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Abstract. We present a model of globular cluster selfstudied, with a special emphasis on the neutron capture ones.
enrichment. Inthe protogalaxy, cold and dense clouds embedd&is analysis reveals the existence of two sub-populations of
in the hot protogalactic medium are assumed to be the progéeld metal-poor stars, namely Pop lla and Pop llb. They dif-
itors of galactic halo globular clusters. The massive stars ofea by the behaviour of the-process elements versus the
first generation of metal-free stars, born in the central areasamidr-process elements. To explain such correlations, Jehin et
the proto-globular cluster clouds, explode as Type Il supernovaé.(1998, 1999) have suggested a scenario for the formation of
The associated blast waves trigger the expansion of a supershadttal-poor stars which closely relates the origin of these stars
sweeping all the material of the cloud, and the heavy elemetdghe formation and the evolution of galactic globular clusters.
released by these massive stars enrich the supershell. A secondt present, there is no widely accepted theory of globular
generation of stars is born in these compressed and enricbkegter formation. According to some scenarios, GC formation
layers of gas. These stars can recollapse and form a globuépresents the high-mass tail of star cluster formation. Bound
cluster. This work aims at revising the most often encountersttllar clusters form in the dense cores of much larger star-
argument against self-enrichment, namely the presumed afiikming clouds with an efficiency of the ordéfd—3 to 10—2
ity of a small number of supernovae to disrupt a proto-globul@rarson, 1993). If GCs form in a similar way, the total mass of
cluster cloud. We describe a model of the dynamics of the ghe protoglobular clouds should therefore be two or three orders
pershell and of its progressive chemical enrichment. We shofvmagnitude greater than the current GC masses, leading to a
that the minimal mass of the primordial cluster cloud requirgdtal mass o 0M,. Harris & Pudritz (1994) have investigated
to avoid disruption by several tens of Type Il supernovae tise GC formation in such clouds which they call SGMC (Su-
compatible with the masses usually assumed for proto-globuter Giant Molecular Clouds). The physical conditions in these
cluster clouds. Furthermore, the corresponding self-enrichm&@MC have been further explored by McLaughlin & Pudritz
level is in agreement with halo globular cluster metallicities. (1996a).

Another type of scenarios rely on a heating-cooling balance
Key words: stars: supernovae: general — ISM: bubbles te preserve a given temperature (of the orderfK) and thus
Galaxy: evolution — Galaxy: globular clusters: general a characteristic Jeans Mass at the protogalactic epoch. In this
context, Fall & Rees (1985) propose that GCs would form in the
collapsing gas of the protogalaxy. During this collapse, a ther-
mal instability triggers the development of a two-phase struc-
ture, namely cold clouds in pressure equilibrium with a hot and
The study of the chemical composition and dynamics of tlffused medium. They assume that the temperature of the cold
galactic halo components, field metal-poor stars and globutdouds remains at0* K since the cooling rate drops sharply at
clusters (hereafter GCs), provides a natural way to trace thé temperature in a primordial gas. This assumption leads to a
early phases of the galactic evolution. In an attempt to get sont&@racteristic mass of ord&0® M, for the cold clouds. How-
new insights on the early galactic nucleosynthesis, accurate esler, this temperature, and therefore the characterictic mass, is
ative abundances have been obtained from the analysis of higlserved only if there is a flux of UV or X-ray radiation able to
resolution and high signal-to-noise spectra for a sample of pdevent anyH, formation, the main coolant in a metal-free gas
mildly metal-poor stars (Jehin et al. 1998, 1999). The correlbelow10* K. Provided that this condition is fullfilled, and since
tions between the relative abundances of 16 elements have bercharacteristic mass is of the order of GC masses (although
, . . a bit larger, but see Sect.5.2.1), Fall and Rees identify the cold
Send offprint requests 1. Parmentier (g.parmentier@ulg.ac.be) clouds with the progenitors of GCs. Several formation scenarios
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1. Introduction
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According to the scenario suggested by Jehin et al. (1998960) approximation to describe the resulting blast wave mo-
1999), GCs may have undergone a Type |l supernovae phtase. During this progression from the central regions to the edge
in their early history. This scenario appears therefore to béthe PGCC, all the material encountered by the blast wave is
linked with the self-enrichment model developed by Brown et alwept up into a dense shell. They demonstrate that, when the
within the context of the Fall and Rees theory. Following Jehshell emerges from the cloud, its kinetic energy, based on the
et al., thick disk and field halo stars were born in globular cluasumber of supernovae that have exploded, is compatible with
ters from which they escaped either during an early disruptitite gravitational binding energy of a cloud whose mass is more
of the proto-globular cluster (Pop lla) or through a later disrupr less107 M.,. When the kinetic energy of the emerging shell
tion or evaporation process of the cluster (Pop IlIb). The bassclarger than the binding energy of the initial cloud, this cloud
idea is that the chemical evolution of the GCs can be descriiscdhssumed to be disrupted by the SNell. There is therefore a
in two phases. During phase |, a first generation of metal-freglation between the cloud mass and the maximum number of
stars form in the central regions of proto-globular cluster cloudspernovae it can sustain without being disrupted. However,
(hereafter PGCC). The corresponding massive stars evolve, and” M, cloud is more massive than the PGCCs considered
their lives as Type Il supernovae (hereafter SNell) and ejectwithin the Fall and Rees theory.
r-process and possibly a small amount of ligkpirocess ele- We derive here a similar relation based on the supershell
ments into the interstellar medium. A second generation of staesscription (Castor et al. 1975) of the central supernova explo-
form out of this enriched ISM. If the PGCC get disrupted, thosgons. Contrary to the Kompaneets approximation, this theory
stars form Pop lla. If it survives and forms a globular clusteajlows us to take into account the existence of a mass spec-
we get to the second phase where intermediate mass stars r&aich for the massive supernova progenitors and, therefore, the
the AGB stage of stellar evolution, ejectiaglements into the spacing in time of the explosions. In addition to the above dy-
ISM through stellar winds or superwind events. The matter reamical constraint, we also establish a chemical one. For a given
leased in the ISM by AGB stars will be accreted by lower massass of primordial gas, we compute the maximum number of
stars, enriching their external layersdrelements. During the supernovae the PGCC can sustain and the corresponding self-
subsequent dynamical evolution of the globular cluster, somessfrichment level at the end of the supernova phase. We show
the surface-enriched low-mass stars evaporate from the cludteat the metallicity reached is compatible with the metallicity
become field halo stars and form Popllb. observed in galactic halo globular clusters.

Others studies have already underlined the two star genera-The paper is organized as follows. In Sect. 2, we review
tions concept: Cayrel (1986) and Brown et al. (1991, 1995) welee observations gathered by Jehin et al. (1998, 1999) and the
pioneers in this field. Zhang & Ma (1993) have demonstratsdenario proposed to explain them. In Sect. 3, we describe the
that no single star formation can fit the observations of GBS CCs, the first generation of metal-free stars, and the super-
chemical properties. They show that there must be two distirsttell propagation inside PGCCs due to SNell explosions. In
stages of star formation: a self-enrichment stage (where the csect. 4, we show that the disruption criterion proposed by Do-
rently observed metallicity is produced by a first generation pfta & Smith (1986), here computed with the supershell theory,
stars) and a starburst stage (formation of the second generagjimes the correct globular cluster metallicities. In Sect. 5, we
stars). discuss the sensitivity of our model to the first generation IMF

These two generations scenarios were marginal for a lopgrameter values and we examine the implications of an im-
time. Indeed, the major criticism of such globular cluster selportant observational constraint, the RGB narrowness noticed
enrichment model is based on the comparison between the iarmost globular cluster Color Magnitude Diagrams (CMDs).
ergy released by a few supernova explosions and the PGE@ally, we present our conclusions in Sect. 6.
gravitational binding energy: they are of the same order of
magnitude. It might seem, therefore, that proto-globular cluster The EASE scenario
clouds (within the context of the Fall and Rees theory) cannot )
survive a supernova explosion phase and are disrupted (Meyfah OPServational results

& Heggie 1997). Nevertheless, a significant part of the energghin et al. (1998, 1999) selected a sample of 21 unevolved
released by a supernova explosion is lost by radiative coolifbtal-poor stars with roughly one tenth of the solar metallicity.
(Falle, 1981) and the kinetic energy fraction interacting with thehis corresponds to the transition between the halo and the disk.
ISM must be reconsidered. All stars are dwarfs or subgiants, at roughly solar effective tem-
While Brown et al. (1991, 1995) have mostly focused on thgerature and covering a narrow metallicity range. High quality
computations of the supershell behaviour through hydrodynagata have been obtained and a careful spectroscopic analysis
ical computations, we revisit some of the ideas that have begas carried out. The scatter in element abundances reflects gen-
used against the hypothesis of GC self-enrichment. In this figghe cosmic scatter and not observational uncertainties. Abun-
paper, we tackle the questions of the supernova energetics angk@fces of iron-peak elements (V, Cr, Fe, Nielements (Mg,
the narowness of GC red giant branch. Dopita & Smith (198%' T|), ||ght s-process elements (Sr' Y, Zr), heaywrocess
have already addressed the first point from a purely dynar@iements (Ba, La, Ce), arprocess element (Eu) and mixed
cal point of view. In their model, they assume the simultaneify s-process elements (Nd, Sm) have been determined. Among
of central supernova explosions and they use the Kompaneftsse data, Jehin et al. (1998, 1999) have found correlations
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between abundance ratios at a given metallicity. If some ele- ‘ ‘

ments are correlated, they are likely to have been processed in 0-4
the same astrophysical sites, giving fruitful information about
nucleosynthesis. The following results were obtained (Jehin et

show a correlation between [Y/Fe] and [Ti/Fe] with a slope
smaller than one while some others stars have aconstant (and
maximum) [Ti/Fe] value and varying values of [Y/Fe], start- o2
ing at the maximum value reached by the first group. This [a/Fe]
vertical branch is the counterpart of the previous clump. We

have labeled this diagram theo-branches diagra(fig. 1). Fig. 1.Correlation diagram for [Y/Fe] versuafFe] with the data from
Since our sample contains a limited number of stars, hin et al. (1999) (full squares), the data of Nissen & Schuster (1997)

have added results from other analvsis concerning met flIJ_II triangles), the data of Zhao & Magain (1991) (full pentagon), the
9 Fe/H AI)I/ h | 9 ata of Edvardsson et al. (1993) for [Fe#d]}-0.6 (full circles) and
poor stars {2 < [Fe/H] < —0.6). these metal-poor for [Fe/H]> —0.6 (open circles). The zero points have been fixed by

stars follow the same trend independently of their metalsmparing the results obtained for the stars in common with Jehin et
licity. But if we now add results for disk stars of variousy, (1999)

metallicities, the relation obtained for metal-poor stars is
no more verified: the points scatter in the upper-left part of
the diagram. There is a change of behaviour at a metallicg#yplosions. A major star formation event (equivalent to our first
[Fe/H]~ —0.6. Thetwo-branches diagrardescribes a rela- generation) has likely taken place at the center of this supershell
tion that applies only to metal-poor stars. Higher metallicitgnd the most massive stars have released energy into the ISM.
stars do not fit théwo-branches diagram This one, swept by the blast waves associated with the first su-
pernova explosions, accumulates in the form of an expanding
shell surrounding a prominent HI hole. On the rim of the HlI
shell, Hx emissions reveal the existence of star forming regions
We associate the two branches of the diagram with two distirfetjuivalent to our second generation). Actually, these regions
chemical evolution phases of globular clusters, namely a SMf HI accumulated by the sweeping of the shell have reached
phase (phase 1) and an AGB wind phase (phase II). densities high enough for a secondary star formation to start via
gravitational fragmentation.

Phase 1. We assume the formation of a first generation of stars. Ig our sce;arlq, Ehz Sﬁcﬁnd glj(eneratgrc])n of tstarls Lorlmedl n
in the central regions, the densest ones, of a proto-globular ;Srlji'—s €nse and enriched snell makes up the proto-globular clus-

mordial gas cloud. The most massive stars ofthisfirstgenerat{ fi if the shell doeshnt recotnhtraclt, tk|1ese s_tarsbforthdoplla g_nd
evolve and become supernovae, ejectingndr-process ele- €y appearsomewnere on the Slowly varying branch depending

ments into the surrounding ISM. These supernova explosiocf%the time at which the second generation formation has oc-

also trigger the formation of an expanding shell, sweeping ghlrred. When all stars more massive tifdil, have exploded

the PGCC material encountered during its expansion and gasupermovae, theandr element _synthe§|s stops, Ie_adlng toa
ical value of p/Fe]. Our scenario requires this typical value

celerated by the surrounding ISM. In this supershell, the supg : i
nova ejecta mix with the ambient ISM, enriching it nand oﬁa/Fe]to be the maximum value observed intive-branches

r-process elements. The shell constitutes a dense medium s ggt:am: the end of the supernova phase must correspond to
it contains all the PGCC gas in a very thin layer (a few tenths _ottom of the vertical branch. If the proto-globl_JIar cluster
parsecs) (Weaver et al. 1977). This favours the birth of a secoivives the supernova phase, the shell of stars will recontract
generation of stardriggeredstar formation) with a higher star and form a globular cluster.

formation efficiency (hereafter SFE) than the first ospop-

taneousstar formation). There are today several observatiorfahase 2. After the birth of the second generation, intermediate
evidence of triggered star formation (Fich, 1986; Walter et ahass stars evolve until they reach the asymptotic giant branch
1998; Blum et al. 1999). For instance, within the violent inwhere they enrich their envelopedrprocess elements through
terstellar medium of the nearby dwarf galaxy IC2574, Walteiredge-up phases during thermal pulses. These enriched en-
et al. (1998) have studied a supergiant HI shell obviously preelopes are ejected into the ISM through stellar winds. Lower
duced by the combined effects of stellar winds and supernavass stars in the globular cluster can accrete this gas (Thoul

al. 1999): 02 |- 5 o 8
L @ . 4

a. there is a one-to-one correlation betweenrtipeocess ele- & - o b amm .
ment Eu and the: element Ti: most points are located on i o . 008%5@0@ u ';::‘ 7
single straight line with a slope 1 ending with a clumping — L 8 q P8 e %o, o “::J'. ,

at the maximum value of [Ti/Fe] i °52 & oe ":6 e 1

b. looking for correlations including-process element (e.g. yt- % [ o 0008c8 e ]
trium), two distinct behaviours were found: some stars . @;bco. Do Co .

=]
<
N
=]
~

2.2. Interpretation: two-phases globular cluster evolution
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et al. in preparation): the-process element enrichment occurs
only in the external layers. With time, some of those stars can
be ejected from the globular clusters through various dynami- Popllb
cal processes, such as evaporation or disruption, and populate
the galactic halo. These stars account for our Popllb. Theo-
retically foreseen for a long time (see for example Applegate,
1985; Johnstone, 1992; Meylan & Heggie, 1997), these dyna@—
ical processes dislodging stars from globular clusters beginjo
rely upon observations. De Marchi et al. (1999) have observed

EASE

Accretion
phase

Ly

the globular cluster NGC 6712 with the ESO-VLT and derived Poplla Pra
its mass function. Contrary to other globular clusters, NGC 6712 -t n e
mass function shows a noticeable deficit in stars with masses be- - “Qi&%e

9

low 0.75M,. Since this object, in its galactic orbit, has recently
penetrated very deeply into the Galactic bulge, it has suffered
tremendous gravitational shocks. This is an evidence that tidal
forces can strip a cluster of a substantial portion of its lower [a,r/Fe]
mass stars, easier to eject than the heavier ones. ) ) ]
Our scenario requires that a significant fraction of the fiefd9- 2- EASE scenario (Jehin et al. 1999)
stars now observed in the halo have been evaporated from glob-
ular clusters at an earlier epoch. Indeed, Johnston et al. (1999)p(7“) - L%T—ZI (1)
claim that GC destruction processes are rather efficient: a sig- dm R
nificant fraction of the GC system could be destroyed within tHighe requirement of pressure equilibrium at the interface be-
next Hubble time. However, McLaughlin (1999) and Harris §ween the cold and hot phases leads to
Pudritz (1994) argue that these various destructive mechanisms
are important only folow mass clusters. Therefore, these clu(R) =
ters cannot have contributed much to the total field star popu- ) )
lation because of their small size. As one can see, the origin§i€réx. T'and P, are respectively the mean molecular weight
the field halo stars is still a much debated question. (1=1.2), the temperature of the PGCC and the pressure of the
In relation with the different steps proposed above to expldi9t Protegalactic medium confining the PGCC. Egs. (1) and (2)
the observations, the scenario was labeled EASE which stalfd to a relation between the radius and the cubic root of the

X p(R) = Ph (2)
Ky

for Evaporation/Accretion/Self-Enrichmeffig. 2). mass of the PGCC:

Rigo = xMg'%; 3)
3. Model description subscripts “100” and “6” mean that radius and mass are respec-
3.1. The proto-globular cluster clouds tively in units of 100 parsecs and@® M. Upon the assumption

of a temperature of0* K for the cold cloudsy is defined by
According to Fall & Rees (1985), PGCCs are cdy & 10* K)

and dense primordial gas clouds in pressure equilibrium with_ (3.7 x 10~ 13 @
a hot (I;, ~ 2 x 10°K) and diffused protogalactic medium.™ P,

As already mentlone(i in Sect._l, the PGCCs can be mamtalr\}vergereph is expressed in dyne.crd. The mass of the PGCC
at a temperature of0* K only if some external heat sources

. Is the mass of a pressure-truncated isothermal sphere of gas in
were present at the protogalactic epoch. Fall & Rees (1988) EHg/(tgjj’]rostatic equilibrium and is given by (McLaughlin & Pudritz

Murray & Lin (1993) have proposed that the UV flux result-1 96b):
ing from the hot protogalactic background could be sufficient9 '

to offset the cooling below0* K in a gas with a metallicity less 2 (kT
than [Fe/H} —2. As the PGCC is assumed to be made up o = p (umh
primordial gas (we deal with selfenrichment model and not A

a pre-enrichment one), we will suppose it is indeed the cader @ temperature dfo® K, Eg. (5) becomes

Within the context of this preliminary model, the following as4/; = 1.1 x 10~°P, /2. (6)

sumptions are made:

2
) G_B/QPh_1/2. (5)

From Egs. (1), (3) and (6), the mass, the radius and the den-
— the PGCCs are thermally supported (no turbulence or maity profile of a PGCC bounded by a given pressure is com-
netic field) and the PGCC primordial gas obeys the perfgaetely determined. From this, we are able to find the expansion
gas law; law for a supershell sweeping a PGCC. Contrary to Dopita &
— a PGCC of mas8/ and radiusR is an isothermal sphere inSmith (1986) who used thmirrentgravitational potential of the
hydrostatic equilibrium, hence its density profile’) scales Galaxy to evaluatg, our determination is based on protogalac-
asr—2: tic conditions.
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3.2. The formation of the first generation 2. The internal energys, and the pressur®, of the bubble

. . . are related through
Itis well known that star formation can only occur in the coolest 9

and densest regions of the ISM. We assume that the UV external 47 3p, _ EE ®)
heating provided by the hot protogalactic backgroundis shielded 3 ~*° b= g

by the bulk of the PGCC gas. Therefoid; formation and 3 the motion of the supershell obeys Newton's second law
thermal cooling are assumed to occur only near the center of
the PGCC: the formation of the star first generation takes place d
in the PGCC central area, the densest and the coolest regions ofj;
the cloud. For the value of the SFE, i.e. the ratio between the
mass of gas converted into stars and the total mass of gas, wevhere M,(t) is the mass of the shell at timeand Pe..

refer to Lin & Murray (1992). Their computation shows that i the pressure in the unperturbed medium just outside the
the early star formation in protogalaxies was highly inefficient, shell Pez: = P(Rs(t)), which depends on the temperature
leading to a SFE not higher than one percent. The mass spectrunff the isothermal cloud.

GM.,2(t)

[M,(t)Rs(t)] = 47 R*(Py — Peogt) — 2R.2(1)

(9)

is described with the fo"owing parameters: 4. KnOWing the denSity profile of the PGCC, we obtain the
mass swept by the shell at time

1. the slope of the initial mass function (IME) M

2. the lowermn,;; and uppern, mass limits of the spectrum, M;(t) = & Bts (t) (10)

3. the mass of the least massive supernova progenitor )

4. the mass of the least massive supernova progenitor con-WhereM and R are the mass and radius of the PGCC.

tributing to the PGCC self-enrichment;s (> m;2). If, as assumed by McCray (1987), the energy injection Fate

o . L upplied by the supernova explosions is constantintime, then an
The distinction between points 3 and 4 lies in the fact that t Pp y P b

. X %alytical solution of the typ&,(¢) = v x t describes the shell
least massive supernova progenitors (9 < 12M) have VeTY motion. In this expression, is the constant speed of the shell

: . . . l(;IJIL‘?ring its progression through the PGCC. For an isothermal
only very slightly to the chemical enrichment even if they ar oud of temperaturé and mean molecular weight relations

?ukmer_otls. Howe\;er,tthew c_ityﬁlnamlcal |rtr)1ptact on PdGCC mléSt =10) show that depends on the PGCC mass and radius and
aken into account (stars with masses betwegnandm.,, en on the supernova rate:

their live as supernovae, but only the ones with masses between

my3 andm,, participate to the chemical enrichment). 30% 4+ 3 kT n GM ol = 2EO£. (11)
wmpg 2R M
3.3. Supershell propagation Since, the mass and the radius of the cloud are determined by

The model of Castor et al. (1975) primarily describes the evolG4S- (3).(4) and (6), the parameters of the problem are the pres-
tion of a circumstellar shell driven by the wind of an early-typgUré confining the PGCC and the supernova rate. Therefore,
star. Their study can be extented to multiple supernova shell§f- (11) successively becomes

the supernova progenitors (the first generation massive stars) are B

closely associated. In this case, all supernova shells will mefge + (0-7 + 0.2x Mg Yvo] = 3-3NAL:1XMG 2

into a single supershell propagating from the center to the edge ¥
of the PGCC. Following the remarks of the previous section, wg e — NEs5;
assume that this is indeed the case. Yo T RA10 = TG

The blast waves associated with the first supernova explo-

sions sweep the PGCC material in a thin, cold and dense stglFds: (12) and (13)' the bulk of the gas is assumed to be at
of radius R, and velocityR,. This shell surrounds a hot and? [emperature of0" K, the mean molecular Wellglpztls setto
low-density region, the bubble, whose pressure acts as a piston 1€ €xpansion speeg is in units of 10kms™" (the sound
driving the shell expansion through the unperturbed ISM. TiF8€€d value in amedium of this temperatund), is the mass of
following equations settle the expansion l&y(t) of the shell the cloudin u_nlts of millions solgr masses, N is the total number
during its propagation in a given PGCC (Castor et al. 1978t SNell, E5; is the energy provided by each Type I supernova
Brown et al. 1995): explosion in units ofl0°! ergs andAt; is the supernova phase
duration expressed in millions years. Eg. (13) shows that the
velocity of the shell depends on the number of SNell and is

1. The supernova explosions add energy to the bubble at a fatfpendent on the hot protogalactic background pressure.
E, and the dominant energy loss of the bubble comes from

work against the dense shell, hence the total energy of the )
bubbleE, is the solution from 4. Level of self-enrichment

(13)

. . o We have assumed that stars form in the central regions of a
Ey, = E, — 47 Rs" Py Rs. (7) given PGCC. This first generation of stars is spontaneous, i.e.
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not triggered by any external event, a shock wave for instantmy. The typical halo metallicity of [Fe/H} —1.6 must however
Thisresultsin alow SFE. After a few millions years, the massivee reached despite this low first generation SFE. We now show
stars QM. < M < 60My) end their lives as SNell. Thethat this is indeed the case. We compute the relation between
consequences are: the mass of primordial gas and the number of first generation
1. An enrichment of the primordial cloud. This is tiself- supernovae for two different cases. In the first case, we assume
. . . a given SFE (plain curve in Fig. 3), while in the second one, we
enrichmentphenomenon: the cloud has produced its own ) i -
. : . Impose the final metallicity (dashed curves in Fig. 3). In what
source of enrichment. As we will show below, this self: . .
. . ... follows, all the masses are in units of one solar mass.
enrichment can explain the globular cluster metallicities. T ) :
) . : The mass distribution of the first generation of stars obeys
2. Atrigger of blast waves sweeping all the ISM in an expanﬂ_—le following power-law IME
ing shell. The high density in the shell favours the birth o gp '
a second generation of stars with a higher SFE than for ths" — km—*dm (18)

first one. . .
wheredN is the number of stars with masses betweeand

m + dm, « is the power-law index andl is a coefficient de-
pending on the total mass of the first generation.
As the energy released by one SNII is typical]951 ergs The PGCC (Of total mass M) ismade up of two Components,
(E51=1), the energy of a few supernova explosions and the gr@ne being the stars (total mass"), the other being the remain-
itational binding energy of a PGCC are of the same order of mdgd 9as, i.e. the gas not consumed to form the first generation
nitude. This is the major argument used against self-enrichmeirs (total mass/9*). We can therefore write
Actually, it is often argued that successive supernovae will dig; _ M* 4 M9 (19)
rupt the proto-globular cluster cloud. To test whether this idéa ’
is right or not, we can compare the gravitational energy of the The massn, of heavy elements ejected in the ISM by a
cloud to the kinetic energy of the expanding shell, supplied Byipernova whose progenitor massiss approximatelly given
the supernova explosions, when it reaches the edge of the clayd(wWoosley & Weaver, 1995)
Indeed, taking the following criterion for disruption:
1 GM
§U2 ~ "R (14 where 12 m <60.

; The total mass\/* of first generation stars, the numhgr

wherev = R;(t.) andt, is the time at which the shell reaches .
the edge of the cloud, i.e. the time at which the whole cloud hg]f?SNell and the total masi/, of heavy elements ejected by

been swept-up in the shell, we have all supernovae are given by

4.1. Dynamical constraint

m, = 0.3m — 3.5, (20)

fe= % a5 M = /m km = dm, (21)
From Egs. (3), (12) and (14), we get . /mu . )
0.8x 32 Mg + 0,6X*1/2jv[é/3 0.2y 32 Mg = ljnu

3-3XM6_2/3%. (16) M, = /ng km™%m, dm (23)

Atg

In this equation, N is the maximum number of SNell a PGC¥heremn., is the upper mass limityy, is the lower mass limit
of mass M can sustain without being disrupted. The second 4AHte IMF, 7 is the lowest star mass leading to a SNl and
third terms in the left-hand side account for the deceleratiffgs S the lowest star mass producing heavy elements.

effects produced by the external pressure and the shell gravity ' the mass\. of heavy elements is mixed into a mags**
respectively. Again, using Eqs. (4) and (6), we obtain of‘primordial gas, the final metallicity [Fe/H] of the gas cloud

is defined by
NEs5; =201 17) o
M, = Zg10Fe/H proas (24)

where the duration of the SNII phase is set to 30 millions years

(Atg = 30). Therefore, a PGCC, here described by a pressuvgiereZ, is the solar heavy element mass abundance.
truncated isothermal (& 10* K) sphere of gas in hydrostatic ~ Given either the SFE= M* /M) or the final metallicity
equilibrium, can sustainumerousSNII explosions. [Fe/H], we can solve Egs. (18) to (24) to obtain the relation-
ships between N and M in both cases. In Fig. 3, we have used
a = 2.35 (Salpeter 1955)p;; = 3(Mgp), miz = 9(Mpy),

mys = 12(Mg), m, = 60(Mg), M*/M = 0.01 and three
The first generation of stars is not triggered by any event (shatiKerent values for the final metallicity: [Fe/H] —2,—1.5
wave for instance) and therefore the SFE is likely to be be veapd —1. We will justify these values for the IMF parameters

4.2. Chemical constraint
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6.5 IS It is clear that the metallicities presented in Table 1 are not
6.25 1T compatible with the disk globular cluster metallicities. However,
6 . | _——=——="1 the metallicity distribution of the Milky Way GCs exhibits two
=71 - distinct peaks, suggesting the existence of two subpopulations
575 T == of GCs, a metal-poor one and a metal-rich one. The disk popu-
= / =7 — . . .
o 551 = = lation might be a second generation of GCs formed out of gas
3 595 7 <+ where significanpre-enrichment had occured, due to the early
TN — formation of the galactic halo. For these clusters, there is no
SH — = characteristic mass in the Fall and Rees sense: the temperature
4.75 / can decreased significantly beld@* K as cooling is provided
/ by the heavy elements. Therefore, others mechanisms must be
50 100 150 200 250 300 350 400 invoked.For disk GC formation, see Burkertetal. (1992), Ash-
Type Il supernova number man & Zepf (1992).

Fig. 3. Relations between the mass of the PGCC and the number of

SNell exploding in its central regions for a given SFE = 0.01 (plain

curve), three self-enrichmentlevels (dashed curves), fromup to bOttcg?'Discussion

[Fe/H]= —2, —1.5, —1. The point represents the dynamical constraint

described in the text for a hot protogalactic background pressure db&. The IMF of the first generation

x 10~ 1tdyne.cm? ! .
The first generation of stars forms out of a gas very poor, or even

free, in heavy elements. We now examine the consequences for

Table 1. Dependence of [Fe/H] oR}, our model

Py[dyne.cm™2]  logioM./Ms  [FelH]

5.1.1. The shape of the IMF in a metal deficient medium

107° 5.5 -1.2
1071 6.0 -1.7 i i

T . . As already mentioned in Sect. 3.2, we assume that the gas tem-
10 6.5 2.2 perature can decrease significantly belo K0n the central

regions of the PGCC only. We now focus on what might happen
in this central region where star formation is expected.

in the next section. The point represents the dynamical cops According to Larson (1998), the Jeans scale can be identified

. . ith an intrinsic scale in the star formation process. Itis defined
straint (17), namely the maximum number of SNell a PGC o .
Jr . . ; s the minimum mass that a gas clump must have in order for
can sustain without disruption. The PGCC mass is set by t%e . .
) ; ravity to dominate over thermal pressure (althougtitibemal
value of P, (Eq. 6). The points located left/right correspond re,'q . .
. .. _Jeans mass is not universally accepted as relevant to the present-
spectively to stable/unstable PGCCs. The last ones can’t 9ye . . .
: ; . - 2day formation of stars in turbulent and magnetized molecular
rise to GCs as, following Eq. (14), they are disrupted. Slm"louds) It scales as
larly, the clouds with masses and number of SNell above/uné:er '
the plain curve (SFE=0.01) correspond to clouds with SFEs 2 p_1/2
smaller/greater than one percent. The three dashed curves Mp—“ =P (25)
resentrelations between the primordial gas mass and the number
of SNell at a given metallicity. From top to bottom, these metalvhere T is the temperature of the clump and P is the ambiant
licities are [Fe/H]=1, —1.5, and—2. We deduce from Fig. 3 pressure in the star forming region (here the PGCC central area)
that we can achieve a metallicity [FeAd]—1.5 with an SFE surrounding the clump. There is therefore a strong dependence
of one percent. Hencthe mean metallicity of the galactic haloon the temperature. AF smaller thanl0* K, heavy elements
can be explained by the activity of a spontaneous first geneead dust grains provide the most efficient cooling mechanismin
tion of stars, even with a low SEEurthermore, the graphicalpresent-day clouds while in primordial clouds the cooling pro-
comparison of the dynamical constraint with the set of curvesss is likely to be governed by molecular hydrogen, the only
corresponding to the three different metallicities showstthat available coolant in a zero metallicity medium. Howeves, H
dynamical constraint is also compatible with the metallicitiesannot cool the gas much below 100 K while heavy elements
of some halo globular clusterd-or instance, under a hot back-can make the temperature as low as 10 K. Therefore, we expect
ground pressure of810~!! dyne.cnt?, the mass of a PGCC isto have higher clump temperatures and therefore higher star for-
1.2 x 10° M, and the metallicity that can be achieved througimation mass scales in primordial gas than in current star forming
self-enrichment is-1.75. Table 1 illustrates the sensitivity ofregions. The IMF has in all likelihood evolved with metallicity
the model to the choice df;,. and therefore with time, probably favouring higher masses in
Our main conclusion is therefore that galactic halo globuléte early Universe. To take into account this time variability,
cluster metallicities might be consistent with the process of selfarson (1998) has proposed two alternative definitions for the
enrichment, both from dynamical and chemical points of vieWMF, where the slope is fixed (rather than variable as usually
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5.1.2. The star formation efficiency

The star formation efficiency is an important parameter, since
the final mass fraction of heavy elements released in the
primordial medium depends linearly on it. How stars are
formed out of a gaseous cloud is still poorly known and itis not
easy to estimate the value of the SFE. One of the most crucial
step in the star formation process is the creation of molecular
hydrogen (Lin & Murray 1992). K cooling results in a rapid
burst of star formation which continues until massive stars have
formed in sufficient number to reheat the surrounding gas. The
ol | massive stars produce a UV background flux which destroys
1 05 0 05 1 15 2 the molecular hydrogen by photodissociation and shuts down
Logm further star formation. Applying this principle sglf-regulated
Fig. 4. Comparison of Salpeter IMF (plain curve) versus Larson moi—tar formation by negative feed battka protogalactic cloud,

ified IMFs (dashed curves). The results have been normalized in Sltlcliﬂ & Murray (1992) have calculated the UV flux necessary

a way that the mass integral is the same for the three IMFs 0 destrqy the molecular hydroge” and the _requwed number
of massive stars to produce this UV flux. Finally, the mass

) ) ) and the SFE of this first generation of stars in the protogalaxy

assumed in earlier analyses) and where the variable paramgigrestimated. They find a value of the order of one percent.

is the mass scale Under the asumed IMF, an SFE of one per cent corresponds to

Log IMF
N

, a metallicity of—1.5 (see Fig. 3).
N oc m~ 3B exp(—my /m) (26) y ( 9-3)
dlogm
and
AN _1.35 5.1.3. The upper limit of the mass spectrum
dlogm o (1 + ml> : (27) n the model we have adopted in Sect. 4, the mass of heavy el-

ements released by a star is proportional to its total mass (see

These IMFs have a universal Salpeter form at large masses@&_t(zo))' However, above a critical mass; ;;, a star canforma
depart from this power law below a characteristic mass that a3 o hole without ejecting the heavy elements it has processed.
vary (Fig. 4). Recent observational results suggest that the IMFis critical mass is given by = 50+£10M,, (Tsujimoto

has indeed a universal Salpeter slope at the upper end and ghaf 1995). Moreover, Woosley & Weaver (1995) have shown
any variability should be confined to the lower end (Haywoodl ¢ zerq initial metallicity stars have a final structure markedly
1994, Meyer et al. 1999). Contrary to the Salpeter IMF Whicljterent from solar metallicity stars of the same mass. The for-
raises mono_tlcally with dec_reasmg stellar mass, the current Qba; ones are more compact and larger amounts of matter fall
served IMF in the solar neighbourhood may be roughly flat gt oy after ejection of the envelope in the SN explosion. In this

the lower end or even may peak at a mass ar@Le\/o and 556 more heavy elements are locked in the remnant left by the
decline into the brown dwarf regime. The uncertainty about thgot massive stars. In order to evaluate the consequences for
behaviour atthe lower mass end comes from the fact thatthe IMEr model. we now define two different upper mass limits for

below0.1), remains very poorly known. Whatever the exaghe |\MF, The mass of the most massive supernova contributing
solution, a single power-law Salpeter IMF can be ruled out &f ine enrichment of the ISM is chosen to be: = 40M,.
masses lower thah\/,, the IMF slope becoming clearly muchg,,t the more massive stars will have a dynamical impact on
sma}ller than the Sa}peter value. The Lar;on IMFs (21) and (38 |SM and contribute to the trigger and the early expansion of
are in agreement with the observations since they reproducedhes nershell, even though they will not contribute to the self-
Salpeter’s behaviour for large masses while they allow a larggyichment. All stars with masses betweep, and ., end
range of possibilities at the lower mass end depending on figjr ives as supernovae, but only the ones with masses between

value adopted for the mass scalg. The essential resultis ©0,,, . a0y, | contribute to the PGCC self-enrichment. We adopt
alter the relative number of low-mass stars compared with { — 60M,, as the mass of the most massive supernova pro-

. . ‘U,
number of more massive ones. If the mass scale was higheg&fitor. This value is the same as in Sect. 4.2 and therefore the

early times, relatﬁvely fewer low-mass stars would have bes&in curve in Fig. 3 (given SFE) is not modified. Keeping the

formed at these times. _same SFE, if we decrease,; from 60M, to 400, there is a
Furthermore, Nakamura & Umemura (1999) have studiedyyction of~ 0.2 dex in the final metallicity (Fig. 5). An IMF

the cooling properties of molecular hydrogen. From this, theyi, 5 Salpeter slope doesn't favour at all the highest mass stars

have estimated that, in a zero metallicity medium, the lowegl these stars are quite rare compared to the less massive su-

mass star allowed to formis a2 star. In other words, instéadyermoyae. This explains why the final metallicity is not strongly
of any flattening or decline of the IMF, there is in this case @ependent on the value of, ;.

sharp cut off at the low mass end.
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Fig. 5. Sensitivity to the mass spectrum upper limit. The curves showiig. 6. Ratio R of the numbers of low mass stars in the two generations
here are similar to those in Fig. 3. Compared to these previous resudssuming that the second SFE is ten times higher than the first one.
lower metallicity is reached if the upper mass limit of stars contributiribhe second generation mass peak 5 M, while the first generation

to the enrichment of the ISM is set to 4QMnstead of 60M, mass peak is left as a parameter

stars as previously suggested, these stars are no more observed
today and the current width of the RGB is not affected.

We have adopted the point of view of Nakamura & Umemura However, following Larson (1998), we could also allow low
(1999) who assume that there is a sharp cutoff at the lowsass star formation during the first phdsg under a different
mass end of the IMFr;; = 3Mg). If we consider a pure mass-scale than todaysing the IMF given by Eq. (26), we
Salpeter IMF, this parameter is very critical. Indeed, if we tak&ave computed the ratio between the currently observed num-
my1 = 0.1M, instead of 3, while keeping the SFE unchangeéigrs of low-mass((1M, < M < 0.8My) stars, which are

the mass of heavy elements ejected by SNell is decreasedptgduced in both generations. According to Brown et al. (1995),

a factor of four, leading to a decrease in metallicity of 0.6 defoe second generation of stars will form a bound globular clus-
The Larson’s modified IMFs provide less sensitive results. ter if its SFE is at least 0.1. We therefore assume a value of
10 for the ratio SFE(2! generation)/SFEL generation). The
second generation mass scale (see Eq. (26)) has been fixed

to 0.34M, to match the solar neighborhood potential peak lo-
Following Larson (1998), we have used the Salpeter valumted ain = 0.25M;, (see Sect.5.1.1). The mass peak of the
Changing the slope of the IMF will have the same consequendist generation stars is left as a parameter and we allow it to
as changing the value of the lower mass cut off. If we decreas®y between 1 and@,. The ratio R of the number of second

the slope, we will increase the ratio of high mass stars over lggneration low mass stars to the number of first generation low
mass stars. The same result can be obtained by increasingmhss stars is shown in Fig. 6. For one metal-free star, the number
lower mass cut off of the mass spectrum. of second generation stars lies between 100 and 4000 depending
on the first generation mass peak. Thus, even if low mass stars
were formed in the metal-free PGCC, their relative number ob-
served today is so small that the existence of the first generation
With the exception ol Cen, and perhaps M 22, galactic globis not in contradiction with the RGB narrowness observed on
ular clusters share the common property of a narrow red gigihdbular cluster CMDs.

branch, indicative of chemical homogeneity within all stars of a
given globular cluster. Thi_s observati(_)nal property is also oft Y 2. The time of formation of the second generation

used as an argument against self-enrichment. We now show that

self-enrichment and a narrow RGB are in fact compatible. Another controversial point about self-enrichment concerns the
ability of the shell to mix homogeneously the heavy elements
with the primordial gas. If the mixing is not efficient, inhomo-
geneities will be imprinted in the second generation stars formed
If we adopt the lower mass limit for the mass spectrum af the shell and will show up as a broader red giant branch in
initially metal-free stars proposed by Nakamura & Umemu@MDs, contrary to observations. Brown et al. (1991) have es-
(1999), we get rid of one of the major arguments against sdifblished that the accretion time by the blast wave propagating
enrichment scenarios in globular clusters: the existence of taloead of the shell is one to two orders of magnitude larger than
distinct generations of stars with clearly different metallicitieshe mixing time due to post-shock turbulence in the shell. In
Indeed, ifthe first generation of stars is biased towards high masiser words, the material swept by the shell is more quickly

5.1.4. The lower limit of the mass spectrum

5.1.5. The slope of the IMF

5.2. Observational constraint: the RGB narrowness

5.2.1. The mass of the first generation stars
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1.6

mixed than accreted and the post-shock turbulence insures su-
pershell homogeneity. But even if the supershell is chemically
homogeneouat a given timethe chemical composition varies - 1.7
with time: metallicity is increasing as more and more supernova
explosions occur at the center of the bubble. So, one can argue 1-8
that the second generation will not be homogeneous: stars which
are born early will be more metal-poor than stars which are bagsn - 1.9
later, when self-enrichment has gone on. However, shell frﬁg-
mentation into molecular clouds, in which second generation - 2

stars will form, cannot take place too early, at least not before /

the death of all first generation O stars. Indeed, these ones are 2.1

the most important UV flux emitters and, as such, prevent the ! 5 10 15 20 o5 30
formation of molecular hydrogen. Time

It is very interesting to plot the increase of metallicity ver=. . . o
: . Fig. 7. Progressive enrichment due to Type Il supernovae. Time is ex-

sus time when the shell has emerged in the hot protogala%t'l ssed in millions years

medium (all the cloud material has been swept in the shell

whose mass is now a constant). For simplicity, we have as-

sumed that the ejecta of one supernova mix with all the PGCC

gas before the next supernova explosion. In Fig. 7, the paranggation stars formed in these compressed layers of gas are the
ter values are the same as in Sect. 4 (same IMF, N=2048 X  ones we observed today in GCs. Others authors have proposed
10~ dyne.cn1?) and the relation between the mass of a SN¥cenarios where these stars are also formed in triggered events,
progenitor and its lifetime on the Main Sequence is given yamely in gas layers compressed by shock waves, but the origin
Tars = 3 x 107 yr[M, /(10Mg)]~"® (Mc Cray, 1987). In this of the trigger is different. For instance, following Vietri & Pesce
case, the shell reaches the edge of the cloud 2.3 millions ye@r$9s) and Dinge (1997), the propagation of shock waves in the
(explosion of the 38/, supernovae) after the first explosioneloud could be respectively promoted by thermal instabilities
We see in Fig. 7 that after a rapid increase in metallicity, as gside the cloud or cloud-cloud collisions. Thus, in these sce-
pected for ametal-free medium, the increase in metallicity slowgrios, there is no first generation massive stars as shock wave
down and saturates. After 9 millions years, when all stars ma§gurces: this is the major difference between our scenario and
massive than 18/, have exploded, the further metallicity in-theirs.

creaseisless than 0.1 dex, the upper limit of the RGB metallicity |t has long been thought that PGCCs were not able to sustain
spread. Therefore, there is no conflict between a self-enrichmgie|| explosions because of the associated important energetic
scenario and the RGB narrownetghe second generation of effects on the surrounding ISM. In this paper, we have shown
stars is born after this timeEven if supernova explosions stillthat this idea may not be true. For this purpose, the criterion
occur, the self-enrichment phase has ended. This point wasigf-disruption proposed by Dopita & Smith (1986) was used.
ready underlined by Brown et al. (1991) from a dynamical poiffevertheless, we have extended it to more general conditions.
of view. Owing to the shell motion description proposed by Castor et
al. (1975), the spacing in time of the supernovae explosions
was taken into account. Also, we have not considered a tidal-
truncated cloud as Dopita and Smith did but a pressure-confined
We have investigated the possibility that globular clusters hawee, which is certainly more suitable to protogalactic conditions.
undergone self-enrichment during their evolution. In our sc&ith this model, we have computed the speed of propagation
nario, massive stars contribute actively to the chemical enriadf-the shell through the PGCC for a given supernova rate and
ment and to the gas dynamics in the early Universe. Wherm given external pressure. We have demonstrated that a PGCC
stellar system is formed, supernovae enrich the remaining gas sustain many supernova explosions. Moreover, the dynam-
in such a way that the next generation of stars is more metahl upper limit on the number of SNell is compatible with an
rich than the first one. In this paper, we assume the birth okarichment of the primordial gas clouds to typical halo globular
first generation of stars in the central areas of PGCCs. Whadaster metallicities. This conclusion is quite robust to changes
the massive stars end their lives, the corresponding SNell axtMF parameters. Our result depends on the hot protogalactic
plosions trigger the expansion of a spherical shell of gas, wh@messure confining the PGCC and implies therefore a relation-
the PGCC primordial gas and the heavy elements ejecteddtyp between the metallicity and the radial location in the proto-
supernovae get mixed. Because of the dynamical impact of galaxy. We have also pointed out that a scenario which involves
pernova shock waves on the ISM, the gas is compressed intwa distinctgenerations of stars is not in contradiction with the
dense shell and this high density favours the birth of a secdR&B narrowness noticed in CMDs of nearly all galactic glob-
generation of stars with a higher SFE. This scenario of triggeraldr clusters providing that the birth of the second generation
star formation is now confirmed by observational examples dfi stars is not triggered before the iR, supernova explosions

the disk of our Galaxy and inirregular galaxies. The second gdrave occurred. In a forthcoming paper, the correlations expected

6. Conclusions
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from this self-enrichment model will be deduced and comparéehin E., Magain P., Neuforge C., Noels A., Thoul A.A., 1998, A&A
to the observational data of the galactic halo GCs. 330, L33
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