M)
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https://arxiv.org/abs/2104.07634

Low-mass WIMP Challenge oM

Low-mass WIMPs do not typically have enough kinetic

. . . E. . <qgv,—qg*2m
energy to excite detectable elastic nuclear recolls! deposit = 4Vy — 4 X

v & o [APPEC, 2104.07634]
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https://arxiv.org/abs/2104.07634

Low-mass WIMP Challenge

Low-mass WIMPs do not typically have enough kinetic

. . . E. . <qgv,—qg*2m
energy to excite detectable elastic nuclear recolls! deposit = 4Vy — 4 X

Consider:
(vy) ~ 300km/s

. e Nuclear recoils - can probe energies down
~ 10 "¢

to eV, but realistically can only measure
recoll energies down to ~keV — m, 2 GeV

- le—3 . . . * Electron ionisation - possible for

E>A~eV—>m)(ZMeV
Maxwell-Boltzmann distribution

41 (boosted into the lab frame i i .
( ) e Phonon interactions - possible for

sufficiently small g, with E; ~ 6(10s) meV —
m, ~ keV — 50 MeV

Cut-off at Galactic|
escape velocity

\

0 200 400 600 300
v/ km s™!




Low-mass WIMP Challenge

DM

Low-mass WIMPs do not typically have enough kinetic
energy to excite detectable elastic nuclear recolls!

(vy) ~ 300km/s
~ 1077 ¢

51e—3

Maxwell-Boltzmann distribution
41 (boosted into the lab frame)

Cut-off at Galactic|
escape velocity

\

0 200 400
v/ km s1

600

800

Edeposit < q V)( — 2/ zm)(

Consider:

e Nuclear recoils - can probe energies down
to eV, but realistically can only measure
recoll energies down to ~keV — m, 2 GeV

e Electron ionisation - possible for
E>A~eV—>m%,ZMeV

e Phonon interactions - possible for
sufficiently small g, with E;, ~ O(10s) meV —
m, ~ keV — 50 MeV

DM mass ranges:
keV MeV GeV

lectron Scattering
| 29




DAMIC-M (Dark Matter in CCDs at Modane)

- [arXiv:2007.15622]
| | S B
Charge Coupled Devices (CCDs) - pixellated ionisation e | M
detectors to look for DM-electron interactions. Skipper /_P'Xe'

readout allows multiple non-destructive readout of a
single pixel, leading to single-electron resolution!

recoil

T D \Z

e Low Background Chamber (LBC): a prototype for
DAMIC-M with two skipper CCDs to test electronics, \ /

backgrounds and do initial science a) Look for either DM-nuclear or DM-electron recoils

e DAMIC-M: full kg-scale CCD detector (~100 CCD
modules). Modules currently being tested. Installation
to be begin March/April 2025 in Modane, and
science data-taking to start Fall 2025.

&

o

e Oscura: 4 year DOE R&D project to develop a 10kg
detector

[DAMIC-M Collaboration, 2210.12070, 2407.17872]
[Oscura Collaboration, 2202.10518]



https://arxiv.org/abs/2007.15622
https://arxiv.org/abs/2202.10518
https://arxiv.org/abs/2210.12070
https://arxiv.org/abs/2407.17872

'Earth-Scattering

It scattering cross-section is large enough, DM
velocity distribution f(v) may be affected by DM
interactions in the Earth

\

-~ Direction of mean
DM flux (v, )

At certain times of day, the Earth may act as a
shield and at other times, it may act as a reflector!

— Daily Modulation of the DM Scattering Rate!

Isodetection angle © (deq)
40 60 80 92 80 60 40 20 0 20
| | | |

I l [ | | I

1000

LBC Data ¢ Data
- DM - e signal

500}

te residuals (events/g/day)

-500

e ra

1

24 [See e.g. BJK et al., 1611.05453;

_1000 6 | | é | l 1I2 | | 1I8

Sidereal time (h) Emken & Kouvaris, 1706.02249; BJK, 1712.04901:; | 31



https://arxiv.org/abs/1611.05453
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https://arxiv.org/abs/1712.04901

'Earth-Scattering

It scattering cross-section is large enough, DM
velocity distribution f(v) may be affected by DM
interactions in the Earth

At certain times of day, the Earth may act as a
shield and at other times, it may act as a reflector!

— Daily Modulation of the DM Scattering Rate!

Isodetection angle © (deq)

40 60 80 92 80 60 40 20 0 20
1000 | | | | I | | | |

LBC Data ¢ Data
DM - e signal

500

-500(-

1 e rate residuals (events/g/day)

1000 ——

Sidereal time (h)

—

[DAMIC-M Collaboration (including BJK), 2307.07251]
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Analysis of new LBC Data (~1 kg-day) underway!
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https://arxiv.org/abs/1611.05453
https://arxiv.org/abs/1706.02249
https://arxiv.org/abs/1712.04901
https://arxiv.org/abs/2307.07251

DM-Phonon Scattering | aceu[' ® 0 015 keV ~1/ac
@ & ¢ o

iC i m~, < 1 MeV = g < keV
For ufﬂmentlyhght DM, 1y q e © © o

DM interaction may not be ‘point-like’. Can scattering collectively with the whole crystal
lattice (i.e. it can excite phonons)
DM > ?/L% >
Light mediator — »— — Phonon
It DM couples differently to positively and negatively

charged ions, then scattering is more likely to excite — |

! | |
optical phonons in polar materials. , ,
. M M
» e.g. ‘millicharged’ DM optical ] | |
= — = >
| | | |
acoustic | | : |
= — - | R S -+

If DM couples similarly to all ions/nuclei, then scattering
IS more likely to excite acoustic phonons.

~~ e.g. hadrophilic scalar mediator [DM phonon scattering theory - 1712.06598,1905.05575]
[DM-phonon scattering in superfluid Helium - 2005.08824] 32



https://arxiv.org/abs/1712.06598
https://arxiv.org/abs/1905.05575
https://arxiv.org/abs/2005.08824

I Quantum Sensors for Dark Matter

IFCA Is involved |

Conceptual design stage:

Determine best target, required |
target mass and possible sensor

. Quasi-particle Trap Assisted

n R&D efforts to develop a phonon detector for DM. Transition Edge Sensor (QET)

\
e

r--------- —

configuration ;\

— Dark Matter + Isotopic scattering event
® |Interaction center * Interface scattering
"/ Phonon ©> Cooper pair
Anharmonic scattering event Quasiparticle (i.e. electron)
Simultaneously developing superconducting
TES sensor for readout. [Raya-Moreno, BJK, Fabrega & Rurali, 2311.11930]

Part of the CSIC

nterdisciplinary Thematic Platform (PTIl) on Quantum Technologies (with I[FCA, ICMAB, IMB and

NMA). Would ex

'end sensitivity down to ~keV masses. ]—-
33


https://arxiv.org/abs/2311.11930

‘Canfranc Axion Detection Expe

riment s WWA

Below ~keV masses, DM must be bosonic e.g. Axions and Ca/D EX

Axion-like particles. In a strong magnetic field,

be converted into photons!

The Canfranc Axion Detection Experiment (CADEX) will

make use of Kinetic Inductance Detectors (Kl
developed for CMB polarisation measuremen

for axion-photon conversion in the unexplorec
330-460 peV (f € [86, 111] GHz)

A pathfinder phase in a mK dilution cryostat will be
operated at IFCA, with [FCA is playing a key role in

iINnstrumentation and science analysis.

Full experiment is planned for operation at Ca
Underground Lab (LSC).

ts to search

these can

[CADEX Collaboration (including BJK), 2206.02980]
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mass range
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https://arxiv.org/abs/2206.02980

‘Canfranc Axion Detection Experiment

Below ~keV masses, DM must be bosonic e.g. Axions and
Axion-like particles. In a strong magnetic field, these can
be converted into photons!

The Canfranc Axion Detection Experiment (CADEX) will
make use of Kinetic Inductance Detectors (KIDs) originally
developed for CMB polarisation measurements to search

for axion-photon conversion in the unexplored mass range
330-460 peV (f € [86, 111] GHz)

A pathfinder phase in a mK dilution cryostat will be
operated at IFCA, with [FCA is playing a key role in
iINnstrumentation and science analysis.

Full experiment is planned for operation at Canfranc
Underground Lab (LSC).

CaDEx

[CADEX Collaboration (including BJK), 2206.02980]
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Dark Matter on all scales
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I “Dark Collaboration” at IFCA

The Dark Collaboration is an informal ‘working group’ with the goal of coordinating Dark Matter research
at IFCA, and developing new research lines in this direction.

Formed in May 2020, it now consists of >30 active members: PhDs, Postdocs and Staff from [FCA and
‘nearby’ institutes (UPV/EHU, IFT-Madrid).

A number of joint activities between
Cosmology and Particle Physics groups:

e Teaching: Joint supervision of Master
and PhD students, as well as
contributions to the Master program
“Master in Particle Physics and Physics of
the Cosmos™

e Organisation of DV conferences in
Santander in 2016, 2018, 2021, 2023.
Dark Matter 2025 planned for June 2025.



https://indico.ifca.es/e/DM2025

DARK MAT TER 2025

FROM THE SMALLEST TO THE LARGEST SCALES

| O

2 - 6 June 2025 a | F(A

Abstract submission now open, ¢

registration to open early 2025 Instituto de Fisica de Cantabria
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Webpage: indico.ifca.es/e/DM2025
Info: dm_santander@ifca.unican.es
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Dark Matter in Ga\axy Clusters Galaxy Clusters are the largest gravitationally bound

= structures in the Universe. They are highly Dark Matter
dominated, with mass-to-light ratios of ~ 100 M /L,

E.g. Coma Cluster

Dynamics - Velocity dispersion of member

galaxies can be used to infer the enclosed mass (T) ~ =Mio107 = —= (Vior)
through the Virial Theorem.

S Lensing - Mass in the cluster lenses background AR N

S axies. Proj j ity > =46 r\&- 5

> galaxies. Projected surface mass density 2 can aE) =2 2 Q¢

~ 2 N

2 be inferred from the deflection field & . c £ ¢
X-ray observations - Assuming hydrostatic dd  GMioi(< 1) 1 qpr
equilibrium of hot X-ray gas in the clusters allows = > = i
us to trace out the mass distribution. Pgas

3


https://arxiv.org/abs/0904.0220

Universal Density Profiles “More on this shortly

Density profiles of cold* Dark Matter halos can be well fit over many orders of magnitude by the cuspy

“Navarro-Frenk-White™ (NFW) profile (1996): [astro-ph/9611107]
ONFW (r) — Ps =0.5 I S I lLevell IIVIZ(;”/}VI;U;l | la
(T/TS)(]‘ + 74/743)2 | | 5 L/c 107
-1.0 e y L6 10~ )
. - . . L4 10
Alternative fitting formulae include the Einasto L3 10° _
L2 10’

orofile (with o =~ 0.16):

PEin(7) = p—2 €xp [—Qa_l ((r/r—2)" — 1)}

dlog(p)/dlog( r )

Mass and concentration of halo (¢ = 7,/7 .,

depends on redshift of formation, but density
orofiles are almost universal.

_3.5 "iiil'l:' i i iil'iiilé i i iiiiiil
0.1 1.0 10.0

rlr_,
11911.09720] ]—-
41

Caveat: inner density profile can be hard to
probe due to resolution limitation.



https://arxiv.org/abs/1911.09720
https://arxiv.org/abs/astro-ph/9611107

Small-scale problems

Core-vs-cusp problem (Now sometimes called the “diversity of rotation curves’ problem)

Suggests some Dwarf Galaxies host ‘cored’
density profiles, rather than ‘cuspy’ NFW profiles!

Rotation curve 90 l l l ] . |
from comparable  gol o 10-3
S|mulat.ed dyvarf \70\
galaxies with a
‘cuspy’ DM 7 ©0r
density profile & 50F

~. 40
S Hydro sims: LG-MR + EAGLE-HR,

¥~.
.a 74 +
30 [l #F [~ T e

IIIII

J ' DMO sims: LG-MR + EAGLE-HR,
20 + | V,.=77 kms ' +£10% [165] u
() A

Dark matter only
[1011.2777]

lllllll

NFW (> 90 kr@
——e— NFW (< 90 km s=¥)
— — IS0 best fits

10 ) Oh+2011 DG1 O IC 2574 A DDO 154 O DG1
A Oh+2011 DG2 - "~ [ NGC 2366 Y2 DDO 53 'O DG2
Measured 0 ® IC2574 7 Ho | A M81dwB
rotation ' ' ' ' ' —- 5 | Y Ho I
0 2 4 6 8 10 12 14 e
curve Radius [kpc] [1504.01437] — 0o
R/RO_3

See also “Too big to fail”, “Plane of Satellites”, and others... [Sales, Wetzel & Fattahi, 2206.05295] | 42
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Small-scale problems

Missing Satellites Problem

ACDM predicts many more low-mass satellite galaxies of the Milky Way (and Andromeda).
Where is this small-scale structure”

-
-
| | | | | | | | | - O
o CDM 1
X [astro-ph/9901240] — ACDM
© A MW/M31 _
UMal :E:\ 100 - _
N -
O P
. s 45 &
= I 17 =
eguel . T | —~ _ AN
= | =
~
"\2 10 :_ -
.6 :
- - | O
A - q
= :
i R<400h-'kpc }
100,000 light years 1 L R>400h_1kpc o\ \O |
: | 1 | | | | | | I
10 50 100
Vcirc(km/s)

Proxy tor dwart galaxy mass

See also “Too big to fail”, “Plane of Satellites”, and others... [Sales, Wetzel & Fattahi, 2206.05295] | 43
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physics’ (e.g. star formation, supernova
explosions, winds)

—eedback mechanisms (supernovae,
reionisation) can drastically affect both the
DM density profiles and the threshold tor
galaxy formation.

It we want to modity the standard model of
collisionless cold dark matter, we still have
to worry about the complicated baryonic
ohysics!
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physics’ (e.g. star formation, supernova
explosions, winds)

~eedback mechanisms (supernovae,
reionisation) can drastically affect both the
DM density profiles and the threshold for
galaxy formation.

It we want to modity the standard model of
collisionless cold dark matter, we still have
to worry about the complicated baryonic
ohysics!
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Warm Dark Matter

One proposal for resolving these ‘small-scale tensions’ is Warm Dark Matter, which freezes-out semi-
relativistically, washing out structure down to some small scale (but preserving structures on Galaxy

scales)

A detailed calculation of the free-streaming 10¢

damping finds that the comoving
lengthscale at which the linear perturbation 103
amplitude drops by a tactor of 2 is:

P [h3 Mpc3]
(-
o

101

oV \ 115
Rq ~ 0.47 ( - ) Mpc

HrI R T R

|

X 10° -
10+
10° 102 10+
k [h Mpc™]

[astro-ph/0010389]


https://arxiv.org/abs/astro-ph/0010389

Free-streaming

Jeans equation for the growth of overdensities 0 = op/p in a collisional fluid:

. . L2 2
5+2H5+( : 477(;/))5:0

a2

/ \

Expansion Gravity

For a collisionless fluid, such as DM, the role of pressure is played by the
velocity dispersion of the fluid, and we can replace (:S2 = o”

A > A;: Gravitational Collapse
A < A, : Free streaming damping

As in the collisional case, o (t)?

we can write the Jeans length as )‘J(t) — \/ Gﬁ(t) _’
Physically, we can think of the Jeans length as the scale at which the DM crossing time 1., ~ A/cis
comparable to the gravitational collapse timescale t,.; ~ 1/4/Gp. Free-streaming length can be

evaluated roughly as Ag, ~ /lj(teq), after which point the Jeans length drops rapidly.

Hot Dark Matter freezes out when relativistic, then has a velocity dispersion which is too large at late times.
This means that A is large: Structure is washed out on small scales!

[



I CMB and Polarization

The analysis of CMB data continues to provide promising hints about Dark Matter.

For example, ultralight “axion-like” particles (ALPS, m < 1072 eV) may affect the polarization of CMB
photons as they travel through the Universe to us: Cosmic Birefringence.

Credit: Y. Minami/KEK

The IFCA Cosmology Group recently found evidence for a weak cosmic birefringence effect (~0.35 degrees).
Future work required to understand whether the effect is real and to interpret in terms of new light particles.

[E.g. P. Diego-Palazuelos et al., arXiv:2201.07682] | 47



https://arxiv.org/abs/2201.07682

‘Gravitational Waves (GW)

An ~equal mass inspiral: GW150914 Intermediate and extreme mass ratio inspirals:
I | I |
Inspiral Merger Ring-
f down
1.0 | | .
Io a2 ., : ﬁ i mg/ml < 1
— Y | |
— 0.0 -
= | | }V
;,5,'0'5 ] ’ o' i} Binary may be observed during millions of orbits
-1.0 — Numerical relativity H ‘ B
I Reconstructed (template) : :
. - | | _ Evolution of the GW signal can be used to trace the
Pl E— | | "]ax dynamical influence of the environment around
2 0.5 H — Black hole separation 413 & the Iarger black hole
g 0'4 === Black hole relative velocity 42 %
9 ., i 11 & Can be used to probe of Dark Matter overdensities
| 230 0 3% 540 5 '45 0 & almost independently of Dark Matter mass and
Time (s) particle physics properties

[LIGO/Virgo, arXiv:1602.03837] | 48


https://arxiv.org/abs/1602.03837

The Gravitational Wave Spectrum c = Aaw - faw

nH7 uHz mHz Hz kKHZ

10'3 km ~ pc 10" km 108 km 105 km 100 km
30 years 10 days 15 minutes 1 second 1 ms

SOURCES

1 AU (150 million km)
Sun
Laser Interferometer Space Antenna )
(planned for the 2030s)
[1907.06482]

DETECTORS?



https://arxiv.org/abs/1907.06482

I GW Probes of Dark Matter

a (Current Interferometers)

( Future Interferometers )

?;};:;ISI EMRI/IMRI dephasing ( Pulsar Timing Arrays )

QCD Axion PBH

(GW /Radio) mergers

Axion
DM DM production

by bubble collisions

Rolling Rolling
axions axions Dark blobs

]

Dark Photon DM Hidden sector

scalars
BH-Boson
condensate

BH spin
distribution

PBH /sub-halo

transits

Boson star
binaries 1 Mproton 1 M ®

mpnnpgeeeed oo eyl
10720 1071 1 1010 1020 10°Y 1040 10°° 10%° 107
Dark Matter Candidate Mass [eV]

[Bertone, Croon, et al (including BJK), 1907.10610] | 50
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‘Gravitational Wave Dephasing
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‘Dark Matter Spikes

Spikes’ or ‘dresses’ of cold, particle-like DM may
form around BHs, e.g. From the slow (‘adiabatic’)
growth of a BH at the centre of a DM halo

-

M @i) ¢
T T T

/

[astro-ph/9906391, astro-ph/05095695,

1305.2619, Bertschinger (1985), astro- PDM. local ~ 1072 M, /pc?
ph/0608642, 1901.08528, .. ]

e


https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/astro-ph/0509565
https://arxiv.org/abs/1305.2619
https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/1901.08528

DM Accretion
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[Coogan, Bertone, Gaggero, BJK & Nichols, 2108.04154]

|[Code available online: https://githulb.com/adam-coogan/pydd]
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Laser Interferometer Space Antenna

(planned for the 2030s)
[1907.06482]

QO D DA
Q'M Q<'Q Q<'Q QC'Q Qcp Qﬁ

pe [10%° Mg pe™

55


https://github.com/adam-coogan/pydd
https://arxiv.org/abs/2108.04154
https://arxiv.org/abs/1907.06482

EﬂVirOﬂmeﬂta‘ CQﬂfUSiOﬂ [Cole, Bertone, Coogan, Gaggero, Karydas, BJK,
. . Spieksma, Tomaselli, 2211.01362, Nature Astronomy]

Signals very hard to confuse in 1 year of
LISA data (huge Bayes factors!)

Generate waveform
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'PBH Parameter Space

Mpgy |(g]

[Green & BJK, 2007.10722]
[Code online: github.com/bradkav/PBHbounds]
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‘Line Intensity Mapping (LIM)

Growing expertise in Line Intensity Mapping (LIM): mapping out the intensity of emission lines
(microwave to optical) across large portions of the sky. Fluctuations in intensity can provide information
about small-scale matter clustering at early times.

MD=RD .
- ’
SR T [Jose Luis Bernal &
m%#ﬁ‘ Ely Kovetz, 2206.15377]
gl S
) C t “fﬁ . -
1100 Recombination

DE=MD
kNI, fad @(O. 1 )

200
39 Dark Ages

12 Cosmic Dawn

IFCA is involved with Relonization

Galaxy
MeerKAT and HETDEX

Surveys
Cosmic Noon

E.g. DM-baryon scattering can

suppress small-scale power,

which can be probed with LIM
[Short et al., arXiv:2203.16524]
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DM with mass m, and initial velocity v, System carries away an energy @

scatters with a system and a momentum g

X

From conservation of energy and momentum, the maximum amount of energy that can be
transterred is 5

q
2mX

Wmax — Uy

Up to a maximum momentum transfer of Jmax — QTTLXUX
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‘Scattering Kinematics

Allowed range of (w, g) set by kinematics (green
regions):

w < qUy — q2/2mX

Consider:

e Nuclear recoils - can probe energies down
to eV, but realistically can only measure
recoll energies down to ~keV — m, 2 GeV

e Electron ionisation - possible for
a)>A~eV—>m)(ZMeV

e Phonon interactions - possible for
sufficiently small g, with @, ~ O(10s) meV —
m, ~ keV — 50 MeV

Energy transter w
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D
<

meV

_ 10=3 . ~ [Adapted from
vy = 1077 ¢~ 300km/s 1910.08092] _
s | |z |3 |EC
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‘Scattering Kinematics

Allowed range of (w, g) set by kinematics (green
regions):

w < qUy — q2/2mx
Consider:

e Nuclear recoils - can probe energies down
to eV, but realistically can only measure
recoll energies down to ~keV — m, 2 GeV

e Electron ionisation - possible for
a)>A~eV—>m)(ZMeV

e Phonon interactions - possible for
sufficiently small g, with @, ~ O(10s) meV —
m, ~ keV — 50 MeV

DM mass ranges:
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Allowed range of (w, g) set by kinematics (green
regions):

w < qUy — q2/2mX

Sapphire Al,O4
[1807.10291]

For a given DM mass and velocity, gapped optical
phonons typically allow tor a larger energy deposit
(just by looking at kinematics).
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Time-dependent DM Signal

DM flux comes from a preterred direction, meaning that if the phonon response is anisotropic,
a characteristic time-dependent signal can arise.

Consider Sapphire as an example. The phonon response is anisotropic, depending on
orientation with respect to the optical axis (“c-axis”):

K || c-axis:
Ordinary response

[n]

K 1 c-axis:
Extraordinary response

Mean DM
Flux (v, )

t=12 hr



Look for anisotropic, polar materials as good targets.

Some estimates of the DM-phonon scattering rate have been calculated for

Assuming 7. = 1077° cm?

108F | T 10733 = ————r ———r
%
Py
g 6 10—36_
= 10°F - Stellar
% - Cooling
= 10t} | S0y
z ©
=
E t” 10—42_
=z 107+ i m, = 0.1MeV ~ —— Ordinary -
&0 .
A — my=1MeV  -——= Extraordinary

Pa— T -1 450 ] ]
4 x 10 6 x 10 10 2 x 10 10 102 01 100

But a

Phonon Energy w [eV] Dark Matter Mass m, |[MeV]

of Dark Matter models and target materials has not yet been completed.
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Detectability limits of current transition
edge sensors (TES)is ~ 10710W


https://arxiv.org/abs/2311.11930

Kinetic Inductance Detectors (KIDS)




‘Kinetic Inductance Detectors (KIDs)




