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The Cold Dark Matter (CDM) hypothesis is the

cornerstone of the current structure formation theory Assumption for the

physics of galaxies:

initial conditions= -

CDM assumes that the only DM DM is made of
AR interaction that matters is gravity!! classical,
non-relativistic and
m— collisionless
gas? S—It particles

cosmological
simulations

DM gravity only
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“baryonic” physics
(radiative cooling,
gas hydrodynamics,
star formation,
supernova and AGN
feedback,...)
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despite the spectacular progress in
developing a galaxy formation/evolution theory,
it remains incomplete since we still don't know:

what is the nature of dark matter?

What is the mass(es) of the DM particle(s)
and through which forces does it interact?

Is gravity the only dark matter interaction
that matters in the physics of galaxies?

Although there is no indisputable evidence
that the CDM hypothesis is wrong, there are reasonable
physical motivations to consider alternatives




two major unresolved questions
In structure/galaxy formation theory

What physical mechanisms set the minimum
mass scale for galaxy formation?

What physical mechanisms set the
(central) dynamics within the visible galaxy?




Clues from the properties of dwarf galaxies

Dwarf galaxies:

most DM-dominated systems: Mpy > 10 Mys
(ordinary matter is less dynamically relevant)

Mllky Way*satelhte (Fornax)
: MV| ~107MSuL, o

The stellar dynamics is simplified
and the underlying DM

distribution can be more easily
constrained




in relation to the mechanism of \_ADM )
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Known but uncertain and complex
“baryonic physics”

Gas and DM heating

through supernovae _
Credit: Pontzen & Governato 2014

these mechanisms are certainly there, parkmater) [ f L :
but how efficient they are in nature oot Y/ TGravtational s
for the smallest galaxies ol RS ~

remains unclear

Gas heating (UV background from
first generation of stars/galaxies)
1100 Aol tghy mverse (Y 50 2= reduces the inner density
- T L of DM haloes
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Unknown but simple “dark physics”

can DM physics induce a

galactic-scale primordieg Allowed interactions between DM and
power spectrum cut-off* relativistic particles (e.g. “dark radiation”)

in the early Universe introduce pressure
effects that impact the growth of
DM structures

Dark Acoustic Oscillations (DAOS)

analogous to the

photon-electron-baryon Dark Radiation
plasma case: pressure

BAOs

Infall

Potential
Well

Credit: Wayne Hu (U. Of Chicago)



Unknown but simple “dark physics”

can DM physics induce a

galactic-scale primordia}:! Allowed interactions between DM and
power spectrum cut-off* relativistic particles (e.g. “dark radiation”)

in the early Universe introduce pressure
effects that impact the growth of
DM structures

Dark Acoustic Oscillations (DAOS)

There is a similar oscillatory
mechanism in fuzzy DM driven
by quantum pressure
(perturbation eqg. as an
effective fluid with a
characteristic sound speed)

Dark Radiation
pressure

Infall

Potential
Well

Credit: Wayne Hu (U. Of Chicago)




Unknown but simple “dark physics”

can DM physics induce a

galactic-scale primordia}:! Allowed interactions between DM and
power spectrum cut-off* relativistic particles (e.g. “dark radiation”)

in the early Universe introduce pressure
effects that impact the growth of
DM structures

Dark Acoustic Oscillations (DAOS)

Dark Radiation
pressure

There is also the
traditional collisionless
(free streaming) damping

(e.g. thermal WDM)

Infall Potential

Well

Credit: Wayne Hu (U. Of Chicago)




Unknown but simple “dark physics”

can DM physics induce a )
ga'actic-scale prirnordial Observations have yet t0o measure

power spectrum cut-off? the clustering of dark matter at the

scale of the smallest galaxies

Dwarf
galaxies
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Unknown but simple “dark physics”

can DM physics induce a )
ga'actic-scale prirnordial Observations have yet t0o measure

power spectrum cut-off? the clustering of dark matter at the
scale of the smallest galaxies

Dwarf
galaxies

DM has quantum effects at
astrophysical scales



Unknown but simple “dark physics”

canh DM physics change
the phase-space structure

of DM haloes during
their evolution?

average scattering rate per particle:
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At m y dm VI

~ 1 scatter | particle /| Hubble time

Neither a fluid nor a

collisionless system:
~ rarefied gas

constraints allow
collisional DM that is
astrophysically significant
in the center of galaxies
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DM structure in SIDM and DAO models

o A CDM

* does not set minimum galactic scale

* “thermal” limit to phase space density

The LSS success of

ACDM is shared by * sets minimum galactic scale
AWDM, ASIDM, AiDM (DM-DR Silk-like damping)
* [imit to phase space density set by
B thermalization in the inner haloes

(DM self-interactions)




DM structure in SIDM

SIDM10

DM-only simulations
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E Milky-Way-size halo

S : elastic scattering
(radius ~250 kpc) ) 210 cm?lgr —— NFW

(Carlson+92, Spergel & Steinhardt 00, Yoshida+00, Davé+01, Colin+02, Rocha+13, Peter+13....) . -—— core formed
' —-— core collapse

All SIDM haloes eventually reach the gravothermal
collapse phase of their inner core

e.g. Balberg+02, Koda & Shapiro 11, Pollack+15
Outmezguine+23, Gad-Nasr+24




Unknown but simple “dark physics”

Can DM physics change constraints allow for
the phase-space DM quantum effects to

structure of DM haloes? have an impact in the
center of galaxies
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DM structure in FDM
E (a) box

(b) projection (c) slice
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A challenge

* The minimum scale for gallaxy formation could be set by:

» physics of reionisation: heating and photo-evaporation from the
UV background produced by the first generation of stars/galaxies

> . free streaming of DM particles (WDM) or
collisional damping due to interactions between DM and relativistic particles
or quantum pressure in ultralight dark matter

* The inner dynamics of dwarf galaxies could be driven by:

> supernovae energy/momentum deposition in the ISM at ~kpc scales

*> thermalization of the inner DM halo due to

> or condensation of the inner DM halo due to

Although dark and baryonic physics are to large extent degenerate, the situation

IS unavoidable given our current incomplete knowledage of the DM nature and
gas an stellar physics




Disentangling dark from baryonic physics

Bullock & Boylan-Kolchin 2018

Isolated “ideal” simulations

t=3.00 Gyr “bursty-SF” CDM
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Disentangling dark from baryonic physics

Adiabatic (SIDM) vs

impulsive (SNe) energy
Injection into haloes

Mass-weighted (projected) phase-space distribution of stellar particles

age < 0.9 Gyr
1/3 Vs
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Burger, Zavala+ 2022; see also Burger and Zavala 2019, 2021



Constraints on deviations over the power spectrum of CDM

Summary of Ly-alpha _.__Non-linear pc:wer spectrum (=5  Kprope = .SOUM‘_—EUQE of galaxy formation
constraints on WDM
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