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PHOTOIONIZATION MODELS FOR GIANT H II REGIONSGra_zyna Stasi�nskaDAEC, Observatoire de Meudon, Fran
eRESUMENRevisamos las fuentes de in
ertidumbre en los modelos de fotoioniza
i�on de re-giones H II gigantes. Tambi�en dis
utimos el problema de la temperatura ele
tr�oni
aa la luz de los ajustes de modelos en tres regiones H II gigantes.ABSTRACTWe review the sour
es of un
ertainties in the photoionization models of giantH II regions. Then we dis
uss the ele
tron temperature problem, in the light ofmodel �tting experiments of three giant H II regions.Key Words: GALAXIES: ABUNDANCES | GALAXIES: ISM |GALAXIES: STARBURST | STARS: EARLY-TYPE |STARS: WOLF-RAYET1. INTRODUCTIONGiant H II regions are pre
ious tools for the astronomer for at least two reasons. They reveal the presen
eof young, massive stars in galaxies and they provide a relatively easy way of measuring the abundan
es of su
helements as He, N, O, Ne up to large distan
es. Uses of photoionization models for the analysis of giant H IIregions have been reviewed re
ently in Stasi�nska (1996, 1999, 2000) and will not be repeated here. Roughlyspeaking, there are three ways of approa
hing giant H II regions with photoionization models. Grids of ab initiophotoionization models 
an be used to propose and 
alibrate methods to derive the global properties of theionizing star 
lusters and the 
hemi
al 
omposition of the surrounding gas (e.g., M
Gaugh 1994). Comparisonof grids of models with samples of observed giant H II regions in well 
hosen diagrams permits one to infer somegeneral trends in the properties of these obje
ts (see e.g., Gar
��a-Vargas & D��az 1994; Gar
��a-Vargas, Bressan,& D��az 1995; Stasi�nska & Leitherer 1996; Dopita et al. this 
onferen
e). Detailed model �tting of sele
ted giantH II regions may provide more a

urate diagnosti
s if a large number of observational 
onstraints are �tted.An additional advantage of model �tting, although not always re
ognized, is to test our understanding of themajor pro
esses o

uring in giant H II regions. One big problem, though, is to appre
iate the un
ertaintiesinvolved in the modelling pro
ess. In x 2, we will brie
y review the main sour
es of un
ertainties. In x 3,we will present three model �tting experiments with emphasis on the inability of the models to reprodu
e thetemperature indi
ating [O III℄ �4363/5007 line ratio. This failure is, in our opinion, a real 
hallenge for themodelling of ionized gases and deserves parti
ular attention in future works.2. GIANT H II REGION MODELS AND THEIR UNCERTAINTIES2.1. Photoionization CodesThe �rst step for evaluating the un
ertainties involved in any modelling of a natural phenomenon is tointer
ompare similar 
odes that 
an be used for the modelling. As 
on
erns photoionization, P�equignot (1986)and Ferland et al. (1995) have published the results obtained for several test 
ases by a dozen of photoionization
odes. A number of 
odes agree rather well in their predi
tions, the agreement being generally worse forultraviolet lines, whose intensities are strongly dependent on the 
omputed ele
tron temperatures. Part of thedis
repan
ies may be attributed to the use of slightly di�erent atomi
 data, although most of the 
odes hadbeen updated from this point of view in probably a similar way. Di�eren
es in the numeri
al treatment of the158
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PHOTOIONIZATION MODELS FOR GIANT H II REGIONS 159transfer of radiation and in the des
ription of the physi
al pro
esses undoubtedly indu
e some s
atter in theresults obtained by various 
odes. Globally, the agreement between most of the photoionization 
odes is ratherremarkable (note that the situation is mu
h worse for sho
k 
odes, the sho
k models reported in Ferland et al.show serious dis
repan
ies).As emphasized by Ferland at this 
onferen
e, atomi
 data 
omputations have made enormous progress thislast de
ade, both by the re�nement of the te
hniques and by the volume of data produ
ed. However, some of theatomi
 data used in photoionization models are still quite ina

urate, mostly as regards the third row elements.Charge ex
hange rates are un
ertain even for the se
ond row elements. Also, photoionization 
odes, so far,do not take into a

ount the resonan
es that o

ur in the photoionization 
ross se
tions. For these reasons,the predi
tions from photoionization 
odes are less a

urate than what may seem from an inter
omparison of
odes.Some of the photoionization 
odes in
lude the possibility of treating absorption of radiation by dust andheating and 
ooling of the gas by intera
tions of photons and gas parti
les with dust grains. However, thephysi
s of dust grains is extremely 
omplex, and the way in whi
h dust is treated in photoionization 
odes isne
essarily very simpli�ed and probably ina

urate. Therefore, in any 
ase where dust grains are suspe
ted ofbeing mixed with the ionized gas and playing a role either in the transfer of radiation or in the thermal balan
eof the gas, further un
ertainties are expe
ted, although these have not been quanti�ed.2.2. Numeri
al Models for Real NebulaeIn order to build a photoionization model, one needs to spe
ify the intensity and spe
tral distribution ofthe ionizing radiation �eld, the 
hemi
al 
omposition of the nebular gas and its density distribution.For giant H II regions, it is generally supposed that the radiation �eld originates from a 
ompa
t 
lusterof stars, and one simply adds up the radiation from the di�erent stars 
omposing the 
luster (if the typi
alseparation between the stars is an appre
iable fra
tion of the size of the giant H II region, the validity of thisassumption breaks down).The radiation �eld is 
onstru
ted using stellar population synthesis pro
edures that have been amply de-s
ribed in the literature. Stasi�nska (2000) gives a list of re
ent stellar population synthesis 
odes that havebeen applied to giant H II regions. The pro
edure for 
onstru
ting a syntheti
 radiation �eld is the following.One 
onsiders a star 
luster of given total initial mass and metalli
ity, given initial stellar mass fun
tion andgiven upper and lower mass limit, and one adopts a star formation law. Stars are binned into mass intervals.For ea
h of them, stellar evolution models predi
t the stellar e�e
tive temperature and luminosity as a fun
tionof time. The radiation �eld for ea
h mass interval is then represented by that of a model atmosphere adaptedfor the appropriate 
ombination of metalli
ity, e�e
tive temperature and gravity. The total radiation �eld ofthe star 
luster is obtained by adding up the 
ontributions of the di�erent stellar mass bins. Some of themodels take into a

ount the sto
hasti
 e�e
ts that a�e
t the population of the most massive stars in star
luster of initial mass smaller than a few 105 M�. Obviously, the radiation �eld predi
ted by su
h populationsynthesis te
hniques strongly depend on the adopted stellar evolution models and stellar atmosphere models.Some 
omparisons between various population synthesis models 
an be found in Charlot (1996) and Leitherer(1999).Another problem is the geometry of the nebula. Most photoionization 
odes are 
onstru
ted for simplegeometries (plane parallel or spheri
al), in whi
h the gas density 
an vary only along one dimension. Imagesof H II regions show that real nebulae are far more 
omplex than that (see e.g., Esteban 2000 for a review).Inhomogeneities show up on every s
ale, and there is often no obvious symmetry 
hara
terising these obje
ts.When 
omparing the emission line intensities predi
ted by photoionization models with those observed in H IIregions, one must keep in mind that line ratios are a�e
ted by nebular geometry. An appropriate way of doingthis with a 
ode using spheri
al symmetry is to 
hoose a model density distribution that is as 
ompatible aspossible with the one revealed by H� images of the nebulae, and explore the e�e
ts of departure from spheri
alsymmetry by means of numeri
al experiments.Re
ently, a few three dimensional photoionization 
odes have been developped (Gruenwald, Viegas, &Brogui�ere 1997; O
h, Lu
y, & Rosa 1998; see also Abel in these pro
eedings). Su
h 
odes would obviously�nd appli
ations for giant H II regions. However, 
omparison of 3D models with nebulae that la
k any kindof symmetry is likely to be very diÆ
ult, and appropriate methods must be worked out. In parti
ular, even



A
st

ro
p

h
y

si
c

a
l 
P

la
sm

a
s:

 C
o

d
e

s,
 M

o
d

e
ls

, 
a

n
d

 O
b

se
rv

a
ti
o

n
s 

(M
e

x
ic

o
 C

it
y

, 
2

5
-2

9
 O

c
to

b
e

r 
1
9
9
9
)

E
d

it
o

rs
: 
Ja

n
e

 A
rt

h
u

r,
 N

a
n

c
y

 B
ri

c
k

h
o

u
se

, 
&

 J
o

sé
 F

ra
n

c
o

160 STASI�NSKAmore than in the 
ase of spheri
al obje
ts, it is ne
essary to ask oneself what are the 
ru
ial line ratios to bereprodu
ed and what is the toleran
e one 
an a

ept.3. THE ELECTRON TEMPERATURE PROBLEM IN GIANT H II REGIONS REVEALED BY MODELFITTINGDetailed photoionization analysis has been undertaken for only a few giant H II regions. Three su
hexperiments have been brie
y reviewed by Stasi�nska (2000). In all of them, the [O III℄ �4363/5007 ratio asreturned by the models is signi�
antly below the observed one. The three obje
ts are: one nu
lear giant H IIregion in the starburst galaxy NGC 7714, modelled by Gar
��a-Vargas et al. (1997), one giant H II region inthe irregular galaxy NGC 2363, modelled by Luridiana, Peimbert, & Leitherer (1999 and these pro
eedings)and one giant H II region in the metal-poor blue 
ompa
t dwarf galaxy I Zw 18. The latter was modelled byDufour, Garnett, & Shields (1988) and Campbell (1990) using single-star photoionization models, and thenby Stasi�nska & S
haerer (1999) using an appropriate stellar population synthesis model. These obje
ts di�erby their masses and metalli
ities (from 0.4 Z� to 0.02 Z�) but have in 
ommon the signature of Wolf-Rayetstars in their spe
tra. This provides strong 
onstraints on the 
hara
teristi
s of the ionizing star 
lusters (ageof the stars and masses of the most massive ones), redu
ing the number of free parameters in the modelling.Additional 
onstraints 
ome from the observed sizes of the ionized regions, the total nebular 
ux observed inH� and, in the 
ase of I Zw 18, the observed stellar UV 
ux.As 
on
erns I Zw 18, a real e�ort was made to reprodu
e the observed [O III℄ �4363/5007 ratio. The �rstattempts invoked a mixture of individual H II regions with di�erent ionization parameters or ionized by starswith various e�e
tive temperatures (Dufour et al. 1988) or a strong density enhan
ement towards the 
enter(Campbell 1990). However, these explanations were invalidated by further observations (HST imaging andhigh signal-to-noise spe
tro
opy). Stasi�nska & S
haerer (1999) investigated further possibilities to explain the30% dis
repan
y between the predi
ted and observed [O III℄ �4363/5007 ratio in I Zw 18 (whi
h, in termsof ele
tron temperature, translates into a �T[OIII℄ of 3000K). They noted that the H� pro�le obtained fromHST images shows that the global geometry of the nebula is not that of a spheri
al bubble as might �rstappear, but is 
loser to a ring seen fa
e on. In that 
ase, photoionization models using spheri
al symmetryoverestimate the role of the di�use radiation �eld produ
ed by the nebular gas, and thus underestimate theele
tron temperature. However, even assuming that all the ionizing �eld is as hard as the stellar radiation �eldwould raise the predi
ted ele
tron temperature by only 200 K. The spe
tral energy distribution of the stellarradiation �eld is a
tually quite un
ertain, even when state of the art model atmospheres are used as is the 
asein Stasi�nska & S
haerer (1999). However, the level of un
ertainty in the des
ription of the stellar radiation �eldis not suÆ
ient to a

ount for the [O III℄ �4363/5007 dis
repan
y: adopting an arti�
ially hard radiation �eld(with a mean e�e
tive temperature < Teff > of the order of 100,000 K rather than 40,000 K) in
reases T[OIII℄by 600 K only. Adding X-rays to the stellar radiation �eld does not improve the situation, sin
e X-rays areabsorbed in the outer parts of the nebula, not in the region emitting [O III℄. Dust heating is 
ertainly negligiblein I Zw 18, sin
e the metalli
ity is very low and thus the amount of matter that 
an 
ondense into dust willbuild up a dust-to-gas mas ratios of at most a few 10�5.The only way out, in the framework of 
lassi
al photoionization models, would be to assume that the
ollision strengths of the [O III℄ transitions 
ould be o� by about 30%.4. THE ELECTRON TEMPERATURE PROBLEM IN ASTROPHYSICAL PLASMASThe failure in reprodu
ing the ele
tron temperature in giant H II regions using 
lassi
al photoionizationmodels is signi�
ant. We are missing a non negligible fra
tion of the thermal energy in the nebular gas (about20% in the 
ase of I Zw 18), and of the heating power (a fa
tor 2 in the 
ase of I Zw 18).This \ele
tron temperature problem", or rather the fa
t that photoionization models produ
e an [O III℄�4363/5007 ratio smaller than observed, has also be noted in other astrophysi
al environments. For example, insome Seyfert galaxy nu
lei (e.g., Stasi�nska 1984; Simpson et al. 1996), or in the extended emission line regionsof a
tive galaxies (Tadhunter, Robinson, & Morganti 1989; Binette, Wilson, & Stor
hi-Bergmann 1996) as wellas in some planetary nebulae (Pe~na et al. 1998).
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PHOTOIONIZATION MODELS FOR GIANT H II REGIONS 161So far, the 
ase of I Zw 18 is the 
learest of all. Indeed, many observational 
onstraints are available thatpre
lude explanations involving density enhan
ements or ad ho
 density boundedness. Additional dust heating
annot be invoked either. In the 
ase of a
tive galaxies, for example, multi-density models or density-boundedmodels have been proposed to solve the dis
repan
y.Sho
ks are 
ommonly invoked to explain the high [O III℄ �4363/5007 ratios, sin
e they heat the 
ompressedgas to very high temperatures. However, sho
ks are not very eÆ
ient at radiating. In the presen
e of a knownsour
e of ionizing photons, like in giant H II regions or planetary nebulae, sho
ks are likely to have very littlee�e
t on the overall emission spe
trum. It should be noted, though, that an observational eviden
e of sho
kheating has be 
laimed by Dufour & Bu
kalew (1999) in one �lament of the Wolf-Rayet shell nebula NGC 6888,where the [O III℄ �4363/5007 ratio is interpreted as due to a temperature of 50,000 K. If this phenomenonwere 
ommon, obje
ts with a patent \temperature problem" should reveal su
h very high temperature zonesif observed at high spatial resolution.Another possibility to in
rease the [O III℄ �4363/5007 ratio above the values predi
ted by 
lassi
al photoion-ization models is 
ondu
tive heating or turbulent mixing with a very hot gas, expe
ted to be present insidestellar bubbles (Weaver et al. 1977).Su
h pro
esses must be investigated in more detail, espe
ially in the 
ontext of giant H II regions, andmodelled and 
onfronted with observations without violating the 
onstraints set by the ultraviolet emissionlines.This ele
tron temperature problem may have something to do with the temperature 
u
tuations advo
atedby Peimbert (1967) (see also Peimbert 1995; Mathis 1995; Stasi�nska 1998). Based on indire
t eviden
es,Peimbert argued that large temperature 
u
tuations exist in H II regions and planetary nebulae, so thatthe temperature derived from the [O III℄ �4363/5007 line ratio is not representative of the average ele
trontemperature in the O++ zone. However, no viable explanation for su
h 
u
tuations has been o�ered so far.The ele
tron temperature problem remains one of the main puzzles in nebular astrophysi
s. It is of 
on
ernto a wide 
ommunity, not only be
ause is deals with our understanding of the energy balan
e of photoionizedgases, but be
ause it has 
onsequen
es on the abundan
es derived from emission line spe
tra.Support from the organizers to parti
ipate in the 
onferen
e is gratefully a
knowledged.REFERENCESBinette, L., Wilson, A. S., & Stor
hi-Bergmann, T., 1996, A&A, 312, 365Campbell, A. 1990, ApJ, 362, 100Charlot S. 1996, in ASP Conf. Ser. Vol. 98, From Stars to Galaxies, ed. C. Leitherer, U. Fritze-v. Alvensleben, & J.Hu
hra (San Fran
is
o: ASP), 275Dufour, R. J., & Bu
kalew, B. 1999, in IAU Symp. 193, Wolf-Rayet Phenomena in Massive Stars and Starburst Galaxies,ed. K. van der Hu
ht, G. Koenigsberger, P. R. J. Eenens (San Fran
is
o: ASP), 350Dufour, R. J., Garnett, D. R., & Shields, G. A. 1988, ApJ, 332, 752Esteban, C. 2000, in The Interplay between Massive Stars and the ISM, ed. D. S
haerer & R. Gonzalez-Delgado, NewAstronomy Reviews, in pressFerland, G., et al. 1995, in The Analysis of Emission Lines, ed. R. E. Williams & M. Livio (Cambridge: CambridgeUniversity Press), 83Gar
��a-Vargas, M. L., Bressan, A., & D��az, A. 1995, A&AS, 112, 13Gar
��a-Vargas, M. L., & D��az, A. 1994, ApJS, 91, 553Gar
��a-Vargas, M. L., Gonz�alez-Delgado, R., P�erez, E., Alloin, D., & Terlevi
h, E. 1997, ApJ, 478, 112Gruenwald, R., Viegas, S. M., & Brogui�ere, D. 1997, ApJ, 480, 283Leitherer, C. 1999, in IAU Symp. 193, Wolf-Rayet Phenomena in Massive Stars and Starburst Galaxies, ed. K. van derHu
ht, G. Koenigsberger, & P. R. J. Eenens (San Fran
is
o: ASP), 526Luridiana, V., Peimbert, M., & Leitherer, C. 1999, ApJ, 527, 110Mathis, J. 1995, RevMexAA, 3, 207M
Gaugh, S. S. 1994, ApJ, 426, 135O
h, S. R., Lu
y, L. B., & Rosa, M. R. 1998, A&A, 336, 301P�equignot, D. 1986, Workshop on Model Nebulae (Paris: Observatoire de Paris)Peimbert, M. 1967, ApJ, 150, 825



A
st

ro
p

h
y

si
c

a
l 
P

la
sm

a
s:

 C
o

d
e

s,
 M

o
d

e
ls

, 
a

n
d

 O
b

se
rv

a
ti
o

n
s 

(M
e

x
ic

o
 C

it
y

, 
2

5
-2

9
 O

c
to

b
e

r 
1
9
9
9
)

E
d

it
o

rs
: 
Ja

n
e

 A
rt

h
u

r,
 N

a
n

c
y

 B
ri

c
k

h
o

u
se

, 
&

 J
o

sé
 F

ra
n

c
o

162 STASI�NSKA. 1995, in The Analysis of Emission Lines, ed. R. E. Williams & M. Livio (Cambridge: Cambridge UniversityPress), 165Pe~na, M., Stasi�nska, G., Esteban, C., Koesterke, L., Medina, S., & Kingsburgh, R. 1998, A&A, 337, 866Simpson, C., Ward, M., Clements, D. L., & Rawlings, S. 1996, MNRAS, 281, 509Stasi�nska G. 1984, A&A, 135, 341. 1996, in ASP Conf. Ser. Vol. 98, From Stars to Galaxies, ed. C. Leitherer, U. Fritze-von Alvensleben, &J. Hu
hra (San Fran
is
o: ASP), 232. 1998, in ASP Conf. Ser. Vol. 147, Abundan
e Pro�les: Diagnosti
 Tools for Galaxy History, ed. Friedli etal. (San Fran
is
o: ASP), 142. 1999, in Dwarf Galaxies and Cosmology, ed. V. Cayatte & T. X. Thuan (Gif-sur-Yvette: Editions Fronti�eres),in press. 2000, in The Interplay between Massive Stars and the ISM, ed. D. S
haerer & R. Gonz�alez-Delgado, NewAstronomy Reviews, in pressStasi�nska G., & Leitherer, C. 1996, ApJ, 107, 661Stasi�nska, G., & S
haerer, D. 1999, A&A, 351, 72Tadhunter, C. N., Robinson, A., & Morganti, R. 1989, in Extranu
lear A
tivity in Galaxies, ed. E. J. A. Meurs &R. A. E. Fosbury (Gar
hing: ESO), 293Weaver, R., M
Cray, R., Castor, J., Shapiro, P., & Moore, R. 1977, ApJ, 218, 377

Gra_zyna Stasi�nska: DAEC, Observatoire de Meudon, 92195 Meudon, Fran
e (grazyna.stasinska�obspm.fr).


