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OUTLINE

Lectures 1 and 2

* Dark matter and structure formation
> Cold Dark Matter (Lecture 1)
> Non-gravitational DM interactions (Lecture 2)

* The sinergy between dark and ‘ordinary’ matter
in the physics of galaxy formation and evolution

Discussion session

* Perspectives on the future of astrophysics to
probe the DM nature: an effective theory of
structure formation (ETHOS)



The particle DM hypothesis:

DM is made of new particles that do not emit
electromagnetic radiation at a significant level

Until now, DM is evident only
by its gravitational influence




The particle DM hypothesis:

DM is made of new particles that do not emit
electromagnetic radiation at a significant level

Until now, DM is evident only  QRiNEEN

by its gravitational influence
CMB

DM
production?

Big Bang '\ T SRS RN na o

SNE A Independent astronomical oark
USRI observations indicate that | 5" |
~80% of the matter in

the Universe is dark

NASA/WMAP-9 Science Team

13.7 billion years



A spectacular example of a GR effect and a
strong indication of the existence of DM
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A spectacular example of a GR effect and a
strong indication of the existence of DM
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ESA and the Planck Collaborati

Cred

The particle DM hypothesis is seemingly essential to explain
the growth of perturbations into the structures we see today

Redshift (V, /c)




structure formation theory
(main ingredients)



Standard structure formation theory
(main ingredients)

LINEAR REGIME (cosmological perturbation theory)

» Background evolution (flat Universe)

> cosmological principle, FRW metric, Friedmann egs.
> global parameters constrained by the CMB,...



Standard structure formation theory
(main ingredients)

LINEAR REGIME (cosmological perturbation theory)

 Background evolution (flat Universe)

> cosmological principle, FRW metric, Friedmann eqs.
> global parameters constrained by the CMB,...

p(x,t)—py(t)
p5(t)

> initial conditions constrained by the CMB

> perturbed FRW metric

> ideal non-relativistic DM fluid

> : collisionless DM “fluid” with a free streaming
length much smaller than characteristic galactic scales

< 1

« DM inhomogeneities : 8(x,t)=

t
. ¢
st:{ V"“( )dt' o< 1/my, <« 100 kpc

a(t’)



Standard structure formation theory

LINEAR REGIME (cosmological perturbation theory)

radiation dominated matter dominated

evolution egs. are linear in this regime

i

the perturbed density field can be
expanded in plane waves with the ‘k’ individual
modes evolving independently

photon-baryon
decoupling
1

- ’l.\
e ’_\!\\\\\-
o o OB

2T

density perturbation

Time (years)

O+ 60— 36 (Continuity)
0+ MO — k¢ (Euler)

k¢ + 4rGa’ pgo (Poisson)

Standard hypotheses:
DM is cold and collisionless
(Cold Dark Matter model)



Standard structure formation theory

LINEAR REGIME (cosmological perturbation theory)

from individual modes to the statistical
description of
the perpurbed density field

i

2-point correlation function (2PCF)
(power spectrum in Fourier space)




Standard structure formation theory

LINEAR REGIME (cosmological perturbation theory)

from individual modes to the statistical
description of
the perpurbed density field

2-point correlation function (2PCF)
(power spectrum in Fourier space)

E(|18z)) = (38(2)0(F + Ax))

Sanchez+2012

—eo— CMASS

- - ACDM (0,

2PCF of galaxies

s/(Mpc h-1)



Standard structure formation theory

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)

1un.nn|5r

Angulo & White, 2010

free streaming
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Standard structure formation theory

NON-LINEAR REGIME (N-body simulations)
If 6(x, t) & 1 perturbationtheory breaks down!!

Standard hypotheses:
DM is cold and collisionless : i
(Cold Dark Matter model) that matters is gravity!!

the only DM interaction

In principle: solve Collisionless Boltzmann Equation (coupled with the Poisson equation)
with the initial conditions given by linear perturbation theory

Z—’:= Vio=4nGp

i.e., find the local DM distribution in phase space at all points and at all times:




Standard structure formation theory
NON-LINEAR REGIME (N-body simulations)

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

fx,v,t) =) (Mi/m)W (|x — xi|; hi)6° (v — v3)

box size resolution

mapping

input power spectrum
P(k) k® / 2n
Dolag+2008




Standard structure formation theory
NON-LINEAR REGIME (N-body simulations)

time evolution is simply given by Newtonian gravity
in an expansing background

a large number of simulated particles is needed to have a realization of cosmological size
and sufficient resolution to study DM clustering at subgalactic scales

example of N-body method: three algorithm

N —

Ishiyama+2015

to reduce the number of force calculations, a hierarchical
multipole expansion is used to account for distant group of particles



Standard structure formation theory
NON-LINEAR REGIME (N-body simulations)

z = 43.5 T = 0.06 Gyr

Aquarius Project 2008
Credit: Volker Springel

——
500 kpc



Standard structure formation theory
NON-LINEAR REGIME (N-body simulations)

Millennium |1l simulation

linear P(k)

4100 h 1 Mpc S as ‘f‘flil\(lﬁﬁzéi e ,15“%*11\;1;3@"

10% 10* 108
non-linear P(k)

z=0.00

z = (.99

-~ — )

Boylan-Kolchin+09
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Cosmic

Name

DEUS FUR
Horizon Run 3
Millennium-XXL
Horizon-411
Millennium-II
MultiDark Runl
Bolshoi

from Kuhlen+12

A sample of state-of-the-art simulations

Code

RamsEs-DEUS
GotpMm
GADGET-3
RAMSES
GADGET-3
ART

ART

Lbox

[h~"Mpec]

21000
10815
3000
2000
100
1000
250

(circa 2012)

DM-only simulations

my Cai
[h"Ms]  [h'kpe]
1.2x 1012

2.5 % 101

6.2 x 10°

7.8 x 10°

6.9 x 106

8.7 % 10° i
1.4 107 1.0

TFor AMR simulations (Ramses. ART) o refers to the hi ghest resolution cell width.

CLUSTER
Name

Phoenix A-1

GALACTIC

Name

Aquarius A-1
GHalo
Via Lactea II

GADGET-3

Code

GADGET-3
PkpGrAV2

Pxpcrav2

Lhires

[h~'Mpc]

L‘hires

[Mpc]

59
3.89
4.86

My, hires Esoft
[h"!'M,]  [hlkpe]
6.4 % 10° 0.15

My, hires
[Me]

. . “fiAg . * .
" & 35 . 4 -

~~Phoenix'A-1

Ly

1.7 x 103
1.0x 103
4.1 % 10°




A sample of state-of-the-art simulations
(circa 2012

from Kuhlen+12 » 7 . 9 "
cooe | PKDGRAV3: Beyond Trillion Particle Cosmological
Name . .
Simulations for the Next Era of Galaxy Surveys
Horon Ku
Mige“?i“mj Douglas Potter - Joachim Stadel - Romain Teyssier OCT. 2016
orizon-4
Millennium-II GADGET-3
MultiDark Runl ART
Bolshoi ART
TFor AMR simulations (RaMsEs, ART) € T9 :
CLUSTER E
Name Code o 1;
Phoenix A-1 GADGET-3 1 D ,ﬂ 15 . Q
GALACTIC B
Name Code
Aquarius A-1 GADGET-3
GHalo PxpGrAV2
Via Lactea II PxpGRAV2




DM spatial distribution
(comments on near-universal behaviour)



Large-scale structure

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

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




Self-gravitating DM structures: haloes

CDM predicts a hierarchichal
growth of structures

DM halo seeds

P(k) k* / 2n®

Anderhalden & Diemand 14

Fig. from Baugh 2006



Self-gravitating DM structures: haloes

CDM predicts a hierarchichal
growth of structures

DM halo seeds
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Abundance of DM haloes

(dn/dM): number of haloes per comoving volume and per mass range.
It evolves with redshift according to the CDM hierarchical scenario

If gravity is the only relevant DM
interaction, the abundance of low-mass
haloes is ever increasing
(down to the free-streaming scale)

Millennium-II
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Boylan-Kolchin+2009

108 109 1010 101! q10!2 108 10% 1015 10!6

M [h_l J[,]

Minimum halo mass in CDM particle models
many orders of magnitude below mass resolution
of current simulations!



Abundance of DM haloes

(dn/dM): number of haloes per comoving volume and per mass range.
It evolves with redshift according to the CDM hierarchical scenario

Angulo & White 10
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many orders of magnitude below mass resolution
of current simulations!




Inner structure of DM haloes
(smooth distribution)

If gravity is the only relevant DM
interaction, the central density of

cold dark matter distributiononly . . ==~ haloes is ever increasing

Aquarius project Springel+08

spherically averaged
CDM distribution
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Inner structure of DM haloes
(subhaloes)

Aquarius project Springel+08 DM self-bound clumps within a host halo

Abundance (mass function) and inner
structure (density profile) share the
near-universality of the hosts

cold dark matter distribution only

substructure in phase space

phase-space histogram
(weighted by p/c3)

M‘ilky:Way-élze halo
(radiug >SN

Vogelsberger & Zavala 2013




Inner structure of DM haloes

(subhaloes)
Aquarius project Springel+08 DM self-bound clumps within a host halo
.9Q.d dark matter distribution O’T,l,y .27 aAbundance (mass function) and inner

h’

\ i . structure (density profile) share the
A near-universality of the hosts

two mechanisms become
important for subhaloes:

Milky-Way-size halo
(radius ~250 kpc)



Inner structure of DM haloes
(subhaloes)

Aquarius project Springel+08 DM self-bound clumps within a host halo

cQId dar_k» matterd|str|but|ononly w— Abundance (mass function) and inner
e Sl o e " structure (density profile) share the
near-universality of the hosts

o R R T S i

g two mechanisms become
important for subhaloes:

20 kpo

dynamical friction

M‘i I ky-Way-élzé h alo |
(radius ~250 kpc)




Inner structure of DM haloes
(subhaloes)

Aquarius project Springel+08 DM self-bound clumps within a host halo

C_Old darkmatterd|str,but|0nOnly Wi Abundance (mass function) and inner
T ey I " structure (density profile) share the
near-universality of the hosts

N 71
SR *

. g two mechanisms become
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tidal stripping
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Inner structure of DM haloes
(subhaloes)

Aquarius project Springel+08 DM self-bound clumps within a host halo

cold dark matter distribution only .
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Abundance (mass function) and inner
structure (density profile) share the
near-universality of the hosts

two mechanisms become
important for subhaloes:
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DM distribution at the solar circle

Density probability distribution at the solar circle

Ag-A-1
Ag-A-2

5] | | | |

ig-i-g Average distribution at the solar circle
Discreteness Poisson(64)

effects
_—~ -—

~

P / Pmodel

Related to individual assembly history

(future: DM astronomy)
U &

300
v [kms']

Vogelsberger+09




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)

arge angu
JNOImen turr

dissipative
collapse;
starburst

starburst,
AGN, tidal tail

ormation
galaxy

bar instability
gas inflow
AGN

DM gravity only

AquariusA projec"c” Springel+08




Baugh 2006

» Gas hydrodynamics (shocks, instabilities)

» Radiative cooling (galactic disk formation)

@,
@

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

dark matter

DM gravity only

Aquari'usA proje»c"t'; Springel+08

R




Standard structure formation theory

NON-LINEAR REGIME (gas and stellar physics)

Baugh 2006

» Gas hydrodynamics (shocks, instabilities)

» Radiative cooling (galactic disk formation)

Contraction
- = = = Initial DM
— — . Stars

DM gravity only

‘. et

AquariusA projec"c” Springel+08
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10~
10-5
10-¢ | disk formation increases
10-» L the inner halo density

10-8
10-¢ 10-% 10-* 103 10-2

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

» Gas hydrodynamics (shocks, instabilities)
» Radiative cooling (galactic disks formation)

* Formation, evolution, and death of stars

DM gravity only

s . : Force returns to
Dark matter 0IM Centre 3| ariginal
particle / i strength...

Gravitational force
Insufficient

| ... butis weaker at large
distances, so the particle
cannot be pulled back
toits old orbit.

Dense, star-
forming gas

Y Particle migrates
outwards

Process can repeat. Analytic arguments and simulations
show effect accumulates with each episode.

Pontzen & Governato 2014

Aquari'usA proje»c"t'; Springel+08




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

» Gas hydrodynamics (shocks, instabilities)

» Radiative cooling (galactic disks formation)

Dense, star-
forming gas

Pontzen & Go

with supernovae

supernovae can reduce )
the inner halo density
of small galaxies O
6.0 Y

-
[T

A
S0

—0.59 0.0 0.5
log Radius (kpc)

DM gravity only

‘. et

AquariusA projec"c” Springel+08




The Cold Dark Matter (CDM) hypothesis is the
cornerstone of the current structure formation theory

CDM assumes that the only DM
interaction that matters is gravity!!

cosmological
simulations

DM gravity only
+
“baryonic” physics
(radiative cooling,
gas hydrodynamics,
star formation,
supernova and AGN

feedback,...)

2000 CPU years!!

100 Mpc (comoving)




Concluding Remarks (Lecture 1)

Structure formation theory has become powerful enough to predict the phase-space
distribution of dark matter across time down to galactic scales.

* The Cold Dark Matter (CDM) hypothesis has been the standard for over two
decades and implies that DM gravity is the only relevant interaction
(for galactic scales and above). It impleas that structure formation within CDM
has no free DM parameters

The CMB puts stringent constraints on the initial conditions at large scales

The linear regime of the evolution (6<<1) is very well understood

N-body simulations are the most powerful approach to follow the non-linear
regime of the evolution
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The particle DM hypothesis:

DM is made of new particles that do not emit
electromagnetic radiation at a significant level
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The particle DM hypothesis:

DM is made of new particles that do not emit
electromagnetic radiation at a significant level

Until now, DM is evident only  QRiNEEN

by its gravitational influence

3

Rubin and Ford 1970

SURFACE a&vsxry\ SQUTH PRECEDING

» OPTICAL, R>12 kpc
* 21-cm MAJOR AXIS

ROTATIONAL VELOCITY (km s )

|
16 18 20 22 24 26 28

radial distance [kpc]
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Concluding Remarks (Lecture 1)

Structure formation theory has become powerful enough to predict the phase-space
distribution of dark matter across time down to galactic scales.

* The Cold Dark Matter (CDM) hypothesis has been the standard for over two
decades and implies that DM gravity is the only relevant interaction
(for galactic scales and above). It implies that structure formation within CDM
has no free DM parameters

The CMB puts stringent constraints on the initial conditions at large scales

The linear regime of the evolution (6<<1) is very well understood

N-body simulations are the most powerful approach to follow the non-linear
regime of the evolution



Lecture 2

non-gravitational DM interactions
and structure formation



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?

In the physics of galaxies, is gravity
the only dark matter interaction
that matters?

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




What is the nature of dark matter?

DM self-annihilation

Searches in space

analogous to
Does DM e*e” annihilation
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What is the nature of dark matter?

, Searches in laboratories on
10 oo :

‘ T

10740 Wi

Does DM

interacts with Scattering with nuclei
visible particles?
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10748 (Blue oval) Extra dimensions
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) MSSM: Pure Higgsino
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What is the nature of dark matter?

Scattering with nuclei

Interactions with visible particles
‘ ‘ are too weak to impact

galaxy formation/evolution

@

Cross section Characteristic velocity

o /m, [cm? /gr]  [km/s]|
n - -
SI y—nucleon < 10—=° ~ 200

Does DM

my € (0.1 —5) TeV (local halo)

interacts with
visible particles?

LUX

ag . bE_- < 1[:'— 10
DM self-annihilation XX 77 00 S

m, € (0.1 —1) TeV
Fermi-LAT

nucleon-nucleon

elastic scattering:
~10 cm?/gr




What is the nature of dark matter?

Can DM particles collide
with themselves?

\’/(r;
constraint on DM self-collisions

Robertson+2016

nucleon-nucleon

Bullet Cluster (Clowe +06)

elastic scattering:
~10 cm?/gr

stars (collisionless) follow
the DM distribution




What is the nature of dark matter?

Can DM particles collide . .
with themselves?

(O8]
o

W

astro constraints
(e.g. Bullet cluster)

Improved analysis for the Bullet cluster
o/m=<2cm’/ gr( Robertson+16)
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What is the nature of dark matter?

Can DM particles collide . .
with themselves?

astrophysically significant
in the center of galaxies:

constraints allow
collisional DM that is

(O8]
o

average scattering rate per particle:

( Osc ) L
Pdm Vtyp
U

~ 1 scatter / particle / Hubble time

reduced inner

DM densities
in dwarf
galaxies

W

astro constraints
(e.g. Bullet cluster)

Neither a fluid nor a

collisionless system: Improved analysis for the Bullet cluster

o/m=<2cm’/ gr( Robertson+16)
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What is the nature of dark matter?

Can DM particles collide
with themselves?

constraints allow
collisional DM that is
astrophysically significant
in the center of galaxies:

velocity-dependent models
(motivated by a new force
in the “dark sector”)
can accommodate the constraints
e.g. Yukawa-like, Feng+09,
Loeb & Weiner 2011,...
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Cluster
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What is the nature of dark matter?

Allowed interactions between DM and

Can DM particles interact
g relativistic particles (e.g. “dark radiation”)

with other “dark” particles?

effects that impact the growth of

. . in the early Universe introduce pressure

DM structures (phenomena analogous to
@ that of the photon-baryon plasma)

‘ ‘ dark radiation pressure counteracts gravity
creating “dark acoustic oscillations”

“dark photons”

diffusion (Silk) damping can effectively
g diffuse-out DM perturbations

Cyr-Racine+13 g -
vl once kinetic decoupling (DM-DR) occurs
DM behaviour is like CDM
dark radiation
pressure

--- ACDM

Interacting DM

Infall

density perturbation

wum Potential

Well

10-7 10-% 10-3
scale factor

Credit: Wayne Hu (U. Of Chicago)




What is the nature of dark matter?
(summary)

The search for visible byproducts of

DM interactions continues

dark matter is quite dark (invisible)

From a purely phenomenological perspective,
it is possible that non-gravitational DM

interactions play a key role in the physics
of galaxies

dark matter might not be as “inert”
as is commonly assumed



Beyond CDM: exploring new dark matter
physics with astrophysics

From a purely phenomenological perspective,
it is possible that non-gravitational DM
interactions play a key role in the physics
of galaxies

Unsolved question: Unsolved question:
is the minimum mass scale for are non-gravitational DM
galaxy formation set by the interactions irrelevant for
DM nature or by gas physics galaxy evolution?

(or by both)?

These questions go beyond the “standard”
DM model for the formation and
evolution of galaxies

Pursuing them, will either
confirm the standard model or
unveil a fundamental DM property




The nature of dark matter and the first galaxies

onset of structure Unsolved question:
formation is the minimum mass scale for
galaxy formation set by the
DM nature or by gas physics
N & (or by both)?

CMB
380,000 yrs.

DM
production? |,

n (N

2 first galaxies

Anderhalden & Diemand 14

gravity makes DM

cluster into haloes

of different sizes T lllustris project
DM particle interactions &

prevent the formation galaxies form within DM
of the smallest haloes haloes according to

stellar and gas physics

13.7 billion years



The nature of dark matter and the first galaxies

Unsolved question:

is the minimum mass scale for Observations have yet to measure
galaxy formation set by the the clustering of dark matter at the
DM nature or by gas physics scale of the smallest galaxies

Dwarf
B galaxies

(or by both)?

M Mg] Kuhlen+12
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DM is relativistic at earlier times
thermal cut-off (free-streaming)

DM interacts with relativistic
particles at earlier times:
DM-DR DAOs and
Silk (collisional) damping




(e.g. Ly-o forest constraints)
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DM self-collisions in N-body simulations

Far from the fluid and Collisional
collisionless regimes — Boltzmann equation
(Knudsen number = A .../L >~ 1) (elastic)

DI vit) _ pig o Feal = 71— 7 = [}y — 0

Rate of scattered particles
into phase -space patch

= /n:‘f.gvl / r;; [ x,v ,t)f(x,v1,t) — f(x,V, f)f{Xf.‘v'lt.f)}

Differential Rate of scattered particles
cross section out of phase-space patch

Dt

Ansatz for N-body simulation: same solution for “coarse-grained” distribution function

ds

) }I ! \
ID{ /d & / 4057 v —va| [V, 1) floe v, 1) — o, v, 8) F e, v, 1)

Kochanek & White 2000, Yoshida+2000,...\VVogelsberger, Zavala, Loeb 2012, Rocha+2013



DM self-collisions in N-body simulations

The coarse-grained distribution is given by a discrete representation of N particles:

fx,v,t) =Y (Mi/m)W(|x — x5 ha)6° (v — vi)

Algorithm: Gravity + Probabilistic method for elastic scattering

in pairs: total for a particle'

m
_i Il l:r!_.l h'f:l'l:TTl:il.]]-:”I]-&f1
My

Kochanek & White 2000, Yoshida+2000,...\VVogelsberger, Zavala, Loeb 2012, Rocha+2013






The nature of dark matter (evolution of structures)

Unsolved question: With strong self-interactions (6/mz0.5cm"/ gr)

are non-gravitational DM DM haloes develop “isothermal ”cores
interactions irrelevant for

galaxy evolution?
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The nature of dark matter (evolution of structures)

If gravity is the only relevant DM interaction, the
Unsolved question: central density of haloes is ever increasing
are non-gravitational DM
interactions irrelevant for With strong self-interactions (¢/m3 0.5 cm®/ gr)
galaxy evolution? DM haloes develop “isothermal ”cores

SIDM10

DM-DM

. B : elastic scattering
(radius ~250 kpc) =10 cmi/gr

DM-only simulations
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(Carlson+92, Spergel & Steinhardt 00, Yoshida+00, Davé+01, Colin+02, Rocha+13, Peter+13....)



The nature of dark matter (evolution of structures)

If gravity is the only relevant DM interaction, the
Unsolved question: central density of haloes is ever increasing
are non-gravitational DM
interactions irrelevant for With strong self-interactions (¢/m0.5cm®/gr)
galaxy evolution? DM haloes develop “isothermal ”cores
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DM distribution -
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DM density over the background
Vogelsberger & Zavala 2013




Clues of new DM physics from dwarf galaxies?
Dwarf galaxies:

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

M|Iky Way‘satelllte (Fornax)
Mws = 10 MSun it e

The stellar dynamics is simplified
el and the underlying DM

. distribution can be more easily
e constrained

df P CBE + steady-state
di — + spherical symmetry ﬁ =1- ( O /Or)z




Observed abundance of dwarf galaxies in the field
M,~4x10"°Ms,, (~dwarf scale)

' & 'Millennium Simulation Il

i

o

SNe<
feedbacks
;& iy CDM

|
—

-only ¥

|
N
'

:
*
100 Mpc/h

SDSS data points "‘ { o
CDM + gal. form. model o y R

1
i

1
e
" ¥

Log (Number density per log unit mass)
&
-

Guo+ 2011

8 9 ‘ | ' -
log,o(M,[Mg]) Boylan-Kolchin+ 2009

Abundance according to stellar mass




Observed abundance of dwarf galaxies in the field
M,~4x10"°Ms,, (~dwarf scale)

¢ D

0

Millennium Simulation Il
S K s o ERTE

: fee(

Vogelsberger+2014

|
—

;b ” Moster+ 2013 ,
AT — || . Bahrrrel 01| ferama o i >
_2 c
~~
A8 /e Q
SDSS dat v 9
i <

1
i

CDM + gal. f

Log (Number density per log unit mass)
| |
w (o}

1
(0)]
h

? E W i g
boylan-Kolchin+ 2009

-----

(M e/ Miyggexivoaa) / (/) [70]

Abundance a«

11 12 13
log[ Mygg critipm/M o]

Galaxy formation is quite inefficient!!



Observed abundance of dwarf galaxies in the field

M,~4x10"°Ms,, (~dwarf scale) 90% complete M;~4x10"°Ms,, (~dwarf scale)
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CDM + current gal. form. models
overpredict the abundance of field dwarfs
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Missing satellite problem (is not really a problem in CDM



DM distribution in the MW satellites:
The “Too Big to Fail” problem

Boylan-Kolchin+12

40 km/s

24 km/s

18 km/s ]




DM distribution in the MW satellites:
the core-cusp problem

Walker & Pefiarrubia 2011 Different stellar subcomponents provide an
estimate of the slope of the mass profile:
cores seem favoured over cusps

! Fornax
| \ - - - (cusp)
2% 107 (core)

| % 10° |

- - - (cusp)

Sculptor

Amorisco, Agnello and Evans 2013

1000

r/pc

Other analysis suggest that
(e.g. Breddels & Helmi 13, Richardson & Fairbairn 14, Strigari, Frenk & White 14)



Clues of new DM physics from dwarf galaxies?

RETEEIELIOLGAEYM  The properties of the smallest  [RUNATEELCIEAGIGE N
Mys ~ 10*Ms,, galaxies observed today are a | ChEl T
challenge if gravity is the only |

DM interaction that matters

Abundance problem Structural probe '
(Zavala+09, Klypin+15) (Boylan-Kolchin+11,Papastergis+14) §
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Structure formation in a universe with
new dark matter interactions

The abundance and structural problems of the smallest galaxies
might be solved with new DM interactions

Abundance of DM haloes
(Buckley, Zavala+14) DM content in DM haloes
X - i — (Zavala+13)
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Or... the complexity of gas and stellar physics

Gas heating (UV background from
first generation of stars/galaxies)

Gas and DM heating
through supernovae

Gas driven away Gas cools & Force returns to

Abundance of haloes

10000 |

o
-
o

o

Sawala+15

all halos (DMO)

---L1
---12

— .1

Dark matter from centre flows backin | original
| particle strength...
; oitﬂl - Gravitational force i ;
all halos (reion.) ‘?QL A insufficient i 3
— L1 E : g ) :' *"-
: M,
L3 L3 - &

w. stars (reion.) w. stors (no reion.) R Y DS ekel iy
Dense, star- L Particle mierates distances, so the particle
forming gas : b ﬁ cannof be pulled back

L2 L2 A to its old orbit.
L3 L3

[ reduces the number of
. “visible” DM haloes

Process can repeat. Analytic arguments and simulations |
show effect accumulates with each episode.

Credit: Pontzen & Governato 2014

reduces the inner density of DM haloes

T

~

i

These mechanisms are certainly there, but

10

rotational velocity (km/s)

how efficient they are remains unclear

100
To some extent, they are degenerate with
new DM physics




Or... the complexity of gas and stellar physics

Gas and DM heating

, through supernovae
Gas heating (UV background from

first generation of stars/galaxies)

Core-cusp problem

Abu ndance . rObIem " ‘{ @] ggjﬁ:‘:i::?mulmimm

— NFW/Maccio+07

= (Observed

S
\
1} m | | !

——  CDM + feedback MW dSphs

CDM + feedback + photoevap.

Governato+ 2012

| |
10" 10'?

30 40 60 100 130 ikely i r dSpt
Viaz [km/s] e.g. Penarrubia+ 2012, Garrison-Kimmel+13

Trujillo-Gomez+06




Clues on new DM physics at other scales?

reconstruction of the gravitational field

_ . in the MW using phase-space data from
claimed detection of ~1.6 kpc offset stellar tidal streams

between the stars and DM centroids = s : :
of elliptical galaxy N1 i A F Milky-Way
scale

stars are (mostly) colllsmnless

pher|C|ty (c/a)
r~15 kpc
1. 05 + 0 14

CDM + baryons < 0. 8

NORTHERN SKY

Bovy et al. 2016

‘o/lm~1.5 cm?/gr
_ (Kahlhoefer+15)
' nucleon-nucleon

Cluster Abell 3827 (Massey +15)

elastic scattering:
~10 cm?/gr




Lecture 3

Towards an Effective THeory Of
Structure formation (ETHOS)



CDM + current galaxy modelling are
successful in reproducing several
properties of the galaxy population but:

the current situation offers an opportunity
to approach the dark matter problem
from a broader perspective...



The particle nature of dark matter is one of
the biggest enigmas of particle astrophysics
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DM production [
rate

DM particle
physics
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The particle nature of dark matter is one of
the biggest enigmas of particle astrophysics

DM particle
physics

DM astrophysics

DM production

DM scattering
rate

DM annihilation/decay
rate

DM “hidden” interactions
+
gas and stellar physics
“back-reaction”

. SM DM
Particle
Colliders
SM

DM
_ Y DM
Direct
Detection
SM SM
r D |
, DM SM
Indirect
Detection
A DM SM‘
r DM DM |
Astrophysical
Probes

L DM DMA‘




The window for the DM particle nature to be relevant for
structure formation is narrow and within reach of
upcoming observations

109.5 M

<M 310" M

0.1cm’/ gr<o/m=<2cm’/ gr

' v v v

below this value. the above this value below this value above this value
behaviour is’ constraints are strong galaxy formation DM clustering
the same as CDM (at cluster scales) Is highly supressed must be as in CDM

Sun Sun



Towards 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

ey

visible matter _ “ DM~ dark photons ™ « structure formation

gravity |7 (CDM) to include

/

gas and stellar
DM - DM

physics ' isi Lo '
\  Collslons (graviy only) coupled with our knowledge

* {Wam DM of galaxy formation/evolution

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




Developing ETHOS

DM interactions with relativistic particles
in the early Universe

+

DM-DM self-scattering in the late Universe

Torsten Bringmann (UiO, Oslo)
Franncis-Yan Cyr-Racine (Harvard, Cambridge)
Christoph Pfrommer (HITS, Heidelberq)
Kris Sigurdson (UBC, Vancouver)

Mark Vogelsberger (MIT, Cambridge)

ETHOS I: ETHOS II:

Cyr-Racine, Sigurdson, Zavala +16 Vogelsberger, Zavala +16
(arXiv:1512.05349) (arXiv:1512.05344)



ETHOS: classify DM models according to their
effective parameters for structure formation

particle physics parameters
(masses, couplings, ...)

select a particle physics model

, _ , e.g. DM interacting with masless
{m"(’ {g'z'}’ {h'*"}’ f neutrino-like fermion via massive mediator
(e.g. van der Aarssen, Bringmann+12)

DR to CMB
temperature
at z=0

growth of structures
(linear regime) with additional physics:

DM-DR-induced DAOs and Silk damping



ETHOS: classify DM models according to their
effective parameters for structure formation

particle physics parameters
(masses, couplings, ...)

select a particle physics model
, _ , e.g. DM interacting with masless
{m"(’ {g'z'}’ {h'*"}’ 5} neutrino-like fermion via massive mediator

(e.g. van der Aarssen, Bringmann+12)

eqgs. for DM perturbations

5,40, -3¢ =0,

growth of structures

(linear regime) with additional physics:
DM-DR-induced DAOs and Silk damping

0, — c2k25, + HO, — Ky

related to DR opacity to DM scattering
(parameterize the collisional term of the Boltxmann eq.)

C)(}?*(—)-){}; [f){* fDR]



ETHOS: classify DM models according to their
effective parameters for structure formation

particle physics parameters
(masses, couplings, ...)

select a particle physics model
, _ , e.g. DM interacting with masless
{rm’"(’ {gz‘}’ {h'*"}’ 5} neutrino-like fermion via massive mediator

(e.g. van der Aarssen, Bringmann+12)

eqgs. for DM perturbations
growth of structures 5;( + 0, - 3¢ =0,
(linear regime) with additional physics:

DM-DR-induced DAOs and Silk damping

0, — c2k>5, + HO, — kK*y

related to DR opacity to DM scattering
(relative to early-time evolution)

AN

effective parameters

DM self-scattering
(relevant for late-time evolution)

7




ETHOS: classify DM models according to their
effective parameters for structure formation

particle physics parameters linear power spectrum
(masses, couplings, ...) -

{mx A9 {hi} €}

E|--. DM (mypy =3.66 keV)
-+ WDM (mypy =2.67 keV)

WDM (myp =1.89 keV)

growth of structures S| — ETHOs

ETHOS-2

(linear regime) with additional physics: | — erHos
ETHOS-4 (tuned)

DM-DR-induced DAOs and Silk damping o
k [h Mpc ']

transfer cross section

effective parameters

ZETHOS — {GJDR» {anval}> {

<0T>le.

m,

ETHOS-1
ETHOS-2
ETHOS-3

All DM particle physics models that map into - ETHOS-4 (sunea)

- 0.1 cm?®g!

the same ETHOS parameters can be T
studied (constrained) at the same time 3




ETHOS application: non-linear regime with
N- body simulations and the CDM challenges

Both CDM abundance and structural
oroblems” can be alleviated simultaneousl|

Data: MW satellites

=
o

ETHOS-4 (tuned)
=g=\\/ililman 2010
=g (corrected)

w
(=]

]
(=]

MW-size halo
DM-only simulation

cumulative satellite abundance
Vcirc(r) [km/s] ~ enclosed DM mass

=
o

. U - DM-dark radlatlon interactions DM self-interactions reduce
. suppress/delay the formation of the central DM densities
b ¥ small haloes (galaxies) of haloes
ETHOS-4

ETHOS Il: Vogelsberger+16




Developing ETHOS
(self-scattering DM + baryonic physics)

“baryonic physics”: hydrodynamics, radiative cooling of gas, stellar
population modelling, SNe feedback

The signature of DM
collisions could be imprinted
in the stellar distribution
of the smallest galaxies

simulation of a galaxy in
Self-Interacting DM
(Vogelsberger, Zavala +14)

PP ——— nm  stars:COM-B
— DM:SIDM1-B == stars:SIDM1-B
GaIaXy = DM:SIDM10-B == stars:SIDM10-B
DM:vdSIDMa-B stars:vdSIDMa-B
dark matter _ = DM:vdSIDMb-B == stars:vdSIDMb-B
a8

600

. | a2 o/m =1 cm?/gr o/m =10 cm?/gr

500 kpc



The challenging interplay between
DM/baryonic physics

Elbert+16

o/m = 0.5 cm?/gr

CDM SIDM
Contracted Compact

Contracted Fiducial
Contracted Extended
DM Only

Dark Matter Density [M .:;::3-_.;;./ pc.3 ]

PSIDM/ PcpM

Radius [pc]

Milky-Way-size simulation: DM and stars (by hand)



The challenging interplay between
DM/baryonic physics

Growth due to Supernovae Growth due to DM-DM collisions —

(impulsive) ﬁ (adiabatic)
y }mﬂ%#
i
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wn

j 2 CDM simulations with baryonic physics SIDM simullation With_ baryonic physz.ics
cross-section perunitmass=1cm°/g .

e :

10 8 6 4 2 (
Time [Gurl Time [Gvrl

ot
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How to distinguish a DM core formed by Supernovae from one formed by DM collisions?



Concluding remarks

An Effective (more generic) THeory Of Structure formation (ETHOS) must consider
a broader range of allowed DM phenomenology coupled with our developing
knowledge of galaxy formation/evolution

First highlights of the effective theory (ETHOS):

* Mapping between the particle physics parameters of a generic DM-DR
interaction into effective parameters for structure formation (P(k) and o;/m)

» All DM particle physics models that map into the same ETHOS parameters
can be studied (constrained) at the same time

* The window for the DM particle nature to be relevant for structure formation is
narrow and within reach of upcoming observations

0.1cm’/ gr<o/m=<2cm’/ gr 10" M, M, 310" Mg,

Possible degeneracies in observational comparisons, albeit undesirable,
reflect our current incomplete knowledge of the DM nature and galaxy
formation/evolution
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