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Abstract. The nature of a possible correlation between metallicity and luminosity for dwarf irregular galaxies, including those
with the highest luminosities, has been explored using simple chemical evolutionary models. Our models depend on a set of
free parameters in order to include infall and outflows of gas and covering a broad variety of physical situations. Given a fixed
set of parameters, a non-linear correlation between the oxygen abundance and the luminosity may be established. This would be
the case if an effective self–regulating mechanism between the accretion of mass and the wind energized by the star formation
could lead to the same parameters for all the dwarf irregular galaxies. In the case that these parameters were distributed in a
random manner from galaxy to galaxy, a significant scatter in the metallicity–luminosity diagram is expected. Comparing with
observations, we show that only variations of the stellar mass–to–light ratio are sufficient to explain the observed scattering
and, therefore, the action of a mechanism of self–regulation cannot be ruled out. The possible origin of discrepancies in the
metallicity–luminosity correlation found by different authors is discussed.
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1. Introduction

A strong correlation between the metallicity and the luminos-
ity, two of the global basic parameters of a galaxy, could be
helpful in order to understand, e.g., the evolution of galax-
ies. Additionally, a tight correlation between these parame-
ters may be useful in the determination of the mass content
of these objects (Gallagher & Wyse 1994), provided the mass-
luminosity (M/L) ratio is constant. Also, as the metallicity may
be lower for galaxies of low luminosity, the existence of a cor-
relation could be very useful in the search for very low metallic-
ity galaxies (Salzer 1998) which could contribute to our under-
standing of galaxy formation. Finally, such a correlation could
be used, at least to a first approximation, to derive the metal-
licity of a dwarf irregular galaxy from its absolute magnitude
(distance) and vice versa.

Several contradictory results regarding the existence of a
correlation between the metallicity and the luminosity (here-
after the Z–L relationship) of dwarf galaxies have been pre-
sented over the years. Aaronson & Mould (1985) found
a strong correlation for dwarf spheroidal galaxies. On the
other hand, the weak correlations found for blue compact
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galaxies (BCGs) (Campos-Aguilar et al. 1993; Peña & Ayala
1993) and low surface brightness galaxies (LSBGs) (McGaugh
1994) do not support such a relationship for gas-rich galaxies.
Recently, a tight correlation was established for a sample of
low surface brightness dwarf irregular galaxies (van Zee et al.
1997). The relationship between metallicity and luminosity of
dwarf irregular galaxies (hereafter dI) was first suggested by
Kinman & Davidson (1981), based on the metallicity-mass re-
lationship studied by Lequeux et al. (1979). Subsequently, this
parameter space was investigated, among others, by Skillman
et al. (1989) (hereafter SKH). Recently, Richer & McCall
(1995, hereafter RM) and Hidalgo-Gámez & Olofsson (1998,
hereafter Paper I) presented a weaker Z–L relationship for dIs,
which is more similar to those obtained for other classes of
gas-rich dwarf galaxies. To summarize, the existence of an em-
pirical Z–L relationship for dwarf irregular galaxies is far from
unambiguous, but a weak trend cannot be ruled out completely.

An anticorrelation between the metallicity and the frac-
tion of the mass of gas is expected in the closed-box scenario
(e.g. Tinsley 1978; van Zee et al. 1997; Pilyugin & Ferrini
2000a,b). However, the infall and outflow of material may
weaken or even change significantly this dependence. Galactic
winds may exert an important effect on this correlation. For
small galaxies with relatively small potential field, supernova
explosions may be energetic enough to eject the heavy ele-
ments thus reinforcing the mentioned anticorrelation between
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the gas fraction and the metallicity. In recent years, many inves-
tigations on the ejection of heavy elements have been carried
out with contradictory results (e.g. MacLow & Ferrara 1999;
Strickland & Stevens 2000; Silich & Tenorio-Tagle 2001). For
instance, Recchi et al. (2001) concluded that when a dark mat-
ter component is included, the metals never leave the parent
galaxy, but follow a champagne-flow trajectory. The observa-
tional Z–L relationship could help to constrain the rate of in-
fall and outflows, but the situation is still confusing. While
Matteucci & Chiosi (1983) make use of those processes to ex-
plain the large scatter of Z against the mass fraction of gas,
Pilyugin & Ferrini (2000b) argue that a linear Z–L relationship
can be expected from irregular to spirals, probably even if infall
or ejection of gas were included.

In order to study this problem, a detailed investigation com-
bining chemical modeling and observational data is performed
in this paper. In the next section we describe different evolu-
tionary models and the theoretical basis to invoke a Z–L rela-
tionship. In Sect. 3 the observational data on a subsample of
dIs are presented. In Sect. 4 a comparison between the theo-
retical Z–L relationship and observations is carried out. The
consistency of the models and other implications are analyzed,
for a particular case, in Sect. 5. A discussion on the origin of
the differences between the Z–L found by different authors is
presented in Sect. 6. A summary of the conclusions is given in
Sect. 7.

2. The theoretical Z–L relationship

The various Z–L relationships derived so far have been based
on observational data, being the best known of such correla-
tions those obtained for irregular galaxies. In this investigation,
the study will be restricted to the so-called dwarf irregulars.
According to Paper I, dwarf irregular galaxies are those with
absolute magnitude in the B-band smaller than −17 and an op-
tical radius smaller than 3 kpc. Moreover, their surface bright-
ness are located between 20 and 24 mag/arsec2. This last con-
dition was imposed in order to avoid all the blue compact and
low surface brightness galaxies. These galaxies might be in a
different stage of evolution which may introduce an additional
source of scatter in the Z–L diagram.

Pilyugin & Ferrini (2000a) studied the relationship between
the gas fraction and the metallicity based on the simplest of the
chemical evolutionary models, the closed-box model, for dwarf
irregular galaxies. They concluded that the closed-box approx-
imation is not appropriate to explain the observed relationship
(see also Matteucci & Chiosi 1983). Moreover, the metallici-
ties derived from the closed-box model are always larger than
those derived from observations (confirmed in this study).

The effective yield, defined as the yield that would be
deduced if the galaxy were assumed to behave as in the
simple closed box model, has typical values of p = 0.004
(e.g. Lequeux et al. 1979). Larger values are found for the
galactic H  regions and the solar neighbourhood (p = 0.01), in
agreement with the trend of larger effective yields for more en-
riched regions (Peimbert & Serrano 1982). Matteucci & Chiosi
(1983) varied the effective yields by a factor of 10 in or-
der to explain the differences in metallicity between the LMC

and I Zw 18. On the other hand, Vila-Costas & Edmunds
(1992) found that a variation by a factor of 3 in the effective
yields would explain the metallicity gradients in spiral galax-
ies. These variations in the yield might indicate the weakness of
the closed-box model for explaining the evolution of gas-rich
galaxies.

2.1. Description of the chemical evolutionary models
and the relationship between metallicity and gas
mass fraction

In this section, it will be shown that the relationship between
the metal content of a galaxy and its mass fraction of gas is not
necessarily linear. The main goal of the present investigation
is to explore the physical requirements that would lead to a
relationship between the luminosity and the metallicity and the
possible sources of scattering. For this purpose we consider a
rather realistic situation in which the infall and outflow of gas
are allowed, in contrast with the traditional closed-box model.

The starting point will be the following general equations
on the chemical evolution of a galaxy (see, for example, Ferrara
& Tolstoy 2000)

dmg

dt
= −ψ(t) + E + A(t) −W(t) (1)

and

d
dt

[
mgZ

]
= −Z[ψ(t) +W(t)] + Ei + Z′A(t) (2)

where mg is the total mass of gas, Z stands for the metallic-
ity of the galaxy, A(t) is the rate of infall gas with a certain
metallicity Z′, W(t) is the rate of outflows with the same metal-
licity as the parent galaxy, ψ is the star formation rate, and in
the instantaneous recycling approximation (IRA) E = R ψ and
Ei = [R Z + yz (1 − R)]ψ, with R the fraction of the mass trans-
formed into stars which is returned to the interstellar medium
and yz the yield of the metals. Note that ψ(t), A(t) and W(t)
are either positive or zero. The assumption that inflow and out-
flow occur simultaneously is often adopted in semi-analytical
models of galaxy formation (e.g. Cole et al. 1994; Somerville
& Primack 1999; Efstathiou 2000) and it is well justified if the
infalling gas is clumpy.

The limitations of the IRA are discussed in Tinsley (1980).
The application of this approximation may be controversial be-
cause for some chemical elements, like carbon, is not very re-
alistic (Skillman 1999). Some authors have solved the equa-
tions above without assuming IRA (Matteucci & Chiosi 1983;
Chiosi 1986), whereas some others have applied it only to
oxygen (Peimbert & Serrano 1982; Skillman 1999). Since the
present investigation deals only with oxygen (see Sect. 3),
the IRA is justified. However, the results should be interpreted
with caution if the model should be applied to some other ele-
ments, especially nitrogen and carbon.

As a first step, a relationship between the gas mass fraction
and Z is obtained by solving Eqs. (1) and (2). Their solution
depends on the adopted assumptions for ψ(t), W(t) and A(t). In
principle, these assumptions are arbitrary and, therefore, the
number of models is infinite. Here, two distinct families of
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models refered to as I and II will be considered. Models of
class I are those for which the mass of gas, mg, and of stars, ms,
within a certain galaxy evolve with time following mg = αmγ

s ,
with α > 0 and γ arbitrary. In the second set of models the star
formation rate depends exclusively on mg according to a law of
the form ψ = βmϕ

g , with β and ϕ either positive or zero. The
complete set of both models covers a broad variety of phys-
ical situations (including the closed-box model) and it is not
difficult to find physical motivations for each of them (except
perhaps for those models with γ > 2).

These models assume implicitly that the star formation
is rather continuous and extended in time. Observations sug-
gest that this property is very representative of dwarf irregular
galaxies (e.g. Greggio et al. 1993; Dohm-Palmer et al. 1998;
Aparicio & Tikhonov 2000). Since the last assumption could
be inadequate, at least, for bursting galaxies, our study refers
only to dwarf, non–bursting, irregular galaxies, as mentioned
above.

In a real situation γ is expected to fluctuate over time.
However, we will assume, as a first approach, that γ is con-
stant over time. Varying γ in models of type I permits us to
consider different scenarios for the temporal evolution of the
content of gas and stars in a galaxy. Galaxies with no gas ac-
cretion should present γ < 0 as mg can only decrease with
time. Positive values of γ are possible if accretion of mass is
not negligible. The linear correlation between luminosity and
gas content found in dwarf galaxies (see Sect. 2.2) suggests
that γ = 1 is possible, although it is not a requirement. We ar-
gue that 0 < γ < 1 may correspond to an effective description
of a situation where the mass of gas increases due to accre-
tion but not as fast as the stellar mass does. One would expect
γ ≈ 1 if a disk-like component was forming inside-out, keep-
ing the ratio mg/ms approximately constant as the disk grows.
This is reasonable if, for instance, newly-accreted gas has a
higher angular momentum. On the other hand, γ ≈ 0 corre-
sponds to the case of constant mass of gas. The latter case is
physically meaningful if infalls and outflows of gas occur si-
multaneously and they are in rough balance with the star for-
mation rate. According to recent models on the formation and
evolution of galaxies (including dwarfs) with star formation
feedback and self-regulation (e.g. Efstathiou 2000), it does not
seem unrealistic to assume that the mass of gas within a par-
ticular galaxy is approximately constant in time. In fact, an en-
hancement in the infall rate would produce larger perturbations,
probably promoting gravitational instabilities and inducing star
formation activity. Newly-formed massive stars and supernova
explosions could power the outflow of the gas, thus increas-
ing the gas loss. This self-regulated mechanism may result in
a relatively small variation of the gas content along the galaxy
lifetime (see Efstathiou 2000 for more details).

The second class of models embodies the observational law
that the star formation rate follows the surface density to some
power (e.g. Kennicutt 1983, 1989, 1998; Martin & Kennicutt
2001). In this case, a threshold in the gas density is required for
triggering star formation.

The number of free parameters is apparently so huge
that different situations may arise. Ideally, we would like to
make comparisons with observations in order to constrain the

admissible values for the different parameters. In the unlikely
situation that all the models were not very sensitive to reason-
able variations of the parameters we should conclude that the
Z–L relationship should be universal and independent of the de-
tails of galaxy formation and evolution. However, if there exists
a tight empirical relation between Z and L and the models pre-
dict a significant scatter, the interesting situation that some kind
of self-regulating mechanisms must be at play is promising.

2.1.1. Models of type I

For models of type I, Eqs. (1) and (2) can be written in terms
of the ν parameter defined as ν(t) = ms/mg (Tinsley 1980).
The requirement that there is ongoing star formation in these
galaxies imposes the following constraints on the sign of the
net rate of inflow A − W. When the accretion of gas is larger
than the outflows (A > W), ν is restricted to values ν > −γ,
whereas if the accretion is smaller than the winds, then ν < −γ.
Thus, γ ≥ 0 always implies A > W. However, for γ < 0,
this model allows more loss of mass than accretion, whenever
ms < (α|γ|)1/(1−γ).

After some algebra similar to that described in the
Appendix A for γ = 0, the equation relating the evolution of
the metallicity of a galaxy to its gas mass fraction is, for γ � 1

dZ
dν
=

1
1 − γ

[
yz +

(
Z′ − Z

)
bνη

]
(3)

with η ≡ 1 + γ/ν and bν ≡ A/(A − W). Here bν, A, W and Z
depend on ν and implicitly on time through ν(t).

An infinite variety of models can be constructed by assum-
ing different functions for bν. We have explored two different
possibilities that can be representative of the evolution of non-
starbursting galaxies. First, it may be interesting to assume that
the dimensionless parameter bν is fairly constant in time as
a consequence of some self-regulating mechanisms operating
between the disk and the halo. We will drop the subscript ν to
indicate that it is constant, i.e. bν ≡ b. We refer to these models
as self-regulated models (hereafter SR models). However, this
assumption seems to be rather arbitrary. In fact, as suggested
by a referee, the gravitational potential due to dark and bary-
onic matter can determine gas density, the star formation rate
and galactic wind, resulting in a coupling between b and mg.
In order to know its relevance, a second possibility assuming
a dependence of the wind on the star formation rate has been
explored. For simplicity, a linear relation W = λψwas adopted,
with λ a positive number. We will refer to them as λ–models of
type I. It can be seen that in the latter case, bνη = η+λ/(1−R).

There are some trivial solutions for models I with γ ≥ 0.
For such a case and if the rate of infall of gas is zero (A = 0), or
if outflows and infalls are in balance (A = W), it holds ψ = 0.

If both infall and outflows of gas are present, and assuming
that bν is independent of ν, the solution of Eq. (3) with γ = 0 is
as follows:

Z(ν) =
(
Z′ +

yz

b

) (
1 − exp (−bν)

)
. (4)

Here, the initial metallicity of the galaxy was assumed to be
primordial. Since the star formation rate ψ = (A −W)/(1 − R)
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(for the case γ = 0), the assumption b = const. in Eq. (4) does
not necessarily imply that star formation is constant in time.
In particular, for A any arbitrary function of time and under
the assumption that W = λψ, we have b = 1 + λ/(1 − R).
For a formal solution in a more general case of bν(ν) and other
considerations on the resolution of the equation with γ = 0, the
reader is referred to Appendix A.

Finally, for γ = 1 and bν independent of ν, the solution of
Eqs. (1) and (2) can be expressed as:

Z(ν) = Z′ +
(yz

b

) ( ν

ν + 1

)
(5)

where we have assumed that the metallicity of the gas is pri-
mordial at ν = 0.

Solutions for models with γ � 0, 1 are given in Sect. 4.

2.1.2. Models of type II

For models of type II, where ψ = βmϕ
g , there is no restriction on

the sign of the quantity A−W. In particular, the cases in which
outflows and inflows are in balance (A = W) are also of rele-
vance, and the closed-box model corresponds to A = W = 0,
regardless of the value of ϕ. Analogously to type I models,
we distinguish between SR models (bν constant) and λ–models
(W = λψ).

The differential equation for the metallicity in models II is
expressed in terms of mg as follows:

mg
dZ

dmg
=
yzβ
′mϕ

g + (Z′ − Z)A

−β′mϕ
g + A −W

(6)

where β′ is defined as β′ = (1 − R)β.
Due to the lack of any additional information, we have car-

ried out the integration of Eq. (6) assuming that the accretion
rate A is constant in time for a particular galaxy.

2.2. The relationship between metallicity
and luminosity

It can be seen that for most of the models, the relationship
between Z and ν inferred from Eqs. (3) and (6) is not linear,
and for some of the models it saturates exponentially (see, e.g.,
Eq. (4)). The implications of this result will be discussed more
extensively below. Non-linear relationships between Z and ν
were also found by Gallagher & Hunter (1982), Matteucci
& Chiosi (1983) and Pilyugin & Ferrini (2000a). In particu-
lar, Pilyugin & Ferrini presented a logarithm relationship be-
tween Z and the gas mass fraction, µ, but then they did obtain a
linear empirical correlation between the metallicity and the lu-
minosity. An elaborated model describing the evolution of dIs
was proposed by Ferrara & Tolstoy (2000) for gas-dominated
galaxies, neglecting gas accretion. They are particularly in-
terested in the effect the dark matter gravitational potential
may have on the gas removal and on the star formation rate.
Interestingly, a tight correlation was found between metallicity
and dark matter content. A discussion on their approximations
and results can be found in Appendix B. The study presented
here takes into account accretion of gas and is aimed to include
those galaxies that cannot be considered as gas-dominated.

Integration of the differential Eq. (3) for models I and of
Eq. (6) for models II, gives the dependence of Z as a function
of ν. However, in order to obtain a relationship between metal-
licity and luminosity, it is necessary to know the dependence
of ν as a function of the luminosity which is not free from un-
certainties, since q ≡ ms/L may vary from galaxy to galaxy.
This parameter can vary according to the strength of the current
star formation event. For the dI galaxies of the Local Group, a
nearly-constant ratio is obtained, although the sample was very
small (Mateo 1998).

Here the following approach is proposed in order to com-
pare the predictions of the models with the observed Z–L rela-
tionship of dwarf irregulars. Those galaxies for which the mass
of gas versus luminosity is mg = aL + c, with a and c constant,
should follow a particular Z–L relationship. For instance, for
the SR model with γ = 0 and given b, the Z–L curve would be
described by:

Z =
(
yz

b
+ Z′

) [
1 − exp

(
− qbL

aL + c

)]
· (7)

Since we are imposing a relation between mg and L, the
curves Z versus L should not be interpreted as evolutionary
curves in the sense that a galaxy will not evolve in time fol-
lowing a single curve. The curves describe “snapshots” of the
present state of evolution. In practice, only one set of parame-
ters (a, c) fits well most of the galaxies of the sample.

In fact, there exists a general linear trend between luminos-
ity and mass of gas for all the galaxies catalogued as nearby dI
(Paper I). The total mass of gas, mg, including atomic and
molecular hydrogen as well as He, is assumed to be roughly
1.4 mHI. The mass of gas as a function of stellar luminosity for
these galaxies is presented in Fig. 1. For comparison, a small
subsample of Magellanic irregulars was also included. The
masses of atomic hydrogen (mHI) and stellar luminosities (LB)
have been compiled from Huchtmeier & Richter (1988), ex-
cept the luminosity of NGC 55 which was taken from Puche
et al. (1991); they are presented in Table 1. No uncertainties in
the data on the mHI or LB have been found in the mentioned
references. The relationship between the mass of gas and the
luminosity could be considered linear, with mg = 0.95LB+ 1.4,
where mg is in units of 108 M� and LB in units of 108 L�,
and a regression coefficient of 0.85 when galaxies with LB >
108 M� in Table 1 are considered. The most discordant ob-
ject are the well known dI galaxies DDO 154, UGC 6451 and
NGC 1569. This last galaxy is in a post-eruptive phase accord-
ing to Gónzalez-Delgado et al. (1997) and, therefore, it is ex-
pected to deviate from the rest of the galaxies in the Z–L re-
lationship. DDO 154 could also deviate from the general trend
since it is a dark-matter dominated galaxy and its associated
parameters (e.g. b, etc.) may be very different from those of
the other galaxies. If these two galaxies are not included, the
regression coefficient increases up to 0.95.

We note that the exact value of c is uncertain, it being any
value between 0 and 2 (in units of 108 M�). Therefore, for those
galaxies with LB < c ≈ 1.4 × 108 L�, for which the exact
value of c is relevant, our predicted Z–L relation should not
be compared directly with the data-points, but requires a more
careful (point-to-point) analysis. For instance, in the limit case
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c = 0, the SR model with γ = 0 and fixed b would predict
that there should not exist a relationship between metallicity
and luminosity. In general, for values of c lower than the value
adopted here, c < 1.4, the region where Z increases linearly
with L becomes more narrow, masking even more any trend in
the Z–L diagram.

3. The observational data

In this section the observational data is presented. Stellar lu-
minosities were taken from Huchtmeier & Richter (1988),
whereas oxygen abundances, based on spectroscopy, were de-
rived by the authors in most of the cases.

The Z–L relationship is commonly presented in terms of
the logarithm of the oxygen abundance versus the absolute
magnitude in the B-band (Mb). As discussed in Paper I, the
V band is a better describer of the typical stellar luminosity
of a galaxy, whereas the luminosity in the B band is associ-
ated with the luminosity of the recently born stars. To facilitate
comparison with previous works, we will use also LB through-
out the paper. However, we prefer to study the relation be-
tween Z and L instead of the familiar plot 12+log (O/H) vs. Mb.
Although the use of O/H is not so rare in the literature (see, e.g.
González-Riestra et al. 1988; Walsh & Roy 1989, 1993;
Skillman & Kennicutt 1993; Chandar et al. 2000), the real rea-
sons for this choice and other subtleties will become clear in
Sect. 6.2.

3.1. The metallicity data

A subsample of 16 galaxies from Table 1 was ob-
served at different campaigns in order to obtain their
metal content. Extensive results are published elsewhere
(Hidalgo-Gámez 1999; Hidalgo-Gámez et al. 2001a,b;
Hidalgo-Gámez & Olofsson 2002) but only the oxygen abun-
dances are presented here. For various reasons, oxygen is the
representative element of the chemical abundances when gas-
rich galaxies are studied (Osterbrock 1989). In Paper I it was
argued that nitrogen is a more favorable element for compar-
ing with the luminosity of the stellar content, but the main ad-
vantage of oxygen are the relatively small uncertainties which
appear to be crucial in this study.

As discussed in Paper I, the metallicity was determined by
means of the temperature-sensitive method based on the in-
tensity of the [OIII]λ4363 Å emission line (Osterbrock 1989).
Another way to proceed in order to determine the abundance
of oxygen, if the line [OIII]λ4363 Å is absent or too weak in
the spectrum, is to use indirect methods. They are either the-
oretical (Olofsson 1997), semi-empirical (Pagel et al. 1979;
McGaugh 1994), or empirical (Skillman 1989). For compari-
son, the oxygen abundance was determined for all the galax-
ies also using these various indirect methods. Comparing the
values obtained with the semi-empirical and temperature sen-
sitive methods, good agreement was found close to the region
of 12 + log(O/H) ∼ 8.1. At lower and higher abundances large
deviations became evident. The obtained differences were as
large as 0.5 dex, especially for low-metallicity galaxies. When
the theoretical method is used, the difference in the oxygen
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Fig. 1. Mass of gas versus LB for the nearby dI galaxies (filled
squares). Seven Magellanic irregulars (filled triangles) have been
added for comparison. Data are from Huchtmeier & Richter (1988),
except for NGC 55 whose luminosity was taken from Puche
et al. (1991). The total mass of gas is 1.4mHI. The regression coef-
ficient of the total sample is rl = 0.85.

abundances is smaller, that is no more than 0.2 dex, but still
unsatisfactory. It should be noted that in the study by Olofsson
(1997), the calibration was aimed at galaxies undergoing in-
tense star formation, such as blue compact galaxies. To sum-
marize, all of the available indirect methods introduce uncer-
tainties of unknown quantities in the derivation of the oxygen
abundance so that the ideal situation is to use the temperature-
sensitive method.

As a result of this requirement, data on five of those galax-
ies were not included in this investigation (DDO 154, DDO 69,
DDO 70, DDO 75 and ESO 594-G004). To increase the sam-
ple, data on two more dIs and the non-dI (or Magellanic ir-
regular) galaxies presented in Table 4 of Paper I were added.
Their oxygen abundances were obtained from the literature
(see Table 2 for references). The uncertainties of the data ob-
tained by the authors were under control because they were
reduced and analyzed in a similar way, but the data from the
literature probably adds an unknown amount of scatter to the
diagram due to unknown uncertainties.

3.2. The observational relationship

The oxygen abundances and stellar luminosities for all the
galaxies under study are presented in Table 2. Figure 2a shows
the bona fide Z − L relationship for both dwarf and Magellanic
irregular galaxies. Several features deserve a detailed explana-
tion. First, it is evident that more observational data on dwarf
galaxies with luminosities larger than 20 × 108 L� and oxygen
abundance O/H ∼ 1.6×10−4 are needed in order to fix the shape
of the relationship at high luminosities, but notice that they
are probably at the limit of being dwarf galaxies themselves
(see Paper I). Similarly, it is also important to have good de-
terminations of the metallicity for very low-luminosity galax-
ies. Both DDO 167 and DDO 155 are particularly interesting.
They have LB ≈ 0.2 × 108 L� and relatively low oxygen abun-
dances (O/H = 1.58 × 10−5 and 2.5 × 10−5, respectively) but,
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Table 1. H mass data and the luminosity in the blue band for the nearby dIs and a subsample of non-dI galaxies. Column 1 lists the identification
of the galaxy, the mass of H  is given in Col. 2 and LB is presented in Col. 3, both in units of 108 solar values. The ratio between these two
parameters is presented in Col. 4. The last column shows the LB/mg ratio, with mg = 1.4 mHI. All data are from Huchtmeier & Richter (1988),
except the luminosity of NGC 55 which is taken from Puche et al. (1991).

Galaxy mHI LB LB/mHI LB/mg Galaxy mHI LB LB/mHI LB/mg

IC 10 3.8 4.6 1.20 0.86 DDO 155 (Gr 8) 0.2 0.2 1.0 0.71
DDO 226 0.2 0.3 1.49 1.07 DDO 165 0.9 1.9 2.13 1.51
DDO 6 0.1 0.2 2 1.43 UGC 8215 0.4 0.08 2 1.43
IC 1613 0.8 1.3 1.61 1.16 DDO 167 0.3 0.3 1.0 0.71

ESO 245-G05 7.2 3.3 0.46 0.33 DDO 168 5.7 5.3 0.93 0.66
UGCA 105 11.4 3.2 0.25 0.20 DDO 169 1.8 2.0 1.10 0.79
NGC 1569 3.9 12.6 3.23 2.31 ESO 324-G024 8.0 3.0 0.37 0.27
NGC 2366 8.6 7.4 0.86 0.61 UGC 8508 2.1 1.7 0.81 0.58
DDO 47 2.6 1.3 1 0.37 DDO 181 1.0 1.1 1.10 0.79

UGC 4115 1.2 1.1 0.92 0.65 DDO 183 0.7 1.0 1.43 1.02
DDO 50 (Ho II) 10.4 8.9 0.86 0.61 DDO 187 0.4 0.4 1.00 0.71

DDO 53 0.7 0.5 0.71 0.51 DDO 190 1.7 2.5 1.47 1.05
DDO 63 (Ho I) 1.4 4.0 2.86 2.04 IC 4662 1.7 2.9 1.72 1.22
DDO 69 (Le A) 0.4 0.3 0.75 0.54 ESO 594-G004 (Sag Dig) 0.08 0.02 0.25 0.18
DDO 70 (Sex A) 1.7 2.5 1.47 1.05 NGC 6822 2.6 2.0 0.77 0.55
DDO 75 (Sex B) 2.5 1.7 0.68 0.49 DDO 210 0.07 0.07 1.00 0.71

UGC 6541 (Mrk 178) 0.2 2.3 1.49 1.07 IC 5152 0.5 1.0 2 1.42
DDO 99 2.7 2.4 0.89 0.63 DDO 216 (Pegasus) 0.06 0.002 3.33 2.38

NGC 4068 2.5 3.3 1.32 0.94 DDO 221 1.8 2.0 1.10 0.79
NGC 4163 0.6 3.2 5.26 3.81 NGC 55 39.4 42.0 1.07 0.76
DDO 126 1.7 1.1 0.65 0.46 NGC 4214 25.3 43.9 1.73 1.24
DDO 125 2.0 3.9 1.92 1.39 NGC 4449 54.1 62.7 1.16 0.83
UGC 7605 0.4 0.6 1.49 1.07 ESO 381-G20 4.3 2.6 0.60 0.43
DDO 133 3.0 3.0 1.00 0.71 IC 2574 12.8 10.1 0.79 0.56
DDO 141 2.9 3.3 1.14 0.81 NGC 4395 21.8 32.9 1.51 1.08
DDO 154 18.4 2.7 0.15 0.10 NGC 5408 7.2 2.2 0.30 0.22

unfortunately, with high uncertainties (2× 10−5 and 0.8× 10−5,
respectively).

Figure 2b shows an enlargement of luminosities lower than
20×108 L� for higher resolution. For these galaxies there is no
correlation the regression coefficient is very weak (rl = 0.4)
and the scatter is very large. This confirms previous claims
that the traditional Z–L correlation gets weaker at low metal-
licities and low luminosities (RM; Skillman 1999). Moreover,
since the metallicities for the three galaxies with lower Z and L
present large uncertainties, their real values could be somewhat
different, as claimed by Moles et al. (1992) and SKH. If these
galaxies are more metallic, even a weak anticorrelation might
appear.

4. Comparing models and data

In order to compare the predictions of the models with obser-
vations we need to define the range of validity of the free pa-
rameters of the models and to fix the value of yz and R. The
yield, yz, is always very difficult to determine empirically. It de-
pends on the IMF and on the stellar nucleosynthesis (Lequeux
et al. 1979). When a stellar model is chosen (mainly by fixing
the mass loss and the IMF parameters), the value of the theo-
retical yield is not expected to vary. A standard net yield for the
interstellar abundance of oxygen is yo = 0.004 (Maeder 1993)

and it is used here. A typical value of R = 0.6 was adopted
from Maeder (1993).

Typical values for q can be found in Pilyugin & Ferrini
(2000a). Fitting observational data with their model they ob-
tained that q ranges between 0.27 and 0.84. The value of q
may vary with time for a particular galaxy, decreasing when
it experiences an event of star formation due to the luminosity
enhancement.

It has to be reminded that there still exist free parameters;
for SR models of type I these are (γ, b) and for SR models of
type II (ϕ, β, b), whereas for λ–models of type I and of type II
they are (γ, λ) and (ϕ, β, λ), respectively. For models of type II
we use units such as the initial mass of gas is 1 and A = 1.
Although the values of b and λ are very uncertain since there is
little observational information on the amount of infall or out-
flow gas in galaxies, large values of b and λ are unsatisfactory.
For instance, values of b > 20 would imply a fine–tuning be-
tween A and W, A/W ∼ 1.05. The value of β determines the
variations in the mass of gas during the lifetime of the galaxy.
Since for the galaxies under study ν ≤ 3, extreme variations in
the mass of gas are unlikely to occur as it would imply either an
extremely large accretion relative to the average star formation
rate for A > W, or an unacceptably intense wind for W > A.
This fact constrains the admissible values for β.
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Table 2. Luminosities and abundances for the dI sample. The
galaxy identification is given in Col. 1. Column 2 lists LB, taken
from Huchtmeier & Richter (1988). Column 3 shows the oxy-
gen abundance, and its uncertainties, when available, are given in
Col. 4. References for the metallicity data are presented in Col. 5.
1) Hidalgo-Gámez et al. (2001a); 2) Hidalgo-Gámez et al. (2001b);
3) Hidalgo-Gámez & Olofsson (2002); 4) Hidalgo-Gámez (1999); 5)
González-Delgado et al. (1994); 6) Devost et al. (1997); 7) Vigroux
et al. (1987); 8) SKH; 9) Webster et al. (1983); 10) Kobulnicky &
Skillman (1996); 11) McCall et al. (1985); 12) Masegosa et al. (1994);
13) Masegosa et al. (1991).

Galaxy LB O/H ∆(O/H) Ref.

(108 L�) (10−4) (10−4)

IC 10 No. 45 4.6 1.00 0.07 4

ESO 245-G05 No. 19 3.3 0.63 0.01 2

ESO 245-G05 No. 12 3.3 0.39 0.02 2

DDO 50 (Ho II) 8.5 0.63 0.06 4

DDO 53 0.5 0.32 0.06 4

DDO 155 (Gr 8) 0.2 0.25 0.08 3

DDO 167 0.3 0.16 0.2 3

DDO 168 5.3 0.32 0.2 3

DDO 190 2.5 1.00 0.03 3

IC 4662 A1/A2 2.9 1.48 0.03 2

IC 4662 D 2.9 0.5 0.1 2

NGC 6822 HV 2.0 1.32 0.02 1

NGC 6822 HX 2.0 1.26 0.06 1

IC 5152 1.0 1.58 0.1 3

NGC 2366 7.4 0.79 0.01 5

NGC 1569 12.6 1.58 0.05 6

NGC 55 42.0 2.27 – 7

NGC 4214 43.9 1.66 0.02 10

NGC 4449 62.7 1.70 – 8

ESO 381-G20 2.6 0.87 – 9

IC 2574 10.1 0.79 0.05 13

NGC 4395 32.9 0.73 – 11

NGC 5408 2.2 1.17 – 12

Different Z–L curves predicted by the models are plotted in
Figs. 3 to 6 for Z′ = 0, a = 0.95 M�/L� and c = 1.4 × 108 M�.
Our fiducial value for q is 0.5 but curves for q = 0.9 and
q = 0.1 are also shown in each figure. The curves are pre-
sented in the plane O/H vs. log LB to increase the resolution of
the data points, especially at low luminosities. It should be kept
in mind, however, that since in most of the models Z saturates
with L, the curves appear much more linear in such a plot than
on a linear scale. Integration was performed imposing Z = 0
at L = 0, except for models with γ > 1 for which the initial
condition was imposed well outside the box shown in Fig. 3,
in which case the curve is not sensitive to the exact initial val-
ues. Only those curves with metallicities in the range of the
observed values were selected. The largest value corresponds

Fig. 2. Panel a) shows the bona fide observational Z–L relationship
for the whole sample of irregular galaxies. Panel b) corresponds
to a zoom of the inner region in order to increase resolution. The
filled squares indicate dIs and the empty triangles are classified as
Magellanic Irregulars, designated non-dI in Paper I. Data on the LB

and metallicity are from Table 2.

to LMC (O/H = 2 × 10−4) while the smallest one corresponds
to I Zw 18 (O/H = 1.5×10−5). Although these galaxies are not
“real” dI, they bracket the metallicity of dwarf irregulars and,
as studied in Hidalgo-Gámez & Olofsson (2002), Magellanic
irregulars, blue compacts and dwarf irregulars do not present
differences in their metal content. Interestingly, all the mod-
els predict a plateau in metallicity at luminosities, on average,
≥25× 108 L�, although the exact value depends on the model.

In Fig. 3 the Z–L curves are presented for SR type I models
with different γ. When γ→ 0 the mass of gas is nearly constant
in time, while large values of γ indicate that star formation be-
comes much more inefficient as the galaxy grows. In order to
explain galaxies with high metallicities and low luminosities it
is necessary to increase q up to 0.9 if γ = 0. For γ ≥ 0 and
q ≈ 0.5, values b ≥ 2 are required to fit those galaxies with
O/H ≈ 3−5 × 10−5 and L ≈ 5−10 × 108 L�. The metallicity
of these galaxies is preferably reproduced with negative values
of γ (see Fig. 3).

Type I λ-models are presented in Fig. 4 with different val-
ues of γ and λ. In order to see the influence of the wind,
the curves with λ = 0.2, 1 and 2 were also drawn. The low
luminosity galaxies with high metallicities (e.g. NGC 6822
and IC 5152) still need values of q ≈ 0.9 and small val-
ues of λ. In fact, the metallicities for these galaxies are so
high that any model requires a low wind. The constant star
formation rate through time found for NGC 6822, typically
3×10−9 M� yr−1 pc−2 during the last 12–15 Gyr (Wyder 2001),
would suggest that γ = 0 or 1 for this galaxy. IC 5152, on the
other hand, may have a lower metallicity than the value from
Hidalgo-Gámez & Olofsson (2002) (H. Lee, private communi-
cation). In any case, the metallicity of these two galaxies can
also be reproduced well with the closed-box model (see Fig. 5).

Type II SR-models are presented in Fig. 5 for different
values of b. For b < 0 the smallest values in the metallic-
ity are obtained. Again, the low luminosity galaxies with high
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Fig. 3. Theoretical Z–L curves for the SR–model of type I for different
values of γ and b. All the models have q = 0.5 except those indicated
by the dot-dashed lines. From top to bottom: the solid lines represent
those models with b = 1.1 and γ = 0, 1, 2, respectively, the dotted
lines show models with b = 2 and γ = 0, 1, 2, and the dashed lines
stand for models with γ = −1 and b = −0.5,−3, respectively. Finally,
the dot-dashed lines refer to the “standard” model with γ = 0, b = 1.1
and q = 0.9 (upper curve) and q = 0.1 (lower curve). The observa-
tional data points are also plotted with the same symbols as in Fig. 1.
The downward vertical arrow indicates that the metallicity is an up-
per limit.

metallicities are fitted when b, β and q are allowed to vary.
Finally, curves for type II λ-models with different values of λ
and ϕ are plotted in Fig. 6. The value of β was fixed to 0.3 be-
cause, in the range of interest, λ is the most influential param-
eter. Furthermore, it can be seen that the curves are not very
sensitive to ϕ.

There are some universal features that do not depend on
the details of the models. First, all the models require an intense
wind (either b or λ = 2) or low values of q (typically 0.3–0.5) to
explain those galaxies with O/H ≤ 0.6× 10−4 and luminosities
≈4–8 ×108 L�. These galaxies are the most interesting as they
can be explained using different models with different set of
parameters. Second, the relationship between Z and L is not
linear for a given set of parameters but saturates exponentially,
reaching a plateau at relatively low luminosities.

It is known that both the yields and the q ratios will not
be the same for all the dwarf galaxies, especially the latter.
The main influence of q is the change in the asymptotic value
of the metallicity reached at large luminosities, with the low-
est values corresponding to the lowest q’s. In principle, blue
compact galaxies are expected to have small values of q and,
therefore, should have smaller metallicities at a given lumi-
nosity. However, for a sample of galaxies containing low sur-
face brightness galaxies, Magellanic irregulars and three blue

Fig. 4. Theoretical curves for λ-models of type I, for different γ and λ.
Except for the dot-dashed lines, a value of q = 0.5 was adopted. The
solid lines are the predicted Z–L relation for λ = 0.2 and γ = 0, 0.5, 1.5
and 2, from top to bottom. In order to know the importance of the
wind, the upper dotted curve corresponds to γ = 0.5 and λ = 1,
whereas the lower dotted curve is for γ = 0.5 and λ = 2. The up-
per dot-dashed line shows a model with γ = 0.5, λ = 0.2 but q = 0.9,
while the lower dot-dashed curve is for γ = 0.5, λ = 0.2 but q = 0.1
in order to see the importance of variations in q. Symbol coding as
in Fig. 1.

compact galaxies in addition to the dIs, we do not observe such
a feature and, instead, the same values of q match the range
of metallicities for each type of galaxies (Hidalgo-Gámez &
Sánchez-Salcedo 2002).

Obviously, the data points are rather dispersed and do not
follow a single curve and hence they cannot be fitted with just
a single model and a given set of parameters. This should be
the case if galaxies do not have any preferent values for these
parameters. However, if a self–regulating mechanism between
the halo and the disk is operative, it is possible that the parame-
ters are not so different from galaxy to galaxy. In the following
we will show that the case of mg constant (i.e. γ = 0) can ex-
plain the range of metallicities for a certain b, due to variations
of q. This feature implies that the existence of a self–regulation
mechanism cannot be ruled out.

5. Irregular galaxies with different evolution.
The influence of b

In order to gain more insight into the problem, it might be in-
teresting to study in more detail whether variations of only one
parameter are enough to explain the observations. If this is the
case, some clues about the amount of gas lost or gained by the
galaxy could be inferred according to their positions in the dia-
gram. Due to its simplicity, we will focus here on the SR type I
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Fig. 5. Theoretical curves for SR-models of type II and different com-
binations of the parameters. The dotted line corresponds to the closed-
box model with q = 0.9. For the five solid lines ϕ = 1 and q = 0.5
but b and β are different. From top to bottom they have the following
values (b = 1.1, β = 0.5), (b = −3, β = 2.5), (b = −3, β = 1.25),
(b = −1.5, β = 1.25), (b = −0.15, β = 2.5), respectively. The dot-
dashed lines have b = −3 and β = 2.5 but the upper line is for q = 0.9
whereas the lower lines is for q = 0.1. In order to see the influence
of ϕ, curves with b = −3, β = 2.5 and ϕ = 0.3 (upper dashed line)
and ϕ = 3 (lower dashed line) are displayed together. Symbol coding
as in Fig. 1.

model with γ = 0. For this case, the b parameter lies in the
range 1 < b < ∞ since the outflow can never be larger than the
infall. In the limit b→ 1, the outflows are negligible, while for
b→ ∞, outflow and inflow tend to be in balance.

In Fig. 7 the observational data points together with theo-
retical curves with different values of q and b for this model are
presented. We see that most of the metallicities for this sample
of galaxies can be explained for 1 ≤ b ≤ 3.

Large values of b, say b > 10, imply W ≈ A, but also
a low star formation rate as compared to the accretion rate
(ψ ∝ A −W). This means that only very low mass galaxies may
present high values of b, since more massive galaxies cannot
energize a wind with such low levels of star formation activ-
ity. This might explain the lack of very low metallicity galaxies
(O/H < 3 × 10−5).

Several outstanding features of this figure deserve explicit
comments. Interestingly, most of the metallicities (except per-
haps NGC 55) are reproducible with b ≈ 2, allowing only
variations of q between 0.1–0.9. This fact implies that a self-
regulation mechanism able to keep all the galaxies with the
same b cannot be ruled out. However, it is also possible that dif-
ferent groups of galaxies may have different b. In fact, a group
of galaxies are well fitted with b = 1.75, which corresponds

Fig. 6. Theoretical Z–L curves for λ-models of type II with β = 0.3
(the models are not very sensitive to variations in β). The values of λ
are indicated for each curve. All the curves have q = 0.5, except for
the upper dot-dashed line (q = 0.9) and for the lower dot-dashed one
(q = 0.1). All the curves were calculated for models with ϕ = 1,
except the dotted lines which correspond to ϕ = 3 (upper dotted line)
and ϕ = 0.3 (lower dotted line). Symbol coding as in Fig. 1.

to A = 2.3 W, and q = 0.9. Galaxies illustrative of this group
are NGC 4449, NGC 4214 and NGC 1569. A second group of
galaxies is fitted well with b = 2.5 and q = 0.3. Examples are
IC 2574, DDO 50, NGC 2366 and ESO 245-G05. Notice that
these sets of parameters are not unique for each of these groups
of galaxies. Other values also fit the data points of the second
group, e.g. (b = 1.1, q = 0.25) or (b = 4.5, q = 0.5). In this
sense, each data point is multi-valuated in the (b, q) plane.

Different values of b for these galaxies might be a conse-
quence of different gravitational potentials mainly due to dif-
ferences in the dark matter component. A first inspection shows
that galaxies of the second group are among the largest galaxies
of their type. A comparison of both the gas and stellar poten-
tial and ν was carried out between the seven galaxies. All the
galaxies in each group present similar values for ν, as well as
for the gravitational potential of the visible matter. However,
remarkable differences between the groups were found, espe-
cially for the gravitational potential created by the gas compo-
nent but also for ν. Probably, the dark matter halo dominates
the gravitational potential and determines the value of b.

A more realistic scenario should take into consideration
that b may vary in time during the evolution of a galaxy. In fact,
two galaxies with the same ν-averaged value of b may present
different metallicities. To quantify this effect, we compare the
metallicity for two galaxies with identical ν-averaged b = 2.5.
Suppose that for the first galaxy, b = 3 for 0 ≤ ν < 0.5 and
b = 2 for 0.5 ≤ ν ≤ 1, whereas for the second galaxy it holds
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Fig. 7. The fitting of the observational data for SR type I model with
γ = 0. Much of the scatter can be explained by varying q between
0.1–0.9 for b = 1.75. The galaxy with the highest metallicity corre-
sponds to the magellanic-type NGC 55.

that b = 2 for 0 ≤ ν < 0.5 and b = 3 for 0.5 ≤ ν ≤ 1. The dif-
ference in the metallicity at ν = 1 is ∼25%. This corresponds
to the maximum scatter in metallicity associated with temporal
variations of b in a certain galaxy.

6. The origin of a linear trend between log (O/H)
and absolute blue magnitude

As mentioned in the Introduction, the Z–L relationship for dI
galaxies has been established from three different studies dur-
ing the last decade or so (SKH, RM and Paper I). Recently,
Skillman et al. (2002) have extended the sample by including
some dwarf irregular galaxies from the Sculptor Group. It is
customary to plot 12+log (O/H) as a function of Mb instead of
O/H versus LB. The strong linear correlation between log (O/H)
and Mb found by SKH may have two explanations. Firstly, it is
obvious that if the relation between Z and L is approximately
linear within a certain range in luminosities, then 12+log (O/H)
versus Mb must be also linear in that range. In the next subsec-
tion we study whether this is the case for the mentioned sam-
ples. The second possibility is that the dispersion in the free
parameters (e.g. b, γ and so on) plus a poor sampling produce
a linear log–log appearance (Sect. 6.2).

6.1. Comparison between different samples.
The abundance of gas-rich galaxies

SKH obtained a very strong correlation which has been get-
ting weaker over the time. In particular, the large differences

Fig. 8. Synthetic log (O/H) versus absolute blue magnitude for a real-
ization of 20 galaxies following a model with mg constant (diamonds)
together with data-points (squares and triangles). The values of Mb, b
and q were drawn randomly from −20 to −10, 1 to 3 and 0.2 to 0.95,
respectively. The existence of a linear trend remarkably similar to the
data-points but with high scatter is apparent in this realization.

between the Z–L correlations obtained by SKH and Paper I
are quite distressing. One argument favoring the tight linear
correlation by SKH could be that the galaxies in their sam-
ple are very gas rich. If the gas mass is much larger than the
stellar mass, ν is small and a linear correlation will emerge
between Z and ν after a Taylor expansion. This condition is
qbL/(aL + c) � 1, i.e. galaxies with extremely low luminosi-
ties. On the contrary, for luminosities L ≥ c/(qb− a) that occur
when the stellar mass is comparable to or larger than the gas
mass, such expansion cannot be applied and the relationship
is not linear. In this sense, it is important to check whether
the dwarf galaxies are real gas-rich galaxies, or both stellar
and gas mass are comparable. The ratio ms/mg is equivalent to
q LB/(1.4 mHI). In the following we will use the ratio LB/mg as
the indicative parameter, but it should kept in mind that LB only
reflects the present star formation, and tells us nothing about
the old stellar population. Therefore, the ratio LB/mg does not
correspond exactly to the stellar fraction. However, a low value
of this ratio can be indicative of a large gas fraction.

From the data of Table 1 it is clear that only four ob-
jects show LB/mg values larger than 2. On the other hand, 16
out of 45 galaxies present LB/mg smaller than 0.6 and, there-
fore, are dominated by the gaseous component. For the remain-
ing 25 galaxies, the stellar mass is of the same order or larger
than the mass of gas. In the subsample of galaxies given in
Table 2, 13 out of 20 galaxies have comparable mass in gas as
in stars. In the light of these data, a model on dwarf galaxies
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which does not consider stellar mass could not be applied to
the majority of dwarf irregular galaxies.

The investigation carried out by van Zee et al. (1997) for a
sample of low surface brightness dwarf galaxies favors this ar-
gument. These galaxies are claimed to be gas-rich, with LB/mHI

ratios smaller than 0.5 for 80% of the galaxies. They found a
good correlation between the oxygen abundance and the abso-
lute magnitude. The weak point in their study is that the chem-
ical abundances of half of their sample are not obtained with
the temperature sensitive method, that, as previously discussed,
could introduce some unknown uncertainties.

An inspection of Table 1 will shed light on the differences,
if any, between the three samples of galaxies used by SKH, RM
and Paper I. 35% of the galaxies studied by SKH are dominated
by gas (LB/mg < 0.6), 29% in the RM sample and 40% in
Paper I. Moreover, the three samples have a total of 10 galaxies
in common, four of them gas-dominated. If the fraction of gas-
rich galaxies is the key factor, the relationships in SKH and
Paper I should be very similar due to the similar percentage of
gas-rich galaxies in both samples. Since this is not the case,
it is concluded that the differences between the empirical Z–L
relationships are not due to differences in the gas content of
their galaxies.

Recently, Pilyugin (2001) obtained a linear correlation be-
tween the oxygen abundance and the absolute magnitude for
a sample of dI galaxies. He used a method based on the
strength of the forbidden oxygen lines [OIII]λ5007 Å and
[OII]λ3727 Å. He concluded that the weakness of the relation-
ships found in RM and in Paper I is caused by the large un-
certainties associated with the standard method. As discussed
in Sect. 3.1, remarkable differences are found for the oxygen
abundance with the standard and the semi- or empirical meth-
ods. The difference is 0.16 for DDO 168, 0.21 for DDO 155
and 0.56 for DDO 167. Following Stasińska (1998), all the
(semi)empirical methods have an associated minimal uncer-
tainty of 0.1 dex. This uncertainty should be added to those
derived from the line intensity ratios. In this case, the values
are comparable to or larger than the uncertainties of the lowest
quality data obtained with the sensitive-temperature method.
Therefore, the method used by Pilyugin (2001) to derive the
oxygen abundance is not the optimum one when high accuracy
is needed as in the present study (see also Skillman et al. 2002).

6.2. A linear trend log (O/H)–Mb as the result
of sampling plus scattering

The question that arises is whether the sampling of a family
of nonlinear curves in the Z–L plane may result in a linear log
(O/H)–Mb trend. For simplicity and to make the results repro-
ducible we will assume that the Z–L relationship is given by a
function identical to Eq. (7), but it is clear that the conclusions
hold true in the general case. In Fig. 8 a realization of 20 ob-
jects letting b, q and Mb to be randomly distributed between 1
and 3, 0.2 and 0.95 and between −20 and −10, respectively, is
shown. A linear correlation between log (O/H) and Mb is ap-
parent. This is in part due to an artifact of the log–log plot to-
gether with a poor sampling. The observational data-points are

also plotted in this figure. The similarities between both trends
are remarkable; the reason is that when all the parameters are
allowed to vary, a linear trend between log (O/H) and Mb is
expected, but with high scatter. Note that the mentioned scatter
is not a consequence of uncertainties in their determinations,
but inherent to the different histories of the galaxies. However,
large uncertainties in the measurements of the metallicity of
low-luminosity galaxies contribute indirectly to the scattered
appearance of the diagram.

7. Conclusions

The fact that dwarf galaxies are small systems have led to think
that heavy elements could be more easily ejected to the in-
tergalactic medium than in more massive galaxies. Nowdays,
there is still some debate on the efficiency of this ejection even
for low-mass galaxies. It is expected that the efficiency of loss
of heavy elements should decrease with increasing luminos-
ity from dwarfs to spirals, resulting in a tight correlation be-
tween metallicity and luminosity. However, if only dI galaxies
are considered, high scatter in the Z–L plane is likely to occur,
as many competitive effects may be at play. The crude closed
box model is commonly used to interpret the observations even
in recent studies (e.g. Lee et al. 2002; Skillman et al. 2002).
However, from this model little information can be obtained,
since the relevant physics is hidden in the effective yield.

In this work we take advantage of the metallicities and lu-
minosities of a sample of dI and Magellanic irregular galaxies
selected by a strict criterion (see Paper I). The following con-
clusions can be inferred from the study presented here:

1- For a given set of parameters, the relationship between Z
and L is not linear but saturates exponentially according to var-
ious simple chemical evolutionary models. The observational
data are fitted well for reasonable variations of the parameters.
The extreme values of these parameters required to account for
the very low metallicity galaxies agree with the small number
of these galaxies found, despite the numerous surveys carried
out.

2- A linear correlation between the metallicity and the lu-
minosity for a sample of dwarf irregular, non-bursting, galax-
ies, could be feasible for galaxies with luminosities ≤0.5 ×
108 L�. However, observations show that this is not the case
as the correlation between these two parameters gets weaker at
low luminosities (see also RM).

3- A linear relationship between 12+log (O/H) and Mb may
be a consequence of a poor sampling in a log–log plot.

4- Variations in the stellar mass-to-light ratio can contribute
significantly to the scatter in the Z–L diagram, and the action
of a mechanism of regulation between accretion and outflows
cannot be ruled out.

5- We point out that tight linear correlations between L
and Z found in previous works cannot be the result of a selec-
tion effect, with only gas-dominated galaxies in their samples.
The samples of galaxies used in SKH, RM and Paper I contain
similar amounts of gas-dominated galaxies while the trends ob-
tained are very different.

6- Pilyugin (2001) obtained a linear Z–L correlation us-
ing a semi-empirical method for the metallicity determination.
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We have also studied variations in the metallicity using semi-
empirical methods for its determination. The stardard sensitive-
temperature method and the (semi)empirical(s) agree well for
a metallicity larger than 7.9 × 10−5, but they differ by up to
0.5 dex at low metallicity values. This fact could conspire in
favor of a non-realistic linear correlation.

It is important to stress the necessity of high quality data
on low metallicity and luminosity galaxies such as DDO 167,
DDO 155 and DDO 168. They are among the very low metal-
licity galaxies but the associated uncertainties are large. It is
necessary to obtain smaller uncertainties in order to know if
they are placed on their proper position in the Z–L plane. This
could help us to understand the ejection of metal in low-mass
galaxies. On the other hand, more and accurate values of metal-
licities are needed for high metallicity and high luminosity
galaxies in order to extend the observational sample into this
region.

We warn that the Eq. (43) of Ferrara & Tolstoy (2000) con-
tains a wrong extra-factor 1− Z, and that this mistake has been
propagated throughout that paper. It is difficult to say whether
the numerical model was affected by this fact, but we feel that
a quantitative interpretation of their results is still lacking.
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Appendix A: Solving the equations
of the chemical evolution. Constant mass
of gas in the galaxy

As mentioned in Sect. 2, the starting points are the general
equations of the chemical evolution. They are written in Ferrara
& Tolstoy (2000; hereafter FT) as

dmg

dt
= −ψ + E + A −W (A.1)

and

d
[
mgZ

]
dt

= −Z[ψ +W] + Ei + Z′A (A.2)

where ψ, A, W, E and Z′ are also functions of t.
Substituting E = Rψ and Ei = [RZ + yz(1 − R)]ψ, these

equations can be written as follows,

dmg

dt
= (R − 1)ψ + A −W (A.3)

and

d[mgZ]

dt
= −Z[ψ +W] + RZψ + yz(1 − R)ψ + Z′A. (A.4)

The first assumption to be made is that the mass of gas within
the galaxy does not suffer appreciable variations with time (see

Sect. 2). Thus, from Eq. (A.3), follows A − W = (1 − R)ψ.
Furthermore, d(Zmg)/dt = mgdZ/dt and Eq. (A.4) will become

mg
dZ
dt
= yz(1 − R)ψ + (Z′ − Z)A. (A.5)

In addition, from mass conservation with mg = const.,
dmt/dt = A −W and, therefore

dν
dt
=

1
mg

dmt

dt
=

A −W
mg

(A.6)

which defines the implicit dependence ν(t). Since A > W, ν is
a monotonically increasing function of t. Dividing these two
equations, the left hand side reads
(
mg

dZ
dt

) (
mg

dν
dt

)−1

=
dZ
dν
· (A.7)

The right side takes the form

(1 − R)yzψ

A −W
+ (Z′ − Z)

A
A −W

= yz + (Z′ − Z)
A

A −W
(A.8)

where we have used A −W = (1 − R)ψ. The equation for Z(ν)
reduces to

dZ
dν
= yz + (Z′ − Z)

A
A −W

= yz + (Z′ − Z) b. (A.9)

In the most general situation b(ν) and the formal solution is

Z(ν) = exp [−B(ν)]

×
(∫

(yz + Z′b) exp [B(ν)] dν +C0

)
(A.10)

where B(ν) is the primitive function of b(ν), i.e. B(ν) ≡∫ ν
b(ν) dν and C0 the constant of integration.
In the simplest case when b is a constant, i.e. independent

of ν, the solution is

Z(ν) = C0 exp
(
− A

A −W
ν
)
+ yz

(A −W)
A

+ Z′. (A.11)

The integration constant is inmediately obtained assuming that
at ν = 0, the gas of the galaxy has a primordial composition.
Thus, C0 = (−yz(A −W)/A) − Z′ and the final solution is

Z(ν) =
(
Z′ + yz

A −W
A

) (
1 − exp

(
− A

A −W
ν
))

(A.12)

as written in Eq. (4) of Sect. 2.

Appendix B: Solving the equations of the chemical
evolution. Constant wind and no accretion

If the accretion of mass is neglected as assumed by FT,
Eqs. (A.1) and (A.2) become

dmg

dt
= (R − 1)ψ −W (B.1)

and

mg
dZ
dt
= yz(1 − R)ψ. (B.2)

We note that in FT this equation contains a wrong extra-factor
1−Z, even though these authors are aware of the previous work



A. M. Hidalgo-Gámez et al.: The Z-L relationship. II. 75

by Maeder (1992) who already noticed that this mistake had
been propagated in the literature. As a consequence, Eq. (44)
of FT should say, in our notation,

Z(t) = Z(0) +
(1 − R)yz

τtff
t (B.3)

where tff is the galactic free-fall time and τ is an empirical cor-
rection factor. In their Eq. (45) there is also an extra-factor 1−Z
in the right hand side. So that, assuming W = 0, their Eq. (46)
should read

Z(mg) = Z(0) − yz ln
(

mg

mg(0)

)
(B.4)

where mg(0) is the initial mass of the galaxy. This equation
represents the classical closed-box model. Finally, for the case
of constant wind,

Z(mg) = Z(0) − yz ln
(

Kmg − 1

Kmg(0) − 1

)
(B.5)

where K ≡ (1 − R)/τtffW, and replace their Eq. (47).
Ferrara & Tolstoy (2000) end up with a linear correlation

between the metallicity and the final mass of gas (see their
Fig. 4) for a certain dark-to-visible mass ratio φ. In the light
of the above equations, the results of FT are difficult to in-
terpret. We have compared the expected metallicity for two
cases, both with φ = 30, but different final mass of gas 108 M�
(case A) and 109 M� (case B), respectively. The values for the
time-averaged mass outflow rate and star formation rate are
∼4×10−5 M� yr−1 and ∼10−2 M� yr−1, respectively, for case A,
and ∼10−4 M� yr−1 and ∼6× 10−2 M� yr−1, for case B. In both
cases, Kmg is much larger than 1 (Kmg ∼ 102) and Eq. (B.5)
simplifies to:

Z(mg) = Z(0) − yz ln

(
mg

mg(0)

)
· (B.6)

If τlife is the present time of a galaxy, typically 12 Gyr, the
initial mass of the galaxy is estimated as mg(0) = mg(τlife) +
τlife[W + ψ/(1 − R)]. With the guide numbers given above, we
get Z(τlife) = Z(0) + yz ln[1 + 1.2/(1 − R)] for case A, and
Z(τlife) = Z(0)+ yz ln[1+ 0.7/(1−R)] for case B. The expected
trend that the metallicity should be higher for smaller mg is at
sharp contrast with the results of Fig. 4 of FT. In other words,
in order to have high metallicities for large mg, one would ex-
pect the higest star formation rates for the highest mg, provided
Kmg  1. Therefore, it seems that either there is something
subtle in their model or the description of the model is not com-
pletely transparent.

References

Aaronson, M., & Mould, J. 1985, ApJ, 290, 191
Aparicio, A., & Tikhonov, N. 2000, AJ, 119, 2183
Campos-Aguilar, A., Moles, M., & Masegosa, J. 1993, AJ, 106, 1784
Chandar, R., Bianchi, L., & Ford, H. C. 2000, AJ, 120, 3088
Chiosi, C. 1986, 16th Advance Course of the SAAS-FEE:

Nucleosynthesis and Chemical Evolution, ed. B. Hauck, A.
Maeder, & G. Meynet, 199

Cole, S., Aragón-Salamanca, A., Frenk, C. S., Navarro, J. F., & Zepf,
S. E. 1994, MNRAS, 271, 781

Devost, D., Roy, J.-R., & Drissen, L. 1997, ApJ, 482, 765
Dohm-Palmer, R. C., Skillman, E. D., Gallagher, J., et al. 1998, AJ,

116, 1227
Efstathiou, G. 2000, MNRAS, 317, 697
Ferrara, A., & Tolstoy, E. 2000, MNRAS, 313, 291 (FT)
Gallagher, J. S. III, & Hunter, D. 1984, ARA&A, 22, 37
Gallagher, J. S. III, & Wyse, R. F. G. 1994, PASP, 106, 1225
Greggio, L., Marconi, G., Tosi, M., & Focardi, P. 1993, AJ, 105, 894
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