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Abstract. The accepted explanation of the observed dichotomy of tdersrof magnitude between in situ measurements of
electron density in hi regions, derived from emission line ratios, and averagesorements based on integrated emission
measure, is the inhomogeneity of the ionized medium. Thex@essed as a “filling factor”, the volume ratio of dense to
tenuous gas, measured with values of orde® 1nplicit in the filling factor model as normally used, is thesumption that
the clumps of dense gas are optically thin to ionizing raolmtHere we explore implications of assuming the contréwgat

the clumps are optically thick. A first consequence is theg@mnee within Hi regions of a major fraction of neutral hydrogen.
We estimate the mean°AH* ratio for a population of hk regions in the spiral galaxy NGC 1530 to be the order of 10, and
support this inference using dynamical arguments. Thealptithick clumpy models allow a significant fraction of thieotons
generated by the ionizing stars to escape from theirégion. We show, by comparing model predictions with obsgons,
that these models give an account at least as good as, arabpyraietter than that of conventional models, of the radidiese
brightness distribution and of selected spectral linemtiagjcs for physical conditions within tregions. These models explain
how an Hu region can appear, from its line ratios, to be ionizationrulmd, yet permit a major fraction of its ionizing photons
to escape.
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1. Introduction: line emission diagnostics in H n al. 1983), but for Hi regions in Milky Way sized galaxies with
regions near solar metallicities either detailed photo—ionizatieodel
fitting, or semi—empirical methods using bright lines aredis
Emission lines from dferent ionization states of the mosone of the most used of these methods involves a calibrated
abundant elements are one of the most valuable and practtqg{ of [Ou]A3727A+[0 m]114959A+5007A normalized by
tools for determining element abundances in galaxies. @&ney the H3 emission line strength and plotted versus the oxygen
relatively easy to detect and quantify. The lines emittediby apundance @, proposed by Pagel et al. (1979), and subject to
regions are intrinsically bright and sharp compared wigiat 5 critical review by Vilchez (1988). This plot, and similziots
absorption features, so easy enough to pick out and measg§eN and S, can be used in conjunction with an estimate of the
If the electron temperaturé§) within an Hu region can be intrinsic radiation hardness from the ionizing stars;, @™,
determined, it is not too @icult to determine the overall abun-g+ s+ (Vilchez & Pagel 1988), to measure abundances and
dance of a given element by measuring the relative emissig abundance gradient across the face of a spiral galayg-An
line Strengths of lines due to several ions. To eStll’ﬂ—Qtﬁhe teresting ear|y summary of oxygen abundance gradients'_in sp

excited [Om]14363A line can be measured and its ratio withals obtained using these principles can be found in Edmunds
the 14959A and 5007A transitions to the ground state, yield$ggg).

a goodT, value. This works well at intermediate metallicities

(e.g. in the Magellanic clouds) but not at near solar metalli  As early as 1967 Peimbert pointed out that temperature
ities, where the lower i region temperatures lead to a weaKuctuations in Hr regions will cause temperature estimates
lambda 4363A line, or at very low metallicities where all thenade on the basis of forbidden line ratios tfeti from those
Om lines are weak. For local h regionsTe can be deter- made via the ratio of Balmer lines to Balmer continuum, and as
mined well from radio recombination lines (see e.g. Shavergch will lead to imprecision in any physical parameter dete
mination requiring electron temperatures, notably thattmfn-
Send offprint requests to: C. Giammanco dances. Rubin (1969), considered explicitly tlfieets of tem-
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perature fluctuations on abundance determinations, sigowiterived masses of gas withiniHregions. In the conclusions
that for certain excitation conditions, neglect of thesetfla- we bring out in what ways these clumpy models are qualita-
tions will lead to underestimates of the abundances of elésnetively different from both the classical Stromgren model with
such as oxygen and nitrogen. Rubin (1968), also explored tiemogeneous gas, and its derivatives obtained using the sta
effects of density fluctuations, finding that the smaller arahrd “filling factor” approach.
denser are the clumps of dense gas within a region, the higher
the resulting ffective electron temperature. He calculated mo
els whose volume emissivities inaHand [Om]A5007A are af-
fected by density and its fluctuation, but these were of thd ki
represented in the “filling factor” approximation which wdlw The possible £ects of density inhomogeneities on the propa-
consider in some detail below, and as such are not an edgecigation of ionizing radiation in h regions were first discussed
realistic representation of the density distribution witan Hi  in some detail by Stromgren (1948). However the standard
region. In practice, theffect of density fluctuations on the ion-way to take into account the fact that the ISM is highly non—
ization equilibrium of a gaseous nebula has been consideheainogeneous on scales of parsecs is to scale the optical path
essentially only as the cause of temperature fluctuatiomis. Tand the volume emissivity by a filling factor, following tha-
was clear in early work on the Orion Nebula by Osterbrock &al prescription of Osterbrock & Flather (1959), which w#lw
Flather (1959) and in a subsequent more detailed examinatierm here the FF approximation. The technique assigns a frac
of the same hi region by Simpson (1973), was brought out ition of the total volume of an I region to relatively dense gas,
abundance determinations in the Magellanic Clouds by Dufowith the remaining volume taken to be of negligible density.
(1975), and also noticed by Krabbe & Copetti (2002) whephe fraction occupied by dense gas is termed the filling facto
considering the fect of the high density knots in 30 Doradusnd it takes values of order 10in typical observed cases. The
in slightly reducing the local electron temperature in appa need to treat the volume of a region in this way is because the
contradiction with Rubin (1968). In all of these studieg tin- measurement of the in situ electron density using line saio
derlying assumption is that there is a continuously vargnmg ther at radio wavelengths (e.g. Dravskikh & Dravskikh 1990)
plitude spectrum of fluctuation size and density, althougbes or optical wavelengths (e.g. Copetti et al. 2000) givesesiof
the emission intensity of a recombination line scales as theder a few times 10cm~3, whereas the mean electron density
square of the electron density, any diagnostic diagrangivi#é  obtained from the emission measure ia id of order 1-2 cm?
the strongest weighting to the densest fluctuations. Howev@Rozas et al. 1996). In the form introduced by Osterbrock &
relatively little direct attention has been given to theets Flather (1959) and in general use for dealing with the trensf
of the density fluctuations themselves on the radiativestrarf Lyman photons in H regions, the underlying assumption is
fer properties of an H region. Roy et al. (1989) attributed thethat the dense clumps are small enough to be optically thin, s
variation of a number of line ratios on small scales within #hat each clump is fully ionized. The overaltect is a statis-
number of large luminous extragalacticiHegions, to small tical modification of the classical Stromgren sphere $tmgg
scale density variations within each region, but no dirétetra  in which radiation from the central ionizing stars ionizeatez
tion has been paid to the possibléeets of major density fluc- rial within a given radial distance from the stellar clustad is
tuations on the overall energy budget of a region. In thegureseffectively fully absorbed within the H region, except for the
paper we address this problem, using a straightforward mauinority of cases where either the placental cloud fHciently
elling technique to represent the presence of clumpinas&wi small for some radiation to escape, or the cluster is forneed e
the regions. The clumps in the model show considerably marentrically within the cloud, and thus near the cloud edgmia
contrast with their surroundings than is assumed for a nanti direction. Although the physical conditions for recomhioa
ous density variation distribution, but the model has a ifgnsline formation are biased towards the high densities, gimese
distribution much more like that empirically observed ietb- emission line strengths are proportional to the square @f th
cal neighbourhood (the only place where individualpc scale electron density, and hence this model in which only the eens
clumps in the ISM can be separately detected and measuretl)mps are considered, gives many valid results, we betfieate
These clumps are also in better physical accord with the t@detter description of the transfer is given by using a ntadiu
and three phase models of the ISM which have been proposeéth clumps whose optical depth is high. Rather interesting
to explain its observed properties within the Galaxy (Cox &lence for this is found within the local ISM where a detailed
Smith 1974; McKee & Ostriker 1977). examination of structure is possible within a zone whick lie
In the following section we give an explanation of thevithin a major Hi region based on the OB associations towards
model and its assumptions, and in subsequent sections we 8isorpio and Centaurus. Here Trapero et al. (1992, 1993}foun
cuss the basic structure of the ionization distributiorhimithe that more than half the mass of the ISM within 300 pc of the
model. In Sect. 4 we compare the predictions of the geneBan is in the form of dense-(100 cnT®) compact clouds with
radial surface brightness distribution of an individuajioen characteristic sizes of order a few parsecs, while the memai
with the observationally derived distributions forniHegions der forms a warmer substrate with densities lower than £cm
in external galaxies. Comparison of some predicted enmissimspection of optical images of iHregions within the Galaxy,
line ratios for this and previous models with observed liae re.g. the Orion Nebula, confirms this picture of ionized mate-
tios, are discussed in Sect. 5, and finally, in Sect. 6 we apalyial in dense blobs or clumps several parsecs across, separa
the importantimplications of this model for the observaditly by larger volumes of less dense gas. In fact, this structome ¢

9 Inhomogeneities: the classical filling factor or
optically thick clumps?
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forms to the rather clean separation into cool and warm ghasé a single clump, and we can thus neglect the innermost shell
first proposed by Field, Goldsmith & Habing (1969) and latén any calculations. The fractional error in doing this fatell
extended to three phase models which include a hot componghere the clumps were not dissipated would be justand

by Cox & Smith (1974) and by McKee & Ostriker (1977). Awe will see that this ranges from 0.001 to 0.01 so this would
particularly clear theoretical underpinning of these mttase be no problem) but in practice the error will be smaller than
models is given in the classical text by Spitzer (1978), whio Even if our computation were incorrect for the first three or
explains in terms of detailed balance, why certain rangesfofir shells, the error implied would be small. In particuiér
density and temperature in the ISM are unstable, and how ttfie clumps in the second shell were either dissipated oy full
leads to a geometricalfiiérentiation of the stable phases. Th@nized, our error would again be of ord&rand this problem
transfer properties of an idregion with a clumpy structure in will not be important, even in regions with the most luminous
which there is a clear phase separation, with correspohdinpnizing stars, for shells beyond the third or at most thetfou
large well defined clumps are significantlyffgrent from those for clumps of scale size 1 pc.

of a traditionally modelled clumpy region where the struetis It is instructive to use the spherical clump approximation
not scaled, and it is this flerence which we explore here. Weo derive some quantitative relations associated with thiegfi

will term the traditional model the FF model, and our modééctor, i.e. the fractional volume occupied by dense gas. Fo
the “clumpy” model, since the density and volume contrasts $pherical clumps of radius for which o is zr? we find

our model are greater. The clumps in our model, and in the H )

regions themselves, are optically thick to the Lyman contin f=nr'n (3)
uum (Lyc) and this has significanffects, e.g. implies that the
Stromgren sphere approximation loses validity, and theatit
tional diagnostics for photon escape such as those applie f = (3/2)ven @)
McCall, Rybski & Shields (1985) must be re-quantified.

To give an analytical first order approach which is easy wherev. is the volume of a clump. Let us define a geometrical
follow we first take our clumps to be uniform spheres, with #lling factor ¢ as the fraction of the total volume of therH
characteristic size and a cross—section for radiation intercepgegion occupied by the clumps and so we find
tion o. A clump situated at a distand¢efrom the centre of a
(spherically symmetric) region intercepts a fractiofrR? of ¢e = (4/3)r1/6 (5)
the ionizing radiation, and for a number density of clumps
the clumps in a shell of thicknegsbetweerR andR + ¢ from

and setting the shell thickness delta to be the clump diamete
é&l = 2r) we obtain

and if we puts = 2r we have

the centre, intercept a fraction of the radiatiafRdsn(o-/ 47R?) f = (3/2)¢c (6)
i.e. dno. We term this fractiorf, which represents the proba- o o
bility that a photon is absorbed within this shell, i.e. traction It is important to be explicit here about the method nor-

of photons absorbed within the shell. With the simplifyirgg a Mally used to infer filling factors of dense gas initegions.

sumption that the number density of clumps is not so large tifpllowing Osterbrock (1989, p. 153), the luminosity L eredtt

there is a significant probability that a ray from the centie §Y @n Hu region whose dense clumps have a total volifge

the region cuts more than one clump on its path to the surfa@d electron densitite, in a given spectral line is

'g;/e probabilitye for a photon to escape from the region is given L = KNGV, 7)
e=(1-HN (1) wherek is a constant which depends only on which emission

whereN is the total number of shells. We are particularly inte|llne |.'.s.be|ng observed, and not (to first o.rder).on the philsma
ested in the production of by recombination in a processconditions. If we assume that we are dealing with anreigion
which can be considered as a down-conversion of Lyc ph\e‘hose total volume i¥/, then the ratid/;/V is the filling factor,
tons, terming the intensity of i emission by the'th shell % SO We can express Hq. 7 as
from the centre a$;. We can formulate this in terms of the L = kN26.V 8
: AT D "o (8)
intensity, I, which would be produced within a filled shell
which has a thickness, multiplied by the fraction of the shell which for the case of H enables us in principle to determine
which absorbs photons, i.e. the fractional area occupied th filling factorg, using
dense clumps, givin

e S » N 9o = K Lna/((47/3)RNe?) (9)

=10 f@ - ©) . . _
whereR is the radius of the K region, and the constafht
Both equationd]1 arld 2, use a thin spherical shell approtakes the value appropriate for therlémission line. We note

mation, which will not be valid near the centre of the regiaut, especially that in an FF model the two filling factass, andg,
in any case, ifiis small the contribution of that shell to the to-are equal, since all clumps are fully ionized, but in the pnés
tal emission can be neglected, not only for simple georadtriclumpy model this is not the case. We will see that in general
reasons, but because in the innermost few parsecs the clugyps ¢g since most clumps are not fully ionized, and thiet
will be dissipated by a combination of stellar winds and radence between these quantities can be easily an order of magni
ation. For simplicity we will set the shell thickness as times tude. In addition, deriving, using an integrated emission line
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0% - - na It is obvious at a glance that at distances further from the
source than some 10 pc, a clump is essentially opaque to the
ionizing radiation, and in terms of simple transfer can lre vi
tually considered a black disc. However with the filling farst
found observationally, the neffect of a clumpy region where
the gas is concentrated into these clumps will be to act a&-a “r
Tope 1 pe g sope diation sieve” allowing a major fraction of the ionizing gbas

to pass between the clumps and escape. It is also clear that at
Fig. 1. Equatorial section of a spherical clump with density 10@istances beyond some 20 pc from the source the major frac-
cm3 and radius 1 pc illuminated by an ionizing source angbn of a clump is shielded and left unionized. Depending on
placed at dierent distances from it. The light area represeniise details of the distribution of the clumps within therke-
the ionized volume of the clump (seen in cross—section)lad yion, the net fect of integrating unionized and ionized clump
dark area represents the volume which remains neutral. Gragsses will be that a relatively small fraction of all theroju
areas show partial ionization. In this example, obtaineth wimass in the H region will be ionized. It is this fraction which
CLOUDY, we used an ionizing source emitting*#rg s* is detected as the “optical” filling factor. A useful cancalies-
yielding conservatively high clump ionization. timate of the ratio of neutral to ionized gas in am Ifegion of

radius 150 pc, i.e. one of the ultraluminous “giantiilfegions,

is a factor 10, as we will show empirically in section 6 belew,
luminosity and Eq[J9 implies obtaining a reliable value foe t thatin our clumpy models we use a “geometrical” filling facto
radius of the Hi region, which is not the most accurate of obf 102, 103 (including both H and H") which in broad terms
servations because the projected surface brightness gfanre Corresponds to an optical filling factor of 9107 (including
blends into the dfuse background, so that any measuremeft Only)-

which relies on establishing a clear boundary entails erie In the computations made using the clumpy models we
the CLOUDY program of continuum and line transfer (Ferland
et al. 1998).

3. Calculations using FF and clumpy models

In order to illustrate both litatively and fitativeh 4. Differences in the radial distributions of ionizing
n order fo 1llustrate both qualitatively and quant atjwene and recombination photons between the FF and
differences which arise using the two types of models we have

generated specific models to compute line strengths and ra_clumpy models
tios under defined conditions. All these models rely on thg key qualitative diference between FF models and clumpy
CLOUDY suite of programs (see Ferland et al. 1998). For thgodels is the prediction of the fraction of ionizing photons
FF models we have used CLOUDY in a standard way. We hawich escape from an H region. In an FF model, as in a
generated a tree family of models offérent metallicity with classical Stromgren uniform model, there is a clear disitm
a set of stars: 3, 10, and 30 O3 stars at the centre, a meanigageen density bounding and ionization bounding, which de
density of 100 cm?® and filling factors of 10%, 10, values pends only on the mean gas density and the modelled radius of
designed to match the optical filling factors obtained olmer the region. In slightly simplified terms once a region reache
tionally (e.g. Rozas et al. 1996). The outer radius of théoreg a specified size for its density distribution it will be ioaiz
is a parameter which can be varied, so that if we start wition bounded, so no photons escape, while for smaller radii
low values and progress to high values we go from a densitywill be density bounded. In a clumpy model this clear dis-
bounded to an ionization bounded regime. We used essgntigithction is not maintained, since a fraction of ionizing prs
solar metallicities, as specified in the manual of CLOUDY] arescapes from essentially all clumpy models with reasonable
for the purpose of streamlining the calculation we simul@e physical parameters, and the only question is to quantdy th
O3 star by a black body with a temperature of 51230 K, and gaction (Eq[1). In other words, all regions modelled using
ionizing flux 16%3'erg s (Vacca et al. 1996). clumpy model will be, de facto, density bounded. However, in
Since the clumpy models are based on clumps of densach individual clump (except for the minority of clumpssso
gas whose properties: size and gas humber density, aredlefioethe ionizing source) all photons incident on the clump are
as inputs, we first made a set of simple tests in which a clurapsorbed. Thus the emission line ratios for lines produged b
of radius 1 pc and density 100 chwas illuminated by an down-conversion within the clump will be those for ionizati
ionizing source at dierent distances. The source was given @ounded regions, and as essentially all the line emissam fr
ionizing luminosity of 16%° photons s! which corresponds to within a region comes from the clumps, any diagnostic diagra
almost 300 O3. This is a very luminous source, so that our carsing line ratios will give an ionization bounded signature
clusions about the ionized fractions of the clumps at vayyirother words clumpy hi regions will always be diagnosed as
distances from the source are conservative. We can see-theéaeization bounded, although in terms of photon escape they
sult of this test in Figl]l, where the fractional volume i@tz behave as density bounded. An illustration of thedBedint
seen in cross—section, and the degree of ionization, amershadypes of behaviour is given in Fifl 2 where we have plotted es-
as functions of the distance of the clump from the source. cape fraction against kregion radius for three FF models and



C. Giammanco et al.: Propagation of ionizing radiation im teégions: the ffects of optically thick density fluctuations 5
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Fig. 2. Dependence of photon escape fraction on theréfjion Fig.3. Observationally derived ddradial emissivity profile of
radius for diferent models. In classical FF models, the escapéright Hir region of the barred spiral galaxy NGC 1530 (solid
fraction depends on the radius, on the filling factor, andhen tline). The profile has been normalized to facilitate its canip
strength of the ionizing radiation (we have consideredzimg son with the profiles predicted by clumpy and FF models. The
clusters with 3, 10, and 30 O3 type stars, and a filling factepatial resolution of of the four theoretical models hasiue
of 107%). In contrast, in the clumpy models the dependencegsaded to match the resolution of thelinage of NGC 1530
only geometrical; in other words, the escape fraction ddper(approx. 50 pc per pixel). We can see that the clumpy mod-
on the radius of the region, and on the radius and densityeof #s produce concave profiles, similar to the observatioms. O
clumps. We show results of three clumpy models (labeled withe contrary, FF models, give rise to convex profiles. The dot
C) assuming dferent filling factors 16?, 10-3 and clump radii ted line represents an ideal Stromgren model, whose itoiza
(1 and 2 pc). fraction is constant and equal to 1 inside the tegion volume,
except close to the boundary of the Stromgren sphere.

three clumpy models. The ftierence is clear. The FF modelscaled to yield the observechHuminosity, to a first approxi-
show behaviour akin to that of a classical Stromgren spheneation: two FF models with flierent assumed filling factors
The fraction of photons escaping falls quite sharply as #ie and two clumpy models also withffiérent geometrical filling
dius of the Hr region reaches a critical value, which dependactors. It is clear from the figure that the FF models give-con
on the luminosity of the ionizing stars and the mean densiybution functions which do not fit those of the observed re-
of the gas (in the models illustrated here this latter patamegions. Although the radial profiles of these modelSetide-
was maintained constant so thiéeet is not seen). The clumpypending on the filling factor, they have in common a convex
models, labeled with C, show quitefiéirent behaviour, which form, with a rather sharp fallftowards the edge of the region.
is essentially geometrically dominated. The escape tradtr The clumpy models, on the other hand, show convex profiles,
an Hu region for a given source luminosity fall§fcsteadily and give far better agreement with those derived from the ob-
as the radius of the region rises, but there is no diiraglius, servations. The b volume emissivity for a uniform Stromgren
as the fall-¢f is determined basically by the geometrical covesphere is included for comparison.
factor of the clumps, each of which is optically thick. Inf#ue
plots for these models slightly unde_)resnmate the escagerfa 5. Predictions of line strengths and ratios:
as they have assumed no overlapping between clump cross Séc:. S . .
tions for photon blocking. diagnostic diagrams for density bounding

As a direct observational test of theffédrences in the pre- A classical test for density bounding intHregions is the plot
dictions of FF and clumpy models we have looked at radiaf [O m]/[O u] vs. ([Om]+[O u])/HB, proposed by McCall et al.
profiles in surface brightness ofiHegions (Rozas et al. 1998),(1985). Examination of this plot for a set of extragalactia H
a test which makes best use of the spherical symmetry incaggions, led them conclude that mosti Fegions are ionization
porated into our simplest clumpy models. We selected onelmfunded. Other authors (Roy & Walsh 1997; Kennicutt et al.
the largest isolated H regions with large radii in the galaxy2000) have reached the same conclusion based on similar anal
NGC 1530 for which we had continuum subtracted kh- ysis. However, there is good evidence (Ferguson et al. 1996;
ages with good signal to noise ratio, measured its radial sdurita et al. 2000; Relafio et al. 2002) that a major fractafn
face brightness profile in & and from this profile derived the order half, of the ionizing photons are escaping from theret
distribution of volume emissivity in bl as a function of radius gions of external galaxies, and ionizing theiffdse interstellar
within the region. The radial plot of this contribution fuim media. This evidence is based on two types of measurements.
is shown in Fig[B. In the same figure we give the predictions Birstly the integrated diuse Hr measured over the full face of
four models, for which the luminosity of the central soura@sw a galaxy is found to depend linearly on the integrated|t+
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Fig. 4. Density bounding diagnostic diagram (McCall et al. 198%)liclines delimit the area occupied by McCall's data and
the dotted line indicates where this limit is least cert@ata points correspond to iHregion observations, which have been
obtained from Cedrés & Cepa (2002), Van Zee et al. (1998)nkeitt & Garnett (1996), Walsh & Roy (1997) and Roy & Walsh
(1997). Colour symbols refer to models (FFanand clumpy inb.) assuming 3, 10 and 30 ionizing O3 type stars andigwint
abundances: 0.1 solar, 0.5 solar, and solar. Colours itedilka escape fraction of ionizing photons in each case. Weeathat
all models, even those with a strong escape fraction, aegdddn the areas covered by the observational data.
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Fig.5. Density bounding diagnostic diagram: {la6300A vs. [On]13727A (cf. Iglesias-Paramo & Mufioz—Tufibn 2008).
Sequence of FF models obtained for an optical filling factprad to 10“. b.) Clumpy models forf = 1073. ¢.) Same as a. but
for ¢, = 1073. d.) Same as b. but fof = 1072, The plots show that as the radius increases, the data poowus towards the
top-right region of the plots (the “ionization—bounded&ay and the escape fraction decreases. For clumpy modelgdibns
with high escape fraction (see Hih 5b fbr= 10-%) occupy the same general parameter space as models witlratedscape
fraction (FiglBb for forf = 1072). For the convertion of to the geometrical filling factaps see Eqdl5 arld & (is of ordergg).
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minosity of the most luminous H regions (above a specifiedgeneral feature of all the models that as the radius of the H
lower limitin Ha luminosity) in that galaxy (Beckman & Zurita region increases the ratio rises, but for twiehient reasons: in
2004), suggesting very strongly that escaping Lyman centithe FF case, there is a rapid rise to an asymptotic valueubeca
uum photons from the H regions are responsible for ionizingas the ionizing photons are increasingly absorbed wittérréh
the difuse medium, and by inference are escaping from then, the fraction of hydrogen which remains in neutralestat
Hu regions themselves. Secondly a careful model of a specifiges, and therefore the [Pemission, induced by a charge-
galaxy (NGC 157) in which all the H regions, with measured exchange reaction. However the clumpy models tellfgedént
Ha luminosities and positions were taken as sources of iogizistory. Here there is no clear transition in the line intgnsit-
photons, which were allowed to propagate across the galatky,because there is no clean transition in the physicalgrrop
gave excellent agreement between the modelled geometriezd of the regions; in other words, each clump in which emis-
distribution of the difuse Hr emission from the whole galaxysion lines are formed and emitted is ionization boundedfitse
and the observed distribution (Zurita et al. 2002). Thetfomc The distance of the clumps from the ionizing sources deter-
of photons which need to escape is at least 30% of those emiine diferent ionizing parameters, i.e fidirent values of the
ted by the OB stars within the regions. We have predicted sof@i]6300A/Hg line ratio which average in a complex way giv-
of the line ratios previously used for density bounding diagt ing rise to the behaviour shown in F[g. 6b. We conclude here
tics using our clumpy models and compared these predictidhat the distribution of data in McCall et al's plot is comipat
with those of the classical FF models. In Hij. 4 we show thee with density bounding, as density and ionization boadnde
large data set presented by several authors (including McGuaodels, for both clumpy and FF, are in the same region of the
et al. 1985) in the log([@i1]/[O u])—-log(([Om]+[O u])/HB) pa- plot. We have some reason to prefer clumps as for dynami-
rameter space, together with the predictions of the[lFF (d@) acal reasons (see next section), there does appear to be a high
clumpy [4b) models for dierent metallicities. We can see thaproportion of Hi within large Hu regions. However to decide
in both cases, the observations can be reproduced by mdefinitively which is the best way to modeliHregions, we
els with strong ionizing photon leakage (indicated by colareed to take into account other diagnostic diagrams whitth wi
scale) and models with negligible escape of ionizing phetorbe the topic of a forthcoming paper (Giammanco et al. 2004).
We can also infer two types of conclusions from this compari-
son. Firstly, when we inspect in detail the comparisons betw
models and observations, the clumpy models do give a sign
cantly improved account of the observations, and secohély it is very difficult to estimate the amount of neutral hydrogen
use of [Om]/[O 1] as a test for density bounding is not valid inwithin an Hu region, because of the need to separate the contri-
either type of models. The model grids, notably for the clymgbutions of hydrogen clouds along the line of sight to the cibje
models, overlap with, and reproduce the global distributid (and even beyond it) from the 21 cm emission from the specific
the measurements. It is still true, as predicted from previovolume of hydrogen we wish to identify. Thisfiiculty is seri-
types of models, that a higher j@]/[O u] ratio tends to indicate ous even using Doppler techniquesto try to isolate the éomss
a higher escape fraction of ionizing photons from a regiom, bfrom the region under study. ForiHregions in external galax-
the degree of ambiguity about this prediction for a givemexa ies the velocity does give us a better discriminator, bueher
ple is very high, given the error bars on a given measuremesntgular resolution limits our ability to define therldontent
for which the reader is referred to McCall et al. (1985). Thi@nd also the possiblejitontent) of even a large luminouaH
last conclusion is in good agreement with Iglesias—Par&moregion. However there have been a few attempts to supplement
Mufioz—-Tufidén (2002), who proposed an alternative diatjoo direct measurements by indirect estimates of the neutl ga
based on the line strengths of [@6300A and [Q1]A3727A.  mass within an Hk region using dynamical arguments. Yang
In Fig.[d, we compare the filerent predictions of clumpy et al. (1996) estimated that in order for the basic emissiun |
Ba and’bc) and FHEX5b ahdl 5d) models for the][@agnos- width (the width un&ected by locally expanding material, and
tic diagram. Diferent values of absorption fraction per shelivhich required careful two dimensional spectroscopy td pic
(f =102 and the extreme value 1¥) and optical filling fac- out) of Ha from the region NGC 604 in M33 to be consistent
tor (¢.=1073, and the extreme value 1%) have been used inwith a system in virial equilibrium, the neutral gas mass had
the clumpy and FF models respectively. FIgs. 5a and c cleattybe an order of magnitude higher than their observed mass
show that FF models with low escape fraction (dark pointsf ionized gas. They supported their argument using an ebser
occupy the same area of the plot independently of the fillingitional HI mass estimate by Deul & van der Hulst (1987),
factor adopted. This means that ifiHegions were well de- and an observational estimate of the Mass by Viallefond
scribed by FF models, this representation would be valid fet al. (1992), and they themselves showed that the totddistel
density bounding diagnostics. However, clumpy models withass is not a major fraction of the total mass of the region. A
high escape fraction in Fidl] 5b, occupy the same paramedemilar though less clear cut argument was produced by Chu
space as the clumpy models with low escape fraction ifFFig. @ Kennicutt (1994) for 30 Doradus. Comparing emission line
Therefore, before using these diagrams, we need to makewisiths from many features across this huge, nearby, and lumi
sumptions about the parameterin order to understand thisnous Hu region with mass estimates based on the virial theo-
behaviour, we show in Fifll 6, the predictedif6800A/HB line  rem, they found that even an order of magnitude moréhidn
ratio as a function of ht region radius, again comparing theH n would not yield virial equilibrium, relating the discrepan
clumpy models[{b) with “standard” FF modeld (6a). It is & dynamical energy inputs from the hot stars and supernova

ﬁi Gas masses in H nregions
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Fig.6. a.) Behaviour of line ratio [@]630QHB versus the hk region radius for dierent families of Hi region models in the
FF approximation, for two dierent stellar contents and metallicities. As the radiuseiases, the regions change from density
to ionization bounded. The [(630QHp ratio becomes constant when the models become ionizatiomdeal b.) Same as.)

but for clumpy models. In this case the line ratio increasay slowly because the emission lines result from the sunhef t
contribution of all the clumps, which are ionization boudd&he reason why we see a slow increase rather than a platdaa i

to the fact that each clump has dfdrent ionization parameter, depending on its distance fhenionizing stellar source.

remnants. However in this case there are no correspondingNlGC 604, and implies that a virial equilibrium solution fbet
erature estimates of the neutral gas (atomic or molecul&h) wline widths observed by Yang et al. makes good physical sense
which to compare. It is clear from the above articles that if a forthcoming paper (Relafo et al. 2004, A&A, submitted)
we assumed that the observational estimates of the ionaed @e will present a general study of the topic of the internakki
gave us the complete gas mass, i.e. that there is little or matics of Hi regions based on observations of complete popu-
neutral mass within the hregions, we would put the regionslations of regions in the discs of spiral galaxies, in whicle of
way out of equilibrium. It is less clear, however that theg Br our conclusions is that the widths,of the integrated b emis-

fact in equilibrium generally, though locally perturbedtgl- sion from the majority of the H regions observed in external
lar energy inputs. This however, was the basic result of &mg v galaxies are broader than those expected for systems &l viri
detailed study by Yang et al. (1996) for NGC 604. equilibrium, but that the lower limiting envelope in signar f

In this context we see that we could use our clumpy moH!€ Whole population, plotted in a diagrameof/. Ha luminos-
els to estimate neutral gas masses infégions purely on the ity, represents_ a Iocus_ of regions which are wnghzedﬁ’\lﬁr
basis of ionization equilibrium, once the basic postulatesut Ot for the major contribution of the neutral gas in the clsmp
the clump properties had been laid down. The calculationf¥ regions would all appear to be gravitationally unbound.
straightforward. Our model allows us to estimate the foacti ~ We can thus conclude, at least tentatively, that measure-
of a clump which is ionized at any chosen distance from tffaents of the internal dynamics ofiHregions, supplemented
ionizing source, so once we know, or assume, the distributiBy direct estimates of kin the few cases where this is possi-
of clumps within the region as a whole we can compute tfé€; give good support to the use of our clumpy models to in-
neutral gas fraction. The results of calculations of thizetjor terpret the emission parameters. This support is quarigfiab
a set of observed H regions in the barred spiral NGC 153¢€rms of the fractional estimates of neutral gas mass adain
are shown in Figll7. The results shown are based on the S1,,)hénamically compared with the fractional estimates based o
cific assumption that a constant fraction of 30% of the iorgzi ClUMpy models with reasonable radiative parameters. y éstl
radiation from the stellar sources escapes from all therét 1S relevant to point out that Relafio et al. (2004) have shown
gions, but the qualitative result would not change if we usedhat the stellar mass cannot make up more than a few percent
different basis for the computation (for example increasirg tif the total Hu region mass for these luminous regions, and so
escape factor to 50% in fact decreases the neiginided gas does not materiallyféect the dynamical balance of a region.
mass ratio less then factor 2). The graph shows the ratioef tr
clump filling factqr,qu, which is the fractional volume_z of an- ~onclusions
Hu region occupied by dense gas clumps, to the optical filling
factorg,, which is the fraction occupied by the ionized portion¥he aim of this paper has been tdfey an initial alterna-
of the gas clumps. We can see from [Elg. 7 that ratios of an ordige version to the conventional inhomogeneous models for
of magnitude between the neutral gas and ionized gas madsagegions. The classical filling factor approximation asssme
are indicated in these models, as a natural consequence otltiat the denser clumps are optically thin, and this gives ris
clumpy nature of the medium. This gives a firmer basis for the a statistically modified Stromgren sphere with a well de-
use of this factor in making the calculation of the gas massfined boundary in ionization bounded conditions. The use
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