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Abstract. Using N-body/hydrodynamical simulations which dark and visible matter are well mixed already inside the
include prescriptions for star formation, feed-back and chemicalluminous region of the galaxy;

evolution, we explore the interaction between baryons and darkhe transition radiu?; zp between the inner, baryon dom-
matter (DM) at a galactic scale. The N-body simulations we inated region, and the outer, DM dominated region, moves
performed using a Tree—SPH code that follows the evolution ofinward progressively with decreasing luminosity;

individual DM halos inside which stars form from cooling gass a halo core radius, comparable with the optical radius, is de-
and evolve, delivering in the interstellar medium (ISM) mass, tected at all luminosities and for all morphologies;

both metals and energy. We examine the formation and evoluterithe luminous mass fraction varies with luminosity in a fash-
of a giant and a dwarf elliptical galaxy of total mas36& M., ion common to all galaxy types: it is comparable with the
and10° M, respectively. Starting from an initial density profile cosmological baryon fraction dt ~ L,, but it decreases by
like the universal Navarro et al. (1996) profile in the inner region, about a factor of 100 at <« L,;

baryons sink towards the center due to cooling energy lossedinally, for any Hubble type, the central halo density increases
At the end of the collapse, the innermost part 1/20 of the with decreasing luminosity.

halo size) of the galaxy is baryon-dominated, whereas the outer
regions are DM dominated. The star formation proceeds
much faster speed in the giant galaxy where a spheratd-of

Attempts to model the properties of DM halos in a cosmo-
afo%ical context with N—body simulations trace back to Dubinski
. . . & Carlberg (1991) in the frame of cold dark matter (CDM) the-
10

\%vohei\g?hs ;:Lrgfgéné Sylg?VZ\\/;h irsefsfr?ncééoirt‘ZeGdV:agogat‘Lixyory. The halos were founc_j to be _strongly trigxial and to exhibit

. . C o O yr. T a power law density profile varying from1 in the center to

two objects the final distributions of stars are well fitted by 24N the outskirts (Hernquist 1990 profile). Then, Navarro et
Hernquist pr.oflle with effective raQ|| of, = 39 .kpc an_d2.8 al. (1996) (hereafter NFW), found that, independently from the
kpc, respectively. The dark-to-luminous transition radiusp

. I .. adopted initial perturbation spectrum, the cosmological model
occursroughly at r., asinreal ellipticals. The DM halo density P P P g

evolution is non-adiabatic and does not lead to a core radiusanOI the halo mass, all DM halos possess the neersal
density profile, fitted by the formula
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wherea = 1, p..y = 3H2/87G is the critical density for
closure . is a dimensionless characteristic density, ans a
scale radius, which defines where the profile shape has a slope
1. Introduction of —2[1

Galaxies of any morphological type and luminosity are known This profile has a spike in the center of the halo, and differs

to be surrounded by DM halos, whose properties are remarkaﬂ)i/ts asyr3r1ptotic behavior from the Hernquist_ profil_e, decrgas-
universal (Salucci & Persic 1997 and references therein). TRG @S~ far from the halo center. Other simulations, with
presence of DM halos has been detected through a varietﬂ‘lﬂher resolution and/or different initial conditions, confirmed
observational methods (Danziger 1997), from rotation curvestrhe baS|c. features of these findings, but disagreed with respect
spirals (Giraud 2000, Swaters 1999, Persic et al. 1996§ td to some important aspects (Cole & Lacey 1996, Moore etal.
ratios in ellipticals (Bertola et al. 1993, Loewenstein & White 11997, van der Bosh, 1999). In fact, there are claims that the

1999 and references therein). To summarize, the propertie/fversalityof the functional form (1) arises as a direct conse-
DM halos can be described as follows (Salucci & Persic 199 Fence of the hierarchical merging history of CDM halos (Syer
White (1997), or as a more generic feature of gravitational

Send offprint requests 1. Carraro (carraro@pd.astro.it) 1 * We take as Hubble's constaht, = 75 Km/sec/Mpc.
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collapse (Huss et al. 1999). However, recently, the steepnespagsesses its own time and space variable smoothing length
the central cusp has been found to vary significantly among difrd evolves with its own time-step. This renders the code highly
ferent realizations, i.e. among halos (Jing & Suto 2000). It naadaptive and flexible, and suited for numerical “experiments”.

seems likely that, CDM halos follow Eq. (1) with~ 1.5 but Radiative cooling is considered as a function of temperature
with large variations of-; with mass and also at a given haland metallicity following Sutherland & Dopita (1993) and Hol-
mass. lenbach & McKee (1979) and the code takes into account the

On the other hand, a large discrepancy exists between CR#tiations in metallicity among the fluid elements as a function
halo predictions and DM observations (Salucci & Persic 1990f time and position.
Halos around galaxies show a density distribution which is in- Star formation (SF) and feed-back algorithms are described
consistent with Eq. (1). In particular, they have a density centinlBuonomo et al. (2000). Specifically SF, following partly Katz
core larger than the stellar scale-length and their density is: (1992), is set to occur when

1 tsound > tff
()3 +72)

pr(r) o
and
with g > r., r. being the effective radius.
The disagreement between theory and observations on ftteting <t/
mass distribution, and the existence of global scaling laws thgtnh the star formation rate of
couple the dark and the luminous matter (Persic et al. 1996) d d
prompt the investigation of the past dynamical history of gala$-F R = Pe _ %Py _ &Py
ies. dt dt ty
N-body/hydrodynamical simulations are an effective tool t@herec, is the dimensionless efficiency of star formation, and
obtain crucial information on the late stages of galaxy forma; is the characteristic time for the gas to flow, usually set to
tion which is in some sense orthogonal to that we obtain withe maximum between the cooling time and the free-fall time.
semi-analitycal methods or that we infer from observations. Por the simulations discussed here, we kegp= 1.0. When
fact, such simulations can account for the “physical” interactidgormed, stars are distributed in mass according to the Miller &
between gas and dark matter. Moreover, many relevant physgshlo (1979) initial mass function (IMF).
processes occurring in the baryonic components, like thermal The effects of energy (and mass) feed-back from supernovae
shocks, pressure forces and dissipation are explicitly taken igied stellar winds are also taken into account (Chiosi & Maeder
account. 1986, Thornton et al. 1998). In this experiments we deposit all
The layout of the paper is as follow. In Sect. 2 we brieflshe energy released by SNa@{° erg) and stellar wind in the
describe the numerical tool, in Sect. 3 we discuss the initiermal budget of the bubble, following the kind of arguments
conditions. In Sects. 4 and 5 we show the evolution of a giadiscussed in Buonomo et al. (2000).
and a dwarf elliptical, respectively. Finally, Sect. 6 summarizes Finally, the chemical enrichment of the interstellar gas

the results. caused by the the stellar wind and ejecta is followed by means of
the closed-box model applied to each gas-particle as in Carraro
2 The code et al. (1998). Metals are then SPH-diluted over the surrounding

gas particles.
The simulations we present here have been performed by means

of the Tree—SPH code developed by Carraro (et al. 199§),
Buonomo et al. (2000) and Lia & Carraro (2000). The code,
which is able to follow the evolution of a mix of CDM andThe code follows the dynamical formation of galaxies since
Baryons (gas and stars), has been successfully checked ag#tiesmoment in which the protohalo detaches itself from the
standard tests in Carraro et al. (1998), while a fine exploratiblubble flow with its cosmological share of baryonic material.
of the parameters space is presented in Buonomo et al. (200®jus, we sead hocinitial configuration for a protogalaxy and

In detail, the gas component is “followed” by means of thiet the system evolve within the SPH scheme described above.
smoothed particle hydrodynamics (SPH) technique (Lucy 19 Mpreover, we assume that the star formation starts after the dark
Gingold & Monaghan 1997; Hernquist & Katz 1989; Steinmetaalo is virialized.
& Miller 1993), while the gravitational forces are taken into This approach is justified on the grounds that in this paper,
account by means of the hierarchical tree algorithm of Barnesde aimed to 1) test a simple but reasonable initial conditions
Hut (1986). We adopt a tolerance paraméter 0.8, a Plummer set-up and 2) focus on processes which occur mainly at scales
softening parameter and expand the tree nodes to quadrupoleh smaller than the halo virial radius.
order. The working scenario is that, after a violent relaxation pro-

In SPH each particle represents a fluid element whose passs which follows the separation from the Hubble expansion,
tion, velocity, energy, density etc. are followed in time and spadbe DM halo acquires a particular density distribution, and then
The properties of the fluid are locally estimated by an interpaecretes baryonic material which heats up to the halo virial tem-
lation which involves the smoothing length). Each particle perature. Gas then radiatively cools and collapses, and through

Initial conditions
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Fig. 1. The formation of a giant elliptical. From the top to the bottom, snapshots refer to 1, 2, 3 and 9 Gyrs.

fragmentation, turns into the stars we see today in disks aamt gas. By plotting the inter-particles separation as a function of
spheroidal systems. the galactocentric distance, we derive the softening parameter
This scenario is not incompatible with the merging on@&s the mean inter-particles separation at the center of the sphere,
withstanding that the baryonic collapse takes place after the lating at least one hundred particles inside the softening radius.
merging episode. DM particles (10,000 in number) are distributed inside a
sphere according to atceptance—rejectigorocedure for gen-
erating random deviations with a known distribution function
(Press et al. 1989).
We set up a protogalaxy as an isolated virialized DM halo with - Along with positions, we also assign the isotropic dispersion
baryonic material inside it. We assume spherical, isotropic apélocity o (r) according to:
non-rotating halos of density profiles:

2’/‘0(’!"77,1
p(r) o 1. @) o (r) o< (rin(-)). ©)

r

Notethat Eq. (2) matches the profile of CDM halos in the "A{yhich is the solution of the Jeans equation for spherical isotropic

nermost regions, especially in lo Universe for whichr, ~ coIIis.io.nIess system with the density profile of Eq. (2).

10-30 kpc. Different profiles, more in line with observations or _FXing the total mass of the systeiti,o, we assume that a
theoretical claims, will be considered in forthcoming papers.fadius
Gravitational interaction is modeled by adopting a Plummer 3

— 1/3 1/3
softening constant over the simulation and is equal for both Df#o0 = E) / (200pc) >

4. Initial configuration
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] nally, stars begin to form at a rate 89 M/.yr—'. The strong
4 episode of star formation lasts for about 2 Gyr and it is marked
by a large rate of production of SNae of type Il. These, however,
are not able to expel from the galaxy a relevant fraction of the
. gas, given its strong gravitational field. At the end of this period,
Time (Gyrs) it has been processed into star§@6f the original material. The
Fig. 2. SF for the giant elliptical as a function of time. From the top t€Maining 20¢ is left partly in the outermost regions of the dark
the bottom the same model is shown at increasing number of particlealo, partly out of the virial radius.
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i.e at increasing resolution. The collapse of baryons in the DM potential well can be
realized by noting that, @t= 0, in the innermost 10 kpc of the

Table 1.Properties of the virialised primordial DM halos. protogalaxy, the DM halo is 10 times denser than the gaseous
component but at the end of the formation of the spheroid, the

Mass Tyir Raoo stellar component reaches a “central” density 30 times that of

10°M,  10°°K  kpc the dark com.ppnent. _ o

100 38 256 Not surprisingly, the final distribution of stars does not fol-

low that of the DM. In fact, as the infall proceeds, the DM
remainsC> scale-free, while the baryons develo@a scale
r. of about one tenth of the virial radius. More precisely, the dis-
truncates the dark halo, wheggis the critical density to close sipative zero-angular momentum infall of the (out-to-250 kpc)
the Universe. scale-free baryonic material produces a half-mass scale-length
The systems are then allowed to evolve until virial equéf~ 30kpc. The final stellar distribution closely follows a Hern-
librium is reached. 10,000 baryonic particles are then homoggsst profile (see Fig. 3) with effective radius slightly larger
neously distributed inside the DM halo with zero velocity fielthan that of ellipticals of the same baryonic mass. However,
and low metal contentd = 10~%). The initial gas temperature the simulated value of, depends on the assumed DM density
is 104 °K. and on the prescriptions of star formation. Actually, one could
use the observed, vs stellar mass relationship to fine tune the
semi-analytical parts of the code (Buonomo et al. 2000).
During the galaxy assembly a coupling between the baryons
In the first simulation we set a giant elliptical of gaseous maaad the DM is created. The initial halo distributipfr, 0) =
of 10! M, to form through the collapse of a spherical DM hald/»q /(27 R3,,)1/r first is slightly contracted by the baryonic
of 10'2M,,. Each gas particle has an initial massi 6f M. infall and then expanded by a (limited) supernovae-driven out-
Looking at Figs. 1 and 2, baryons slowly infall towards thBow. As a result, the final DM distribution is not too different
center of the potential well, gas condenses, cools and therfridm the primordial one. On the other hand, the DM potential

0.1 1.2 30

5. A giant elliptical galaxy
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controls the star formation rate and efficiency, including the fateoling and forming stars. Note that both the free-fall time and
of stellar ejecta. the cooling time are smaller.

Even in the present simplified scenario, the time-evolution The time evolution of the SFR in this case cannot be de-
of the mass distribution is not that of an adiabatic process (Bkeribed as a a single burst, but rather as a series of several
menthal et al. 1986). In fact, (see Fig. 5) the adiabatic invarisgpisodes, each one of abdut—1M,yr~*, lasting for over
rM (r) varies with time. In the innermost parnts< 50 kpc, it 4 Gyr (see Figs. 6 and 7), a result which is in close agreement
increases with time while, for larger radii,< 100 kpc, it de- with observations of dwarf galaxies in the local group (Mateo
creases as the collapse proceeds. The baryonic infall develd988).
shell crossings as an effect of the strong radial dependence ofAt the end of this period onl20% of the original mate-
the the energy (un)balance among cooling, heating and releaaét has been processed into long-living starsl. The remaining
of gravitational energy. 80% has been thrown out from the galaxy or left, unprocessed,

behind, in the outermost regions of the DM halo.
In the central regions, the baryonic density increases as the
collapse proceeds to reach “at the center” 30 times the density
6. A dwarf elliptical galaxy of the dark component. The stellar scale-length is- 2.8 kpc,
which is not too different from that of ellipticals of the same
ryonic mass (see Fig. 8). Also in this case, there is a clear
. I 9 ) acoupling between baryons and DM during the galaxy assembly.
sphenca_l virialized DM halo o500 = 10°Me. In this case a However, in this case, due to the weaker gravitational field,
gas particle has an initial mass of tif A/ most of the gas gets expelled from the galaxy. The halo density

Despite the fact that th_e virial radius IS now much Sma_‘”%'i,owes during the baryonic infall, in a non-adiabatic way, as
(R200 = 35 kpc), the gas is not more rapid in condensating,

The second simulation concerns a proto-elliptical of gase
mass ofL0® M, forming through the monolithic collapse of
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Fig. 5. The formation of a dwarf elliptical. From the top to the bottom, snapshots refer to 1, 2, 3 and 9 Gyrs.

shown in Fig. 9. The final DM distribution is not too different A crucial and sensitive aspect of our simulations is that both
from the primordial one (see Fig. 10). the giant and the dwarf object have been modeled with the same
number of particles, which implies an increase by a fatédr
in the mass resolution passing from the giant to the dwarf.
To check whether the results for the SF histories depend on
7. Discussion and conclusions the mass resolution of our simulations, the giant galaxy has been

In this paper we have investigated the coupling between pigrsimulated using 2,000, 20,0QO and 2002000 particles, whilst
and baryons during an assumed monolithic formation of tB€ dwarf galaxy has been re-simulated using 2,000 and 20,000

galaxies: a giant and a dwarf spheroidal galaxy. particles. _ \

Starting from a homogeneous distribution, baryons sink to- 1 1iS way the mass resolution goes frant to 10°M, for
ward the center of the virialized DM halo due to cooling instdl@ giant galaxy, and fror0® to 10* M, for the dwarf galaxy.
bility. The smallest object has about 10 independent episode¥ results are summarized in Fig. 2 and Fig. 7, where we com-
of star formatiorD).3 Gyr long, while the largest has basically?@re the SF histories of the two galaxy models at increasing
one single burst which is 10 times longer. This difference niceljaSs resolution.
matches the available observations. Giant elliptical galaxies are " POth cases we show a reasonable convergence of the re-
indeed old objects dominated by a single burst of star formatigH/ts-

(Bender et al. 1992), whereas dwarf ellipticals basically exhibit AS for the giant galaxy (see Fig. 2), we show that the SF his-
an irregular and intermittent SF history (Mateo 1998). tory is dominated by a single ancient burst of SF, whose trend
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does not change too much passing from 2,000 to 200,000 parti-
cles. Nevertheless, a more careful analysis shows that a diffet-004
ence emerges passing from 2,000 to 20,000 particles, whereas
passing from 20,000 to 200,000 particles does not significantlp.002
change the global result.

Although the SF peak is almost the same in all the simu-
lations, the low resolution run produces a burst larger than the Time (Gyr)
other two cases. Correspondingly, the amount of gas consumed L _ ) _
(and hence the final mass in stars) passes fioff in the low Fig. 8. Adiabatic mvanant evolu_tpn for the d_warf galaxy in three dif-
resolution run to abou0% in the medium and high resolu-ferent galaxy regions: x M(r) is in code units.
tion run. This means that at increasing number of particles, the

results asymptotlcglly converges. which exhibits several episodes of SF, although the number and
These conclusions confirm previous analyses on the perfBB'sition of the peaks does not coincide exactly

mances of the SPH met.hod (Stemmetz &IMr 1993, Th.acker The basic results of this paper can be summarized as follows:

et al. 1998). By comparing different SPH implementations they

find that the minimum number of particles required to calcw- the stars which are formed show a final distribution which is

late local physical variables in dynamically evolving systems greatly different from the DM distribution and can be repre-

is about 10,000, and that the SPH method can give reasonablgented by a Hernquist profile with a length-scalg

results also by using a small number of particles. e a particular aspect of the mass distribution is that the regions
On the other hand, changing the resolution by a factor of 10insider. are baryon dominated, while the DM is the main

does not alter the SF history of the dwarf galaxy (see Fig. 7),mass component at outer radii, as observed in real ellipticals;
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e finally it is worth noting that, in both objects, the final DMBuonomo F., Carraro G., Chiosi C., Lia C., 2000, MNRAS 312, 371
velocity dispersion is about 1-2 times the stars velocity di€arraro G., Lia C., Chiosi C., 1998, MNRAS 298, 1021
persion, in agreement with Loewenstein & White [11 (1999§hiosi C., Maeder A., 1986, ARA&A 24, 329
findings. Cole S., Lacey C., 1997, MNRAS 281, 716
Danziger 1.J., 1997, In: Persic M., Salucci P. (eds.) Dark and Visible
In forthcoming papers we are going to analyze simulations Mmatter in Galaxies. ASP Vol. 117, p. 28
which adopt different initial conditions for DM, in order to tesDubinski J., Carlberg R., 1991, ApJ 378, 496
the effect of the DM initial properties (density profile, velocityGingold R.A., Monaghan J.J., 1977, MNRAS 181, 375
dispersion and so forth) on the final baryon distribution. Giraud E., 2000, ApJ 531, 701
Hernquist L., 1990, ApJ 356, 359
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