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Abstract. I review the present status of galaxy formation models within a cosmological frame-
work. I focus on semi-analytic models based on the Cold Dark Matter scenario, discussing the
role of the different physical process involving dark matter and baryons in determining the
observed statistical properties of galaxies and their dependence on cosmic time and on envi-
ronment evolution. I will highlight some present problems and briefly present the main effects
of assuming a Warm Dark Matter scenario.
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1. Introduction

The last decade has been characterized by a re-
markable progress in the measurements of the
galaxy properties over a huge range of cos-
mic times. Luminosity functions of galaxies
have been measured up to z ≈ 8 (Bouwens
et al. 2011), showing a strong evolution, with
a global star formation history peaking at z ≈
2 − 3 and rapidly decaying afterwards, espe-
cially in massive galaxies (for a review see
Madau & Dickinson 2014); the size of galax-
ies shows an increase with cosmic time (a fac-
tor ∼ 3 from z = 2 to z = 0 for spheroid-
like objects), as well as the stellar content of
galaxies (see, e.g., Fontana et al. 2006) grow-
ing on average by a factor ∼ 10 from z = 2
to z = 0; morphological evolution has also
been observed (see, e.g., Conselice 2014, for a
review). Analogous observational progress in-
volves the properties of local galaxies; e.g., the
colors of the local galaxy population are ob-
served to be characterized by a bimodal dis-
tribution, with massive galaxies belonging to
a population of red objects with predominantly

old stellar populations, clearly distinct from the
blue star-forming galaxies with younger stellar
populations, dominating the low-mass popula-
tion (see Baldry et al. 2004). Such a bimodal
distribution is also observed to depend strongly
on environment, with the blue fraction of low-
mass galaxies strongly decreasing in dense en-
vironments (Balogh et al. 2004).

All the above properties call for a physi-
cal theory of galaxy formation within a cos-
mological context. Since the matter content
of the Universe is dominated by Dark Matter
(DM, see, e.g., Planck Collaboration et al.
2014), such a theory must necessarely connect
the gravitational processes dominated by DM
to the physical processes affecting the bary-
onic component (gas, dust, stars). The early
works in the early 90’s (see, e.g., White &
Frenk 1991) have stimulated a large number
of groups which are contributing to develop
an “ab initio” theory of galaxy formation (see
Somerville & Davé 2015, for recent reviews),
starting from the “seeds” provided by the tiny
perturbations in the primordial density field.
The power spectrum of such perturbations,
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Fig. 1. Left Panel. A representation of a density field characterized by stochastic perturbations with a
variance inversely dependent on their size (or mass scale). The field grows like D(t) due to gravitational
instability (top and bottom panels refer to times t1 and t2 with t2 > t1). Perturbations on larger and larger
scales progressively cross the threshold and collapse. Right Panel: The same process can be represented
keeping the density field as constant and adopting a threshold δc(t) ∝ D(t)−1.

measured in detail through the anisotropies in
the cosmic microwave background, has been
shown to be consistent with that predicted by
the Cold DM scenario from scales r ∼ 1 Gpc
down to r ∼ 10 Mpc (Tegmark & Zaldarriaga
2002). Within such a cosmological framework,
theoretical studies are based mostly on two ap-
proaches: i) hydrodynamical N-body simula-
tions, which solve numerically the equations of
motion of a system of N particles (represent-
ing the DM) under the influence of their mu-
tual gravitational forces. The evolution of the
particles simulating the gaseous component is
described by numerically integrating the corre-
sponding hydrodynamical equations. Sub-grid
processes (like star formation) are described
through specific recipes that connect them to
the properties of the gas (like the density and
the velocity field). While simulations allow to
investigate the internal structure of galaxies
and their spatial distribution, they require a sig-
nificant computational effort to investigate the
statistical properties of the galaxy population.
ii) semi-analytic models (SAMs). They com-
pute the collapse of DM condensations over
progressively larger scales starting from the
power spectrum, and connect the physical pro-

cesses affecting the gas through simplified an-
alytical descriptions relating the behaviour of
the baryonic component to the depth of the
dark matter potential wells. Although they do
not provide a description of the spatial dis-
tribution of galaxies, their low computational
cost makes them a powerful tool to investi-
gate the statistical properties of galaxies when
different prescriptions are adopted for the in-
volved physical processes. The latter property
makes them an ideal didactic tool to illustrate
the physics involved in galaxy formation, so in
the following I will concentrate on SAMs. As a
consequence, I will focus mainly on the effect
of the different processes involved in galaxy
formation on the statistical properties of the
galaxy population.

In sect. 2 I review the statistical descrip-
tion of the collapse and growth of DM halos
from primordial density field, and the dynam-
ics of sub-halos. In sect. 3 I discuss the phys-
ical properties affecting the gas and the star
formation within DM potential wells. The ba-
sic structure of SAMs is briefly summarized in
sect. 4. In sect. 5, the above theoretical frame-
work is compared with existing observations,
to discuss our present understanding of the
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Fig. 2. Left panel: The variance σ(M) of the density perturbation field is plotted as a function of the mass
scale M for a CDM cosmology. Different thresholds for collapse are shown for different redshifts (see text).
At a given redshift z, the mass corresponding to the intercept of the threshold with σ(M) defines the typical
mass scale Mc(z) for the collapse. Right Panel: The Press & Schechter mass function is shown as a function
of mass (in units of the characteristic mass at present time Mc(z = 0) at four different redshifts: z = 3 (dotted
line), z=2 (dot-dahsed line), z=1 (dashed line), and z=0 (solid line).

physical origin of the properties of galaxies.
Sect. 6 is devoted to some open problems and
perspectives.

2. The evolution of DM halos

2.1. The collapse and growth of DM
halos

Galaxy formation and evolution is driven by
the collapse and growth of DM halos, which
originate from the gravitational instability of
overdense regions in the primordial density
field (see Peebles 1993). This is a random,
Gaussian field within the ”concordance cos-
mology” (Planck Collaboration et al. 2014),
for which we adopt round parameters ΩΛ =
0.7, total matter density parameter ΩM = 0.3
(with baryons contribution corresponding to
Ωb = 0.04 and Hubble constant, in units of 100
km/s/Mpc, h = 0.7. The normalization of the
spectrum is taken to be σ8 = 0.9 in terms of
the variance of the field smoothed over regions
of 8 h−1 Mpc.

The initial density perturbations have val-
ues δ ∼ 10−5 (measured from the cosmic mi-
crowave background), and their growth due to
gravitational instability can be initially com-
puted solving the equations for a collision-
less gravitating fluid in the linear regime. This
yields a linear growth factor D(t,Ω0,ΩΛ) in-
creasing like a power low (D(t) ∼ t2/3 in a criti-
cal Ω = 1 Universe) or slower (with a standstill
at z < 1 in the case of Ω < 1). When they reach
the non-linear regime δ ∼ 1 the perturbations
detach from the surrounding field and rapidly
collapse. In the case of spherical perturbations,
the collapse can be described analytically. It
turns out that at the moment of collapse to a
singularity the linear theory would predict an
overdensity δc = 1.686 (in a critical Universe;
the values for a flat Universe with a nonzero
cosmological constant are given by, e.g., Eke
et al. 1998).

The statistical properties of the density
field are described by the linear power spec-
trum P(k) of DM perturbations as a function
of the wave number k = 2π/r, where the
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size r corresponds to the mass scale M '
1.2 1012 h2M� (r/Mpc)3. The power spectrum
- measured mainly through the anisotropies in
the CMB - is consistent with the Cold Dark
Matter (CDM) model (see, e.g., Tegmark &
Zaldarriaga 2002, and references therein).

The associated variance on the mass scale
M plays a key role in determining the mass-
dependent collapse history of DM perturba-
tions. It reads:

σ2(M) =

∫
dk k2

2 π2 P(k) W(kr) (1)

and quantifies the rms amplitude of perturba-
tions as a function of the mass scale M (here
W is the top-hat window function, see Peebles
1993). For a CDM spectrum,σ is characterized
by an inverse dependence on the mass enclosed
by the perturbations. This implies that small-
scale perturbations have - on average - larger
amplitude (as illustrated in Fig. 1). Thus, when
the perturbation field grows like δ ∼ D(t), per-
turbations on small mass scales are the first to
reach the threshold for collapse δc (a visualiza-
tion of such a process is provided by Fig. 1,
while the mass dependence of the CDM vari-
ance σ(M) is shown in the left panel of Fig. 2).

An equivalent formalism treats the pertur-
bation field as constant, and assumes a con-
stant density field and a time dependent thresh-
old δc(t) = δc D(t)−1 (right panel in Fig. 1).
For increasing time, the threshold lowers and
larger and larger regions of the density field
cross the threshold δc(t) and collapse (Fig. 2),
eventually leading to the formation of galax-
ies, groups and clusters of galaxies. Since the
variance (Fig. 2 left panel) represents the rms
amplitude of perturbations at a mass scale M,
the intercept of σ(M) with the threshold corre-
sponding to a redshift z defines the typical mass
scale Mc(z) that collapses at the epoch corre-
sponding to z (see Fig. 2 left panel).

The number density of virialized structures
of mass M at the cosmic time t is given by the
Press & Schechter (1974) expression:

NH(M, t) =

√
2
π

ρ0

M2

∣∣∣∣∣∣
dlnσ
dlnM

∣∣∣∣∣∣
δc(t)
σ(M)

e−
δ2c

2σ2(M) (2)

where ρ0 is the cosmic average matter den-
sity and σ(M) is the rms density fluctuations

Fig. 3. A merger tree computed from the SAM in
Menci et al. (2006) for a final halo mass M =

1012 M�. Redshift ranges from z = 0 (bottom) to
z = 8 (top). The thickness of each branch represents
the mass of the corresponding halo.

in eq. (1). The above mass distribution is plot-
ted in Fig. 3. At given redshift, it is character-
ized by a steep power law N ∼ M−1.8 at low
masses, while at large M it shows a smooth ex-
ponential cutoff N ∼ exp(−M0.6). The charac-
teristic mass Mc(t) (the typical mass collapsing
at a given cosmic time t illustrated in Fig. 1)
separating the two regimes evolves with time
(∝ (1 + z)−6 in a critical Universe). Note that
the low-mass normalization decreases at the
faint end, implying that with increasing cos-
mic time the number density of low-mass halos
decreases to build up larger halos with mass
M & Mc(t). Since Mc(z = 0) ≈ 1015 M�, so
that the present cosmic time is characterized by
the collapse of large galaxy clusters.

Using canonical statistical tools it is possi-
ble to compute the probability that a halo col-
lapsing at the mass scale M at time t, includes
a perturbation that collapsed on a smaller mass
scale M′ at a previous time t′. This is given
by the following expression (see Lacey & Cole
1993):

dP
dM′

(M′, t′|M, t)=
δc(t′) − δc(t)

(2π)1/2(σ′2 − σ2)3/2

M
M′

∣∣∣∣ dσ′2
dM′

∣∣∣∣ e−
[δc (t′ )−δc (t)]2

2 (σ′2−σ2) (3)
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Fig. 4. The hierarchical evolution of a galaxy cluster in a universe dominated by cold dark matter in a
snapshot of an N-body simulation (image courtesy B. Moore). Small fluctuations in the mass distribution
constitute the seeds of cosmic structures. These grow by gravitational instability, merging and accretion of
mass, eventually collapsing into virialised quasi-spherical dark matter halos. The colors represent the local
density of dark matter plotted using a logarithmic colour scale. Linear overdensities are darker blue, whereas
the non-linear collapsed regions attain over-densities of a million times the mean background density and
are plotted as yellow/white. Each box is 10 Mpc on a side and the final cluster virial radius is 2 Mpc.

whereσ andσ′ are the rms density fluctuations
corresponding to the masse M and M′, respec-
tively.

Based on the above progenitor mass distri-
bution it is possible to reconstruct the merg-
ing histories of a given final DM halo mass
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(see, e.g., Somerville & Kolatt 1999; Cole et al.
2000). One example of such a ”merging tree”
is shown in Fig. 3 for a final halo mass M =
1012 M� (the halo of a Milky Way-like galaxy).
Note that the number of major merging (mass
ratio M′/M > 0.2) is much smaller than that of
minor mergers, with the former mainly taking
place at high redshifts z & 3. At low redshifts
the halo grows mainly through the accretion of
much smaller lumps.

2.2. The dynamics of sub-halos

Here, we discuss the fate of sub-halos, i.e., the
DM halos that have been included into a larger
DM halo along one of the merging histories de-
scribed above. After a time ∆t from their inclu-
sion, such sub-halos may i) sink to the centre
due to the loss of angular momentum following
dynamical friction; ii) merge with other galax-
ies due to random encounters. If the timescale
for the above processes is longer than ∆t, the
sub-halos survive as satellite galaxies. To com-
pute the time scale for processes i) and ii) we
treat them in turn.

2.2.1. Dynamical friction

A sub-halo with mass m loses orbital angu-
lar momentum due to dynamical friction to
the halo material when included into a host
halo with mass M, and sinks to the centre.
The timescale of such process is usually de-
termined from the Chandrasekhar formula as
given in Cole et al. (2000):

τd f = Θ τdyn
0.3722

ln(M/m)
M
m
. (4)

Here τdyn ≡ R/V is the dynamical time of the
halo, and Θ = [J/Jc(E)]0.78 [rc(R)/R]2 con-
tains the dependence on the initial energy E
and angular momentum J of the galaxies, in
terms of the angular momentum Jc and the
radius rc of the circular orbits correspond-
ing to E. The values of Θ are statistically
distributed approximately following a lognor-
mal function with 〈log10 Θ〉 = −0.14 and
〈(log10 Θ − 〈log10 Θ〉)2〉1/2 ≈ 0.26 (see Tormen
1997). Note that for large M/m ratios one ob-
tains τd f � τdyn; such a long survival time

of galaxies in massive halos is at the origin of
the accumulation of a large number of galaxies
within galaxy clusters. On the other hand, at
high redshifts the smaller average M/m ratios
(due to the larger frequency of major mergers
discussed above) yields a rapid coalescence of
sub-halos with the central galaxy, so that high-
redshifts host halos have - on average - small
occupation numbers compared to low-redshifts
large mass halos.

2.2.2. Merging following random
encounters

The average rate for binary aggregations be-
tween clumps with mass m and m′ (and cor-
responding radius r and r′) is:

τ−1
agg =

ε(Vrel) Vrel

4πR3/3
π (r2 + r′2)

(
1 +

G
V2

rel

m + m′

r + r′

)
(5)

where the average is over the relative ve-
locities Vrel and ε(Vrel) is an efficiency which
depends inversely on V2

rel (Saslaw 1985). The
average value for relative velocity is Vrel =

Vc/
√

2 where Vc is the host halo circular veloc-
ity. This means that in massive halos the binary
merging rate is inefficient due to the large rela-
tive velocities of sub-halos. On the other hand,
the aggregation rate is strongly enhanced for
encounters between clumps with comparable
mass. Such conditions favor aggregations due
to random encounters at high redshifts, due to
the lower host halo circular velocity (with cor-
responding smaller values of Vrel) and to the
larger number of sub-halos with comparable
mass (see sect. 2.1).

2.3. Hierarchical structure formation

To summarize what presented above, we re-
fer to Fig. 4 which includes different snapshots
of an N-body simulation of the formation of
a galaxy cluster. This illustrates the collapse
of perturbations on progressively larger scales
and the dynamical evolution of the sub-clumps
included into larger halos. At early cosmic
times (z = 50, top left) only tiny density per-
turbations are present, with a power spectrum
like that discussed in sect. 2.1. These grow due
to gravitational instability. Since small scale
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Fig. 5. Cooling functions for gas in collisional ionization equilibrium are shown as a function of temper-
ature (Sutherland & Dopita 1993). The solid line corresponds to gas of primordial composition, while the
dashed line corresponds to gas of Solar composition.

perturbations have - on average - larger am-
plitudes, these are the first to collapse to form
galactic-size halos (panels 2-3 from top left).
These initially do not contain sub-clumps since
at high redshifts any substructure rapidly coa-
lesce with the central object, as we discussed
in Sect. 2.2.1 and 2.2.2. Later on, larger re-
gions reach the threshold for collapse (panel 4)
including previously formed halos (following
what described in Sect. 2.1, Fig. 3 and Fig. 4).
Due to the longer timescale for dynamical fric-
tion and aggregation (sect. 2.2.1 and 2.2.2),
the sub-clumps now accumulate inside the host
halo, to form the satellite galaxies of the final
galaxy cluster (panel 6).

2.4. Non-linear evolution: spherical
model

The final status of a collapsed and virial-
ized perturbation can be followed through N-
body simulations or through analytic simpli-
fied models. The simplest description is the

spherical model, which assumes that – once
reached the threshold for collapse – the per-
turbations detach from the Hubble flow and
evolve like isolated spheres. In such case the
final average density of the DM halo can be
computed (Peebles 1993) and turns out to be
ρ = 180 ρ0 where ρ0 is the background av-
erage density. The density profile inside the
halo can also be worked out. Simulations have
shown that the final profiles are steeper than
those corresponding to a the simple isother-
mal case ρ(r) ∼ r−2, and can be fitted with
a form ρ(r)/ρcrit = δ/(r/rs)(1 + r/rs)2, where
ρcrit is the critical density for closed Universe,
δ is a characteristic (dimensionless) density
depending on the collapse redshift, and rs
is a scale radius weakly depending on the
mass M of the collapsed halo (details can
be found in Navarro et al. 1997). The typ-
ical size of DM halos is instead provided
by the virial radius Rv ≈ (3M/4π ρ)1/3 ≈
8 h−1kpc (M/109 h−1 M�)1/3(Ω/Ω(z))−1/3/(1 +
z).
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Fig. 6.

Fig. 6. Relation between SFR and gas mass. The colour code indicates different redshift intervals, as shown
by the legend. The solid thick black line is the power law fit to all data, and the best-fit relation is reported in
the lower right corner. Magenta dashed-dotted lines indicate constant star formation efficiency (i.e., constant
depletion times) of 1 (lower curve) and 10 (upper curve) Gyr (from Santini et al. 2014)

3. Connecting the physics of baryons
to the DM halos

The evolution of the DM halos is approxi-
mately scale-invariant. The larger and larger
DM structure that form with increasing cosmic
time are the scaled-up version of those formed
at earlier times on smaller scales. However, the
baryonic process taking place inside the poten-
tial wells of DM halos strongly depends on the
depth of such potential wells, and hence on the
DM mass of the halo. This is primary because
baryons can radiate away their thermal energy
Etherm due to emission processes, as we discuss
next.

3.1. Gas cooling

When a halo collapses, this is initially filled
with shock-heated gas at the virial tempera-
ture Tv ∼ k−1

b GM/Rv. In the simple isothermal
case its density distribution n(r) ∼ ρ(r)β is de-
termined by the DM density distribution (sect.
2.4) through the ratio of DM to gas specific en-
ergies β = σ2

DM/kb Tv/(µmp) (where µ ≈ 0.6 is
the mean molecular weight and mp is the pro-
ton mass). Using the expression for the virial
radius and for the average DM inner density
described in sect. 2.4 yields:

Tv = 104K


M

109 h−1M�


2/3 

Ω

Ω(z)


1/6

(1 + z) (6)
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Fig. 7. Galaxy luminosity functions in the SDSS g, r, i and z photometric bands. The smooth green curves
are predictions the Guo et al. (2011) SAM. The symbols are observational data for a low-redshift SDSS
sample taken from Blanton et al. (2005).

The hot gas is subject to different atomic
processes which cause it to radiate away part
of its thermal energy. These are mainly colli-
sional excitation/de-excitation (for T . 107 K)
and bremmstrahlung (for larger T ). Both pro-
cesses depend n2 where n is the number density
of gas particles. The energy radiated per unit
time (divided by n2) is shown in Fig. 5 (cool-
ing function Λ(T )). Since this is a strong func-
tion of T , the cooling efficiency of gas inside
the DM potential wells depends on the mass M
of the DM halo through eq. 6, being maximal
for temperatures ∼ 2 104 − 5 106 K (the excita-
tion energy of H and He) corresponding to DM
halos with 109 . M/M� . 1013. For such ha-
los the cooling time tcool ≡ Etherm/Λ(T ) n2 is
smaller than the Hubble time tH , so that gas ef-
fectively cools. Note that for halos with mass

M & 1013 M� (groups and clusters of galax-
ies) the smaller values of the cooling function
result into tcool > tH (except in the very inner
regions where the large gas density n can result
into tcool < tHyielding a cooling flow).

Such a strong dependence of cooling on the
mass of the DM halo breaks the self-similarity
of cosmic structures. Gas inside galaxy-size
halos effectively cools and flows to the centre.

3.2. The formation of Galactic disks

Since cooled gas is no longer supported against
gravity by thermal pressure, it flows to the cen-
tre of the DM halo. Conservation of angular
momentum J causes an increase of the angu-
lar velocity until the cooled gas reaches cen-
trifugal equilibrium and settles into a rotation-
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ally supported disk (see Mo et al. 1998, for a
detailed treatment). The size and the rotational
velocity of the disk depends on the initial angu-
lar momentum of the DM halo (transferred to
the gas). This is usually expressed in terms of
the ratio λ ≡ ω/ωrot between the initial rotation
ω = J/M R2 of the DM halo and the angular
velocity that would correspond to a centrifugal
equilibrium R2 ωrot = G M/R2. This is known
to be approximately distributed according to a
log-normal distribution (see, e.g., Warren et al.
1992) peaking at a value λ = 0.05 (DM halos
are mainly sustained against gravity by pres-
sure rather than rotation). Such a small value
implies that cooled gas must reach a very inner
radius rd ≈ λRvir ∼ 2−5 kpc before it acquires
sufficient rotation to balance the DM gravity.

3.3. Secular star formation in Galactic
disks

The cold gas mass mcold in the disk consti-
tutes the reservoir for star formation. Although
at small-scales (compared to the total galac-
tic sizes) star formation constitutes a complex
phenomenon, it is well known that at galac-
tic scales the global star formation rate is di-
rectly connected to the mass of the cold gas
of the disk by the Kennicut-Schmidt relation
ΣS FR ∝ Σ1.5

gas (Schmidt 1959; Kennicutt 1998).
This can be recast in terms of a disk timescale
τ∗ ∝ Σ

−1/2
gas , to obtain a relation between the

star formation rate (SFR) and the cold gas mass
ṁ∗ = mcold/τ∗ (see Fig. 6). Recent works have
measured the star conversion timescale with
increasing precision (Daddi et al. 2010; Genzel
et al. 2010; Santini et al. 2014) finding τ∗ ≈ 1
Gyr in the local Universe, slowly decreasing
with time as to yield τ∗(z = 2) ≈ 100 Myr.

3.4. Impulsive star formation

Galaxy interactions (sect. 2.2) can trigger pow-
erful starbursts over short timescales close to
the galaxy interaction time τb ∼ rd/Vrel ∼
102 Myr (see, e.g., Sanders & Mirabel 1996).
Analytical models (Cavaliere & Vittorini
2000) and hydrodynamic simulations of binary
galaxy mergers (e.g., Cox et al. 2008) have

Fig. 8. Top Panel: The luminosity function of galax-
ies from the SAM in Benson et al. (2003, lines) is
compared with observations by Cole et al. (2001,
circles), Kochanek et al. (2001, squares), and Huang
et al. (2003). The dashed line shows the result of
converting the DM halo mass function into a galaxy
luminosity function by assuming a fixed mass-to-
light ratio chosen to match the knee of the luminos-
ity function. The dotted line shows the result of in-
cluding cooling in the model. Long-dashed and solid
lines show the effects of adding reionization and
galaxy merging, respectively. Bottom Panel: The
same observations in the top panel are compared
with SAMs with different values of the Supernovae
efficiency (see sect. 3.5).

shown that the fraction of gas destabilized from
the disk and converted into stars is a fairly
strong function of the mass ratio of the merger
m′/m. For major mergers with m′/m ≈ 1 al-
most all the cold gas can be converted into stars
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over times . 100 Myr yielding star formation
rates up to ∼ 103 M�/yr.

3.5. Supernovae feedback
Since the earliest studies of galaxy formation
in hierarchically universes it appeared clear
that a problem of the the above scenario can
be constituted by overcooling (White & Rees
1978). In fact, the first objects to collapse are
low-mass galaxies with M ∼ 108 − 109M�
which are characterized by high density (sect.
2.4) and low virial temperature T ∼ 104 − 105

K (eq. 6). Such conditions lead to an extremely
efficient gas cooling (sect. 3.1) which consti-
tutes a runaway process, since cold gas be-
comes denser thus enhancing the cooling rate.
This would lead to an early conversion of gas
into cold gas and stars which would not leave
any cold gas left at low redshift in the galax-
ies that formed later on, in conflict with what
we observe. The solution to this problem is
constituted by the energy feedback onto the
gas by the Supernovae which follow the star
formation (see Dekel & Silk 1986). The to-
tal energy dumped into the gas by the collec-
tive effect of Supernovae following the forma-
tion of a stellar mass ∆m∗ can be estimated as
ES N ≈ 1051 ηIMF ε0 ∆m∗ erg, where ∼ 1051

erg is the energy released by a single type
II Supernova, ηIMF ∼ 1 − 5 10−3/M� is the
number of type II Supernovae per solar mass
of stars (depending on the IMF), and ε0 =
0.01−0.1 is an efficiency determining the frac-
tion of energy actually dumped into the inter-
stellar medium. Such an energy can be com-
pared to the gravitational energy ∼ ∆Mgas V2

c
of a gas mass ∆Mgas in the galaxy potential
wells. The mass of ejected gas can then be es-
timated as ∆Mgas = ∆M∗ ES N/V2

c . This shows
feedback can effectively balance star formation
(∆mgas ∼ ∆m∗) in low-mass galaxies with cir-
cular velocity with Vc . 100 km/s.

3.6. Other processes affecting the gas
and stellar content of galaxies

Recent SAMs include additional processes af-
fecting the gas and stellar content of galaxies.
These include:

i) The suppression of cooling in small DM
halos due to the effect of the UV back-
ground. This inhibits the formation of a
cold gas component and hence of star for-
mation in low mass DM halos with circu-
lar velocities below Vreion ≈ 50 km/s af-
ter redshift z ≈ 6 (see Benson et al. 2002,
2003, for detailed calculation).

ii) The stripping of stars and gas in satel-
lite galaxies due to the tidal effect of the
gravitational potential of the host halo. For
each satellite galaxy, the tidal radius is
identified as the distance from the satel-
lite centre at which the radial forces act-
ing on it cancel out (King 1962; Binney
& Tremaine 1987). These forces are the
gravitational binding force of the satel-
lite, the tidal force from the central halo
and the centrifugal force. In the simple
approximation of nearly circular orbits
and of an isothermal halo density pro-
file, such a radius can be expressed as
rt ≈ σsat rsat/

√
2σhalo, where σsat and

σhalo are the velocity dispersions of the
satellite and of the halo, respectively, and
rsat is the halocentric radius of the satel-
lite, that are computed in SAMs following
the decay of satellite orbits to the centre
due to dynamical friction. For each satel-
lite galaxy, the material outside this radius
is assumed to be disrupted and becomes a
diffuse stellar component in the host halo
(see Henriques & Thomas 2010).

iii) The stripping of the gas in satellite galax-
ies due to the ram pressure of the inter-
galactic plasma in the host halo. For a
galaxy moving with velocity v at a dis-
tance r from the centre of a halo, the
condition for gas stripping is ρh v2 ≥
2 πG Σ(r)Σg(R), where ρh is the density of
the diffuse plasma in the host halo, and Σ
and Σg are the stellar and gas surface den-
sity, respectively. Note that when applied
to the cold gas component of host galax-
ies, the large density avoids appreciable
stripping, while for the hot gas component
with much lower density (a factor ∼ 10−3)
the gas is efficiently stripped off. For such
a reason, most SAMs simply assume that
the hot gas component is instantaneously
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stripped when galaxies become satellites
in a host halo (though same models adopt
a refined treatment, see, e.g., Guo et al.
2011).

3.7. Stellar populations

The emission properties of galaxies can be de-
rived from stellar population models. These
provide the spectral energy distribution S λ(t −
t′) at time t for different wavelengths λ due to a
population of stars formed (with a given IMF)
in a single burst at time t′ (see, e.g., Bruzual &
Charlot 2003). For small t − t′ values, and for
t′ ≤ 1 Gyr, S λ(t−t′) peaks at short wavelengths
due to the strong UV emission from massive,
short-lived stars, while for increasing ages t− t′
the spectra become redder due to the contribu-
tion of old stars. To describe the stellar popu-
lations in galaxies evolving in a cosmological
framework, the single-burst emission must be
convolved with the star formation rate ṁ∗ of
all populations that formed during the history
of a galaxy and of its progenitors. The overall
spectral emission is thus given by

Lλ(t) =

∫ t

0
S λ(t − t′) ṁ∗(t′). (7)

3.8. Black hole accretion and AGN
feedback

State-of-the-art SAMs also include a descrip-
tion of the growth of supermassive Black Holes
(BHs), that observations show to be hosted at
the centre of most local galaxies (see Richstone
et al. 1998). It is now widely accepted that the
formation and the evolution of such BHs is
strongly correlated with that of the host galax-
ies, due to the observed tightness of the re-
lations between the BH mass and the galaxy
properties such as the stellar mass or the veloc-
ity dispersion of the bulge (see Kormendy &
Ho 2013, for a review). Together with the ob-
served low fraction of Active Galactic Nuclei
(AGN) and with the strong cosmological evo-
lution of the number density of bright AGNs
(for a review see Merloni & Heinz 2013), such

Fig. 9. Median stellar mass assembly efficiency
plotted as a function of halo mass (from Moster et al.
2013) at z = 0 (solid line) to z = 0.5 (dotted), z = 1
(short dashed), z = 2 (dot-dashed), z = 3 (three dots-
dashed), z = 4 (long dashed).

measured relations strongly indicate that a ma-
jor fraction of the BH mass results from ac-
cretion of gas during relatively short (dura-
tion τ ≈ 107 yrs) but intense (accretion rates
ṀBH ≈ 1÷10 M�/yr), repeated bursts (see, e.g.,
Shankar et al. 2009). During such episodes,
a considerable fraction of the energy emitted
by AGNs is injected into the galactic gas (see
Fabian 2012, for a review).

Present SAMs provide different descrip-
tions to connect the BH accretion to the proper-
ties of the host galaxy, mostly assuming galaxy
interactions and disk instabilities to drive the
accretion events (see Menci et al. 2006; Croton
et al. 2006; Hirschmann et al. 2012). All the
different descriptions are calibrated as to yield
final BH masses MBH matching the observed
local correlations with the properties of the
host galaxies. The AGN emitted energy L =
η c2 ṀBH resulting from the BH accretion (with
an energy-conversion efficiency η ≈ 0.1, see
Yu & Tremaine 2002) is then assumed to be
partially transferred to the galactic gas, with an
efficiency fAGN ≈ (mp v2/2)/h ν determined by
the gas particles to photon energy ratio. The
latter can be estimated assuming momentum
transfer from photons to gas mp v = h ν/c,
which yields fAGN ≈ v/2 c. For gas outflow
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Fig. 10. The distribution of star formation rate measured through the IR+UV emission) in six redshift bins
(Gruppioni et al. 2015). The black solid line represents the best fit to the data with a modified Schechter
function, while the yellow solid line is the distribution derived from the total IR luminosity function (with-
out excluding AGN contribution through SED decomposition). The data from of 24 µm sources with
log(M/M�) > 10 in the GOODS-S by Fontanot et al. (2012) are plotted for comparison as black open
squares. The SAMS predictions are shown as purple dotted (Menci et al. 2014), sea-green short-dashed
(Monaco et al. 2007), blue dot-dashed (De Lucia & Blaizot 2007) and deep-pink long-dashed (Henriques
et al. 2015) coloured lines.

velocities c ∼ 0.1 (observed through absorp-
tion lines in the X-ray emission of AGNs, see
Crenshaw et al. 2003; Chartas et al. 2002) we
obtain fAGN ≈ 0.05. Such a coupling factor is
sufficient to heat and eject most of the gas dur-
ing the AGN phase following a major merger.
In addition to the above ”Quasar Mode” of
feedback, tightly related to the strong AGN
phase, some models include the continuous en-
ergy injection associated to a ”low accretion
state” (low Eddington ratios < 10−3) of BHs.
Such a ”Radio Mode” of feedback is often as-
sociated with the cavities observed in X-ray
images of hot gas in galaxy clusters (see Fabian
2012, for a review).

The large feedback efficiency fAGN ≈ 1 as-
sumed to be associated with the Radio Mode
yields feedback energies able to effectively re-

duce the gas cooling described in sect. 3.1 (see
Croton et al. 2006).

4. Semi-analytic models of galaxy
formation

Based on the processes described above, semi-
analytic models (SAMs) connect the evolution
of the DM halos presented in sect. 2 to the
baryonic processes illustrated in sect. 3, to pro-
vide a description of the galaxy population de-
rived ”ab initio” in a cosmological framework.
Here briefly summarize the key steps adopted
by most SAMs.

1. A time grid is set between an initial time
ti (corresponding to a chosen large redshift
z & 10 ) to a final time t0 corresponding to
z = 0.
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2. A set of DM parent halo masses M is
considered at t0; these are distributed
according to the mass function in eq. (2).

3. A Monte Carlo procedure is used to extract
the progenitors of each parent halo at previ-
ous times along the grid (down to an initial
time ti) on the basis of the progenitor dis-
tribution eq. (3). The procedure is repeated
to generate a number of merger trees like
that shown in Fig. 3.

4. For each time step starting from the initial
time ti, the sub-halos included in a larger
halo in a given time step are considered.
For each of them the merging with the cen-
tral galaxy or with another satellite galaxy
is computed through the merging rates de-
scribed in sect. 2 (eqs. 4 and 5). This allows
to generate a full catalogue of halos and
sub-halos (corresponding to a galaxy) at
each time step, keeping track of the merg-
ing events associated to each galaxy.

5. Starting from the initial time ti, the bary-
onic processes described in sect. 3 are com-
puted for each DM clump during a time-
step ∆t.
(a) Gas Cooling, described in sect. 3. The

cooling radius is computed as the re-
gion enclosing a gas density n(r) high
enough to yield a gas cooling time
Etherm/n2(rcool) Λ(TV ) smaller than the
lifetime of the halo. The mass of cooled
gas (enclosed within rcool) is then as-
signed to a disk with radius rd as de-
scribed in sect. 3.2.

(b) The star formation rate, associated to
the secular conversion of cold gas, is
computed as described in sect. 3.3.

(c) When galaxies merge, the associated
starbursts are computed as described in
sect. 3.4. In the case of major mergers
(typically when the mass ratio of the
merging partners is m′/m & 0.2, see
Khochfar & Silk 2006; Parry, Eke &
Frenk 2009) the stellar mass in the disk
is transferred to a bulge.

(d) The re-heating of part of the cold
gas due to the energy feedback by
Supernovae following star formation.
The re-heated gas mass ∆mgas is com-

puted as described in sect. 3.5 and the
cold gas mass mc is decreased by a cor-
responding amount.

(e) The emission from the stellar popula-
tions in different bands is computed by
tracking back and convolving the star
formation histories of all progenitors of
galaxies with spectral energy distribu-
tions from population synthesis mod-
els, as described in sect. 3.7.

(f) A BH accretion rate is computed in
case of galaxy merging, or when the
galactic gas mass exceeds the thresh-
old for the onset of disk instability
(see references in sect. 3.8). The en-
ergy injected into the gas due to AGN
feedback is computed as ∆EAGN =
fAGN η c2 ṀBH (sect. 3.7). The corre-
sponding ejection of galactic gas is ei-
ther assumed to counteract the cool-
ing rate at point a) (e.g., Croton et al.
2006) or to induce the expansion of
blast waves that eject part of the cold
gas mass ∆mc (e.g., Menci et al. 2008).

6. The procedure is iterated from step 4 until
the final time (z = 0) is reached.

Note that the SAMs allow also to com-
pute the growth of galactic bulges during ma-
jor mergers. After such events, if a gas reser-
voir is still available, further gas cooling will
lead to the formation of a new disk around the
bulge. The above procedure allows to obtain a
simulated catalogue of galaxies, each with the
following computed quantities: DM halo mass
M (and hence circular velocity Vc, virial tem-
perature Tv and radius Rv), DM density profile
ρ(r), cold disk gas mcold, disk size rd, star for-
mation rate ṁ∗ and stellar content m∗ (obtained
integrating the ṁ∗ contributed by all progeni-
tors), fraction of stellar mass in the bulge (B/T
ratio), emission Lλ from all the stellar popu-
lations. In addition, including proper models
connecting the disk gas mass to the dust con-
tent of galaxies (see, e.g., Granato et al. 2000)
allows to compute the absorption properties of
each galaxy.
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Fig. 11. Top Panel. The evolution of the cosmic
SFR: data are from Li & White (2009) while the
line shows the prediction of the SAM in Guo et al.
(2011). Bottom Panel. Comparison between the ob-
served Stellar Mass Density (in galaxies with m∗ ≥
1011 M�, Fontana et al. 2006, shaded area) and
the corresponding predictions by recent theoretical
models, as a function of redshift: (Menci et al. 2006;
Monaco et al. 2007; Nagamine et al. 2005a,b, M06,
MFT06, N-TVD, N-SPH, respectively).

5. Comparisons with observations

In this section we compare the predictions of
different SAMs with existing observations, to
single out the main physical processes respon-
sible for the observed properties of the galaxy
population.

5.1. The DM and baryonic processes
shaping the local luminosity function

Present SAMs based on the above approach
(sect. 4) can provide excellent fits to the local
luminosity function of galaxies. An instance is
shown in Fig. 7, taken from Guo et al. (2011,
similar results are obtained by other SAMs).

The role played by the different processes
described in sects. 2 and 3 is apparent in
Fig. 8 (from Benson et al. 2003). While the
mass function of DM halos (eq. 2) is char-
acterized by a steep power law ∼ M−1.8 at
small masses, and by a smooth exponential
cutoff exp(−M0.6) at large M (see sect. 2.1),
the observed galaxy luminosity function are
characterized by a Schechter form N(L) ∼
L−1.2 exp(−L), with a much flatter power law
and a steeper cutoff. A first modification of the
halo mass function (dashed line in Fig. 8) is
provided by the merging of sub-halos associ-
ated to single galaxies as described in sect. 2.2
(solid line). However, even the sub-halo mass
function is too steep at the low-mass end and
too extended at the high mass end.

Thus, the baryonic processes must strongly
suppress the L/M ratio at both the faint and
the bright end of the distribution. At the faint
end, the suppression of the L/M ratio is due
to the efficiency of feedback in depleting the
cold gas reservoir of low-mass halos discussed
in sect. 3.5 (bottom panel in Fig. 8). An addi-
tional suppression is provided by the effect of
photo-ionization from the UV background (see
sect. 3.6 point i).

At the bright end, such a suppression is due
to the inefficient cooling in massive halos dis-
cussed in sect. 3.1 (left hand panel in Fig. 8).
Note that the L/M suppression at the bright end
due to the inefficient cooling is not sufficient to
cause the excellent match apparent in Fig. 7.
This is due to the fact that a fraction of the gas
in large mass halos has previously cooled in-
side smaller progenitor halos. Thus, in recent
SAM like that shown in Fig. 7, the additional
suppression is provided by the AGN feedback
described in sect. 3.7.

The above considerations for the L/M ra-
tio, suppressed for both small and large halo
masses M as described above, imply that star
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Fig. 12. Stellar mass functions at different redshifts. Data are taken from Pérez-González et al. (2008, tri-
angles) and from Marchesini et al. (2009, filled circles). Black curves are the functions measured directly
from the SAM, while green curves show the result of convolving the predictions with a Gaussian of dis-
persion 0.25 dex in logM in order to represent uncertainties in the individual observational stellar mass
determinations (from Guo et al. 2011).

formation of stars reaches a maximal efficiency
at intermediate scales M ∼ 1012 M� character-
istic of local spiral galaxies, as shown in Fig. 9
(from Moster et al. 2013).

5.2. What drives the evolution of
galaxies

The distribution of the galaxy star formation
rate (SFR) at different cosmic epochs from dif-
ferent SAMs is shown in Fig 10 and compared
with the data. Note that all models provide
similar predictions, and agree with the data in
showing an increase of the average SFR from
z = 0 to z = 3. This suggest a scenario in which

a rapid phase characterized by high SFR at
z & 3 is followed by the decline of star forma-
tion especially in massive galaxies (large SFR).
Such a two phase scenario is well illustrated by
the evolution of the cosmic SFR (the total SFR
in galaxies per Mpc3) and global stellar mass
density (the total stellar mass in galaxies per
Mpc3) shown in Fig. 11.

The above behaviour can be traced back
to the DM and baryonic processes described
in sect. 2 and 3. At high redshifts z & 3, the
large densities attained by DM and gas within
DM halos (sect. 2.4) and the small virial tem-
peratures characterizing the first low-mass ha-
los (sect. 2.1 and eq. 5) yield rapid gas cooling



N. Menci: Galaxy formation 441

Fig. 13. The contours are the density of SDSS galaxies (in log scale, doubling every two levels) in color-
luminosity space. The dashed lines are the mean relations of the red sequence and blue cloud, respectively
(Baldry et al. 2004).

(sect. 3.1). The small dynamical timescales and
the high rate of major merging of DM halos
(sect. 2.1, 2.2, and 2.3) cause the efficient and
rapid conversion of gas into stars (3.3 and 3.4),
contributing to the rapid growth of the cosmic
SFR (Fig. 10 and Fig. 11a) and of the stel-
lar mass density (Fig 11b). When halos grow,
the larger virial temperatures cause a decrease
of the cooling time (sect. 3.1), while the fre-
quency of starbursts (sect. 3.3) drops due lower
rate of interactions (sect. 2.1-2.3). Such a de-
crease of the cooling and star formation effi-
ciency, together with the gradual exhaustion of
gas, results in the decline of the star formation
rate shown in Fig. 10 and Fig. 11.

An important issue is constituted by the
over-prediction of the abundances of low-SFR
galaxies at log(ṁ∗/M�/yr) < 1, becoming
more and more important with increasing red-
shift. This constitutes an instance of a the well-
known excess of low/intermediate mass galax-
ies at z & 1 predicted by most SAMs with
respect to observed mass functions (see, e.g.,
Somerville & Primack 1999; Cole et al. 2000;
Menci et al. 2002; Croton et al. 2006; Guo et al.
2011) illustrated by the stellar mass function
shown in Fig. 12 (from Guo et al. 2011). This

is due to the fact that at high redshifts the large
densities of DM clumps (sect. 2.4) result into
large DM circular velocities even in small mass
halos. This decreases the effectiveness of feed-
back in suppressing the star formation in low-
mass halos (sect. 3.5) so that the steep slope
of the DM halo mass function - not balanced
by feedback - results into an exceedingly large
number of low-mass galaxies. This aspect is a
result of the small-scale power excess typical
of the CDM power spectrum (e.g. Klypin et al.
1999; Moore et al. 1999).

5.3. What drives the color distribution of
galaxies and the downsizing

The color of galaxies is characterized by a bi-
modal distribution (see Fig. 13). On the one
hand, massive, luminous galaxies populate the
“red sequence”, mainly constituted by old, pas-
sively evolving stellar population and by small
gas fractions. On the other hand, small mass
galaxies largely contribute to the ”blue cloud”
which is constituted by star forming, gas rich
galaxies. Such and inverse order in the star for-
mation epoch with increasing galaxy mass is
sometimes referred to as ”downsizing”.
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Fig. 14. Star formation histories drawn from the
SAM in Menci et al. (2006). Each curve represents
the sum of the ṁ∗ in all the progenitor clumps (at any
given z) of galaxies belonging (at z = 0) to the blue
(u−r < 2, top panel) and to the red (u−r > 2, bottom
panel) populations. Two star formation histories rel-
evant to our discussion (see text) are highlightened
by heavy curves (solid and dashed) and evidenced
by the insets in the lower part of the plot.

The origin of such a bimodality can be
traced back to the mass dependence of the evo-
lutionary behavior presented in the previous
section. In such a context, a correlation be-
tween the galaxy mass and the color is natu-
rally predicted. In fact, the progenitors of mas-
sive galaxies are formed from the collapse of
small-scale DM fluctuations which are on top
of a larger scale density perturbation. Thus star
formation in progenitor clumps of the massive
galaxies is peaked at higher redshift compared
to that taking place in progenitors of small-
mass galaxies, since the former form in the bi-
ased, high-density regions of the density field,
collapsing at higher z and containing denser
gas. This leads to star formation characterized
by larger SFR at high at z. In turn, this re-
sults into the early conversion of gas into stars
leaving little or no gas reservoirs for later star
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Fig. 15. Top Panel. The rest-frame u − r color dis-
tributions in the SAM by Menci et al. (2006, heavy
lines) for different dust extiction laws are compared
with the Gaussian fit to the SDSS data (from Baldry
et al. 2004, dote) for bright Mr = −22 galax-
ies. The left column refers to the model without
AGN feedback, while right column shows the re-
sults when AGN feedback is turned on. Bottom
Panels. The predicted color-magnitude distribution
from the SAM by Croton et al. (2006) with (bottom)
and without (top) AGN feedback.

formation, thus originating a population of red
passive objects. The progenitors of low-mass
galaxies form in lower-density regions of the
perturbation field, and start to form stars later
on, leaving abundant gas left over for star for-
mation at low redshifts. Some instances of such
star formation histories are shown in Fig. 14.

Although the above ”biasing” effect can
partially explain the observed color-magnitude
distribution of galaxies, in all SAM models it
is not sufficient to provide the observed ex-
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Fig. 16. Filled circles in each panel show the galaxy color distribution for the indicated 1 mag range of
luminosity (right axis) and the range of local projected density, in units of Mpc−2, shown on the top axis.
The solid line is a double-Gaussian model, with the dispersion of each distribution a function of luminosity
only. The reduced χ2 of the fit is shown in each panel (from Balogh et al. 2004).

tremely low fraction of massive blue galax-
ies. To completely suppress the fraction of blue
galaxies at the massive end of the distribution
the AGN feedback (sect. 3.8) has been im-
plemented in the SAMs, as shown in Fig. 15.
This removes the residual fraction of gas left
over at low redshift in the star formation histo-
ries of massive galaxies, completely quenching
subsequent star formation (see the lower high-
lighted star formation history in Fig. 14) leav-
ing the color distribution of massive galaxies
(Mr ≤ −22) completely dominated by the red
branch.

In sum, the suppression of low-z star for-
mation in massive halos originate from differ-
ent effects:

• Their progenitors form in biased regions of
the density field, have accelerated SFR at
high redshift, convert their gas into stars at

high redshift, leaving a small amount of gas
available for SFR at low redshifts.

• Their progenitors undergo a larger number
of major merging events, converting large
fraction of gas into stars at z & 2.

• The Cooling Function is smaller in large
halos.

• AGN feedback quenches star formation
from residual gas.

5.4. The environmental dependence

The properties of galaxies depend strongly on
the environment where they reside. In Fig. 16
we show the color distribution as a function of
the magnitude and of the environmental densi-
ties. While the mean colours and spread of the
red and blue populations depends only weakly
on environment, their relative abundance is a
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Fig. 17. Quiescent fractions of satellite galaxies are plotted versus the parent halo mass for observations
(symbols) and the Guo (2011) SAM (lines with shaded areas). Different panels correspond to different
stellar mass bins (from Hirschmann et al. 2014).

function of environment. In particular, while
for bright galaxies the red fraction changes lit-
tle with the environment, for low-luminosity
galaxies it increases appreciably in the densest
environments.

Such an environmental dependence is due
to i) the biased galaxy formation effect dis-
cussed above (with the galaxies ending up in
dense environments forming within biased re-
gions of the density field); ii) to the larger
number of merging events affecting galaxies in
dense regions (converting rapidly the gas into
stars at high redshifts thus leaving red objects
at low z); iii) to the strangulation effect, i.e.,
the stripping of the gas from satellite galaxies
when they are included in the host halo (sect.
3.6). Although models qualitatively reproduce
the observed trends, their quantitative predic-
tions concerning a) the width of the red se-
quence in clusters and b) the fraction of red
satellite galaxies constitutes critical issues.

As for the former, the red sequence ob-
served in galaxy clusters already at z ≈ 1,

is extremely tight (observed spread in color
∆U−V ≈ 0.2, see Mei et al. 2009). Although
recent models predict a tighter red sequence
in dense environments the predicted width in
galaxy clusters at z ≈ 1 (corresponding to the
most biased regions of the density field) is still
∼ 5 times larger than the observed (Menci et al.
2008).

As for the fraction of red small-mass satel-
lites, SAMs typically predict most (in fact,
more than 80%, see Kimm et al. 2009) of satel-
lite galaxies to be quiescent, with low specific
star formation rates SSFR ≡ ṁ∗/m∗ ≤ 10−11

yr−1, while observations indicate a much lower
fraction ∼ 30% (see, e.g., Wetzel et al. 2013)
for satellite galaxies with stellar mass in the
range 108 M� ≤ M∗ ≤ 1010 M� within mas-
sive host halos (Mhost ' 1012. − 1014 M�), as
shown in Fig. 17. The discrepancy is generally
ascribed to the implementation of the various
baryonic processes contributing to the quench-
ing of star formation in satellites, like the strip-
ping of hot gas (strangulation, Larson et al.
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Fig. 18. Top Panel. The evolution of the K-band luminosity functions in the WDM cosmology (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.

1980; Cole et al. 2000; Balogh et al. 2000;
Kawata & Mulchaey 2008; McCarthy et al.
2008) due to the pressure of the gas in the host
halo. However, the persistence of such a prob-
lem in the most recent semi-analytic models
(Hirschmann et al. 2012; Bower et al. 2012;
Weinmann et al. 2012) and N-body hydrody-
namical simulations (Weinmann et al. 2012;
Hirschmann et al. 2014) indicates that it con-
stitutes a major challenge for all CDM galaxy
formation models, and constitutes a fundamen-
tal problem in understanding the evolution of
low-mass galaxies (Weinmann et al. 2012).

6. Some open problems and
perspectives

Despite the recent progress summarized in
sect. 5.1-5.4, several problems still affect cos-
mological galaxy formation models. In partic-
ular, all models over-predict the number densi-
ties of low to intermediate stellar mass galaxies
(especially at z & 1, see sect. 5.2) and the frac-
tion of passive satellite galaxies (see sect. 5.3).
The most shared view is that such problems

are related to the current implementation of
the stellar feedback and of the environmental
quenching processes. Although more refined
treatments of feedback, gas stripping, of the
ram pressure effects are surely required, pro-
viding firm solutions based on such develop-
ments still constitutes a challenging task.

As for the over-prediction on low-
luminosity galaxies, reducing the number of
detectable galaxies through feedback pro-
cesses (see, e.g. Governato et al. 2012; Di
Cintio et al. 2014, for feedback studies based
on simulations) results in hosts too massive to
be accommodated within measured galactic
rotation curves (Papastergis et al. 2015), and
still does not avoid the over-production of
low-mass galaxies at redshifts z & 1 (shown in
sect. 5.2). As for the red fraction of satellites,
a solution has been recently sought in the
implementation of star formation (see, e.g.,
Wang et al. 2012), in reincorporation time-
scales of the hot gas ejected by SNae winds
(Henriques et al. 2013), or in a delayed and
gradual stripping of hot gas from satellites
(Simha et al. 2009; Guo et al. 2011; Font et al.
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2008), but none of the proposals proved to be
completely successful. Indeed, the problem
originates from the fact that the observed
low red fraction of satellites implies long
quenching times for the latter (see Wetzel
et al. 2013), while all environmental processes
considered so far are characterized by much
shorter time scales. In particular, the gas strip-
ping in satellite galaxies (calibrated through
N-body simulations) seems to be inappropriate
in providing the requited slow quenching
times. The above discussion shows that the
simultaneous matching of abundance and star
formation properties of satellite galaxies is a
major challenge of all CDM models. Thus, a
growing attention is focusing on alternative
models, which are characterized by a power
spectrum with less power on small scales. In
this context, assuming a Warm DM model
(WDM, characterized by particles with mass
mX ∼ 1 keV) could provide a simultaneous
solution of the above problems. In fact, in
this case the power spectrum is characterized
by a steep cutoff at the dwarf galaxy scales
(Bode et al. 2001), due to the free-streaming
of the lighter DM particles. The corresponding
lack of small-scale power results in a reduced
dwarf galaxy abundance and shallower inner
density profiles, which are in better agree-
ment with observations (Macciò et al. 2012;
Schneider et al. 2012; Lovell et al. 2012, 2014;
Polisensky & Ricotti 2011; de Vega et al.
2014; Papastergis et al. 2015), while being
indistinguishable from CDM on larger scales.
In addition, the delayed collapse of small
scale perturbations results into prolonged star
formation histories of small-mass satellite
galaxies providing a better match to the
observed low fraction of red satellite galaxies.
Several works have started to explore galaxy
formation in a WDM Cosmology (see, e.g.,
Kang et al. 2013), showing that assuming a
WDM spectrum corresponding to particles
with mass mX ≈ 1 − 3 keV can provide
a viable solution to the above mentioned
problems concerning galaxy formation (see
Fig. 18). Whether such a range for WDM
masses is compatible with other cosmological
and astrophysical constraints still constitutes
a debated issue (see Viel et al. 2013; Garzilli

et al. 2015; Abazajian et al. 2011; Watson
et al. 2012, and references therein).
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