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ABSTRACT

We derive the Mg/H ratio in the Orion nebula and in 30 Doradus. We also derive the O/H and the Fe/O ratios in
the extremely metal-poor galaxy SBS 0335—052 E. We estimate the dust depletions of Mg, Si, and Fe in Galactic
and extragalactic H1u regions. From these depletions we estimate the fraction of O atoms embedded in dust as a
function of the O/H ratio. We find an increasing depletion of O with increasing O/H. The O depletion increases
from about 0.08 dex, for the metal poorest H 11 regions known, to about 0.12 dex, for metal-rich H 11 regions. This
depletion has to be considered to compare nebular with stellar abundances.

Key words: galaxies: abundances — galaxies: individual (SBS 0335-052) — galaxies: ISM — H 11 regions — ISM:

abundances

1. INTRODUCTION

To determine the primordial helium abundance and to study
the chemical evolution of galaxies it is necessary to derive
the total N(O)/N(H) ratio in H1r regions; in this paper, the
abundances are given by number following the usual definitions
X/H = 12 + log N(X)/N(H), X/O = log N(X)/N(O) = X/
H — O/H, and X*'/H* = 12 + log N(X*')/N(H*). To obtain
the total O/H ratio in H1 regions it is necessary to add the
dust-phase to the gas-phase component of the O/H value. We
presented elsewhere a preliminary discussion on the fraction of
O trapped in dust grains (Peimbert & Peimbert 2010a). To find
the fraction of O atoms embedded in dust grains we will estimate
the depletions of Mg, Si, and Fe, and we will assume that the O
atoms trapped in dust belong to molecules that include Mg, Si,
and Fe atoms.

There are three results in favor of dust presence in low metal-
licity Ht regions. (1) Cannon et al. (2002) found significant
enhancements of the I(Ha)/I(HB) value in some areas of I Zw
18 (one of the most metal-poor galaxies known) that are not due
to underlying stellar absorption nor to the effect of collisional
excitation of the Balmer lines; they conclude that the enhance-
ments are more likely due to the presence of dust. (2) Thuan
et al. (1997) find that dust is clearly present in the extremely
metal-poor galaxy SBS 0335—052 E. (3) The Si/O versus O/H
diagram of H 11 regions, where the Si/O ratio is almost indepen-
dent of the O/H ratio and considerably smaller than the solar
ratio implying that a substantial fraction of Si is embedded in
dust grains (Garnett et al. 1995).

There are two arguments in favor of significantly lower
depletion fractions of heavy elements into dust in metal-poor
Hir regions. (1) Izotov et al. (2006) find a slight increase of
Ne/O with increasing metallicity, which they interpret as due
to a moderate depletion of O onto grains in the most metal-rich
galaxies; they conclude that this depletion corresponds to ~20%
of oxygen locked in the dust grains in the highest-metallicity H i1
regions of their sample, while no significant depletion would be
present in the H 11 regions with lower metallicity. (2) Rodriguez
& Rubin (2005) have estimated the fraction of Fe atoms in

* Based on observations collected at the European Southern Observatory,
Chile, proposal numbers ESO 68.C-0149(A) and ESO 69.C-0203(A).
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Galactic and extragalactic Hi regions in the gaseous phase,
and find that this fraction decreases with metallicity. The Fe
depletions derived for the different objects define a trend of
higher depletion at higher metallicities; while the Galactic Hut
regions show less than 5% of their Fe atoms in the gas phase,
the low metallicity extragalactic regions (LMC 30 Doradus,
SMC NB88A, and SBS 0335—052 E) have somewhat lower
fractions of Fe embedded in dust grains. Izotov et al. (2006)
have produced an Fe/O versus O/H diagram that confirms the
results by Rodriguez & Rubin.

To estimate the dust fraction as a function of O/H we need to
have good gaseous abundance determinations for a relatively O-
rich H11 region; for this purpose, we will use the Orion nebula,
its gaseous abundances derived by Esteban et al. (2004), and the
result by Mesa-Delgado et al. (2009) that from three different
methods have estimated that the fraction of O atoms trapped
in dust in the Orion nebula amounts to 0.12 £ 0.03 dex. We
will compare the Orion nebula abundances with the protosolar
abundances by Asplund et al. (2009), and the solar vicinity B
stars abundances by Przybilla et al. (2008).

Very O poor H 11 regions are also needed to find the fraction of
O embedded in dust. Therefore, we decided to compute the O/
H and Fe/H abundances of SBS 0335—052 E, and to consider
results for other H 11 regions available in the literature.

In Sections 2 and 3, we determine the Mg/H value, adopt a
set of O/H, Si/H, and Fe/H gaseous values, and estimate the
fractions of O, Mg, Si, and Fe embedded in dust grains for the
Orion nebula and for 30 Doradus, respectively. In Section 4, we
compute the O/H and Fe/H abundances for SBS 0335—052 E
based on the O/H abundances derived from recombination lines,
considering the density dependence of the O 11 recombination
lines, and the density dependence of the [Fe 111] lines computed
by Keenan et al. (2001). In Section 5, we make use of the Si/O
ratios for five extragalactic H 11 regions obtained by Garnett et al.
(1995). In Section 6, we compile Fe/O ratios from the literature
for Galactic and extragalactic H11 regions and estimate the Fe
dust fraction as a function of O/H. In Section 7, we discuss
the observational results and estimate the fraction of O atoms
trapped in dust grains as a function of O/H, and the conclusions
are presented in Section 8.
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Table 1
Gas and Dust Abundances?® for the Solar Vicinity and the Orion Nebula

Protosolar B Stars ISM Orion Orion Orion Orion
Element  Protosolar® + GCEP*© Solar Vicinityd ~ Solar Vicinity® g+df Gas® Gas Fraction (%) Dust Fraction (%)
(0] 8.73 £ 0.05 8.82 £ 0.06 8.76 £+ 0.03 8.79 + 0.03 8.77 £ 0.03 8.65 £ 0.03 (76 £ 5) (24 £5)
Mg 7.64 £ 0.04 7.73 £0.07 7.56 £ 0.05 7.64 £ 0.08 (7.62 £ 0.05) 6.56 £ 0.16 9 £3) 91 £ 3)
Si 7.55 £ 0.04 7.68 £ 0.09 7.50 + 0.02 7.59 £ 0.09 (7.56 £ 0.04) 6.94 £ 0.12 24 £7) (76 £ 7)
Fe 7.54 £ 0.04 7.74 £ 0.14 7.44 £ 0.04 7.59 £ 0.15 (7.55 £ 0.04) 6.07 =+ 0.20 (3121) (97112)
Notes.

2 Abundances in units of 12 + log N(X)/N(H).
b Protosolar values from Asplund et al. (2009).

¢ Galactic chemical evolution correction from Carigi (1996), Chiappini et al. (2003), and Carigi & Peimbert (2008, 2010), see the text.

4 Solar vicinity B stars from Przybilla et al. (2008).

¢ Adopted solar vicinity ISM abundances, average from B stars and protosolar values corrected for Galactic chemical evolution.
0 from Esteban et al. (2004) including the dust correction from Mesa-Delgado et al. (2009); values in parentheses come from the ISM solar vicinity
values presented in the fifth column and a small correction due to the larger galactocentric distance of Orion relative to the Sun predicted by the Galactic

chemical evolution models mentioned above.

€ O from Esteban et al. (2004), Fe from Esteban et al. (1998), and Mg and Si from this paper.

2. THE ORION NEBULA

In Table 1, we present the solar neighborhood and Orion
Nebula abundances that will be used as reference values to
estimate the fraction of a given element in the dust phase.
In Column 2, we present the protosolar abundances (Asplund
et al. 2009). In Column 3, we present the solar neighborhood
abundances by correcting the protosolar abundances due to the
chemical evolution of the Galaxy since the Sun was formed;
based on the Galactic chemical evolution models of Carigi
(1996), Chiappini et al. (2003), and Carigi & Peimbert (2008,
2010) we added 0.09, 0.09, 0.13, and 0.20 dex to the protosolar
values of O, Mg, Si, and Fe, respectively. In Column 4, we
present the chemical abundances derived by Przybilla et al.
(2008) from six B stars of the solar vicinity; Simén-Diaz (2010)
has recently derived the O and Si abundances for 13 B stars
from the Orion region, his results are in very good agreement
with those by Przybilla et al.; note that B star abundances do
not need correction for Galactic chemical evolution since these
stars are only a few million years old. In Column 5, we present
our adopted abundances for the interstellar medium (ISM) of the
solar vicinity; we obtained these values from a simple average
of Columns 3 and 4. In Column 6, we present the expected total
abundances for the Orion Nebula; we obtained these values by
considering the different galactocentric distances of the solar
vicinity and the Orion Nebula and subtracting to the O, Mg,
Si, and Fe solar neighborhood abundances 0.02, 0.02, 0.03, and
0.04 dex, respectively, to account for the presence of Galactic
abundance gradients; the Galactic gradients are obtained from
the Galactic chemical evolution models by Carigi, Chiappini,
and their collaborators; it is worth mentioning that the expected
total, gas plus dust, O/H value for the Orion nebula is equal to
the total derived O/H value from observations by Mesa-Delgado
et al. (2009) (see below). In Column 7, we present the gaseous
abundances of the Orion nebula; the O/H abundance comes
from Esteban et al. (2004), the Fe/H abundance from Esteban
et al. (1998), and the Mg/H and Si/H abundances from this
paper (see below).

Baldwin et al. (1991) estimated an upper limit to the gaseous
Mg/H value of 6.58 dex from an upper limit to the Mg 11 A2800/
H§ line intensity ratio obtained by Perinotto & Patriarchi (1980).
From the same raw data of the observations for Orion by Esteban
et al. (2004), we have estimated the gaseous Mg abundance in
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Figure 1. Spectra of the Orion nebula and the 30 Doradus nebula that show the

AA4481.22, Mg 11 and 4482.17, Fe 1] emission lines, the rest wavelength is given
in Angstroms and the flux in erg cm=2 s~! A7L,

this region. From these data, we have measured the following
line ratios: 1(4481.22, Mgn)/I(HB) = (3.6 £ 1.6) x 107> and
1(4482.17, Fe1])/I(HB) = (8.6 £ 2.5) x 107>. As we can see
in Figure 1, high-resolution spectra are needed to separate the
Mg 11 line from the 4482.2 line, that is probably due to the Fe 1]
(@7’ F°). Under the assumption that the Mg 11 3d—4f 14481 line
has an effective recombination coefficient equal to that of the C 1
3d—4f 14267 line (Liu et al. 2004), from the Mg 11/Hp intensity
ratio and the C1r line effective recombination coefficient we
derive a gaseous Mg** /H* value of 6.54 4 0.16 dex. By adding
0.02 dex due to the presence of Mg* (Baldwin et al. 1991), we
obtain a total Mg/H gaseous component of 6.56 + 0.16 dex.
Our Mg/H ratio is in agreement with the upper limit obtained
by Baldwin et al., this ratio together with the reference stellar
value of Table 1, implies that (9 & 3)% of the Mg atoms are in
gaseous form and (91 &£ 3)% are embedded in dust.

Garnett et al. (1995) obtained UV observations of the
Orion nebula with the Hubble Space Telescope and found that
Si/C = —1.46 £ 0.10 dex. From the C/O value of —0.25 dex
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derived by Esteban et al. (2004) and the previous result we find
that the gaseous Si/O value amounts to —1.71 dex. By consid-
ering that 0.12 dex of O is tied up in dust grains it follows that
the gaseous Si to the total (gas + dust) O abundance is equal to
—1.83 dex, and consequently that Si/H = 6.94 +0.12 dex. This
number together with the reference Si/H value implies that the
fraction of Si atoms tied up in dust grains amounts to 76% in
the Orion nebula (see Table 1). Similarly Esteban et al. (1998)
obtained that the gaseous Fe/H = 6.07 & 0.20 dex, this result
together with the Fe/H reference value implies that about 97%
of the Fe atoms are tied up in dust grains.

The total O value for the Orion nebula presented in Table 1,
O/H = 8.77 dex, was obtained from two different methods:
(1) by adding to the gaseous value derived by Esteban et al.
(2004) for > = 0.022 the dust correction of 0.12 dex estimated
by Mesa-Delgado et al. (2009), where #* is the mean square
temperature variation (Peimbert 1967), and (2) by using the
same procedure for O as the one used for the other elements of
Table 1.

The use of the > formalism presented by Peimbert (1967)
and Peimbert & Costero (1969) will be used throughout this
paper. As mentioned before the use of > = 0.022 gives O/H =
8.65, a reasonable value for the estimated oxygen depletion.
On the other hand, under the simpler assumption that Hiu
regions have uniform temperature (£ = 0.000), Deharveng
et al. (2000), Pilyugin et al. (2003), and Esteban et al. (2004)
obtain for the Orion nebula O/H values of 8.51, 8.49, and
8.51 dex, respectively, a difference of 0.27 dex with respect
to the total oxygen value presented in Table 1, a difference
too large to be explained by the depletion of oxygen into
dust grains. It should be noted that of the well-observed H1t
regions the Orion nebula presents one of the lowest > values
(e.g., Esteban et al. 2002, 2005, 2009; Peimbert 2003; Peimbert
et al. 2007; Garcia-Rojas et al. 2007), therefore in general we
expect larger abundance differences than in Orion between the
T(4363/5007) method and the method with 12 values different
from zero.

We will assume that the fraction of O atoms tied up in dust
grains of H 1 regions is proportional to the fraction of atoms of
Mg, Si, and Fe tied up in dust grains of each nebula and that the
constant of proportionality will be given by the Orion nebula
results. This assumption is a first approximation to this problem
and is based on the following ideas: (1) as far as molecules—that
survive as part of dust grains in an H 11 region—go, the elements
that most frequently bind with O atoms are Mg, Si, and Fe; (2)
Na, Al, Ca, Cr, Mn, and Ni are less abundant than the previous
three elements, and most of them have similar behaviors to those
of either Mg, Si, or Fe; (3) the O atoms tied up by Mg, Si, and Fe
are present in molecules like [(Mg,Fe),Si04] and [(Mg,Fe)SiOs]
(Ossenkopfetal. 1992); Fe,O3 and Fe;O4 (Nuth & Hecht 1990);
and MgO (Fadeyev 1988); and (d) in these molecules about one
O atom is attached to an Mg, Si, or Fe atom.

For the Orion Nebula we know that N(Ogyst)/N(Ogoral) =
0.241 % 0.060. From this result, the previous assumption, and
the values of Table 1 we obtain that

N©O) [ NM@aust | NSDaust ; NFuust ]

N M 'total N S total N F total
dust — (0.241 + 0.060) (Mg)otal (SDrotal (Fe)otal
N(O)total 2.64 ( | )

The error bars from Equation (1) correspond to a systematic
uncertainty that depends on the exact O depletion of the Orion
Nebula; we will ignore this systematic error for most of the
paper and will look into it at the end of Section 7.
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We will estimate the Oy, for other Hir regions from
Equation (1) and the next equation:

[N(O)} B 1 [N(O)}
NH) | 1—02739\LNH) |,

N(Mg) N(Si) N(Fe)
0.0913 [ N(H) ]gas [N(H)]gas [N(H) ]gas 2
—0.09 N(Mg) N1 T NG : @)
[ N(O) ]ref [N(O) ]ref [ N(O) ]ref

Jenkins (2009) finds for some lines of sight of the ISM, that
include mainly neutral material, that the O depletion reaches
values in the 0.2-0.3 dex range. He concludes that O molecules
that include Mg, Si, and Fe are not enough to account for
these depletions and suggests that ices might also be present.
Equations (1) and (2) were calibrated with the Orion nebula,
where according to Mesa-Delgado et al. (2009) the O depletion
derived from the assumption that O is trapped by molecules,
that include only Mg, Si, and Fe, agrees with (1) the O depletion
estimated from the comparison of the stellar abundances of the
Orion region with the nebular abundances, and (2) with the O
pre-shock nebular abundances and post-shock O abundances
associated with the H-H object 202, in this object after the
shockwave passes dust grains are destroyed and most of the Fe
trapped in grains is returned to the gaseous phase, they assume
also that most of the O is returned to the ISM. Since the Orion
nebula is one of the H1 regions with the highest Fe depletion
we consider it unlikely that the O depletions of Hu regions
with lower Fe depletions are higher than in the Orion nebula,
therefore, we conclude that ices and O, molecules are practically
absent in H 11 regions.

3. THE 30 DORADUS NEBULA

To obtain the fraction of O, Mg, Si, and Fe in the dust phase of
30 Doradus we will follow the same procedure as for the Orion
nebula.

Based on the raw data presented by Peimbert (2003) we
derived these two line ratios: [1(4481.22, Mgm)/I(HB) =
(1.11 4 0.28) x 10™* and (4482.17, Fe1])/I(HB) = (1.06 +
0.27) x 1074, the observed Mg and Fe1] lines are presented
in Figure 1. From the 4481 Mg 11 line intensity we obtained that
Mg**/H* = 7.06 £+ 0.12 dex. The Mg/H total gaseous value
is presented in Table 2, due to the considerably higher degree
of ionization of 30 Doradus relative to the Orion nebula we
neglected the contribution to this value due to Mg*.

Tsamis & Péquignot (2005), from the observations of AA14561
and 4571 of Mgi] by Peimbert (2003), also derived the Mg/H
value for 30 Doradus and it is presented in Table 2. To obtain a
representative average of the two sets of values, we normalized
them by matching the two O/H values and consequently we
added 0.05 dex to the O/H, Mg/H, Si/H, and Fe/H gaseous
determinations by Tsamis and Péquignot and averaged them
with the O and Fe determinations by Peimbert (2003), the Si
determination by Garnettet al. (1995), and the Mg determination
presented in this paper (see Table 2).

We adopted for 30 Doradus the Mg/O, Si/O, and Fe/O
reference values of the Orion nebula. From these values, the
observed gas phase Mg/H, Si/H, and Fe/H abundances, and
Equation (2), we derived the O/H total value. By comparing the
total gaseous abundances with the reference values presented in
Table 2 we derived the fractions of the Mg, Si, and Fe atoms
in the gas phase and the dust phase. The 30 Doradus Mg and
Fe fractions are slightly lower than those of Orion, while Si
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Table 2
Gas and Dust Abundances?® for 30 Doradus

Element GasP Gas® Gasd g+d° Gas Fraction (%) Dust Fraction (%)
o 8.50 + 0.05 8.45 + 0.05 8.50 + 0.05 8.61 + 0.03 (78 £ 5) (22 £ 5)
Mg 7.06 £ 0.10 6.69 + 0.16 6.90 + 0.13 (7.46 + 0.05) (28 £+ 9) (72 £ 9)

Si 6.80 + 0.27 6.50 + 0.27 6.68 + 0.27 (7.40 £ 0.04) (19*19) (81*19)

Fe 6.39 + 0.20 6.12 &+ 0.20 6.28 + 0.20 (7.39 + 0.04) (8*4) (92+%)
Notes.

2 Abundances in units of 12 + log N(X)/N(H).

b Gaseous abundances for 2 = 0.033. O and Fe from Peimbert (2003). Si from Garnett et al. (1995). Mg from this paper.
¢ Gaseous abundances for the inhomogeneous model by Tsamis & Péquignot (2005).
d Adopted gaseous abundances from the average of the previous two columns, where all the values of the previous column were increased by

0.05 dex (see the text).

¢ Reference gas plus dust abundances, given in parentheses, come from the X/O values of Table 1. The total O abundance was derived from

Equation (2).

is nearly constant; this result gives us an initial hint that the
fraction of heavy elements trapped in dust diminishes at lower
metallicities.

4. THE FE/H AND O/H RATIOS IN SBS 0335—052 E

It is important to obtain the Fe/O and the O/H ratio of the
metal poorest H1r regions to try to find out if a substantial
fraction of Fe is tied up in dust grains and consequently also a
non-negligible amount of O atoms. To reach this objective we
will compute the abundances for SBS 0335—052 E.

4.1. The Fe/H ratio

Recently Izotov et al. (2009) derived the Fe/H value for SBS
0335—052 E from observations obtained with UVES and FORS.
On the one hand, their results based on the A4987 [Fe 11] line
need to be corrected because with the FORS resolution the line
is a blend of AA4986+4987, and the contribution of A4986 has to
be taken into account due to the large intensity of this line at low
densities. We have obtained a density value of 108412 cm™ for
SBS 0335—052E from Figure 2—where we present the /(4986)/
1(4658) and 1(4987)/1(4658) ratios as a function of density—and
the [Fe u1] line intensities of this object measured by Izotov et al.
(2009). On the other hand, the Fe values derived from 4658
are almost density independent. From the 1(4658) observations
in SBS 0335—052 E Izotov et al. (2009) obtain an Fe/O =
—1.36 £ 0.03 dex in the gas phase.

To calculate the total fraction of Fe in dust grains, we first
need to obtain the Feg,s/Oqoal value and then compare it to the
reference value. To correct for the fraction of O in dust grains
we will use Equation (2) and the reference values derived for
the Orion nebula. The gaseous Si/O ratio comes from Garnett
et al. (1995) who obtain Si/O = —1.72 £ 0.20 dex. We will
assume that the value of the Mg term of Equation (2) lies
between the values of the Si and Fe terms, we will discuss
this point further in Section 7. From the previous considerations
we derive a correction of 0.08 4= 0.01 dex for the O abundance.
Therefore, we obtain an Feg, /Oora1 0f —1.444:0.03 dex. Taking
as reference value the solar vicinity ISM abundances, the Fe/
O ratio amounts to —1.20 £ 0.15 dex, and we obtain that the
fraction of Fe in gaseous form amounts to (58 &= 20)% and that
the rest is trapped in dust grains.

4.2. The O/H ratio

Due to the presence of temperature inhomogeneities the
abundances derived from 7(4363/5007) and the [Oui] lines
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Figure 2. [Fe 1] line intensity ratios. 1(1)/1(4658) vs. N, for T, = 15,000 K
from the computations by Keenan et al. (2001).

are only lower limits to the O/H value. Therefore, it is very
important to obtain the O abundances from recombination lines
that are independent of the temperature structure. Moreover, the
combination of the forbidden and permitted lines of O allows
us to estimate the value of #2.

To derive an accurate O/H value it is also necessary to
consider the density dependence of the O 1 lines. The sum of
the intensities of all the lines of the O 11 multiplet 1, I(total), has
a temperature and density dependence that is proportional to
T-99N2, similar to the temperature and density dependence
of the Hr lines. However, the fraction of the intensity due
to each one of the lines of the O 11 multiplet 1 varies when
N, < 10,000 cm™3. In Figure 3, we present the density
dependence of the eight O lines of multiplet 1 that were
obtained empirically from observations of planetary nebulae
and H 1 regions (Ruiz et al. 2003; Peimbert & Peimbert 2005;
Peimbert et al. 2005). Bastin & Storey (2006) from atomic
physics computations obtain a similar behavior for the 1(4649)/
I(total) versus density relation to that derived empirically from
observations.

To obtain abundances from the O recombination lines it is
necessary to take into account the possible blend of the O 11 lines
when the resolution is not high enough. From the equations by
Ruiz et al. (2003), Peimbert & Peimbert (2005), and Peimbert
et al. (2005), for those cases where the resolution is of the order
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Figure 3. 7(1)/I(total) vs. N, for the O 11 line intensities, based on the equations
derived from observations by Ruiz et al. (2003), Peimbert & Peimbert (2005),
and Peimbert et al. (2005).

of 2-3 A, we recommend the following equations:

1(4639+42)7 0315 + 0.051 4 0.008 3
I(total) |, [1+ N,(FL)/1325]’
14649 +5D)7 048 0.170 4+ 0.011 @
I(total) |, [1+ N.(FL)/1325]°
and
1(4674+76)] 0.003 + 0.007 4 0.003 5
I(total) |, [1+ N,(FL)/1325]

In Figure 4, we present what fraction of the total intensity is
present in each of these blends as a function of density.

Due to the importance and the faintness of the O 11 recombi-
nation lines we decided to reduce the FORS raw data for SBS
0335—052 E present in the VLT archive; an independent reduc-
tion of these data was made by Izotov et al. (2009). We obtain
that 7 (4649 + 51)/I(HB) amounts to 0.0132+£0.0074, in addition
we obtain that /(4639 + 42)/I(HB) amounts to 0.0085 £ 0.0074.
From our two measurements we find that /(4639 + 4641 +
4649 + 51)/I(HB) = 0.0217 £ 0.0104. We have subtracted to
I(Hp) the contribution due to collisional excitation, that accord-
ing to Peimbert et al. (2007) amounts to 6.6%, and obtain that
1(4639 + 4641 + 4649 + 51)/I(HB)rec = 0.0231£0.0111. Based
on the /(4639 + 42)/1(4649 + 51) line ratio and the very low N/O
ratio in this object we consider that the feature at AA4639 +4642
is due to the O 11 lines and not to the 4642 N1 line, contrary to
the suggestion by Izotov et al. (2009).

From our measurements, Equations (3) and (4), the recombi-
nation coefficients of O 11 by Storey (1994), and the H1 recom-
bination coefficients by Storey & Hummer (1995) we obtain an

abundance of O**/H* = 7.36 i%lzg dex. The total O/H value

amounts to 7.41 t(());; dex and includes the O* contribution that

amounts to 0.05 dex (Luridiana et al. 2003; Izotov et al. 2009).
Our O/H value can be compared with the values for 1> = 0.00
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Figure 4. I (A, + Ap)/I(total) vs. N,, based on Equations (3)—(5).

derived by Peimbert et al. (2007) and Izotov et al. (2009) that
amount to 7.31 £ 0.04 dex and 7.23 £ 0.01 dex, respectively,
and also with the value derived by Peimbert et al. for t> = 0.04
that amounts to 7.47 £0.04 dex. In Table 3, we present the value
for 1> = 0.00 by Peimbert et al. (2007), we also present the O/H
value derived by Peimbert et al. for 1> = 0.04.

From the FORS raw data for SBS 0335 —052 E Izotov et al.
(2009) obtain that /(4649 + 51)/I(HB) = 0.02 £ 0.01. From this

.. . . . +0.17
line intensity ratio they obtain that O*™"/H* =7.18 ", | dex, and

by adding the O* contribution atotal O/H =7.23 i% 132) dex. From
their published line intensity, the recombination coefficients by
Storey (1994), and Storey & Hummer (1995), and Equation (4)
we derive an O*" /H* abundance of 7.62 dex and by adding the
O* contribution a total O/H = 7.67 dex. The lower O/H value
derived by Izotov et al. (2009) is not correct, their result probably
has been affected by at least one of the following causes: (1) that
they did not consider the density dependence of the O11 lines
and (2) that they did not use the proper branching ratio for the
O lines.

5. THE Si/O RATIO IN H 1t REGIONS

Si and O are produced by core collapse supernovae and this
production is expected to be independent of the O/H ratio. By
comparing the Si/O ratio in H1 regions with the Si/O ratio in
B stars of the solar vicinity it is possible to estimate the fraction
of Si in gas and dust phases in H 11 regions.

Garnett et al. (1995) derived the Si/O ratio for eight Galactic
and extragalactic H 1 regions with gaseous O/H abundances in
the 7.2-8.7 dex range and found that the Si/O ratio was almost
constant for these objects. From the Orion and 30 Doradus data
of Sections 2 and 3, and the data of the other six objects of
Garnett et al. (see Table 3), we derived an average gaseous
Sigas/Ogas = —1.66 £ 0.05 dex. The Sigas/Oyoar versus Oyopa /H
for the eight H 11 regions discussed in this paper is presented in
Figure 5.

The reference value for Si/O amounts to —1.20 dex and is
obtained from the protosolar + GCE Si/O value (Asplund et al.
2009; Chiappini et al. 2003; Carigi & Peimbert 2008, 2010) and
the Si/O B stars values (Przybilla et al. 2008) that amount to
—1.14 dex and —1.26 dex, respectively.

Since the Orion nebula, the metal richest H1r region of the
sample, has an oxygen depletion of 0.12 dex, and SBS 0335 —
052 E, one of the two metal poorest H 11 regions of the sample,
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Table 3
O/H Visual and Si/O UV Values
Value SMC N88A NGC 2363 C1543+091 T1214 —277 SBS 0335— 052 E 1Zw 18
Ogas/H; 2 = 0.00? 8.06 + 0.04 7.92 £ 0.04 7.76 £ 0.10 7.59 £ 0.04 7.31 £ 0.04 7.18 + 0.04
Ogas/H; 2 # 0.00? 8.13 + 0.10 8.00 + 0.06 791 £ 0.10 7.74 £ 0.10 7.47 £ 0.04 7.29 + 0.05
Sig&S/Ogasb —1.74 £ 0.12 —1.59 £ 0.14 —1.74 £ 0.14 —1.46 £+ 0.28 —1.72 £ 0.20 —1.52 £ 0.22
Oroal/H; 12 # 0.00° 8.23 + 0.10 8.10 = 0.07 8.01 =+ 0.10 7.84 £ 0.10 7.51 £ 0.05 7.38 + 0.05
Sigas /Orotal —1.84 £ 0.12 —-1.69 + 0.14 —1.84 £ 0.14 —1.56 £+ 0.28 —1.80 £+ 0.20 —1.61 £ 0.22
Si gas fraction® (23 + 6)% @ E10% @ E£D%  (4475)% (2555)% (39+%6)%
Notes.
2 Garnett et al. (1995), Peimbert et al. (2000, 2007) and this paper.
b Garnett et al. (1995).
¢ This paper, oxygen dust fraction from Sections 4 and 8.
d Under the assumption of a reference value of Sitota1 /Otoral = —1.20 dex.
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Figure 5. Sigas/Ootal V8. Ororat/H. The star represents the B stars of the solar
vicinity, the open circle with the central dot the protosolar + GCE value, and the
filled circles the extragalactic H 11 regions (see Tables 1 and 3).

has an oxygen depletion of 0.08 dex, we can assume that most
of the H1 regions have an intermediate depletion value. As a
first approximation we will adopt 0.10 dex for the fraction of O
trapped in dust grains. In Section 7, this point will be discussed
further and we will see that 0.10 dex is a good representative
value for most H 11 regions.

From the previous considerations, we estimate that the
average ratio of Sigys/Ororal amounts to —1.76 dex, from this
estimate and the reference value of Sija1/Otorar 0f —1.20 dex
we obtain that in H11 regions, about 28% of the Si is in the gas
phase and 72% in the dust phase.

Note that the specific correction for oxygen in dust grains
for the objects in Table 3 (except SBS 0335—052 E) follow the
recipe derived in Section 8.

6. THE Fe/O RATIO IN H 11t REGIONS

In Figure 6, we present the Fe/O versus O/H ratio compiled
from many sources in the literature. The data come from
two different sets. In the first set, the O/H determination
comes from recombination line ratios which are independent
of the temperature structure. In the second one, the O/H
ratios are derived in the traditional way, this depends on the
ratio of collisionally exited to recombination lines which is
strongly dependent on the temperature structure of the Hu
region (Peimbert 1967; Peimbert & Costero 1969; Peimbert
& Peimbert 2010b).

Figure 6. Fegys/Orotal VS. Orora/H, where to derive the Oyoral from Equation (2)
we have assumed that the fraction of Si in gas phase amounts to 28%, that
the fraction of Mg in gas phase is intermediate between those of Si and Fe,
and that the reference value for Feqoa1/Orotal is —1.20 dex. The open circles
come from measurements by Izotov et al. (1997, 1999) and Izotov & Thuan
(1998, 2004), where the O/H values have been corrected for the presence of
temperature variations, see the text. The filled circles are from measurements
by Esteban et al. (2002, 2004, 2009), Garcia-Rojas et al. (2004, 2005, 2006,
2007), Peimbert et al. (2000), and this paper, where the O/H values come from
recombination lines.

To correct for the presence of temperature variations we have
added 0.24 dex to the O/H ratio, this correction comes from
the average value of 13 well-observed extragalactic H 11 regions
(Esteban et al. 2002, 2009; Lépez-Sanchez et al. 2007). Note
that the Fe/O ratio is almost independent of the temperature
structure since it is determined from a ratio of collisionally
excited lines that show a similar temperature dependence.

Part of the scatter in Figure 6 could be due to errors in
the determinations of the gas-phase Fe/O ratios and part to
the different star formation histories of the different galaxies.
The closer in time to a recent burst of star formation the lower the
total Fe/O ratio in their ISM. In the solar vicinity at present all
the O abundance is due to core collapse supernovae, while about
40% of the Fe is due to core collapse supernovae and the other
60% to Type Ia supernovae (e.g., Pagel & Tautvaisiene 1995;
Pagel 2009). There is a time delay in the Fe formation relative
to the O formation, and consequently the Fe/O ratio depends on
the star formation rate, the initial stellar mass function, and the
gas flows from and into the intergalactic medium. There are two
well-established Fe/O ratios from observations: the one when
the Sun was formed, called the protosolar ratio that amounts to
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—1.19 dex (Asplund et al. 2009), and the present value in the
solar vicinity based on observations of B stars that amounts to
—1.32 dex (Przybilla et al. 2008); from the protosolar value plus
the modification due to Galactic chemical evolution we find a
value of Fe/O = —1.08 dex for the present ISM (see Table 1).
From the average of the previous two values we obtain an
Fe/O = —1.20 dex.

From Figure 6 and under the assumption that the total Fe/
O ratio amounts to —1.20 dex, we obtain that for the Galactic
and extragalactic H 11 regions with abundances in the 8.3 dex <
O/H < 8.8 dex range the average fraction of Fe in the gaseous
phase is about 10%, with some of them reaching 3%. For the
extragalactic H 11 regions with abundances in the 7.8 dex < O/H
< 8.3 dex range the fraction of Fe in the gaseous phase is about
25%. For the extragalactic H11 regions in the 7.3 dex< O/H <
7.8 dex range the fraction of Fe in the gaseous phase is about
50%.

7. DISCUSSION

The Fe/O variation as a function of O/H implies that in
the high metallicity high-density Galactic Hu regions about
97% of the Fe atoms are embedded in dust grains. This
fraction diminishes with diminishing O/H and in the metal
poorest extragalactic H 11 regions, characterized by high electron
temperature and low electron density, about 40% of the Fe atoms
are embedded in dust grains. The Si/O ratio is approximately
constant from the O richest to the O poorest HIl regions,
implying that for the whole O/H observed range the fraction
of Si embedded in dust grains amounts to about 72% =+ 10%. A
possible explanation for these two results is that dust grains have
a solid core with about 72% of the Si and about 40% of the Fe
atoms present in the ISM, and that in addition they have a softer
mantle with about 57% of the Fe present in the ISM. The softer
mantle is destroyed at higher temperatures and lower densities,
while the solid core remains intact in all the H 1 regions of the
sample.

We have only the estimate of Mgg,,/H for the Orion nebula
and for 30 Doradus. The 30 Doradus results imply that Mg,/
H is similar to Sig,/H and a lot larger than Feg,/H. For the
Orion nebula the Mg,,;/H is intermediate between Sig,s/H and
Fegas/H. Jenkins (2009) finds that in lines of sight dominated
by neutral material the Mg and Si depletions are very similar
and considerably smaller than those of Fe. From these results,
we will explore two possibilities for the Hir region set: (1)
that Mg,,s/H is equal to Sig,/H, and (2) that Mgg,/H is
intermediate between Sig,s/H and Feg,s/H.

We found that in the range of metallicities studied here there
is a small but measurable trend in the sense that the depletion of
O in dust grains increases with metallicity. The limiting values
for the O depletion are 0.08 dex for the O poorest objects, based
on the observations of SBS 0335 — 052 E, one of the O poorest
objects known; and 0.12 dex for the Orion nebula, one of the
richest objects with a good determination. Note that the upper
limit given by Equation (1) is 0.14 dex if no Mg, Si, or Fe atoms
remain in the gas phase.

We decided to divide the sample into three O/H groups:
(1) 7.3 < O/H < 7.8 dex, (2) 7.8 < O/H < 8.3 dex, and (3)
8.3 dex < O/H < 8.8 dex. We took the Feg,s /Oora average of all
the H 11 regions in each interval as representative of each group,
and from Equation (1) we computed Table 4. In the first row
of Table 4, we present the O depletions, under the assumption
that the ISM reference values are given by Mg/O = —1.15 dex,
Si/O = —1.20 dex, and Fe/O = —1.20 dex, and that Mgg,,/H
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Table 4
Depletion of O in Dust Grains (dex)
Mggas/H Assumption Low O/H* Intermediate O/HP  High O/H®
Sigys/H behaviord 0.087 £ 0.004 0.100 = 0.005 0.105 £ 0.006
Intermediate behavior®¢ 0.084 4 0.005 0.101 #+ 0.006 0.108 £ 0.007
Adoptedf 0.09 £+ 0.01 0.10 £ 0.01 0.11 £ 0.01
Notes.

473 <0/H < 1738.

7.8 <0O/H < 8.3.

€83 <O/H < 8.8.

d Standard reference values (Mg/O = —1.15 dex, Si/O = —1.20 dex, Fe/O =
—1.20 dex).

N MggaS/H = (Sigas/H+Fegas/H)/2~

f Note that there is an additional 0.03 uncertainty in the absolute calibration, see
the text.

is equal to Sig,s/H; in the second row of Table 4, we have
assumed that Mgg,,/H is intermediate between to the Sig,/H
and Feg,s/H. Finally, in the last row of Table 4 we present our
adopted values.

So far we have not included the systematic error present in
Equation (1) due the depletion determinations of the Orion neb-
ula (our absolute calibrator). This systematic error is comparable
to the trends that we have found, and makes any given absolute
determination uncertain, but the differences derived between
two objects are not affected by this error. The systematic error
is about one-fourth of the estimated O depletion and, includ-
ing the possible errors in the reference values of Mg, Si, and
Fe, translates to a final error of 0.03 dex for each of the three
intervals discussed in this paper.

8. CONCLUSIONS

From the Mg 3d—4f A4481 recombination line intensities
we have derived the Mg/H abundance ratio for the Orion
nebula and for 30 Doradus. From this abundance ratio, we have
estimated that in the Orion nebula and in 30 Doradus about 9%
and 27% of the Mg atoms are in the gas phase, respectively, and
that the rest of the Mg atoms are embedded in dust grains.

We have reduced the FORS raw data for SBS 0335—052 E and
have measured four of the eight O 11 lines of multiplet 1 and from
the 1(4639 + 4641 + 4649 + 51)/I(HB)rec = 0.0231 £ 0.0111
value we obtain that 12 + log (O**/H*)= 7.36 017 and that the

-0.28
total O/H value amounts to 7.41 i(()) 12; dex.

We find that the gaseous Fe/H ratio has a typical value
of about 6.25 dex with a dispersion of about 0.30 dex for
Hu regions with O/H in the 7.3-8.8 dex range. The almost
constancy of the gas-phase Fe/H ratio reflects the efficiency of
the processes of dust formation and dust destruction. It probably
implies that there is a minimum threshold for dust formation
given by a gas-phase Fe/H ratio of about 5.8 dex.

Based on the Mg/O, Si/O, and Fe/O abundances of Galactic
and extragalactic H 11 regions we estimate that for the 8.3 dex <
O/H < 8.8 dex range the fraction of O atoms trapped by dust
grains amounts to 0.11 +0.03 dex, for the 7.8 < O/H < 8.3 dex
range amounts to 0.10 & 0.03 dex, and for the 7.3 < O/H <
7.8 dex range amounts to 0.09 £0.03 dex. Note that if one of the
adopted reference values for Mg, S, and Fe were increased or
decreased by 0.1 dex the O depletions mentioned above change
by about 0.002 dex.

We also consider that the Hur region abundances derived
from the 7(4363/5007) method underestimate the O/H ratio
by about 0.15-0.35 dex (e.g., Peimbert & Peimbert 2010b, and
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references therein). This result together with the fraction of O
atoms embedded in dust grains implies that to obtain the gas-
phase plus the dust-phase O/H value it is necessary to increase
the O/H gas values derived from the 7(4363/5007) method by
about 0.25-0.45 dex.

We acknowledge the referee for a careful review of the
manuscript and for many excellent suggestions. This work was
partly supported by the grants PAPIIT IN123309 from DGAPA
(UNAM, Mexico) and CONACyT 46904 (Mexico).
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