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1. Introduction

The physical process that may be involved in the formation and evolution of galax-
ies, and their behaviour as a function of the redshift, can be of different natures.
As a matter of fact, it is still unclear whether it is nature or nurture that really
we should worry about (Ellis, 1997). During the last decade, a dramatic improve-
ment in our understanding of the Universe has resulted from the development of
important observational facilities. These new findings are helping astronomers to
generate a more realistic picture of the evolution of structure and help to constrain
models. However, how galaxies form and evolve remains an open question. Several
complex processes acting on different scales are believed to be important.

Today, the most successful scenario for the formation of structure is hierarchical
clustering (although several issues remain to be clarified). In standard cold dark
matter models, a galactic object is made up mainly of dark matter and a small per-
centage of baryons (≤ 0.10; Burles and Tytler, 1998). Dark-matter haloes provide
the potential well for the baryons to collapse, driving the global evolution of the
structure. They acquire angular momentum by tidal torques during mergers and
interactions. Within these haloes, baryons, initially in the form of gas, cool and
collapse. It has been shown that, provided its angular momentum is conserved dur-
ing this process (Fall and Efstathiou, 1980), the gas settles on to exponential discs.
The accumulation of baryons in the central regions steepens the potential well of
the system and this, in turn, modifies the dark-matter profiles. On this scale, the
relative distribution of DM and baryons (i.e. which is dynamically dominating and
which is determining the rotation curves of spiral galaxies) is an important issue
in explaining several properties of galaxies. Because in this model the assembly of
the structure is a hierarchical process, mergers and interactions play a critical role,
affecting the properties of the matter in different ways. In this scenario, mergers
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and interaction rates increase with look-back time and it seems that this is actually
being observed (Driver et al., 1998).

One of the most relevant physical processes involved in galaxy formation is
star formation. Stars are a main component in galaxies and their formation process
could be tightly related to the properties of the galaxies we observe. The factors
that trigger and regulate SF could be of different natures and interrelated among
one another, so that the dynamics (i.e. collapse, mergers, interactions) can affect
SF, but how SF proceeds (i.e. rate, IMF, supernova explosions) may also affect
the dynamics of the galaxy (e.g. leading to the formation of stellar bulges). These
facts make hydrodynamical cosmological simulations a powerful tool for studying
galaxy formation.

In this paper, we intend to summarize comprehensively results on dark-matter
haloes, cooling and collapse of baryons and SF, highlighting some of the effects
that one may have on the others.

2. Numerical Experiments

We have followed the evolution of 643 particles in a periodic box of 10 Mpc
(H0 = 50 km s−1 Mpc−1) using an SPH + AP3M code (Tissera, Lambas and Abadi,
1997). The initial conditions are consistent with a standard CDM cosmology, with
� = 1, �b = 0.1 and � = 0. The gravitational softening length is 3 kpc and
the minimum allowed smoothing length is 1.5 kpc. All dark gas and star particles
have the same mass, M = 2.6 × 108 M�. The star formation algorithm used
in these models transforms gas particles into stars if the gas is cold and dense
(ρgas > 7 × 10−26 g cm−3) and satisfies the Jeans instability criterion according
to: dρstar/dt = −ηρ1.5

gas (Tissera et al., 1997). No supernova explosion effects have
been considered. In Table I we summarize the following characteristics: bias para-
meter, b, T∗, star formation efficiency, η, and whether it is a pure gravitational
simulation (G) or a hydrodynamical one (H). Simulations I.1, I.2, I.3, II.1 and II.2
are analysed in Section 2, simulations I.2 and I.4 in Section 3 and simulations I.2,
I.3 and III.1 by Domínguez-Tenreiro, Tissera and Sáiz (1998) and Tissera, Sáiz and
Domínguez-Tenreiro (these proceedings).

Each set corresponds to different initial conditions. Simulations in each set share
the initial conditions but have different star formation parameters. A pure gaseous
run is indicated by η = 0. In all cases we analysed galaxy-like objects (GLOs)
with more than 250 baryonic particles within their virial radii. The main baryonic
objects within the haloes have been isolated using a friend-of-friends algorithm.
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TABLE I

S I.1 I.2 I.3 II.1 II.2 III.1

σ8 0.40 0.40 0.40 0.60 0.60 0.67

η 0 0.01 0.1 0 0.01 0.01

T ∗ – 3104 3104 – 104 104

Figure 1. Density profiles of Halo 1 and Halo 4 in simulations I.2 and I.3: dark-matter density profiles
(solid lines) and baryonic density profiles in I.2 (dotted lines) and I.3 (dotted–long-dashed lines).

3. Dark-Matter Distribution in Haloes

Dark matter (DM) is the principal component in the Universe and dominates grav-
itationally the evolution of the structure. In particular, the importance of under-
standing the formation and evolution of DM haloes depends on whether their
statistical properties contain relevant information about cosmological parameters
and the power spectrum of the initial density fluctuations (Tissera and Domínguez-
Tenreiro, 1998). They also play a key role in galaxy formation and their properties
(i.e. central concentration and distribution) are relevant to understanding the astro-
physical properties of individual galaxies. Their formation and evolution may also
be affected by baryons in a complex feedback process. In this section we analyse
dark-matter haloes of the more massive objects in simulations I.1, I.2, I.3, II.1 and
II.2. We compare the properties of haloes with and without baryons (see Section 2).

We found, in agreement with previous studies (e.g. Navarro, Frenk and White,
1996, NFW), that in the absence of baryons DM profiles follow the so-called NFW
profile. But when baryons are included, the density profiles (DPs) are modified,
becoming steeper at the centre (ρDM ∝ r−2). The shapes of the haloes change from
prolate to more oblate structures when baryons are included. A stronger increase
in the total velocity dispersion of the DM is measured in the central regions of all
haloes in SPH runs.
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We found no systematic differences in the infall of baryons within rcross, defined
as the radius that encloses the same amount of DM and baryons. However, a cor-
relation between the maximum of the circular velocity curves and rcross/r200 was
found. This correlation seems to indicate that the distribution of baryons within
the central region is different in different GLOs. Possible mechanisms that could
produce this effect are mergers with substructure and the star formation history of
the GLOs. Indeed, the values of rcross/r200 seem to depend on the history of SF. If
a large fraction of gas is transformed into stars at early times, the objects are less
dominated by baryons at the centre because baryons have not had enough time to
get that concentrated (by effects of dissipative processes). We clearly see this when
comparing the properties of haloes in I.2 and I.3. These simulations share the same
initial conditions but have different SF histories as already explained.

In Figure 1 we plot the DM DP and the baryonic DP for two typical haloes in I.2
(dotted line) and I.3 (dot–dashed line). A change in the star formation efficiency
parameter has led to a different distribution of baryons in the central regions. It
should be noted that the amount of baryons in the central region is the same in
both cases, the difference is how they are distributed. In turn, this may affect the
ongoing star formation.

4. Star Formation

In this section, we will analyse the SF histories of GLO simulations I.2, I.3 and
III.1 (see Table I) and how mergers can affect them. In order to assess how the SF
model works, we define a global star formation rate, SFR, as the ratio between the
total mass of stars formed in the comoving box during an integration step and its
length (�t = 1.4 × 107 yr, time bin length). Then, the cosmic star formation rate
density is defined as ρSFR(z) = 〈SFR(z)〉/V , where 〈SFR(z)〉 is SFR averaged
over 20 time bins centred at the formation redshift, z, of each star particle, and V

is the comoving volume of the box at z.
In Figure 2 we plot ρSFR(z) for I.2, I.3 and III.1, together with some estimates

based on observations. ρSFR(z) decreases by a factor of ≈ 12 from z = 1 to z = 0,
independently of the simulation considered.

I.2 and I.3 start forming stars later in time than III.1, due to the lower normaliza-
tion parameter and T∗ used. Because of this, they also transformed a larger fraction
of their mass into stars. We also included all published estimations of ρSFR(z).
The latest results show a flat ρSFR(z) with z (i.e. Flores et al., 1998). However,
many uncertainties remain to be addressed from the observational side before a
reliable global star formation history is available, and before a clean and accurate
comparison with the outputs of simulations can be made. Renzini (1998) claims
that approximately 30% of existing stars were formed at z > 2. Simulation III.1
shows a similar trend. It produces 30% of the total stellar mass at z > 2, and 55%
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Figure 2. Cosmic star formation rate density, ρSFR , versus z for simulations I.1 (dotted lines), I.2
(dashed lines) and I.3 (solid lines). We also include observational values reported by Gallego et al.
(1995) [asterisk], Madau et al. (1996) [filled triangles], Lilly et al. (1996) [open squares], Connolly et
al. (1997) [ten-arm stars], Mobasher and Mazzei (1998) [filled and open circles and open pentagons],
Sawicki, Lin and Yee (1997) [open stars], Hughes et al. (1998) [filled square], Flores et al. (1998)
[crossed open squares] and Steidel et al. (1998) [crossed open circles]. The dot–dashed line shows
the observation relation determined by all points (except Mobasher and Mazzei, 1998, and Gallego
et al., 1995) corrected by a factor of seven due to dust extinction.

at 1 < z < 2. This continuous growth for z > 2.5 could be regulated by including
feedback.

In order to study the SF history of each GLO, they are identified at their virial
radii (r200) at z = 0. Then, the evolution of the particles within r200 is followed back
in time. In this way, we construct the merger tree of each GLO. The progenitor
clump of a GLO is taken to be the most massive object identified at z > 3 in
its merger tree. A merger will be counted each time the progenitor fuses with a
satellite with more than 10% of its mass at the merger time. We compute the stellar
mass formed in the progenitor as a function of z and define its 〈SFR〉 history, as
previously described. In all cases, there is an increase of 〈SFR〉 related to merger
events (Figure 3), from the time the satellite enters the virial region of the progen-
itor (arrows pointing up, beginning of the orbital decay period), up to the fusion of
the baryonic cores (arrows pointing down).

The cooling and collapse of gas in quiescent phases of evolution drive an am-
bient star formation rate, estimated to be ≤ 3 M� yr−1. Stellar formation bursts
are superposed on the ambient star formation. We focus on the analysis of those
bursts occuring within merger events. Its duration, τburst, its local maximum SFR,
σstar, and the total amount of stellar mass formed during the burst, Mburst, can be
estimated (see Tissera et al., 2000). For III.1, 〈τburst〉 and 〈Mburst〉 are consistent
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Figure 3. Star formation rate history of four galaxy-like objects analysed in simulation I.3. The
horizontal solid line represents the ambient star formation rate, σmin, for each object.

Figure 4. The fraction of gas converted into stars in a star formation burst, Mburst/Mgas, versus the
relative masses of the colliding objects, Msat/Mpro (left); ratio between the strengths of the double
star bursts (σ 1

star/σ
2
star) and the fraction of stars already formed in the progenitor GLO (Mz

star/M
0
star)

at the z of the merger (z1 > z2). Single bursts have been assigned σ 1
star/σ

2
star = 0 (right).

with observed values inferred from some starburst galaxies at high z (Kennicutt,
1988, and references therein). The other simulations produce higher ones.

To try to establish which factors determine the properties of the bursts, we have
measured Mpro,Msat (virial masses of the progenitor and satellite before the latter
enters the virial radius of the progenitor), Mgas and Mbar (the total gas mass and the
total baryonic mass) of the progenitor and satellite together within r200 before the
merger. These are measures of the total amount of gas and baryons available before
the merger event. We also estimate, Mm

gas, the mass of the main baryonic clump
before the merger. We only found a correlation signal between the burst efficiency,
Mburst/Mgas, and Msat/Mpro, indicating that more massive mergers induce more
efficient transformations of gas into stars (Figure 4, left).

An important parameter describing the internal structure of baryonic merging
clumps is the mass of their central stellar bulge-like concentrations, if present.
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Several authors have observed that when bulges are missing, strong gas inflows can
follow disc bar instabilities, during the orbital decay phase in merger events. These
could, in turn, trigger stellar bursts. If this is the case, the whole merger would cause
a star formation burst with two peaks, the first one caused by disc instability during
the orbital decay phase and the second by the fusion of the baryonic clumps. Given
our numerical resolution, a detailed analysis of the internal structure is not possible,
but, because the SF algorithm is mainly based on a density criterion condition, the
formation of a stellar bulge can be directly linked to the fraction of gas that has
been transformed into stars. We define Mz

star, the mass of stars in the progenitor at
redshift z and Mz

star/M
z=0
star , the fraction of stars in the final object already formed at

the z of the merger, as our indicator of the presence of a well formed stellar bulge.
A clear relation has been found between the relative strengths of the two peaks
and Mz

star/M
z=0
star for a given merger. Those progenitors with Mz

star/M
z=0
star < 0.4

are more susceptible to experience inflow events because they have no important
stellar bulge at the merger time. Those progenitors with Mz

star/M
z=0
star > 0.4 are

more stable (see Tissera, Sáiz and Domínguez-Tenreiro, these proceedings). They
are not found to be involved in double peak bursts. This clear correlation shows
that the physics has been globally well described. A trend to have larger burst
efficiency, Mburst/Mgas, in more unstable systems was found, implying that stellar
bursts induced by tidal fields during the orbital decay phase may be more efficient.

5. Discussion

It has been previously shown (Fall and Efstathiou, 1980) that gaseous discs with
exponential surface density profiles and observational counterparts can be formed
if the gas cools and collapses conserving its specific angular momentum. In Domín-
guez-Tenreiro, Sáiz and Tissera (this proceeding) and Tissera, Sáiz and Domínguez-
Tenreiro (these proceedings), we discuss the formation of disc-like structures in
hierarchical clustering models. It has also been proved that, within the context
of hierarchical clustering, the hypothesis of angular momentum conservation is
very difficult to maintain. During mergers and interactions angular momentum is
transferred from the gaseous component to the dissipationaless component (e.g.
Barnes, 1992; Navarro and Steinmetz, 1997; Domínguez-Tenreiro et al., 1998). So
that when mergers are complete the gas has lost most of its j and is concentrated in
a very small disc. A mechanism that also affects the formation of discs is SF. How
SF proceeds may be relevant to the morphology of the final object. If the gas is
quickly exhausted at high z, no gaseous remnant will be left to regenerate discs at a
later stage. However, because the structure is assembled through mergers, the SF is
also affected by them. The output of these violent phases critically depends on the
availability of gas to regenerate a disc structure on one hand, and on the structural
stability of the objects involved in the event on the other. Concerning stability, cold
thin discs are known to be violently unstable against the bar mode (Domínguez-
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Tenreiro et al., 1998, and references therein). Massive haloes can stabilize discs,
but not every halo is able to stabilize the exponential disc that would form in the
quiescent phases of evolution. In these cases, a central compact bulge is needed to
ensure stability, otherwise a bar instability could easily be triggered by interactions
and mergers, followed by strong gas inflows. These gas inflows, in turn, can trigger
star formation. As was shown in Section 4, we found that GLOs lacking major
stellar mass concentration at the centre experience double star bursts. These results
agree with those found by Domínguez-Tenreiro et al. (1998), which detect these
strong inflows in unstable systems.

Hence, how SF is regulated or self-regulates at different z is a key point for
understanding galaxy formation. And this remains an open question, since the
physical processes that might be involved are of diverse natures and their effects
may vary with redshift.
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