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Abstract. Based on accurate chemical abundance determinations in a
sample of field halo stars (hereafter FHS), we define two FHS popula-
tions, related to two distinct stages of globular cluster (hereafter GC)
chemical evolution, namely an early supernova phase and a subsequent
accretion phase (EASE scenario). These stars were later dislodged from
GCs through various dynamical processes. We have developed a model of
GC self-enrichment, based on the ability of the GC gaseous progenitors
to retain the ejecta of a first generation of Type II supernovae (hereafter
SNellI). The model is able to explain the halo GC metallicities and the old
halo metallicity gradient. It also implies a trend between the mass and
the metallicity of GCs. Finally, we look at the conditions under which
the expanding supershell, created by the SNII explosions, can undergo
fragmentation (triggered star formation).

1. Introduction

Recent accurate chemical abundance determinations in mildly metal-poor field
stars have revealed the existence of two stellar field subpopulations, namely
population ITa and IIb (Poplla and Popllb; Jehin et al. 1999). To explain
these two stellar populations, we have developed the EASE scenario (evapora-
tion/accretion/ self-enrichment), which links the metal-poor field stars to the
Galactic halo GCs. According to this scenario, the early chemical evolution of
GCs includes two successive stages, a SNII phase and an accretion phase, during
which low-mass stars accrete AGB winds. Each of these chemical stages leads
to a different stellar population, Poplla or Popllb. At a later time, these stars
are dislodged from GCs through various dynamical processes and join the field
population. The observations and the EASE scenario are described in more
detail in Jehin et al. (1999).

The EASE scenario therefore assumes that the supernova phase within the
gaseous progenitors of Galactic GCs can indeed take place. Since the kinetic
energy released by a SNII, typically ~ 10°! ergs, is of the same order of magni-
tude than the GC binding energy, it might seem that a supernova phase cannot
occur in a still gaseous GC without disrupting it (e.g., Meylan & Heggie 1997).
However, this line of reasoning is in error, since the kinetic energy of the ex-
plosion differs from the kinetic energy deposited into the ISM. This problem is
reconsidered in Parmentier et al. (1999).
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2. The self-enrichment model

According to Fall & Rees (1985), the proto-Galaxy is a two-phase medium con-
sisting of cold (T ~ 10*K), dense clouds embedded in a hot (T ~ 10°K) and
diffuse protogalactic background. The cold clouds may be the gaseous pro-
genitors of Galactic GCs. Parmentier et al. (1999) describe these cold clouds
as isothermal spheres in hydrostatic equilibrium and pressure equilibrium with
the surrounding hot protogalactic background. A first generation of zero-metal
abundance stars is assumed to form in the central regions of each proto-globular
cluster cloud (hereafter PGCC). The explosions of the corresponding SNell trig-
ger the expansion of a supershell into which all the cloud material is progres-
sively swept. The shell gets chemically enriched by the SN ejecta: this is the
self-enrichment process. Later on, a second generation of stars could form out of
this enriched shell and recollapse, leading to GC formation (Brown et al. 1995).

In order to deal with one of the most often used argument against the
hypothesis of self-enrichment in GCs (see Sect. 1), our model relies on the com-
parison between the gravitational energy of the PGCC and the kinetic energy of
the supershell, the later depending on the number of SNell. The corresponding
amount of metals released into the ISM is then derived in order to check whether
self-enrichment can explain Galactic halo GC metallicities. Final results are pre-
sented in Table 1 (see Parmentier et al. 1999 for details).

Table 1. PGCC masses and metallicities for different values of the
pressure of the hot protogalactic background confining the PGCC

P, [dyne.cm™2] logig M/Mg [Fe/H]

10711 6.5 -2.2
10-10 6.0 -1.7
1079 5.5 -1.2

Clearly, halo GC metallicities can be attributed to self-enrichment and mostly
depend on P, the pressure of the hot protogalactic background confining the
PGCC. Furthermore, several predictions of our model can be compared to the
observations. First, the higher the pressure of the surrounding hot gas, the
higher the metallicity will be. Since the pressure is expected to be higher in
the inner Galactic regions, a metallicity gradient should emerge if our model
is correct. Secondly, the model predicts a mass-metallicity relationship for the
progenitor cloud. A relic of this relation may still be present among halo GCs.

3. The metallicity gradient

The halo globular cluster system (hereafter GCS) presents no clear metallicity
gradient. However, it seems likely that the halo GCS consists of clusters with
more than one origin. According to Zinn (1993), the halo GCS includes two
populations of GCs, the old halo (hereafter OH) group and the younger halo
(hereafter YH) group. Both populations show differences such as in horizontal
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branch morphology, age, kinematics, and spatial distribution (see Parmentier
et al. 2000 for a review). According to Zinn (1993), while the OH clusters are
formed during the prompt collapse of the protogalactic cloud, the YH clusters
are accreted later on by the Galaxy from dwarf galaxies. As a result, the YH
group is not indicative of the formation of the Galactic halo and any comparison
between the observations and the self-enrichment model should be limited to the
OH sample. This separation is of great interest since, as expected from the self-
enrichment model, the OH group exhibits a clear-cut metallicity gradient. A
detailed analysis is presented in Parmentier et al. (2000). The conclusion is
that, a pressure profile P, (D) scaling as 1/D?, where D is the Galactocentric
distance, provides a metallicity gradient [Fe/H](D) in good agreement with the
observational situation.

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, in
the sense that the less massive clouds are the most metal-rich ones:

[Fe/H] = 4.3 —log M . (1)

However, such a tight correlation is not expected for GCs. Indeed, there is
no reason why, in the supershell, the formation of the second stellar generation
would always take place with the same star formation efficiency (hereafter SFE).
Figure 1 shows plots of [Fe/H] (Harris 1996, updated 1999) versus logMg¢ for
halo GCs (left hand panel: the 49 halo GCs from the Pryor & Meylan (1993)
compilation; right hand panel: the presumed accreted component of the Galaxy
has been removed). Since the mass M of a gaseous progenitor is an upper limit
for the mass Mgc of the GC formed, Eq. (1) delimits a permitted area in the
(logMgc, [Fe/H]) plot: all the points should be located to the left of Eq. 1 (plain
curve in the right hand panel in Fig. 1). It appears that it is mostly the case.
Introducing ¢, the SFE of the second stellar generation, Eq.(1) becomes:

[Fe/H] = 4.3 + loge — log M¢c . (2)

If ¢ did not vary too much from cloud to cloud, a relic of the PGCC mass-
metallicity relation may still be present among halo GCs. Since the Pryor &
Meylan compilation is an homogeneous set of GC masses, namely all the masses
have been computed using the same type of multi-mass King models, it has the
advantage to limit additional scatter in the observed (logMgc, [Fe/H]) plot.

As for the metallicity gradient, a YH/OH separation is fruitful. Considering
the OH group only, it separates into two different behaviors: at a metallicity
lower than —1.8 dex, no clear trend emerges, while above this threshold, there
is a pronounced increase of the metallicity with decreasing mass, as foreseen by
the self-enrichment model. The linear Pearson correlation coefficient is —0.64
corresponding to a probability of correlation of 99.93%. In this metallicity range,
a least-squares fit which takes into account errors in both coordinates (dashed
curve) presents a shallower slope than the one of the model (plain curve). It is
therefore suggested that ¢ decreases with decreasing PGCC mass.
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Figure 1.  [Fe/H] vs log Mgc. Left panel: OH and YH subgroups
(49 GCs). Right panel: OH subgroup (37 GCs). The correlation be-
tween the GC masses and their metallicities is particularly striking
for [Fe/H]> —1.8. The corresponding least-squares fit (dashed curve)
presents a shallower slope than the self-enrichment model (plain curve).

5. Is the supershell able to fragment ?

Up to now, we have assumed that a second generation of stars forms out of the
supershell. We can ask whether the supershell is indeed able to become grav-
itationally unstable, namely to undergo transversal collapse in order to form
some dense clumps of gas from which stars could form at a later time. To
ivestigate this issue, we use the perturbed equations of continuity and momen-
tum for transverse flows in the shell (Elmegreen 1994) !. We assume that the
perturbed quantities vary exponentially with time and angular position in the
shell. Therefore, we define an angular frequency w and an angular wavenum-
ber n = 2w R;/\ where R; is the shell radius and A is the wavelength of the
gravitational perturbation. Then we get from the dispersion equation, w=w(n):

3 Vs 1 V2 7 n?
=2 e oGyl — g2 3
© 2RS+\/4R52+ TR TS R ®)

where G is the gravitational constant, V; is the shell velocity and ¢, is the sound
speed inside the shell. op is the unperturbed shell surface density, M/(4wR2).
For the first growing mode (w is maximum and %7’— = 0), Eq. 3 becomes:

2 2G2 2
3V, \/1V5 "2 G 0g® n

Yi9= T3 R, ZRS2+ o2

Plots of R,(t) and wpy(t) are provided in Fig. 2 for different values of the ex-
ternal pressure P;, and for 200 SNell, namely the number of SNell given by the
disruption criterion. The right hand panel suggests that whether the supershell

'In a first step, and since it is the longest phase of the SNII stage, we limit our study to the
propagation of the supershell throughout the hot protogalactic background, namely all the
PGCC has been swept into the supershell.
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Figure 2.  Left panel: radius of the supershell (in pc) vs time (in
10® years). Right panel: angular frequency of the first growing mode
(in 107% years) vs time. Each wyf, curve begins when the supershell
crosses the PGCC boundary. In both panels, results are presented for
200 Snell and 3 values of P, (1071%, 10~ and 4 x 107! dyne.cm™2,
plain, dash-dotted and dotted respectively)

can become gravitationally unstable (wyy > 0) depends on P;. At low pressure
(e.g., P, = 4 x 10712 dyne cm™2), and therefore at low-metallicity (see Table 1),
the instability disappears. This might explain the end of the GC metallicity dis-
tribution function. However, this interesting conclusion must still be confirmed
by more careful calculations since the gravitational instability must hold for a
sufliciently long time to lead to a successful fragmentation.

Acknowledgments. This research was supported by contracts Pdle
d’Attraction Interuniversitaire P4/05 (SSTC, Belgium) and FRFC F6/15-OL-
F63 (FNRS, Belgium).

References

Brown, J. H., Burkert, A., & Truran, J. 1995, AplJ, 440, 666
Elmegreen, B. G. 1994, ApJ 427, 384

Fall, S. M. , & Rees, M. J. 1985, AplJ, 298, 18

Harris, W. E. 1996, AJ, 112, 1487

Jehin, E., Magain, P., Neuforge, C., Noels, A., Parmentier, G. , & Thoul, A.
1999, A&A, 341, 241

Meylan, G., & Heggie, D. C. 1997, A&AR, 8,1
Parmentier, G., Jehin, E., Magain, P., et al. 1999, A&A, 352, 138
Parmentier, G., Jehin, E., et al. 2000, A&A, 363, 526

Pryor, T., & Meylan, G. 1993 in Structure and Dynamics of Globular Clus-
ters, ASP Conf. Ser. Vol. 50, eds. S.G. Djorgovski & G. Meylan (San
Francisco: ASP), 357

Zinn, R. 1993 in ASP Conf. Ser. Vol. 48, The Globular Cluster-Galaxy Con-
nection, eds. G.H. Smith & J.P. Brodie (San Francisco: ASP), 38

© Astronomical Society of the Pacific * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/2002ASPC..285..234P

DASPC D285, T 234D

I'2'_

Self-Enrichment in Galactic Halo Globular Clusters 239

Discussion

Mac Low: 1. What velocity dispersion was assumed in the shell? (That is, what
determines the transverse velocities?) I ask because the shell running down the
r~2 cloud density gradient will be Vishniak unstable (Mac Low & Norman 1992;
Garcia-Segura & Mac Low 95).

2. When the shell begins to accelerate, as shown in your evolution at later
times, it will become Rayleigh-Taylor unstable and fragment, releasing the inte-
rior pressure. How will this affect your results? (The same criticism applied to
the work of Brown, Burkert, & Truran).

Parmentier: 1. The velocity dispersion during the propagation through the hot
protogalactic background is assumed to be 1 km s~!. The ability of the shell to
undergo transversal collapse is indeed very sensitive to the value of c¢s. If ¢, is
assumed to be 2km s~!, the shell does not fragment during its early evolution
due to a negative value of w, the angular frequency of the perturbation. Later,
the evolution of w with time (assuming ¢; = 2 km s™!) looks the same as for
¢s = 1 km s7!. But at this time, the condition that the wavelength of the
perturbation must be smaller than the shell dimension is no longer fulfilled, and
fragmentation does not occur. Concerning the propagation through the PGGC,
the expression for w is different and has not been computed yet. Qualitatively, it
scales as s/t. The sign of the accompanying factor should therefore be checked.
Either the shell fragments (factor > 0) or it never does (factor < 0).

2. The first significant acceleration of the shell occurs after the shell has
contracted for the first time, leading to a gravitational instability. Therefore,
the Rayleigh-Taylor instability has no impact on the ability of the shell to form
2nd generation stars.

Elmegreen: What is the spread in metallicity in your models?

Parmentier: Any model of globular cluster formation should meet the observa-
tional constraint of chemical homogeneity. This is a twin-problem. First, the
presence of low-mass stars of the first generation should lead to a widening of
the red giant branch. But the number of these low-mass stars is expected to
be smaller than the number of the low-mass stars of the second generation due
to different star formation efficiencies. This difference is even more enhanced if
the IMF of the first stellar generation (primordial medium) does not favor the
formation of low-mass stars (top-heavy IMF).

The second point to check is the possibility that the formation of the second
stellar generation occurs when (Fe/H) is still changing with time, leading to a
spread in metallicity depending on the formation time of the stars. However,
the increase of metallicity occurs during less than the first 10 million years of
the evolution of the supershell (assuming that the ejecta are efficiently mixed
into the supershell). This means that the chemical evolution is so quick that if
the formation of the second generation stars does not occur before 8 or 9 million
years after the first explosion, the spread in metallicity will be limited to not
more than 0.1 dex, which is the observed value of metallicity spread in galactic
GCs. Both points are addressed in Parmentier et al. (1999).
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Bernd Lang and Andrea Stolte discussing an SDSS study of
the Sagittarius dSph galaxy’s tidal streams.
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