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Abstract. The determination of temperature (Teff) of the ionizing stars of H regions was considered. In this work we used pho-
toionization models for H regions ionized by a single star to show that the indexR = log ([O ]λλ3726+3729/[O ]λ5007)
can be used to estimateTeff . The relationR vs. Teff proved to be rather independent of the chemical abundances, but strongly
dependent on the ionization parameter of the nebula. In order to check the reliability of usingR for temperature determination,
we compared the values ofTeff obtained via the indexR for a sample of H regions with data available in the literature with
independent estimations.
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1. Introduction

Since the pioneer work by Zanstra (1931) many methods based
on the nebular emission have been proposed and used to esti-
mate the temperatureTeff of the ionizing stars of H regions.
However most of them require the observation of faint lines
or the stellar continuum. A recent study of the limitations and
advantages of some of the most used methods was presented
by Kennicutt et al. (2000). Although the recent advances in
astronomical equipment and techniques have made possible
the observation of more distant and fainter objects, only the
strongest emission lines can still be measured. Among all meth-
ods to determineTeff already proposed, the original suggestion
by Gurzadyan (1955), later discussed by K¨oppen & Tarafdar
(1978), of using the ratio of strong [O] and [O] emission
lines would be the most widely applicable.

In this paper, we investigated the use of the indexR =
log ([O ]λλ3727+3729/[O ]λ5007) to estimate the temper-
ature of ionizing stars of H regions. As a check, we have
compared the estimates ofTeff of the stellar constituents
of some H regions of the Milky Way, Magellanic Clouds
and M 101 obtained with the use of theR line ratio with those
derived from other indexes. We also reassess the gradient of
star temperature in the M 101 galaxy.

2. The theoretical models

We employed the photoionization code Cloudy/95.03 (Ferland
2002) to produce a series of models of H regions. In these

Send offprint requests to: O. Dors Jr.,
e-mail:oli@lana.ccne.ufsm.br

a single star was considered responsible for the ionization
of the nebula, which is essentially the case of small H re-
gions. In giant H regions the ionization is caused by OB
associations composed of stars with different temperatures.
However the spectrum of an H region depends mainly on
the temperature of the hottest star of the ionizing cluster
(Shields & Tinsley 1976; Shields 1986). So, the ionizing source
in each model was admitted to be a star withTeff ranging
from 30 000 to 50 000 K. The corresponding luminosity (L)
have been taken from theL vs. Teff relation proposed by
Tout et al. (1996). Since the predicted nebular emission line
ratios depend on the atmosphere model adopted, we used
three different sets of models, namely the plane-parallel LTE
models with line blanketing of Kurucz (1991) for abun-
dancesZ� (already incorporated into Cloudy), 3×Z� andZ�/3
(taken from the websitehttp://cfaku5.havard.edu/),
the non-LTE CoStar models (Schaerer et al. 1996a, 1996b;
Schaerer & de Koter 1997), which contemplate the ef-
fects of stellar winds and line blanketing, forZ� and Z�/5
(from http://webast.ast.obs-mip.fr/sfr/), and the
non-LTE models for dwarf stars by the Munich group
(Pauldrach et al. 1998), which take into account radia-
tion from shock-heated matter and a consistent calculation
of line blocking and blanketing, forZ� and Z�/2 (from
http://www.usm.uni-muenchen.de/people/adi/adi.html).

In order to build more realistic models the metallicity of
the stellar atmosphere was matched with the one of the nebula.
The nebula was considered as a static sphere with filling fac-
tor ε = 0.3, inner radius of 1017 cm and outer radius defined
as the point where the electron temperature reaches 1000 K.
The electron density was considered constant along the nebula.
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The presence of silicate grains was considered. We adopted the
grain abundances of Orion (Baldwin et al. 1991) linearly scaled
with the abundance of the gasZ.

In the following subsections we discuss the influence of
some parameters of the nebula, as the chemical abundances,
ionization parameter, electron density and filling factor, and the
evolutive effects on the relationR vs.Teff.

Fig. 1. The relationR vs. Teff for chemical abundances varying from
Z�/5 to 3×Z� according to the three different stellar atmosphere mod-
els adopted and for an electron density ofNe = 500 cm−3.

2.1. The metallicity

Figure 1 shows the relationRvs.Teff for a series of models with
chemical abundances varying from 3×Z� to Z�/5. For all mod-
els the electron density was considered to beNe = 500 cm−3.

The results obtained for each of the three sets of atmo-
sphere models indicate that the relationRvs.Teff is little depen-
dent onZ. However, as can be seen in Fig. 1, the estimates of
Teff derived fromR using any of the non-LTE models (CoStar
and Munich) are appreciably lower than those obtained from
the LTE models of Kurucz (1991). A similar result was found
by Stasińska & Schaerer (1997), who reported thatTeff deter-
mined from an ionic ratio would be lower using the CoStar

Fig. 2. R vs. Teff from data by Kennicutt et al. (2000) for H regions
in the Milky Way (filled square) and in the LMC (open squares). The
solid, dotted and long dashed lines represent the Kurucz, CoStar and
Munich models taken from Fig. 1 forZ� respectively.

models than using the Kurucz models. The same trend was also
found by Rubin et al. (1995) when comparing photoionization
models constructed using the non-LTE atmospheres of Kunze
(1994) with those based on the Kurucz ones.

Figure 2 shows theR index againstTeff of the hottest stars
in some H regions of the Galaxy and the LMC. Both the
observational data for calculatingR and the temperature esti-
mates, obtained from the calibration ofTeff with spectral type
by Vacca et al. (1996) and the stellar ionizing fluxes calcu-
lated by Schaerer & de Koter (1997), were taken from the pa-
per by Kennicutt et al. (2000). In this figure the H regions
in the LMC can not be distinguished from the Galactic ones
despite the difference in abundances, which also indicates that
the dependence of theR vs. Teff relation on the abundances
is small. Also in this plot we can see that the indexR satu-
rates forTeff > 50 000 K, soR can not be used as temperature
indicator above this limit. All four objects with temperatures
over 50 000 K are Wolf-Rayet stars. In addition, Fig. 2 shows
thatR is essentially dependent on the temperature of the hottest
star in the ionizing cluster, once theR value depends on the
shape of the integrated ionizing continuum emitted by the ion-
izing stars whileTeff was derived from the spectral analysis
of the hottest star of the cluster. With the goal of comparing
the observational data with our model predictions we superim-
posed in Fig. 2 the models forZ� shown in Fig. 1. It seems
that Kurucz models agree better with the observational data
than the non-LTE ones. However, the spectral calibration by
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Fig. 3. R vs. Teff for logU from −1.5 to −3.5. Solar abundances and
the Kurucz atmosphere models were adopted.

Vacca et al. (1996) is based on a compilation of values obtained
from pure H+ and He models known to overestimateTeff values
for hot stars. Recent works (Bianchi et al. 2003; Martins et al.
2002) based on non-LTE models with full blanketing and hy-
drodynamics consistently indicate aTeff scale up to 20% lower,
which would reconcile the observational points with the non-
LTE models in Fig. 2.

2.2. The ionization parameter

It is well known that the line ratio [O]λλ3726+3729/
[O ]λ5007 is very sensitive to the ionization parameter, de-
fined byU = QHo/4πR2

snc; whereQHo is the number of hydro-
gen ionizing photons emitted per second by the star,Rs is the
Strömgren radius,n is the hydrogen density (≈Ne), andc is the
light speed. However, we should bear in mind that a large frac-
tion of the variation ofU is due to differences in temperature
of the ionizing stars. Bresolin et al. (1999) have rewritten the
ionization parameter asU = A(QHonε2)1/3, whereε is the fill-
ing factor andA ∝ T−2/3

e . According to Kennicutt et al. (2000),
the ionization parameter of most of the H regions lies in the
range−3.5 < logU < −1.5, whereas the brightest extragalactic
H  regions are found in the narrow range from−3.5 to−2.5. In
Fig. 3 a series of models with logU = −1.5,−2.5 and−3.5 pro-
duced with different combinations ofQHo, Ne andε is shown.
The indexR is subject to variations of the order of 1.0 dex for
−3.5 < logU < −1.5 and 0.5 dex for−3.5 < logU < −2.5,
corresponding to errors inTeff of about 8000 K and 3000 K
respectively.

Fig. 4. R vs. Teff for electron densities from 10 to 6000 cm−3. Solar
abundances and the Kurucz atmosphere models were adopted.

2.3. The electron density

A series of models with electron densities varying from 10
to 6000 cm−3 is presented in Fig. 4. The stellar atmosphere
models of Kurucz (1991) were adopted. We can note a system-
atic decrease ofR with the increase ofNe at fixedTeff, which
may be understood as due to the dependence of theR index
on the ionization parameter (U ∝ N1/3

e andR ∝ U−1). If this
dependence is not taken into account errors in the estimation
of Teff from R of the order of 3000 to 10 000 K may be pro-
duced. However, the values of electron density usually found in
Galactic and extragalactic nebulae lay in much narrower range.
For instance, Copetti et al. (2000), in a study of internal varia-
tion of electron density in 15 Galactic H regions, have found
that all observed objects have mean densities of the order of
Ne ≈ 20−360 cm−3. In a similar work, Casta˜neda et al. (1992)
have found at the brightest knots of a sample of extragalactic
H  regions densities below 400 cm−3. So, for electron densi-
ties in the range of 10 to 400 cm−3 the error inTeff would be
of the order of 2 000 forTeff < 40 000 K and up to 7000 K for
higher temperatures.

2.4. Evolutive effects

With the aim of analyzing the evolutive effects on theRvs.Teff

relation, we built models of nebulae having ionizing stars with
different ages (see Fig. 5). We used the CoStar atmosphere
models (the only available for many ages) with solar metal-
licity, stellar masses of 120, 85, 60, 40, 25 and 20M� and ages
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Fig. 5. R vs. Teff for stellar ages from 5× 104 to 3× 106 years. From
right to left, the squares represent models with stellar masses of 120,
85, 60, 40, 25 and 20M� for ages of 0.05, 0.5 and 1 Myr and 20, 25
and 40M� for the age of 3 Myr.

of 5 × 104, 5 × 105, 1 × 106 and 3× 106 years. The interior
models were calculated with the Geneva stellar evolution code
with the same input physics (reaction rates, opacities, etc.) as
in Meynet et al. (1994). We can see that the evolutive effects on
theR vs.Teff relation are small for evolution close to the main
sequence. However, massive stars in a Wolf-Rayet phase may
reach temperatures much higher than those of main sequence
stars.

3. Estimation of Teff from R and comparison
with other methods

3.1. Nebulae in the Galaxy and Magellanic Clouds

In Table 1 theTeff of the ionizing stars of some H regions
in the Milky Way and Magellanic Clouds obtained via the in-
dex R (using Fig. 1) are compared with the values found by
Kennicutt et al. (2000) based on the spectral classification of
the ionizing stars and also with those derived from the line ra-
tio He λ5876/Hβ and the indexη′ introduced by Vilchez &
Pagel (1988) as

η′ =
[O ii]λ3727/[O iii]λλ4959, 5007

[S ii]λλ6717, 6731/[S iii]λλ9069, 9532
· (1)

All the emission lines ratios used in this comparison were taken
from Kennicutt et al. (2000). From this same paper (Figs. 6

and 9 therein) we also used the calibration ofTeff with the He
ratio and with the indexη′.

In general, the temperature estimates based onRare consis-
tent with those obtained with the other methods with the excep-
tion of five objects. For RCW 5, N 138DB N 57C and RCW 48
which are ionized by early-type Wolf-Rayet stars, the temper-
atures based on spectral classification are much higher than
those derived from nebular emission line ratios. Once the rela-
tion RandTeff was derived using models of H regions ionized
by main sequence stars, it is not surprising that the indexR fails
to predict the appropriate temperatures for these objects. For
the hottest star in N 66 nebula, we obtained using Kurucz mod-
els a value forTeff about 8000 K higher than the one based on
spectral classification. This is the brightest nebula in the SMC,
ionized by a rich star cluster. Kennicutt et al. (2000) suspected
that the associated temperature might be underestimated due
to the presence of the luminous Wolf-Rayet star HD 5980. The
median deviations between the estimates ofTeff derived fromR
and those based on the spectral classification,η′ and He/Hβ
ratio are respectively 3000, 2000 and 3000 K assuming the
Kurucz models and 6000, 3500 and 2000 K for the non-LTE
atmospheres. As already discussed in Sect. 2.1, the tempera-
tures derived from a calibrationTeff vs. R based on the LTE
Kurucz atmospheres are systematically higher (by 12% on av-
erage) than those obtained from the non-LTE models.

3.2. Radial gradient of Teff in M 101

Shields & Tinsley (1976) concluded that the spatial variations
of Hβ equivalent width of H regions in spiral galaxies dis-
covered by Searle (1971) were due to gradients in the temper-
ature of the exciting stars. For M 101 they found thatTeff in-
creases by4 log (Teff) = 0.02−0.13 K from the intermediate to
the outermost H regions. This temperature gradient has been
reassessed by many other author (e.g. Evans 1986; Vilchez &
Pagel 1988; Henry & Howard 1995).

We have determined the temperature of the ionizing stars of
H  regions in M 101 from the indexR with the observational
data taken from Kennicutt & Garnett (1996) adopting an elec-
tron density of 500 cm−3 and using the LTE stellar atmosphere
models of Kurucz (1991) and the non-LTE models (Fig. 1).
In Fig. 6 we show the radial distribution of temperature ob-
tained and, for comparison, the results of other authors. The
discrepancy between the estimations ofTeff based on LTE and
non-LTE atmosphere models is clearly seen in this figure. Our
estimates using the Kurucz models are in good agreement with
those of Evans (1986) based on the LTE models of Hummer &
Mihalas (1970), while the temperatures we have obtained using
the CoStar and the Munich group non-LTE models agree with
those by Vilchez & Pagel (1988) and Henry & Howard (1995),
also based non-LTE atmosphere models.

We have also calculatedTeff using the empirical fit for ex-
tragalactic H regionsTeff = 50819− 16485x + 3778x2 K,
with x = logη′, proposed by Kennicutt et al. (2000) and the
necessary data from Kennicutt & Garnett (1996). With this ap-
proach, no gradient of temperature can be perceived in M 101.
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Table 1.Comparison between estimates ofTeff derived from the emission line ratiosR, η′ and He λ5871/Hβ, and from the spectral classifica-
tion (SC) of the stars by Kennicutt et al. (2000).

ID R log(η′) He/Hβ Teff(R) Teff(SC) Teff(η′) Teff(Hei/Hβ)

Kurucz CoStar Munich

Galaxy

S 212 0.24 0.93 0.13 39 800 36 500 36 000 40 600 40 000 ≥40 000

S 237 – – 0.00 – – – 32 900 – ≤30 000

M 42 −0.03 0.76 0.11 42 500 37 700 37 600 40 100 42 000 38 500

S 255 1.43 1.36 0.05 35 000 31 300 32 800 33 300 36 000 34 800

S 257 1.10 1.10 0.05 36 000 32 900 33 600 34 100 37 500 34 800

S 271 1.72 1.38 0.02 34 200 ≤30 000 32 200 33 300 35 000 31 000

S 275 0.07 0.43 0.11 41 500 37 300 36 900 42 600 48 000 38 500

S 288 0.35 0.90 0.10 39 300 36 200 35 400 35 900 40 000 37 500

RCW 6 0.29 0.75 0.13 39 400 36 300 35 800 42 700 42 000 ≥40 000

RCW 5 −0.49 −0.08 0.16 48 200 ≥40 000 40 100 67 000 – ≥40 000

RCW 8 1.90 1.99 0.03 33 700 ≤30 000 31 800 33 300 33 000 32 000

S 307 0.96 1.20 0.06 36 700 33 600 33 800 33 300 36 000 35 500

RCW 16 −0.20 0.77 0.12 44 600 38 700 38 600 48 700 40 000 39 000

RCW 34 0.43 1.08 0.11 38 900 35 600 35 000 37 200 38 000 38 500

RCW 40 0.89 1.35 0.10 37 000 34 000 34 100 38 400 35 500 37 500

RCW 48 −0.38 – 0.10 46 600 39 400 39 200 57 000 – 37 500

RCW 53 0.41 0.87 0.10 39 200 35 800 35 200 45 700 39 000 37 500

NGC 3603 −0.40 0.89 0.12 47 000 39 500 39 700 48 900 39 000 39 000

RCW 62 0.42 1.25 0.10 39 000 35 700 35 100 41 700 36 000 37 500

M 8 0.35 1.10 0.11 39 300 36 200 35 400 41 000 38 000 38 500

M 16 0.37 0.72 0.12 39 250 36 000 35 300 40 500 42 000 39 000

M 17 −0.39 0.44 0.14 46 900 39 450 39 600 45 600 49 000 ≥40 000

S 99 0.05 0.65 0.14 41 800 37 500 37 100 38 400 43 000 ≥40 000

S 100 −0.61 0.44 0.16 48 900 ≥40 000 43 000 46 100 49 000 ≥40 000

S 148 1.62 0.99 0.05 35 000 30 000 32 400 33 300 38 000 34 800

S 152 0.58 1.17 0.11 38 300 35 200 34 600 35 900 36 000 38 500

S 156 0.51 1.16 0.12 38 700 35 500 34 700 40 300 36 000 39 000

S 158 −0.25 0.48 – 45 400 38 800 38 800 41 000 50 000 –

S 162 0.24 0.99 – 39 800 36 500 36 000 41 250 38 000 –

LMC

N11B 0.00 0.55 0.11 42 300 37 600 37 300 45 100 37 500 ≥40 000

N44 0.26 0.54 0.08 39 700 36 400 35 900 40 800 37 500 37 000

N138D,B −0.41 −0.04 0.13 47 600 39 600 39 800 67 000 44 000 ≥40 000

N51D 0.41 0.56 0.12 39 200 35 800 35 200 39 700 37 500 ≥40 000

N144 −0.03 0.37 0.09 42 500 37 700 37 600 41 100 38 300 39 000

N57C −0.47 −0.23 0.14 48 000 ≥40 000 39 900 67 000 – ≥40 000

30 Dor −0.24 0.39 0.11 45 300 38 750 38 700 48 500 38 000 ≥40 000

N70 0.41 0.33 0.12 39 200 35 800 35 200 45 300 39 100 ≥40 000

N180 0.06 0.42 0.11 41 700 37 400 37 000 45 600 38 000 ≥40 000

SMC

N66 −0.66 −0.17 0.09 49 200 ≥40 000 ≥43 000 41 900 50 000 37 000
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Fig. 6. Star temperature vs. the galactocentric distance (in units of
Holmberg radius) for H regions in M 101.Teff from (�) Rvia Kurucz
models, (×) R via CoStar and Munich atmospheres, (�) Evans (1986),
(N) Vilchez & Pagel (1988). The solid line represents the gradient by
Henry & Howard (1995).

Bresolin et al. (1999) have already pointed out the difficulty of
revealing temperature gradients from the indexη′.

4. Conclusions

We have shown that the temperature of the ionizing stars
of H  regions can be estimated from the line ratioR =

log ([O ]λλ3726+3729/[O ]λ5007) despite the strong de-
pendence of this index on the ionization parameter, electron
density, and on the stellar atmosphere model adopted. The tem-
perature estimates fromRbased on LTE atmosphere models are
significantly higher (by 12% on average) than those obtained
from non-LTE models.

The needed emission lines are among the strongest in the
spectra of H regions, what makes this temperature indicator
specially useful for statistical studies of distant objects. We
have shown that the values ofTeff obtained from the indexR
are, in general, consistent with those derived from other
methods, mainly if the electron density is known. However,
the indexR tends to be less sensitive at higher temperatures
and can not predict the correct temperatures of early-type
Wolf-Rayet stars withTeff > 50 000 K. Owing to the weak

dependence of the indexR on the chemical abundances, it is a
useful tool for unveiling temperature gradients in the disks of
spiral galaxies.
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Castañeda, H. O., Vilchez, J. M., & Copetti, M. V. F. 1992, A&A, 260,

370
Copetti, M. V. F., Mallmann, J. A. H., Schmidt, A. A., & Casta˜neda,

H. O. 2000, A&A, 357, 621
Evans, I. N. 1986, ApJ, 309, 544
Ferland, G. J. 2002, Hazy, a brief introduction to Cloudy 96.03, Univ.

Kentucky, Dept. Phys., Astron. internal report
Gurzadyan, G. A. 1955, Soob. Burakan Obs., 16, 3
Henry, R. B. C., & Howard, J. W. 1995, ApJ, 438, 170
Hummer, D. G., & Mihalas, D. 1970, MNRAS, 266, 421
Kennicutt, R. C. Jr., Bresolin, F., French, H., & Martin, P. 2000, ApJ,

537, 589
Kennicutt, R. C. Jr., & Garnett, D. R. 1996, ApJ, 456, 504
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