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Outline

“Ab Initio” Galaxy Formation in DM dominated Universe . _
- Power Spectrum ‘

- Free Streaming Scale

- Connecting baryon physics to DM haloes: semi-analytic models

Galaxy Formation in Cold Dark Matter:
- Basic properties

- The small-scale crisis: Galaxies and AGN

- Feedback scale

- |s baryon physics a solution ?

Galaxy Formation in Warm Dark Matter scenarios .
- Galaxy and AGN luminosity functions '

- The luminosity function of satellites
- Hints from abundance matching: the Viax-M+ relation

Thursday, June 5, 14



Galaxies are the tip of the iceberg (underlying DM distribution)
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Galaxies are the tip of the iceberg (underlying DM distribution)
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Galaxies are the tip of the iceberg (underlying DM distribution)
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Diemand et al. 2008

Galaxies are the tip of the iceberg (underlying DM distribution)
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Cosmic Structures form from the collapse of overdense regions in the DM primordial density
field, and grow by gravitational instability
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Cosmic Structures form from the collapse of overdense regions in the DM primordial density
field, and grow by gravitational instability
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The Variance of the perturbation field
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In terms of wavenumber k—Power Spectrum
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The evolution of DM
perturbation

Initial density perturbations constitute
a random Gaussian field.

Measurements of the CMB show that
its variance is inversely related to
their mass scale.

This implies that small scales collapse
- on average - at earlier times

z = 48.4
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z = 48.4 T 0.05 Gyr

The evolution of DM
perturbation

Initial density perturbations constitute
a random Gaussian field.

Measurements of the CMB show that
its variance is inversely related to
their mass scale.

This implies that small scales collapse

- on average - at earlier times , ,
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e A ¢
 —RN e

oy,

>M
Thursday, June 5, 14




Dissipation, free-streaming scale
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Dissipation, free-streaming scale
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Varying the particle mass

“COId” “HOt”

Lovell et al. 2012
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What’ so cold about CDM

For “thermal relics” such as neutrinos, it is relatively
straightforward to compute their present day abundance.
Neutrinos relativistic at decoupling — large velocity dispersion.

Candidates for “Hot Dark Matter” -- ruled out by observation.

CDM: Velocity dispersion assumed to be vanishingly small

limit Mss << Masses of Cosmological Relevance
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Testing the COLD DARK MATTER scenario
against observations: the evolution of galaxies

Requires modelling of baryon physics
inside evolving DM potential wells

........

.........
1 Jiseane
8

- gas physis (cooling, heating)

- disk formation

- star formation

-evolution of the stellar population

- injection of energy into the gas
from SNae
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Testing the COLD DARK MATTER scenario

against observations: the evolution of galaxies

Requires modelling of baryon physics
inside evolving DM potential wells
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- disk formation

- star formation

-evolution of the stellar population

- injection of energy into the gas
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Galaxy Formation in a Cosmological Context

Semi-Analytic Models

Hydrodynamcal .

N-body simulations Monte-Carlo realization of

Pros collapse and merging histories
include hydrodynamics of gas Pros

contain spatial information Physics of baryons linked to DM halos
Cons through scaling laws, allows a fast spanning
numerically expensive of parameter space

(limited exploration of parameter space) Cons

requires sub-grid physics Simplified description of gas physics

Do not contain spatial informations
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alaxy Formation in a Cosmological Context

. Semi-Analytic Models
A Monte-Carlo realization of
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Semi-analytic Models
White & Frenk 1991, Kauffmann et al. 1993, Cole et al. 2001, Monaco et
al. 2007, NM et al. 2007)

Dynamical Processes

affecting sub-haloes
O Dynamical Friction
Binary Aggregation

v @ Stripping

/ Halo Properties

Average Density
Virial Temperature
Virial Radius
Density Profile

Gas Properties

Profiles
Cooling
Disk

Star Formation Rate

SNae feedback

Evolution of Stellar
Populations
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Semi-analytic Models
White & Frenk 1991, Kauffmann et al. 1993, Cole et al. 2001, Monaco et
al. 2007, NM et al. 2007)
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Dynamical Processes
affecting sub-haloes

Dynamical Friction
Binary Aggregation
Stripping

Halo Properties
. 3 Pgas (1) kT Average Density
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Virial Temperature

Virial Radius
Density Profile
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Dynamical Processes
affecting sub-haloes

Dynamical Friction
A=J/J, =JEG'M™"? A=0.01-0.08 Binary Aggregation
Stripping

Halo Properties

Average Density
Z(R)=2,exp(-R/R S
(R) =2, exp( a) Virial Temperature

Virial Radius
Density Profile
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Gas Properties
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Star Formation Rate

SNae feedback

Evolution of Stellar
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Cold Gas is gradually converted

Kennicut 1992
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s

T =035 Gyr T = 0.71.6yr

T = 0.35 Gyr T =071 6yr

Genzel et al. 2010

w/o BH

> -

T = 1.42 Gyr T = 2.00 Gyr
w/ BH

- ©

T = 1.42 Gyr T = 2.00 Gyr

Gas-rich mergers
between galaxies
funnell large amounts
of galactic gas toward
the galactic centre

Barnes & Hernquist 1996;

Cattaneo, A., Haenhelt, M.G.,

Rees, M. 1999; Cavaliere,

Vittorini 2000; Kauffmann,
Haenhelt 2000; ; Wyithe,

- Loeb 2003; Treister et al.
2010
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Am,
Egy = 10> Nir€o

M
kTgy = Egy /m,, =01 keV

Number of SNae produced
per unit stellar mass (depends on IMF)

Ny =2-5%x107

Fraction of energy dumped into gas

ceo~0. 1

m reheat X
<v

Dynamical Processes
affecting sub-haloes
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Halo Properties

Average Density
Virial Temperature
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Density Profile

Gas Properties
Profiles

Cooling
Disk
Star Formation Rate

SNae feedback
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Dynamical Processes
affecting sub-haloes

Dynamical Friction
Binary Aggregation
Stripping

Halo Properties
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' ' Simulation
Properties of merging trees by Governato 04

Initial (z=4-6) merging events involve
small clumps with comparable size

Rapid merging, frequent encounters

Last major merging at z=3 for M=310!2 Mg
At later times, merging rate declines

Accretion of smaller lumps onto the main
progenitor

Baryonic Processes

— NM et al. 06
Frequent galaxy encounters

Rapid cooling (high gas density)

Starbursts with large fraction of
Gas converted into stars

Decline of cooling rate
Drop of encounter rate

Quiescent and declining star ~
formation |
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' ' Simulation
Properties of merging trees by Governato 04

Initial (z=4-6) merging events involve
small clumps with comparable size

Rapid merging, frequent encounters

Last major merging at z=3 for M=310!2 Mg
At later times, merging rate declines

Accretion of smaller lumps onto the main
progenitor

Baryonic Processes

— NM et al. 06
Frequent galaxy encounters

Rapid cooling (high gas density)

Starbursts with large fraction of
Gas converted into stars

Decline of cooling rate
Drop of encounter rate . ,'

Quiescent and declining star ~
formation | |
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Properties of merging trees

Initial (z=4-6) merging events involve
small clumps with comparable size

Rapid merging, frequent encounters

Last major merging at z=3 for M=310'> Mg

At later times, merging rate declines

Accretion of smaller lumps onto the main

progenitor

Baryonic Processes

Frequent galaxy encounters
Rapid cooling (high gas density)

Starbursts with large fraction of
(Gas converted into stars

Decline of cooling rate
Drop of encounter rate

Quiescent and declining star
formation

)
\/

N

l

Simulation
by Governato 04

Zhao et al. 2003

Diemand et al. 2007
Hoffman et al. 2007
Ascasibar & Gottloeber 2008

NM et al. 06
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' ' Simulation
Properties of merging trees by Governato 04

Initial (z=4-6) merging events involve
small clumps with comparable size

Rapid merging, frequent encounters Zhao et al. 2003
Diemand et al. 2007

Hoffman et al. 2007
Last major merging at z=3 for M~310'> Mg Ascasibar & Gottloeber 2008

At later times, merging rate declines

Accretion of smaller lumps onto the main
progenitor

Baryonic Processes

Frequent galaxy encounters
Rapid cooling (high gas density)

Starbursts with large fraction of
(Gas converted into stars

Decline of cooling rate
Drop of encounter rate

Quiescent and declining star :
formation 5

Look Back Time (Gyr)
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AGN fed by gas destabilized during galaxy encounters

T= OMyr
Gas-rich mergers between galaxies of comparable mass have long

been advocated to drive quasar activity by funnelling large amounts
of galactic gas toward the galactic centre

Barnes & Hernquist 1996; Cattaneo, A., Haenhelt, M.G., Rees, M. 1999; Cavaliere,
Vittorini 2000; Kauffmann, Haenhelt 2000; ; Wyithe, Loeb 2003; Treister et al. 2010

Such a picture is supported by hydrodynamical N-body simulations which
have shown that tidal torques during galaxy mergers can drive the rapid
inflows of gas that are needed to fuel both the intense starbursts and rapid BH
accretion associated with ULIRGS and QSOs

10 kpch
e |

Springel et al. 2005; Hernquist 1989; Barnes 1992; Mihos & Hernquist 1994; Barnes &
Hernquist 1996; Mihos & Hernquist 1996; Di Matteo, Springel & Hernquist 2005; Di Matteo et al. 2005
Springel, Di Matteo & Hernquist 2005

BH accretion is
related
to starbusrst

Gas Angular Momentum

Mihos & Hernquist 1996
See also Noguchi 1987
Barnes & Hernquist 1991
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AGN fed by gas destabilized during galaxy encounters

Mcold
MBH = facc
Tint
Larger fraction of accreted gas for major merging
f |WAY] Aj m'rqvg events
acc — & - high z (m’/m=1)
3 -7 mbV’ - massive haloes (biased, overdense regions)

— /
T - n(Z)E(m, m ) Vtrel Higher encounter probability at high z

Part of the avilable galactic cold gas is funnelled toward the centre. The
fraction f feeding the BH is about 1/4 of the destabilized gas (Sanders &

Mirabel 1996)

Gas Angular Momentum

12 24 36
* \
s“ '

Mihos & Hernquist 1996
See also Noguchi 1987
Barnes & Hernquist 1991
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AGN fed by Instability-driven inflows in turbulent disks

Gas rich rotating disks
wildly unstable with giant clumps,
asymetries, rings, etc:

Bournaud Dekel Teyssier Cacciato Daddi Juneau Shankar
2011

Hopkins Quataert 2012
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Very sensitive to

- gas fraction

- disk fraction

Small dependence on the BH mass

m
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Galaxy Formation models in CDM scenario

properties of distant galaxies: NM et al. 2006
luminosity distribution
evolution of the star formation rate

Local properties:
gas content
luminosity distribution _
disk sizes SR
distribution of the stellar

mass content

log N [Mpe-3dex!]

h? Mpe-3/mag]

log[N

|
5 h

galaxies/kpe/Ny
o
o

2 22
log vy (km/s)

Mpe=3/mag)]

I
N
o

log SFR density [Mg yr™ Mpc™]
|
3

W o O s W W
r T

[ R

[N

log[N Mpc-3/mag]
log[N /Mpe-3/mag]
log|N

)

redshift

Somerville et al. 2010

Color Distributions: bimodal
distribution (early type vs late type)
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DETAILED PREDICTIONS BASED ON SEMI-ANALYTIC

MODEL
(NM et al. 2004, 2005, 2006)

o)

DM merging trees: Monte Carlo realizations

» Dynamical Processes involving galaxies within DM haloes
 Cooling, Disc Properties, Star formation and SNae feedback

« Star bursts triggered by (major+minor) merging and fly-by events

~

—
(o7}
©
o
—

J

™ .
ey —
@F

=

» Growth of SMBH from BH merging + accretion of galactic gas
destabilized by galaxy encounters (merging and fly-by events)

Physical, non parametric Model.
Computed from galactic and orbital quantities

Rate of encounters
Fraction of galactic gas accreted by the BH Duty cicle
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Critical Issues

Overabundance of low-mass objects

i) satellite DM haloes
ii) density profiles

iii) abundance of faint galaxies
iv) abundance of faint AGN
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Critical Issues

/CDM Substructure in simulated cluster and )

galaxy haloes look similar.

I) satellite DM haloes Expected number of satellites in Milky Way- like
galaxies in CDM largely exceeds the observed

abundance.

J

Via Lactea simulation of a Milky Way - like galaxy
Diemand et al. 2008
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Critical Issues

i) satellite DM haloes

Kravtsov, Klypin, Gnedin 2004

Thursday, June 5, 14
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CDM Substructure in simulated cluster and
galaxy haloes look similar.

Expected number of satellites in Milky Way- like

galaxies in CDM largely exceeds the observed
abundance.

J




Critical Issues " Most observed dwarf galaxies consist of a rotating A

stellar disk embedded in a massive dark-matter halo
with a near-constant-density core. Models based on the
.o . dominance of CDM, however, invariably form galaxies
“) den5|t)' PI’Oﬁ'ES with dense spheroidal stellar bulges and steep central
dark-matter profiles, because low-angular- momentum
baryons and dark matter sink to the centres of galaxies
._through accretion and repeated mergers. )

The effect of adopting a cutoff
in the power spectrum for r<8 Mpc

Moore et al. 2002

CDM Halos .
LSB’s

o (UGC 128)

Stars

gz 0004 .aC

F 00gpol J:—'BQBHE:—]LJEJCUL

3 n00 900pg, O9pg
‘O00pg 4
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Critical Issues ; N

In all first-generation SAM the

. . : . number density of faint (low-
iii)over-prediction of faint galaxies Sabah Suiaaien wan guns,

predicted

- Pozetti et al. (2003)
. Drory et al. (2003)
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The K-Band Luminosity Function in the
Somerville et al. SAM

L

¥
5%’ high feedback
/

The Stellar Mass
Function in the { o Szokoly et al.
De Lucia et al. SAM ‘ Gardner et al.
based on Millenium ‘

merger trees k6 -24 -2z 20

My — 5logh

9
10g,6(M.[Ms])
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A first-order solution: feedback and UV background

( )
The origin of the problem:

feedback The DM halo Mass function has a steep log slope N~M-":8
While the Observed Galaxy Luminosity Function
has a much flattter slope N~L-"-2

A Possible Solution:

Suppress luminosity (star formation) in low-mass haloes
Heat - Expell Gas from shallow potential wells

- Enhanced SN feedback

- UV background

J

At Z=0 the mass scale at which

My ~5logh ESN ~ 1051 7,]0 UIMF AM* e,r,g/s SN can effectively espell gas from

DM potential wells

Mgy ~ 101 M

VN = \/ESN/MQGS ~ 100 km/s

at low z, at higher redshift the
density is higher an Msn increases

Time since the Big Bang: 0.9 bilon years lhllllrL' v ‘ 7

Thursday, June 5, 14



A first-order solution: feedback and UV background

~
The origin of the problem:
feedback The DM halo Mass function has a steep log slope N~M-":8
While the Observed Galaxy Luminosity Function
has a much flattter slope N~L-1-2
A Possible Solution:
Suppress luminosity (star formation) in low-mass haloes
Heat - Expell Gas from shallow potential wells
- Enhanced SN feedback
N UV background D
_on 51 At Z=0 the mass scale at which
M, —5logh Esn =~ 10°" nonrymr AM.er g / S °N Cans;tle;téﬁlr{t;i%!lﬁas from

Mgy ~ 101 M

at low z, at higher redshift the
density is higher an Msn increases

VN = \/ESN/MgaS ~ 100 km/s
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A first-order solution: feedback and UV background

(The origin of the problem: A
feedback The DM halo Mass function has a steep log slope N~M-":8
T While the Observed Galaxy Luminosity Function
2 has a much flattter slope N~L-'-2
T%D A Possible Solution:
E Suppress luminosity (star formation) in low-mass haloes
» Heat - Expell Gas from shallow potential wells
S - Enhanced SN feedback
- UV background )

ESN ~ 1051 NoNimMFE AM*GTQ/S

vsn = \/Esn /Mgas 100 ki /s
=

/Corresponds to a mass scale affected by
non-gravitational SN energy injection

M~ (02, /G)r

€esc

roc (M/p)'/3
o= iy 1S EEEE

M ~ A% SRR SR

Vesc = USN — MSN ~ A'U%N (]. _I_ Z)_S/Z
\at z=0 MSNNlOloM@
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Feedback and UV background
Effect on the density profiles

A proposed solution at low redshift

“... The rapid fluctuations caused by episodic feedback progressively
pump energy into the DM particle orbits, so that they no longer
penetrate to the centre of the halo” (Winberg et al. 2013, Governato
et al. 2012)

Governato et al. 2012

O  THINGS
+  Simulations
— NFW/Maccio+H)7

Metals + H, z=0
DM only

|
=
in

af 300 pe)

I':"I ) = | POV SIS RN NP SN RPN R i
a ”;j . ot 1t 10t 10f 107 1% 10° 10"

og Radius (kpc) M, /M,
Fig. 3. Baryonic effects on CDM halo profiles in cosmological simulations, from Governato et al. (2012). (Leﬁ) The upper, dot-dash curve shows the cuspy dark matter
density profile resulting from from a collisionless N-body simulation. Other curves show the evolution of the dark matter profile in a simulation from the same initial conditions
that includes gas dynamics, star formation, and efficient feedback. By 2z = O (solid curve) the perturbations from the fluctuating baryonic potential have flattened the inner
profile to a nearly constant density core. (Right) Logarithmic slope of the dark matter profile v measured at 0.5 kpc, as a function of galaxy stellar mass. Crosses show results
from multiple hydrodynamic simulations. Squares show measurements from rotation curves of observed galaxies. The black curve shows the expectation for pure dark matter
simulations, computed from NFW profiles with the appropriate concentration. For M, > 107M@, baryonic effects reduce the halo profile slopes to agree with observations.
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Feedback and UV background
i) the abundance of satellites

LN SR B SRR B BB BB B R

Brooks & Zolotov 2014
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The problem persists at high redshifts

NM et al. 2006

Lo Faro et al. 2009 Guo et al. 201 |
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The problem persists at high redshifts

NM et al. 2006 Hirschmann et al. 2012

FID model
DISH model
VEDISH model

Observations
[Ibert10

10 11

log (M enar/Mo) log(Myienar/Mo)

Lo Faro et al. 2009
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The problem persists at high redshifts

@orresponds to a mass scale affected by R
non-gravitational SN energy injection
LI roc (M/p)*/?
M~ (vesc/G) A p =180 p, = 180 p, (1 + 2)°
) 3 —3/2
M ~> Avesc (1 —I_Z) / A=+/3/G347 p,
Vesc = USN — MSN %AU%’N (1_|_Z)_3/2
at z~0 Mgy ~ 100 Mg
- J
Lo Faro et al. 2009 - Guo et al. 201 |

\ \ A
9.0 9.5 100105110115 120 9.0 9.5 100 105110115120 9.0 9.5 10.010.511.0 115120
10g,6(M.[Me)]) 10g,0(M.[M¢)) 10g,0(M.[Mo))
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The problem persists at high redshifts

@orresponds to a mass scale affected by Hirschmann et al. 2012
non-gravitational SN energy injection

- r oc (M/p)'/3
M =~ (vesc/G) A p=180p, = 180 p, (1 + 2)°

M =~ Avgsc (1 S Z)_3/2 A=+/3/G347 p,

Vesc = USN — MSN ~ AU%’N (1 _I_ Z)_3/2

at z~0 Mgy ~ 100 Mg

&

Lo Faro et al. 2009
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The problem persists at high redshifts
In addition, increasing the feedback yields satellite colors too red

NM et al. 2006

The fraction of Blue Galaxies
g-r<0.7

The predicted satellites at low redshift are too
RED

RENWSE R |Ncreasing the feedback makes low-mass
galaxies too red

Weinman et al. 2006

0 D
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01M_—5logh
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The problem persists at high redshifts
In addition, increasing the feedback yields satellite colors too red

NM et al. 2006 Hirschmann et al. 2012

DISH model
VEDISH model

O Observations
--- Ilbert10
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log| N

Central Satellites

The fraction of Blue Galaxies
g-r<0.7

The predicted satellites at low redshift are too
RED

RENWSE R |Ncreasing the feedback makes low-mass
galaxies too red

Weinman et al. 2006
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The over-prediction of faint AGNs At High Redshift,ext

NM et al. 2004, 2008 Fiore et al. 2011

data from La Franca et al. 2005 models prdictions by NM and
> F. Shankar

/
canl 1
'l FEEWE PR

T T TR

1
s N

Il

~ X _ . - n I [V T par i ey per BT 3% 7LJ7;47L4LI+L4‘L
-20 -25 -20 -25 -3
M M

CDFS4 °
ERS/G000S

A
Q4

b, Vega b, Vega

T T TTTITm
i lllllll

R T e i i
~

Jaz=1.82-2.20 4= 2=2.20-2.60 —
N N

T ]I]TTTI
Ll 1111111

LI TITTTT‘
Ll llllll‘

42 <log L/erg s-1 < 43 A Fontanot z=4.0-5.2 S
43 <log L/erg s-1 < 44 o =0

A TS PR FTERS SRS A
A
Iwors FEETE FRE RS FRERE FET

Y T T (Y

a SDSS z=4-5

-
-
-
-
-

Lol

44.5 <log L/erg s-1 < 45 . e |
1044 1045

L(2-10 keV) ergs/s

Fl1b (vis.)"
- — F11b (tot.)
F11b (z=0)
' l Al l L L 1Ll
-20 -25
M

'H EEREE FRTEY FRREY FRREY FN
AR R RN RERRE R A

Rl FRREE SuNEn | :
HHHH

i

b, Vega

1fY¢Hasinger05
1t OEbrero09

VEDISH+dust El3

z=16 — 3.2 1 z=3.2 — 4.8

43 44 45 46 42 43 44 45 46 42 43 44 45 46
log(Lsyg) [erg/s] log(Lsyg) [erg/s] log(Lsyg) [erg/s]

Thursday, June 5, 14



The over-prediction of faint AGNs At High Redshift,ext

NM et al. 2004, 2008 Fiore et al. 2011

data from La Franca et al. 2005 models prdictions by NM and
> F. Shankar
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Abundance of galaxies as a function of their
velocity width (gas rotation velocity)

~2 orders of mag
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CDM prediction:

Trujillo—Gomez et al. (2010)
DM + Baryons
DM + Boaryons + Adiabatic Contraction

Zavala et al. (2009)

— CDM, modeled galaxies

2.0
log w (km s™")

Papastergis+ (2011)

21-cm survey done with
Arecibo Telescope: 3000
deg?; 1 1000 detections
measures: redshift,
velocity width, integrated
flux

No spatial resolution
(size, inclination, shape)

: I
Directly measures

the depth of the potential well:
less prone to physics of gas (feedback)

- J

Solutions within CDM scenario ?

- large fraction of galaxies with low gas content
(below the sensitivity)

-large fraction of galaxies with rising rotation curve

DISTRIBUTION OF DARK MATTER IN NGC 3198

NGC 3198

Ve (km/s)
(6007) +s191EMg

Radius (k:co) Radius (kpc)

‘flat’ rotation curve ‘rising’ rotation curves



Abundance of galaxies as a function of their
velocity width (gas rotation velocity)

21-cm survey done with
Arecibo Telescope: 3000
deg?; 1 1000 detections
measures: redshift,
velocity width, integrated
flux

No spatial resolution
(size, inclination, shape)

~2 orders of mag
0

CDM prediction:

o GDm ::'::201@ g Directly measures A
o the depth of the potential well:
—— OO, modeed gekaie less prone to physics of gas (feedback)
|092}? (km s7") “ ' - )

Papastergis+ (2011)

At high redshift, galaxies are denser

Difficult to expel gas from such compact
objects

Even with maximized feedback, current

models still over estimate the number of
small mass galaxies
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Galaxy formation in
WDM Cosmology

Mass/Final Mass

n.ca n.12
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Galaxy formation in
WDM Cosmology

Mass/Final Mass

n.ca n.12

Rome PANDA
model

NM, A. Lamstra
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Implementing WDM power spectrum in the galaxy formation model
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0.2 keV i |
L1l IS SRR AT 1N B .
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log k [hMpc] k (h Mpc™)

To explore the maximal effect of a power-spectrum cutoff on galaxy formation,

we consider a cutoff at scales just below 0.2 Mpc, where data from Lyman-a systems
(compared to N-body simulations) yields stringer upper limits on power suppression.
This corresponds to mass scales M«x~5 108 Mo

§ 1/3 —4/3 = s WDM
ek - Qo).{ll;2 [rw?k);‘/ ik I;VCV;?AJZ ((/f)) = |1+ (ak)** } partl1C Iser\?ass
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Implementing WDM power spectrum in the galaxy formation model
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To explore the maximal effect of a power-spectrum cutoff on galaxy formation,
we consider a cutoff at scales just below 0.2 Mpc, where data from Lyman-a systems
(compared to N-body simulations) yields stringer upper limits on power suppression.
This corresponds to mass scales M«x~5 108 Mo
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Implementing WDM power spectrum in the galaxy formation model

WDM
particle mass
1 kev
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Galaxy Formation in WDM cosmology (mwpm=1 keV)
NM et al. 2012-2013
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The AGN luminosity Functions
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A few caveats

- / WK oW ()

The above results have been obtained 9 2

changing only the

Recent analysis by Benson et al. (2012) show
that:
1) the relation P(k) — o(M) (window function)
ii) the collapse threshold &c
change in WDM cosmology: further
suppression below the free streaming scale M;

o (M)
power spectrum P(k)
P(k) — o(M) — merger trees @

1: Tcpm (), Ochcom (M), fiinesr (S)
2: Twom(k), Oceit.com (M), fiinear (S)
3: Twpm(k), Ocrie wom(M), frinear (S)
4: Twom(k), Ociwom(M), feomect(S)
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A few caveats
dk; k2
The above results have been obtained ‘W /f"“

changing only the
power spectrum P(k) @

P(k) — (M) — merger trees

Recent analysis by Benson et al. (2012) show
that:
1) the relation P(k) — o(M) (window function)
ii) the collapse threshold &c
change in WDM cosmology: further M
suppression below the free streaming scale M;

1: Tepm (K), Ocrit.com (M), fiinesr (S) : — Sharp-k (Ellipsoidal MA)
2: Twom(k), Ocrit.com (M), fiinear (S) D Shaihe (sphenical MA)
3: Twom(k), Ocriewom(M), fiinear (S)

4: Twom(k), Ocrit wom(M), fcom'cz(s )
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A few caveats

The above results have been obtained
changing only the

power spectrum P(k)

P(k) — (M) — merger trees

Recent analysis by Benson et al. (2012) show
that:
1) the relation P(k) — o(M) (window function)
ii) the collapse threshold &c
change in WDM cosmology: further
suppression below the free streaming scale
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CDM WDM

s ~N
Substructure and

Distribution of Rotation Velocities
_ y,

LOVELL ET AL. 2013
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F — CDM, modeled galaxies ] E/ Vinax [ kmM/s ]
_5 é_ — WDM, modeled galoxies __ Figure 11. Cumulative subhalo mass, My, (top panel) and V¢ (bottom
- panel) functions of subhaloes within r < rygg, of the main halo centre in
£ = the HRS at z = 0. Solid lines correspond to genuine subhaloes and dashed

S
o

1.5 2.0 » 2.5 lines to spurious subhaloes. The black line shows results for CDM-W7 and
log w (km s7) the coloured lines for the WDM models, as in Fig. 1. The black cross in the
lower panel indicates the expected number of satellites of Viax > 5.7 km g1

mOdeling : Zavala+ (2009) as derived in the text
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Lum|n05|ty Function of Satellite Galaxies

Is Milky Way representative of Mhao =10'2 Mo ?

satellite luminosity function

ACS F814W imaging of the COSMOS field,

identify satellites as much as a thousand times fainter than
their host galaxies and as close as 0.3 (1.4) arcsec (kpc)and
as close as 0.3 (1.4) arcsec (kpc)

Hundreds of hosts
\_

Compare with a wide set of satellites/host halos through the
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The Age of stellar populations in low-mass galaxies

(¢

Angulo et al. 2013)
.

DM predicts early collapse of a huge number of low-mass halos, which remain isolateE
at later times retaining the early-formed stellar populations; as a result, CDM-based

SAMs generally provide flat age-mass relations (Fontanot et al. 2009; Pasquali et al.
2010; De Lucia & Borgani 2012).

Increasing the stellar feedback worsen the problem

Early SF: WDM induces delay in star formation, affects small-mass objects( see, e.qg.,

J
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The upper, the middle and the lower grey (black) curves represent the 16th, the
50th (median) and the 84th percentiles of the observed distribution in mass-
(light-)weighted stellar age (Gallazzi et al. 2008)
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Matching the Vmax-M= relation

‘A semi-empirical approach (Shankar, NM et al. 20|4)\
in progress

|. select a sample of DM haloes

2. associate to each halo a galaxy of a given stellar mass
according to an abundance matching relation

3. compute rotation velocity curves for each DM halo
(for WDM adopt the c(Mh) relation by Schneider et
al 2012 for | keV thermal relic DM)

4. infer predicted Vmax-M+ relation (computed at

. maximum of the rotation curve)
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Matching the Vmax-M= relation
luminosity/stellar mass ~_ velocity/halo mass__

A semi-empirical approach (Shankar, NM et al. 20I4)\ function 1 function
in progress lot 7 Lo

10-2¢ i 1073

|. select a sample of DM haloes

2. associate to each halo a galaxy of a given stellar mass 3 j0sl
according to an abundance matching relation >»- |
3. compute rotation velocity curves for each DM halo 1o 710

(for WDM adopt the c(Mn) relation by Schneider et
al 2012 for | keV thermal relic DM) -
4. infer predicted Vmax-M+ relation (computed at sonoE T e Gk s
. maximum of the rotation curve) )

x)

L rannl
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(A semi-empirical approach (Shankar, NM et al. 20I4)\
in progress
|. select a sample of DM haloes ’%
2. associate to each halo a galaxy of a given stellar mass \25
according to an abundance matching relation Reference
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Matching the Vmax-M= relation

‘A semi-empirical approach (Shankar, NM et al. 20|4)\
in progress

|. select a sample of DM haloes
2. associate to each halo a galaxy of a given stellar mass
according to an abundance matching relation
3. compute rotation velocity curves for each DM halo
(for WDM adopt the c(Mn) relation by Schneider et
al 2012 for | keV thermal relic DM)

4. infer predicted Vmax-M+ relation (computed at

. maximum of the rotation curve) )
Feedback profile from Di Cintio et al. 2014
hydro-simulations baryons+stellar feedback
2’6 : FTrrrrrr T T rrrrrrrr FTrrrrrr T T rrrrrr
2.4 L NFW
e BURKERT ]
'w 22F ———— FEEDBACK ;
£ 20| :
§ 1'8 3 _:
: -
> 1 '6 L *"} - __:
o [T a Feedback; R=10Kpc |
S 14F="  ------ NFW; z=1.0 ]
T Dutton+F1\>(1: _— ]
1.2F URE .
7 8 9 10 11

Log Mgrar [Me)
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Summary

The mass of DM particles has a major impact on galaxy formation
(suppression of small-scale perturbations due to free-streaming)
CDM is the limit of Mx<< masses of cosmological interest

CDM problems on small scales:
cusps
number of satellite galaxies
abundance of low-mass (faint) galaxies at low and high redhsifts

Baryonic physics can hardly solve all the problems if we consider
ab abundance of high-z low-luminosity objects

Galaxy formation in WDM cosmology is a viable solution
if the spectrum is like that corresponding to a thermal relic DM with m<2 keV
(analogous to that corresponding to sterile neutrino produced according to

Dodelson & Widrow with my<8 keV)

There is a tension with current limits from high-z structure (Lyman-a forest)
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Summary

Schneider et al. 2013
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Mass should be m<2 keV (thermal relics)

Schneider et al. 2013
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ABSTRACT

We study the effect of warm dark matter (WDM) on hydrodynamic simulations of galaxy
formation as part of the Making Galaxies in a Cosmological Context (MaGICC) project. We
simulate three different galaxies using three WDM candidates of 1, 2 and 5 keV and compare
results with pure cold dark matter simulations. WDM slightly reduces star formation and
produces less centrally concentrated stellar profiles. These effects are most evident for the
1 keV candidate but almost disappear for my,, > 2 keV. All simulations form similar stellar
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WDM particle mass: = L T B L R
. Q142242309
limits from the Ly-X forest

z=3.62
Viel et al. 2005-2013
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Earth Fig. From Springel et al. 2006
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Constraints from X-ray emission from _ =~
clusters and galaxies

-10

Interaction strength Sinz(ze)
[
o
AL R BRI BRI R L
Tremaine-Gunn / Lyman-o

if ms>mq the radiative decay Vs— Vaty 10
becomes allowed 10712
10713
1 2 5 10 50
E — 1 mi Dark matter mass My, [keV]
v\ T 2 )
S

FIG. 4: Constraints on sterile neutrino DM within ¥MSM [4]. The

Emissi f in X f DM . . blue point would corresponds to the best-fit value from M31 if the
mission lines In A-rays from concentrations: line comes from DM decay. Thick errorbars are =10 limits on the

- clusters (|a|~ge Signa] but also |arge backgrgund) flux. Thin errorbars correspond to the uncertainty in the DM distri-
. bution in the center of M31.
- galaxies

Boyarsky et al. 2014

X-ray constraints —
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o
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Window corresponds to resonant production
Upper boundary - zero lepton asymmetry

Lower boundary - maximal lepton asymmetry
Boyarsky et al 2009

. *r;*:--' : —*‘i g
. « : > - ‘o e -. F I :
A <

R e Wi 6 — Sterile neutrino resonant production

In presence of a large lepton asymmetry, £ = (n,, — ny)/n.,, matter effects
become important and the mixing angle can be resonantly enhanced. [Shi,

Fuller, 1998; Abazajian et al., 2001

. _ AZ?(p) sin? 20
$in” 20, = 2 2/3(3)
A2 (p) sin® 20+ D2+ (A(p) cos 20— 7r—2GFT:”E—i—|VT|)2

The mixing angle is maximal sin” 26,,, = 1 when the resonant condition is
satisfied (with A(p) = m3/(2p))

A(p) cos 26 — %GFT?’E +|Vr| =0

2
(171:34\» = 0'08% 10£—4 (100%@\/)4 +2 (%)2 kfv (10071;/1(3\/)6
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Sterile neutrinos are produced in primordial plasma through

- off-resonance oscillations. [Dodelson, Widrow; Abazajian, Fuller;
Dolgov, Hansen;

Asaka, Laine, Shaposhnikov et al.]

- oscillations on resonance, if the lepton asymmetry is non-
negligible [Fuller, Shi]

» production mechanisms which do not involve oscillations
— inflaton decays directly into sterile neutrinos [Shaposhnikov,
Tkachev] — Higgs physics: both mass and production [AK, Petraki]
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X-ray emission from clusters a

Limits from the

galaxies
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rng_[keV]

Watson et al. 2012
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Very small mixing (sin?260 < 10~7) between

mass Iv;,> &

Vo) = cos0|vy) + sinf|vs)
lvg) = —sinB|vy) + cosf|vs)

flavor lv, > states:

Form,<m,_,

3v Decay Mode Dominates:

=2
sin“20\ /' m
-— -30.—-1
[, = 1.74 x 10305 (10_10)(keV

Radiative Decay Rate is:
ay _+ [sin?20
fs = 1.36 X 107%s 1<10 1°>(keV) Vs — Vg T Y
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WIMP freeze out
time 1 T T T T T T
IRY SM 1%12
va SM SM %82 | |
10-5 1ncreasing
/ 10-¢ <ov>
X o Ve Va 10~
\ 1100_12 _—— =
\/a\ Y e
/ DM DM %8_12 ¥
DM DM 10-13 IYe |
self-annihilation 10—14 IR A TR AT
110t 102 109
<Uannv> a \2,/100GeV \2
—25 3.—1
(TannV) ~ 10 cm-s (P) ( -~ >

» Electro Weak Scale(~100GeV) WIMP naturally explains

the relic abundance. TeV scale SUSY & neutralino dark matter
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E(k)/M

active

sterile

L=0

Transitions v — N,
Dodelson-Widrow

Zero lepton asymmetry

Dispersional relations for active and sterile neutrinos (from real part)

E(k)/M

active

sterile L£0

S

level crossing

Resonant transitions
Shi-Fuller
Lepton asymmetry
created in N3 3 decays

Heidelberg, 13 and 14 July 2011 — p. 36
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Alexander Kusenko (UCLA) DM 08

‘ Dark matter and the Lyman-« forest. I

The bounds depend on the production mechanism.

keV (Ps)
Apg =~ 1Mpc |- - - -

The ratio
(Ds) 0.9 for production off — resonance
(ﬁ) — 0.6 for MSW resonance (depends on L)
. T=1keV 0.2 for production at T > 100 GeV

- Photon energy:

Dark matter made of sterile neutrino is not completely dark
Dolgov & Hansen (2000)

Thursday, June 5, 14



Ruchayskiy

Where to look for DM decay line?

Extragalactic diffuse X-ray Dolgov & Hansen, 2000; Abazajian et al., 2001
background (XRB) Mapelli & Ferrara, 2005; Boyarsky et al. 2005

Abazajian et al., 2001

m  Clusters of galaxies Boyarsky et al. astro-ph/0603368

DM halo of the Milky Way. prarsky et al. astro-ph/0603660
u Riemer-Sgrense et al. astro-ph/0603661

Signal increases as we increase FoV! Boyarsky, Nevalainen, O.R. (in preparation)

Boyarsky et al. astro-ph/0603660

m Local Group galaxies Watson et al. astro-ph/0605424

m “Bullet” cluster 1E 0657-56 Boyarsky, Markevitch, O.R. (in preparation)
m Cold nearby clusters Boyarsky, Vikhlinin, O.R. (in preparation)
m Soft XRB Boyarsky, Neronov, O.R. (in preparation)

Need to find the best ratio between the DM decay signal and object’s
X-ray emission
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CDM as particle Dark Matter
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| S ) L A I

thermodynamic
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annihilation

and pair production

Neo

reaction rate drops below
expansion rate

Increasing <o,v>

~ 1/20 x m(WIMP)

e

Tfreeze-out

Cold Dark Matter:
» non-relativistic

“survival of the weakest”

At or below the weak scale

x=m, /T . 3x10™%cm’/sec
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