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ABSTRACT

Context. Modelling the gaseous component of the interstellar medium (ISM) by Smoothed Particles Hydrodynamics in N-Body
simulations (NB-TSPH) is still very crude when compared to the complex real situation. In the real ISM, many different and almost
physically decoupled components (phases) coexist for long periods of time, and since they spread over wide ranges of density and
temperature, they cannot be correctly represented by a unique continuous fluid. This would influence star formation which is thought
to take place in clumps of cold, dense, molecular clouds, embedded in a warmer, neutral medium, that are almost freely moving
throughout the tenuous hot ISM. Therefore, assuming that star formation is simply related to the gas content without specifying the
component in which this is both observed and expected to occur may not be physically sound.
Aims. We consider a multi-phase representation of the ISM in NB-TSPH simulations of galaxy formation and evolution with particular
attention to the case of early-type galaxies.
Methods. Cold gas clouds are described by the so-called sticky particles algorithm. They can freely move throughout the hot ISM
medium; stars form within these clouds and the mass exchange among the three baryonic phases (hot gas, cold clouds, stars) is
governed by radiative and Compton cooling and energy feedback by supernova (SN) explosions, stellar winds, and UV radiation. We
also consider thermal conduction, cloud-cloud collisions, and chemical enrichment.
Results. Our model agrees with and improves upon previous studies on the same subject. The results for the star formation rate agree
with recent observational data on early-type galaxies.
Conclusions. These models lend further support to the revised monolithic scheme of galaxy formation, which has recently been
strengthened by high redshift data leading to the so-called downsizing and top-down scenarios.
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1. Introduction

For almost two decades, N-Body (NB) simulations have been
the best tool we have to study complex systems such as galax-
ies and clusters. A number of different recipes have been pro-
posed to model the gaseous component of such systems. The
best known is probably the Smoothed Particle Hydrodynamics
(SPH; Lucy 1977; Benz 1990). It describes the gaseous fluid
with a finite number of particles, which are followed in their
Lagrangian evolution, and evaluates the values of the physical
quantities at each point of the real space by smoothing each par-
ticle through a kernel function, peaked in its position. Together
with the hydrodynamics equations it allows us to study mechan-
ical heating and shocks; coupled to gravity described by the well
known Tree code (T) by Barnes & Hut (1986), the NB-TSPH
method has proved to be very efficient.

Nevertheless, it suffers from some limitations. In particular,
it seems not to be accurate enough to follow in detail the extreme
complexity of the structure and physical processes occurring in a
galaxy, which include radiative cooling, star formation, feedback
from Supernovae, and chemical evolution (Katz 1992; Mihos &
Hernquist 1994; Chiosi & Carraro 2002; Merlin & Chiosi 2006).
These processes, apart from requiring sufficient computational
power to achieve the necessary resolution, also need some kind
of different, ad hoc descriptions for the various components. The

subject is still at its infancy, which in part explains the many un-
certainties currently affecting the theoretical models. Star forma-
tion is usually expressed by the empiric law of Schmidt (1959),
in which the rate is proportional to the gas density, often cou-
pled with some conditions reminiscent of the Jeans stability (see
e.g. Gerritsen & Icke 1997; Carraro et al. 1998; Buonomo et al.
2000). If the local gas density obeys the above conditions, gas
particles are supposed to be turned into star particles. In the
so called sticky-particles algorithm (Levinson & Roberts 1981;
Noguchi & Ishibashi 1986), star formation is considered to be
enhanced by cloud-cloud collisions.

Different recipes have been tested to introduce the compli-
cated physics of star formation into numerical codes. The most
physically grounded, although expensive in computational load,
would be to create new star particles of different mass according
to a chosen initial mass function (IMF). Obviously this causes
expansion of the total number of particles that is well beyond
present-day technical capability. Given a certain mass resolution
(initial total baryonic mass in the form of gas divided by the
number of mass particles used in the simulation), the situation is
more viable if a single star particle is conceived as an assembly
of real stars whose mass distribution follows a given IMF. In this
context, the total number of baryonic particles does not diverge.
Therefore a single gas particle can be turned into a star particle
with no serious consequences for the NB-TSPH ecology. What
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happens inside a star particle is relevant only for the energy and
chemical yields but not for the NB-TSPH description as such.
This scheme has been followed in a number of studies. For in-
stance, Jungwiert et al. (2001) considers the gradual formation
of stars inside gas particles, which eventually become star parti-
cles when the hidden star mass exceeds a certain threshold value.
Along this line is the probabilistic description of star formation
by Buonomo et al. (2000); Lia et al. (2002), in which gas parti-
cles are turned into star particles according to the Schmidt law,
however interpreted in a statistical sense, so that at any time there
is a certain probability that a gas particle becomes a star particle.
This way of looking at the star formation process is particularly
advantageous in numerical simulations as it keeps the total num-
ber of particles constant, thus saving computational time.

Due to the current mass resolution of numerical simulations,
the star particles actually have the mass of a star cluster, in which
the real stars are born in a short burst of intense local activ-
ity with homogeneous age and chemical composition. Therefore
each star particle can be approximated as a single stellar popu-
lation (SSP), in which the stars distribute in mass according to
some IMF.

The influence of the IMF describing the stellar content of
each star particle becomes evident when the energy and chemi-
cal feedback by supernova (SN) explosions and/or stellar winds
on the surrounding medium are taken into account. Several un-
settled questions arise. It is still not clear whether the SN energy
feedback should be only treated as “thermal” or if some kinetic
effects have to be considered (see e.g. Marri & White 2003).
How the chemical elements ejected by a star particle should be
shared with the surrounding medium is another point of uncer-
tainty. Also in this case the statistical description by Lia et al.
(2002) is particularly convenient.

In current NB-TSPH models, the gas component is consid-
ered as a unique fluid regardless of the observational fact that
in the gas content of real galaxies several different phases are
present: hot and cold, tenuous and dense, ionised, neutral and
molecular gas. Furthermore, in the same models, star formation
and its efficiency are related to the total gas content with no at-
tention to the observational fact that stars are formed only in
dense molecular clouds. In this paper, we present a multi-phase
description of the ISM (hot gas and cold clouds with molecu-
lar cores inside) in which star formation can occur only in the
cold component, thus bringing the simulations closer to reality.
The new prescription for ISM is implemented in GalDyn, the
Padova NB-TSPH code originally developed by Carraro et al.
(1998) and later improved by Lia et al. (2002) and Merlin &
Chiosi (2006).

The layout of the paper is as follows. In Sect. 2 we present
the physical problem and briefly summarize our prescription for
the ISM and how it is implemented in the numerical code. In
Sect. 3 we test the new method, simulating the formation of an
early-type galaxy, and present the results. In Sect. 4 we discuss
the results, compare them to some recent observational data on
galaxy formation and evolution, and draw some general conclu-
sions.

2. Multi-phase ISM

2.1. The physical context

Since the early sixties, the ISM in the Milky Way has been
known not to be uniform on small scales, but to contain strong
local density enhancements, so that very dense and cold regions,
in the form of atomic and molecular “clouds”, appear to be

embedded in a diffuse hot, ionised medium (Field et al. 1969).
Later, with the increasing understanding of the importance of SN
explosions, another component was introduced, i.e. the hot and
very tenuous coronal gas expelled by exploding stars (McKee &
Ostriker 1977).

Therefore, it is widely accepted that the ISM of the Milky
Way is made of several components with different tempera-
tures and densities. At least four almost decoupled, gaseous
phases are present: (i) the hot, highly or fully ionised, tenu-
ous medium, with temperatures of some tens of thousands of
Kelvin and number densities of about 0.1 cm−3; (ii) the cold,
dense, clumpy molecular medium, with temperatures of only a
few Kelvin and number densities from thousands up to millions
of atoms per cm3; (iii) a cloud-embedding, warm, neutral phase,
with temperatures from a few thousands down to a few hundreds
Kelvin, and number density of a few atoms per cm3; (iv) and an
extremely hot and rarefied coronal gas expelled by the SN ex-
plosions, with temperatures of millions of Kelvin and very low
number densities (some 0.01 atoms per cm3). Of course, this
scheme is still a simple one, because the ISM contains other local
features (HII regions, for instance, which are regions of ionised
and hot but very dense material).

In the Milky Way, these different phases fill the interstel-
lar space in a way that is inversely proportional to their density.
Most of the space is filled by the coronal and hot gas, whereas
only a minor fraction of it is filled by the cold clouds. The cold
clouds, on the other hand, contain the largest fractional mass of
the ISM. Due to such a strong density contrast, the cold clouds
are not strongly affected by drag interactions with the tenuous
phase (see Levinson & Roberts 1981, and below).

Given this situation, it seems clear that the SPH algorithm,
which is adequate to describe a single-phase fluid even in situa-
tions of shock, cannot be considered the best tool to study such
a complex mixture of different phases in mechanical and ther-
modynamical equilibrium. A well known problem of the SPH
method, for instance, is the so called overcooling. Considering
the whole mass of gas as a single fluid, a particle can have neigh-
bouring particles with much lower densities. These should be
considered as part of another decoupled phase. In the SPH for-
malism they end up dominating the local density of the particle
under consideration, thus leading to overestimates in the den-
sity and consequently to a stronger, un-physical radiative cooling
(see Marri & White 2003).

The correct equation of state relating pressure, density, tem-
perature, and chemical composition of the gas should properly
include the molecular component. In most numerical NB-TSPH
codes including our own, the equation of state is that for an
ideal mono-atomic gas, which obviously does not adequately de-
scribe the molecular component. Finally, self-gravitating molec-
ular clouds are known to obey particular empirical laws (e.g.
Larson 1981). Likely, they should be taken into account in the
star formation.

Over the years, many attempts have been made to solve this
problem and to find a physically sounded recipe for star for-
mation in molecular clouds. Levinson & Roberts (1981) devel-
oped the so called sticky particles algorithm, in which the ISM
is modelled only by means of clouds freely moving across the
surrounding void space. More recently, Marri & White (2003)
suggested a simple modification of the neighbour searching al-
gorithm in SPH: particles of very different density and temper-
ature are discarded in the neighbour sampling. Other strategies
have been proposed by Semelin & Combes (2002), Harfst et al.
(2006) and Booth et al. (2007), trying to simulate the evolution
of disk galaxies.
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A description of the ISM as detailed as possible is also re-
quired to study galaxy formation in the cosmological context.
Even if there is no evidence that the primordial ISM was similar
to the present-day ISM in the Milky Way, nor the contrary, it is
likely that the ISM always had an important role. In particular,
the duration and intensity of the star formation activity should
be strongly dependent on how different components of matter
interact with each other. Along this line of thought are the at-
tempts made by Springel & Hernquist (2003) to reproduce the
complexity of the ISM in the cosmological context.

2.2. The multi-phase prescription

Starting from these considerations and the above-mentioned
studies, we elaborate a mechanism describing the various com-
ponents of the ISM and their relationships. In brief, hot gas is
slowly turned into cold clouds and star formation occurs therein.
Conversely, the energy deposit by dying stars heats up the cold
gas. The key points of our model are:

(1) We assume that the SPH method can reasonably describe
the hot phase of the ISM, considering as “hot” the gas particles
that are hotter and less dense than suitable temperature and den-
sity thresholds (i.e. both the hot ionised gas and the coronal gas).

(2) The cold phase (including the molecular clouds, in which
star formation occurs) is described by a different method, based
on the fact that individual particles can roughly represent single
clumps of cold material. A giant molecular cloud can reach a
mass of some 106 M�. Considering also the embedding neutral
or slightly ionised warm material, the total mass of a cold parti-
cle can be higher than this value. As discussed below, the mass
resolution of our fiducial model is close to 6×106 M�, thus mak-
ing our description quite realistic.

(3) Following Levinson & Roberts (1981), we assume that
the cold clumps can move almost freely throughout the hot
phase. Pressure drag and friction are certainly present, but we
consider them negligible for our purposes1.

(4) As suggested by Semelin & Combes (2002), a hot gas
particle does not instantaneously turn into a cold cloud parti-
cle when its temperature falls below the threshold value be-
cause letting this occur would generate too sharp a transition.
Therefore, we prefer to use a smooth procedure called the gath-
ering method. Each gas particle is considered to be made of gas
at different temperatures distributed according to a Gaussian law,
truncated at 2σ from the central peak determined by the SPH
value. To some extent, this mirrors the situation of the SPH tech-
nique, in which each particle has properties that result from the
averaging those of nearby particles, so that only groups of par-
ticles can be considered as representative of the distribution of
matter in a given region. The σcold of this quasi-Gaussian distri-
bution is a free parameter. Each particle is then assigned a certain
fraction of cold gas, i.e. the amount of gas in the quasi-Gaussian
distribution whose temperature falls below the threshold value
Tcold. At each time step, a particle tries to “acquire” some cold
gas from its SPH neighbours until a single cold particle of mass
equal to that of the mother particle is formed. When this is
achieved, a new “cold” particle is created from the “hot” one.
The cold particle is separated from the surrounding hot medium,
provided it belongs to a convergent flow (i.e. its velocity diver-
gence is negative), and its cooling time is shorter than its dynam-
ical time, whose evaluation takes surrounding Dark Matter into
account (Buonomo et al. 2000). The temperature THI of the new

1 See e.g. Shu et al. (1972) for an estimate of ram pressure due to the
ambient gas.

Fig. 1. Number density versus temperature of atomic hydrogen in pres-
sure equilibrium.

cold particle is determined by the condition that during the cre-
ation process the total thermal energy of the group of particles
remains constant, together with the requirement that neighbours
no longer have cold gas (their temperature distributions vary ac-
cordingly). If the temperature of a gaseous hot particle is lim-
ited by the Jeans threshold (see Sect. 3.1, point 3), its σcold is
changed so that it can provide some small fraction of cold gas
anyway. The limitation imposed by the Jeans threshold is indeed
a numerical artifact due to resolution limits, and there are no real
physical reasons to exclude the presence of a small fraction of
cold gas within the total gaseous mass of the particle. The σcold
is adjusted in such a way that the lower limit of the truncated
Gaussian distribution corresponds to zero temperature.

Finally, we assign to the new cold particle the initial density
obtained by interpolating with a cubic polynomial fit the relation
between temperature and number density given by Scheffler &
Elsaesser (1987) for cold clouds in pressure equilibrium with the
surrounding medium:

log [nHI] = −0.943x3 + 8.3x2 − 24.66x + 23.5, (1)

where x = log [THI]. The relation in shown in Fig. 1.
(5) In addition to gravity, the only interactions that cold par-

ticles can feel are the mutual inelastic collisions (Levinson &
Roberts 1981).

Collisions between clouds are known to trigger star forma-
tion (Loren 1976; Hasegawa et al. 1994), due to the creation of a
hot shock front which rapidly cools down causing fragmentation
in cold, extremely dense cores of molecular gas. Numerical sim-
ulations of the impact between two clouds (Marinho & Lépine
2000; Marinho et al. 2001) showed how the results of such im-
pacts depend on many parameters, often acting well below our
resolution scale. Based on those simulations as well as on the
cited observational evidence, we can envision the following sce-
nario. First, two clouds are considered to be colliding if their mu-
tual distance is shorter then the sum of the radii of each particle.
A rigourous description of cloud-cloud collisions would require
the use of the impact parameter instead of the distance. However,
in the framework of the statistical approach used for star forma-
tion and gas restitution (see below), using the distance is ade-
quate for our purposes. The radius of a particle is derived from
its mass to total density ratio and the assumption of spherical
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symmetry. The total density and mass include both the neutral
and the molecular components. Second, the densities of the two
colliding particles must be comparable. If this is not the case, the
denser cloud will likely cross the less dense one without feeling
sizeable effects. Therefore, we assume that to have a collision,
the mean densities of the two colliding clouds should not differ
by more than a factor of ten. Finally, depending on the mutual
distance, two kinds of collisions are possible:

– the head-on collision, which happens if the distance between
the clouds becomes shorter then their mean radius. In this
case, the kinetic energies of the colliding particles are de-
creased to 20% of their original values, the directions of the
colliding components of the velocity vectors are reversed,
and the molecular density of both particles is increased by a
factor of 100;

– the off-centre collision, which happens if the distance be-
tween the clouds becomes shorter than the sum of the two
radii but larger than their mean radius. In this case, the
molecular densities are increased by a factor of 10 and the
kinetic energies are decreased to 80% of their initial value;

– no interaction is supposed to occur in any other circum-
stance.

Clouds are allowed to experience collisions until they reach the
molecular density of 10−18 g/cm3. All assumptions are consistent
with the results of the Marinho & Lépine (2000) simulations.

(6) The internal evolution of the clumps goes as follows.
Each “cold particle” represents a self-gravitating portion of the
ISM in which two gas phases at different densities and temper-
atures coexist, i.e. the molecular core of the cloud and the sur-
rounding warmer material. We cannot determine the temperature
and density of the two components, because physical processes
at these scales are below the resolution power of our simulations.
It is known that in cold collapsing clouds the “fragmentation”
process can break them into pieces when the density exceed the
value set by the Jeans stability condition. As already anticipated,
we cannot use the perfect gas equation of state for the molecu-
lar part of the clouds, because different laws are expect to hold
(i.e. Larson 1981) and complicated processes such as turbulence
and magnetic interactions may play very important roles in the
molecular core. To partly remove this difficulty, starting from the
study of Springel & Hernquist (2003) in a cosmological context,
we describe the cold cloud using mean values that refer to the
“molecular part” and the “neutral” embedding warmer phase,
and assume that in the cold particle, radiative cooling causes the
increase of the H2 phase at the expenses of the HI phase (the
process is occurring at constant temperature for the two compo-
nents) according to:

δρH2

δt
= −δρHI

δt
=
ΛHI(ρHI, uHI)

uHI − uH2

ρHI. (2)

In practice, when a gas particle detaches itself from the sur-
rounding hot ambient medium and becomes a “cloud”, it is
thought to be made of molecular and neutral gas in some pro-
portions (in our simulations, we assume that no H2 is present
when the cloud is formed and it increases afterwards). The ra-
diative losses “cool” the neutral part and the “cooled” material
is subtracted from it and accreted onto the molecular part, thus
changing the densities of the two phases (at constant occupa-
tional volume).

(7) Only cold particles are allowed to form stars. The tran-
sition from cold gas particles to star particles is based, as ex-
plained in Lia et al. (2002), on a probabilistic interpretation of

the Schmidt (1959) law. In practice, we consider that on a time
scale of about 3 Myr (the lifetime of a typical high mass star)
a fraction of the molecular gas, proportional to its density, is
turned into stars according to

dρ∗
dt
= c∗

dρH2

tdyn
· (3)

Instead of creating more and more new particles of different
mass, which would make the computational cost too high, we
prefer to interpret this formula as the probability that a cloud
particle is completely turned into a star particle. The probabil-
ity is

P(SF) =

[
ρH2(

ρH2 + ρHI
)
] [

1 − exp

(−c∗∆t
tdyn

)]
, (4)

where the first term takes into account that we consider only
the molecular density when turning the whole particle into stars.
Buonomo et al. (2000) showed that, provided the total number
of particles is sufficiently high (say more than �2000), the right
global behaviour is achieved (the statistical description equals
the standard one). Following Lada & Lada (2003), we adopt c∗ =
0.05. As already mentioned, close encounters between clouds
enhance star formation, due to the growth of molecular densities
after a collision.

(8) Along with radiative cooling and energy dissipation by
inelastic collisions, the thermal evolution of clouds is governed
by the energy input by SN explosions. The SN energy feed-
back is perhaps the most difficult issue to address, because of
its complex and poorly known physics. Furthermore, all physi-
cal processes concerning SN explosions and evolution of the SN
remnants (SNR) are well below both our time and space resolu-
tion scales (namely, ∼1 Myr and ∼1 kpc), so that we are forced
to represent them through “global” changes over large ISM re-
gions. Here we adopt a simple description and try to minimize
the number of free parameters.

Feedback energy from SN explosions is distributed among
particles as follows. The “death” of star particles and associated
SN explosions are described with the statistical method proposed
by Lia et al. (2002), see also Merlin & Chiosi (2006). In brief,
the “death probability” of a star particle (a SSP of a certain age)
is given by the ratio between the amount of mass lost by stel-
lar winds and SN explosions and total SSP mass. The proba-
bility goes from zero to one when the ratio goes from “zero to
one” (from zero to a maximum value that ultimately depends
for a given IMF on the mass interval within the SSP in which
SN explosions are supposed to occur). A star particle “dies” if
sorted out by the Monte-Carlo method according to the above
probability. In this way, we avoid instantaneous recycling and,
at increasing number of star particles, we get closer to a realis-
tic description. When a star particle dies, its mass is completely
turned back to the hot phase, and the energy feedback due to SN
explosions within the SSP is spread over the particle itself and
its neighbours, in the following way. First we compute the total
gaseous mass mtot inside a sphere of radius equal to the smooth-
ing length of the newly born gas particle2. mtot is thus given by
the mass of the particle itself plus the mass of all cold clouds
inside the sphere of radius equal to the smoothing length. The
corresponding release of specific energy u [erg/g] is

u =
NSNEth

mtot
, (5)

2 Using the particle smoothing length instead of a fixed distance
causes feedback to be differently efficient in different environments, and
avoids the introduction of additional parameters.
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where NSN is the number of SN explosions within the dying
particle, calculated according to the Greggio & Renzini (1983)
rates, and Eth is the thermal energy produced by each explo-
sion (see below). Each cloud is then given an amount of ther-
mal energy corresponding to its mass, decreased according to
the smoothing kernel of the newly formed gas particle, and the
excess energy is given to the new gas particle and added to its
original thermal energy. Furthermore, thermal energy is spread
among the hot neighbouring particles according to the normal
SPH algorithm. Following Thornton et al. (1998), we assume
that the amount of thermal energy spread over the ISM by each
SN explosion (which yields a total energy of 1051 erg per event)
depends on the ambient gas conditions. Thus, we compute the
mean values of density and metallicity n0 and Z/Z� of the neigh-
bouring particles, weighing each contribution with the smooth-
ing kernel, and use the following relation to obtain the total
amount of thermal energy to be spread into the surrounding
medium (see Thornton et al. 1998, for details):

Eth = 1.83 × 1049n−0.23
0 (Z/Z�)−0.24

+1.23 × 1049n−0.24
0 (Z/Z�)−0.08 erg, (6)

if log [Z/Z�] > −2, and

Eth = 5.53 × 1049n−0.23
0 + 1.78 × 1049n−0.24

0 erg (7)

otherwise. Finally, each cloud is given an amount of radial ki-
netic energy, still weighed with the kernel and computed in the
same way as for the thermal energy, using the empirical relation
Ekin = 1.69 × 1050 erg of Thornton et al. (1998).

With this mechanism, clouds are allowed to “evaporate”
back to the hot phase as soon as the temperature of their neu-
tral part becomes higher than a threshold value, that is naturally
taken equal to the cloud formation temperature. In addition to
this, we try to mimic the first phase of adiabatic expansion of
the SNR and passage of the compressional front (see McKee &
Ostriker 1977, for details) by momentarily inhibiting radiative
cooling in clouds that experience SN heating. By doing this we
ensure that sudden cooling of the particles cannot take place sim-
ply because soon after the explosion they happen to be immersed
in a denser environment.

(9) The chemical evolution of the ISM is followed as in Lia
et al. (2002). However, cold particles are supposed not to expe-
rience chemical enrichment, which is limited to the hot medium.
Only when a cloud has been evaporated by SN energy feedback
can it enrich its gas with metals.

Figure 2 shows a schematic summary of the different inter-
actions among the baryonic components of a model galaxy with
the new scheme.

3. Testing the new recipe

3.1. GalDyn, the Padova NB-TSPH code

GalDyn is an evolutionary code for galactic systems, developed
in Padova. It is a fully Lagrangian NB-TSPH code, based on the
well known Tree-code by Barnes & Hut (1986) and SPH algo-
rithm by Lucy (1977). For a detailed description of the basic
version of the code see Carraro et al. (1998); Buonomo et al.
(2000); Lia et al. (2002); Merlin & Chiosi (2006). For the pur-
poses of this study, the code has been improved in several ways.

(1) An adaptive multiple time-step integration scheme has
been adopted. For each particle an individual time-step taken
as the minimum between the acceleration time-scale, the veloc-
ity time-scale, and, for gas particles, the Courant time-step (see

Fig. 2. The different interactions among the three baryonic components
of a galaxy with the multi-phase description of the ISM.

Merlin & Chiosi 2006, for details) is calculated using its cur-
rent physical values. Within each time-step for the whole system,
only those particles with a sufficiently small individual time step
are considered to be “active” and are moved on, using a Drift-
Kick-Drift Leapfrog integrator. This is similar to the implemen-
tation used by Springel et al. (2001) in Gadget 1. However, the
Drift-Kick-Drift algorithm may suffer non negligible problems
in the conservation of the motion integrals (see Springel 2005).
Note that particles are not allowed to have a time-step lower than
a minimum value (fixed equal to 10−5 of the Hubble time), and
whenever required, their smoothing length is changed to estab-
lish the right value.

(2) The adopted smoothing kernel for SPH particles, orig-
inally developed by Monaghan & Lattanzio (1985), has been
revised following Thacker et al. (2000) and references therein.
In order to avoid artificial clumping in high density regions, the
first derivative of the kernel function is set constant and equal to
1/(πh3) for small radii.

(3) Radiative cooling is not allowed to be active on a particle
when its temperature falls below the threshold value given by

Tmin = C

⎡⎢⎢⎢⎢⎢⎢⎣
(
4mp

ρg

)2/3

−
⎛⎜⎜⎜⎜⎜⎝πε

3
g

3

⎞⎟⎟⎟⎟⎟⎠
2/3⎤⎥⎥⎥⎥⎥⎥⎦ µmHG

k
ρg, (8)

(see Bonnor 1956) where mp is the mass of a baryonic parti-
cle, k is the Boltzmann constant, µ and ε are the mean molec-
ular weight and the gas softening parameter, mH is the proton
mass, and the C is a constant (in cgs units, C = 0.89553). Below
this temperature the particle would become Jeans unstable (ob-
viously, adiabatic cooling is not limited by this condition). This
imposes an unavoidable limit on the mass resolution of the parti-
cles because, if the threshold value is too high, cooling and cloud
formation cannot be correctly modelled. In Fig. 3 the threshold
temperature in Kelvin is plotted versus the logarithm of density
(in g/cm3), for several values of the particle masses and soften-
ing lengths. The solid lines refers to the values adopted in the
present simulations, see Sect. 3.2.

(4) To correctly evaluate the impact of the inverse Compton
cooling at high redshifts, we roughly estimate the ionization
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Fig. 3. Lower threshold temperature for SPH particles of mass mp and
softening length ε, as a function of their density. Solid line: mp = m0,p =

6× 106 M�, ε = ε0 = 1 kpc. Dotted lines: from top to bottom, mp = m0,p

and ε = 0.1, 0.5, 2 times ε0. Dashed lines: from top to bottom, ε = ε0
and mp = 2, 0.5 and 0.1 times m0,p.

fraction and thus the number density of free electrons as a func-
tion of temperature. The number density is

ne = nHI if T ≥ 104 K,

ne = nHI × exp (−(104 − T )) otherwise, (9)

where the value of 104 K roughly corresponds to the ionization
temperature of hydrogen in astrophysical environments.

(5) We describe the thermal conduction among SPH parti-
cles as originally developed by Monaghan & Lattanzio (1991).
Thermal conduction is expected to be important in situations of
shocks, and in particular after a SN event. McKee & Ostriker
(1977) pointed out that thermal conduction could evaporate cold
clouds and warm up the ISM inside a SNR (thus also changing
the density inside the remnant). Although in our scheme clouds
are evaporated “automatically” due to SN events, we expect ther-
mal conduction to be important in the subsequent phases of evo-
lution, when a large number of hot particles are present in a high
density region.

(6) To take into account UV flux and stellar winds from mas-
sive stars without too much computational effort, we make use of
the results of Buonomo et al. (2000) who found that the contri-
bution to the energy feedback by these two sources of energy is
comparable to that of SN. Since stellar winds and UV flux come
from the same stars that eventually will explode as type II SN,
we crudely combine the three contributions and simply increase
by a factor of 3 the energy injection by SN explosions.

3.2. Formation of a galaxy in the cosmological context

We have tested the new prescription for star formation imple-
mented in GalDyn by simulating the formation of a galaxy
from quasi-cosmological initial conditions.

The cosmological scenario we adopt is consistent with the
W-Map3 results (Spergel et al. 2006), namely h0 = 0.73, Ωm =
0.238, k = 0, σ8 = 0.74, n = 0.951, and initial baryon fraction
∼17.6%.

The initial conditions are obtained using the Grafic2 pack-
age by Bertschinger (2001) to generate an initial perturbed

cubic grid of 643=262 144 particles. In this grid we search a
region containing an overdensity peak and single out another
much smaller cubic volume around it, so that the peak is located
near its geometrical centre. This small cubic region is initially
made of 63 = 216 particles (corresponding to a cubic volume
of ∼203 physical kpc3) and is then re-simulated with finer res-
olution, which is imposed to give at the end a number of par-
ticles compatible with our computing capability. Finally, in the
re-simulated small cubic volume we isolate the sphere whose
radius is half of the cube dimension and whose centre coin-
cides with that of the cube (i.e., with the original position of the
density peak in the large cubic grid). This final sphere contains
∼14 000 particles (approximately half of dark matter and half of
baryons). The sphere is inserted into the conformal Hubble flow
with void boundary conditions. These latter may not be fully ad-
equate to describe the real situation because the isolated volume
is in reality immersed in a background exerting some dynamical
effects on the matter contained inside the sphere under consider-
ation. To treat this, we add a small initial solid-body rotation to
the sphere, and follow its expansion, detaching from the Hubble
expansion, turn-around, and collapse (see e.g. Merlin & Chiosi
2006, for details on the initial conditions). The sphere can be
considered as a good approximation of an isolated initial proto-
galaxy. Despite the small solid body rotation, the void boundary
conditions may cause some problems, which are not crucial for
our purposes (see Merlin & Chiosi 2006, for more details).

The way the cubic volume singled out from original grid has
been re-simulated is chosen in such a way that the total num-
ber of particles in the so-called proto-galaxy is compatible with
our limited computing facilities. The small total number of par-
ticles may constitute a major drawback for our conclusions. The
main motivation for this choice is that we want to test the new
scheme of star formation with an affordable computing cost and
time. However, several studies (see e.g. Kawata 1999; Buonomo
et al. 2000; Kawata 2001a,b; Kawata & Gibson 2003; Semelin
& Combes 2002) have already shown that a total number of par-
ticles of the order of 104 is enough to achieve a sufficiently accu-
rate global description of the physical processes. Therefore, we
are confident that the main body of the physical conclusions we
are presenting are not too badly influenced by resolution limits.

We also consider the action of the re-ionizing background
radiation (e.g. the UV field of the PopIII massive stars). To treat
this effect in a very simple way, we crudely add a constant heat-
ing of 10−24 erg/s/atom from redshift z = 20 to z = 6.

As the simulation starts well before re-ionization and the ini-
tial overdensity of the proto-galactic halo is small, hydrogen can
be considered as almost completely neutral at the initial stage.
The initial temperature of the gas is set equal to the maximum
between a “cosmological” value, obtained as explained in Merlin
& Chiosi (2006), and the minimum temperature allowed by the
Jeans limit discussed above. Indeed, the cosmological tempera-
ture of baryonic matter at z ∼ 60 would be below 100 K, but
the Jeans resolution in the present models imposes a threshold
value of ∼2000 K. As the Jeans threshold is well below the value
at which ionization is expected to yield sizeable effects, we can
safely use this value instead of the real cosmological limit. At the
very initial stage we consider the gaseous component as made
up only of “hot” particles, because, as already explained, cold
clouds are allowed to form only when belonging to collapsing
flows.

Ballesteros-Paredes et al. (2007) estimated the following
densities and temperatures for the two main components of a
cold cloud: 1 < n < 100 cm−3 and 100 < T < 5000 for the
atomic gas; 100 < n < 1000 cm−3 (up to 106 in cores) and
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Table 1. Initial parameters for the model proto-galaxy.

Initial redshift 60
Initial mean overdensity 0.09
Initial radius [kpc] 19
Total mass [M�] 2.5 × 1011

Number of baryonic particles 7000
Mass of a baryonic particle [M�] 6 × 106

Softening length for a baryonic particle [kpc] 1
Number of dark particles 7000
Mass of a dark particle [M�] 3 × 107

Softening length for a dark particle [kpc] 2

10 < T < 100 K for the molecular gas. Therefore, we adopt
Tcold = 5000 K and ρcold = 10−27 g/cm3 as threshold values.
Such a low value for the density threshold is motivated by the
fact that this is the global SPH density of a particle, while in
order to create cold clouds we are only interested in the dens-
est part of it. We then chose σcold = 1000 K. To describe the
properties of our star particles (energy feedback and chemical
enrichment) we adopt the Salpeter (1955) IMF.

Our model proto-galaxy has an initial radius of 19 kpc, and a
total (Dark and Baryonic) mass of 2.5 × 1011 M�, with an over-
density of �0.09 at the initial redshift z = 60. The number of par-
ticles for Baryonic and Dark Matter is �7000, the same for each
component. For baryons the mass of a particle is �6 × 106 M�,
and the softening length is 1 kpc; the corresponding values for
the Dark Matter component are �3× 107 M� and 2 kpc, because
of the much higher total mass. All the relevant quantities in use
are summarized in Table 1.

3.3. Formation and evolution of a galaxy: results
and comments

Due to the procedure to isolate the proto-galaxy from the cos-
mological context, the void boundary approximation may in-
fluence the evolutionary time scales and in turn the detailed
results. In particular, it may (slightly) change the relationship
between rest-frame evolutionary time and redshift (see Merlin
& Chiosi 2006). Despite this, the basic features and properties
of the model should not change significantly.

Galaxy formation. In Figs. 4 through 7 we show the spatial
evolution of the system, in its four components: Dark Matter, hot
gas, cold clouds and stars. All boxes are 100 kpc per side. The
number of cold clouds (whose dimensions have been magnified
for clarity) is always quite small, as they soon evolve into stars
or are evaporated back to the hot phase; this is clearly visible in
Fig. 8 showing the fractionary mass of the baryonic components
as a function of the cosmic time. This situation, which differs
from the one in a disk galaxy like the Milky Way, where most of
the gaseous mass is stored in the cold phase, can be explained as
follows. First, there is a technical reason: as already noted, at the
beginning of the simulation, in order to apply the SPH formalism
and obtain the correct values for densities and temperatures, we
consider the gaseous component to be made only of hot particles,
even if their temperature is below the threshold value for cloud
formation. This effect should become less relevant as the galaxy
ages. Second, the mass resolution is small, so that statically the
number of cold clouds going into stars per time step is also small
(and fluctuating). The third reason is more physical: in our model
galaxy (simulating what happens in an elliptical) a large fraction
of gas is turned into stars so that little gas is left after a few Gyr
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Fig. 4. From top to bottom, from left to right: position (physical Mpc)
of Dark Matter particles projected on the XY plane at redshift z =
5.9, 3.4, 1.7, 1.0.
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Fig. 5. Same as above, but for hot gas particles.

of star formation activity (see below). Most of the cold gas sinks
very early toward the centre of the proto-galaxy and undergo-
ing frequent collisions is turned into stars at a high rate. Dying
stars soon provide SN feedback to the surrounding medium, thus
inhibiting the formation of a large number of new cold clouds.
Conversely, in situations with low star formation rates (such as
in evolved disk galaxies) the cold gas is expected to distribute
almost uniformly across the disk and likely to co-rotate with the
rest of the galaxy; the number of cloud-cloud collisions is of
course lower and much cold gas survives to star formation. See
below for some additional comments on this issue.

The clumps of collapsed matter merge at very early times,
and at z � 3.5 the main body of the final object is in place,
accreting new material from the outskirts. In the context of cur-
rent terminology in the literature, we prefer to classify this situa-
tion as “monolithic” rather than “hierarchical” because the latter
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Fig. 6. Same as above, but for cold gas particles.
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Fig. 7. Same as above, but for star particles.

would be a “very early hierarchical” assembly of a galaxy3. At
the end of the simulation (z � 0), the galaxy has a nearly spheri-
cal shape with axial ratios b/a = 1.02 and c/a = 1.12. The total
stellar mass is �3 × 1010 M� (75% of the initial baryonic mass),
with a half mass radius R1/2 = 4.6 kpc. Almost no gas is left
inside the virial radius of the object.

In Fig. 9 the rate of star formation (in solar masses per year)
is shown. The first stars begin to form around z � 12. The bulk
of stars (80% of the total) is in place at z � 1.6. The galaxy has
already acquired its final features, and from now on it evolves
almost passively. The last, minor burst of star formation takes
place at z � 0.7. These results are in good agreement with the
observations for objects with similar total stellar mass (see e.g.
Thomas et al. 2005; Clemens et al. 2006; Cimatti et al. 2006).
In the well-established downsizing scenario, smaller objects as-
semble their stellar content over longer time scales than massive
galaxies – at least in high density environments. Among others,

3 We call monolithic a formation process in which all the relevant
events which give a galaxy of any size its final shape and features,
e.g. mergers and dynamical evolution, have taken place in the remote
past, approximately before z � 2, in contrast to a hierarchical view in
which larger objects are assembled from smaller objects over the whole
Hubble time.

Fig. 8. Fractional mass in the three baryonic components versus time.
Dashed: hot gas; dotted: cold clouds; solid: stars.

Fig. 9. Star formation rate in solar masses per year.

Jimenez et al. (2005) studied a large sample of �105 galaxies
from the SDSS, and found a tight relation between the total stel-
lar mass of an object and the epoch of its assembly (see e.g.
their Fig. 4). A system with 1010 < M∗/M� < 1011 is expected
to form most of its stellar content about �5–6 Gyr ago, whilst
more massive objects are expected to exhaust their activity much
earlier (the situation being more complex for low mass objects,
which have different histories depending on their initial overden-
sity). Our results are in very good agreement with this picture,
and no particular fine tuning of parameters was required to ob-
tain them. Indeed, all the parameters are conservative and taken
from previous observational and theoretical studies. Perhaps, a
more prolonged period of activity could have been expected for
our object, given its mass and its rather low initial overdensity,
but we cannot too strictly compare the results for a single model
galaxy with the statistically averaged trends that are found ob-
servationally.

We compared the present results with those obtained with
the classical SPH treatment of the ISM (see for details Merlin
& Chiosi 2006). The two star formation histories are shown in
Fig. 10, where the solid lines are polynomial best fits of the
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Fig. 10. Star formation histories. Dotted: the new multi-phase descrip-
tion of the ISM; dashed: the standard SPH model. The solid lines are
best fitting polynomial functions, see text for details.

numerical results, sketched in order to give an idea of the trends
of the star formation histories in the two models apart from the
very fluctuating profiles, which are due partly to numerical arti-
facts and partly to the statistical method we have adopted to deal
with star formation and energy injection by dying stars. The SPH
simulation was stopped after 7 Gyr of evolution due to limited
computational resources. With the new prescription, the forma-
tion of the stellar mass is more gradual and lasts longer; the peak
of activity is lowered from �17 to �12 solar masses per year, and
shifted from z � 4.3 to z � 2.9. The total stellar mass assembled
in the two models is, however, almost equal. The different be-
haviour obtained with the two star formation prescriptions can
be understood by looking at the different time scales involved
in the formation of new stars. In the classical SPH treatment,
all gas particles can in principle be turned into stars, and there-
fore a large reservoir of fuel is ready to be used from the be-
ginning, giving rise to a strong and sudden burst of activity. In
contrast, with the new scheme, the gas has first to generate cold
clouds, than these must develop a molecular core, and finally the
core must reach a high density before a star particle can be born
(only the molecular part of the cold particle is considered in the
statistical algorithm adopted to form stars). Another difference
between the two models is the amount of energy injected into
the gaseous component. While in the classical SPH treatment
only the SN feedback was taken into account, in the new recipe
we also considered other sources such as UV flux from young
stars, stellar winds from massive stars, and the kinetic kick to
cold clouds by SN explosions. As widely discussed below, this
has sizeable effects on the star formation histories of the two
models. All this results in a longer and shallower period of ac-
tivity. However, as the law of star formation at work is always
the same, the time dependence of the companion rate does not
change dramatically.

Tails of star formation. The model shows a very long tail
of stellar activity in the central regions which may be considered
an artifact. However, some recent studies (see e.g. Bressan et al.
2006; Clemens et al. 2006) argue for the presence of a small tail
of ongoing star formation up to low redshifts, at least in clus-
ters, for a conspicuous fraction of early type galaxies. With the
present model, whether the tail corresponds to that suggested by
the observations cannot be determined because of the the mass
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Fig. 11. Surface density profile of star particles. The solid line is a fitting
Sersic profile (m = 3).

resolution. Indeed, even if the number of gas particles turned into
stars during the tail activity is very small (of the order of one
or two particles per time step), the mass of newly created stars
is always significant because of the mass resolution. We expect
that increasing the mass resolution (initial total number of par-
ticles) should clarify the issue and lead to quantitative estimates
of the star formation efficiency in the tail activity (if any). On the
other hand, a mechanism able to completely stop star formation
in most massive early type galaxies is still missing. Many hints
suggest that the presence of an AGN could be the solution. Work
is in progress to address the problem.

The mass in stars of our model is almost equal to the limit
of 3 × 1010 M� found by Kauffmann et al. (2003) and Jimenez
et al. (2005), between “red and massive” and “blue and small”
objects in the SDSS. In this sense, we could expect to obtain
an object with intermediate features between the two galactic
populations: the star formation history of our model goes in the
right direction.

Surface mass density profile. In Fig. 11 we show the sur-
face density profile of the final stellar component together with
a Sersic (1968) profile with m = 3. The profile fits the Sersic
relation quite well, especially if we consider that our profile is
actually a projected mass profile, which should be photomet-
rically translated into a luminosity profile in order to obtain a
better comparison with the observational profiles.

Chemical enrichment. Figure 12 presents the metallicities
of stars and hot gas. The final value for the star metallicity, at
z � 0, is solar within a few percent, in striking agreement with
the results by Gallazzi et al. (2005). By contrast, in the “old”
model the metallicity is already super-solar at z � 4, and at
z � 0.7 is 1.3 Z�, which is expected for objects ten times as
massive (dotted line in Fig. 12). Likely, this is partly due to
the same mechanism that decreased the star formation rate, and
partly to the procedure adopted to spread metals into the in-
terstellar medium. As already explained, metals are indeed dis-
tributed only among hot gas particles, leaving cold clouds with
their own original metallicity until they are heated up back to
the hot phase by SN feedback, thus delaying the chemical en-
richment of the material out of which stars are formed.

Metallicity gradients. Figure 13 shows the radial metal-
licity gradient of the stellar component. It has been long
known that elliptical galaxies are optically redder in their cores
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Fig. 12. Mean chemical composition versus time. Solid: stars; dashed:
hot gas; dotted: stars with the old description of the ISM.

Fig. 13. Metallicity gradient for star particles.

(de Vaucouleurs 1961); this has been interpreted in terms of
higher metallicity due to prolonged star formation in the central
regions. This is well achieved in our model.

Galactic winds. Conspicuous galactic winds are found. The
upper panel of Fig. 14 shows the mean radial velocity of the gas
particles at z ∼ 0, as a function of their radial distance, com-
pared to the escape velocity at the same distance. For compari-
son, the lower panel shows the same plot for an identical model
where energy feedback had been drastically decreased (almost
switched off, see below): the number of gas particles are fewer
(one third of total gaseous mass), and almost all of them are
confined within the galaxy potential well. The particles that are
found at very large distances from the mother galaxy are a result
of the void boundary conditions and the computational scheme
in use. Particles that acquire velocities larger than the escape ve-
locity and are free to travel without feeling other effects can in-
deed reach very large distances (for instance a particle escaping
at about 400 km s−1 and keeping this velocity constant for about
10 Gyr travels up to ∼4 Mpc). Moreover, the numerical code also
keeps track of these particles even if they no longer belong to the
galaxy. Figure 14 simply shows that large amounts of gas can be

Fig. 14. Upper panel: mean radial velocity of gas particles versus radial
distance, compared to the escape velocity at the same distance (dotted
line). Lower panel: same as above, for a model with SN feedback nearly
switched off.

considered unbound to the galaxy, because of the energy feed-
back, and transferred to the external environment as a galactic
wind. This has slightly super-solar mean chemical composition
and will affect the chemical composition of the medium in which
galaxies are immersed; this is the well known issue of the chem-
ical composition of the intra-cluster medium (see Chiosi 2000;
Moretti et al. 2003; Portinari et al. 2004, for recent discussions
of this subject). In the model with drastically decreased energy
input, this is not completely switched off because otherwise all
gas particles would have been turned into stars and no gas would
have been left. The energy decrease is modulated in such a way
that the energy input brings gas particles to the temperature of
about 50 000 K, i.e. half of the hydrogen first ionization poten-
tial (13.6 eV per atom) and well above the temperature at which
the astrophysical low-density plasma starts ionizing and below
which it begins to form cold clouds. Compared to the case with
full energy input, in which the temperature of the gas particles
can reach some 107–108 K, there is a difference of at least a
factor of 100. The kinetic energy acquired by the gas particles
scales with the square root of the temperature and therefore the
cloud velocities are now about a factor of 10 smaller than in
the full energy input cases. Over a time interval of 10 Gyr these
particles can travel about 1 Mpc and some of them can even ac-
quire sufficient energy to exceed the escape velocity, as shown
in Fig. 14.

Star formation and energy feedback. The relationship be-
tween star formation rate and energy feed back deserves partic-
ular attention. In general, one expects that the higher the energy
given to the interstellar medium by SN-explosions, UV radia-
tion, stellar winds, the lower is the efficiency of star formation.
This holds in particular with our scheme in which only cold
gas is allowed to form stars. Our reference model (the one we
have presented) contains four sources of energy feedback: SN-
explosions, UV radiation or stellar winds, and a contribution of
radial kinetic energy imparted to gas clouds surrounding a dying
star particle suffering SN-explosions (see Sect. 3.1, point 6). This
simple scheme could be too a crude description of reality. In ad-
dition to that, our detailed history of star formation proceeds in a
number of short bursts of activity, which could be ascribed partly
to the scheme we have adopted to deal with energy feedback and
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Fig. 15. Star formation histories. Top left panel: model A; top right:
model B; bottom left: model C; bottom right: model D. See text for
details.

partly to numerical resolution (this latter point will be examined
below). In order to investigate the effect of energy feedback on
the star formation rate, we run four simulations with the same
initial conditions and total mass of the galaxy model we have be-
ing discussing so far. These four models are, however, calculated
with 3500 particles of baryonic mass and 3500 particles of dark
matter, i.e. half of the number for each component contained in
the original model. The reason for this choice will become clear
when discussing the effect of the numerical resolution. The dif-
ference between the four models is only in the energy feedback:
(1) model A is the same as the original model but for fewer par-
ticles. It contains all sources of energy feedback; (2) model B
contains only the SN-explosions, UV radiation and stellar winds
(no contribution of radial kinetic energy to nearby gas particles);
(3) model C contains only the SN-explosion and contribution of
kinetic energy to nearby gas particles (no UV and stellar wind
inputs are considered); (4) model D has only the contribution
from SN-explosions, while all the rest is quenched. Figure 15
compares the results for star formation (as in Fig. 10, in this case
too, polynomial best fits of the star formation rate are superposed
on the fluctuating star formation rate of the numerical model to
highlight the general trends. Figure 16 compares the results for
chemical enrichment in the four models. As expected, including
more sources of energy feedback tends to lower the mean star
formation activity and to quench it much earlier as compared
to the cases in which they are partially included. Consequently,
chemical enrichment also stops and saturates much earlier.

The separated contribution by the different sources of energy
feedback is best illustrated in Fig. 17, showing the cumulative
building up of the stellar mass for the four models. Models A and
B contain all thermal energy sources (SN, UV, Winds) and differ
for the kinetic kick. The same applies to the pair C and D, which
however contains only the SN input for the thermal part. Little
or no difference is caused by the kinetic energy kick (compare A
with B and C with D). The largest difference in the cumulative
stellar mass is due to the differences in the thermal energy input:
star formation efficiency and hence total stellar mass decreases
with increasing feedback.

The star formation history always shows a large number of
burst episodes whose amplitude seems to increase with decreas-
ing number of energy feedback terms. However, this can be

Fig. 16. Chemical enrichment histories. Top left panel: model A; top
right: model B; bottom left: model C; bottom right: model D. See text
for details.

Fig. 17. Cumulative star formation histories for models A (solid), B
(short dashed), C (long dashed) and D (dotted – see text for details).

partly ascribed to the lower number of particles used in these
simulations, as discussed below.

Numerical resolution and physical results. What is the ef-
fect of the number of particles (mass resolution) used in our
models on the physical consistency of the results? This is an im-
portant issue to address considering that multi-phase NB-TSPH
simulations of galaxy formation and evolution with significantly
higher numbers of particles can be found in the literature: for
instance Booth et al. (2007, from 20 000 to 250 000 particles),
Scannapieco et al. (2006, from 18 000 to 80 000 particles), and
Harfst et al. (2006, 35 000 particles). These studies also present
larger numbers of cases, whereas we discuss only one case.
Therefore, compared to those studies, our resolution and num-
ber of models are somewhat limited. A statistical analysis of the
variety of possible results (model galaxies) is beyond the aims of
the present study. The crucial question to address is whether our
resolution is sufficient to yield physically consistent results. We
have already mentioned that a number of studies have been made
based on a rather small number of particles comparable to ours,
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Fig. 18. Comparison of the star formation histories (top panel) for the
original model with 14 000 particles (about 7000 of Dark Matter and
7000 of Baryonic Matter) and full energy input indicated by the long
dashed line, and model A with the same energy input but 7000 particles
in total (about 3500 of Dark Matter and 3500 of Baryonic Matter) indi-
cated by the dotted line. The polynomial fits to the star formation rate
are shown for both cases. The bottom panel shows the same but for the
chemical enrichment history.

e.g. Buonomo et al. (2000, 10 000 of dark Matter and 10 000 of
Baryonic Matter), Buonomo (1999, who lowered the particles
of Baryonic Matter to a few thousand) and Semelin & Combes
(2002, who used 50 000 particles of Baryonic Matter and 10 000
of Dark Matter). All these models adopted “isolated initial con-
ditions”. Other studies adopt cosmological initial conditions and
numbers of particles comparable to ours (see e.g. Kawata 1999,
2001a,b; Kawata & Gibson 2003).

Star Formation. We compare the star formation and chem-
ical enrichment histories of our fiducial model with those of
case A. The models have exactly the same initial conditions,
total mass and energy input, but they differ in the number of
particles (14 000 versus 7000 in total). This is shown in the top
and bottom panels of Fig. 18. In the top panel of the star for-
mation rate we also plot the polynomial best fits. The overall
trend is the same, even if the star formation rate of model A is
more fluctuating and slightly less intense than that of the orig-
inal model. The difference at the activity peak is ∼23%, which
is mirrored by the chemical enrichment history (bottom panel)
where the maximum metallicity is ∼15% less than in the orig-
inal model. These effects are clearly caused by the number of
particles. There are at least three causes for the fluctuations in
the star formation rate: (i) the stochastic treatment of star forma-
tion rate and energy input by SN explosions, stellar winds and
UV radiation; (ii) the small number of particles (in particular
those prone to star formation) and (iii) the age sampling of the
numerical results, which are displayed averaging the numerical
results over time intervals of 50 Myr. Certainly, by increasing the
number of particles and in particular those of cold molecular gas
(see below), they should smooth out, if not disappear. Therefore
we do not attribute them any particular physical meaning. We are
more concerned with the global trend represented by the analyt-
ical fits. On may guess that increasing the number of particles to
about 50 000 would be the ideal situation. The parallel version
of the same code is in the final testing phase (at the CINECA

Super-Computing Centre), so that simulations with much higher
numbers of particles will soon be possible.

Number of cold clouds. At each time step, the number of cold
gas particles in the fiducial model is of the order of one hundred,
which leads to a strong Poisson noise for star formation rate,
which is enhanced by cloud-cloud collisions. Does it affect the
structural properties, e.g. the Sersic-like mass density profile of
our model galaxy? In Sect. 3.3 we provided a plausible expla-
nation for why in the physical situation of our models aimed at
simulating elliptical galaxies, the number of cold clouds remains
small compared to that expected in a disc galaxy. The number
of cold gas particles is consistent with the physical input of the
models, and increasing it further is not possible.

Disc or elliptical galaxies? The models we have calculated
(the fiducial one in particular) resemble an elliptical galaxy (as
far as we can tell looking at the structural parameters, surface
mass density profile and axial ratios). Can a simulation, calcu-
lated with a larger number of particles but the same initial con-
ditions and physical input, result in a disc galaxy? We do not
think so. Very little angular momentum is initially given to the
proto-galaxy, and there are no external torques which could in-
duce sizeable rotational effects. Therefore, the formation of an
almost spherical structure is a direct consequence. It has a rea-
sonable density profile and a stable relaxed configuration which
resembles real spherical/elliptical galaxies. Likely perturbations
with little initial rotation and weak external torques will end up
with a nearly spherical shape and Sersic profile of the mass dis-
tribution.

Similar results have been presented by Kawata (1999,
2001a,b) and Kawata & Gibson (2003) using similar initial con-
ditions, number of particles and input physics, but for the multi-
phase description of interstellar medium and star formation effi-
ciency.

4. Discussion and conclusions

The new description of the ISM allows us to obtain a deeper in-
sight into the time scales and processes of star formation, even at
the relatively low resolution of the present model. Good agree-
ment with important observational information is achieved, es-
pecially for the mass assembly time scales and chemical evolu-
tion of the system. The agreement can be further improved by
finely tuning some of the model parameters.

Increasing observational evidence hints at the existence of a
population of large, red, and isolated galaxies already in place
up to z ∼ 6 (see e.g. Mobasher et al. 2005; Cimatti et al. 1999,
2004). Moreover, recent large surveys like DEEP2, SDSS etc.
clearly demonstrate that not only are the stellar populations of
massive galaxies older than the ones belonging to smaller sys-
tems (downsizing, Bundy et al. 2005)4 but that massive galaxies
assembled their mass at higher redshift than the less massive
ones (top-down formation, Bundy et al. 2006; Cimatti et al.
2006). It is clear that both downsizing and top-down views of
star formation and mass assembly are in conflict with the “clas-
sical” predictions of the hierarchical theories of structure for-
mation, whereas they can be easily framed in the monolithic (as
explained above) view of galaxy formation. Despite the many at-
tempts to reconcile the hierarchical scenario with the new com-
pelling evidence of “very early and nearly monolithic” assembly

4 The concept of downsizing star formation was first suggested by
Matteucci (1994) from variations of the [Fe/Mg] ratio with the galaxy
luminosity, by Bressan et al. (1996) from the analysis of the line ab-
sorption indices and UV excess, and by Cowie et al. (1996).
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of early type galaxies – dry mergers (Bell et al. 2004) and hier-
archical downsizing (De Lucia et al. 2006) are the most popular
ones – the observational data leave little room for viable solu-
tions in the context of the hierarchical scheme. In particular, we
note that dry mergers cannot have played a fundamental role in
the formation of early-type galaxies, given the weak dependence
of their formation time-scales on environmental conditions and
weak cosmic evolution of the mass function of galaxies (Bundy
et al. 2006). Clemens et al. (2006) show how a burst of mono-
lithic star formation in high mass galaxies and a slower, less effi-
cient, ongoing star formation activity in smaller objects are nec-
essary conditions to achieve the observed trends of metallicity
and α-enhancement. Remarkably, downsizing and top-down are
natural products of the models presented by Chiosi & Carraro
(2002) (see their star formation histories as a function of the to-
tal mass and initial density).

A monolithic-like star formation like the one we present here
(as well as in previous studies, see e.g. Merlin & Chiosi 2006),
with more or less prolonged durations of star formation activity
(depending on the total mass and initial density of the proto-
galaxy, and perhaps on the environment in which it is being
formed) seems to be able to match most of the characteristics
of old, massive spheroids, as well as of younger and bluer ob-
jects. We plan to perform an extended study on the dependence
of the star formation history on the mass and density of the proto-
galaxies, using the parallel version of GalDyn in which the new
prescription is being implemented. The longer period of activ-
ity found in the new models agrees with the trends suggested
by the observational data. Fine tuning of the model parameters
is the first step to reproduce the pattern of observational con-
strains. The goal is to account for key diagnostic planes such as
the classical Fundamental Plane for local ellipticals (Djorgovski
& Davis 1987), the mass quenching relation found by Bundy
et al. (2006), and the chemical trends found by Gallazzi et al.
(2005).

Given this picture, it is no longer necessary to consider merg-
ers between proto-galaxies (or disks) as the main way in which
massive ellipticals are formed. It is most likely that this scenario
can be discarded. If so, a general scenario reconciling our under-
standing of matter aggregation in the Universe on large scales
with the compelling evidence about the formation of galaxies is
missing. Likely, there is hierarchical behaviour when aggregat-
ing matter on the scale of groups and clusters, and monolithic-
like mode when aggregating (baryonic) matter on the scale of
individual galaxies. On the other hand galaxy mergers cannot be
completely ruled out, because we have direct observational evi-
dence of this phenomenon. However, they are not the dominant
mechanism by which galaxies (the early-type in particular) are
assembled.

Acknowledgements. We thank Prof. Guido Barbaro for the helpful suggestions,
and the anonymous referee for her/his very constructive remarks; spurred indeed
by her/his questions we have addressed and commented aspects of the problem
that were not initially taken into consideration. This study was financed exclu-
sively by the University of Padova, which supported E. Merlin’s Ph.D. fellow-
ship, and by the Super-Computing Center CINECA (Bologna, Italy), which al-
located a substantial amount of computing time to this project.

References
Ballesteros-Paredes, J., Klessen, R. S., Mac Low, M.-M., & Vazquez-Semadeni,

E. 2007, in Protostars and Planets V, ed. B. Reipurth, D. Jewitt, & K. Keil
(University of Arizona Press, Tucson), 63

Barnes, J., & Hut, P. 1986, Nature, 324, 446
Bell, E. F., Wolf, C., Meisenheimer, K., et al. 2004, ApJ, 608, 752
Benz, W. 1990, in Numerical Modelling of Nonlinear Stellar Pulsations

Problems and Prospects, 269

Bertschinger, E. 2001, ApJS, 137, 1
Bonnor, W. B. 1956, MNRAS, 116, 351
Booth, C. M., Theuns, T., & Okamoto, T. 2007, ArXiv Astrophysics e-prints
Bressan, A., Chiosi, C., & Tantalo, R. 1996, A&A, 311, 425
Bressan, A., Panuzzo, P., Buson, L., et al. 2006, ApJ, 639, L55
Bundy, K., Ellis, R. S., Conselice, C. J., et al. 2005, Am. Astron. Soc. Meet.

Abst., 207
Bundy, K., Ellis, R. S., Conselice, C. J., Taylor, et al. 2006, ApJ, 651, 120
Buonomo, F., Carraro, G., Chiosi, C., & Lia, C. 2000, MNRAS, 312, 371
Buonomo, G. 1999, Ph.D. Thesis, Univ. of Padova, Italy
Carraro, G., Lia, C., & Chiosi, C. 1998, MNRAS, 297, 1021
Chiosi, C. 2000, A&A, 364, 423
Chiosi, C., & Carraro, G. 2002, MNRAS, 335, 335
Cimatti, A., Daddi, E., di Serego Alighieri, S., et al. 1999, A&A, 352, L45
Cimatti, A., Daddi, E., Renzini, A., et al. 2004, Nature, 430, 184
Cimatti, A., Daddi, E., & Renzini, A. 2006, A&A, 453, L29
Clemens, M. S., Bressan, A., Nikolic, B., et al. 2006, MNRAS, 370, 702
Cowie, L. L., Songaila, A., Hu, E. M., & Cohen, J. G. 1996, AJ, 112, 839
De Lucia, G., Springel, V., White, S. D. M., Croton, D., & Kauffmann, G. 2006,

MNRAS, 366, 499
de Vaucouleurs, G. 1961, ApJS, 5, 233
Djorgovski, S., & Davis, M. 1987, ApJ, 313, 59
Field, G. B., Goldsmith, D. W., & Habing, H. J. 1969, BAAS, 240
Gallazzi, A., Charlot, S., Brinchmann, J., White, S. D. M., & Tremonti, C. A.

2005, MNRAS, 362, 41
Gerritsen, J. P. E. & Icke, V. 1997, A&A, 325, 972
Greggio, L., & Renzini, A. 1983, A&A, 118, 217
Harfst, S., Theis, C., & Hensler, G. 2006, A&A, 449, 509
Hasegawa, T., Sato, F., Whiteoak, J. B., & Miyawaki, R. 1994, ApJ, 429, L77
Jimenez, R., Panter, B., Heavens, A. F., & Verde, L. 2005, MNRAS, 356, 495
Jungwiert, B., Combes, F., & Palouš, J. 2001, A&A, 376, 85
Katz, N. 1992, ApJ, 391, 502
Kauffmann, G., Heckman, T. M., White, S. D. M., et al. 2003, MNRAS, 341, 33
Kawata, D. 1999, Publ. Astron. Soc. Jpn., 51, 931
Kawata, D. 2001a, ApJ, 558, 598
Kawata, D. 2001b, ApJ, 548, 703
Kawata, D., & Gibson, B. K. 2003, MNRAS, 340, 908
Lada, C. J., & Lada, E. A. 2003, ARA&A, 41, 57
Larson, R. B. 1981, MNRAS, 194, 809
Levinson, F. H., & Roberts, Jr., W. W. 1981, ApJ, 245, 465
Lia, C., Portinari, L., & Carraro, G. 2002, MNRAS, 330, 821
Loren, R. B. 1976, ApJ, 209, 466
Lucy, L. B. 1977, AJ, 82, 1013
Marinho, E. P., Andreazza, C. M., & Lépine, J. R. D. 2001, A&A, 379, 1123
Marinho, E. P., & Lépine, J. R. D. 2000, A&AS, 142, 165
Marri, S., & White, S. D. M. 2003, MNRAS, 345, 561
Matteucci, F. 1994, A&A, 288, 57
McKee, C. F., & Ostriker, J. P. 1977, ApJ, 218, 148
Merlin, E., & Chiosi, C. 2006, A&A, 457, 437
Mihos, J. C., & Hernquist, L. 1994, ApJ, 437, 611
Mobasher, B., Dickinson, M., Ferguson, H. C., et al. 2005, ApJ, 635, 832
Monaghan, J. J., & Lattanzio, J. C. 1985, A&A, 149, 135
Monaghan, J. J., & Lattanzio, J. C. 1991, ApJ, 375, 177
Moretti, A., Portinari, L., & Chiosi, C. 2003, A&A, 408, 431
Noguchi, M., & Ishibashi, S. 1986, MNRAS, 219, 305
Portinari, L., Moretti, A., Chiosi, C., & Sommer-Larsen, J. 2004, ApJ, 604, 579
Salpeter, E. E. 1955, ApJ, 121, 161
Scannapieco, C., Tissera, P. B., White, S. D. M., & Springel, V. 2006, MNRAS,

371, 1125
Scheffler, H., & Elsaesser, H. 1987, Physics of the galaxy and interstellar matter

(Berlin and New York: Springer-Verlag), 503
Schmidt, M. 1959, ApJ, 129, 243
Semelin, B., & Combes, F. 2002, A&A, 388, 826
Sersic, J. L. 1968, Atlas de galaxias australes (Cordoba, Argentina: Observatorio

Astronomico)
Shu, F. H., Milione, V., Gebel, W., et al. 1972, ApJ, 173, 557
Spergel, D. N., Bean, R., Dore’, O., Nolta, M. R., et al. 2006, ArXiv Astrophysics

e-prints
Springel, V. 2005, MNRAS, 364, 1105
Springel, V., & Hernquist, L. 2003, MNRAS, 339, 289
Springel, V., Yoshida, N., & White, S. D. M. 2001, New Astron., 6, 79
Thacker, R. J., Tittley, E. R., Pearce, F. R., Couchman, H. M. P., & Thomas, P. A.

2000, MNRAS, 319, 619
Thomas, D., Maraston, C., Bender, R., & Mendes de Oliveira, C. 2005, ApJ,

621, 673
Thornton, K., Gaudlitz, M., Janka, H.-T., & Steinmetz, M. 1998, ApJ, 500, 95


