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ABSTRACT

We revisit the most often used argument against self-
enrichment in globular clusters, namely the ability of a
few number of supernovae to disrupt the proto-globular
cluster cloud. We show that, within the context of the
Fall and Rees theory, the progenitor cloud of a globular
cluster is able to sustain a few hundreds of Type II super-
novae without being disrupted. This large number of su-
pernovae is able to produce the amount of metals currently
observed in galactic halo globular clusters. The metallicity
that can be reached through self-enrichment depends on
the pressure exerted by the medium surrounding the pro-
genitor cloud, and therefore on the cloud location in the
Protogalaxy. This model provides therefore an explana-
tion for the metallicity gradient observed throughout the
Old Halo. A tentative comparison is also made between
the mass-metallicity relationship expected by the model
and the observational situation.
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1. INTRODUCTION

Galactic globular clusters (hereafter GCs) are fossil
records of the formation of the Galaxy. The understand-
ing of their formation process would certainly shed light
on the early galactic evolution. However, at the present
time, there is no widely accepted theory of GC forma-
tion. According to some scenarios, GC formation repre-
sents the high-mass tail of star cluster formation. Namely,
the formation of bound stellar clusters occurs in the dense
cores of much larger star-forming clouds whose mass is of
the order of 108 Mg, (Harris & Pudritz 1994, McLaugh-
lin & Pudritz 1996). Another type of scenario relies on a
heating-cooling balance to preserve a given temperature
and thus a characteristic Jeans mass at the protogalactic
epoch. From this point of view, Fall & Rees (1985) propose
that GCs would form in the collapsing gas of the Proto-
galaxy. During this collapse, a thermal instability triggers
the development of a two-phase structure, namely cold
clouds in pressure equilibrium with a hot and diffuse pro-
togalactic background. The temperature of the cold phase
is assumed to be maintained at a value of 104K since the

cooling rate drops sharply at this temperature in a metal-
free medium. This assumption leads to a cloud mass of the
order of 10° M. Since this is of the same order of magni-
tude as the GC mass (although a bit larger, but see below),
Fall & Rees (1985) identify the cold clouds formed by the
thermal instability with the progenitor clouds of GCs.

Within this context, the self-enrichment model was
proposed by Cayrel (1986) and further developed by
Brown et al. (1991) and Brown et al. (1995). The main
advantage of this scenario is that it explains the formation
of the cluster together with the origin of the cluster metal
content. As already mentioned, the progenitor clouds are
supposed to be metal-free and the formation process must
therefore explain how the metals are provided within the
clouds. That is why this model is called self-enrichment:
a cloud is its own metal source.

Since the star formation timescale is shorter in the
denser regions of the interstellar medium, a star forma-
tion event will occur first in the central regions of the
cloud where the density is the highest. The massive stars
of this first generation end their lives rather quickly, after
a few million years, and explode as Type II supernovae
(hereafter SNellI). The blast waves associated with the
explosions trigger the formation and the expansion of a
supershell in which all the cloud material is progressively
swept. Also, the supershell gets chemically enriched with
the metals released by the exploding massive stars. Since
the supershell is a compressed layer of gas, it constitutes a
dense medium where the formation of a second generation
of stars is triggered. Under some conditions (see Brown
et al. 1995), these second generation stars, formed in the
chemically enriched supershell, can recollapse and form a
GC. Therefore, the first generation SNell trigger the for-
mation of the GC stars and provide the GC metals. Not
all the supershell gas ends up in stars and the mass of
the progenitor cloud must have been higher than the GC
mass.

Supernova energetics has been a major criticism of the
GC self-enrichment hypothesis. The energy released by
a typical SNII and the binding energy of a still gaseous
protocluster cloud are of the same order of magnitude. It
might seem, therefore, that proto-globular clouds cannot
survive a supernova explosion phase and are immediately
disrupted (Meylan & Heggie 1997). There is however a
difference between the kinetic energy of the ejecta and
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the kinetic energy effectively deposited within the cloud.
Parmentier et al. (1999) have reconsidered this problem.
In their model, the Proto-Globular Cluster Clouds (here-
after PGCCs) are assumed to be isothermal spheres in hy-
drostatic equilibrium and their density profile p(r) scales
therefore as r~2. Knowing the density profile through
which the supershell will propagate, the equations of the
supershell motion (Castor et al. 1975) are solved, leading
to the expression for the shell velocity. Then, the super-
shell kinetic energy, depending on the explosion rate, is
compared to the PGCC binding energy. The comparison
leads to an estimation of the SNII number that the PGCC
can sustain without being disrupted.

2. CONSTRAINT ON THE SN NUMBER

Parmentier et al. (1999) have shown that, for a constant
explosion rate, the velocity v of a supershell propagating
throughout an isothermal sphere in hydrostatic equilib-

rium is constant in time and is given by
3 kT GM\ . R

3v +3<IL—L—’I‘;L;+2R)”_2E0M (1)
where M and R are the mass and the radius of the cloud,
determined by P, the pressure of the hot protogalactic
background confining the PGCC, k is the Boltzmann con-
stant, T, the cloud temperature (=~ 10%K), p, its mean
molecular weight (~1.2) and Ep the rate at which the
SNII energy is supplied. With the hypothesis of pressure
equilibrium between the hot and the cold media (Fall &
Rees 1985) (cold clouds are pressure truncated), we get
(see Parmentier et al. 1999 for details):

03y + vy = NAE;:l (2)
where vig is the shell velocity expressed in 10km s~!, NV,
the SNII number, Atg, the duration of the SNII phase
expressed in millions years. Es; is the energy released by
a SNII expressed in 105! ergs. Typically, Es;=1.

The comparison of the PGCC binding energy to the
kinetic energy of the supershell when this one reaches the
edge of the cloud, namely when all the cloud has been
swept, provides the disruption criterion:

1, GM
V=R (3)
From Egs.2 and 3, we get the maximum number of SNell
that a PGCC can sustain without being disrupted:

N Es; = 200,
with Atg = 30. One can observe that the SNII number is
independent of Pj.

Since the self-enrichment process provides the GC met-
als, we wonder if the above dynamical constraint is com-
patible with galactic halo GC metallicities. This check is
provided in Fig.1 where the dynamical constraint is plot-
ted for different values of Py, together with relations be-
tween the SNII number and the PGCC mass for 3 metal-
licities typical of the galactic halo. The results are also
summarized in Table 1. Clearly, GC halo metallicities can
be reached through self-enrichment.
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Figure 1. Relations between the mass of the PGCC and the
number of SNell ezploding in its central regions for three self-
enrichment levels (dashed curves), from up to bottom, [Fe/H]
=-2,-1.5,~1. The points represent the dynamical constraint
described in the text for 8 different hot protogalactic background
pressures

Table 1. PGCC masses and metallicities for different values of
the pressure of the medium confining the PGCCs.

P, [dyne.cm™?] logio M/Me  [Fe/H]

1071 6.5 -2.2
10710 6.0 -1.7
107° 5.5 -1.2

3. THE METALLICITY GRADIENT

As one can observe in Table 1, the higher the external
pressure is, the higher the metallicity will be. Indeed, since
the dynamical constraint leads to a constant SNell num-
ber, a constant amount of metals is released by the first
generation massive stars. Since the PGCC mass decreases
with increasing external pressure, the PGCCs embed-
ded in a higher pressure medium, namely located deeper
in the Protogalaxy, reach higher final metallicities. This
self-enrichment model, contrary to the one developed by
Brown et al. (1995), implies a metallicity gradient within
the galactic halo.

At first sight, there is no agreement between this self-
enrichment model and the observational data. The galac-
tic halo exhibits no significant metallicity gradient (see
Fig. 2; data are based on Harris 1996). However, accord-
ing to Zinn (1993), the galactic halo may be composed
of two distinct subpopulations of GCs : an Old Halo and
a Younger Halo. This distinction is based on an analy-
sis of the horizontal branch (hereafter HB) morphology.
In some cases, two given clusters with the same metal-
licity have markedly different HB morphologies, e.g. M3
and M13, NGC362 and NGC288. M3 and NGC362 exhibit
red HBs while M13 and NGC288 have blue HBs. This is
the so-called “second parameter effect”: a second param-
eter (at least), other than the metallicity, is required to
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Figure 2. The whole galactic Halo ezhibits no dependence of the
metallicity on the galactoceniric distance. It includes differ-
ent subpopulations, for instance the Old Halo and the Younger
Halo. The crosses represent the GCs related to Sagittarius A
and Pyzis, an outer halo GC perhaps coming from the Magel-
lanic Clouds. The triangle represents the most peculiar galactic
GC, w Cen (Data are based on Harris 1996).

explain the HB morphology. Age has been proposed as
a possible candidate (Zinn 1993) but this is still a much
debated question. Whatever the nature of the second pa-
rameter might be, the hypothesis of the coexistence of two
distinct halo GC populations has received some support
from the recent work performed by Dinescu et al. (1999).
They show that, on the average, the Old Halo and the
Younger Halo exhibit some differences in their kinemat-
ics and their orbit shapes. The Younger Halo GCs have
smaller rotation velocity, perhaps even retrograde, higher
orbital energy, higher apogalactic distances and higher ec-
centricities. They are also located in the outer regions of
the galactic halo, mostly beyond 10kpc. These observa-
tions provide some support to the concept of a dual forma-
tion of the galactic halo. Indeed, following Zinn (1993), the
Old Halo GCs formed during the dissipative collapse of the
protogalactic cloud while the more remote Younger Halo
GCs formed inside satellite systems, e.g. dwarf galaxies,
accreted and disrupted by the Milky Way. These Younger
Halo GCs were therefore added to the genuine galactic
GCs. Nature currently provides us with such an example
of contamination. The dwarf galaxy Sagittarius A is cur-
rently disrupted by the galactic tidal field and its 4 GCs
(M54, Arp2, Ter7 with halo metallicities and Ter8 with
disk metallicity) are therefore incorporated in the galactic
halo (Ibata et al. 1997). In Figs.2, the 4 crosses (“+: Oth-
ers”) represent the three Sag A GCs with halo metallicities
and Pyxis, an outer halo GC which might be a detached
cluster of the Magellanic Clouds (Irwin et al. 1995).
Since the self-enrichment model applies to GCs formed
in our Galaxy, the Old Halo group only will be considered.
This subdivision of galactic halo GCs is important from
the point of view of the existence or not of a metallicity
gradient: while the whole Halo and the Younger Halo do
not exhibit any metallicity gradients, the Old Halo be-
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Figure 8. Comparison between the self-enrichment model gra-
dient and the metallicity gradient observed throughout the Old
Halo.

haves differently (Fig.3). Is it in agreement with the gra-
dient foreseen by the self-enrichment model ?

The relation linking the metallicity reached through
self-enrichment and the pressure of the external medium
confining the PGCC is given by (see Table 1):

[Fe/H] = 3.3 4 0.5logPy, . (4)
The corresponding metallicity gradient can be deduced if
the profile of the hot protogalactic background pressure vs.
the galactocentric distance is known. According to Harris
& Pudritz (1994), the hot and diffuse phase of the Pro-
togalaxy should be isothermal and in hydrostatic equilib-
rium with the dark matter potential, leading to a pressure
profile that scales as D2, where D is the galactocentric
distance. Murray & Lin (1992) reach the same conclusion
and provide the following relation for the pressure profile:

Py=125x10"°D % . (5)
The metallicity gradient due to self-enrichment is there-
fore:

[Fe/H] = —1.15 — logDxp. (6)
In Fig.3, Eq. 6 and the observational data are compared.
Theory and observations seem to be in good agreement
despite a rather high dispersion in the observational data.
Indeed, our model predicts a relation between the GC
metallicities and the galactocentric distances of their for-
mation site, from which they have, of course, drifted since
their formation time.

4. THE MASS-METALLICITY RELATIONSHIP

Table 1 also suggests the existence of a relation between
the mass M of a PGCC and the metallicity [Fe/H) reached
at the end of the self-enrichment process. The higher the
mass of the proto-globular cluster cloud is, the lower the
metallicity will be :

[Fe/H] =4.35 —log M . (7)
However, such a tight correlation between both parame-
ters is not expected for globular clusters. Indeed, there is
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Figure 4. Plot of the metallicities [Fe/H] vs masses of galactic
halo GCs: no trend emerges

no reason why, in the supershell, the formation of the sec-
ond generation stars would always occur with the same
star formation efficiency (hereafter SFE). Introducing the
SFE 7 of the second generation stars, Eq.7 becomes:

[Fe/H] = 4.35 — log Mgc + logn , (8)

where Mgc is the mass of the second generation of stars,
namely of the newly formed GC. Instead of a correlation,
we therefore expect a strip in the (log Mgc, [Fe/H]) dia-
gram, whose boundaries are set by an upper and a lower
values of n (see Brown et al. 1995 for an estimation).

To see if there is an observational trend between the
masses and the metallicities of GCs as predicted by the
model, we have gathered as many GC masses as possi-
ble. We found 18 GC masses computed with a multi-mass
model (see Parmentier et al., in preparation, and refer-
ences therein). Because of the small size of this sample,
we also computed masses with single-mass King models
for 26 others GCs. We used the King formula (King 1966)
reduced by Illingworth (1976) to
Mgc = 167purcop 9)
where Mgc is the total mass of the cluster in solar masses,
4, a dimensionless parameter of the King model depend-
ing on the cluster concentration (see Table II, King 1966),
7, the core radius in parsecs, and g, the central velocity
dispersion in km s~!. Core radius and concentration pa-
rameters are taken from Harris (1996). References for cen-
tral velocity dispersions are given in Parmentier et al. (in
preparation). The corresponding data are plotted in the
(logMgc, [Fe/H]) plane in Fig.4 for all GCs for which
masses have been computed, while they are restricted to
Old Halo GCs in Fig.5. For the Old Halo GCs, there is
indeed, on the average, an increase of the metallicity with
decreasing mass of GC, as expected from the model.
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Figure 5. Same plot as in Fig. 4, but for the Old Halo GCs:
a trend emerges in which the less massive clusters have higher
metallicities. The straight line represents Eq.8 in which a value
of 20% has been adopted for n
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