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Abstract. We will review the most popular models for the chemical evolution
of some starburst galaxies, in particular dwarf irregular galaxies. These galaxies
are relatively simple and unevolved objects with low metallicities and large gas
contents, suggesting that they are either young or have undergone discontinuous
star formation activity. Some dwarf irregulars are starburst galaxies currently
experiencing an intense star formation event and they are known as blue compact
galaxies or extragalactic H 11 regions. We will discuss the effects of the presence of
dark matter halos together with stellar energetics (stellar winds and supernovae)
on the development of a galactic wind in these systems. Particular emphasis will
be given to the role of massive stars in driving the thermal and chemical evolution
of the gas, in particular to type II supernovae. A comparison between different
model predictions for abundances and abundance ratios will be used to impose
constraints on the star formation history and on the amount of dark matter,
which we found to be extremely important in these systems.

1. Introduction

The metallicity, gas content and colors of dwarf irregular galaxies indicate that
they are either young or have experienced a sporadic star formation activity
(bursts). For most of these galaxies the second hypothesis is the most likely to
be true although a different star formation regime can probably be envisaged
for dwarf irregulars (DIGs) and blue compact galaxies (BCGs). In particular,
DIGs should have almost a continuous (gasping) star formation regime (Tosi
et al. 1992), whereas the BCGs should experience few bursts of star formation.
However, one cannot exclude that some of these galaxies are truly young objects
in the sense that they have started forming stars only recently. The best known
case of this type is the BCG 1Zw 18, which shows the lowest metal abundance
known in local galaxies. Its oxygen abundance derived from H 11 regions is 1/30
of the solar value (~ 1.75 x 10~° by number). These galaxies are also likely to
have undergone galactic winds due to their relatively low potential well. Another
striking feature of these objects is the large spread in their properties especially
in the mass-metallicity and metallicity-metallicity relations.

In the last few years a great deal of theoretical models for DIGs and BCGs
appeared in the literature. By means of analytical models, Matteucci & Chiosi
(1983) first studied the effects of galactic winds on the chemical evolution of these
galaxies, and suggested, among other hypotheses, that galactic winds of variable
intensity could explain the observed spread in the physical properties of these
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galaxies. In the following years, by means of numerical models, Matteucci &
Tosi (1985), Pilyugin (1992, 1993) and Marconi et al. (1994), studied the effects
of galactic winds on the chemical evolution of such galaxies and confirmed the
previous results. In these papers the possibility of metal enriched winds was
also considered and favoured relative to the normal galactic winds. This metal
enriched wind hypothesis allowed them to explain the observed He-abundance
vs. metal-abundance ratios, which show a substantial increase of He relative to
metals in these objects (Pagel et al. 1992). However, none of these studies had
taken into account either the energy injected by supernovae and stellar winds
into the ISM or the presence of dark matter halos which are of fundamental
importance for the development of a galactic wind. The galactic winds were
just assumed to occur every time the starburst was active.

Dark matter in dwarf irregular galaxies seems to be quite important as
shown by recent data indicating an increasing amount of dark matter with
decreasing luminosity (Skillman 1996), and therefore it cannot be ignored in
chemical evolution models. Kumai & Tosa (1992) also explored the possibil-
ity of dark matter in these galaxies in a very simple way, and suggested that
various amounts of dark matter could explain the observed spread in the Z vs.
log(Mgas/ Miot) relation.

The energetics of supernovae and stellar winds and their interaction with the
ISM, is a difficult problem, still not quite understood. The majority of models
of chemical evolution taking into account the stellar energetics in connection to
the occurrence of galactic winds, are those developed to study the chemical and
photometric evolution of elliptical galaxies (Arimoto & Yoshii 1987; Matteucci
& Tornambé 1987). Recently, Bradamante et al. (1998) presented a model of
chemical evolution for dwarf starburst galaxies which takes into account both
the stellar energetics and the presence of dark matter as factors affecting the
evolution of these objects. In this model the development of a galactic wind is
calculated in detail and the existence of metal enriched (or differential) winds is
also taken into account. By enriched wind we intend a wind carrying out only
some heavy elements, in particular those produced by type II supernovae which
are the predominant supernovae during a starburst (Marconi et al. 1994).

Therefore under this assumption, elements such as nitrogen and helium (al-
though at solar metallicities also massive stars can be important He producers),
which are mainly produced and restored by low and intermediate mass stars
through stellar winds, will not leave the galaxy since their progenitor stars are
likely to die in a different place from the birthplace whereas oxygen and the
other a-elements, ejected during type II supernova explosions, are likely to be
ejected outside the star forming region and perhaps outside the galaxy through
the galactic wind triggered by the energy injection from their progenitors. Iron
will only in part leave the star forming region since only a fraction of this ele-
ment is produced by SNell, whereas the bulk of it comes from SNe Ia. It should
be again said that the differential wind assumption has proven to be the most
viable solution to solve the helium problem in blue compact galaxies (Pilyugin
1993; Marconi et al. 1994).

In the following we will describe the results of the Marconi et al. (1994)
model and those of the Bradamante et al. (1998) (where a detailed description
can be found) model and compare them with observations.
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2. The Marconi et al. model

This model assumes that the star formation in BCGs proceeds in short but
intense bursts of star formation and the number of bursts varies from 1 to 15
with an average duration of 100 Myr. The novelty, relative to previous models
(e.g., Matteucci & Tosi 1995), is the fact that detailed nucleosynthesis from type
IT and Ib supernovae, assumed to be the result of the explosion of WR stars,
and type Ia supernovae is taken into account. In particular, the type Ia SN rate
is calculated as described in Matteucci & Greggio (1986), by assuming that the
progenitor of these SNe are binary systems made of a C-O white dwarf plus a red
giant star. Galactic winds are assumed to occur each time a starburst is active
and the rate of mass loss from the galaxy is proportional to the star formation
rate. Therefore in this framework the gas is lost continuously from the galaxy
when star formation is active but suddenly stops during the interburst phases.
In this model galactic winds are normal and differential. In the second case it
is assumed that only the products of type II (and Ib) SNe are ejected from the
galaxy. This assumption is likely to be true as recently shown by dynamical
models of starbursts (Mac Low & Ferrara 1998; Brighenti & D’Ercole, these
Proceedings). From the observational point of view, galactic winds are observed
in these objects, as suggested by the inferred velocities of outflowing material
compared to the estimated escape velocities (Meurer et al. 1992; Papaderos et
al. 1994; Lequeux et al. 1995; Martin 1996; Kunth et al. 1998). The evolution
of the abundances of several specific elements (H, He, C, N, O, Fe) is followed
in detail by relaxing the instantaneous recycling approximation and adopting
the most up-to-date nucleosynthesis prescriptions. Marconi et al. concluded
that enriched galactic winds are to be preferred to normal winds since they
can explain the large growth of He relative to metals observed in these objects

(%({%?=58 in number, Pagel et al. 1992). They also concluded that in

starburst galaxies the SNII are dominating the chemical evolution of the gas.
As a consequence of this, the [a/Fe] >0 in these objects if the number of bursts
is limited. Finally, they suggested that the total number of bursts should not
exceed ten.

3. The Bradamante et al. model

The Bradamante et al. (1988) model is substantially similar to the Marconi et
al. model except that the development of a galactic wind is studied in detail by
computing the binding energy and the thermal energy of the gas at any time.
The thermal energy is calculated by assuming that either massive stars through
stellar winds or supernovae inject energy into the ISM. From the theoretical point
of view it is extremely difficult to estimate the right amount of energy which is
transferred from supernovae and massive stars into ISM. Normally, supernovae
are treated as isolated and so is their energy contribution. In reality, supernovae
(of typell) instead occur in groups and the energy released and transferred into
the ISM is much greater when their remnants overlap. Therefore, a correct
treatment should take into account the filling factor of the gas.
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3.1. Stellar energetics

In this model the filling factor of the gas is not taken into account and it is as-
sumed that galaxies develop galactic winds when the gas thermal energy Eth (t),

exceeds its binding energy E° o(t), i.e. when:
EJ(t) > Ey(t) (1)
The energetics of the ISM is considered in the following way:
EQ (t) = E§\(t) + B4, (¢) ()

where the energy fraction deposited in the gas by stellar winds from massive stars
is E (¢), and by supernova explosions is E4%(¢). The supernova contribution

is given by:
E () = Ednrr(t) + Ednra(t) 3)
where:
t
Edyi = /0 esnRsnii(t') dt! (4)
th t ! !
Egnre = /0 esNRsnia(t') dt (5)
My,
B (¢ / / ? New dm dt’ (6)
12

Rgsnr(t) and Rgn1,(t) are the rates of supernova (II, Ib and Ia) explosion, ¢(m)
is the IMF and 1)(t) is the star formation rate. The type Ia and II SN rates are
calculated according to Matteucci & Greggio (1986). The energy injected and
effectively thermalized into the ISM from supernova explosions (esy) and stellar
winds from massive stars (e, ), are given by the following formulas:

esn =1nsn Eo (7)

€w = Ny By (8)

where Ej is the total energy released by a supernova explosion, E,, is the energy
injected into the ISM by a typical massive star through stellar winds during all
its lifetime, and ngy and 7, are the efficiencies of energy transfer from super-
nova and stellar winds into the ISM, respectively. In order to choose the right
efficiencies of energy injection for massive stars and supernovae they referred to
an ideal case characterized by a uniform ISM, and no interaction with other su-
pernova explosions or interstellar clouds. When a supernova explodes the stellar
material is violently ejected into the ISM and its expansion is gradually slowed
down by the ISM. The energy released by the supernova explosion is assumed
to be Eg = 105! erg but much of it is radiated away during the snowplow phase
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following the Sedov expansion. The energy effectively transferred and thermal-
ized into the ISM is given by eq. (13) and depends on the assumed value for
nsn. The main parameters used to derive ngy are: the initial blast wave energy
E5; = Ey/(10% erg), the interstellar gas density ng, and the isothermal sound
speed in the ISM ¢y g = cp/(10% cms™1).

For typical values of these parameters E5; = 1, ng = lem™ and o6 =~ 1
and assuming that the residual energy of the SN remnant goes effectively into
the ISM only when vgpei = co,6 one obtains the following range of possible values
for non:

nsy = 0.007 =+ 0.13 9)

In particular, they have adopted an intermediate value of nsy = 0.03 assumed
to be the typical SN energy transfer efficiency. It is worth noting that if the
SN remnants are indeed overlapping the amount of energy transferred into the
ISM can be much larger. On the other hand, in a more realistic situation for
the ISM (e.g., not homogeneous) the loss of energy from the remnant could be
larger than estimated.

The energy injected into the ISM by a typical massive star through stellar
winds during all its lifetime is estimated to be:

Ew = Lw tms (10)
where tprg is the time the star spends in Main Sequence and L., is the stellar

wind luminosity. By adopting the energy conserving solution from Weaver et al.
(1977) they obtained:

Mo = 0.3 (Lse) > ng 7 cpg” (11)
if one assumes that a 20M star is a typical massive star contributing to the
stellar winds then L3g = L, /(1036 ergs™!) = 0.03, tps = 7.9 x 108 yr with
no = lem™3 and cg 6 = 1, one obtains:

E, ~10®erg and n, =0.03 (12)
In summary, the following were adopted:
esny = 0.03-10% erg (13)
and
€w = 0.03 - 10*° erg (14)

3.2. Dark matter

In the Bradamante et al. model dark matter is also taken into account and it
influences the calculation of the potential energy. In particular, they computed
the binding energy of interstellar gas, Eg(t), in the following way:

E) = Wi (t) + Wrp(t) (15)
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The two terms on the right of the equation take into account the gravitational
interaction between the gas mass M(t), and the total luminous mass of the
galaxy My (t), and between the gas mass and the dark matter My:

(8) ML (t)

Wi(t) = -05 G M, (16)
TL
Wirp(t) = —G ¥rp % (17)

where Wpp ~ 5S[1 + 1.378].

G is the gravitational constant, and S = ry/rq is the ratio between the effec-
tive radius of luminous matter and the effective radius of dark matter. These
equations are taken from Bertin et al. (1991) and are valid for S defined in the
range 0.10 <+ 0.45.

3.3. Stellar nucleosynthesis

The adopted nucleosynthesis prescriptions are:

o low and intermediate mass stars: the Renzini & Voli (1981) prescriptions,
their case @ =1.5 7=0.33 and My, =8 Mgp;

e massive stars: the prescriptions from Woosley(1987) and Woosley & Wea-
ver (1995); and

e SNIa: the Nomoto et al. (1984) nucleosynthesis calculations, their model
W7.

The nucleosynthesis of nitrogen is still quite uncertain and deserves some dis-
cussion. The majority of N originates from low and intermediate mass stars
although some N is also contributed by massive stars via stellar winds.

Nitrogen is normally a secondary element in the sense that it is produced
from the O and C originally present in the star but in AGB stars N can be
produced also as a primary element although the amount of this primary N
depends crucially on the occurrence of the third dredge-up.

If 37 dredge-up does not occur, primary N should drop to a few per-
cent of the amount predicted by Renzini & Voli (1981). Recent nucleosyn-
thesis calculations in AGB stars (van den Hoek & Groenewegen 1997) predict
a smaller amount of N than the yields of Renzini & Voli but the proportions
primary /secondary are roughly the same. The primary/secondary origin of N
in massive stars is still not clear. Matteucci (1986) suggested the possibility of
primary N in massive stars and recent calculations including stellar rotation by
Maeder (these Proceedings) seem to confirm this possibility.

The nucleosynthesis of He is also rather uncertain. Calculations by Maeder
(1992) predict large amounts of He to be restored by massive stars through
stellar winds, but only for stars of high metal content (at least solar) so that
these predictions do not apply to BCGs, DIGs and low metallicity high red-shift
objects in general.
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3.4. Some model results

Several models were computed by assuming Mj,,, = 10° M, a different number

of bursts of duration of 60 Myr which is short enough to prevent the galaxy from

blowing-up during a starbursts and long enough to guarantee the development

of a galactic wind. The amount of dark matter was also fixed on the basis of

the same criterion and it implies a ratio R = Mygrk/Mjym =10 and S = 0.3.
The star formation rate relative to an element 7 is:

SFR =TG(t)X;(t) (18)

where G;(t) = G(t)X;(t) is the fractional mass of the element 7 present in the
gas and X; is its abundance by mass and I is the star formation efficiency. The
galactic wind in this model is not strictly occurring during the starburst since

log(N/0)
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Figure 1.  Predicted and observed log(N/O) vs. 12+log(O/H). The model
is a two-burst model. Each burst lasts for 0.06 Gyr, R =10, S =0.3, Salpeter
IMF. The data are from Kobulnicky & Skillman (1996).
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Figure 2.  Predicted and observed log(C/0) vs. 12+log(O/H). The model
is a two-burst model. Each burst lasts for 0.06 Gyr, R=10, S =0.3, Salpeter
IMF. The data are from Garnett et al. (1997) (open circles) and Garnett et
al. (1995) (filled circles).

it depends on the thermal energy of gas and is influenced also by the energy
released by type IaSNe which continue to explode also during the interburst
periods (see Marconi et al. 1994). The rate at which the fractional mass of an
element ¢ is lost from the galaxy is:

WR = wiG(t)Xi(t) (19)

where w; is the efficiency of the wind rate for a specific element i. Under the
assumption of enriched winds, as described before, w; # 0 only for the elements
contributed by type II SNe, mainly the o elements. The model was tested to
reproduce the observed log(N/O) vs. 12+log(O/H), log(C/O) vs. 12+log(C/H)
and [O/Fe] vs. [Fe/H]. The data and the model predictions for a Salpeter (1955)
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Figure 3.  Predicted and observed [O/Fe] vs. [Fe/H]. The model is a two-
burst model. Each burst lasts for 0.06 Gyr, R =10, S =0.3, Salpeter IMF.
The data are from Thuan et al. (1995).

IMF and different star formation efficiencies I' are shown in the Figures 1, 2 and
3.

As one can see, the parameter I' rather than the number of bursts, which
would move the abundance ratios along the same line, is fundamental in ex-
plaining the observed spread. In particular, for a two-burst model the efficiency
of star formation should vary from I'=0.1 Gyr~! to I'=7Gyr~!. Also evident
in the figures is the sawtooth behaviour of the abundance ratios due to the fact
that during the bursts all elements are produced whereas during the interburst
periods only the elements originating from long living stars are produced (for
example N and Fe). Therefore, part of the observed spread could be just due to
the fact that some galaxies are observed during the interburst period and others
during the burst period.
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Figure 4.  Predicted thermal energies of the gas as due to different ener
sources (SNeIl, SNela, massive stars). The energies are given in units of 10°*
erg. The model is a three-burst model. Each burst lasts for 0.06 Gyr, R =10,
S =0.3, Salpeter IMF.

Concerning the dark matter, Bradamante et al. (1998) concluded that it is
necessary to assume a massive dark halo in order to avoid the galaxy from blow-
ing out. In fact, the star formation rate is fixed by reproducing the abundances
and the abundance ratios in these objects, and unless the assumed efficiencies
of energy tranfer from stars to ISM are too high, which is unlikely, the only
solution is to include a dark matter halo which deepens the potential well. In
particular, they predict that the ratio R should vary from 1 to 10 to reproduce
the majority of these galaxies for a maximum number of ten bursts.

Finally, in Figure4 the comparison between the thermal energy of gas as
due to SNell (and Ib), SNela and stellar winds from massive stars is shown.
From the figure it is evident that SNell are clearly dominating the energetics
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of the ISM in starburst galaxies and that the contribution of stellar winds is
negligible once the first supernovae have started exploding.

4.

Conclusions

Our main conclusions on dwarf starburst galaxies, based on the analyses of
several chemical evolution models, are:

The total number of bursts of star formation can not exceed 10 if one
wants to reproduce the observed abundances and gas masses.

The most important physical parameter in order to explain the observed
spread in the chemical properties of these galaxies is the star formation
rate. Since we assumed that the star formation law is the same for all
the galaxies the difference is contained in the star formation efficiency
['(Gyr~!). In order to reproduce the spread observed in the log(N/O)
vs. 12+log(O/H), the log(C/O) vs. 12+log(O/H) and [O/Fe] vs. [Fe/H]
planes, the parameter I" should vary from 0.1 to 7 Gyr™—! for a normal IMF
(either Salpeter (1955) or Scalo (1986)). -

The presence of massive dark matter halos around these galaxies is required
in order to avoid their complete destruction due to the starbursts. A ratio
R= %‘ﬁ"-ﬂ: =1-50 is suggested with a concentration S = % =0.3-0.4.

Enriched galactic winds (enriched by the products of type IISNe) are
likely to occur in these galaxies and their efficiency should not exceed
w; =0.1Gyr~L.

Type Il supernovae dominate the energetics and the chemistry of starburst
galaxies. On the other hand, from the energetic point of view typela SNe
and massive stars are negligible.

However, firm conclusions on the energetics of gas can not yet be drawn
since the treatment of the energy transfer from massive stars and super-
novae into the ISM is still poorly known. Moreover, a fully dynamical
treatment is necessary to assess the existence and the modalities of galac-
tic winds.
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Discussion

Heckman: (i) In well-studied local starbursts, the physical and dynamical properties of
the outflowing gas (super bubbles and super winds) require a much higher efficiency of
thermalization of supernova mechanical energy than you have assumed (e.g., of-order
unity, rather than a few percent. What would the effect on your model be, if you
assumed a higher efficiency?

(73) Gas-phase Fe/O abundance ratios may underestimate the true Fe-abundance, since
significant amounts of Fe may be locked in dust-grains.

Matteucci: (1) We tried a higher thermalization efficiency (e.g., of the order of unity)
with the consequence of blowing-up the entire system! May be under different conditions
and for more massive objects a high thermalization efficiency could be tolerated and
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even be necessary. The problem is the poor physical knowledge of this process. (2) Yes,
I agree.

Langer: Your SNIa rate as a function of time implies a rather short mean lifetime of
SN Ia progenitors. What is the underlying progenitor model, and why do not you, as it
seems, consider the main sequence star plus the white dwarf progenitor model?

Matteucci: The progenitor model I use is the white dwarf plus a red giant companion.
The clock for the explosion is given by the lifetime of the red giant. Since we consider
progenitors for the red giant from 0.8 to 8 Mg, the smallest time for the explosion

is 3 x107 years, which is the lifetime of a 8 Mg, star and corresponds to a system of
8Mp+8Mgp.

Van Dyk: (1) Although I have no problem with including what you call ‘type Ib super-
novae’ with the typell supernovae, I would like to point out that type Ib supernovae
are members of a larger class of type Ib/type Ic supernovae and out of nearly 50 known
examples of SNeIb/c, only 3 have been well-classified as SNeIb (the vast majority have
been classified as SNelc), and only SN1985F in NGC 4618 has even remotely close to
what one would expect for an exploding WR star. No solid observational evidence exists
that exploding WR stars give rise to SNeb/c; (2) I am happy with your assumption of
progenitor ages for the SNe Ia which are younger than the canonical model, but may be
too short.

Matteucci: 1 agree with you on typeIb SNe. There is neither observational nor theo-
retical evidence to the fact that their progenitors are exploding WR stars. Fortunately,
from the chemical evolution point of view it does not make a substantial difference to
assume that typeIbSNe originate from exploding WR stars or from binary systems
containing white dwarfs but with masses large enough to explode on relatively short
timescales. Concerning type IaSNe, I do not understand what you mean by saying that
I do not use the canonical model. I do use the canonical model, namely the system com-
posed by a white dwarf plus a companion with a mass in the range from 0.8 to 8 Mg.
In this canonical scenario the fastest system, as I have already said to Dr. Langer, is
a 8Mp+8Mg system which explodes after 30 million years from its formation. If by
canonical scenario you mean the double white dwarf system, then the shortest timescale
for the explosion can be longer but not substantially. I think that generally people con-
fuse the time at which the typeIaSN rate reaches a maximum (~ 1 Gyr for the solar
vicinity) with the fastest system appearing.

Legrand: 1 have a comment about the C/O ratio in starburst galaxies. In I1Zw 18, the
C/O ratio is representative of a Salpeter IMF where all the stars have evolved. So this
can be well reproduced, both by a previous burst or by a continuous low SFR. Thus I
think that the problem is not IZw 18 but the fact that low metallicity galaxies present
alow C/O. The reason is that to reproduce these low values you need to see the oxygen
produced by the most massive stars and not the carbon produced by the intermediate
mass stars. This means that you are looking at these objects few Myr after the burst.
However, as shown by Kobulnicky in his talk, it seems that the metals produced in a
starburts are not immediately visible. So, what we see are the metals produced by a
previous star formation event and we can expect that all the stars produced (massive
and intermediate) in this past star formation episode have evolved. If so, we would
expect a high C/O!

Matteucci: Yes, in principle I agree with you that there could be a problem in explaining
very low C/O ratios, but we need to be more quantitative and specify exactly the value
of the C/O ratio. A variable or different than a Salpeter-like IMF (for example an IMF
biased towards massive stars) could perhaps solve the problem.
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