A Cosmological Dark Matter Collider
Experiment

PASCOS 2021

Francis-Yan Cyr-Racine

Department of Physics and Astronomy

University of New Mexico, USA




Broad parameter space for dark
matter...which one 1s right??
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Focus on small-scale matter power
spectrum

* The matter power spectrum tells us the tvnical amplitude
of matter fluctuations at differer< scales.
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Structure of the power spectrum

* Competition between gravity and pressure determines the shape of
the power spectrum

(k)

7 - Pressure

6 + [Pressure — Gravity] 6 = 0.

Dodelson (2003)

Francis-Yan Cyr-Racine, UNM 6/16/21 4



Phenomenology of dark matter-dark radiation
(DR) interaction

Dark acoustic oscillation (DAO
In the early Universe...

Dark Radiation
Pressure

Potential Well

Natural value: £ ~ 0.5 Adapted from W. Hu

Cyr-Racine et al. (2016)
Cyr-Racine et al. (2014)

Cyr-Racine & Sigurdson (2013) g — (TD / TCMB) ‘ ~—()
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Focus: Coupling dark matter to light
relativistic species

* Example 1: Dark matter interacting with a massless
photon.

* Example 2: Dark matter interacting with a massless
neutrino via a massive mediator.

1 1 1

Lint = —gxPuXV'X = 590Gty vs = mgdud — SmyXx

2 2

...and many more!

Hofmann et al. 2001; Chen et al. 2001; Boehm et al. 2002; Green et al. 2004; Bertschinger
2006; Bringmann & Hofmann 2007; van den Aarssen et al. 2012; Cyr-Racine & Sigurdson 2013
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Broad diversity of matter power spectrum shapes

Weak DAO Strong DAO

Undamped

oscillations

—— Strong DAO 1
Strong DAO 2
—— WDM (3 keV)

Cyr-Racine et al. (2016)
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What determines the shape of the matter power
spectrum?

DM-DR interaction: The dark matter drag visibility function
determines the shape of the transfer function.

k [h/Mpc]
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Important Lesson #1

Dark matter particle collisions with light
degrees of freedom at early times
imprint a new scale 1n the matter

distribution.

Can we detect 1ts presence?
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Introducing some notation

* Capture key features of DAOs with two parameters:

Jesus Zavala

Sebastian Bohr

Muiioz, Bohr, Cyr-Racine + (2021),
Bohr , Zavala, Cyr-Racine+ (2020)
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Look at the halo mass function

* Counting halos of different masses

Following Press & Schechter:

com s .~ ETHOS-1

ETHOS-2 " ETHOS-3 *

. . - , (v) = A@(l e (-2)

Vogelsberger, Zavala, Cyr-Racine et al. (2016) Press & Schechter (1974), Bond et al. (1991),
Sheth & Tormen (1999)
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An interesting mass function shape

* DAO: Sowing confusion in the halo mass function!

—— CDM

— Strong DAO 1
---- Strong DAO 2
—— WDM (3 keV)
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Halo mass function in the presence of DAOs

* Perform a suite of 50 simulations for a grid of k.., and h

neak Values

— CDM

—— hpeak = 1.0
hpeak = 0.8

—— hpeak = 0.6

—— hpeax = 0.4

—— hpeak = 0.2
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Bohr , Zavala, Cyr-Racine+ (2021)
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Halo mass function in the presence of DAOs

* Prominence of DAQO feature increases with time!
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Bohr , Zavala, Cyr-Racine+ (2021)
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A new feature 1n the mass function

dn/dInM [Mpc~3]
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Early-universe
scattering between
dark matter and a
relativistic species

introduces a new
DAOQO “feature” in

—— CDM
hpeak =1, kpeak = 432h/MpC
= hpeak =0, kpeak =53.3h/Mpc

e the halo mass
e function.
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Halo mass function: Better sensitivity to DAOs

* There 1s a broad range of models that are distinguishable from
WDM.

Halo mass function (z=5 Mprope = 108M o h™1

100
kpeak [h/M pc]

Bohr , Zavala, Cyr-Racine+ (2020)
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Important Lesson #2

The halo mass function retains memory
of dark matter interactions taking place
in the early universe.
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Applications

log1o (kpeak[/Mpc])

* 21-cm cosmology

Ty mK]

* UV Luminosity function

* Substructure Lensing

14 16 18 20 22 24

. 1v725 4 1 . . .
Kdiv = 5V00eit = 5V - & — Ko = Kef — Ko

« Livermore+2017
+ Bouwens+2015

log(® / [Mpc™ mag™1)

18 Lovell et al. (2018)

IVI1 500, AB

Dhanasingham & Cyr-Racine (in prep.)
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Conclusions

* DM-DR collisions at early times leave distinct imprints on the
linear matter power spectrum.

*  While nonlinear evolution tends to erase these imprints, the halo
mass function has a much better memory of these effects. A new
feature appears in the HMF.

* In the strong DAO case, these predictions can be quite distinct as
compared to either WDM or CDM.

* The prominence of the DAO feature in the halo mass function
increases with time.

Thank you!
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Connection to particle physics

Clear connection to the particle physics: for an opacity scaling as

Define the time of dark matter decoupling via
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Bohr , Zavala, Cyr-Racine+ (2020)
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