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Linear theory of cosmological
perturbations



Credit: ESA/Planck collaboration 2018

Structure formation theory: cosmological perturbations
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The collisionless Boltzmann equation with self-gravity

The Boltzmann equation is the key equation needed in structure formation theory
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The collisionless Boltzmann equation with self-gravity
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Moment equations of the Vlasov-Poisson equation
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Moment equations of the Vlasov-Poisson equation
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Collisional Boltzmann equation in the fluid regime
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Moments of the Boltzmann equation
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Newtonian perturbation theory:
comoving frame in an expanding Universe
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Newtonian perturbation theory: fluid regime
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Newtonian perturbation theory: fluid regime
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Newtonian perturbation theory: fluid regime
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Newtonian perturbation theory: Fourier space
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The fluid case: baryonic perturbations



Jeans length
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Jeans length: fluid
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Jeans length: fluid
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Jeans length: fluid

—>Weve eguatien -

S Vo uadecstund e me,cw\'\\ma bt the 2\ eans \ewg-\\n, led's look & e Solutian Yo
o ec

Ao wewe €guahion -
2) N & A3

riwt
3, & € LY A7 Mg

—p he leaw \encbl(\q vs Hae waximum dictamce  Fhat Comnd waves cav travel ‘o

evefr: PESwre gupport on Q perturloation fo prevent s qravdadianal collapse



baryonic perturbations in the Early-Universe
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Silk (collisional) damping
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Silk (collisional) damping

- The coupling between baryons/ordinary matter and photons is not perfect. It occurs mainly through
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Silk (collisional) damping
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Silk (collisional) damping
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Baryonic perturbations: summary
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Baryonic perturbation are not enough
for structure formation:
the need for dark matter



Baryonic perturbation are not enough for structure formation:
the need for dark matter
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Hubble Ultra Deep Field 2012, Credit:NASA/ESA




Baryonic perturbation are not enough for structure formation:
the need for dark matter

Hubble Ultra Deep Field 2012, Credit:NASA/ESA
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Baryonic perturbation are not enough for structure formation:
the need for dark matter

Hubble Ultra Deep Field 2012, Credit:NASA/ESA
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Baryonic perturbation are not enough for structure formation:
the need for dark matter
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The collisionless case: DM perturbations



Dark matter perturbations: free streaming damping
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Dark matter perturbations: free streaming damping
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Dark matter perturbations: free streaming damping

/\@
A com %T%ﬁ// //
O~ (e,/ yd - N

\

d' S !
v 79‘4,
// <
) —>
time




Dark matter perturbations: the Hubble drag term
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Dark matter perturbations: the Hubble drag term
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Dark matter perturbations: summary
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cosmological perturbations: summary
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LINEAR REGIME (cosmological perturbation theory)

Standard hypotheses:
DM is cold and collisionless
linear power spectrum (Cold Dark Matter model)
(statistical description of the density field)

100.00

Angulo & White, 2010

effect free streaming

\

10.00

NN BAOS thermal WIMP
m ~ 100 GeV

R~ 1pcC
Mt ~ 1 Mearn

amplitude of DM clustering

c(z=0)~0.03cm/s

10 104 10°
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Non-linear structure formation theory:
gravitational collapse of collisionless systems



Non-linear structure formation theory:
gravitational collapse of collisionless systems

0 (7,4) = 3L+ ER )]

— Linear reqme : << =p |linear perdurbakion theory
= Noo-lineor \'eﬂime. B (S\ Z/'] =b Perjrur\oa\-lon *\neory breaks Ao\un!

=% Without \lnear'u%alrlon/ +he evolution eq\sq-“on Cor a qwen Fourier mode &;
depeqds sn olher mddes (R, K", ..) . This i Known ag mode couphng . T he

coupled 3y stewm of equaofy Camot be solved QV‘C’\V“CQ“}’ - Numer.‘cq\ly na't

wkint rs |\ rencr E).
Ceasole vieither one many modes are Coup\ecl (infinite wave numbers in princip



NON-LINEAR REGIME (N-body simulations)
If o (x, t) & 1 perturbation theory breaks down!!

Standard hypotheses:

DM is cold and collisionless the only DM interaction

(Cold Dark Matter model) that matters is gravity!!

In principle: solve Collisionless Boltzmann Equation (coupled with the Poisson equation)
with the initial conditions given by linear perturbation theory
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i.e., find the local DM distribution in phase space at all points and at all times:
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NON-LINEAR REGIME (N-body simulations)

N-body sim: the coarse-grained distribution is given by a discrete representation of N particles:
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Boylan-Kolchin+09

NON-LINEAR REGIME (N-body simulations)

Millennium Il simulation
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Large-scale structure

the large-scale distribution of the
Universe is consistent
with the predictions of the CDM model

Scale ~400-600 Mpc
~ size of Millennium
simulation box

Springel+2006




Self-gravitating DM structures: haloes

CDM predicts a hierarchichal
growth of structures

DM halo seeds

Boylan-Kolchin+2009

Anderhalden & Diemand 14

Fig. from Baugh 2006



Fig. from Mo, Mao and White, 2010

Standard structure formation theory
NON-LINEAR REGIME (gas and stellar physics)

cosmological initial and boundary conditions

gravitational instability

dark halo (dark matter + gas)

momentum
S— -
—~—

dissipative
collapse;
starburst

starburst, bar instability

gas inflow

AGN
spheroidal system

tidal tail AGN, tidal tail
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hot halo

DM gravity only
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The Cold Dark Matter (CDM) hypothesis is the

cornerstone of the current structure formation theory

| conditions

CDM assumes that the only DM
Interaction that matters is gravity!! 2000 CPU vears!!

§ gas density
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cosmological simulations

DM gravity only
+

“baryonic” physics
(radiative cooling,
gas hydrodynamics,
star formation,
supernova and AGN
feedback,...)
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Is gravity the only dark matter interaction
that matters in the physics of galaxies?



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




The (incomplete) particle DM landscape

Particle physics parameter space

in relation to the mechanism of
DM production
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The (incomplete) particle DM landscape

Particle physics parameter space
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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?




Unknown but simple “dark physics”

Allowed interactions between DM and

can DM physics induce a
relativistic particles (e.g. “dark radiation”)

galactic-scale primordial
power spectrum cut-off?

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

analogous to the Dark Acoustic Oscillations (DAQOSs)
photon-electron-baryon

p'asé“AaOCSase: Dark Radiation
pressure

there is also the
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Well



Unknown but simple “dark physics”

can DM physics induce a

Observations have yet to measure
galactic-scale primordial

the clustering of dark matter at the
scale of the smallest galaxies

power spectrum cut-off?

Dwarf
N M) |
108 1016 1014 1012 1010 :' : e

10% 10° 10%
_
Cosmic Cluster Galactic

CDM

linear power spectrum Unknown sm_aII
scale behavior

DM is relativistic at earlier times
R ‘thermal’ cut-off

non-linear (simulation) ER T YORRTRUR RO (WDM free-streaming)

linear (analytic)

Kuhlen+12

Baryon
Acoustic
Oscillations

DM interacts with relativistic
particles at earlier times:

1
1
o0
|
o
|
|
1

- T DM-dark-photons DAOs
X and
100 10° Silk damping

largely unconstrained




Unknown but simple “dark physics”

can DM physics change constraints allow
collisional DM that is

astrophysically significant

the phase-space structure
of DM haloes during

hei ution? in the center of galaxies
thelr evolution®

Cluster

average scattering rate per particle:

-E}SC. L (TS.E. — —
At o m Pdm Vtyp

w
o

dark-photon mediated
\‘ DM-DM scattering

reduced inner

DM densities
in dwarf
galaxies

w

~ 1 scatter / particle / Hubble time
astro constraints

: : (e.g. Bullet cluster)
Neither a fluid nor a

collisionless system:
~ rarefied gas

‘ e
'sphere DM-DN scattering

Improved analysis for thd Bullet cluster
o/m 3 2cm?/gr (Rober‘q‘son + 16)

cross section / mass [cm?/gr]

10 100 10°
velocity dispersion [km/s]




Additional free DM parameters might play a key role in the
physics of galaxies. The window is relatively narrow.

. CDM

Y ETHOS
2 WDM(2.3 keV)

below this value
Zavala et al galaxy formation

Is highly supressed 109'5M5un atz =0

(reionisation)




An Effective THeory Of Structure formation
(ETHOS)

_ DM production mechanism
Early Universe (verify consistency with global
DM abundance)

structure

. invisible dark matter
formation

hidden DM physics Generalize the theory of

visible matter _ ~ 7 DM-dark photons structure formation
gravity ,* (CDM) to include

gas and stellar /
DM -DM

physics ' = Cold DM '
o E (graviy only) coupled with our knowledge

e D of galaxy formation/evolution

Signatures of non-gravitational
DM interactions
(dynamical, visible byproducts)

Cyr-Racine et al. 2016, Vogelsberger et al. 2016, Lovell et al. 2018, Bohr et al. 2020,...



