
! 
i 

Star Formation in Proto 
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The effects of the onset of star formation on the residual gas in primordial low-mass 
Local-Group dwarf spheroidal galaxies is studied by a series of hydrodynamical 
simulations. The models have concentrated on the effect of photoionization. The 
results indicate that photoionization in the presence of a moderate gas density 
gradient can eject most of the residual gas on a time scale of a few lo’ yews. High 
central gas density combined with inefficient star formation, however, may prevent 
mass ejection. The effect of supernova explosions is discussed briefly. 

Introduction: 
The age spread observed in several dwarf stellar systems, 
based on the color and iFeiH of individual stars within 
the system (see below). suggests that a large fraction of 
their primordial gas was retained. despite the energy re- 
lease by their earliest generation of massive stars. 
A significant variation in Fe!HI is found from the ob- 
served spectroscopic data of individual stars in the dwarf 
elliptical galaxies Draco and Ursa Minor (Zinn 1978; Kin- 
man e t  d. 1981) The broad red giant branch photo- 
metrically observed in  the dwarf galaxies Fornax (Buo- 
nanno et a!. 1985), NGC 147 (Mould et al. 1983), NGC 
205 (Mould et  al. 1984), and Draco (Carney & Seitzer 
1986) also indicates a spread in metallicity (see review by 
Aaronson 1986). 
That  some fraction of the gas remains inside the system 
is essential for the formation of the “next generation” of 
stars, and for the self-enrichment by the by-products of 
the first supernova (SN) explosions. 
In this communication we present some numerical hy- 
drodynamical simulations of the evolution of the residual 
gas for several dwarf models. We first consider just the 
effects of photoionization. This process seems to be an 
effective mechanism to remove gas from proto-globular 
clusters and to reduce. therefore. further self-enrichment 
(see e.g. Tenorio-Tagle et  al. 1986). Some of these mod- 
els have been recently published (see Noriega-Crespo et  
al. 1989). We present also some preliminary results of a 
more ‘realistic‘ set of models, which include both the HI1 
region and supernova phases (HII-SN). and the presence 
of an external medium. 
Photoionization: 
The photoionization models considered galactic systems 
in the size range 0.3 to 1.0 kpc and in the mass range 10’ 
to lo7 Ma(see table). The HII-SN models have focused 
on the larger systems with a tidal radius of 1 kpc and a 
mass of 2 10’ Mo. These models included the presence 
of a warm, neutral, low density external medium that 
extends from 1 to 3 kpc. 
The main assumptions include: (i) a spherically sym- 
metric gravitational potential (time independent) for the 

galaxy, given by a King model (King 1966), (ii) a low 
metal abundance in most cases, (iii) a n  initial mass func- 
tion similar to that in the solar neighborhood, (iv) an 
ionizing source located at  the center of the galaxy (later 
on the supernova energy source), and (v) a mass in the 
gaseous component which is a substantial fraction of the 
total mass. The dynamics are examined for the relevant 
ranges of mass in gas. stars, matter and of galactic radius, 
metallicity. ionizing flux, and initial gas density distribu- 
tion. The HII-SN models will examine also the supernova 
energy and the concentration of. the gravitational poten- 
tial. 
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The results indicate that the effects of photoionization 
in the presence of a moderate gas density gradient can 
easily eject the gas on a time scale of a few times lo7 
years. However, with sufficiently high central gas density 
combined with inefficient star formation, the effect of the 
ionizing flux may be localized to prevent mass ejection. 
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M d d Y D Y  e & bb P L f F. L O o t b -  

1.1 5 1 S 0.S S.5 s -1 0.016 a.0 1 E 
1.2 5.1 3 0.s 1.1 s -2 O m  (91 1 E 
1.3 6 4  S 0.1 1.5 s -2 0.140 M.0 I E 
I 4  6.5 S 0.1 5.5 U -2 0.074 40.7 1 R 
1.5 5.1 S 0.3 I S  a -1 0140 10.0 1 R 
I o  5.5 S 0.S 1.5 u -2 O S 0 0  4a.s 10 R 
1.7 S.5 6 0 3  5.5 Y -2  0.14a 5 0 0  1 R 
I1 1 11.0 S O S  6 0  S -2 0.010 40s 1 R 
11 2 8 0  3 0.3 6.0 S -2 0.050 M.0 1 >t 
11.3 11 0 S 0 S 0 0  * -2 0.W 11.0 1 E 
I14 6 0 S 0.3 6 0 S -2 0.1W 50.0 10 E 
11,s 8.0 0 0.3 8.0 s -2  0.050 M . Q  1 E 
1x1 1 7 0  3 0.3 0.0 s -2  0.010 M.0 1 R 
I112 7 0  s 0.8 6 0 * -2 0.W 11 0 1 E 
I11 3 7 0 S 0.3 6.0 S -2 0 . W  50.0 10 E 
111.4 7 0 S 0 3 5 5 I -2 0.010 10.0 1 E 
111 5 7 0 J 03 5 5 I -2 0.001 49.0 1 R 
Iv 1 11 0 5 1 0  5.5 2.s -2 0.1so 10.S 1 E 
I V 2  110 5 10 6.5 3.0 -2 0.150 K0.S 1 \I  
n s e o  s 1.0 5.3 s s -z o.lia m.1 1 R 
V 1 7 0 5 1 0  I D  3.8 -2 0.011 S0.S 1 E 
v.z 7.0 5 1.0 6.5 xes .I 0.01s M.I 1 R 
V.3 7.0 1 1.0 6.1 3.9s -2 8.1S0 S l d  1 U 
v.4  7.0 I 1.0 8.1 0.01 -I 0.1~0 ma io E 
V 1  1.0 6 1.0 6.. S.UJ 0 0.OIS #OS 1 R 
v e  T O  a 1. e s  XAO o e.iw sia 1 R 

Column ( 1 )  lists the model number. Columns (2)  and 
(5) list the logarithms of the stellar and gas mass. re- 
spectively, in units of Mc . Columns (3) and (4) indicate 
the concentration parameter e .  and the tidal radius of 
the galaxy in kpc, respectively. In Column (6), the gas 
density distribution is indicated. The symbol 8 repre- 
sents a gas distribution scaled to the stellar distribution. 
The symbol u represents uniform initial density. TheFu- 
merical entries represent the logarithm of the equilibrium 
temperature in the isothermal cases. Column (7) gives 
the logarithm of the metal abundance, in solar units. 
Columns (8) and (9) represent the star formation effi- 
ciency. as defined by eqn. ( I ) .  and the logarithm of the 
ionizing flux in photons s-’.  respectively. Column ( I O )  
represents the characteristic lifetime for the ionizing flux. 
in units of 4 x106 yr. Column (11) indicates the evolu- 
tionary outcome where the symbols R .  M. and E rep- 
resent gas retention, marginal mass loss. and toLal gas 
ejection, respectively. 

Figure 1 shows, as an example, the evolution of the den- 
sity and velocity distributions as a function of time for one 
of our photoionization low mass models (model 1.1). The 
different lines correspond to different times. The model 
has a total mass MT = 3.3 x IO5 Me, and a similar mass 
in gas with a metallicity Z = H F 2  Zo. The model has a 
very low ionizing flux, photons s - l ,  equivalent to 
one.massive star (- 20 Me). The system evolves into an 
ionization front preceded by a shock front (D-type), sep- 
arated by a dense shell. In this case the photoionization 
provided with enough momentum to the gas that - 90% 
is removed in - 3 x 10’ years. 

The effect of supernova explosions 

For some models a flat density distribution seems to sup- 
press gas mass loss driven by photoionization. In these 
cases (e.g. V.2  or V.6) the effect of SN explosions can 
eject all the gas. Figure 2. shows the time evolution of 
the gas density of a blast wave in a flat density distri- 
bution model. The parameters are those of model 1. 3 
where there was no gas ejection by photoionization. The 
model includes the presence of an external medium that 
extends beyond the 1 kpc “optical’ tidal radius up to 3 
kpc. 

Figure 2. 
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I n  this case the photoionization evolutxon was followed 
up to - 3.2556 x IO6 yrs. A t  this time the supernovae 
energy, 2 x ergs, is set a t  the inner boundary and 
the ioniz~ng flux is turn off (t = 0). The different lines 
in Figure 2 correspond to different times. From left to 
right O.Oe+O, 9.4e14, 5.4e+5, 2.9e+6,9.2e+6 and 3.4et-7 
years. respectively. The shock wave moves initially at 
several IO6  cm s - l .  but by the last model, at 3.4 x lo7 
yrs. the gas is moving at - 1.8 x lo6 cm s-’. 
In this model all the gas inside the 1 kpc radius (- 9410 
of the total gas mass) is ejected at - 7 x lo6 yrs after the 
explosion. 



The results suggest that, given a normal initial mass func- 
tion, many protodwarf galaxies may have been dispersed 
by the onset of star formation. 
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