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Abstract. Up to now, many theoretical studies aimed at redance ratio [O/Fe] are fully compatible with the observational
producing the total amount of iron and gas in the intra-clustdeterminations. However, even in this case some dilution (up to
medium meet the embarrassing situation, in which if the ir@bout 20%) by primordial gas (never cycled through galaxies)
content is reproduced, the gas is not. More precisely, at give@ems to be required. This is less than the older estimates of
iron mass, too little gas and too high Fe abundance in turn &%% to 90%. Finally, a simple model for the evolution of the
obtained as compared to the observational data. Large dilutintra-cluster medium abundances as a function of the red-shiftis
by primordial gas is then invoked to get rid of the difficultypresented and compared with the observational data for clusters
In this paper we present a new approach to this problem. Ba-igh red-shift (up ta ~ 0.5).

sic ingredients of the present analysis are: (i) The adoption of

multi-zone models of elliptical galaxies in the framework of th&ey words: galaxies: clusters: general — galaxies: intergalactic
super-nova driven galactic wind scheme. They yield a more reedium — galaxies: evolution — galaxies: abundances

alistic description of the galactic ejecta in which the effects of
gradients in star formation and chemical enrichment are taken

into account. (ii) The stellar initial mass function is let varyl Introduction

with the physical conditions of the star forming medium. Morg’

precisely, the typical mass scale of the initial mass functi@ince more than two decades the intra-cluster medium (ICM)
increases with the gas temperature. Since no cooling procekslusters of galaxies is known to be filled by hot, metal-rich
exists decreasing the temperature of a galaxy’s gas below tfa& revealed by the X-ray emission caused by thermal brems-
limit set by the current value of the cosmic background radigtrahlung at temperature of aboli” to 10® K (see Sarazin
tion, itimmediately follows that the stellar initial mass functiori986). Characterizing parameters of the ICM gas are:

of proto-galaxies whose stellar activity began at high red-shift (i) the total mass which is of the order of one-third of the

(when the CBR temperature was higher than the present-ggy gravitational mass in a cluster (White et al. 1993).
mean temperature of molecular clouds) is different from the

one in galaxies which did the same but at lower red-shift. BE-

(i) the abundance of iron which goes from about 1/2 so-
cause of this, at given galaxy mass the ejecta are expecte (Rothentflug & Amaud 1985) to 1/3 solar (Renzini 1997;

t

depend on the red-shift. (iii) Finally, the basic assumption Suﬂazawa etal. 1998).
made that at any time (red-shift) the mass distribution of proto- (iii) the abundances af-elements, which thanks to ASCA
galaxies follows the Press-Schechter law holding for Dark Mdtave been put on a more firm ground. Before ASCA, spectro-
ter, however with masses comprised between suitable minimga®pic measures of Si and S were known only for two clusters
and maximum valuedJ"» andM; , respectively, that are also(Perseus and A576) indicating about solar values (Mushotzky et
varying with time and/or red-shift. This is equivalent to assun. 1981; Rothenflug et al. 1984) or higher than solar (Canizares
a sort of continuously varying mass function for galaxies &% al. 1988). More recent data from ASCA by Mushotzky et
well. When the same input physics (stellar initial mass funal. (1996) yield[] ~ 0.2 + 0.3 or in the case of oxygen
tion and galactic ejecta) is adopted, the new method recovgfs] ~ 0.4810 22, which means, considering the uncertainty,
previous results in literature. However, when the above thraemarginal over-abundance of oxygen relative to iron. The
ingredients are let work simultaneously, the total amount uitio [Si/Fe] derived from Mushotzky’s et al. (1996) data is
iron and gas are reasonably matched, a point of major difficu[%] ~ 0.3779-17 in agreement with the analysis by Fukazawa
in previous studies. The absolute abundance of Fe and abefhal. (1998). Ishimaru & Arimoto (1997) and Arimoto et al.

(1997) argue that considering the uncertainties all the data are

Send offprint requests tehiosi@pd.astro.it cons'lste.nt with the solar value. .
* Visiting Scientist, Max-Planck-Institutf Astrophysik, Garching (iv) Finally, the ASCA study by Finoguenov et al. (1999) of
bei Miinchen, Germany heavy element distribution in clusters of galaxies indicates that
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the total abundance of Fe decreases significantly with clusters, provided that we insist that the resultant galaxies reflect
radius, while the Si abundance is either flat or decreases I#ss photochemical properties of present-day systems. A large
rapidly, resulting into an increasing [Si/Fe] ratio with radius. Sdeaction of the gas must be primordial”

also the recent analysis by White (1999) and White & Dupke The latest study on the subject is by Martinelli et al. (1999,
(2000). MMC99) who made use of one-zone and multi-zone SDGW

It is widely accepted that the ICM metals have been praaodels of elliptical galaxies (Martinelli et al. 1998; Tantalo et
cessed in galaxies and subsequently either ejected or strippked998, and below for more details) and studied the dependence
away. Indeed, the super-nova driven galactic wind (SDGWj the ICM abundances with red-shift. The key idea is that the
model of Larson (1974) is the favored mechanism for ejeatulti-zone models suffer from galactic winds over longer peri-
ing heavy elements (Matteucci & Vettolani 1988; David et abds of time as compared to the one-zone models. Specifically,
1991; Ciotti et al. 1991; Mihara & Takahara 1994; Bressan tite outermost regions of the former experience early galactic
al. 1994; Matteucci & Gibson 1995; Elbaz et al. 1995; Tantaleinds (and little star formation and chemical enrichmentin turn)
etal. 1996, 1998; Gibson & Matteucci 1997; Chiosi et al. 1998;hereas their innermost regions keep active star formation for
Martinelli et al. 1998), although the ram pressure stripping tdnger times, produce more metals, and finally eject less gas.
the enriched interstellar medium during the initial phase of stdfith the aid of these models, they estimate the abundance and
formation cannot be excluded (Sarazin 1979). We recall, hombundance ratio [Fe/H] and [O/Fe] of the ICM. In brief, (i)
ever, that arguments are given by White (1991) and Renzini[Ee/H] and [O/Fe] decreases and increases, respectively, with
al. (1993) against the stripping scenario. the red-shift in a way that depends on the galaxy model and

By integrating the mass of metals ejected by ellipticals ¢tie cosmological parameters used to link galaxy lifetime to red-
different initial mass over the Schechter luminosity functioshift; (ii) at red-shiftz=0 the one-zone galaxies predict for the
with faint end slopes = —1.25, Matteucci & Vettolani (1988, ICM [Fe/H] from 0.22 to 0.36 and [O/Fe] from 0.27 to 0.33
MV88) first tried to account for the mass of iron observed in thdepending on the cosmological model, whereas the multi-zone
ICM. However, two drawbacks of their early study were (i) thgalaxies yield [Fe/H] from 0.75 to 0.9 and [O/Fe] fron®.12
overproduction of iron with respecttaelements, i.a/Fe] < to —0.04. While the abundance ratios [O/Fe] of both cases are
0; (ii) recovery of the total iron mass, but much lower total gasithin the observational determination, the abundances [Fe/H]
mass predicted by the models with respect to observations (oalg definitely too large and admittedly require large dilutions by
10%—-20%).The conclusion was that the bulk of the gas is @rimordial gas. No information is given about the total amount
primordial origin. of gas expected in the ICM.

Attempts to get the right abundance ratios were by Arnaud et In this paper, we intend to reconsider the whole problem in
al. (1992) and Matteucci & Gibson (1995, MG95) who adoptetie light of several major changes in galaxy models and their
an initial mass function (IMF) of the stars in galaxies with ajecta. Firstly, we adopt galaxy models with a radial depen-
flatter slope than the Salpeter value¥ 1 instead of 1.35). The dence of star formation and chemical enrichment. Secondly, we
two studies differ for some aspects of the galaxy models but leexplore the possibility that the IMF in early stages was different
to similar results. Elbaz et al. (1995) postulated the existenitem the one we are familiar with in the solar vicinity, and ex-
of a bimodal IMF, i.e. a first generation made only by massiy#ore the consequences of it. Though reminiscent of the sugges-
stars followed by others with the standard IMF. This suggestition made by Elbaz et al. (1995), the kind of IMF we are going
was questioned by Gibson (1996) who claimed that galaxi@sapply to model galaxies is much more articulated than the
with a bimodal IMF at the early epochs would have present-daynple bimodal prescription. Furthermore, it has already been
photometric properties inconsistent with observational data.successfully applied by Chiosi et al. (1998) to discuss the color-

Attempts to get the required amount of total gas were Imgagnitude relation (CMR) and tilt of the fundamental plane (FP)
Trentham (1994), Nath & Chiba (1995) and Gibson & Matteucof elliptical galaxies. Thirdly, we follow a different method to
(1997, GM97). The novelty was the adoption of a much steepaaluate the total amounts of gas and elemental species (iron)
slope of the Schechter function in the range of dwarf galaxiésjected by galaxies into the ICM. Finally, we present a simple
that appeared to be more consistent with observational lumiedel for the chemical enrichment of the ICM.
nosity functions in galaxy clusters (De Propris et al. 1995 and In Sect. 2 we present the basic data to interpret. In Sect. 3
references). The idea was that if the slope over thefeis—2  we shortly discuss the reasons why the standard galaxy mod-
and dwarf galaxies eject 8% to 30% of their initial total mass &ls fail. In Sect. 4 we briefly argue about the possibility that
the form of gas after the first burst of star formation, the dwairf the past the stellar IMF has been different from the one we
galaxies can solve the problem of the present day ICM gage today. In Sects. 5 and 6 we present new galaxy models with
The most systematic analysis of this topic in the context of tihadial gradients in mass density and star formation and stellar
SDGW model is by Gibson & Matteucci (1997), who came ttMF changing with the physical conditions of the star forming
the following conclusion:even assuming an extreme scenarianedium. In Sect. 7 we present the ejecta of various elemental
in which all the gas returned by dying stars is ejected contispecies from galaxies formed at different red-shift. In Sect. 8
uously to the ICM, neither the giant ellipticals nor the dwarive describe the method we have adopted to model the ICM
spheroidals (nor their sum, for that matter) can be responsibgs and metal contents, and in Sect. 9 we define the normaliza-
for all the gas and iron observed in the ICM of galaxy clusion procedure. In Sect. 10 we present some preliminary tests
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Table 1. The logarithm of the total masses of Gas and Iron in solar
units, the mass abundance of Fe with respect to the Sun, and the cluster | i
red-shift. | Original Data & Old Models o ]
Cluster Name M, M Kre_ I v | s o i
g Fe  Xpoo z 10 " . |
A426 (Perseus) 145 11.3 0.241 0.018 % R
A1656 (Coma) 14.6 115 0.303 0.022 -
A2199 142 111 0301 0.030 . /0 Coma
Virgo 133 102 0.303 0.0036 Sy ;0O A4z ]
L 0O A2199
= 11
éﬂ ’ﬁ_v,% s
Table 2.0ld theoretical models. The first column lists either the cluster R S
richness or the logarithm of the total V luminosity; in solar units. © ,,r""gg\q’ ]
The second and third columns list the logarithm of gas and iron mass S 1
in solar units. See the text for the sources of data. 101 Virgo 7
Lv/Rich  Mpe Mg Source 1
- Stan) 4
Rich 11.40 13.30 MvVs8s8 |
Poor 10.10 12.00 gl v L ‘
Rich 10.64 12.68 MG95 14 15 16
Poor 9.07 11.23 Log M,/M,
1 8.80 11.40 GM97 Min Fig. 1. Observational data and old theoretical predictions. The open
12 9.80 12.40 squares are the data for four galaxy clusters of Table 1 as indicated.
11 9.37 11.88 GM97 Max The solid lines are the theoretical predictions by MV88, MG95 and
12 10.40 12.88 GM97. Finally, the thin dotted lines are the loci of constant abundance
11 9.25 11.80 GM97 Stan Xre/Xre 0 as indicated
12 10.28 12.80

Finally, the observational data (open squares) and theoret-

. . . . ical results (solid lines) are plotted in .1 correlating on a
aimed at recovering the results of previous studies. In Sect.lia ( ) b Fig 9

we discuss the final models and in Sect. 12 the present-day aqH
dances of iron and oxygen in the ICM. In Sect. 13 we presenta The advantage of this diagram is that loci of constant abun-

simple model fOT the chem|ca_l evolution Qf the ICM and COM4ance of any elemental species (Fe in this case) are straight
pare the theoretical results with observational data for clusters

at different red-shift. Finally, in Sect. 14 we draw some generI €s of slope one (they are shown in Fip. 1 by the thin dotted

. es labelled by the corresponding abundance with respect to
conclusions and remarks. the Sun)

arithmic scale the total gas mass to the total iron mass (both
olar units).

From the position of the four clusters under examina-

2 The data tion we Iearn__immediate_ly that (i) there is a small scatter in

) ) abundance; (ii) Coma, Virgo and A2199 have the same abun-
In this section we shortly present the data we want to repi@ance Kp,/Xpoo =~ 0.3), A426 is slightly less iron-rich
duce, i.e. the total amounts of iron and gas estimated for seveef@}Le/XFe o~ 0.’2)_
galaxy clusters of different richness. The data are the same as| goking at the theoretical results and observational data
th_ose exammed by M\(88. They are listed in Table 1 togethghownin Fig[1, the difficulty in question is soon evident. Models
with an estimate of the iron abundance relative to the solar Valh‘n%\tching the total iron mass are too short in the total gas mass.
Xpe/Xre,» and the red-shift, Columns (4) and (5), respec-gquivalently, all models predict Fe abundances of the ICM that
tively. _ _ are significantly higher, up to more than a factor of ten in some

Throughout this paper, for the iron abundance of the SBﬁses, than the observational determination.

we adopt the photospheric csietermination by Anders & Grevesse | addition, it is worth noticing that in the course of the
(193%9)XFe,® = 4.68 x 107 by number oiXr.. o = 2.62 X years the situation instead of improving got worse. As a matter
107" by mass. Column (4) of Tadle 1 lists the iron abundance By facts, while the MV88 theoretical results were appropriate
mass of the clusters under examination. The use of the solag§i€ethe Fe mass and off by about a factor of ten for the gas
abundance based on meteoritic data that is sometimes prefeﬁﬁ%g& the results of MG95 are off for both quantities (indeed
by other authors would not significantly change the results fPfey marginally match only the Fe content in Virgo). The same

this study. considerations apply to the models by GM97.
The solutions found by MV88, MG95 and GM97 are sum-

marized in Tablg]2.
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3. Why do the standard models fail? of Bressan et al. (1994), designed to fit the CMRs of Virgo

i i i 10
Before giving up with the idea that all the gas and metals we and Coma galaxies. For instance tfieix 10 Mg, galaxy at

in clusters are of galactic origin, i.e. processed by stars insi agety,y = 0.08 Gyr at which galactic winds occur has the
alaxies and subge uentl egx ,ell.e(.jer these viay SN oweT:j%‘fgjp wing fractionary masses of gas and sta:/Mr = 0.08
9 q y exp y P andM, /Mt = 0.90. Similarly, theirl x 102 M, object has

galactic winds, let us pose the general question as to why stgn- — 0.08 Gyr, M, /My — 0.26 and M, /Mp — 0.73. It is
- . , g T — U. s T — U. .

dard models of galaxies fail to supply enough gas and/or me.t%v[%grth mentioning that similar values are also found with the so-

asstﬂrﬁsi%frfzzgg}?r(y :rcw)og(:.tlisé:.sed in so far share the fouowmc%lledinfall—models by Tantalo et al. (1996) aimed at solving the
P prop ’ G-dwarf analog seen in the UV spectra of elliptical galaﬂ(ies

.(|)Agalaxy is concelvgd as single entity of initial total bary- (v) Finally, all SDGW models with the standard Salpeter
onic masM+ embedded in a halo of Dark Matter of mads, . .
|MF cannot explain the observed trend in the enhancement of

and radiusip, chemically behaving as a Closed-Box mOdeelements as a function of the galaxy luminosity (mass): brighter

The gas is turned into stars at a suitable rate till the ener . . ;
ﬁ%ore massive) galaxies seem to be morenriched than the

deposit by super-nova explosions and stellar winds overwhelfns : .

o . . ainter (less massive) ones (see Matteucci 1997 for a recent

the gravitational energy. When this happens, the gas is suppose . : )

o ; review on the subject). Indeed these models predict the opposite

to flow out freely (galactic wind) and star formation to halt. For . : )

more details see Bressan etal. (1994). Whether the alactic wjn Iready pointed out in a number of studies (Bressan et al.
g 6; Matteucci 1997; Chiosi et al. 1998; Chiosi 2000).

occurs instantaneously or over a finite time scale is of margina . .
Among the above remarks two points are relevant here. First,
relevance here because the results would be nearly the same (se
the TCM gas and metal content problem has been addressed us-

GM 1997). : . ;
N ) . ing galaxy models that are not fully consistent with observa-
(ii) The star formation rate (SFR) is usually expressed agigna| data, second models of this type are not able to give back

power of the gas masd,, to the ICM enough gas because they convert too large a fraction
dM of this into stars.
g __ M¥ 1 . . .
dat Ve (1) There is at least one aspect of the problem in which even

the standard models could be improved, i.e. the adoption of

o : . . the one-zone closed-box description. Elliptical galaxies indeed
significant constraint, for instance ensuring that the CMR Rqave spatial gradients in luminosity, mass density, and colors,

elliptical galaxies is recovered (see Bressan et al. 1994). which likely mirror spatial gradients in SFR, metallicity and
(iii) In most cases, the classical IMF by Salpeter (195%her properties. An attempt to deal with all this in a simple

is adopted to calculate the mass distribution of stars and ¥38hion are the multi-zone models by Martinelli et al. (1998)

chemical yields of elemental species. This IMF (hereinafter thg g Tantalo et al. (1998). The most relevant result of this type of

with k = 1. The parameter is derived from imposing some

standard case) is models is that the outermost regions of galaxies experience very
dN . early galactic winds, whereas the innermost ones keep forming
dlogM & (2)  stars for much longer times. Therefore, in the external regions of

, ) L a galaxy, alarger fraction of the available gas is given back to the
wherea = 1.35 and the proportionality constant is fixed by §cp with mild chemical enrichment. Only a small fraction is

normalization procedure over a suitable mass interval, usugll{neq into stars. The opposite holds for the innermost regions.
from M; = 01Mg to M, = 1_00 MG' The IMF_ IN USage IS pegpite the crudeness of the multi-zone approach, the resullts for
particularly relevant because it drives the efficiency of gas i, final outcome are not bad compared with observations (see
cycling and chemical enrichment in turn. Suffice it to mentiogy, inellj et al. 1998, and Tantalo et al. 1998 for all details).
that massive stars (say aba®l.) re-eject a large fraction of \;ti-zone models have already been used by Martinelli et al.
their mass over a time scale short compared to the typical gal ¥¥99) to study the ICM problem.

lifetimes (say 12-13 Gyr), whereas low-mass stars (say smaller tpe gther importantingredient to play with is the IMF of the

than aboutl.5 M) do the same over a time scale COMPargyq; stars formed in galaxies. The subject has been addressed by

ble or longer than the galaxy ages. In the cases in which IME§jiog;j et al. (1998) who proposed models of ellipticals making
different from the Salpeter law have been adopted, the major

changes were limited to the slope in the upper mass range (séewe like to comment here on the remark made by Vazdekis et al.
for instance the models in MG95 and GM97). However, as fér996), Worthey et al. (1996) and Larson (1998) timdiall models

as chemical enrichment is concerned, recalling the definitionaginot be applied to elliptical galaxies because there is less time for
yield per stellar generation (Tinsley 1980), the slope of the |vipfall to be effective and elliptical galaxies in clusters lose rather than

in the low-mass end is even more important than that of the higffrete large amounts of gashis way of reading the infall models
mass one y Tantalo et al. (1996) is misleading. Indeed the authors named infall

) . . models those in which at very early epochs the collapse time-scale and
(iv) The coupling of the above SFR and IMF with the closedpe star formation time scale were comparable, so that as a net result
box description and the current efficiency of super-nova heatinge SFR instead of being exponentially declining as in the closed box
implies that almost all gas is turned into stars before the ongetcription, started small, rose to a maximum and then declined. All
of galactic winds. Good examples are the closed-box mod#is happened before galactic winds took place.
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use of an IMF sensitive to the physical conditions of the sthigh masses. Itis worth clarifying here that strong effects would
forming medium. No use of these models has been made inresult even by changingl; by a modest amount. If the present-

far to tackle the problem of the ICM. day value in the solar vicinity is such thd, ~ 0.20Mg, an
increase oM, up to1 Mg, would significantly change the IMF
4. The IMF of the first stars (see below). As far as the slope of the IMF is concerned very

] . . little can be said. At early epochs the mean slope abby&vas
Is there any plausible reason why the first generations of stafigs|y flatter than today.

in primeval galaxies had an IMF different from the one we see |5 there any theoretical IMF having the kind of behavior we
today and even more important the classical Salpeter law? p5ve discussed in so far?

The whole subject has recently been discussed by Larsonpgqoan et al. (1997, PNJ97), making use of a statistical de-
(1998) to whom the regder should refer for details. Suffice it Kription of the density field emerging from randomly forced
recall a few relevant points: supersonic flows in star forming regions, presented hydro-

(i) The present-day IMF in the solar vicinity can be dedynamical simulations of supersonic flows and found that very
scribed by a declining power law for masses abb¥é., i.e. large density contrasts can develop with log-normal probability
the classical Salpeter (1955) law of relatibh (2), flattening betistribution. With the aid of these, they derived a theoretical
low ~ 0.5 M, and possibly even declining belaw0.25 M, IMF which depends on the physical conditions of the star form-
(Scalo 1998). ing gas, i.e. temperature, density and velocity dispersion. The

The above trends are suitably represented by the followingF by PNJ97 is
analytical relationship -
dN Ms) 3) /0 o(M)dM

M~ %exp(——2
dloght M Texp(=gy

whereM is a characteristic mass-scale. With the above repref> 2 @2

sentation, the IMF approaches the Salpeter (1955) law at Iarg[e (2702)05
. 0

masses, peaks &f, = M;/z, and falls exponentially at lower

masses. where A = 2In© + 0502, © = 1.2x (T/10)}% x
(ii) In this context, the whole problem is reduced to undef,/1000) =%, ando? = In[1 + 0.36(M2 — 1)]; o is the stan-
standing whether andM; have always been the same or theglard deviation of the number density distribution in the field
have changed with time and hence physical conditions of thth respect to the mean/? is the square of the Mach number
medium. M,? = (%4/vs)?, T is the temperature in Ky is the number
(iii) The mass scaldl, might be related to a fundamentadensity incm ™", v, the sound velocity, an&, the velocity
scale in the star forming process such as the Jeans mass (La#égRersion of the gas (in km/s).
1995). The Jeans mass is proportional to the pressure and temThis IMF has a long tail at high masses, an exponential
perature in the star forming clouds, M, T2 P~1/2 where cutoff at the smallest masses, a characteristic peak mass
the temperature is the dominant parameter. This is controlled
by the balance between heating by external radiation fields :MG

cooling by line emission from atoms and molecules and thef; 5 gope continuously varying with the mass. The IMF gets

mal emission from dust. More mtensg radlathn fields and IOWﬁ:étter and\l, gets higher at increasing temperature or decreas-
heavy elements abundances would imply higher temperat“irﬁ&density and velocity dispersion

and largeiV unless there is a sufficiently large compensating Although the mass integration limits of the IMF by PNJ97

increage in pres;urblow were temperatu.re and pressure at th‘E‘lre from O taxo, for the purposes of practical use we integrate the
early timesWhile there are no compelling arguments for thﬂ\/IFfrom M, = 0.1 Mg, toM, = 100 M. This approximation
pressure in star-forming clouds has to be much higher at _ee}QX/alid as long adl, << M,, which applies to all reasonable
times, there are several reasons for the temperature has in s of the gas temperature, density and velocity dispersion.
to be higher. Firstly, the cosmic background radiation tempera- It might be a mere coincidence but the IMF by PNJ97 has
tureTcpr, which is the minimum possible cloud temperaturgy g g of functional dependence on the star mass advocated by
scales with red-shift a¥'cpy = 2.73(1+2), and it becomes | 554, (1998) and given by Efl (3). This is best shown in[Fig. 2,

higher than the present day temperature in molecular cloygge e \ve plot the IMF by PNJ97 for the typical conditions of
(=~ 10 K) at red-shift greater than about 2. Secondly, at earéx

X » < =“'Molecular clouds in the Solar Vicinity, characterized by the set
stages the abundance of heavy elements is lower, which imp %arameterg — 10 K, number density, = 1000 cm™

lower cooling efficiencies per given heating rate. Finally, thgndz. — 2.5 km s ! and the Larson IMF given by EqJ(3)
heating rate was certainly higher in the far past because of W@n 1\1 ~ 0.6 Mg, andM,, =~ 0.25 M. Both IMFs have been
intense field radiation and likely strong stellar activity (SUpeFé-normalized to numerically coincide Af, for the sake of
nova explosions, stellar winds, cosmic rays, etc.) P
(iv) The arguments above suggest that at early stagies
and M,, in turn were significantly skewed towards relatively

M~?exp[—0.5(

2InM — A)Q]dM 1@
g

~ 0.2Mg x (T/10)% x (n/1000) %% x (£4/2.5)"" (5)

representation.
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5. Multi-zone models with variable IMF Y7 1 1
In this study we make use of the SDGW multi-zone spherically
symmetric models developed by Tantalo et al. (1998, TCB98)

in which radial gradients in the gas and mass densities and star
formation rate are taken into account. This same type of models
have already been adopted by Chiosi et al. (1998, CBPT98) tq, 4
study the effect of the IMF by PNJ97.

For the sake of simplicity and better understanding of the
role played by the sole IMF, the closed-box formulation (ng
infall of primordial gas) is adopted, however the contribution ¢t
dark matter to the total gravitational potential of the galaxy to
evaluate the time,,, of galactic wind is taken into account.

The equations governing gas consumption and chemical en-
richment are the same as in CBPT98 and/or TCB98 and will not
be repeated here.

The models are written introducing in each spherical shell °
the density of total baryonic magsthe density of gag, and
the density of starg, and imposing that the present-day mass
density profile follows the Young (1976) law. 00 05 ) 15 2

Basing on the analysis by TCB98 and for the purposes of M/M,
the present study a three-zone description is sufficient. GIVI'::\'g 2.The stellar IMF. The thick solid line is the IMF by PNJ97 for a
a spherical proto-galaxy of total gas mags, total radiuskr typical molecular cloud in the Galactic Disk for which the following
and effective radiuR., three typical zones are recognized: parameters are assumati= 10 K, number densitys = 1000 cm™

(i) The sphere inside the effective radiRs, in which most and3, = 2.5 km s™'. The thin dotted line is the Larson (1998) IMF
of the gas is turned into stars and metals are made. for the Solar Vicinity according to EQ.Y3), withl; ~ 0.6 M and

(ii) The intermediate corona of thickneasR comprised Mp 2 0.25 Mo
betweenR. and2 x R., in which only a fraction of the gas is
turned into stars and yet significant chemical enrichment occurs. Energy balance.In order to calculate the IMF one has to
(i) Finally, the outer corona of thicknes&R comprised know the_densﬂy, temperatu_re and velocity disperSipwf the
from 2 x R, to Ry (total radius), in which very small star for- star forming gas. This requires to model the thermal response

mation and metal enrichment take place. The gas of this reg‘?afrgaS to supernova and stellar winds heating rate and cooling

te by radiative processes.
is essentially ejected back into the intergalactic medium with
no chemical processing. Following CBPT98 to whom the reader should refer for all

By definition (see TCB98 for all details), the baryonic mas%etails’ the task is achieved by solving the energy equation

Solid Line: Padoan’s et al. IMF

T=10, Z=2.5, n=1000

contained in each zone has fixed values, naméd(R.) = dE A

' N —=H H Hy — — 8
0.414 x My, M(AR); = 0.189 x M, and M(AR). = dg C BT HM= ®
0.397 x Mr,.

A cant i b that, oth where E(T,pg,t) is the energy input per unit mass,
nimportant point to remember is that, owing to the occug r(T, pg, t), Hu andHc are the heating rates (per unit mass)

rence of galactic winds, only part of the initial proto- galacugg radiative, mechanical, and collapse origin, respectively, and
massMy, will survive as a galaxy made of stars. The mass (T, pa, t) is the cooling rate (in units afrgs cm—* 1)
g .

this is given by . I .
(i) The termH¢ is related to the very initial period of galaxy
Mg = Ms(Re) + Mg(AR); + M(AR)e formation (see CBPT98 for details), it provides the initial gas
= Mg, — Mg(Re) — Mg(AR); — Mg (AR), (6) temperature, but has marginal effects on the subsequent evolu-
tion of the galactic models.
whereMs(Re), M (AR);, andM (AR). are the masses in stars (i) The termHg, is made of the contribution from supernova

ofthe three regions, wherell (R. ), Mg (AR );, andMg (AR)e explosions (both Type I and Il) and stellar winds from massive

are the same but for the expelled gas. tars (only 0.3 of their total kinetic energy is used), and a small
Star Formation. The SFR is always the Schmidt law buf : yo. . gy L
expressed as raction (0.01) of the ultraviolet flux from massive stars.

(iif) The term Hy; owes its origin to mechanical interac-
dpg(t) = vpy(t)" @ tions of different nature among gas clouds, such as collisions,
dt ¢ shock waves, friction, cosmic rays, etc. Looking at cloud-cloud
wherex = 1 andv is the specific efficiency. This is calibratedcollisions as the primary source, this term is expressed by
to reproduce the CMR of elliptical galaxies in Virgo and ComHy = nu x X7 /tg whereny is an efficiency parameter mask-
(Bower et al. 1992). ing the real complexity of the overall problefiy; plays the
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L H,=50 q,=0 z,,=5 - L H,=50 q,=0 z,,=20

for

for

Fig.3. M, as function of the age for the

central spher@/I(R.) of galaxies of different

massMy, as indicated by the lower case letters:

g - 1  1x10®Mg (a),1 x 10° Mg (b),1 x 10'° Mg

(€),1 x 10" Mg (d), 1 x 10*2 Mg, (e). The left

ol Lo 1 T A S panel is forzs,, = 5, whereas the right panel is
-2 -1 0 -2 -1 0 for zeor = 20. In both case$l,=50 km/s/Mpc

Log Age(Gyr) Log Age(Gyr) andqo=0 as displayed

dominant role because it ultimately sets the minimum tempe&-Models with different zgo,

ture attainable by the collapsing gas. In other words, this parawm— .
eter somehow controls the valueldf,: the lowern, the lower twas a”e"."dy clear from the C.BPT98 re;ults that by changing
the red-shift of galaxy formation, galaxies of the same total

E’hl(\)/{ﬁ('j f\esf;n;grl):jg; ?I;Bevea:g &Sgig?;nt;ogzgr?h;??h;e?g_en[nass would form stars and evolve in different fashion thanks to

sulting galaxy models were able to simultaneously match tElhe different minimum gas temperature at the very early stages.

€ ) .
CMR and tilt of the Fundamental Plane of elliptical galaxies. A pdeed a galaxy of any mass formed at higher red-shift can
the models presented here are calculated wjth= 2 x 1076,

expel more gas than an object of the same mass formed at lower
Radiative and molecular cooling The cooling term

red-shifts.
Au(T. pa. t) is derived from literature data (see CBTP98 for To follow up with this idea, we have calculated model galax-

the references). The effect of different metallicities is taken inﬁ(e)s with different values Offfﬁ' For Ehle sake of S|mpll§:|ty we
account ave adoptedly, = 50 km s~ Mpc~*' andqg = 0 to fix the

The thermal model. At each time stepht the energy equa- ma)'(llhmeuma?r? ) r?f;(?j Ial),l({all.ntities characterizing a model and its
tion is solved assuming that heating-expansion and coolinsq- pny gual L 9
. , .- structure are summarized in Table 3 limited to the central sphere
contraction of gas occur at constant pressure until equilibrium

values for the temperature and density are reached. They de?grq intermediate shell. For each zone we list the maximum val-

mine the Jeans mass above which gas clouds are gravitation u?ir?mfﬁe eZ?Id g?:zsspciﬂg'gggi‘? :ﬁ?&ir;fmgéraciia@?fg the
unstable, and fix the velocity dispersialy of the gas clouds 9 y stages, 9 9 !

via the assumption of energy equi-partition. From now on tﬁractlonary Masses Of gas and stars, and the mean metaliicity
. that are attained at this stﬁe
unstable gas clouds are conceived as thermally decoupled fro ) -
. . ) ) . To illustrate the effect of¢,, on the minimum gas tempera-
the surrounding mediunHg is switched off, whereaHly; is . . R = .
ture andM,, in turn, we display in Fid.13 the variation &f, in

retained) and let reach the collapse temperature and density.
Inany case, the gas temperature cannot fall below the current

value of the CBR 2 In order to avoid misunderst_anding, the fractionary masses of gas
and stars refer to the total mass in the zone and not the total mass of the
Teprlz(t)] = 2.73 x [1 + 2(1)] (9) proto-galaxy. Therefore they must be suitably rescaled. For instance,

if the central region has a fractionary mass of stardhe real mass in
solar units iMs = gs X M(Re) = qs x 0.414 x My,. The same for
the gas and all other regions.

wherez(t) is the red-shift corresponding to the galactic age
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Table 3.Basic data of the models both for the central sphere insi¢R.) and the intermediate sh&ll(AR);. The correspondence between
Zior and galaxy ag g is for Ho = 50km/s~' /Mpc andqo = 0.

Inner Sphere Intermediate Shell
max max M Mg max max M Mg
My, Tg M begw M(rfe) M(Re) (Z) Tg Mp bgw M(Agi{)i M(AR); (Z)

Red-shift of formatiores,, = 5; Galaxy agel'c = 16.45 Gyr

le6 19.1 0.100 0.82 0.002 0.995 0.0002 240 0.825 0.01 0.984 0.016  0.0001
le7 217 0100 0.90 0.002 0991 0.0008 26.0 1.280 0.06 0.582 0.416  0.0005
1le8 255 0211 0.86 0.005 0974 0.0015 299 1790 0.05 0.621 0.373  0.0021
1e9 295 0300 0.82 0.011 0942 0.0059 338 2350 0.07 0.582 0.403  0.0057
le01 339 0417 0.74 0.019 0907 0.0155 379 3.010 0.06 0.581 0.390  0.0025
lell 38.0 0.549 052 0.053 0.858 0.0295 465 5270 0.09 0.630 0.280  0.0012
lel2 426 0801 0.39 0.123 0.770 0.0511 539 8.340 0.01 0.979 0.021  0.0001

Red-shift of formatiorzs,, = 10; Galaxy agel'c = 17.98 Gyr

le6 30.0 0.100 0.75 0.003 0.993 0.0002 30.5 0.105 0.02 0.866 0.134  0.0001
le7 30.0 0.146 0.77 0.004 0985 0.0007 29.2 0954 0.05 0.670 0.316  0.0046
1le8 31.0 0.158 0.71 0.012 0.955 0.0025 29.7 0.839 0.05 0.694 0.284  0.0080
1e9 320 0.165 0.79 0.016 0922 0.0083 321 0928 0.06 0.680 0.280  0.0029
lel0 332 0.170 0.63 0.031 0892 0.0168 358 1200 0.06 0.692 0.270  0.0010
lell 350 0.195 043 0.080 0.837 0.0272 426 1860 0.08 0.692 0.265  0.0020
lel2 40.7 0316 0.39 0.127 0.769 0.0446 526 3.610 0.01 0.984 0.016  0.0000

Red-shift of formatiores,, = 15; Galaxy agel'c = 18.61 Gyr

le6 365 0319 057 0.011 0980 0.0003 43.7 2240 0.01 0.919 0.081  0.0001
le7 40.0 0.446 0.63 0.022 0934 0.0030 43.7 2.000 0.01 0.910 0.088  0.0002
1e8 43.0 0367 0.70 0.024 0905 0.0077 437 1755 0.05 0.755 0.215  0.0132
le9 433 0313 060 0039 0871 0.0178 43.7 1555 0.06 0.754 0.214  0.0020
lel0 434 0.275 0.25 0.197 0.741 0.0206 43.7 1380 0.06 0.753 0.213  0.0026
lell 435 0.247 0.22 0271 0.660 0.0292 43.7 1230 0.09 0.752 0.211  0.0027
lel2 436 0.245 0.22 0.322 0595 0.0408 437 1680 0.01 0.984 0.016  0.0001

Red-shift of formatiores,, = 20; Galaxy ageél'c = 18.91 Gyr

1le6 434 0548 043 0.033 0953 0.0005 573 3861 0.01 0941 0.058  0.0001
le7 486 0.802 0.32 0.100 0.859 0.0029 57.2 3441 001 0.932 0.066  0.0009
le8 547 0.719 0.28 0.149 0.791 0.0107 57.2 3.040 0.05 0.800 0.166  0.0184
1le9 56.8 0543 0.22 0.233 0.707 0.0179 57.2 2690 0.05 0.820 0.151  0.0213
lel0 570 0475 0.19 0322 0.613 0.0266 57.1 2360 0.06 0.810 0.160  0.0026
lell 572 0426 0.19 0378 0548 0.0365 57.3 2130 0.09 0.820 0.140  0.0047
lel2 57.2 0421 0.20 0.420 0.494 0.0500 57.3 2110 0.01 0.984 0.016  0.0001

the central sphere of the proto-galaxies of nidgsas a function () In the very early stages of a galaxy, the temperature of
of the age in two extreme casesxf;, as indicated. the star forming gas though cooler than the curiiéntg ~ 18

Itis soon evident that, while some general trends can be récis relatively low, and the mean gas density and velocity
ognized, there are also strong effects of the red-shift whichdrspersion®, determine the starting value &i,. Since they
the present formulation of the problem are duf'tgsg [2(t)]. are lower and larger, respectively, in galaxies of high mass as
Recalling thatM,, increases with the gas temperature, and deesmpared to those of small ma3s, is skewed towards more
creases with the gas density and velocity dispersion, the fingssive stars, and the slope of the IMF aldaygtends to flatten
outcome will depend on the competition between these cat-increasing galaxy mass.

trasting effects. . ) i
(ii) The energy from supernova explosions and stellar winds

is injected into the interstellar gas making it hotter and hotter
till a sort of equilibrium stage is reached, during which both the
In the case of,, = 5, soon after the initial staged,, falls to 9as temperature arid,, remain nearly constant.

the lowest permitted value 6f1 M. The early variations with (iii) However, as star formation proceeds, the gas gets richer

time and galaxy mass are however sufficient to determine {ignetals thus increasing the cooling efficiency. The situation is
different evolutionary histories of galaxies with different Masgyentually met in which cooling is so efficient that the gas tem-

The following remarks can be made perature and peak mass of the IMF in turn start decreasing. This

6.1. The reference case with, = 5
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implies that less energy is injected into the interstellar mediumaterial dispersed into the ICM by calculating the galactic ejecta
with consequent catastrophic fall-off of both temperature awnd various elemental species.

peak mass to their limit values. These are Thesr [2(¢)] and The obvious criticism to these results is that they depend
the associated!,. In no case, howevel], is let fall below on the type of model used. While this may apply to the details,
0.1 My (see Fid.B). the main conclusion holds that given a certain amount of gas

(iv) The duration of this initial phase is longer at increasingrone to become a galaxy only a fraction of it goes into stars,
mass of the proto-galaxyly,, but in any case it is short com-all the rest is dispersed back into the cluster medium after some
pared to the total galaxy lifetime. However, it bears very mudhiclear processing has taken place.
on the final outcome, because it determines the kind of stellar This possibility is also supported by N-body Tree-SPH mod-
populations one would expect in galaxies of different mass. €IS of galaxy formation and evolution by Carraro etal. (in prepa-

(v) The overall duration of the star forming activity increase@t'on)' in which only about half of the initial baryonic mass of

at decreasing galaxy mase. Atsp o M- ! as suggested bya galaxy (originally in form of gas) is turned into stars. All the
the abundance ratiogy/Fe] L rest is either dispersed to very large distances from the galactic

center or ejected in form of galactic winds. Furthermore, these

(vi) ’IA‘S the central reg|onsf ofa galaxylareldenser thanht%dels show the highest fraction of gas turned into stars falls
external ones, we expect star formation to lastlonger over thgfgin the effective radius, whereas outside it little if none star

formation occurs, in that much resembling our semi-analytical
6.2. The case of highet,, models.
The most important result of these calculations is that the

In.the case ofgor = 20, the above trends are much different. Ir;étandard one-zone models likely underestimate the effect of
this cas€l'cpr[2(t)] ~ 60 K and the temperature dependencgalactiC wind

of M, prevails. The peak mass starts and remains relatively
high, and decreases only when metals provide enough cooling.
However, the dependenceldf, on the gas density and velocity7. Ejecta from galaxies
dispersion reverse the correlation with the galaxy mass: lower

mass galaxies have the higher peak mass. Fingjlfalls to the In the SDQW model,. early onin the galaxy life the high rate of.
limit value only after about 1 Gyr, i.e. much longer than in thl§N explgsmns supp!lesthe gas with so much energy thatdespllte
previous case. Similar trends are found the other intermediHig €00ling mechanisms, the gas heats up to the stage at which
values ofz,,. its thermal energy exceeds the gravitational potentlz_il energy and
the gas leaves the galaxy. From now on star formation stops and
the rates of SN explosions (Type Il first and Type | later) decline

6.3. Gas and metal ejection to small values. Shortly after the ejection of the galactic wind

As far as the contribution to metals and gas from the three zo#g@Y about 0.5 Gyr) the energy injection by SN explosion gets
of each galaxy we note the following: negligible small.

(i) As expected, the bulk of metals are made in the cep In the meantime, the stars formed during the previous ac-
tral sphere and from this ejected in the form of winds. Thllve phase get old and eventually dye. When about 0.5 Gyr have

holds independently of the galaxy mass apg. Looking at the i?\?esfed’(saal‘l m2a i?v)e vsvtr?ézehgvtz %igiggg;tea\::higga:‘:gg:f n-
galaxy withMp, = 1 x 10° Mg, for z, = 5 the fractionary » ©»

. jecting a fraction of their m Vi iet stellar winds. There-
amount of gas ejected by the central sphere at the stage of g é%(—: g a fraction ot fheir mass via quiet stefia ds. There

L _ ore lots of gas are progressively accumulated in the galaxy.
ticwind isMg /M(R.) = 0.011, the restis in stars and remnant d prog y galaxy

. hat is the fate of this gas?
(M /M(R.) = 0.942), whereas the same galaxy if fprmed a Following the discussion by GM97, three pas§- scenarios
zior = 20 would expelM;/M(Re) = 0.233 and retain only have been envisaged:
Mg/M(R.) = 0.741 in stars (the rest is in remnants). _ _ ged: _ _

(ii) The intermediate shell, though undergoing lighter stel-II (@) Clc_);tlnlio(ljjsty[:e-la ?tN-(irr:ven_V\gndhs up 'FO the tpresen'i.
lar activity, is an important source of partially enriched gaé gas liberated by stars after the wind pnase 1s conftinuously
The typical gas fraction expelled by the intermediate shell ?%ected frqm gaIaX|es.. Th_|s possibility is not very likely bec'?use
aboutM, /M(AR); = 0.5-0.9, with metallicities ranging from of the continuous decline in the energy supply by SN explosions.
Z=0.0001 to Z=0.02. The rest of the mass is in stars and rem- (ii) Suppression of all the la-driven winds. All the gas lib-
nants. erated by stars is retained. The picture is extreme, but not to far

(i) The situation is even more extreme in the outermo&fom reality because most of the gas lost by.sta}rs haS.|0V\.l kinetic
corona, in which no significant star formation and metal enricRN€rgy, not enough to overwhelm the gravitational binding en-
ment take place. The gas is simply ejected back into the ICNFT9Y- Mostlikely the gas is heated up to the virial temperature of

Therefore, the outer regions of the proto-galaxies are ifne galaxy and retained within the potential well of dark matter.
kind of engine we want, by which primordial gas is partially (iii) The so-called standard modelin which the galactic wind
nuclearly processed without being fully converted into stanghase stretches over a time interval of about 0.5—-1 Gyr and then
In the section below we will better quantify the amounts aftops. The amount of gas expelled in the aftermath of the galactic
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Table 4. Ejecta from galaxies with the IMF of Padoan et al. (1997) formed at different red-shifts These ejecta refer to the gas contained
in the galaxy when the galactic wind driven by supernova explosions took place.

e Mp MZ My M3 Mg R
Inner SphereM (R.) Intermediate ShellM(AR);

20 le6 1.35E+04 1.03E+04 2.62E+01 1.47E+01 1.78E+05 1.42E+05 1.24E+01 1.21E-01
20 le7 4.14E+05 3.12E+05 2.00E+03 9.02E+02 1.76E+06 1.41E+06 1.22E+03 5.02E+01
20 1le8 6.17E+06 4.51E+06 6.99E+04 2.43E+04 1.53E+07 1.10E+07 3.37E+05 2.35E+04
20 1le9 9.65E+07 6.82E+07 2.01E+06 4.06E+05 1.57E+08 1.09E+08 3.54E+06 2.42E+05
20 lel0 1.33E+09 8.91E+08 4.02E+07 6.04E+06 1.77E+09 1.41E+09 A4.50E+06 4.60E+05
20 lell 1.56E+10 9.77E+09 5.86E+08 7.91E+07 1.77E+10 1.40E+10 6.01E+07 5.80E+06
20 lel2 1.74E+11 9.81E+10 7.76E+09 1.04E+09 1.86E+11 1.49E+11 1.27E+07 2.47E+06

15 le6 4.64E+03 3.50E+03 3.07E+00 4.85E+00 1.74E+05 1.39E+05 2.02E+01 2.22E-01
15 le7 9.19E+04 6.66E+04 1.29E+02 3.02E+02 1.72E+06 1.37E+06 1.31E+03 3.63E+01
15 le8 9.85E+05 7.03E+05 3.78E+03 7.71E+03 1.44E+07 1.06E+07 2.70E+05 2.05E+04
15 1le9 1.63E+07 1.13E+07 2.32E+05 1.84E+05 1.69E+08 1.34E+08 6.45E+05 3.39E+04
15 lel0 8.16E+08 5.60E+08 2.04E+07 4.06E+06 1.77E+09 1.41E+09 3.38E+06 3.22E+05
15 lell 1.12E+10 7.25E+09 3.71E+08 5.88E+07 1.76E+10 1.39E+10 5.06E+07 4.74E+06
15 lel2 1.33E+11 7.91E+10 5.45E+09 8.07E+08 1.86E+11 1.49E+11 9.80E+06 1.86E+06

10 le6 1.16E+03 8.50E+02 2.85E-01 1.11E+00 1.64E+05 1.31E+05 4.07E+01 1.42E+00
10 le7 1.85E+04 1.34E+04 7.50E+00 3.27E+01 1.27E+06 9.87E+05 1.12E+04 1.14E+03
10 le8 5.01E+05 3.59E+05 7.55E+02 2.31E+03 1.32E+07 1.00E+07 1.78E+05 1.54E+04
10 le9 6.54E+06 4.59E+06 3.99E+04 6.99E+04 1.71E+08 1.35E+08 6.40E+05 1.02E+05
10 lel0 1.28E+08 8.75E+07 2.18E+06 1.56E+06 1.76E+09 1.40E+09 2.71E+06 2.59E+05
10 lell 3.32E+09 2.15E+09 1.00E+08 3.26E+07 1.75E+10 1.39E+10 5.38E+07 5.20E+06
10 lel2 5.26E+10 3.06E+10 2.22E+09 5.55E+08 1.86E+11 1.49E+11 6.53E+06 1.19E+06

5 le6 7.33E+02 5.37E+02 1.33E-01 5.97E-01 1.10E+05 8.79E+04 9.57E+01 1.71E+01
5 le7 9.36E+03 6.76E+03 3.31E+00 1.51E+01 1.18E+06 9.33E+05 3.96E+03 5.14E+02
5 le8 2.24E+05 1.60E+05 2.16E+02 8.87E+02 1.11E+07 8.58E+06 9.24E+04 1.06E+04
5 le9 4.47E+06 3.15E+06 1.68E+04 4.11E+04 1.74E+08 1.38E+08 2.35E+05 1.97E+04
5
5
5

lel0 7.95E+07 5.48E+07 1.00E+06 1.12E+06 1.76E+09 1.39E+09 5.39E+06 9.11E+05
lell 2.21E+09 1.44E+09 6.36E+07 2.73E+07 1.75E+10 1.39E+10 9.91E+07 7.64E+06
lel2 5.09E+10 2.97E+10 2.18E+09 5.44E+08 1.85E+11 1.48E+11 8.43E+06 1.30E+06

Note: The ejecta from the outermost coraigAR). areMg! = 0.397 x My, M§l = 0.8 x 0.397 x My, Mg ~ 0 andMg, ~ 0.

wind is actually a sizable fraction of the large reservoir in the For the purpose of subsequent comparison, we also calcu-
stars that have not yet reached their final stage. This is alate ejecta from model galaxies of the same mass and same
confirmed by the calculation of GM97 and the little change iphysical scheme, but with the assumption that the stellar IMF
the total ejecta found passing from their minimal to maximas always the Salpeter (1955) law given by Kd. (2). The results
case. are presented in Taklé 5 with the same notation used in Thble 4.
In order to minimize the number of assumptions we limit To give a quick idea of how the ejecta vary as a function of
ourselves to the most unfavorable yet realistic case: after thass, red-shift;,. and type of IMF we plot in the two panels of
galactic wind episode, no slow gas ejection from galaxies takeéig [4 the sum of the ejectd};, (open triangles) anlsllgj (filled
place. squares) from the central sphere and intermediate shell obtained
The mass of various elemental species (H, O, Fe) and tdiglusing the IMF by PNJ97 (y-axis) and the classical Salpeter
gas expelled by galaxies of different mass whose star formitdF (x-axis). The diagonal line is the locus where the two types
history began at different red-shifts are presented in Tableof.ejecta are equal. Moving from bottom-left to top-right in
The following notation is usedvl;}, M¢), Mg, andMgj forthe each panel the madd;, of the proto-galaxy increases. The left
mass of hydrogen, oxygen, iron, and total gas (all in solar unitapd right panels are fof,, = 5 andzg,, = 20, respectively.
In presenting the data, distinction is made between the ejeEtestly we note that at increasing;, the IMF by PNJ97 tends
from the central sphere, the intermediate shell, and the out@produce more Fe as compared to the Salpeter IMF and less Fe
corona for the sake of better understanding. However, whiem low Mp,. The cross-over maddy, depends on the red-shift.
eventually using these data, the total ejecta will be the sumSdcondly, the gas ejecta are always nearly identical.
all the components.
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Fig. 4. Total amounts oM, (open tri-
i A i i 4 1 angles) and\ig (filled square) ejected
by the central sphere and intermediate
I ] i 7 shell as a function of the proto-galaxy
A A massM;, type of IMF, and red-shift
i ] i 71  zwor. The x-axis displays the ejecta with
the Salpeter IMF, whereas the y-axis is
ot L L ot L L the same but for the IMF by PNJ97. The
0 . 5 10 0 . 5 10 plotted quantities are the logarithm of
Ejecta (Salpeter) Ejecta (Salpeter) M andM¢! in solar units

Table 5.Ejecta from galaxies of different mass, whose IMF is the stan-  Finally for the purpose of general use and sake of com-
dard Salpeter law independently of the red-shift of galaxy formatiopleteness we calculate the ejecta from dying stars all over the
The ejecta refer to the stage of galactic wind and the gas present inglgaxy life from the stage of galactic wind to the present. We

galaxy at that time. All masses are in solar units. limit ourselves to the case of the IMF by PNJ97. The results
- , _ ' are contained in Tabld 6 with the same notation as in the previ-
My MY My Mg M. ous tabulations. By comparing the entries of Table 4 to those of
Inner SphereM(Re) Table[6 the following remarks can be made:
le6  5.51E+04 3.64E+04 1.23E+03 1.89E+02 (i) The ejecta in stellar winds are always larger than the
le7 2.74E+05 1.73E+05 6.91E+03 1.75E+03 ejecta in the galactic wind.

le8 1.48E+06 9.15E+05 3.86E+04 1.54E+04

169  G87E+06 423E406 1.68E+05 121E+05 (i) The gas and heavy element ejecta in stellar winds from

110 3.67E+07 2.34E+07 B8.20E+05 8.33E+05 the inner sphere increase those by galactic wind roughly in equal
lell 1.73E+08 1.12E+08 3.80E+06 4.05E+06 proportions so that their inclusion would not alter the abun-
lel2 9.44E+08 6.13E+08 2.07E+07 3.11E+07 dances of oxygen and iron.

Intermediate ShellM(AR); (iii) The intermediate corona contributes to the yield of
1e6 1.19E+05 931E+04 6.10E+02 3.07E+01 heavy elements more than in the previous phase, whereas it par-
1e7 1.02E+06 7.84E+05 8.95E+03 5.04E+02 allels the contribution to the gas. This can be explained by the
1e8 7.60E+06 5.66E+06 9.80E+04 6.61E+03 different kind of IMF existing in the external regions. Owing to
1e9  4.88E+07 3.45E+07 8.65E+05 8.07E+04 the lower gas density the IMF is indeed more skewed towards
1lel0 2.93E+08 1.97E+08 6.25E+06 8.62E+05 massive stars (see the entries of Table 3) and consequently it
lell 1.59E+09 1.05E+09 3.12E+07 5.28E+06 favors the production of Type Il (and Type 1) SN. Were these
lel2 8.37E+09 5.62E+09 41.40+08 4.30E+07 ejecta be included in the models, the final abundances would

certainly change. However for the arguments given above this

Note: The ejecta from the outermost coronHAR). are MY = 2 i
: WHAR) N possibility seems to be unlikely.

0.397 x Mr,, M§l = 0.8 x 0.397 x My, Mg ~ 0 andMg, ~ 0.
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Table 6. Total gas emitted by dying stars either in form SN explosions (type | and II) or quiet stellar winds since the time of galactic wind to the
present. These quantities refer to the models with the IMF of Padoan et al. (1997).

me My MP My M3 Mg Mg Mg Mg g
Inner SphereM(R.) Intermediate ShelM(AR);

20 le6 1.07E+05 7.76E+04 5.75E+02 2.67E+03 9.00E+03 6.00E+03 5.46E+02 1.46E+02
20 le7 1.71E+06 1.19E+06 1.51E+04 6.31E+04 1.00E+05 5.00E+04 6.97E+03 1.45E+03
20 le8 1.67E+07 1.15E+07 2.24E+05 7.11E+05 2.00E+06 1.20E+06 6.60E+04 5.94E+04
20 1le9 1.47E+08 9.98E+07 2.56E+06 6.26E+06 1.70E+07 1.10E+07 5.90E+05 5.34E+05
20 lel0 1.28E+09 8.49E+08 2.83E+07 5.70E+07 1.20E+08 9.00E+07 3.01E+07 2.70E+06
20 lell 1.15E+10 7.33E+09 3.02E+08 5.46E+08 1.20E+09 1.00E+09 3.09E+08 2.58E+07
20 lel2 1.03E+11 6.29E+10 3.24E+09 5.47E+09 2.00E+09 1.00E+09 2.93E+08 3.26E+07

15 le6 6.25E+04 4.63E+04 2.62E+02 1.25E+03 1.10E+04 7.00E+03 4.44E+02 1.96E+02
15 le7 1.15E+06 8.25E+05 8.07E+03 3.70E+04 1.20E+05 8.00E+04 6.61E+03 2.12E+03
15 le8 1.22E+07 8.58E+06 1.22E+05 4.91E+05 2.60E+06 1.70E+06 7.00E+04 7.71E+04
15 1le9 1.31E+08 8.86E+07 2.11E+06 6.08E+06 2.00E+07 1.60E+07 2.62E+06 2.89E+05
15 1lel0 1.31E+09 8.90E+08 2.48E+07 5.64E+07 1.20E+08 9.00E+07 3.18E+07 4.25E+06
15 lell 1.22E+10 8.05E+09 2.83E+08 5.51E+08 1.30E+09 1.10E+09 2.94E+08 2.47E+07
15 lel2 1.13E+11 7.09E+10 3.15E+09 5.59E+09 2.00E+09 1.00E+09 2.58E+08 2.94E+07

10 le6 2.78E+04 2.12E+04 7.81E+01 3.77E+02 1.60E+04 1.10E+04 2.69E+02 2.94E+02
10 le7 4.33E+05 3.27E+05 1.52E+03 7.35E+03 3.80E+05 2.53E+05 5.90E+03 9.76E+03
10 le8 7.78E+06 5.65E+06 4.96E+04 2.26E+05 3.30E+06 2.30E+06 6.30E+04 8.86E+04
10 1le9 9.16E+07 6.43E+07 9.90E+05 3.68E+06 1.80E+07 1.50E+07 2.63E+06 4.24E+05
10 lel0 1.05E+09 7.14E+08 1.72E+07 4.80E+07 1.30E+08 1.00E+08 3.26E+07 4.87E+06
10 lell 1.17E+10 7.76E+09 2.53E+08 5.45E+08 1.40E+09 1.10E+09 2.92E+08 2.49E+07
10 lel2 1.17E+11 7.34E+10 3.39E+09 6.12E+09 2.00E+09 1.00E+09 2.09E+08 2.67E+07

5 le6 2.23E+04 1.72E+04 4.79E+01 2.31E+02 3.20E+04 2.31E+04 1.53E+02 6.38E+02
le7 2.83E+05 2.16E+05 7.96E+02 3.84E+03 3.30E+05 2.27E+05 2.64E+03 7.69E+03
le8 4.71E+06 3.50E+06 2.23E+04 1.05E+05 3.80E+06 2.62E+06 4.36E+04 9.94E+04
le9 7.08E+07 5.08E+07 6.03E+05 2.43E+06 1.50E+07 1.20E+07 3.26E+06 6.14E+05
1lel0 9.10E+08 6.29E+08 1.32E+07 3.90E+07 1.30E+08 1.10E+08 2.94E+07 3.74E+06
lell 1.12E+10 7.42E+09 2.43E+08 5.11E+08 1.40E+09 1.10E+09 2.89E+08 2.59E+07
lel2 1.15E+11 7.13E+10 3.56E+09 5.90E+09 3.00E+09 2.00E+09 1.76E+08 3.07E+07

(62BN 02 B¢, NG I RNe) |

Note: The ejecta from the outermost cordigAR). areMS ~ 0, M§] ~ 0, Mg ~ 0 andM{J, ~ 0.

8. Modelling the ICM gas and metal contents 8.2. The new approach

8.1. A reminder of the standard method The situation we want to deal with is more complex. First the

. AR 5 .. ejectaM;’ are not simple power laws dfl;, or luminosity,

I usual method i o megtate over the Schechie (1976) Goon ey depend o i the mass range of galaies we
9 see today has likely varied with time (red-shift). Therefore, the

m|no_5|ty funcﬂo_n. By no_rm_ahzmg to_a cluste_r S '“m'F‘OSEB% straightforward use of the Schechter luminosity function can no
from its population of elliptical galaxies and introducing the lu-

L . o . longer be applied.
mlnosny_L for the bright end OI the Ium|.n05|ty function and Based on these motivations, we prefer to follow a different
the auxiliary variabley = Ly /L3, one writes the total mass

. ) : . approach whose essential steps are as follows:
M{ of elemental species ejected into the ICM by galaxies OPp P

luminosity greater thah:i»

o o (i) We start from the standard cosmological picture, in which
M o M (y) Y exp(—y) dy the mass density of the Universe is dominated by collision-less

e (20) NN .
Ly fymm Ly y” exp(—y) dy Dark Matter, and structures in this component form from hier-
archical gravitational clustering starting from small-amplitude,

wherey is a suitable exponent and the ejecta are supposed tabed fluctuations, with smaller objects collapsing first and then
functions of typeM;’ (). If the functionsM;’ are power laws merging to form larger and larger objects. Haloes of Dark Mat-
of the luminosity, then EqL{10) reduces to a simple incompletier formed in this way yield the gravitational potential wells
I'-function as in MV88, Elbaz et al. (1995) and the casbwbt in which gas collects to form galaxies (Lacey & Cole 1993,
modelin Martinelli et al. (1999). More complex situations arel 994 and references therein). On the average, the proportion of
not of interest here. Baryonic to Dark Matter is about 1:10.
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(ii) In this context, the fractiond of mass in Dark Mat- function actually represents a mass aggregation process rather
ter Haloes with mas3l1, at timet, per intervaldM (Press & than hierarchical fragmentation of proto-clouds as in the case of
Schechter 1974; Lacey & Cole 1994) has the functional depéhe stellar IMF. In other words at any time a galaxy of miss

dence can either be the result of aggregating two galaxies of smaller
4 1 /9N1/2 m 438, My 252 mass that aIrea_dy had their stellar acti\_/ity and cons_equent gas
— = = (7) ( ) ( *) X ejection phase in the past, or be an object undergoing star for-
dM M A 6 M mation and gas ejection for the first time. The simplest way we

(n+3)
3

X exp{ _ 1( M*) } (11) Ccanimagine to take this into account is that at any time (red-
2\M shift) only a fraction (say one half) of the galaxies with mass
whereM* is the high-end cut-off mass, which in turn varied/y, are eligible to form stars and soon after eject gas. However,

with the red-shift it is easy to understand that with the normalization procedure
. e to be discussed below the above correction has no effect on the
M" = Myor X (14 2)7 75 12)  final results.

The exponent is the spectral index of the initial power spec- The problem now is to determine the lower integration limit
trum of the perturbations. The masky., is here a free param- Mi'* as a function of time (red-shift). The upper limit is less
eter used to fix the total mass in a cluster. important because of the cut-off mask in the exponential

(i) For the purposes of the present study, we will assunigm so that extending the integr_atior_w FO a large value of the
that at any time and hence red-shift, relatidns (11) (12) a[B@ss or even too for the sake of simplicity is acceptaple.
represent a sort of mass function for galaxies. In other words, we 1e9mark et al. (1997) have addressed the subject of the
assume that the mass spectrum of proto-galaxies follows, alt:?éri}a"eSt mass size c.)f.th'e first cosmological objectg, i.e.the min-
suitably scaled, the same distribution of Dark Matter. Based um mass'that a vmahzgd gas 9'0“0_' must have in ord.er. to be
this assumption)M* acquires another meaning. Indeed, it Ca%_leto cool in the Hgbbletlme. This minimum mass thatisiden-
be conceived as the typical mass-scale of individual galaxied 49 nere wﬂfMgm isfoundtobe strogngly red-shiftdependent,
any red-shift. In order to avoid confusion we will refer to it agropplng from10 MQ at.z = 1510 10° Mg, atz_ = 100. From ,
M; and name the correspondibé., mass adlk,__. For this the regults shoyvn in their Fig. 6, we have derived the following
latter, we assume the typical value of a galaxy with large ma§’§‘,"’llytlcal relations
i.e. Mk, =1 x 10" M at red-shiftz: = 0. MP® = 1.15 x 1012 (1+2)73? for 15 < (14 2) <30

(iv) In addition to this, the following scenario for the bulk Omein — 595 % 10°
stellar activity and hence gas ejection from galaxies of different™
total mass is envisaged. At any red-shift, lumps of gas withat are fully adequate to our purposa§{" is in solar units).
different mass reach the threshold condition for forming stars, do Both M; and M are plotted in Fid.b as a function of
it on a relatively short time scale, and then cease because ofttreered-shift:. The cut-offM; mass plotted here is fodk . =
galactic wind mechanism. At any red-shift, there is suitable mag¥® M. At any red-shift, the mass interval comprised between
range within which this can occur. This is comprised betweedg"™ andM; is the one most effective in enriching the ICM.
minimum and maximum mass prone to collapse.

(v) Finally, since the galactic winds occur soon after the bufk Normalization

of star formation has taken place, the so-calletantaneous o .
P Because of the arbitrariness of the mass scales involved, we need

recyclingapproximation can be adopted. Indeed looking at the . : ;
entries of Tablgl3,, is of the order of 0.7 Gyr or shorter. Thelgl procedure to normalize the results. With the aid of [EG. (13)

approximation mav not be fully adequate for aalaxies eiect we calculate the total mass stored into long-lived galakigs
howind at high red-shift but it fs aceeptable for thase domg it 1¢ (018l mass in gas ejected by these latter in form of galactic
9 P 9 Finds MT and assume that their sum plus the total amount

low red-shift. In any case, preliminary calculations aimed at asy &

. T : rimordial gasMp left over by the galaxy forming process
sessing the effect of taking into account the time delay betweg .
. S . als the present-day total baryonic meigsof a cluster. The
star formation and galactic wind show that tinstantaneous b y y

. LS rPass of primordial gadlp is expressed as a fraction bfy,
recyclingapproximation is fully adequate for the purposes o Mp = o MZ. The normalization condition is

(1 +z)_1'9 for 1< (142)<15

this study.

Given these premises, the total mass in form of elemendi; + Mg +a Mg = A, x Mj (14)
species expelled by all galaxies of any mass and epoch of #fe constant . is used to scale all the results
mation is y '

At this stage, we can proceed further assumisg. Only
MT = /0 /‘X’ NG d®[My,, n, Mj (2)] IM: d (13) at the very end of the analysis when comparing the theoretical
i rtor I () i dMy, Ldz results to the observational abundances we will re-normalize the
_ results to cases with #0.
whereM;”(Mp,,z) has its usual meaning, The total mass in galaxiesl/, is obtained by integrating
Having adopted the Press-Schechter function as a sortlud effective mass in statdg given by Eq.[(B) over the Press-
initial mass function for galaxies, one has to consider that tifSghechter function of relatiob_({L3). The total maﬁmngs Mg
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Table 7. The galactic ejecta from MV88, MG95 and GM98. All masses are in solar units

MV88 MG95 GM98
Mo My, Mp My Mg Mp My Mg Mg My
1E6 5.5E3 9.0E2 8.7E5
1E7 4 9E5 6.6E4 4.2E7
1E8
1E9 3.2E5 1.8E6 4.8E8 55E6 2.9E5 3.5E8 1.9E7 1.6E6 7.8E8
1E10 1.6E6 1.8E6 1.8E9 29E7 3.3E6 9.4E8 7.8E8 8.0E7 2.8E10

1E11 1.2E7 1.6E8 1.1E10 6.8E7 2.3E7 1.8E9
1E12 9.6E7 1.5E9 7.7E10 2.2E8 1.4E8 6.4E9 1.6E10 1.8E9 4.5El1
2E12 18E8 28E9 1.4El1l 3.4E8 2.9E8 9.8E9

MG95 and GM97. The comparison is shown in the left panel
of Fig.[d, where the solutions for the ejecta by MV88 (left) and
GMQ97 (right) are used. For this latter only the maximal ejecta
are considered.

Like in Fig.[l, we correlate the total gas mass to the total iron
mass. The filled triangles, squares, pentagons, and hexagons
along the lines, correspond to the different choicesMdr we
have made, i.e10'3, 104, 10'®, and 10'® M, respectively,
and different values of the index The observational data for
four clusters of different richness (MV88) are shown by the big
empty squares and companion label. Finally, the open circles
show the original solutions given by MV88 and GM97.

While as expected the theoretical results dependgnthe
models slide up and down along the line of constant abundance,
there is no significant dependence on the power spectrum
Indeed each point is the superposition of four models, as many
as the considered valuesef

It is soon evident that the two methods yield the same re-
o 10 T T T30 T T sultswithin an acceptable tolerance. Indeed what matters here

z is that the solutions found by convolving in luminosity with the
Fig. 5.M; andM}"™" as a function of red-shift. The cut-off mass plottedchechter function fall along the line given by convolving in
here is forM%,, = 10'® M, an extremely massive proto-galaxy ~mass with the Press-Schechter function.
The main conclusion is that the method we have adopted
leads to results that are fully consistent with those based on the
andM{, are derived in the same way by integrating the ejectaual integration upon the luminosity function.
of Tabld4 or Tablgls as appropriate.

Finally, the following values of the power spectrum inde
n = —0.5,-1.0, 1.5, —2.0, andMg = 103,10'4,10'%, and
106 M, are considered. As already recalled, our model galaxies are conceived as three
zones systems, i.e a inner sphere where most of star formation
and chemical enrichment occurs, an intermediate shell in which
some star formation and chemical enrichment takes place, and a
10.1. Recovering previous results third outermost corona in which in practice no stars and metals

are made. This scheme is a consequence of the SDGW model we

Before proceeding further, we check whether the above methad,e 4qopted. The ejecta from the three regions have therefore
recovers the results obtained by other authors using galagfiferent chemical composition. The outermost zone in partic-
ejecta which are functions only of the galaxy mass and integrgfs, expels back into the ICM virtually primordial gas.

ing their contributions over the Schechter luminosity function. 4, fully understand the effect of the galaxy models in usage
Todo so, we take the ejecta from MV88, MG95 and GMI7 thfs eyamine here how the results change passing from the one-
are listed in TablBl7, fid1; to a typical present day value, drop,one tg the three-zone description. To this purpose one-zone
the integration upon the red-shift in EQ.{13), assume the saggay, models are calculated for both types of IMF (Salpeter

normalization procedure as for the general case (i), and 5,4 pN397). No details are given here for the sake of brevity.
finally compare the results we get with those found by MV88,

Log[M, /1e12 Mg] & Log[M,™" /1lel2 M,]

f0.2. Varying the galaxy models and IMF

10. Preliminary tests
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Fig. 6. Left Panel: Recovering old results with
the mass integration method. The ejecta are
from MV88 and GM97 as indicated. The
IMF is the Salpeter law. While all the pre-
vious results are all recovered, the discrep-
ancy between theory and data is still there.
Middle Panel: One-zone galaxy models with
the Salpeter (dashed line) and IMF by PNJ97
(solid line). Right Panel: the effect of the three-
zone structure and IMF. The new ejecta from
three-zone models much alleviate the prob-
lem. The variable IMF, in particular, yields re-
sults that fairly agree with the observations.
In all the panels: the filled triangles, squares,
pentagons and hexagons correspondvig
equal t010*® My, 10** Mg, 10 Mg, and
10*® M, respectively. See the text for more
details

Models of this type are much similar to those calculated hikie galactic ejecta (galaxy model in turn). All these models are

MG95 and/or GM97 but for details.

calculated withn=0 (no primordial gas is left over).

Also in this case, we start with the simplest scheme inwhich For the sake of better understanding, we also consider the
no dependence on the red-shift is considered. In the case ofréference case with the Salpeter IMF, in which the only depen-
IMF by PNJ97, we adopt the models with, =5 as the reference dence on the red-shiftis vid; andM:", both for the one-zone
case. The procedure is the same as above. The results are staowinthe three-zones model galaxies. The comparison of these
in the middle and right panels of Fid. 6 for the one-zone amswlutions with the corresponding ones discussed in the previous
three-zones models, respectively. The analysis is made bothdection, allows us to single out the sole effeckjf, andMmin,
the IMF of Salpeter and PNJ97. i.e. the mass function of galaxies.

Firstly, the one-zone models predict too little gas at given Therefore in Tabl€]8 three groups of models are displayed:
iron content. The situation is worse for the Salpeter IMK) Case A are models with the one-zone description and the
whereas it gets better with the IMF by PNJ97. Secondly, tisalpeter IMF. (ii) Case B models have the same IMF but they
three-zone models yield more gas at given iron production. lare based on the three-zones scheme in order to better mimic
nally, the same models with the IMF by PNJ97 remarkably agraeeal situation. (iii) Finally, Case C models have the IMF by
with the data. PNJ97 and the three-zone structure.

Given these premises, we may safely proceed further and The theoretical results for the three cases are shown ipJFig. 7
look for the effect of using more complex model galaxies, witand compared to the observational data. The meaning of the
different stellar IMFs, ejecta, and finally epoch of bulk stellararious symbols is the same as in Fig. 6.
activity. We note that models A (dotted symbols) predict too low
a gas content of the ICM, i.e. they suffer from the long known
disagreement. The situation is the opposite for models B (dashed
symbols). They eject too much gas for the amount of expelled
We then letM; and galactic ejecta vary with the red-shift andéron. Finally we have models of type C which nicely fit the data.
make use of the complete E.113). Tahle 8 contains the tofdle large difference between Cases A and B simply resides in
amount of iron, oxygen and gas injected into the ICM as funthe outermost corona of case B which contains large quantities
tions of several key parameters, i.e. the power spectruthe of gas and no metals.
normalization baryonic masd{, the kind of stellar IMF, and

11. Total amounts of iron and gas injected into the ICM
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Table 8. The total mass of gas, iron and oxygen injected by galaxies into the ICM for different combinations of the power spettieim
normalization mass for the baryonic componsH}, the stellar IMF, and the type of ejecta. All the data refer to the normalization constant
for a=0 (Ao). All masses are in solar units.

n A Mg M& My ME M Mpe [O/H] [Fe/H] [O/F¢]
Case A: One-Zone Models with the Salpeter IMF arD.

—0.5 4.4333(e0) 1.0E+13 9.89E+12 1.15E+11 7.65E+10 2.10E+09 8.02E+08 -3MW4E 6.02E-01 —2.98E-01
—0.5 4.4333(el) 1.0E+14 9.89E+13 1.15E+12 7.65E+11 2.10E+10 8.02E+09 -MW4E 6.02E-01 —2.98E-01
—0.5 4.4333(e2) 1.0E+15 9.89E+14 1.15E+13 7.65E+12 2.10E+11 8.02E+10 -3Q4E 6.02E-01 —2.98E-01
—0.5 4.4333(e3) 1.0E+16 9.89E+15 1.15E+14 7.65E+13 2.10E+12 8.02E+11 -3M4E 6.02E-01 —2.98E-01

—2.0 4.4608(el) 1.0E+13 9.90E+12 9.99E+10 6.67E+10 1.76E+09 7.58E+08 -D&7E 6.37E-01 —3.50E-01
—2.0 4.4608(e2) 1.0E+14 9.90E+13 9.99E+11 6.67E+11 1.76E+10 7.58E+09 -XD&7E 6.37E-01 —3.50E-01
—2.0 4.4608(e3) 1.0E+15 9.90E+14 9.99E+12 6.67E+12 1.76E+11 7.58E+10 -D87E 6.37E-01 —3.50E-01
—2.0 4.4608(e4) 1.0E+16 9.90E+15 9.99E+13 6.67E+13 1.76E+12 7.58E+11 -2D&7E 6.37E-01 —3.50E-01

Case B: Three-Zone Models with the Salpeter IMF a=@).

—0.5 4.1766(e0) 1.0E+13 5.88E+12 4.12E+12 3.28E+12 2.18E+09 8.14E+I831E+00 —1.02E+00 —2.88E-01
—0.5 4.1766(el) 1.0E+14 5.88E+13 4.12E+13 3.28E+13 2.10E+10 8.14E+d931E+00 —1.02E+00 -—2.88E-01
—0.5 4.1766(e2) 1.0E+15 5.88E+14 4.12E+14 3.28E+14 2.10E+11 8.14E+I031E+00 —1.02E+00 —2.88E-01
—0.5 4.1766(e3) 1.0E+16 5.88E+15 4.12E+15 3.28E+15 2.10E+12 8.14E+M31E+00 —1.02E+00 —2.88E-01

—2.0 4.0177(el) 1.0E+13 5.90E+12 4.10E+12 3.27E+12 1.80E+09 7.63E+B39E+00 —1.05E+00 —3.42E-01
—2.0 4.0177(e2) 1.0E+14 5.90E+13 4.10E+13 3.27E+13 1.80E+10 7.63E+Q939E+00 —1.05E+00 -3.42E-01
—2.0 4.0177(e3) 1.0E+15 5.90E+14 4.10E+14 3.27E+14 1.80E+11 7.63E+IN39E+00 —1.05E+00 —3.42E-01
—2.0 4.0177(e4) 1.0E+16 5.90E+15 4.10E+15 3.27E+15 1.80E+12 7.63E+M39E+00 —1.05E+00 —3.42E-01

Case C: Three-Zone Models with the IMF by PNJ97 ad.

—0.5 5.8347(e0) 1.0E+13 3.70E+12 6.30E+12 4.94E+12 2.05E+10 5.05E+@15E-01 —4.09E-01 -1.07E-01
—0.5 5.8347(el) 1.0E+14 3.70E+13 6.30E+13 4.94E+13 2.05E+11 5.05E+B015E-01 —4.09E-01 -1.07E-01
—0.5 5.8347(e2) 1.0E+15 3.70E+14 6.30E+14 4.94E+14 2.05E+12 5.05E+Bl115E-01 —4.09E-01 -1.07E-01
—0.5 5.8347(e3) 1.0E+16 3.70E+15 6.30E+15 4.94E+15 2.05E+13 5.05E+B215E-01 —4.09E-01 -1.07E-01

—2.0 5.6127(el) 1.0E+13 3.68E+12 6.32E+12 4.95E+12 2.10E+10 5.26E+B06E-01 —3.92E-01 -1.14E-01
—2.0 5.6127(e2) 1.0E+14 3.68E+13 6.32E+13 4.95E+13 2.10E+11 5.26E+BO6E-01 —3.92E-01 -1.14E-01
—2.0 5.6127(e3) 1.0E+15 3.68E+14 6.32E+14 4.95E+14 2.10E+12 5.26E+BI06E-01 —3.92E-01 -—1.14E-01
—2.0 5.6127(e4) 1.0E+16 3.68E+15 6.32E+15 4.95E+15 2.10E+13 5.26E+B206E-01 —3.92E-01 -1.14E-01

The reasons for the easier agreement with the IMF by PNJBZ. Present-day iron and oxygen abundances

are (i) the copious amounts of gas with mild yet S|gn|f|car3|1he entries of Tab[g 8 display the abundances [O/H], [Fe/H] and

chemical enrichment that is ejected back into the ICM by t . Tk .
intermediate shell corona of galaxies of any mass, and (ii) :Ee/Fe] expected in the ICM at the present time in the hypothesis
S

- . . at no primordial gas is left over by the galaxy forming activity.
Igrger amounts Qf gas (now significantly enriched in metal With the IMF by PNJ97 the abundances are
ejected by galaxies of any mass when they are let form stars at

high red-shift and therefore under an IMF skewed towards mo /HD:*Q'SH’ ([Fe/H])=—0.401, and([O/Fe])=-0.111,
massive stars. whereas with the Salpeter IMF and the three-zones models,

: : . the abundances argO/H])=—1.35, ([Fe/H])=—1.03, and
Furthermore, the total mass in galaxies and gas varies p?i /Fe])=—0.315. Finally, with the Salpeter IMF and the one

ing from Case A to Case B and finally, Case C models. Whi - _ _
in Cases A and B the mass in galaxies is larger than the mas&in. description we g&{O/H])=0.296, {[Fe/H])=0.620, and

gas, in Case C models the mass in galaxies is about half of tﬂg/FeD:*OSM' —
in gas. As expected the present day abundances significantly vary

Furthermore, itis worth noticing the relatively marginal rolg\'Ith the IMF in usage. The Salpeter IMF predicts super-solar or

played by the power specrum ndeinallthe above propertes. |/ 52 SREEELEE RORE i OF T8 M 8 SR T
However before drawing conclusions from thig vs Mg, y ' )

plane about which galaxy model (stellar IMF) is at work, Wtehe IMF by PNJ97 predlcts sub-solar abundances and nearly

. . solar abundance ratios.
examine the present-day abundances of Fe and O and their evoi:. llv. there i d q the total b .
lution with the red-shift. inally, there is no dependence on the total baryonic mass

M as observed, and a very little one on the power spectrum
indexn.
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Table[9 compares the present results with those obtainectible 9. Present day abundances from different studies
previous studies, limited to [Fe/H] and [O/Fe]. The following
remarks can be made: Source [Fe/H] [O/Fe]

(i) One-zone model galaxies predict values of [Fe/H] thaivas 0.53 0.65
are higher than the mean observational estimate [Fe/B1542 5197 (min) —0.17
(see below). The GM97-min models are those getting closerd@io7 max)  0.16

the observational value. MMC99 (a) 0.22 0.36 —0.33 0.27
(if) The multi-zone models of MMC99 also predict [Fe/HIMMC99 (b) 0.75 0.90 —0.12 -0.04

values that are much higher than the mean observational estipgg (a) 060 064 —-030 -0.35
mate. These models are indeed calculated with a Salpeter-ti¢@00 (B) ~1.05 -1.02 -0.29 -0.34
IMF and resemble those of our Case A. C2000(C) -0.41 -0.39 -0.11 -0.10

(iii) Only case C models predict values of [Fe/H] very closgygg: one-zone models; GM97 (min): one-zone models and minima
but yet not equal to the observational determination. ejecta; GM97 (max): one-zone models and maxima ejecta; MMC99
(iv) The [O/Fe] ratio is less of a problem, because all moda): one-zone models; MMC99 (b): multi-zone models; C2000 this
els predict values that are compatible with the observatioP&Per.
estimate.
A provisional conclusion from this comparison is that only
galaxy models with multi-zone structure and the IMF by PNJgTot represent the variation of the ICM abundances with the red-

can yield results in close agreement with the data. shift.
Before comparing with observational data for clusters at

different red-shift one has to consider that the material ejected
from galaxies is diluted by the primordial gas likely present in
Due to the continuous ejection from galaxies of different maghge cluster. In other words one has to develop a model for the
the iron and oxygen contents steadily increase at decreasthgmical evolution of the ICM. In the following we proposed a
red-shift toward the present-day values. very simple scheme for the chemical evolution of the ICM.

For the sake of illustration, in Figl 8 we show the Case B Atany age (red-shift) the primordial gas content of a cluster
model with ML = 10'® My andn = —1.5. Similar trends is continuously consumed by galaxy formation. A fraction of
occur for all the other values d@fl andn. These quantities the used up material is locked for ever in the long lived stellar
refer to the sole component ejected by galaxies and do not takatent of a galaxy, whereas the rest is given back to the ICM
into account the effect of pristine material. Therefore they dith in form of newly synthesized heavy elements and original

13. Cosmological evolution of the ICM
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material. Basing on these simple considerations we may write
the following conservation equations for the three elemental
species of interest here, namely hydrogen, oxygen and iron. ,,
Oxygen and iron are simply generated by galaxies, therefqﬁe
their values at any red-shiftare given by Eq[{13), whereby the-
integration over the red-shift goes from, to = (see forinstance ¢ \
the curves of Fid.18). The current total mass of these elements
are indicated byM{(z) and M, (z). As for the current total
mass hydrogeiV}; (), this is the difference between the initial
valueXp M} (with Xp the primordial abundancEp = 0.8)
and the quantity locked up into the long-lived stars of galaxies,
i.e. M (2), , 04
Mg (z) = Xp Mg — M (2) (15 <
The three quantities above are functions of the normalizati<>)<n0'2
constant, i.e. of the fractiam of the primordial gas still present
today. Recalling that the calculations have been performed for
a = 0, all the quantities in question must be re-scaled if other
choices fora in the range from 0 to 1 are made. It is an easy

matter to show that the following relations hold Fig. 9. The variation of the abundan@gr. /Xre, as a function of the
red-shift expected for models withlf = 10*® Mg andn = —1.5

Mg (2)a = (1 — a) Mg.(2)o (16) (top panel) ancdv = —0.5 (bottom panel). The filled circles are the
data by Mushotzky & Loewenstein (1997). The open squares are the

Mg (Z)a =(1-a) Mg(z)o @an four clusters of Tablg]1. The heavy solid line is the evolution of Case
C models, the thin dotted line is the same but with the addition of 20%

M (2)0 = Xp ME — (1 — a) ME&(2)o (18) of primordial gas left over at the present time £ 0). The heavy

dashed line is the prediction of Case B models, and finally the thin
from which the abundances Bf andO with respect to red-shift dashed I_|ne is the same but with the_ addition of 20% of primordial gas.
can be easily derived for any valuef The vertical bars show the metallicity range of dampecdlgystems

(DLAS), Ly-break galaxies (LBGs) and Ly-forest (LAFs). Data from

. In Fig.[d we compare th_e abundance rafig. /Xr.,c, pre- Pettini (2000). The open circles are the data for DLAs by Prochaska &
dicted by the above relations for the models WM, = \oife (2000)

10 My andn = —1.5 (top panel) anch = —0.5 (bottom
panel) with the values measured in several clusters at differ-
ent red-shifts. The filled circles are the data by Mushotzky &etermination, whereas with = 0.2 we get(Xpe/Xpe,0) =
Loewenstein (1997), and the four open squares are the datalfab which is definitely too low.
the clusters in Tablg 1. All the models predict the abundance raiop. / Xre o) t0

Most of the discussion below applies to both panels. Lookimpcrease with red-shift. The decrease is, however, much milder
at the case withh = —1.5, the solid, heavy line corresponds tand within the range of the observational data for C models,
the Case C model with=0 (no primordial gas exists today).whereas it is much stronger and well below the data for models
The presentvalue of the iron abundanc&is. / Xre,o) = 0.45.  of Case B. Furthermore, the rapidity with which these curves
This is about 40% higher than the mean value of observatiodaicline at increasing red-shiftis also function of the power spec-

data (Xpe/Xrpe,0) = 0.276). trumindexn. They tend to flatten atincreasingsee the bottom
The consequences of this comparison are straightforwapdnel of Fig[ D).
If one wants to bring Case C models to match the mean observa-The results of Case C with = —1.5 are particularly in-

tional value one has to dilute the galaxy ejecta with primorditdresting because, in the red-shift interval O to 0.5, they predict
gas which in this case should amount to about 26%-(0.2). mean iron abundances from 0.45 to X2, ¢, for o = 0, and
This case is shown by the thin solid line. 0.3 to 0.15Xg. o for o = 0.2. The latter estimates are not

With the Salpeter IMF and the one-zone description (Cas® far from value of 1/1Xr. ¢ given by Renzini (2000 and
A) there are such a shortage of gas and large production of irefierences) basing on completely independent arguments.
that formal agreement with the observational data is possible Finally, the observational data show a large scatter likely
only diluting the ejecta by a factor of 14, which means that theflecting real differences in the iron abundances. With the
vast majority of the ICM gas ought to be primordial, a lon&alpeter IMF there is no leverage because for any valudiuty
known result in literature. With the three-zones description angh too low compared with the data (and the IMF is constant).
a = 0 (Case B), for nearly the same amounts of expelled iron @éth the IMF by PNJ97, the agreement is within the uncertainty
before, we getXr./Xre o) = 0.25 which is somewhat lower of the observational data, may change from cluster to cluster,
than but still marginally compatible with the mean observationahd the finally the IMF itself may vary from case to case..
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Are the results of Fi§l]7 and Fig] 9 suggesting that the solu- (iv) The basic assumption is made that at any time (red-shift)
tion with the IMF by PNJ97 ought to be preferred? the mass distribution of proto-galaxies follows the same law

The answer to this question could perhaps come from dais for Dark Matter, however with masses comprised between
at higher red-shift, say in the range 1 to 3, which to our knowthe current minimum and maximum values. This is equivalent
edge are not yet available for the ICM. Chemical abundandesassuming a sort of continuously varying mass function for
have been determined for dampedd:gystems DLA (see Mat- galaxies as well. The time (red-shift) dependence is through
teucci et al. 1997; Pettini et al. 1997; Lu et al. 1996, 19981{™" and M .

Prochaska & Wolfe 2000, and references therein), Ly-break

. ) ; " (v) Individual galaxies are supposed to evolve and undergo
galaxies LBG (see Pettini 2000 for a review), and theaLy_ the SDGW episode in isolation, neglecting any effect by the

forest LAF (see Savaglio 1998). The picture which is emergms%rrounding medium. Galaxy ejecta are calculated atthe SDGW

is that at high red-shift2=3), there is a large spread in metal- . ' : .
licity. Ranking objects as a function of their metal content er,]tage, ignoring the fate of all the gas that is later introduced

. S into the intergalactic medium by dying stars. It is most likely
log scale with respect to solar, shortly indicated by [m/H], t . . : .
following schematic trend appears.0 < [m,/Hlar < —2.0, ht%at the largest fraction of this gas is actually retained by the

~2.0 < [m/H] < 1,and—1.0 < [m/H] Z 05 galaxy lacking a strong source of energy able to power a sort
The above raanLe;As are indicated in Fig. 9 byLFh(;]a vertical ba2k Steady galactic wind. It seems reasonable to suppose that

S. . "
These are artificially displaced in the rariye < = < 3 for the s gas emitted by stars at low velocities (say 30 to 60 km/s)

sake of clarity. Lu et al. (1998) provide estimates of [Fe/H] i'nS heated up to the virial temperature of the whole galaxy and

DLAS betweenl < = < 3: they range from-2 to —1 with a remains bound to it in the potential well of dark matter.
weak tendency to decrease at increasinBemarkably, while (vi) Itis found that models based on the IMF by PNJ97 pre-
LAFs and DLAs tend to be as metal rich as the ICM, the LBG#ict total amounts of iron, gas and absolute abundance of Fe and
have higher metallicities. The reason for that is not clear.  abundance ratios that are fully compatible with observational
Data in the rang®.8 < z < 2 should perhaps help to dis-determination. However even in this case some dilution (up to
criminate among the various possibilities. Finally, better modelbout 20%) by primordial gas (never cycled through galaxies)
ing of the chemical evolution of the ICM is required. Work is ins required. This is less than the 80%—90% proposed by MV88,
progress to provide such a model (Moretti, Portinari & Chiogihe 65% estimated by GM97 and Ferreras & Silk (1999), and
in preparation). finally the factor of about ten invoked by MMC99.

(vii) The adoption of the IMF by PNJ97 is not a strictly
unavoidable condition for the success of the proposed scheme.

In this paper we have presented theoretical estimates of the tétay other IMF of the type given by Ed.](3) would lead to similar
amounts of gas and heavy elements (iron and oxygen) expedggtlts provided the mass scalg varies with the physical

in the ICM of galaxy clusters as a consequence of the spDawnditions, more precisely increases with the temperature, of
mechanism. the star forming medium. Many physical arguments suggest that

The analysis stands on several important assumptions &téeed this is the case. See the discussion presented in Sect. 4.

changes with respect to previous studies: (viii) The weak sensitivity of the results to the power spec-
(i) Multi-zone galaxy models yield a more realistic descriprum indexr or in other words the slope of the Press-Schechter

tion of the ejecta in which the effects of gradients in star formgunction can be understood by considering that the convolution

tion and chemical enrichment are taken into account. of galaxy ejecta with the galaxy mass function determines a
(ii) The adoption of an IMF which varies with the physicakuitable range of galaxy masses mostly contributing to the total

conditions of the star forming medium. The action resides @ecta. Similar results are found also in previous analyses where

the systematic shift of the peak mass of the IMF with the g#fse Schechter luminosity function is used.

temperature. Since no cooling process exists decreasing the tem-,

perature of a galaxy’s gas below the limit set by the current valug () The adoption of the multi-zone scheme, though much

of the CBR, the immediate consequence follows that the M proving on the final result, is not enough to solve the problem

of proto-galaxies whose stellar activity began at high red-shif otaccompanied by an IMF of the type we have adopted. This

(when the CBR temperature was higher than the resent-'aShown by the high Fe abundance obtained with the multi-
P . g p “O%%e models of MMC99 in which a Salpeter-like IMF has been
one of molecular clouds) is different from the one in galaxies

which did the same but at lower red-shift. adopted.

(iii) The mass range of star forming proto-galaxies is also (X) Finally, we have proposed simple model for the chemi-
let depend on red-shift. According to current understanding €&l evolution of the ICM, which despite its crudeness, predicts
this problem the minimum mass for a galaxy prone to C0||ap§§undances of the ICM in clusters located at different red-shifts
within the Hubble time decreases at increasing red-shift. As fiat are in satisfactory agreement with the observational data.
as the maximum mass is concerned this is supposed to follow theDespite the many uncertainties in galaxy and galaxy cluster
same functional dependence of the mass-scale for Dark Magté@lution, the results we have obtained perhaps suggest that the
aggregation in the Press-Schechter formalism. problem is set on the right track.

14. Summary and conclusions
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