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Galaxy rotation curves

M/L≈10-50

Galaxy clusters: 
velocity dispersions 
X-ray temperature

Gravitational lensing

M/L~100

hv2i = GM

R

KT =
GM

R
/µmp

Cosmology 
Ordinary matter (baryons) can only grow after 
ricombination (z~1000). 
Since δ~ (1+z)-1, they can grow at most a factor 1000. 

δ~10-5 observed at recombination  implies that they cannot 
grow non-linear (δ~1) at the present time

Dark Matter: starts to grow earlier. At recombination 
baryons fall into potential wells which are already in place 

CMB+Baryon Nucleosynthesis

Ωb≈0.04 ΩM≈0.25

�(t) ⇠ t2/3 ⇠ (1 + z)

�(trec) ⇠ 10�5
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Describe the collapse and evolution of 
the DM clumps dominating the 
gravitational dynamics

Connect properties of ordinary matter 
(gas physics, star formation,astrophysical 
processes) to the potential wells of DM 
condensations
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Galaxies are the tip of the iceberg (underlying DM distribution)
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Galaxy Formation Theory

Describe the collapse and evolution of 
the DM clumps dominating the 
gravitational dynamics

Connect properties of ordinary matter 
(gas physics, star formation,astrophysical 
processes) to the potential wells of DM 
condensations

Diemand et  al. 2008
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Mass  

Stagnation 

Rad. Dominated Matter Domiated 

teq↔zeq=23900 Ω0 h2 Time 

λhor(teq) = 12 Mpc Ω0
-1 h-2 

 

Mhor(teq) ∼1015 M! 

M
hor

/ ⇢R3
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/ t�2 t3 = t
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The Variance of the perturbation field

On average, perturbations on large scales
(large masses) have a lower amplitude
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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

M1

�c

M

� Aquarius Project 
Virgo Consortium 2009 

F. Springel et al. 

M1 M2
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Varying the particle mass



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 Mfs << Masses of Cosmological Relevance



Testing the COLD DARK MATTER scenario 
against observations: the evolution of galaxies

Baryons follow DM growth:  
Strong cosmological evolution of both galaxies and AGNs

Evolution of the galaxy UV lumin. function
from Reddy et al. 2010

Evolution of the AGN UV lumin. function
from Richards et al. 2006
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Processi barionici in aloni di materia oscura:  

cooling, formazione stellare, feedback 

Requires modelling of baryon physics 
inside evolving DM potential wells

- 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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Galaxy Formation in a Cosmological Context

Hydrodynamcal 
N-body simulations 
Pros
include hydrodynamics of gas
contain spatial information
Cons
numerically expensive
(limited exploration of parameter space)
requires sub-grid physics

Semi-Analytic Models
Monte-Carlo realization of 
collapse and merging histories
Pros
Physics of baryons linked to DM halos 
through scaling laws, allows a fast spanning 
of parameter space
Cons
Simplified description of gas physics 
Do not contain spatial informations
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Galaxy Formation in a Cosmological Context

Semi-Analytic Models
Monte-Carlo realization of 
collapse and merging histories
Pros
Physics of baryons linked to DM halos 
through scaling laws, allows a fast spanning 
of parameter space
Cons
Simplified description of gas physics 
Do not contain spatial informations

Sub-Halo dymanics: 
dynamical friction, binary 
aggregation 

Halo Properties
Density Profiles
Virial Temperature

Gas Properties
Profiles
Cooling - Heating Processes
Collapse, disk formation 

Star Formation Rate

Gas Heating (feedback)
SNae
UV background 

Evolution of stellar populations

Growth of Supermassive BHs 
Evolution of AGNs



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

DETAILED  PREDICTIONS BASED ON SEMI-ANALYTIC MODEL 
(NM et al. 2004, 2005, 2006)

 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

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

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

 
 

Testing the galaxy formation model
NM et al. 03-06

Local quantities High-z Lumin. Functions MBH-M* relation + Evol. LFs
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The color-magnitude relation
Data (red dots) by Baldry et al. 2004

Croton et al. 2006 (NM et al. 06)

Text

Environmental dependence of colors 
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The color-magnitude relation
Data (red dots) by Baldry et al. 2004

Croton et al. 2006 (NM et al. 06)

Text

Environmental dependence of colors 

Galaxy Formation models in CDM scenario

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

properties of distant galaxies: 
luminosity distribution 
evolution of the star formation rate

Reddy et al. 2008

Somerville et al. 2010 Baugh et al. 2005 NM et al. 2005

The average cosmic density of SFR
At early times rapid gas cooling, 
frequent  interactions, starbursts and 
merging increase the SFR

Al late times the exhaustion of gas 
reservoirs, the decline of merging 
rates and of interactions result in   
decreasing SFR

Color Distributions: bimodal 
distribution (early type vs late type)

Somerville et al. 2010NM et al. 2006

Croton et al. 2006 NM et al. 2008

Bright 

Red Galaxies 

Baldry et al. 2004

NM et al. 2006
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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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Via Lactea simulation of a Milky Way - 
like galaxy Diemand et al. 2008

Abundance of satellites

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

Abundance of satellites
Via Lactea simulation of a Milky Way - like galaxy  

Diemand et al. 2008

Critical Issues

i) satellite DM haloes

Kravtsov, Klypin, Gnedin 2004

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. 
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i) satellite DM haloes

Moore et al. 1999
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Kravtsov, Klypin, Gnedin 2004

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. 
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Most observed dwarf galaxies consist of a rotating 
stellar disk embedded in a massive dark-matter halo 
with a near-constant-density core. Models based on the 
dominance of CDM, however, invariably form galaxies 
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.

Critical Issues

ii) density profilesMost observed dwarf galaxies consist of a rotating stellar disk2 embedded in a 
massive dark-matter halo with a near-constant-density core. Models based on the 
dominance of CDM, however, invariably form galaxies 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. 

Moore et al. 2002 Effect of a Cutoff on Power 
Spectrum for r<8 Mpc

Bulgeless dwarf galaxies and dark matter cores

Moore et al. 2002

Most observed dwarf galaxies consist of a rotating stellar disk2 embedded in a 
massive dark-matter halo with a near-constant-density core. Models based on the 
dominance of CDM, however, invariably form galaxies 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. 

Moore et al. 2002 Effect of a Cutoff on Power 
Spectrum for r<8 Mpc

Bulgeless dwarf galaxies and dark matter cores

The effect of adopting a cutoff 
in the power spectrum for r<8 Mpc
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In all first-generation SAM the 
number density of faint (low-
mass) galaxies was over-
predicted

Critical Issues

iii)over-prediction of faint galaxies 

The Stellar Mass 
Function in the
De Lucia et al. SAM 
based on Millenium 
merger trees

The K-Band Luminosity Function in the 
Somerville et al. SAM

The Stellar Mass Function in the 
De Lucia et al. SAM based on Millenium 
merger trees Bower et al. 2006

The K-Band Luminosity Function in the 
Somerville et al. SAM

Over-prediction of Faint Galaxies

In all first-generation SAM 
the number density of faint (low-mass) 
galaxies was over-predicted

The Stellar Mass Function in the 
De Lucia et al. SAM based on Millenium 
merger trees Bower et al. 2006

The K-Band Luminosity Function in the 
Somerville et al. SAM

Over-prediction of Faint Galaxies

In all first-generation SAM 
the number density of faint (low-mass) 
galaxies was over-predicted

The Stellar Mass Function in the 
De Lucia et al. SAM based on Millenium 
merger trees Bower et al. 2006

The K-Band Luminosity Function in the 
Somerville et al. SAM

Over-prediction of Faint Galaxies

In all first-generation SAM 
the number density of faint (low-mass) 
galaxies was over-predicted

Bower et al. 2006
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The Origin of the problem and a 1st order solution

The DM halo Mass function has a steep log slope
N~M-1.8

While the Observed Galaxy Luminosity Function 
has a much flattter slope N~L-1.2

Possible Solution
Suppress luminosity (star formation) in low-mass haloes
Heat - Expell Gas from shallow potential wells
- Enhanced SN feedback 
- UV background

ESN ⇡ 1051⌘IMF�M⇤

Il feedback e’ all’origine della inefficienza della formazione stellare in aloni di  

piccola massa. 
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Mass scale at which 
SN can effectively espell gas from 

DM potential wells

at low z, att higher redshift the
density is higher an MSN increases

Vogelsberger et al. 2014

A first-order solution: feedback and UV background
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20

The effect of feedback 
i) the abundance of satellitesGuo et al. 2009 Governato et al. 2009

Milky Way Satellites and Feedback

Guo et al. 2009 Governato et al. 2009

Milky Way Satellites and Feedback

Governato et 
al. 2009

31

Solutions at low redshift: 

Last-generation SAMs and simulations: 
refined treatment of 

1. Feedback efficiency
2. Photoionization due to background           

UV  radiation
3. DM, stellar and gas stripping of 

satellites

Refined treatment of Gas and 
Stellar Stripping 

Enhanced (tuned) feedback 
dependence on the circular 
velocity of the DM halo

De Lucia et al. 2005 Guo et al. 2011

Bower et al. 2006

De Lucia et al. 2005

Guo et al. 2009

31

Solutions at low redshift: 

Last-generation SAMs and simulations: 
refined treatment of 

1. Feedback efficiency
2. Photoionization due to background           

UV  radiation
3. DM, stellar and gas stripping of 

satellites

Refined treatment of Gas and 
Stellar Stripping 

Enhanced (tuned) feedback 
dependence on the circular 
velocity of the DM halo

De Lucia et al. 2005 Guo et al. 2011

Bower et al. 2006

Guo et al. 2011

ii) the abundance of faint galaxies

Refined treatment of Gas and 
Stellar Stripping

Enhanced (tuned) feedback 
dependence on the circular 
velocity of the DM halo



21

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

21-cm survey done with 
Arecibo Telescope: 3000 
deg2; 11000 detections
measures: redshift, 
velocity width, integrated 
flux
No spatial resolution 
(size, inclination, shape)

Solutions within CDM scenario ?
- large fraction of galaxies with low gas content 
  (below the sensitivity)
-large fraction of galaxies with rising rotation curve

23

observa5on$vs.$theory$

Papastergis++(2011)+

~2+orders+of+mag+

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

21-cm survey done with 
Arecibo Telescope: 3000 
deg2; 11000 detections
measures: redshift, 
velocity width, integrated 
flux
No spatial resolution 
(size, inclination, shape)

the$ALFALFA$survey$

  ALFALFA&is&a&blind,&wide&area&
21@cm&line&survey&done&with&the&&
Arecibo&telescope.&

  Presently&available&catalog:&
  ~3,000&deg2&of&sky&
  ~11,000&‘Code&1’&detections.&

  ALFALFA&has&produced&the&
largest(HI+selected(sample(to(
date.&&

http://egg.astro.cornell.edu/alfalfa/&

Solutions within CDM scenario ?
- large fraction of galaxies with low gas content 
  (below the sensitivity)
-large fraction of galaxies with rising rotation curve HI&disks&in&dwarf&galaxies&are&often&rising&to&the&last&

measured&point.&

‘flat’&rotation&curve&

Sw
aters+&(2009)&

‘rising’&rotation&curves&

extent$of$HI$disk$

the$ALFALFA$survey$

  ALFALFA&is&a&blind,&wide&area&
21@cm&line&survey&done&with&the&&
Arecibo&telescope.&

  Presently&available&catalog:&
  ~3,000&deg2&of&sky&
  ~11,000&‘Code&1’&detections.&

  ALFALFA&has&produced&the&
largest(HI+selected(sample(to(
date.&&

http://egg.astro.cornell.edu/alfalfa/&

observa5on$vs.$theory$

Papastergis++(2011)+

~2+orders+of+mag+

Directly measures 
the depth of the potential well: 

less prone to physics of gas (feedback)



22

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

21-cm survey done with 
Arecibo Telescope: 3000 
deg2; 11000 detections
measures: redshift, 
velocity width, integrated 
flux
No spatial resolution 
(size, inclination, shape)

Directly measures 
the depth of the potential well: 

less prone to physics of gas (feedback)

the$ALFALFA$survey$

  ALFALFA&is&a&blind,&wide&area&
21@cm&line&survey&done&with&the&&
Arecibo&telescope.&

  Presently&available&catalog:&
  ~3,000&deg2&of&sky&
  ~11,000&‘Code&1’&detections.&

  ALFALFA&has&produced&the&
largest(HI+selected(sample(to(
date.&&

http://egg.astro.cornell.edu/alfalfa/&

observa5on$vs.$theory$

Papastergis++(2011)+

~2+orders+of+mag+

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

23

observa5on$vs.$theory$

Papastergis++(2011)+

~2+orders+of+mag+

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

21-cm survey done with 
Arecibo Telescope: 3000 
deg2; 11000 detections
measures: redshift, 
velocity width, integrated 
flux
No spatial resolution 
(size, inclination, shape)

the$ALFALFA$survey$

  ALFALFA&is&a&blind,&wide&area&
21@cm&line&survey&done&with&the&&
Arecibo&telescope.&

  Presently&available&catalog:&
  ~3,000&deg2&of&sky&
  ~11,000&‘Code&1’&detections.&

  ALFALFA&has&produced&the&
largest(HI+selected(sample(to(
date.&&

http://egg.astro.cornell.edu/alfalfa/&

36
Guo et al. 2011

The Stellar Mass Functions at z~3The color distribution

At high redshift, galaxies are denser

Difficult to expell gas from such compact 
objects

Even with maximized feedback, current
models still over estimate the number of 
small mass galaxies



23

Galaxy formation in 
WDM Cosmology

Problem Persists at 
high redshifts

 Too many low-mass  
 structures

 Need to suppress   
 Power Spectrum 
 at small scales ?

 can WDM solve all 
 problems  
 simultaneously ? 

Merger Trees in CDM and WDM Cosmologies



23

Galaxy formation in 
WDM Cosmology

Problem Persists at 
high redshifts

 Too many low-mass  
 structures

 Need to suppress   
 Power Spectrum 
 at small scales ?

 can WDM solve all 
 problems  
 simultaneously ? 

Rome PANDA 
model

NM, A. Lamstra

Merger Trees in CDM and WDM Cosmologies



24

A WDM Transfer Function

Relative to CDM

1 < v"< 1.2 typically adopted (Viel et al. 
2005)

 

But note this assumes a thermal relic

BUT there is a direct relation between 
sterile neutrino mass and thermal relic 
mass, so one can be translated to the 
other (Colombi et al. 1996)
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Evolution of stellar 
populations
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Galaxy formation in WDM implies computing how modifications of the power 
spectrum propagate to the above processes 
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Fig. 1. - Left Panel: The linear power spectrum computed for 0.75 keV WDM particles after eqs. 3 and 4 (solid line) is compared with the CDM spectrum
(dashed line) and with di↵erent data (see Tegmark, Zaldarriaga 2002 and references therein) derived from fluctuations of the microwave background radiation
(WMAP measurements, circles), galaxy clustering (triangles) and Ly-↵ forest (squares).
Right Panel: The rms amplitude of perturbations as a function of the mass scale corresponding to the power spectra in the left panel: solid line refers to the
WDM case, while dashed line to CDM.

3 RESULTS

We now proceed to investigate the e↵ect of implementing the WDM power spectrum on galaxy formation. We show in Fig. 2 the low redshift
B-band galaxy luminosity function, and its UV counterpart at high redshift z = 4; the luminosity functions in WDM cosmology are compared
with data and with the corresponding CDM case.

A first e↵ect of adopting the WDM spectrum is a decrease in the number of faint objects at both low and high redshifts. This is expected
due to the suppression in the amplitude of initial perturbations (see Fig. 1). Quantitatively, the suppression of a factor ⇠ 4 for Mb j & �15 with
respect to the CDM case is similar to that obtained for the halo mass function by Smith & Markovic (2011) for DM halo masses M ⇡ 1010

M� for the same value of mX , and directly derives from the smaller number of low mass DM halos that collapsed at high redshift and survived
to form faint galaxies. However, a second interesting e↵ect of adopting a WDM power spectrum appears at low redshifts (Fig. 2, left panel);
at bright magnitudes, the luminosity function shows a steeper cut o↵ compared with the CDM case. This is due to the fact that in large DM
haloes at low redshift the growth of massive galaxies due to the accretion of low mass objects is suppressed due to the smaller number of
satellite galaxies which accumulate in the host DM halo.

Fig. 2. - Left Panel: The local b j galaxy luminosity function in the WDM model (solid line) is compared with the standard CDM case (dashed line) and with
data from the 2dF (Madgwick et al. 2002, squares) and Sloan (Blanton et al. 2001, hatched region) surveys. Right Panel: The predicted UV luminosity function
of drop out galaxies at z = 4 (solid line WDM, dashed lilne CDM) is compared with data from Bouwens et al.(2007).

Thus, changing the power spectrum in a way consistent with present observational limits seems not only to provide a viable solution for
the over prediction of low-mass objects typical of CDM cosmology, but also to contribute to solve a long-standing problem of CDM models,

c� RAS, MNRAS 000, ??–??
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namely, the over prediction of bright galaxies at low redshifts. The latter problem has been only recently alleviated by the inclusion of the
Radio Mode feedback (see, e.g., Bower et al. 2006, Cattaneo et al. 2006; Croton et al. 2006; Kang, Jing, Silk 2006); however, at present such
a feedback, associated with a low-accretion state of BHs in massive galaxies (presumably at the origin the radio activity), does not have a
clear observational counterpart, since the observed number of radio galaxies is much smaller than that predicted by SAMs (which need to
associate such a Radio Mode accretion to each massive galaxy with stellar mass M⇤ � 1011 M�, see Fontanot et al. 2011); in addition, at
present the implementation of a Radio Mode still leads to predict a blue fraction of central galaxies that is too high and with an inverted
luminosity dependence compared with what observed (see Weinmann et al. 2006).

Fig. 3. - Top Panel: The predicted color distributions for the WDM model at z = 0.1, 1, 2. The color code represents the fraction of galaxies that, for a given
absolute magnitude, are found in di↵erent color bins. Bottom Panel: Predicted rest-frame u � r color distributions for the WDM case are compared with the
Gaussian fit to the data from the Sloan survey (from Baldry et al. 2004, stars) for di↵erent magnitude bins.

Note that the proposed approach leaves unchanged the baryonic mechanisms a↵ecting the faint end (the Supernovae feedback) and
the bright end (the AGN feedback) of the galaxy luminosity distribution. Indeed, we have checked that adopting a WDM spectrum leaves
unchanged the properties of the predicted color-magnitude diagram, which is still characterized by a bimodal distribution in agreement with
observations (see Strateva et al. 2001; Baldry et al. 2004) which start to appear already at z ⇡ 1.5 � 2 as observed (see Bell et al. 2004,
Giallongo et al. 2005); a quantitative comparison with detailed observed color distribution for di↵erent magnitudes (Fig. 3 bottom panel)
shows an overall agreement with existing measurements , although a moderate excess of bright (Mr = �23) galaxies with u � r  2 is still
present. Note that such excess would be larger (to include a fraction ⇠ 1/3 of bright galaxies) in the absence of AGN feedback.

To investigate how the two e↵ects of adopting WDM power spectrum evolve with redshift, and thus to establish how the di↵erent
number of satellites in common DM haloes a↵ect the mass growth of galaxies in the WDM vs. the CDM case, we compare with statistical
observables more directly related to the stellar mass. The evolution of the K-band luminosity function in the WDM case is compared with
that derived for the CDM cosmology and with the observational data in the top panel of Fig. 4.; the same comparison is performed for the
evolution of the stellar mass function in the bottom panel.

These two observables are related in the model since the first is computed by convolving the stellar Spectral Energy Distributions
(SEDs) with the star formation history of the galaxy progenitors, while the latter is the time integral over the same history. The stochastic
nature of the merging and star formation histories results in a whole distribution of computed galaxies in the MK � M⇤ plane that we have
checked to be consisted with the observed distribution. On the observational side, the two quantities are measured in di↵erent ways. The
K-band luminosity functions are taken from the Ultra Deep Survey (UDS), the deepest survey from the UKIRT Infra-Red Deep Sky Survey
(UKIDSS), containing imaging in the J - and K-bands, with deep multi-wavelength coverage in B V R i’ z’ filters in most of the field. The
sample contains 50,000 objects with high completeness down to K  23 (Cirasuolo et al. 2010). As for the observed stellar mass functions,
we compare mainly with the data from Santini et al. (2012); stellar masses were estimated by fitting a 14 bands photometry (up to 5.5 µm
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rest-frame) to the Bruzual & Charlot synthetic models of stellar populations; the analysis of observations taken with the Hubble Wide Field
Camera 3 in the GOODS-S field allows to achieve an excellent determination of the low-mass-end of the distribution down to small stellar
masses M⇤ ⇡ 7.6 109 M� even at the highest redshifts (z ⇡ 3). Note that, while the stellar mass function constitutes a direct probe of the
e↵ect of WDM spectrum on the growth of stellar mass of galaxies, observational determinations of such a quantity are prone to several
observational uncertainties connected, e.g., to the estimate of metallicities or extinction curves necessary to derive the stellar masses, to
the treatment of the TP-AGB phase, or to the reconstruction of the star formation history of each galaxy, that is necessary to estimate the
appropriate M/L ratio and that may be poorly described by simplistic models like those adopted in the stellar synthesis codes (Maraston et
al. 2010; Lee et al. 2010). Although the above systematic uncertainties (not included in the error bars in the bottom panel of fig. 4) do not
allow to definitely rule out any of the models on the basis of the stellar mass distribution, its flat logarithmic slope at small masses (less prone
to the above systematics, see Marchesini et al. 2009) is better matched by the WDM model.

Fig. 4. - Top Panel. The evolution of the K-band luminosity functions in the WDM cosmoligy (solid line) is compared with data from Cirasuolo et al. (2010).
Dashed line refer to the standard CDM case.
Bottom Panel The evolution of the stellar mass function in the WDM cosmology (solid line) is compared with the standard CDM case (dashed); data in the
leftmost panel are from Drory et al. (2004, squares) and Fontana et al. (2006, circles); data in all remaining panels are from Santini et al. (2012).
In both the upper and the lower left panels, the arrows show the range of magnitudes and stellar masses corresponding to the free streaming mass; the dispersion
characterizing the above relations are related to the stochastic nature of the merging trees.

Thus, also in this case both e↵ects (flattening of the faint end slope and sharpening of the cuto↵ at the bright end) are e↵ective at low
redshift, providing a substantial improvement of the fit to the observations. At higher redshifts, the flattening at the faint end remains an
approximatively constant feature, being related to the smaller number of low mass DM halo collapsed in WDM cosmology; although models
still slightly overestimates the number of small-mass galaxies (with M  1010 M�) at z � 0.8, the agreement is appreciably improved by the
adoption of a WDM spectrum, a result di�cult to achieve adopting di↵erent feedback or star formation recipes within the CDM framework
(see the comparison with other SAM in CDM cosmology in Fontanot et al. 2009; Santini et al. 2012).

Interestingly, the e↵ect of adopting a WDM spectrum on the bright end appears at redshift 0.5  z . 0.8; this indicates that it is indeed
related to the later phase of stellar mass growth in massive galaxies, that associated with the accretion of small lumps onto a central dominant
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Figure 1. Evolution of the AGN luminosity function φ = dn/logL (in the X-ray band 2–10 keV) predicted in WDM cosmology (the gray region) is compared
with that corresponding to a CDM cosmology (dashed red line) and with the results of different observations; the upper envelope of the gray region correspond to
WDM merging trees computed through direct application of the EPS theory with a WDM spectrum given in Equation (2), while the lower envelope corresponds to
trees where the inclusion of halos with mass M ! Mfs is suppressed (see Section 2.1). The redshifts corresponding to the different panels are given in the labels.
As for the observational data (all accounting for obscured objects), the hatched regions in the low-redshift bins (z ! 2) bracket the observational estimates by
La Franca et al. (2005), Ebrero et al. (2009), and Aird et al. (2010) and thus take into account systematic uncertainties of the different determinations. At higher
redshifts we compare with X-ray observations of AGNs from XMM-COSMOS (Brusa et al. 2010; asterisk), Chandra-COSMOS (Civano et al. 2011; diamond), and
Chandra-GOODS-MUSIC/ERS (Fiore et al. 2012; solid circles). These have been complemented with measurements derived from UV selected samples from the
GOODS (Fontanot et al. 2007; solid squares), the Sloan survey (Richards et al. 2006 and Jiang et al. 2009; filled triangles), and the deep surveys analyzed by Glikman
et al. (2011; inverted triangles), where the rest-frame 1450 Å luminosities have been converted to the 2–10 keV band using the bolometric corrections in Marconi et al.
(2004).
(A color version of this figure is available in the online journal.)

Chandra images in the 2–10 KeV X-ray band to obtain the
deepest measurements of low-luminosity AGNs. They selected
faint AGN activity among the numerous Lyman-break galax-
ies in a wide redshift interval 3 < z < 7, putting interest-
ing constraints on the faint end of the luminosity function at
z = 3–4, 4–5, and z > 5.8, which we show in the bottom panels
of Figure 1. Note that such points account for obscured objects,
including the Compton-thick fraction observed in the sample
(∼20% for z ! 3); Fiore et al. (2012) estimated the uncertainty
on the observed luminosity functions due to possibly unde-
tected (or unaccounted-for) Compton-thick sources being small
("15%). Thus, the X-ray detections make the sample more com-
plete with respect to the optical surveys and this is reflected in
the higher densities attained by the Fiore et al. (2012) luminosity
functions compared to extrapolations of their optical counter-
parts to low luminosities; nevertheless, for L2–10 # 1044 erg s−1,
such number densities are overestimated by our fiducial CDM
model by factors up to ten (in the lowest luminosity bins), while
they are well matched by the WDM models. Thus, the indi-
cations from such deep, high-redshift observations is that the
WDM scenario that provides a viable solution to the CDM over-
prediction of faint galaxies (see Paper I) could also provide an
interesting framework for the evolution of the AGN population,
at least in interaction-driven scenarios for the AGN triggering.
As we shall show in Section 4, such a conclusion is quite robust
with respect to the choice of the supernovae feedback parame-

ters, the main source of uncertainty at the faint end of the AGN
luminosity function in semi-analytic models.

Finally, we note that the correlation between the galactic
and the AGN properties is not strongly affected by the shape
of the DM power spectrum on small scales. This is shown in
Figure 2, where we compare the local BH–stellar mass relations
predicted in the CDM and WDM scenarios with available data
(details on the comparison are given in Lamastra et al. 2010,
where we presented the CDM predictions). The only appreciable
difference is the smaller scatter (for small values of MBH)
in the WDM case, due to the smaller number of interactions
with low-mass galaxies, largely affecting the accretion history
of low-mass BHs. The predicted evolution of the BH–stellar
mass relation is also weakly dependent on the adopted power
spectrum: this is illustrated by the paths showing the growth of
BH mass relative to the stellar mass for largest BHs in our Monte
Carlo simulation. As predicted for CDM in our previous work
(see Lamastra et al. 2010), the local relation is reached—for
massive objects—through paths passing above the local relation,
indicating a faster growth of BH masses compared to stellar
masses in the earliest phase of galaxy evolution, in both the
CDM and the WDM case.

4. DISCUSSION: THE ROLE OF GALAXY FEEDBACK

In the previous section we have shown that the recent
observational estimates of the high-redshift AGN luminosity

6
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2 THEORY OF STERILE NEUTRINOS 16

The decay is achieved by νs virtually transforming itself into two charged particles.
This is possible if the mass eigenstate of the sterile neutrino couples to a W boson
and transforms it into a charged lepton (e, µ, τ) [29, 32]. One of the charged
particles can emit a photon and hereafter the two charged particles recombine to
form a να.

Figure 7: The Feynman diagrams for a νs virtually transforming itself into two charged
particles by the coupling of the mass eigenstate to a W boson and thereby decaying
radiatively [32, 33].

The kinematics of the reaction give that the photon must be mono-energetic
and the energy in the νs rest frame can be determined from energy and momentum
conservation (two-body decay) [19]:

Eγ =
1

2
ms

(

1 −
m2

α

m2
s

)

. (15)

If ms >> mα, which is likely since
∑

α mα ! 5eV [22] and ms is of the order
of keV, then Eγ ≈ ms/2. The branching ratio for the radiative decay has been
derived to be [30]:

Γγ

Γtot
=

27α

8π
≈

1

128
. (16)

The radiative decay is a testable signature of the sterile neutrinos as dark
matter4. A mass of ms ≈ 0.5 − 100 keV is preferred by structure formation [11]
leading to X-ray photon emission. X-ray observatories usually have a sensitivity
range of Eγ = 0.3 − 10 keV corresponding to a mass search range of ms = 0.6 −
20 keV.

2.6 Constraining the decay rate from the emitted photons

For a dark matter particle decaying radiatively with Eγ = m/2 the upper limit on
the detected flux originating from a given clump of matter can be converted into
a constraint on the decay rate.

4A wide range of effects from neutrinos decaying into photons have been discussed for many
years e. g. by Sciama [34].
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The radiative decay is a testable signature of the sterile neutrinos as dark
matter4. A mass of ms ≈ 0.5 − 100 keV is preferred by structure formation [11]
leading to X-ray photon emission. X-ray observatories usually have a sensitivity
range of Eγ = 0.3 − 10 keV corresponding to a mass search range of ms = 0.6 −
20 keV.

2.6 Constraining the decay rate from the emitted photons

For a dark matter particle decaying radiatively with Eγ = m/2 the upper limit on
the detected flux originating from a given clump of matter can be converted into
a constraint on the decay rate.

4A wide range of effects from neutrinos decaying into photons have been discussed for many
years e. g. by Sciama [34]. Abazajian et al. 2001-2005 

if ms>mα the radiative decay νs→ να+γ 
becomes allowed

Constraints from X-ray emission from
clusters and galaxies

Emission lines in X-rays from DM concentrations:
- clusters (large signal but also large background)
- galaxies
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FIG. 4: Constraints on sterile neutrino DM within νMSM [4]. The
blue point would corresponds to the best-fit value from M31 if the
line comes from DM decay. Thick errorbars are ±1σ limits on the
flux. Thin errorbars correspond to the uncertainty in the DM distri-
bution in the center of M31.

to detect the candidate line in the “strong line” regime [35]. In
particular, Astro-H should be able to resolve the Milky Way
halo’s DM decay signal and therefore all its observations can
be used. Failure to detect such a line will rule out the DM
origin of the Andromeda/Perseus signal presented here.
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Summary

The mass of DM particles has a major impact on structure formation 
(suppression of small-scale perturbations due to free-streaming)
CDM is the limit of Mfs<< 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 the problems

Galaxy formation in WDM cosmology is a viable solution 

There is a tension:
current limits from high-z structure (Lyman-a forest) 
suggest m>10 keV, but to solve the galactic small-scale crisis m<2 keV is needed
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6 – Sterile neutrino resonant production

In presence of a large lepton asymmetry, L ≡ (nν − nν̄)/nγ , matter effects
become important and the mixing angle can be resonantly enhanced. [Shi,

Fuller, 1998; Abazajian et al., 2001

sin2 2θm = ∆2(p) sin2 2θ

∆2(p) sin2 2θ+D2+(∆(p) cos 2θ− 2
√

2ζ(3)

π2 GF T 3L+|VT |)2

The mixing angle is maximal sin2 2θm = 1 when the resonant condition is
satisfied (with ∆(p) ≡ m2
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∆(p) cos 2θ − 2
√

2ζ(3)
π2 GFT 3L + |VT | = 0

(

m4

1keV

)2

≃ 0.08 p
T

L
10−4

(

T
100 MeV

)4
+ 2

(

p
T

)2 B
keV

(

T
100 MeV

)6



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]



Generalized constraints in the ms – sin²2T plane 

Exclusion Regions: 

3 L >> 10-10 Lines 
[13] 

Shi-Fuller Model 
[4, 53] 

Dodelson-Widrow Model 
[3] 

Density-Production 
Models: 

Andromeda (CXO):     
                   (Watson, Li, & Polley 2012) 

Andromeda (XMM): 
[66] 

Cosmic X-ray Background: 
            [61,62] 

Milky Way (Integral): 
[77, 78] 

Watson et al. 2012

Viel 2005

Limits from the 
X-ray emission from clusters and 

galaxies



For ms < me ,  
3Q Decay Mode Dominates: 

  
Radiative Decay Rate is: 

Sterile Neutrino Interactions with SM Particles 
(Abazajian, Fuller, Patel 2001 [5]; Abazajian, Fuller, Tucker 2001 [6]) 

Very small mixing  (                           ) between 

mass |Q1,2 !  &  

flavor |QD�s !�states: 

𝚪𝟑𝐯 ⋍  𝟏.𝟕𝟒 × 𝟏𝟎−𝟑𝟎𝒔−𝟏 ቆ𝐬𝐢𝐧
𝟐𝟐𝜽

𝟏𝟎−𝟏𝟎 ቇ ቀ
𝒎𝒔
𝐤𝐞𝐕ቁ

𝟓
  

𝚪𝐬 ⋍ 𝟏.𝟑𝟔 × 𝟏𝟎−𝟑𝟐𝒔−𝟏 ቆ𝐬𝐢𝐧
𝟐𝟐𝜽

𝟏𝟎−𝟏𝟎 ቇ ቀ
𝒎𝒔
𝐤𝐞𝐕ቁ

𝟓
 

𝐬𝐢𝐧𝟐𝟐𝜽 ≲ 𝟏𝟎−𝟕  
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Non-resonant and resonant production

Dispersional relations for active and sterile neutrinos (from real part)
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Where to look for DM decay line?

!
Extragalactic diffuse X-ray
background (XRB)

Dolgov & Hansen, 2000; Abazajian et al., 2001
Mapelli & Ferrara, 2005; Boyarsky et al. 2005

! Clusters of galaxies Abazajian et al., 2001
Boyarsky et al. astro-ph/0603368

!
DM halo of the Milky Way.
Signal increases as we increase FoV!

Boyarsky et al. astro-ph/0603660
Riemer-Sørense et al. astro-ph/0603661
Boyarsky, Nevalainen, O.R. (in preparation)

! Local Group galaxies Boyarsky et al. astro-ph/0603660
Watson et al. astro-ph/0605424

! “Bullet” cluster 1E 0657-56 Boyarsky, Markevitch, O.R. (in preparation)

! Cold nearby clusters Boyarsky, Vikhlinin, O.R. (in preparation)

! 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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