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Abstract. We critically examine a scenario for the enrichment of therstellar medium (ISM) in which supernova ejecta
follow a long (1@ yr) journey before falling back onto the galactic disk in fleem of metal-rich “droplets”, These droplets
do not become fully mixed with the interstellar medium utitiéy become photoionized inHregions. We investigate the
hypothesis that the photoionization of these highly mietdlloplets can explain the observed “abundance discrgfantors”
(ADFs), which are found when comparing abundances derrgd fecombination lines and from collisionally excitede#
both in Galactic and extragalacticiHegions. We derive bounds of ¥810'> cm on the droplet sizes insiderHegions in
order that (1) they should not have already been detectedrbgtdmaging of nearby nebulae, and (2) they should not be
too swiftly destroyed by diusion in the ionized gas. From photoionization modelling fime that, if this inhomogeneous
enrichment scenario holds, then the recombination limesgly overestimate the metallicities of the fully mixedilfegions.
The abundances derived from collisionally excited line® aldfer some bias, although to a much lesser extent. In the absence
of any recipe for correcting these biases, we recommendisitarding of all objects showing large ADFs from studies of
galactic chemical evolution. These biases must also beikepind when comparing the galactic abundance gradients for
elements derived from recombination lines with those a@efifrom collisionally excited lines. Finally, we proposeet of
observations that could be undertaken to test our scenadiagr@rove our understanding of element mixing in the ISM.

Key words. Galaxies: abundances — Galaxies: ISM — ISM: abundances +-#SMegions

1. Introduction would pass unnoticed when comparing spectra of neighbgurin
zones.
The detailed process of enrichment of the interstellar omadi  There is, however, a way to unravel the presence of small-
(ISM) by products arising from supernovae explosions aeld stscale abundance inhomogeneities im kegions. This is by
lar winds is far from being fully understood (see review byomparing the abundances derived by traditional methaels, i
Scalo & Elmegreen 2004). Many mechanisms are likely to lgm collisionally excited lines (CELS), to those obtairfem
at work on diferent scales, both in time and in space (_see, e.gptical recombination lines (ORLs) in the same spectrum.
Bateman & Larson 1993; Roy & Kunth 1995; Tenorio-Taglgg| s are preferentially emitted in zones of high electran-te
1996; de Avillez & Mac Low 2002). perature and low metallicity, while ORLs are preferenyiall
The present-day chemical composition of the ISM is déermed in zones of low electron temperature and high metalli
rived from the analysis of the chemical abundances ofret ity. So far, ORLs have been observed in only a fewtdgions.
gions. In such analysis, it is always assumed thatreigions They systematically lead to an abundance discrepancyrfacto
are chemically homogeneous. So far, 2D and 3D spectrosccﬁAjDFﬂ larger than one. This has first been interpreted as due to
of Hu regions has not revealed the existence of zones with sigmperature fluctuations within thetHegions (Peimbert et al.
nificantly different abundances within the sama kegion, ex- 1993; Peimbert 2003; Esteban et al. 1998, 1999a, 1999b, 2002
cept in the case of NGC 5253, which shows some local N €2004). However, Tsamis et al. (2003) consider that tempera-
hancement (Walsh & Roy 1989; Kobulnicky et al. 1997, Lopetdre fluctuations alone cannot be the cause of the obsersed di
Sanchez et al. 2007). On the other hand, chemical inhontoepancies, since in that case oxygen abundances derbred fr
geneities occuring on scales smaller than the spatialutsol

! The abundance disprepancy factor (ADF; Tsamis et al. 2004) o
an ion is defined as the ratio of its abundance as derived fram t
Send offprint requests to: grazyna.stasinska@obspm.fr intensities of ORLSs to that derived from CELSs.
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far-infrared lines should be close to the high values olethinsuperbubbles from their surrounding outer supershellgingi
from optical recombination lines, and this is not the casevth within the superbubble interior is strongly favored by thghh
ever, aperture problems areffitiult to deal with, see Garcia-temperaturesT ~ 10°-10’ K) and high sound speeds and by
Rojas et al. 2006). Tsamis et al. argue for the existence ofhe stirring caused by the bursting of more SNe. However, the
hitherto unseen component initHegions, consisting of cold, remaining ISM, being out of contact with the superbubble in-
metal-rich ionized parcels of gas. In fact, chemical inhemderior, is left uncontaminated by the products of the evalvi
geneities have been proposed for over a decade to explaingtee cluster. After the last SN explosion, the low densitthimi
ORL/CEL discrepancy in planetary nebulae (Torres-Peimbéie superbubble interion(~ 102-10° cm3) delays the im-
et al. 1990; Liu et al. 2000, 2004), but such an interpreteitio pact of radiative coolingt{ ~ kT/(An) ~ 10® yr; whereA
the case of Hk regions has appeared only recently (Tsamis it the cooling rate anét the Boltzmann constant). Note also
al. 2003; Tsamis & Péquignot 2005). Of course, chemical ithat radiative cooling does not occur at the same rate within
homogeneities in H regions and planetary nebulae must hawbe entire volume of the superbubble, but rather zones with a
a very diferent origin. Note that invoking chemical inhomohigher density will cool faster than their surroundingscisa
geneities accounts at the same time for the origin of tempeséuation has been shown to lead, in other astronomicalirc
ture fluctuations, which otherwise ardfdiult to explain quan- stances such as galaxy formation or globular cluster faonat
titatively (see Stasinska 2007 and references therein). (see Zel'dovich & Raizer 1966, Vietri & Pesci 1995), to mul-
In this article, we explore the possibility that the ADFsiple re-pressurising shocks which in our scenario woutlle
measured in hi regions result, as suggested by Tsamis et &b the formation of small, dense “cloudlets” of metal-ricéisg
(2003, 2005), from the presence of metal-rich “drop&tsé in pressure equilibrium with the remaining hot gas. The high
predicted in the scenario of Tenorio-Tagle (1996; hereaéte density of the cloudlets causes them to recombine, furéher r
ferred to as T-T96; see also Stasinska et al. 2007) for the encing their temperature. The cold cloudlets would inéalita
richment of the ISM by Type Il supernovae. Note that, upegin to fall towards the disk of the galaxy under the action
to now, reliable abundance discrepancy factors inndgions of gravity. As they fall through the lighter interstellar diem,
have been measured only for oxygen. For simplicity, we wilhey will be subject to various instabilities, such as Reyle
then consider only oxygen in this paper. Section 2 reviews tfiaylor and Kelvin-Helmholtz (e.g., R6zyczka & Tenoriagle
framework that accounts for the origin of such inhomogéeit 1985; Schiano et al. 1995), which will lead to their breakatp i
in Hu regions and evaluates their survival time-scale until full swarm of minute droplets.

mixing with the ISM. This section gives also some observa- The gverall outcome of such a fountain with a spray (as de-
tional arguments in support of the m_odel. Section 3 eStim"’_‘Eﬁ:ribed by Scalo & Elmergreen 2004) is a large-scale diapers
how much matter can be expected in the form of metal-righ the matter processed by the star cluster over a large (kpc-
droplets. Section 4 discusses the QBEL discrepancy in it gc416) galactic volume, a volume much larger than the size of
regions in the context of metal-rich droplets. Section $pres e stellar association. This is veryfidrent from other foun-
some final comments and prospects. tain models in which the hot gas rises to great altitudes (

3 kpc) above the galactic plane to then cool all at once (see

2. Metal-rich droplets in Hu regions Kahn 1991). Such fountains would lead to massive giant doud
) falling unimpeded towards the disk of galaxies. Note alsd th
2.1. Formation of the droplets none of those models have addressed the mixing of metals with

The scenario proposed by T-T96 accounts for the fact that {& 'SM. On the other hand, the fountain with a spray of T-T96,
ejecta from type Il supernovae (SNe) ought to follow a |0n%red|cts a stratus of dense_, highly mete}lhc and perhapem_nol
excursion into the galactic environment before they are &bl Ular droplets interspersed in the galactic ISM, wherevaad
mix with the ISM. The excursion is promoted by the clusteringined- Once this happens, the droplets are to participatei

of massive stars and thus of type Il SNe, which, being coré€neral motion of clouds and intercloud medium promoted by
lated in space and time, force the violently ejected matter $8/actic rotation and stellar activity, as envisaged by Roy
generate large-scale superbubbles. These are able tajgkeeeKUNth (1995). This is to lead to an even larger dispersal, al-
thickness of galactic disks and burst into the haloes of tg hhough notto mixing of the metals with the ISM. For total mix--
galaxies, while displacing and locking the surrounding ISI9 @ Néw episode of stellar formation seems required as this
into kpc-size expanding supershells. Such remnants, rdkiye will cause a thorough dissemination of the metals into thé IS
the hot superbubble interior grow for as long as massive st§N2ncing its metallicity. This is primarily due to the U\dra-
continue to release their metals, until the lasi@star belong- 0N field, able to disrupt molecules and ionize the dropeis

ing to the star cluster or OB association completes its ¢igoiu tN€ir surroundings, while generating multiple localizézhm-

(~ 40 Myr). During this time, the metals injected into supe29ne flows (Tenorio-Tagle 1979) and with them the stirrong t
bubbles have enough time to mix with the matter from stellRf0MOte a rapid mixing within the ionized volume.

winds as well as with the matter thermally evaporated inéo th

2 The word “droplets” is used in this paper with the same megnir2.2. Survival of the droplets in Hu regions
as in Tenorio-Tagle (1996). It does not imply that they ardiqoid
form, but merely that they are of lower temperature and higeesity When the droplets are ionized, they will quickly (on order of
than their surroundings. a sound-crossing time) reestablish pressure balance léth t
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surroundings. The two processes that will tend to dispérse eddies to stretch and distort the droplets, so as to steégen t
high concentration of metals in the droplets are molecufar dconcentration gradients until they reach a level at whiclerio
fusion and turbulent mixing. ular diffusion can occur (see above). The relevant timescale for

The strong gradient in the concentration of oxygen ions biis process can be derived from the exponential stretabfing
tween the droplets and the surrounding gas will eventualy fuid elements by the turbulent shear (Pan & Scalo 2007) as
diffused away due to the collisional random walks of the parti-

cles. The time required for fiiision through a distandeis of tmix ~ taIn . ()
order In this equationty is the turbulent dfusion timescale calcu-
ty = L2/D 1 lated using equatiorii4) witky,, = L (only those turbulent

motions on the same scale as the droplets ¢aciently dis-
whereD is the difusion codicient, which can be consideredort them) and? = Dy,/D is the Péclet number of the turbu-
as the product of the root-mean-square particle velocitithe lence, withD given by equation{2). If turbulence of velocity
mean-free path between collisions (e.g., T-T96). For tifieidi v’ is driven at some large scalé then the turbulent motions
sion of O'* ions moving in a field of K ions, D can be calcu- at a smaller scalé, have velocityvwm = v’ (Lurn/€’)2, where
lated from the formulae presented in Oey (2003) as a = 1/3 for incompressible Kolmogorov turbulence (applica-
e _ ble to subsonic flows) ara= 1/2 in the limit of highly super-
D =104x 1017Tf/2n Hhenf s ©) sonic turbulence. The turbulence iniHegions is likely driven

whereT, is the gas temperature in units of*1K, nis the hy- DY the mutual interactions of multiple transonic photoébta
drogen ion density, anfl = 1+ 0.029 logT, — 0.010 logn. The flows (Mellema et al. 2006; Henney 2006), with Mach numbers

resultant difusion time is in the range 2—4 and at scales of 0.1 to 1 parsec. We therefore
find a turbulent mixing time of

ta = 3.05x 10°L2,nfT,*? years (3)
tmix = 12, 600(L1s(79)" %0139 years (6)

where L5 is the length scale in units of 3dcm. Adopting
characteristic values of density and temperature for ®-rivtherel;g andv,o are the scale and velocity of the turbulent
droplets in pressure equilibriunm (= 1000 cni3, T, = 0.6, drivingin units of 188 cm and 10 km 3, respectively, and =
see Section 4), we fing = 109|_§5 years. Therefore, metal-rich1/2 is assumel. This result implies that turbulent mixing is
drop|ets as small as 3cm can survive over the entire |ifetimeeﬂiCient on timescales shorter than those characteristiciof H
of a typical Hu region, but smaller droplets would be erased diggion evolution.
smaller timescales and therefore would not contribute é th Since the turbulenty decreases as the droplet size is re-
spectrum of any but the youngestitiegions. The correspond-duced, the turbulence will quickly fragment the dropletsuoh
ing mass of each droplet would be 10-1 M,. However, it an extentthat the molecularfiision also becomesiiient (at
is possible that disordered magnetic fields in the ionizesl gcales of order 8 cm), at which point chemical mixing will
might increase the fiusion time still further and allow smaller be complete. The long-term survival of the droplets in the H
droplets to survive. region therefore depends critically on the avoidance diuur
Discounting this last proviso, we have a rather stringel@nce.
condition on the properties of the droplets: a physical size ~ The extent to which turbulence is present im tiegions
10 cm corresponds to an angular size oBIB’ at the dis- IS somewhat controversial. It is certainly the case thatithe
tance of the Orion nebula. Hence, droplets that are only a fégnal kinematics of H regions are highly irregular, with sig-
times larger than this size may in principle be resolvabte wpificantly non-thermal linewidths (O'Dell & Castaieda 798
direct imaging with theHubble Space Telescope. There is al- However, it is unclear whether this represents true hydrody
ready some observational evidence that inhomogeneitigs ri@mical turbulence, or simply the superposition of mutipe-
indeed be present at this scale (O'Dell et al. 2003) locity components, each one of which arises in an ordered flow
Diffusion by turbulent motions can be treated in a simRecent simulations of K region evolution in a clumpy molec-
lar way. Assuming turbulent eddies of VeIOCHMrb and size ular cloud (MeIIema etal. 2006) indicate that the “chaotie”
Lurb, then for times less than the coherence or turnover tim@city field is largely the result of inward-pointing photada-
b/ Vs, Matter is simply advected at a spesgh, and so tion flows, which form wherever the outward propagation of

the dfective difusion codicient grows linearly with time. For the ionization front is detained by a dense neutral condensa
t > Curn/vrb, ON the other hand, theflision codficient satu- tion. These flows shock against one another in the interitbreof

rates at a constant value: Hu region, which does become truly turbulent. However, it is
found that 10—-30% of the [@] emission comes from the non-
Dturb = Cturbbturb- (4) turbulent flows closer to the ionization front. A similar uéts

was derived analytically by Henney (2003), who showed that
é{?e surface brightness of such photoablation flows is propor
onal to the linear size of the cavities that they carve duhe

However, this equation only gives the ratedi$persal of the
metal-rich gas by the turbulent eddies (Klessen & Lin 200
but does not directly address the physio@king of the two
phases (de Avillez & Mac Low 2002). Mere dispersal of thes The expression also includes the tegm= 1 + 0.034 lognsf +
droplets is not enough to destroy their physical integritg & 0.052 logL,s — 0.017 logt;, — 0.086 logT,, but this will always be
distinctive temperature. Instead, it is necessary fordhguient close to unity




4

Hu region, which in turn is a function of the scale of the irreguregions. These derivations ardfidiult and uncertain and re-
larities in the front. Flows from condensations with siz&0% quire very high resolution far-UV spectroscopy. The mote re
the radius of the ht region will have a brightness comparaable, recent results in external galaxies (e.g. Aloisi 28103,

ble to that of the entire region. Both these studies consitlel_ebouteillier et al. 2004) indicate an oxygen abundancéén t
only Hu regions with globally closed geometries, although it ikl 1 regions several times lower than in therlregions (although
likely that many optically visible regions are instead gt this is not always the case, see Thuan et al. 2005). A systemat
open champagne flows (e.g., Tenorio-Tagle 1979; Henney etthfference between abundances in &hd Hi regions has many
2005), which would tend to increase the relative contrioutf possible explanations. One of them is that abundance dieterm
the photoevaporation flows to the total emission. On therothwations using absorption and emission lines have signtfican
hand, the interaction of the stellar wind from the ionizintgrs different biases in the case of abundance inhomogeneities.
with the other flows (e.g., Garcia-Arredondo et al. 2001y ma  Finally, using long-slit spectroscopy of the Orion nebula,
be an additional source of turbulence, as may instabildfes Rubin et al. (2003) have shown the presence of temperature
the ionization front (Garcia-Segura & Franco 1996; Witi| fluctuations on a scale of 0/5In the same object, from the ra-
1999, 2002). Here we thus assume that turbulence and molagsiof [O m] 14363 and [Qu] 15007 Hubble Space Telescope

lar diffusion act very ffectively within the HIl region volume, images, O’Dell et al. (2003) found small scale temperatuie fl
causing a thorough mixing and homogeinizing of the ionizadations of+ 400K on the 10 scale, but with most power be-
gas. However, we also assume that at all times there are ngw at smallest scales: @.li.e., 645 x 10%*cm. O’Dell et al.
metal-rich droplets traversing the ionization front int@tHIl  (2003) say that shadows behind clumps close to the ionizatio
region. fronts can partly account for the observed temperatureufict
tion, but an additional cause is needed. As a matter of faesgt
observed fluctuations could be due to our metal-rich dreplet
The dominant scale of the observed fluctuations is tarmaligi

There are several further observational facts that lenpaapo  lose to the droplet sizes derived in Section 2.2. Corratof
the droplet scenario, facts that ought to be taken into denat the_se observed fluctu(_’:\tlons Wlth_sur_face brightness wauéd g
tion by other possible explanations of how the mixing of yea hint on whether our interpretation is correct.

elements with the ISM takes place. Regarding abundances in

Hu regions the issues are:

: . . it rain?
Given the lifetime of type Il SN progenitors (up to severa%' How much does it rain’

10"yr), itis obvious that the metals expected from recent sursh order to see what mass fraction of oxygen can be expected

of stellar formation (age- a few 16 yr) have not yet been i, the droplets, here we consider a simple scheme for the life
released and thus the detected abundancesireions reflect cycle of metal-rich droplets assuming a steady state.

the production, dispersal and mixing of heavy elementd&jec
by former stellar generations.

This result is supported by the work of Herrero & Najarr

(2005) and Simon-Diaz et al. (2006) who measured the metglone assumes that all the oxygen ejected by massive stars
licity of the ionizing stars (in Orion and in the largestiHe- eventually rains down in the form of highly metallic droplet

gions in M33) and found that these are similar to those det@ks rzinfall rate of oxygen in drops at a given tilrie given by:
mined for their corresponding Hregions. Thus the material

gathered by the star(s) during collapse and the star fomlmath(t) — e,(0)%,(t - Ab) @)
process had the same contaminating metals and in the same : ’

proportion — given by Eq. (22) - as those detected in theif phgnere g, (0) is the mass fraction of all stars formed that is
toionized volumes. ejected as oxygen by SNe, adg(t — At) is the star forma-
Low mass galaxies such as | Zw 18 (Vilchez & Iglesiasion rate (SFR) per unit area &t At, with At ~ 10° yr, the
Paramo, 1998; Legrand, 2000), II Zw 40, NGC 421¢me needed for SNe ejecta to travel through the halo and re-
(Kobulnicky & Skillman, 1996), NGC 1569 (Devost et alturn to the disk. The droplets end up being homogeneously dis
1997), Sextans A and B (Kniazev et al. 2005), in which abugributed in the ISM, to then be fully processed while enhagci
dances have been measured in several locations all presgnt the metallicity of newly formed stars and of their photoied
uniform metal abundances within their ionized volumes &8iv surrounding gas, every time that they participate in nevetisur
the size of these Hgalaxies £ 1 kpc), these facts imply a very of stellar formation.
even large-scale dispersal of the metals from fqrmer S@ﬂf_" If X; is the mass of gas that is ionized per unit mass of stars
erations. Scalo & Elmegreen (2004) summarize the evidenfgemed, the fraction of gas ionized or incorporated intosta
for abundance variations in the ISM of our Galaxy, conclgdirber unit time isl (t) = (X + 1) Z.(t)/Zisw(t), whereZigy is the

that the gas is well-mixed on scales from 1 to 100 parsec. NQigface density of gas. The rate per unit area at which oxygen
that the inhomogeneities posited in the scenario congidere js released from the droplets to the ISM is:

this paper are on much smaller scales.
Abundances in the ISM can also be obtained from the ab- _ (X + 1) Z.(t) _
sorption lines produced by theilénvelopes that surroundiH 1() Zo(0;1) = Tl\/l(t) Zp(0;1), (8)

2.3. Observational considerations

§.1. Formal derivation
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whereXp(O;t) is the oxygen mass in droplets per unit area daable 1. Mass fraction of all stars formed that is ejected as

timet. The time variation oEp(O;t) is then: oxygen.
dxp(0O;t
EolD Ry - 1) 2o(011). ©) WE 27 e Rel
L Scalo 0.1 0.0020-0.0024 1
If one considers a time interval- to during whichX. (t — At), Scalo 1 0.0022-0.0027 1
%.(t), andX;sum(t) are approximately constant, eq. (9) can be Scalo 0.02 0.0040 2
integrated to give: Scalo 1 0.0039 2
Salpeter 0.1 0.0052-0.0062 1
L ) R\ St , R Salpeter 1 0.0056-0.0070 1
Zo(O5t) = (ZD(O’tO) - T)e T (10) Salpeter 0.02 0.0104 2
. . . ) Salpeter 1 0.0100 2
The drops processing timescale is thus: Kroupa 0.1 0.0092-0.0110 1
1 Tism Kroupa 1 0.0099-0.0120 1
Tp=+= . (11) Kroupa  0.02 0.0184 2
I O+ 1))
! * Kroupa 1 0.0177 2
If we takeX; = 9 masses of ionized gas per unit mass in new 1- Woosley & Weaver (1995); 2- Portinari et al. (1998)
stars (Williams & McKee 1997), witltisy ~ 10 M, pc2 aThe IMF slopes are those of Scalo (1986) — as given in
(see Fig. 16 of Molla & Diaz 2005) and, = 7.5 Mg pc*z Lanfranchi & Matteucci (2003) —, Salpeter (1955), and

Gyr! (McKee & Williams 1997) in the solar neighbourhood, Kroupa (2001)
7p ~ 130 Myr. And fort — tg equal to 2—3 times the processing
timescalerp, we get from eq. (10):

5p(0it) ~ R = S(Q)Zt = A Zisy
T (X + 1) .(t)

and if the SFR has been approximately constant for the |&st @ffellar initial mass functions. There is presently no cosss
or few Gyr (probably a good approximation to within a factopn which are the most realistic values and chemical evaiutio
of 2 for our own Galaxy — see Fig. 15 of Molla & Diaz 2005):models of galaxies have been constructed explorifigmint
e.(0)T sets of yields and initial mass functions (e.g., Portinarale
ISM . .. .
X1 (13) 1998, Henry et al. 2000, Chiappini et al. 2003, Francoid.et a
2004). In Table 1, the values ef(O) range between 0.002 and
The surface density of gas in the droplets with respect®018. They have been computed for a lower stellar mass of
the surface density of gas in the ISM is Mdown = 0.1 Mg, and an upper stellar mass f,, = 120 M.
s 5(0:1) Zisw(O) Adopting larger values oflgown but maintaining the same ini-
=2 - 0 TV (14) tial mass functions would lead to somewhat larger values of

, (12)

Zp(O5t) =

Tsm  Zism(Oit) Zo(0) e.(0) (e.g. 0.015 forMgown = 0.3 M, instead of 0.01 for
whereZp(0) andZisu(O) are the oxygen mass fractions in théldown = 0.1 Mo in the case of the yields of Portinari et al.
droplets and in the ISM, respectively. 1998 with the Salpeter initial mass function).

If we define the parameterby: ConcerningX;, the situation is probably even more com-
e.(0) plex, because an estimate of this parameter involves a-repre

n= X+ 1)Z0) (15) sentation of the structure of the ISM onfidrent scales and
! a knowledge of all the forces at play, in addition to the IMF
it follows from Egs. (13) and (14) that: description. Using a simple argument of ionization balance
n Izotov et al. (2006) deriv&;=360'n, wheren is the ionized gas
Zo(0)/Z2(0) (16) density. So, for a density of 300 cfy X; would be close to 1.
In a comprehensive study of the evolution of molecular ctoud
In first approximation, the value gfis not expected to vary in the Galaxy, Williams & McKee (1997) giv&; = 9 while
strongly with metallicity, so the value of is roughly inversely from the work of Franco et al. (1994) one derivgés- 25. The
proportional to the metallicity of the droplets. parametelX; is likely to change with metallicity due to a vary-
ing amount of ionizing photons absorbed by dust or to a change
in the hardness of the ionizing radiation field.

X =

3.2. Numerical estimates
Figure 1 shows the variations &fas a function oy for

n = 0.17, our working value in the remaining of the paper

tgv>\//hich corresponds te.(O) = 0.01 andX; = 9).

Neither the value 0&.(O) nor the value o¥; are well-known.
In Table 1, we show dierent estimations . (O). This is ap-
proximately equal to the mass fraction of oxygen ejected
stars of all masses, since the contribution of intermedetes Finally, note that a change by a given factor in the star for-
stars is negligible. The values shown in Table 1 are basedroation rate between— At andt would changexX by the same
different sets of calculations of stellar yields and offiedént factor.
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Table 2. Densities, temperatures, metallicities and ADFs measarkld: regions

ID ne (cm3)3 Te[O111] (K) Te(BJ) (K) 12+ log(O/H)P Z/Z,° ADF(O**) Ref
Galactic Hu regions
M8 1750 8050 700 - 8.41 0.52 2.0 1
1800 8090t 140 71001250 8.51 0.66 2.3 2
M16 1120 7650t 250 5450+ 820 8.56 0.74 2.8 3
M17 860, 520 812@ 250, 8210« 250 - 8.53,8.50 0.69,0.65 1.8,2.2 4
600-1500 8200 7700 8.56 0.74 21 5
470 8020+ 170 - 8.52 0.68 1.9 2
M20 270 7800 300 6000+ 1300 8.53 0.69 21 3
M42  4000,5700 830@& 210, 8350+ 200 8730+ 800, 8390+ 800 8.47,8.47 0.60, 0.60 13,15 6
- - - 8.52 0.68 1.3 5
8900 8300 40 7900+ 600 8.51 0.66 1.4 7
NGC 3576 1300-2700 8850 8070 8.52 0.68 1.8 5
2800 8500t 50 6650+ 750 8.56 0.74 1.9 8
NGC 3603 5150 906@ 200 - 8.46 0.59 1.9 3
S311 310 900@ 200 9500+ 900 8.39 0.50 1.9 9
Extragalactic Hi regions
LMC 30 Dor  370-1800 10100 - 8.34 0.45 20927 5
316 9950+ 60 9220+ 350 8.33 0.44 16 10
LMC N11B 80-1700 9400 - 8.41 0.52 49-82 5
NGC 604 <100 8150+ 150 - 8.49 0.63 16 11
NGC 2363  360-1200 157089300 - 7.87 0.15 22 11
NGC 5253 370-610 10940-12010 - 8.18-8.28 0.31-0.39 1.5-11@
NGC 5461 300 860@ 250 - 8.56 0.74 19 11
NGC 5471  220-1150 14109300 - 8.03 0.22 16 11
NGC 6822 V 175 1190@ 250 - 8.08 0.24 19 13
SMC N66 50-3700 12400 - 8.11 0.26 2.3 5

1- Esteban et al. (1999a); 2- Garcia-Rojas et al. (2006h3a8cia-Rojas et al. (2006a); 4- Esteban et al. (1999b);
5- Tsamis et al. (2003); 6- Esteban et al. (1998); 7- Estebah €004); 8- Garcia-Rojas et al. (2004);
9- Garcia-Rojas et al. (2005); 10- Peimbert (2003); 11elzmt et al. (2002); 12- Lopez-Sanchez et al. (2007);
13- Peimbert et al. (2005)
aThe high values of the densities in the extragalacticrelgions mostly come from the [Av] ratio and are very uncertain
b 12+ log(Q/H) from forbidden lines
¢ the Solar oxygen abundance is taken from Allende Prieta ¢2@01)
41n 30 Dor and N11B, the highest values of the ADFs include aemtion for contamination by scattered light

s ] 4. Metal-rich droplets and the ORL/CEL
- ] discrepancy

- . _ 4.1. ADFs measured in H regions

X
02 0.3 0.4

O 1 T

- O - Table 2 lists the values of the densities, temperatureslaunat-a
] dance discrepancy factors ADF(Q found in the literature
°5 5 ] for Galactic and extragalactic iHregions. The temperatures
. . © © 00 g derived from Balmer jumpTe(BJ), are not available for all
2 4 cases and bear generally significant uncertainties. Ihisker
2. /2 clear that they are, on average, smaller than those deriged f
prre [Om] 243635007 line ratios;Tg[O111]. The listed ADFs are
Fig. 1. The value ofX = Mp/Msy as a function of the metal- equal to the ratio of the value of the*Oabundance derived
licity of the droplets, assuming that= 0.17 (see Egs. 18 andfrom [Om] 15007 to the one derived from Orecombination
19 in text). lines, usingT[O 111] in both cases. These ADFs were obtained
from several recombination lines of ©and the forbidden line
[O m] 245007, using the temperatufe[O ni] derived from the
[Om] 243635007 ratio. The values of ADF(O) are found
to be around 2, over a large range ofillegion metallicities:
12+log(O/H) = 7.87-8.56 (i.e.Z = 0.15to Q75Z;,). However,
note that the ADFs measured for most of the extragalactic H
regions in Table 1 and, in particular, for all the low metati

0.1

Q



objects (12+ log (O/H) < 8.3) were derived using the Olines
of multiplet 1, and these lines can be severdfgaed by stel- ]
lar absorption lines (Tsamis et al. 2003). This means thatth | gooooboof
ADFs could be much larger than 2 for these objects. P

kL
4.2. A simple expression for the ADF ™ L © © 0000000(g

To better understand what an ADF really is, we derive here an |
approximate expression for it in the case of a two-component ) . ) .
toy model. In a medium characterized by an electron dengity 0 2 4
and an electron temperatufg, the luminosity in an optically 2y /76
thin line arising from O* ions is given by

Fig. 2. The metallicity of the fully mixed Hi region as a func-
L = N(O"")nee(Te). (A7) tion of the metallicity of the droplets, fafism/Zs = 0.2 (Cir-
whereN(O™) is the total number of @ ions in the emitting cles) andZisw/Z, = 0.6 (squares), assuming that 0.17 (see
volume, ands(Te) is the line emissivity, in erg cfns™t, which Sect. 3.1).
depends essentially on the electron temperature (for tke sa
of simplicity, we neglect the density dependence, as it is ngame time as the droplets, and tha kKegion into which the
important in the problem considered here). The expression former two media have mixed. At each moment, a migs
ADF(O**) is then given by of droplets with metallicityZp and a mas$/sy from the ISM
with metallicity Zism are being ionized and will eventually re-

ADF(O*") = LORL/e—ORL(TE), (18) sultin a masdviy; of ionized gas with metallicity
Leer/eceL(Te) X7+ 7
+
whereT, is taken equal tdT,[O m]. However, if within the Zui = %, (22)

emitting volume there are two fierent media with dferent ) )
physical parameters such as their metallicity, then whereX = Mp/Misw. Figure 2 show&y as a function oo
for Zism = 0.2 and 0.&,, takingn = 0.17.
(L3g + LBg))/€ore(Te) The real progression of the ionization front is complex, but
(LéEL + L?;EL)/GCEL(TE) ,

the situation can be modelled in a simple way by consider-
. ] ) ing that the ISM, the droplets and the fully mixediHegion,

wherea andb refer to th(_e two media, anf is her_e again equal yith typical densitiesysw, No andnuy, respectively, are im-
to the temperature derived from the observatidn m]. In  hacted by the same ionizing radiation field. This implieg tha
the limiting case in which the mediuimis too cold to con- e groplets do not have too large a covering factor so tfeat th
tante significantly to the CEL intensities (which is easy tgeneral ISM can be ionized (in principle, a situation whéee t
achieve due to the very strong temperature dependence Ofdﬂ?plets would completely block the ionizing photons isgos
44363 andt5007 lines ),T,[O m] is in fact the temperature of pja 45 well, but not considered in this paper).
mediuma. Using Eqg. (17), Eq. (19) becomes: Here we assume that any observation of anrdgion en-
NP(O**) B eore (TE) compasses zones c!ose to the _io_ni;ation froqt .t_hat have just
N3(0) 1 eom (T2)” (20)  been ionized and siill have their initial metalliciti€s and

e “ORLL Te Zism, and zones that have been ionized some time ago and have

ADF(O**) = (19)

ADF(O™) =1+

or, acquired, through the turbulent stirring promoted by wetHl-
X0(O+) N 28 MP eory (TE) ized champagne flows (see SeF:t. 2), thg metalligity giyen
ADF(O™) =1+ 0 n_g VA m, (21) Dby Eq. (22). We assume that this fully mixed gas contributes a

fraction, F, of the total observed giflux from the Hu region.
where x3, x° stand for the doubly ionized oxygen fractionsNote that the parametér also accounts for the lifetime of the
Z3, 7P are the QH ratios (or “metallicites”), andvi2, MP are droplets once they are ionized.
the total hydrogen masses in zorseandb, respectively. Note For a given stellar radiation field, and a given valugyef
thateory is an increasing function & via Te, andx(O**) is a as defined by Eq. (15) — the problem is entirely specified by
decreasing function af. due to recombination. The observedhe parameters, Zp andZsy, and the densities of the three
values of the ADFs in hi regions impose strong constraints owlifferent media. We expect the densitigsy and ny, to be
the parameters that come into play. of the same order of magnitude because the fully mixed ion-
ized gas must be in rough pressure equilibrium with the ISM
gas that has just been ionized and because temperafiee di
ences between the media are likely small, which is confirmed
We now simulate the situation described in Sect. 2 by a $®t our results shown in Figsddand 5. For the computations,
of photoionization models. We consider three ionized cormspired by the observed values listed in Table 2, we havantak
ponents, each with its own metallicity: the highly metallieysy = nay = 300 cnt2. Since the droplets are more metallic
droplets, the background ISM, which is being ionized at thithan the ISM, their temperature must be lower, and thus we

4.3. Photoionization modelling
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metallicity galaxies and account for mass evaporation fitoen
surrounding supershell into the hot superbubble inteFioe fi-

nal values, the metallicity of the matter that will eventyabol

to compose the high metallicity droplets, range from2,20

5 Z,. In the plots, simulations corresponding to an observation
whereF = 0.1 are represented by circles, those corresponding
to F = 0.5 by squares, and those correspondindrte= 0.9

by triangles. Pana shows the simulated ADF(0), panelb
showsT,[O mi], panelc showsZcg, the metallicity derived

0 2 4 from collisionally excited lines. These three quantitiepre-
Zy /Z¢ sent “observables”. The next panels show other resultstinem
simulations, which shed some light on the behaviour of the “o
Fig. 3. The average temperature in th&*Qone of the droplets, servables”. Panal showsT (O**)u, the O *-weighted tem-
as a function of the metallicity of the droplets. perature in the fully mixed H region (which, as can be seen
by comparing panels b and d, is not identical to the temper-
e derived from the [@] 2143635007 ratio). Panels and
'Sfus ow the bias in the determination of the metallicity when
using collisionally excited linesZcg/Zy) or recombination
kj,pes @orL/Zun)- The computed values @g andZog, take

assumed the droplets to be denser than the background
have considered various density contrasts and preseritsre
from calculations assumingy = 1000 cnT3. The computa-
tions were done with the code PHOTO (Stasifiska 2005), gaki ot i
for the ionizing radiation field that of a blackbody at a temgpe into account the contr_|but|or_1 of Owhich has been eyaluated
tureTeg = 50,000 K. The inner radius of the models is the san(@m the [On] 43727 line using the temperature derived from

for the three components, and has been chosen so that the'ilaﬂINH] 457556584 line ratio. Note that this procedure gives
ization parameter at the inner radils, is equal to 16? both lower ORL apundances than the procedure used by most au-
for the Hu region and the ISk Fig. 3 shows how the O- thors quoted in Table 2, who correct the temperature of the O

weighted temperature in the droplets decreases as a farodtioZONe for temperature fluctuations using the scheme of Peimbe
the droplet metallicity (1967). Panelg, h andi show the flux from the droplets in the

We computed models of the droplets with various values L)C‘) m] 24363, [Om] 25007 and Gr 146518 lines, with respect

Zp, and models for the mixed Hregion withZy, as given by to the total in these lines.

Eq. (22), the value oX resulting from Eq. (16) for an adopted ~ As expected, ADF(O") increases witlZp, and, for a given

n of 0.17. We combined the photoionization models for thép, itis larger for smaller values ¢f. The computedceg, also
droplets, the ISM and the fully mixed iregion taking var- strongly depend orf. In other words, the computed metal-
ious values ofF. We then applied to the resultant models thkcity is higher if the observation gathers less light frohet
same techniques as an observer deriif® m], ADF(O**), fully mixed Hu region with respect to the newly ionized gas.
and the metallicities from the collisionally excited linasd re- The behaviour off([O m] is more intricate. A<Zp increases,

combination lines. We used exactly the same atomic datarastfie temperature in the drops becomes smaller, as seen in Fig.
the photoionization models. 3, due to the increased cooling by metals. One would expect

T:[O m] to decrease agp increases. This is seen only at small
values ofZp. The behaviour off,[O m] is actually due to a
subtle combination of variousffects, linked to the tempera-

The number of parameters in this problem is large, and dfsres in the three phases of our models and in the respective
playing our results for the entire parameter space would Beoportions of these phases in the resultant model. Theeemp
cumbersome. Since the main goal of this paper is to investigature in the fully mixed Hi region decreases slightly @s in-
whether the ADFs observed iniHegions could indeed be thecreases, becaugg increases as prescribed by Eq. (22), which
signature of the enrichment scenario proposed by T-T96, @ecounts for mass and metal conservation. However Fg. 4
will concentrate on a few plausible cases, and try to leanmeso Shows that the drops contribute less to thanJ014363 flux
lessons from them. than to the [OII] 15007 ﬂUX, and thUS, the [@] /143635007
Figure 4 presents the results of simulations Zpg = ratio is larger when the contribution of the resultant Hegion
0.2 Zo, takingn=0.17 (the working value presented in Sect0 [Om] 45007 is smaller. The value dce. is not only re-
3.2). In all the nine panels the abscissa represgnis solar lated to the ADF, but also to the contribution of the Zone.
units. The range of values f@, was inspired by the work of Therefore, the behaviour @t with Zp seen in Fig. £is not
Silich et al. (2001) where the metallicity of the hot supdsble necessarily universal. A wide range of numerical modelt wi
interior, resultant from the multiple SN explosions of aingg @ better representation of the physical model and a better sa
star cluster, was calculated. The various cases they amesid Pling of excitations conditions would be needed to draw some
(see their Fig. 6) encompass starbursts evolving in low agtd huseful conclusions from the computed valueZ g, .

4.4. Discussion of the simulated observations

4 We use the definitiol) = Qy/(47R?n), whereQy is the number
of stellar ionizing photonsR is the distance to the star, ands the 5 Following the usual nomenclature for recombination litles,Ou
gas density. 14651 line is emitted by the recombining Oion.
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Fig. 4. Results of simulations for a series of models watgy = 0.2 Z, as a function ofZp, for various values oF and taking
n=0.17 (see Sect.3.2 and 4.3). Circles:0.1; squarest = 0.5; trianglesF = 0.9. “Observables”:§) ADF(O**), (b) T,[O mi],

(€) ZceL (see text). Other results of the simulatiord: T(O**)uy, (€) Zce/Zui, i-€., the metallicity bias when using @ 15007
(see text){) ZorL/Zuil, i-€., the metallicity bias when using theiQ 4651 line to measure the oxygen abundance (see tgxt); (
(h) and {): the flux from the droplets in the [@] 14363, [Om] 15007 and Gt 14651 lines, with respect to the total in these
lines.

Figure 5 is the same as Fig. 4, but now for simulations with the droplets than in the cases shown here. However, the den
Zism=0.6Z,. Qualitatively, it displays the same characteristicsity effect is only slight, since, as seen in Eq. (21) tife&s of
as Fig. 4, but with less extreme features. The ADFg{Gre density and recombination on ADF(® tend to compensate.
here much smaller, because the temperature contrast letwee Our computations were carried out with a given stellar ra-
the metal-rich drops and the ISM is smaller. On the other hangation field and with a given ionization parameter. We do not
simulations withz;sy smaller than 0.Z,, not shown here, lead expect large changes in our results when modifying theastell
to more extreme characteristics than displayed in Fig. 4. radiation field or ionization parameter within the limitdee

The same set of figures for droplets with a densigy= vant to bright Hr regions. The averagefective temperature
3000 instead of 1000 crd are very similar to Figs. 4 and 5, butdoes not change much from one object to another, and is a sec-
with smaller éfects, due to the fact that gas is more recombinetd order parameter in our problem. The ionization paramete
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can be dfiferent from object to object, but the ADFs are aburiFable 3. Expected range of parameters entering the model.
dance ratios of the same ion, and thus are not dependent on
the ionization parameter to first order. Test computatiavweh

confirmed this view.

The most important parameters atg and F (which are
varied in the plots presented in Figs. 4 and 5) and our pagmet np /nisy
n, which, from considerations in Sect. 3.2, has a large rafige oU

possible values.

parameter values argumentation

e.(0) 0.002 -0.018 Table 1

X 1?7-257 see Sect. 3.2

Zp Zism — 1%7 Silich et al. (2001)

N 100-5000cm®  Table 2

Nism /M =1 see Sect. 4.3
3-30 rough pressure equilibrium
103-101 Stasifnska & Leitherer (1996)

Ter
F

35,000 — 55,000 K
0-1

massive stars
see Sect. 4.4

Table 3 summarizes our knowledge on the range of param-

eters entering the model.
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4.5. What the confrontation between computed ADFs  andZsy, although Silich et al. (2001) show that this relation is
and observed ADF tells us not a simple one.

Note that the magnitude of the biases found in our simu-

ons obviously depend on the value adoptedifoHad we

Let us now compare the simulations shown in Figs. 4 and 5 wE{{i
sed a value 0§=0.013, a minimum value implied by the ref-

the observations. The Galactic and Magellanic Clouds raebu
Iis_ted in Table 2 have diameters of (160) vyhile the S"'FS have erences listed in Sect. 3.2, the biases would have been very
widths of (1- 3)”, so that the spectroscopic observations COVE a1l in most cases.

a tiny fraction of the objects, and the contribution from fiiéy

mixed Hu region is likely small. The remaining extragalactic

objects are smaller, with angular radii of (30100)’, so the 4.6. Possible effects of dust

contribution of the fully mixed Hr region is more important, ) . )
however still small. We thus believe that the models to becohf 0ur models we did not consider théfect of dust. This
pared to the available observations are those correspphalinWas on purpose, in order not to inflate the number of free
the smallest values &F. The ADFs listed in Table 2 are mostlyParameters. One of the expectefeets of dust would be to

in the range 1.5-2, with only few cases above 2. Such valfgcrease the amount of O available to produce recombination
are obtained for our models for a variety of physical coodis. 'In€s in droplets if a significant fraction of the O atoms iopis

our models show clear trends in the values of ADEs wifH€ depleted onto refractory dust grains. However, maximum

Zism, While there is no obvious trend of the observed ADF%USt condensatiorfieciencies in SNe ejecta seem 10 be.2

with any observed physical parameter. Note, however, tbat, (Todini & Ferrara 2001; Edmunds 2001), so tHEeetive value

the extragalactic H regions, the uncertainties in the absorg2! X(©). would only decrease to by a factor aBOWe be-
tion corrections (and whether they should be applied) aad lIILfeve that the mainf@ects of dust grains in this problem is their

fact that for most of the extragalactic objects the ADF hambetOntribution to heat the gas. Théfieiency of grain heating de-
determined from just a couple of lines (or line-blends) oﬂ-mupends essentially on the dust-to-gas mass ratio, the kmniza

tiplet 1 (which are very weak and filcult to measure), pre- parameter, and_the size of _the grains. The cor_ltriputipnajhgr
clude us from excluding any of the following possibilitig¥: to the total h,eatlng budgetis Iargerfor_hlgher|0n|zat|almn-
all the extragalactic H regions show ADFs 2: ii) some ex- eters (Stasinska & Szczerba 2001). Since the droplets dre t

tragalactic Hi regions have high ADFsii) the low-metallicity 9€NSer than the surrounding gas, the ionization paraniee t
Hu regions show higher (lower) ADFs. From our models, lof? lower, and therefpre theffect of grain heating is expected
metallicity objects are bound to show higher ADFs. ObvigwsltO b? s_malller than in the surrounding gas. Thus, tfiece of
a more conclusive sample of observational data is needesl t(m)e ionization parameter alone would be to enhance the con-
confronted with our model predictions. trasts between droplets and the rest, and thus to enhance the

It has been commented by Lopez-Sanchez et al. (2007) tﬁﬂ?CtS discussed in Fhe prec_edlng sectpn. I-!owever, the prop-
observed ADFs are similar in a variety ofiHegions in difer- efties of the dust grains are likely venyfldirent in the droplets

ar%(ii in the interstellar medium, since the dust in the drsplet

ent host galaxies. They take this fact as an argument aga's%ould be heavily weighted by the conditions during the supe

metal-rich droplets producing the ADFs. The entire grid o - . L .
. X .nova ejection and droplet condensation. This issue obljious
our models does predict a wide range of ADF values, which " :
erits further study.

seems in contradiction with the very restricted range of ob!
served ADFs and the fact that there seems to be no correla-

tion between them and any observed property of theret 4.7 The abundance bias

gions (see Garcia-Rojas & Esteban 2006). However, notiall o

models necessarily represent a physically plausible m&del It is often said that abundances derived from recombination
example, the value df;, is certainly constrained by physicallines are not biased, because all recombination lines have
processes occuring in the superbubbles, so that only adnactoughly the same temperature-dependence (e.g., Esteban et
of the considered range is relevant. In this respect, we ]mi@ﬁ)05). On the other hand, abundances derived from collision
even suggest that, in the framework of our scenario to expldilly excited lines could be underestimated if large temipeea

the ADFs, the observed values could put constraints on fifi¢ctuations in the O zone are present but not accounted for.
mixing of metals in the supernova bubbles. For example, th@me authors apply various techniques to try to estimate tem
observed ADFs do not seem to depend on metallicity wherd¥jature fluctuations in a given object and correct for them u
our models would predict larger ADFs for a low&gy if all ing the scheme of Peimbert (1967). Others do not apply such
other parameters were to remain fixed. From Table 2, the sal@correction, considering that temperature fluctuatiopsear

of e,(0) do not change with metallicity. Thus, if our scenari@ected to be small.

is to explain the observed ADFs, this imples that one or more In the case of our scenario, theal metallicity is that of

of the remaining parameters (X, or Zp) must correlate with the fully mixed Hu region. Figures 4 and 5e show that the
Zism in such a way as to maintain a constant ADF. Indeed, obi&s Zcg /Zy, is larger than 1 in all the cases shown here.
might expect a relation betweefy andZsy, via metallicity- Obviously, in our scenario, one cannot expect the abundance
dependent stellar winds which play an important role in theeasured from collisionally excited lines to measurerta
shaping of the ISM and therefore on determining the massroétallicity exactly. The discussion of the abundance sasi
gasthatis ionized. One might also expect a relation bet@genfortunately complicated by the fact that one should also-con
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sider the O zone, and that the results are expected to strondiie dfect increases with ADF(O). In absence of any recipe
depend on the excitation of the object. We note that, in otarcorrect for these biases, we recommend that objects algowi
models, the biaZcg /Zy; is usually small, but it may reachlarge ADFs should be discarded when probing the chemical
0.2 - 0.3 dex if the weight of the well-mixediHegion is small evolution of galaxies.

and ifZp is of the order of Z,. It is interesting to note that this

From our model, we do not expect a largéfelience be-

bias is opposite to the bias due to the temperature fluch&tiqyeen the abundance of the fully mixeduHegion (reason-
postulated by Peimbert (1967). However, many more numesh|y well approximated by the abundances derived from CELS)

cal experiments would be needed to consider this as a geng
rule.

the general ISM. On the other hand, ISM abundances as

measured by absorption lines are not likely to be signifigant

Figures 4f and 5f show that the biaZori/Zwi is always  afected by the presence of metal-rich droplets. On the other
larger than one, and may reach quite large factors. As e8gechang, the amount of O depletion of dust in the neutral ISM

the bias increases with ADF(O).

and in HIl regions could be fferent, being more important

To summarize, if the droplet scenario is valid, ORLS ovef the neutral ISM than in ionized gas. Present determinatio
estimate thereal metallicity of the ISM, possibly by quite of the gaseous @ in the solar vicinity from CELs in Hll re-

large amounts. CELs may also overestimate it, although tq,@ns (Deharveng et al 2000) and from neutral absorpti@slin

much weaker extent. The biases are stronger for larger AD

eyer et al. 1998, Jensen, Rachford, & Snow 2005) give sim-

Unfortunately, we have at present no recipe to correct fer t{ig; yalues.

biases. In the meantime, a prudent attitude would be todisca
objects with large ADFs as probes for chemical evolutiod-stu
ies of galaxies.

In order to proceed further with this question of small-scal

abundance inhomogeneities, which is complicated andwegol
many parameters, one needs as many observational cotsstrain

as possible.

5. Conclusions and future directions

In this paper, we have described a scenario for the enrichmen A systematic search for ADFs for several elements (N, Ne)

of the ISM and discussed its observational signatures. ¢&e s
nario invokes metal-rich droplets produced by a long preces
following supernova explosions in previous stellar getiens.
The full enrichment of the ISM is only achieved when these
droplets are destroyed byfflision in photoionized regions.
Following Larson (1996), if the total star formation ratetlire
galaxy is about 3V, yr~* and the amount of cloud matter

in the same regions would be welcome. If the droplet sce-
nario is valid, ratios of ADFs for several elements in the
same region should be in agreement with the prediction of
current theories of nucleosynthesis in massive stars. ©n th
other hand, if nitrogen is mainly produced by intermediate
mass stars, the nitrogen abundance should not be greatly
enhanced in the droplets we consider. The measurement of

that can be ionized per every solar mass converted into starsnitrogen recombination lines is crucial to test our scemari

amounts to~ 10 M, , then if the total gaseous mass of the—

galaxy amounts to % 10° M, the ionization rate implies that

A systematic search for ADFs in regions offdrent metal-
licities would be useful.

the entire ISM is cycled through the ionized phase every 108 Our simulations predict that values of ADF(Q are signif-

Myr. It is then within such a short timescale that the ISM ac-
quires, at least locally, an even metallicity. On the othemdh
the time required to disperse the metals from a stellar gener
tion is much longer (severatl0® yr, due mostly to a slow cool-

icantly larger than one only in specific cases. So far, ADFs
have been measured in only a handful ofi Iegions. It
would be advisable to have a much larger number of rel-
evant observations, and to be able to relate the values of

ing process) and a significant fraction of the mass converted the ADFs with other properties of theiHegions and with

into stars in the last few stellar generations, which endsasp
ing violently reinserted into the ISM, remains hidden withi
the hot phase of the ISM.

We have shown in Sectidn 4 that photoionization of highly
metallic droplets can, under certain conditions, reprecdhe

the observing conditions (e.g. whether the slit encompasse
a significant fraction of an H region or whether the ob-
served fluxes are heavily weighted by zones close to the
ionization front). It would be very useful to have an obser-
vational census of the cases where the ADFs are close to

observed abundance discrepancy factors (ADFs) derived for one. This implies the systematic publication of intensitie

Galactic and extragalactic iHregions. In this scenario the re-
combination lines arise from the highly metallic dropldiatt

(or upper limits) of recombination lines in high signal-to-
noise spectra.

have not yet fully mixed with the ISM gas. However, we find in— Reliable measurements of ADF{pPwould also be impor-

Sectior 2.P that the droplets inlHegions can only have a nar-

tant to constrain the models. At present, there are a few

row range of sizes, bounded from below by the need to avoid measurements of ADF(Q in Hu regions, but they are
rapid destruction and from above by the need to have eluded highly uncertain since they rely on one or two weak lines

detection by direct imaging.

from multiplet 1 atl ~ 7774 A (the brightest multiplet ex-

We find in Sectioi 4]7 that, if this scenario holds, the re- pected to arise completely from recombination), which are
combination lines strongly overestimate the metallisitéthe severely &ected by blends with telluric features.
fully mixed Hu regions. The collisionally excited lines may — Observational diagnostics of densities and temperatures
also overestimate them, although in much smaller proportio from recombination lines, such as those proposed by
(less than 0.1 dex in most of the cases considered in thig)stud Tsamis et al. (2004) or Liu et al. (2006) should be useful



13

to constrain the problem (see Garcia Rojas & Esteban 20Réferences

for a first attempt_ln this (_jlr_ectlon). . Allende Prieto, C., Lambert, D. L., & Asplund, M. 2001, Apk&
— Another useful diagnostic is the temperature derived from | ¢

the Balmer or Paschen jump. Recently, Guseva et al. (20Qf);s; A . Savaglio, S., Heckman, T. M., Hoopes, C. G., betr, C.,
have estimated the Balmer jump temperature in about 50 g Sembach, K. R. 2003, ApJ, 595, 760

metal-poor Hi galaxies. They find that the Balmer jumpde Avillez, M. A., & Mac Low, M.-M. 2002, ApJ, 581, 1047
temperatures are similar to the i 143635007 temper- Bateman, N. P., & Larson, R. B. 1993, ApJ, 407, 634

atures, contrary to what is found in some nearby or mogiappini C., Romano D., & Matteucci F. 2003, MNRAS, 339, 63
metal-rich Hu regions (Gonzalez-Delgado et al. 2004Peharveng, L., Pefia, M., Caplan, J.,& Costero, R., 200048,
Garcia-Rojas et al. 2004). The interpretation of this ltesu 311,329 i

in the framework of the droplet scenario requires a moREVost: D Roy, J-R., & Drissen, L. 1997, ApJ, 482, 765
complicated modelling than that presented here, and is Sgwunds, M. G. 2001, MNRAS, 328, 223

. eban, C., Peimbert, M., Torres-Peimbert, S., & Escajant1998,
of the scope of the present paper. We just checked by han MNRAS, 295, 401

on a few cases that, in our scenario, it is possible to 0btgiQepan C. Peimbert. M.. Torres-Peimbert. S. Garda J., &
values of the Balmer jump temperatures equal to (or even Rodriguez, M. 1999a, ApJS, 120, 113

slightly higher than) the [@i] 243635007 temperatures, Esteban, C., Peimbert, M., Torres-Peimbert, S., & GaRds, J.
depending on the fraction of [@] 14363 and [Qu] 45007 1999b, RevMexAA, 35, 65
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