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Figure 3. Section of the echelle spectrum showing the Balmer
(top) and Paschen (bottom) discontinuities (observed fluxes).

Figure 4. Section of the echelle spectrum showing some of the
pure recombination C ii lines detected (observed fluxes).
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Figure 5. Section of the echelle spectrum showing some of the
pure recombination Ne ii lines detected (observed fluxes).

1st Rate Object
Echelle spectroscopy shows hundreds of  
recombination lines with s/n>10

Imaging allow us to see detailed structure 

 The Orion Nebula
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I consider that it is a good approximation to assume that the
increase in the !!4713, 7065, 4471, and 5876 line intensities
corresponds to that predicted by the same "3889 value and
that the decrease in the !!3188 and 3889 lines corresponds
to another "3889 value. Consequently, by averaging the val-
ues of the nine helium lines for "3889 ¼ 4:4 (excluding
!!3188 and 3889), a value of Heþ=Hþ ¼ 0:08470# 0:00068
is obtained.

The five singlet lines, which are not affected by the "3889
effect, yield Heþ=Hþ ¼ 0:08448# 0:00099, in excellent
agreement with the value derived from the nine helium lines
and the discussion presented above.

From the observed spectra it is found that the I(4686)/
I(H#) value is smaller than 3:5$ 10%5, which, together with
the recombination coefficients by Brocklehurst (1971),
implies thatN(He++)/N(H+) is smaller than 2:9$ 10%6.

5.2. C andO Ionic Abundances from Recombination Lines

Table 7 presents the C and O ionic abundances derived
from recombination lines. The C++ abundance was derived
from the C ii !4267 line and the effective recombination
coefficients computed by Davey, Storey, & Kisielius (2000)
for case A and T ¼ 10; 000 K.

The O+ abundance was derived from the O i !!7771.96
and 7775.40 lines and the effective recombination coefficient

for the multiplet computed by Péquignot, Petitjean, & Bois-
son (1991). The third line of the multiplet, !7774.18, was
partially blended with a telluric line in emission. Conse-
quently, it was not possible to measure its intensity; it was
assumed that the three lines of the multiplet are in LS
coupling and consequently that Ið7774:18Þ ¼ Ið7771:96þ
7775:40Þ=2.

The O++ abundance was derived from the eight lines of
multiplet 1 of O ii (see Fig. 2) together with the effective
recombination coefficient for the multiplet computed by
Storey (1994) under the assumption of case B for Te ¼
10; 000 K and Ne ¼ 300 cm%3. The result is almost
independent of the case assumed; the difference in the O++/
H+ value between case A and case B is smaller than 4%. It
was found that the O ii lines of multiplet 1 are in case B
based on the observed intensities of multiplets 19, 2, and 28
of O ii that are strongly case sensitive; Peimbert, Storey, &
Torres-Peimbert (1993) also found that the O ii lines in the
Orion Nebula are in case B. The line intensity ratios within
multiplet 1 do not follow the LS coupling predictions. Fig-
ure 2 provides an excellent visual reference to estimate the
quality of the data; it includes two lines 4 orders of magni-
tude fainter than H# and also shows that lines separated by
2 Å are completely resolved.

5.3. Ionic Abundances from Collisionally Excited Lines

With the exception of C++/H+ and Fe++/H+, all the
other values presented in Table 8 for t2 ¼ 0:00 were derived
with the IRAF task ABUND, using only the low- and
medium-ionization zones. The low- and medium-ionization
zones of IRAF correspond to the low- and high-ionization
zones of this paper.

The C++/H+ value for t2 ¼ 0:00 was derived from the
collisionally excited lines of C iii !!1906 and 1909 by
Dufour et al. (1982) and Garnett et al. (1995). I consider this
procedure valid because the O degree of ionization derived
here is in excellent agreement with theirs (O++/O equal to
85% and 83%, respectively).

The Fe++/H+ value for t2 ¼ 0:00 was derived from the
atomic data by Nahar & Pradhan (1996) and Zhang (1996).
I did not determine the Fe+/H+ abundances because

TABLE 6

He+ Ionic Abundance

He+/H+a

t2 ¼ 0:033

Line "3889 ¼ 4:4 "3889 ¼ 10:5

3188 .................... 7167# 303b 8825# 368
3614 .................... 7640# 507 7640# 507
3819 .................... 8730# 294 8730# 294
3889 .................... 5731# 357b 7516# 460
4388 .................... 8892# 349 8892# 349
4471 .................... 8459# 128 8409# 127
4713 .................... 8788# 346 7906# 316c

4922 .................... 8392# 215 8392# 215
5876 .................... 8441# 86 8291# 84
6678 .................... 8412# 133 8412# 133
7065 .................... 8459# 147 5389# 98c

Adopted.............. 8470# 68d

a Given in units of 10%5.
b These lines require a higher "3889 value to be

consistent with the helium abundance and are not
included in the adopted average (see text).

c These lines require a lower "3889 value to be con-
sistent with the helium abundance (see text).

d Includes the effects of the uncertainty in
t2 ¼ 0:033# 0:005.

TABLE 7

C and O Ionic Abundances from
Recombination Linesa

Ion 30Dor

C++/H+.............. 7.96# 0.04
O+/H+ ............... 7.81# 0.12
O++/H+ ............. 8.46# 0.02

a In units of 12þ logðXm=HþÞ.

Fig. 2.—Section of the echelle spectrum showing the individual emission
lines of multiplet 1 of O ii (observed fluxes).
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2nd Rate Objects/Observations
Deep Echelle observations permit us to 
observe hundreds of  optical emission 
lines.

Abundances derived using 
recombination lines have uncertainties 
smaller than 0.05dex

 e.g. 30 Doradus 



The spectra were reduced using IRAF2 reduction packages,
following the standard procedure of bias subtraction, aperture
extraction, flat-fielding, wavelength calibration, and flux calibra-
tion. For flux calibration the standard stars LTT 2415, LTT 7389,
LTT 7987, and EG 21 were used (Hamuy et al. 1992, 1994). The
observed spectra are presented in Figures 2 and 3.

3. LINE INTENSITIES, REDDENING CORRECTION,
AND RADIAL VELOCITIES

Line intensities were measured by integrating all the flux in
the line between two given limits and over a local continuum
estimated by eye. In the few cases of line blending, the line flux
of each individual line was derived from a multiple Gaussian
profile fit procedure. All these measurements were carried out
with the splot task of the IRAF package.

The reddening coefficients,C(H! ), were determined by fitting
the observed I(H!)/I(H Balmer lines) ratios to the theoretical
ones computed by Storey & Hummer (1995) for Te ¼ 10;000 K
and Ne ¼ 100 cm"3 (see below) and assuming the extinction law
of Seaton (1979).

Table 2 presents the emission-line intensities of theNGC 6822
H ii regions. Columns (1) and (2) include the adopted laboratory
wavelength, k, and the identification for each line, respectively.
Columns (3) and (4) include the observed flux relative to H!,
F(k), and the flux corrected for reddening relative to H!, I(k),

respectively, for region V. Columns (5) and (6) include the same
information as the previous two but for region X. To combine all
the line intensities from the three different instrumental settings
on the same scale, wemultiplied the intensities in each setting by a
correction factor obtained from the lines present in more than one
setting. The errors were estimated by comparing all the measured
H line intensities with those predicted by the computations of
Storey & Hummer (1995) and by assuming that the signal-to-
noise ratio (S/N) increases as the square root of the measured
flux. These estimates are in agreement with the differences found
when comparing the line fluxes observed in different exposures.

4. PHYSICAL CONDITIONS

4.1. Temperatures and Densities

The temperatures and densities presented in Table 3 were
derived from the line intensities presented in Table 2. The

TABLE 1

Journal of Observations

Date

k
(8)

Exposure Time

(s)

2002 Sep 10............... 3450–5900 3 ; 720
5250–7450 3 ; 600

2002 Sep 12............... 3850–7500 1 ; 300

Fig. 1.—VLT image of regions Vand X in NGC 6822. The image of 27700 ; 14500 is centered at" ¼ 19h44m57:s4, # ¼ "14#4302600 (J2000.0) and was taken with a filter
that suppresses light bluer than 43508. The extraction apertures are shown in the figure. The aperture for region V is centered at" ¼ 19h44m52:s40, # ¼ "14#43013B4, with a
size of 22B4 ; 0B51; and the aperture for region X is centered at "¼ 19h45m05:s23, # ¼ "14#43016B7, with a size of 24B6 ; 0B51. The position angle for the long slit was 91#.

Fig. 2.—Spectrum of region V that includes the blue and red high-resolution
spectra; the spectrum has been smoothed, and consequently the FWHM of the
emission lines is larger than in the raw data.

2 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.

CHEMICAL COMPOSITION OF NGC 6822 1057

3rd Rate Objects
Nebular and auroral lines are easily 
measured with good s/n

Heavy element recombination lines are 
barely resolved; the abundances derived 
form them are measured with s/n~3

 e.g. NGC 6822-V 
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FIG. 1.ÈSpectra obtained with the 2.1 m Kitt Peak National Observatory telescope of 15 supergiant H II regions in blue compact galaxies. Line
identiÐcations are given in Fig. 1 of Note the broad Wolf-Rayet features in UM 311, UM 420, Mrk 1089, Mrk 5, Mrk 1199, Mrk 1271, Mrk 36,ITL94.
Mrk 750, UM 462SW, and Mrk 930.

The two-dimensional spectra were bias subtracted and
Ñat-Ðeld corrected. We then use the software rou-IRAF2
tines IDENTIFY, REIDENTIFY, FITCOORD, and
TRANSFORM to do wavelength calibration and correc-
tion for distortion and tilt for each frame. The one-
dimensional spectra were extracted from each frame using
the APALL routine. For all objects, we extracted the
brightest part of the galaxy covering a spatial size of 7A. All
extracted spectra from the same object were then coadded.
To perform the coadding and removal of the cosmic-ray
hits, we have chosen not to use the IMCOMBINE routine.
The latter can introduce spurious changes in the line inten-
sities of sharp narrow emission lines when small spatial
shifts are present. Furthermore, it is unable to remove a
cosmic-ray hit completely when the latter is superposed on
an He I emission line. We have removed all cosmic rays hits
manually. Fortunately, none of them were found on the
emission lines. Particular attention was paid to the deriva-
tion of the sensitivity curve. The latter must be obtained
with a very high accuracy for the primordial helium abun-

2 IRAF is distributed by National Optical Astronomical Observatories,
which is operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.

dance determination. To derive the sensitivity curve, we
have Ðtted the observed spectral energy distribution of the
bright hot white dwarf standard star HZ 44 with a high-
order polynomial. Because the spectrum of HZ 44 has only
a small number of a relatively weak absorption features, its
spectral energy distribution is known with very good accu-
racy Moreover, the response function of the(Oke 1990).
CCD detector is smooth, so we could derive a sensitivity
curve with a precision better than 1% over the whole
optical range, except in the region blueward of [O II] j3727
where the sensitivity drops precipitously. The resulting
spectra for all 15 H II regions are shown in TheFigure 1.
line identiÐcations can be found in Figure 1 of ITL94.

As a whole, the H II regions in our BCG sample show
high-excitation spectra, just like the ones discussed in

and Seven galaxies have an Hb equivalentITL94 ITL97.
width greater than 100 The observed line intensities F(j)Ó.
normalized to F(Hb) for the 15 H II regions shown in Figure

are given in Additionally, we have rereduced the1 Table 3.
spectra of all BCGs discussed previously in andITL94

et al. including four low-metallicity BCGs,Thuan (1995),
SBS 1159]545, SBS 1249]493, SBS 1415]437, and SBS
1420]545, all of which were observed in 1993 with the 4 m
Mayall telescope. We were motivated to do so because, for
these galaxies, we had used in particular the IMCOMBINE

4th Rate Objects
Nebular and auroral lines measured.

Te(4363/5007) determined.

Direct method abundances.

No heavy element recombination lines 
measured.

No (or only minimal) structure observed.

No. 1, 1998 PRIMORDIAL ABUNDANCE OF 4He 191

FIG. 1.ÈSpectra obtained with the 2.1 m Kitt Peak National Observatory telescope of 15 supergiant H II regions in blue compact galaxies. Line
identiÐcations are given in Fig. 1 of Note the broad Wolf-Rayet features in UM 311, UM 420, Mrk 1089, Mrk 5, Mrk 1199, Mrk 1271, Mrk 36,ITL94.
Mrk 750, UM 462SW, and Mrk 930.

The two-dimensional spectra were bias subtracted and
Ñat-Ðeld corrected. We then use the software rou-IRAF2
tines IDENTIFY, REIDENTIFY, FITCOORD, and
TRANSFORM to do wavelength calibration and correc-
tion for distortion and tilt for each frame. The one-
dimensional spectra were extracted from each frame using
the APALL routine. For all objects, we extracted the
brightest part of the galaxy covering a spatial size of 7A. All
extracted spectra from the same object were then coadded.
To perform the coadding and removal of the cosmic-ray
hits, we have chosen not to use the IMCOMBINE routine.
The latter can introduce spurious changes in the line inten-
sities of sharp narrow emission lines when small spatial
shifts are present. Furthermore, it is unable to remove a
cosmic-ray hit completely when the latter is superposed on
an He I emission line. We have removed all cosmic rays hits
manually. Fortunately, none of them were found on the
emission lines. Particular attention was paid to the deriva-
tion of the sensitivity curve. The latter must be obtained
with a very high accuracy for the primordial helium abun-

2 IRAF is distributed by National Optical Astronomical Observatories,
which is operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.

dance determination. To derive the sensitivity curve, we
have Ðtted the observed spectral energy distribution of the
bright hot white dwarf standard star HZ 44 with a high-
order polynomial. Because the spectrum of HZ 44 has only
a small number of a relatively weak absorption features, its
spectral energy distribution is known with very good accu-
racy Moreover, the response function of the(Oke 1990).
CCD detector is smooth, so we could derive a sensitivity
curve with a precision better than 1% over the whole
optical range, except in the region blueward of [O II] j3727
where the sensitivity drops precipitously. The resulting
spectra for all 15 H II regions are shown in TheFigure 1.
line identiÐcations can be found in Figure 1 of ITL94.

As a whole, the H II regions in our BCG sample show
high-excitation spectra, just like the ones discussed in

and Seven galaxies have an Hb equivalentITL94 ITL97.
width greater than 100 The observed line intensities F(j)Ó.
normalized to F(Hb) for the 15 H II regions shown in Figure

are given in Additionally, we have rereduced the1 Table 3.
spectra of all BCGs discussed previously in andITL94

et al. including four low-metallicity BCGs,Thuan (1995),
SBS 1159]545, SBS 1249]493, SBS 1415]437, and SBS
1420]545, all of which were observed in 1993 with the 4 m
Mayall telescope. We were motivated to do so because, for
these galaxies, we had used in particular the IMCOMBINE



5th Rate Objects

Only nebular lines measured.

No structure observed.

But..... many, many objects.

(many at intermediate redshifts).
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Fig. 2.— Example of composite grism spectra from the HST/ACS PEARS G800L grism spec-

troscopy and the HST/WFC3-IR ERS G102 and G141 grism spectroscopy. The emission lines,

[OII]λ3727, Hβ, and [OIII]λ5007, Hα and [SII] are detected. The Hβ, and [OIII] doublet are de-

tected in both G800L and G102 grisms, and the G102 grism resolves the [OIII]λλ4959,5007. The

fitting of the [OIII] doublet is constrained to make the ratio of the [OIII]λ4959 to [OIII]λ5007

fluxes 1:3, and to use the same line width for both. The detection of both [OII] and [OIII] in the

composite spectra enables the meatallicity measurement using the R23 method.
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composite spectra enables the meatallicity measurement using the R23 method.

Parte II NUEVA CALIBRACIÓN Nuevas mediciones de metalicidad

(a)

(b)

Figure 1 — (1a) VLT images of TOL 2146−391 and (1b) of TOL 0357−3915. These objects are

located at α = 21h49m48.2s and δ = −38◦54�08.6�� and α = 03h59m08.9s, δ = −39◦06�23.0”

(J2000.0), respectively. Their redshifts are z=0.0295 for TOL 2146 − 391 and z=0.0744 for

TOL 0357− 3915.
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upper branch P calibration with their own and published mea-
sured abundances (their Fig. 9) and have concluded that the
P calibration suffers from severe difficulties in a wide abun-
dance range.

These questions of validity and reliability can be addressed
on two levels, first on the general level and second, on a more
particular level. On the general level, one may question the as-
sumption on which the P calibration relies, that the strong ox-
ygen lines [O ii] kk3727, 3729 and [O iii] kk4959, 5007 contain
the necessary information for determining accurate oxygen abun-
dances in H ii regions. The uncovering of the tight empirical ff
relation (Pilyugin 2005 and Fig. 3, top) confirms that this as-
sumption is correct.

On a more detailed level, the particular form of the analyti-
cal expression adopted for the upper branch P calibration may
be questioned. We have chosen a simple form, but perhaps
a more complex expression may give a better fit to the oxygen
abundance–strong line fluxes relationship. Furthermore, the
coefficients in the adopted expression are derived using cali-
brating H ii regions that have a discrepancy indexDA as large as
0.1 dex in absolute value. Perhaps smaller absolute values of
DA may result in a more precise relation. To check these issues,
we have plotted the R23-O/H diagram for H ii regions with
!0:1 < DA < 0:1 in Figure 12. Superimposed on the obser-
vational data are shown O/H ¼ f R23; Pð Þ curves calculated for
different values of P. High-metallicity H ii regions with 0:0 <
P < 0:3 are shown by open squares, those with 0:3 < P < 0:6
by plus signs, and those with 0:6 < P < 0:9 by open circles.
Low-metallicity H ii regions with 0:5 < P < 0:7 are shown by
filled triangles, those with 0:7 < P < 0:9 by crosses, and those
with 0:9 < P < 1:0 by filled circles. It can be seen that the cal-
ibration curves give a satisfactory fit to the observational data.
At the same time, Figure 12 shows that the available high-

precision measurements for calibrating low-excitation H ii re-
gions (with PP 0:4) are very few in number.

6.2. The (O/H)P versus (O/H)Te Diagram

We next check the integrity of our calibration by comparing
the O/Hð ÞP abundances determined through the present upper
branch P calibration and the O/Hð ÞA abundances with the O/Hð ÞTe
abundances determined by Bresolin et al. (2004) for a sample
of H ii regions in the spiral galaxy M51. Figure 13 shows the
O/Hð ÞP versus O/Hð ÞTe diagram (the analog of Fig. 9 of Bresolin
et al. 2004) for our calibrating sample of high-metallicity H ii
regions with !0:1 < DA < 0:1 (open circles). The H ii region
sample of Bresolin et al. (2004) is shown by filled circles. As
discussed in Figure 6 , the vast majority of the points in our sam-
ple fall within %0.1 dex (dashed lines) of the perfect agreement
(solid line). Six out of the 10 objects in the Bresolin et al. (2004)
sample do the same. The remaining four show a large discre-
pancy. As discussed in x 3, it appears that their oxygen abun-
dances are overestimated.
Comparison of Figure 13 with Figure 9 of Bresolin et al.

(2004) shows a considerably larger scatter in the latter, for both
high (12þ log O/H > 8:25) and low (12þ log O/H < 8:25)
metallicities. There are two reasons for the larger differences
between O/Hð ÞTe and O/Hð ÞP at high metallicities in the diagram
of Bresolin et al. (2004). First, the upper branch P calibration
in the present work is based on Te-based abundances only, while
both Te-based and the ‘‘surrogate’’ RG-based abundances were
used in the construction of the previous P calibration. The new
upper branch P calibration results in considerably smaller dif-
ferences between O/Hð ÞTe and O/Hð ÞP at low excitation. Second,
Bresolin et al. (2004) used in their comparison the original
Te-based abundances from different authors. These can be in-
consistent with each other, thus producing a larger dispersion.
For example, Bresolin et al. (2004) derived, by using Castellanos
et al.’s (2002) line fluxes for the H ii region CDT1 in NGC 1232, a
log O/H value smaller by 0.13 dex than the abundance published

Fig. 12.—Family of O/H ¼ f R23; Pð Þ curves labeled by different values of
the excitation parameter P, superimposed on the observational data. The high-
metallicity H ii regions with 0:0 < P < 0:3 are shown by open squares, those
with 0:3 < P < 0:6 by plus signs, and those with 0:6 < P < 0:9 by open circles.
The low-metallicity H ii regions with 0:5 < P < 0:7 are shown by filled tri-
angles, those with 0:7 < P < 0:9 by crosses, and those with 0:9 < P < 1:0 by
filled circles.

Fig. 13.— O/Hð ÞP abundances vs. O/Hð ÞTe abundances for the sample of high-
metallicity H ii regions with !0:1 < DA < 0:1 (open circles). The H ii regions
of the spiral galaxy M51 from Bresolin et al. (2004) are shown by filled circles.

PILYUGIN & THUAN240 Vol. 631

Chemical Abundances 
using only Nebular Lines

If  we ignore the best objects and only work 
with the intermediate and poor quality 
objects:

Everybody knows nebular lines do not 
posses all the information necessary to 
determine the physical conditions (and 
hence the chemical abundances).

Much work has been done to be able to 
determine chemical abundances using 
only nebular lines.

There are about a dozen ways to do 
abundance determinations using 
different nebular lines.



Parte I CONCEPTOS INTRODUCTORIOS

Características específicas de los distintos indicadores

Figura 2.2: Diagrama N2 –O/H. El ajuste lineal a la línea sólida es 12+log(O/H)= 9.12 + 0.73−N2 con 0.85 de

coeficiente de correlación (ésto es tomando en cuenta la dispersión de la distribución). Los círculos con cruces dentro

corresponden a los modelos de fotoionización para las metalicidades etiquetadas a un lado de los puntos. Los círculos se

refieren a las observaciones de galaxias de Castellanos et al. (2002) - CDT02, los cuadrados vacíos representan galaxias de

baja metalicidad tomadas de Terlevich et al. (1991) - T91, los cuadrados llenos representan galaxias de baja metalicidad

de Denicoló et al. (2002), mismo de donde fue tomada esta gráfica. Paper II de Terlevich et al. se refiere a un artículo

que aparece en preparación en ese momento y parece no haber sido publicado. La esquina inferior derecha de la figura

describe el parámetro de ionización, U, que fue utilizado para cada una de las curvas que se presentan. Esta figura fue

tomada de Denicoló et al. (2002).2.1.4.
Indicador O

2La línea de Balmer Hα está directamente relacionada con el flujo ionizante total de un

objeto (Mouhcine et al. 2005). Sin embargo, cuando esta línea se mueve hacia el IR cercano,

la siguiente línea que inmediatamente “salta a la vista” y que está relacionada con la tasa de

formación estelar de una galaxia, es [O II] 3727 Å (Kewley et al. 2004).

El indicador O †

2 =[O II] 3727 Å/Hα fue introducido por Thompson & Djorgovski (1991).

Posteriormente, este indicador fue utilizado por varios autores como Mouhcine et al. (2005),

quienes lo usan con el fin de medir la variación del mismo con respecto a metalicidad de las

galaxias con un corrimiento al rojo promedio de z ∼0.06. El hecho de definir [O II] 3727 Å con

respecto a Hα (en lugar de Hβ) es para poder comparar con el indicador N †

2 . El indicador
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Figura 2.10: Diagrama S23/O23 – O/H. Se presenta una recopilación de observaciones de objetos de la literatura.
CDT1 representa las observaciones de una región H II observada que pertenece a NGC 1332, S5 representa observaciones
de una región H II que pertenece a M101 y M20 representa observaciones de una galaxia H II. Los cuadrados negros
representan observaciones de galaxias H II, los triángulos representan observaciones de regiones H II extragalácticas,
los cuadrados abiertos representan observaciones de regiones H II Galácticas y de las Nubes de Magallanes y la línea
punteada muestra la calibración propuesta por Pérez-Montero & Díaz (2005). Esta figura fue tomada de Pérez-Montero
& Díaz (2005).

El intervalo de metalicidad efectivo para el cual S23/O23 es preciso (dentro de la precisión
que pueden tener los indicadores de metalicidad que usan líneas fuertes), es mayor que para los
otros indicadores: 7.0 ≤12+log(O/H)≤ 8.6. Un problema importante del indicador S23/O23,
es que las líneas del azufre son relativamente débiles a bajas metalicidades y pueden dejar de
ser visibles con bajos corrimientos al rojo debido a que están muy próximas al IR cercano.

2.1.11. Indicador N2/S2

Este indicador fue propuesto por Jensen et al. (1976) para ser comparado con O3 y de-
terminar si el gradiente radial apoyaba o no la teoría de la onda de densidad para galaxias
espirales. Posteriormente, N2/S2=[N II] 6584 Å/[S II] 6717+6731 Å fue retomado por Kewley &
Dopita (2002).

En objetos de alta metalicidad este indicador puede ayudar a determinar el enriquecimiento
de elementos pesados puesto que el origen del nitrógeno es, en su mayor parte, secundario,
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decir 12+log(O/H)<8.6. Esto se debe a que, para este intervalo de metalicidades, el N es

principalmente primario (ver Figura 2.4). Debido a que a mayores metalicidades el nitrógeno es

principalmente un elemento secundario (expulsado por las estrellas de intermedia y alta masa,

“contaminando” el medio interestelar), N2/O2 es un excelente indicador para la determinación

de abundancias para 12+log(O/H)<8.6 (Jensen et al. 1976; Kweley & Dopita 2000).

Figura 2.5: Diagrama N2/O2 – O/H. La muestra fue tomada de observaciones en la literatura, los cuadrados llenos

son las galaxias H II, los triángulos son regiones H II gigantes extragalácticas y los cuadrados vacíos son regiones H II

difusas en la Galaxia y las Nubes de Magallanes. Esta figura fue tomada de Pérez-Montero & Díaz (2005).

Pérez-Montero & Díaz (2005) observacionalmente encuentran una correlación para un in-

tervalo más amplio de abundancias pero con una gran dispersión (Figura 2.5). Las desventajas

de este indicador, son que ambas líneas pueden estar contaminadas de manera significativa

por la emisión del cielo y que, debido a que las líneas están separadas en longitud de onda, la

corrección por extinción es importante.

2.1.6. Indicador O3/N2

Este indicador fue propuesto como [O III] 4959+5007 Å/[N II] 6548+6584 Å por Alloin et al.

(1979), al encontrar una relación semi-empírica entre las intensidades de líneas y temperaturas,

a partir de los modelos numéricos de regiones H II hechos por Stasińska (1978). Alloin y

colaboradores llaman a la relación “semiempírica” porque es una extrapolación de regiones
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2.1.7. Indicador S2

El indicador S

†

2 =[S II] 6717+6735/Hα fue propuesto por Denicoló et al. (2002) como com-
plemento para el indicador N

†

2 (Sección 2.1.3) en espectros de baja resolución donde la línea
[N II] 6584 Å se junta con Hα.

La relación entre S

†

2 y 12+log(O/H) tiene la ventaja de que no es fuertemente dependiente
de correcciones por enrojecimiento, aunque no puede ignorarse el hecho de que la dispersión
es grande.

Figura 2.7: Diagrama S2 – O/H. Las regiones H II de alta metalicidad (12+log(O/H)≥8.4) son una compilación dela literatura hecha por Díaz & Pérez-Montero (2000) y Castellanos et al. (2002); las regiones H II de baja metalicidad(12+log(O/H)<8.4) son una compilación de la literatura hecha por Denicoló et al. (2002). Las estrellas representanobservaciones de regiones H II obtenidas de Terlevich et al. (2004), Paper II; los cuadrados blancos representan observa-ciones de regiones H II obtenidas de Terlevich et al. (1991); los cuadrados negros representan observaciones de regionesH II con bajo corrimiento al rojo y las cruces representan observaciones de regiones H II con alto corrimiento al rojo.Esta figura fue tomada de Denicoló et al. (2002) —no se especifica en el artículo a qué z se refiere alto y bajo corrimientoal rojo.

En la Figura 2.7 puede notarse que la dispersión es bastante mayor que la del mismo
diagrama para N

†

2 . Aunque los autores no presentan una línea de tendencia, sería interesan-
te observar la diferencia de manera cuantitativa para poder comparar más directamente los
indicadores S

†

2 y N

†

2 .
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H II donde la temperatura es determinada directamente mediante el cociente [O III] 4363/(4959
+ 5007) Å, a regiones H II donde la línea auroral de dicho cociente de líneas es demasiado débil
para ser detectada. Posteriormente, Kewley & Dopita (2002) revisan el indicador O3/N2, pero
sólo conservando las líneas más intensas de cada elemento, [N II] 6584 Å/[O III] 5007 Å, lo cual
realmente no afecta dado que ambos cocientes (tanto la definición original del indicador por
Alloin y colaboradores, como la que usaron Kewley & Dopita) son 3 a 1.

El hecho de que las líneas estén muy cercanas en longitud de onda a algunas líneas de Bal-
mer es altamente provechoso, porque se puede eliminar el enrojecimiento sin mayor problema.
Sin embargo, el cociente [N II]/[O III] es fuertemente dependiente del parámetro de ionización
ya que ambos iones tienen potenciales de ionización muy distintos, haciendo que este indicador
tenga serias desventajas con respecto a otros, tales como [N II]/[O II] ó [N II]/[S II] (Kewley &
Dopita 2002).

Pérez-Montero & Díaz (2005) determinan, mediante una comparación directa de datos ob-
servacionales, que [N II]/[O III] es un diagnóstico de metalicidad válido sólo para 12+log(O/H)�
7.8, con una dispersión parecida a la del indicador N2 (Figura 2.6).

Figura 2.6: Diagrama N2/O3 – O/H. Las observaciones presentadas en la muestra, fueron tomadas de la literatura.
Los cuadrados llenos son las galaxias H II, los triángulos son regiones H II gigantes extragalácticas y los cuadrados vacíos
son regiones H II difusas en la Galaxia y las Nubes de Magallanes. Esta figura fue tomada de Pérez-Montero & Díaz
(2005).
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Figura 2.3: Diagrama O2 – O/H. Los círculos llenos y las respectivas barras de error muestran la desviación
estándar del indicador como función de 12+log(O/H), los cuadrados representan observaciones de galaxias con alto
grado de ionización. Los puntos representan observaciones de galaxias tomadas de 2dF Galaxy Redshift Survey. Esta
figura fue tomada de Mouhcine et al. (2005).

O
†
2 tiene la gran ventaja de poder describir la metalicidad mejor que el indicador N

†
2 .

Mouhcine et al. (2005) encuentran que la relación de O
†
2 , corregido por enrojecimiento,

con la abundancia del oxígeno se divide en dos partes: (i) en donde las galaxias pobres en
elementos pesados (12+log(O/H)�8.4), O

†
2 aumenta junto con la abundancia de O y (ii) en

donde las galaxias ricos en elementos pesados (12+log(O/H)�8.4), la relación es igual pero
con signo opuesto en la pendiente (ver Figura 2.3).

El indicador O
†
2 muestra que depende fuertemente del grado de ionización, además de que

también presenta un problema de valor doble, sin embargo, tiene la ventaja de que esto último
puede resolverse de manera relativamente sencilla con ayuda de otro indicador, por ejemplo
N

†
2 u O3. Como se mencionó anteriormente, la degeneración del indicador O23 también puede

romperse, aunque tal vez con menos certeza. El hecho de que O
†
2 sea mucho menos utilizado

que O23 se debe a que este último provee mayor información de las condiciones físicas de los
objetos.
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But they all assume that abundances can be 
derived using only auroral and nebular lines



Insights Obtained 
from the Orion Nebula

If  we consider the information from the 
best object (Orion) what can we learn:

The Orion Nebula is a complex object.

There are lots of  physical processes 
stochastically occurring in them.

There don’t seem to be important 
chemical inhomogeneities occurring in 
the Orion Nebula.

(Presumably most H II regions 
are complex, but chemically 
homogeneous, objects)



Stochastic Processes
The energy inyection is inhomogeneous 

Shockwaves

Proplyds

Shodows

Photoionization fronts

Magnetic Fields

etc.

The temperature is inhomogeneous
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Figure 2. Same field of view as in Figure 1 is shown except that here the ratio of the F502N over F656N images is shown. The solid lines depict radial ionization
shadow features that project back toward θ1 Ori C and the dotted lines depict significant, nearly linear features that do not project back to θ1 Ori C. Almost all of the
solid-line features have an identified proplyd, which is the occulting source and in this case the designation of the proplyd is given, adjacent to the proplyd’s position.
The exception to this rule is the ionization shadow feature lying beyond the HH 202-S shock. The white dashed line shows the boundary where radial shadows begin.

that forbidden line radiation will have a reduced emissivity
and recombination lines will have an increased emissivity. This
shows up particularly well when looking at the ratio of images
in [O III] and Hα, as shown in Figures 2 and 3. O’Dell (2000)
established that the linear rays seen in the [O III]/Hα image
occurred along lines of sight passing through θ1 Ori C and a
proplyd, but not all proplyds have visible radiation shadows.

These shadowed regions will only appear when there is mate-
rial present. This means that the absence of a radiation shadow
indicates that only low-density gas lies within that conic column.
In the case where the radiation shadow does not begin at the pro-
plyd, then the gas occupying the space between the proplyd and
the start of the radiation shadow must be of low density.

Figure 2 has had all the linear and nearly linear features traced,
solid lines being used for the indistinguishably linear features
and dashed lines for the nearly linear features (which cannot
be radiation shadows unless second-order effects discussed in
O’Dell 2000 are in play). One sees that in essentially every
case of a linear feature there is an identified shadowing proplyd
and, again, that not all proplyds have radiation shadows. In
many cases, the associated proplyd is well inside the radiation

shadow (closer to θ1 Ori C). The general pattern is clear, none
of the proplyds near θ1 Ori C have radiation shadows extending
close to them and the proplyds with closely approaching
radiation shadows are distant from θ1 Ori C. We interpret
this to mean that there is a region of low-density (or very
different ambient condition) gas lying within the approximate
boundary shown in Figure 2. This irregular boundary in the
plane of the sky is the projection along the line of sight and
the central cavity is probably somewhat larger than the outlined
boundary. The irregular boundary drawn indicates that there is
an asymmetric distribution about the dominant ionizing star θ1

Ori C.
It should be noted that the high-velocity feature HH 202-S

(O’Dell & Henney 2008) also casts a radiation shadow. This
indicates that this shock produces a sufficiently high-density
gas that it is optically thick to LyC photons and becomes a local
ionization front within a generally ionized volume. This vitiates
any argument that HH 202 was caused by high-velocity material
from the Orion-S region impinging on either the foreground Veil
or a section of the MIF that had curved toward the observer and
intercepted the collimated outflow.



range of temperature is !1000 K. For reference, random
noise at the level of 5.7% probable error is shown, this being
the level expected for the bright portions. The southwest
sample is about one-fourth the surface brightness of the
other samples. The noise level was brought down to that of
the other samples by taking samples of 2 " 2 pixels in this
region. Examination of Figure 3 shows that the face of the
nebula is mottled with small-scale variations of Tc, with
angular dimensions of about 1000 and amplitudes of about
400 K.

4.5. Fourier Analysis of Two Regions of the Tc Image

In order to gain a more quantitative evaluation of the
data, we performed a Fourier analysis of two regions of
the T4 image. The first was a 400 " 400 pixel section in the
northwest portion of CCD2 and the second was 250 " 250
pixels in the northeast section of CCD4, both being free of
camera scars and the local apparent Tc drops that are due to
shocks, as discussed in x 4.2. The analysis was done using
STSDAS tasks with IRAF. The procedure was the same for
each sample. The first step was to subtract the average value
of the sample from each pixel and then to make a power
spectrum of the resulting image, using the task POWER-
SPEC. A radial profile was taken of the power spectrum
image, using the center as the origin. The result was a profile
that dropped down to a constant value at large spatial fre-
quency values and represents the noise level due to the

Poisson noise in the data. This constant value was then sub-
tracted from the radial profile of the power spectrum. The
resulting noise-subtracted power spectrum was then con-
verted to the physically more meaningful length space by
multiplying the power spectrum in spatial frequency by the
square of the frequency and binning the result in the spatial
dimension. The results are shown in Figures 4 and 5. These
plots show that there is a large amount of power at the finest
scales (subarcsecond) but that power is found at all scales.
This analysis is similar to that of Vannier et al. (2001) of H2
emission arising near the imbedded BN-KL sources to the
north of CCD4.

5. VALUES OF t2A(O
++) AND ESTIMATES

OF t2(O++) AND t2(H+)

The aims of this section are to estimate representative val-
ues of the temperature variations [t2(O++), t2(O+), and
t2(H+)] in the Orion Nebula in order to compare them with
predictions of photoionization models and to be able to
study the physical conditions of the nebula, including its
chemical composition. We proceed in three steps: (1) we use
the Tc map obtained in this paper to determine t2A(O

++)
across the plane of the sky (this is the first detailed two-
dimensional set of temperatures across of the Orion
Nebula); (2) we estimate the three-dimensional value of

5.7 % Noise +/- 1000 K NW +/- 1000 K

SE +/- 1000 K SW +/- 1000 K

Fig. 3.—Regions outlined in Fig. 2 shown here in the same spatial orientation. A Poisson-noise–only image of 5.7% noise is shown in the top left. The
display range has been adjusted to show the intermediate scale fluctuations in Tc. The pure noise field is 5000 " 5000. The northwest (NW) field is 3700 " 4000 and
the southeast (SE) field is 7600 " 7600. The southwest (SW) field is 7200 " 7500 and its resolution is one-half that of the other images, which are 1 pixel of 0>0996.
Because the southeast region is about one fourth the surface brightness of the other fields, its data were averaged in bins of 2 " 2 pixels, thus making the
expected noise comparable to that of the other images.
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Quantification
It is not possible to quantify the relevance of  
each one of  these precesses by looking at these 
images.

With HST is is possible to measure 
temperatures across the face of  the nebula 
(t2>0.008) but this is a strict lower limit since 
inhomogeneities along the line of  sight are 
averaged out (O’Dell et al. 2003).

Spectroscopically it has been possible to 
perform several determinations for a small 
portion of  Orion which give t2=0.0220±0.0015  

[s/n~15] (Esteban et al. 2004)

Also, by looking at chemical composition 
behind shock fronts, it is possible to measure an 
oxygen depletion of  ~0.12 dex (Mesa-Delgado 
et al. 2009).



The study of  The Orion Nebula shows that:

 Physical processes are stochastic across H II regions; this implies that:

There are thermal inhomogeneities across H II regions.

 There is no magic formula that permits us to reproduce the 
detailed temperature structure of  these objects (in general; the 
physical conditions can not be modeled in detail).

It is not enough to do                               
photoionization + (1-process) models.

Heavy element RLs are needed to determine abundances.

Or.... when no RLs are available we are forced to do statistical 
models to represent the thermal structure.

These abundances need to be corrected by depletion if  one is 
interested in total abundances (e.g. for galactic chemical evolution 
studies, or to compare them with stellar abundances).

Implications
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Figure 4 — Plot of ionization degree versus the measured t2 values. The symbols and error
bars are the same as those of Figure 3.

stars because one single O star in the presence of a WR or a SNR would be regarded as a WR
nebula or a SNR.

Table 11 includes 10 Type IIa and 11 Type IIb H II regions. Typically these objects have
in common some of the following characteristics: (i) there is no limitation on the number of
O stars, (ii) for most of the H II regions, the star formation activity of O stars started less
than three million years ago, (iii) for the objects older than three million years, they have a
small ratio of WR to O stars (at least in the observed fraction), (iv) they do not show vestiges
of recent SN explosions (at least in the observed fraction), and (v) their bulk gaseous radial
motions show a spread smaller than about 100 km s−1.

For observations that are representative of the whole object, the lower degree of ionization
of the Type IIb relative to that of the Type IIa H II regions is due to the later type of their
most massive stars. This correlates with a smaller number of O stars formed inside Type IIb
H II regions. For objects where only a small fraction is observed, the degree of ionization also

153

Deviation from 
homogeneous temperature
Once we acknowledge that 
objects are not homogeneous 
we would like to characterize 
t2 for objects where only 
partial information is 
available

Area Ia   〈t2〉 =0.087

Area Ib  -  no objects
Area IIa  〈t2〉 =0.029

Area IIb  〈t2〉 =0.035

Area III -  no objects
〈Ia+IIa〉  〈t2〉 =0.051 Peimbert, Peña-Guerrero, Peimbert 2012, ApJ, 753, 39



When trying to determine the abundances 
for objects with only CEL information

Accounting for the presence of  
inhomogeneities in the physical 
conditions as well as for depletion into 
dust grains.

Oxygen abundances are 
approximately 0.30 dex higher.

There is a small dependence with 
total abundance.

This correction is statistical.

There is a dispersion of  about 
±0.10 dex.

It depends on the global 
characteristics of  each object as well 
as the specific characteristics of  the 
observed fraction of  such object.
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Fig. 1.— Plot of the abundances obtained with the Te(4363/5007) method, versus
the difference in dex between the corrected abundances and those obtained with the
Te(4363/5007) method. The line is the best linear fit to the objects presented in Table
1, log(O/H)ISM−log(O/H4363/5007)= 0.0825×[12+log(O/H4363/5007)]−0.375.

– 6 –

form

f(P, (O/H)4363/5007) = C1 + C2 × (O/H)4363/5007 + C3 × P + C4 × P × (O/H)4363/5007, (2)

where C1, C2, C3, and C4 are constants.

All abundances determined for our sample were corrected for (i) the presence of ther-
mal inhomogeneities and (ii) the fraction of oxygen depleted into dust grains. We have
found that the difference between these corrected abundances and those determined with
the Te(4363/5007) method lie in the 0.16 to 0.40 dex range.

We found very little dependance with oxygen degree of ionization: C3 and C4 are 0.010
and 0.0002, respectively. Since the dependence with ionization degree is small and consistent
with zero we will ignore it. Figure 1 presents the oxygen abundance correction dependence
with oxygen abundance for the objects of our sample. The best fit is obtained with C1 and
C2 equal to −0.375 and 0.0825, respectivelly:

f(P, (O/H)4363/5007) = f((O/H)4363/5007) = 0.0825(O/H)4363/5007 − 0.375; (3)

this implies a corrected oxygen abundace:

(O/H)CALM = 1.0825(O/H)4363/5007 − 0.375. (4)

The points in Figure 1 show considerable dispersion; this is not surprising, because a) the
errors in the determination of each t2 value are large and b) the true value of t2 for each
object depends on the details of the object (see Figure 4 of Peimbert et al. 2012). To test
for the statistical sigenificance of this correlation we calculated a Spearman’s correlation
statistic of ρ = 0.3685, this suggests that the correlation is real with 95% confidence. When
comparing the dispersion with the uncertainties on the oxygen abundance determinatinos
for this sample we calculated χ2 = 60.28; showing that about half of this dispersion comes
from the uncertainties of the determination of t2; meaning that approximatelly half of the
dipersion comes from the unique physical conditions of each object.

4. Recalibration of the R23 Abundance Determination Method

R23 is now being widely used to determine abundances in objects with low intrinsic
brightness or objects with low to intermediate redshift (z up to 1). The R23 method remains
one of the most popular strong line indicators because a) it is based directly on oxygen lines,
b) it includes lines from the 2 relevant ionization stages, c) the lines it uses are the most
intense for most H II regions, and d) these lines lie in the blue part of the spectrum and can
be observed from the ground for higher redshifts than other methods.

Abundance Correction I

Peña-Guerrero, Peimbert, Peimbert 2012, arXiv 1204.4446



When considering objects with only 
nebular line information:

We should take advantage of  all 
the effort that has been invested in 
determining abundances using 
only nebular lines.

The recalibration of  the R23 
method statistically including:

Temperature structure

Dust depletion

Ionization degree

All the other methods should also 
be recalibrated.
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Fig. 2.— New calibration of the R23 Method from equations 5 and 6. For clarity, the solid
P -valued curves have been labeled. The dashed horizontal lines indicate the transition zone
between the upper and lower branches.
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(which shifted from 12+log(O/H)P ≥8.25 up to 12+log(O/H)RRM ≥8.55), can be estimated
from:

(O/H)RRM =

�
R23 + 726.1 + 8.42P + 327.5P 2

85.96 + 82.76P + 43.98P 2 + 1.793R23

�
1.0825− 0.375

=
R23 + 1837 + 2146P + 850P 2

209.5 + 201.7P + 107.2P 2 + 4.37R23
, (5)

while the oxygen abundance for the lower branch (which shifted from 12+log(O/H)P ≤8.00
up to 12+log(O/H)RRM ≤8.29), can be estimated from:

(O/H)RRM =

�
R23 + 106.4 + 106.8P − 3.40P 2

17.72 + 6.60P + 6.95P 2 − 0.302R23

�
1.0825− 0.375

=
R23 + 90.73 + 94.58P − 5.26P 2

14.81 + 5.52P + 5.81P 2 − 0.252R23
. (6)

Figure 2 shows these recalibrations of the upper and lower branches for different oxygen
ionization degrees, while Figure 3 compares the calibration presented in this work and that
of Pilyugin & Thuan (2005) to the data from Table 1.

5. The O
++

fraction

Something missing when using the P parameter is a quantitative connection with the
O++ fraction in the nebulae. We will define the O++ ionization degree as:

OID =

�
nen(O++)dr�

nen(O+ +O++)dr
. (7)

Since there is a tight relationship between the parameter P and the O++ ionization
degree (see Figure 4), the fraction of O++ in the object can be estimated through the the
following equation:

OID = 0.9821P− 0.0048. (8)

This equation allows us to statistically estimate the O++ ionization degree directly from the
observable P without having to make a lengthy analysis of the ionic abundances. It should
be noted that while this relation shows no significant bias with the O/H ratio, more points
are needed to confirm the lack of bias or to estimate the relevance of the oxygen aundance
in this correlation.
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are needed to confirm the lack of bias or to estimate the relevance of the oxygen aundance
in this correlation.

– 8 –

(which shifted from 12+log(O/H)P ≥8.25 up to 12+log(O/H)RRM ≥8.55), can be estimated
from:

(O/H)RRM =

�
R23 + 726.1 + 8.42P + 327.5P 2

85.96 + 82.76P + 43.98P 2 + 1.793R23

�
1.0825− 0.375

=
R23 + 1837 + 2146P + 850P 2

209.5 + 201.7P + 107.2P 2 + 4.37R23
, (5)

while the oxygen abundance for the lower branch (which shifted from 12+log(O/H)P ≤8.00
up to 12+log(O/H)RRM ≤8.29), can be estimated from:

(O/H)RRM =

�
R23 + 106.4 + 106.8P − 3.40P 2

17.72 + 6.60P + 6.95P 2 − 0.302R23

�
1.0825− 0.375

=
R23 + 90.73 + 94.58P − 5.26P 2

14.81 + 5.52P + 5.81P 2 − 0.252R23
. (6)

Figure 2 shows these recalibrations of the upper and lower branches for different oxygen
ionization degrees, while Figure 3 compares the calibration presented in this work and that
of Pilyugin & Thuan (2005) to the data from Table 1.

5. The O
++

fraction

Something missing when using the P parameter is a quantitative connection with the
O++ fraction in the nebulae. We will define the O++ ionization degree as:

OID =

�
nen(O++)dr�

nen(O+ +O++)dr
. (7)

Since there is a tight relationship between the parameter P and the O++ ionization
degree (see Figure 4), the fraction of O++ in the object can be estimated through the the
following equation:

OID = 0.9821P− 0.0048. (8)

This equation allows us to statistically estimate the O++ ionization degree directly from the
observable P without having to make a lengthy analysis of the ionic abundances. It should
be noted that while this relation shows no significant bias with the O/H ratio, more points
are needed to confirm the lack of bias or to estimate the relevance of the oxygen aundance
in this correlation.

– 8 –

(which shifted from 12+log(O/H)P ≥8.25 up to 12+log(O/H)RRM ≥8.55), can be estimated
from:

(O/H)RRM =

�
R23 + 726.1 + 8.42P + 327.5P 2

85.96 + 82.76P + 43.98P 2 + 1.793R23

�
1.0825− 0.375

=
R23 + 1837 + 2146P + 850P 2

209.5 + 201.7P + 107.2P 2 + 4.37R23
, (5)

while the oxygen abundance for the lower branch (which shifted from 12+log(O/H)P ≤8.00
up to 12+log(O/H)RRM ≤8.29), can be estimated from:

(O/H)RRM =

�
R23 + 106.4 + 106.8P − 3.40P 2

17.72 + 6.60P + 6.95P 2 − 0.302R23

�
1.0825− 0.375

=
R23 + 90.73 + 94.58P − 5.26P 2

14.81 + 5.52P + 5.81P 2 − 0.252R23
. (6)

Figure 2 shows these recalibrations of the upper and lower branches for different oxygen
ionization degrees, while Figure 3 compares the calibration presented in this work and that
of Pilyugin & Thuan (2005) to the data from Table 1.

5. The O
++

fraction

Something missing when using the P parameter is a quantitative connection with the
O++ fraction in the nebulae. We will define the O++ ionization degree as:

OID =

�
nen(O++)dr�

nen(O+ +O++)dr
. (7)

Since there is a tight relationship between the parameter P and the O++ ionization
degree (see Figure 4), the fraction of O++ in the object can be estimated through the the
following equation:

OID = 0.9821P− 0.0048. (8)

This equation allows us to statistically estimate the O++ ionization degree directly from the
observable P without having to make a lengthy analysis of the ionic abundances. It should
be noted that while this relation shows no significant bias with the O/H ratio, more points
are needed to confirm the lack of bias or to estimate the relevance of the oxygen aundance
in this correlation.

Peña-Guerrero, Peimbert, Peimbert 2012, arXiv 1204.4446

Abundance Correction II



Parte I CONCEPTOS INTRODUCTORIOS

Características específicas de los distintos indicadores

Figura 2.2: Diagrama N
2 –O/H. El ajuste lineal a la línea sólida es 12+log(O/H)= 9.12 + 0.73−N

2 con 0.85 de

coeficiente de correlación (ésto es tomando en cuenta la dispersión de la distribución). Los círculos con cruces dentro

corresponden a los modelos de fotoionización para las metalicidades etiquetadas a un lado de los puntos. Los círculos se

refieren a las observaciones de galaxias de Castellanos et al. (2002) - CDT02, los cuadrados vacíos representan galaxias de

baja metalicidad tomadas de Terlevich et al. (1991) - T91, los cuadrados llenos representan galaxias de baja metalicidad

de Denicoló et al. (2002), mismo de donde fue tomada esta gráfica. Paper II de Terlevich et al. se refiere a un artículo

que aparece en preparación en ese momento y parece no haber sido publicado. La esquina inferior derecha de la figura

describe el parámetro de ionización, U, que fue utilizado para cada una de las curvas que se presentan. Esta figura fue

tomada de Denicoló et al. (2002).2.1.4.
Indicador O

2
La línea de Balmer Hα está directamente relacionada con el flujo ionizante total de un

objeto (Mouhcine et al. 2005). Sin embargo, cuando esta línea se mueve hacia el IR cercano,

la siguiente línea que inmediatamente “salta a la vista” y que está relacionada con la tasa de

formación estelar de una galaxia, es [O II] 3727 Å (Kewley et al. 2004).

El indicador O †

2 =[O II] 3727 Å/Hα fue introducido por Thompson & Djorgovski (1991).

Posteriormente, este indicador fue utilizado por varios autores como Mouhcine et al. (2005),

quienes lo usan con el fin de medir la variación del mismo con respecto a metalicidad de las

galaxias con un corrimiento al rojo promedio de z ∼0.06. El hecho de definir [O II] 3727 Å con

respecto a Hα (en lugar de Hβ) es para poder comparar con el indicador N †

2 . El indicador
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Figura 2.10: Diagrama S23/O23 – O/H. Se presenta una recopilación de observaciones de objetos de la literatura.
CDT1 representa las observaciones de una región H II observada que pertenece a NGC 1332, S5 representa observaciones
de una región H II que pertenece a M101 y M20 representa observaciones de una galaxia H II. Los cuadrados negros
representan observaciones de galaxias H II, los triángulos representan observaciones de regiones H II extragalácticas,
los cuadrados abiertos representan observaciones de regiones H II Galácticas y de las Nubes de Magallanes y la línea
punteada muestra la calibración propuesta por Pérez-Montero & Díaz (2005). Esta figura fue tomada de Pérez-Montero
& Díaz (2005).

El intervalo de metalicidad efectivo para el cual S23/O23 es preciso (dentro de la precisión
que pueden tener los indicadores de metalicidad que usan líneas fuertes), es mayor que para los
otros indicadores: 7.0 ≤12+log(O/H)≤ 8.6. Un problema importante del indicador S23/O23,
es que las líneas del azufre son relativamente débiles a bajas metalicidades y pueden dejar de
ser visibles con bajos corrimientos al rojo debido a que están muy próximas al IR cercano.

2.1.11. Indicador N2/S2

Este indicador fue propuesto por Jensen et al. (1976) para ser comparado con O3 y de-
terminar si el gradiente radial apoyaba o no la teoría de la onda de densidad para galaxias
espirales. Posteriormente, N2/S2=[N II] 6584 Å/[S II] 6717+6731 Å fue retomado por Kewley &
Dopita (2002).

En objetos de alta metalicidad este indicador puede ayudar a determinar el enriquecimiento
de elementos pesados puesto que el origen del nitrógeno es, en su mayor parte, secundario,
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decir 12+log(O/H)<8.6. Esto se debe a que, para este intervalo de metalicidades, el N es

principalmente primario (ver Figura 2.4). Debido a que a mayores metalicidades el nitrógeno es

principalmente un elemento secundario (expulsado por las estrellas de intermedia y alta masa,

“contaminando” el medio interestelar), N2/O2 es un excelente indicador para la determinación

de abundancias para 12+log(O/H)<8.6 (Jensen et al. 1976; Kweley & Dopita 2000).

Figura 2.5: Diagrama N2/O2 – O/H. La muestra fue tomada de observaciones en la literatura, los cuadrados llenos

son las galaxias H II, los triángulos son regiones H II gigantes extragalácticas y los cuadrados vacíos son regiones H II

difusas en la Galaxia y las Nubes de Magallanes. Esta figura fue tomada de Pérez-Montero & Díaz (2005).

Pérez-Montero & Díaz (2005) observacionalmente encuentran una correlación para un in-

tervalo más amplio de abundancias pero con una gran dispersión (Figura 2.5). Las desventajas

de este indicador, son que ambas líneas pueden estar contaminadas de manera significativa

por la emisión del cielo y que, debido a que las líneas están separadas en longitud de onda, la

corrección por extinción es importante.

2.1.6. Indicador O3/N2

Este indicador fue propuesto como [O III] 4959+5007 Å/[N II] 6548+6584 Å por Alloin et al.

(1979), al encontrar una relación semi-empírica entre las intensidades de líneas y temperaturas,

a partir de los modelos numéricos de regiones H II hechos por Stasińska (1978). Alloin y

colaboradores llaman a la relación “semiempírica” porque es una extrapolación de regiones
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2.1.7. Indicador S2

El indicador S

†

2 =[S II] 6717+6735/Hα fue propuesto por Denicoló et al. (2002) como com-
plemento para el indicador N

†

2 (Sección 2.1.3) en espectros de baja resolución donde la línea
[N II] 6584 Å se junta con Hα.

La relación entre S

†

2 y 12+log(O/H) tiene la ventaja de que no es fuertemente dependiente
de correcciones por enrojecimiento, aunque no puede ignorarse el hecho de que la dispersión
es grande.

Figura 2.7: Diagrama S2 – O/H. Las regiones H II de alta metalicidad (12+log(O/H)≥8.4) son una compilación dela literatura hecha por Díaz & Pérez-Montero (2000) y Castellanos et al. (2002); las regiones H II de baja metalicidad(12+log(O/H)<8.4) son una compilación de la literatura hecha por Denicoló et al. (2002). Las estrellas representanobservaciones de regiones H II obtenidas de Terlevich et al. (2004), Paper II; los cuadrados blancos representan observa-ciones de regiones H II obtenidas de Terlevich et al. (1991); los cuadrados negros representan observaciones de regionesH II con bajo corrimiento al rojo y las cruces representan observaciones de regiones H II con alto corrimiento al rojo.Esta figura fue tomada de Denicoló et al. (2002) —no se especifica en el artículo a qué z se refiere alto y bajo corrimientoal rojo.

En la Figura 2.7 puede notarse que la dispersión es bastante mayor que la del mismo
diagrama para N

†

2 . Aunque los autores no presentan una línea de tendencia, sería interesan-
te observar la diferencia de manera cuantitativa para poder comparar más directamente los
indicadores S

†

2 y N

†

2 .

29

Parte I CONCEPTOS INTRODUCTORIOS Características específicas de los distintos indicadores

H II donde la temperatura es determinada directamente mediante el cociente [O III] 4363/(4959
+ 5007) Å, a regiones H II donde la línea auroral de dicho cociente de líneas es demasiado débil
para ser detectada. Posteriormente, Kewley & Dopita (2002) revisan el indicador O3/N2, pero
sólo conservando las líneas más intensas de cada elemento, [N II] 6584 Å/[O III] 5007 Å, lo cual
realmente no afecta dado que ambos cocientes (tanto la definición original del indicador por
Alloin y colaboradores, como la que usaron Kewley & Dopita) son 3 a 1.

El hecho de que las líneas estén muy cercanas en longitud de onda a algunas líneas de Bal-
mer es altamente provechoso, porque se puede eliminar el enrojecimiento sin mayor problema.
Sin embargo, el cociente [N II]/[O III] es fuertemente dependiente del parámetro de ionización
ya que ambos iones tienen potenciales de ionización muy distintos, haciendo que este indicador
tenga serias desventajas con respecto a otros, tales como [N II]/[O II] ó [N II]/[S II] (Kewley &
Dopita 2002).

Pérez-Montero & Díaz (2005) determinan, mediante una comparación directa de datos ob-
servacionales, que [N II]/[O III] es un diagnóstico de metalicidad válido sólo para 12+log(O/H)�
7.8, con una dispersión parecida a la del indicador N2 (Figura 2.6).

Figura 2.6: Diagrama N2/O3 – O/H. Las observaciones presentadas en la muestra, fueron tomadas de la literatura.
Los cuadrados llenos son las galaxias H II, los triángulos son regiones H II gigantes extragalácticas y los cuadrados vacíos
son regiones H II difusas en la Galaxia y las Nubes de Magallanes. Esta figura fue tomada de Pérez-Montero & Díaz
(2005).
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Figura 2.3: Diagrama O2 – O/H. Los círculos llenos y las respectivas barras de error muestran la desviaciónestándar del indicador como función de 12+log(O/H), los cuadrados representan observaciones de galaxias con altogrado de ionización. Los puntos representan observaciones de galaxias tomadas de 2dF Galaxy Redshift Survey. Estafigura fue tomada de Mouhcine et al. (2005).

O

†

2 tiene la gran ventaja de poder describir la metalicidad mejor que el indicador N

†

2 .

Mouhcine et al. (2005) encuentran que la relación de O

†

2 , corregido por enrojecimiento,
con la abundancia del oxígeno se divide en dos partes: (i) en donde las galaxias pobres en
elementos pesados (12+log(O/H)�8.4), O

†

2 aumenta junto con la abundancia de O y (ii) en
donde las galaxias ricos en elementos pesados (12+log(O/H)�8.4), la relación es igual pero
con signo opuesto en la pendiente (ver Figura 2.3).

El indicador O

†

2 muestra que depende fuertemente del grado de ionización, además de que
también presenta un problema de valor doble, sin embargo, tiene la ventaja de que esto último
puede resolverse de manera relativamente sencilla con ayuda de otro indicador, por ejemplo
N

†

2 u O3. Como se mencionó anteriormente, la degeneración del indicador O23 también puede
romperse, aunque tal vez con menos certeza. El hecho de que O

†

2 sea mucho menos utilizado
que O23 se debe a que este último provee mayor información de las condiciones físicas de los
objetos.
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There is no point in trying to measure the 
horizontal position for an object when there is an 
important bias in the vertical calibration.



 We all know that nebular lines do not posses all the information 
required to derive chemical abundances.

The Orion Nebula shows (beyond any doubt) that to include the 
information provided by auroral lines is still not enough.

It shows that the temperature is not homogeneous.

It shows there is depletion of  Oxygen into dust grains.

Depletions of  other elements are also present.

The Orion Nebula shows many physical processes that occur in    
H II regions that will produce biases in determining the average 
thermal abundance.

Shockwaves, shadowed regions, moving ionization front, 
stellar winds, strong density variations, etc.

Conclusions 1/2



Detailed tailor made models are better than simple models with statistical 
corrections.

We are very far from producing a detailed model capable of  reproducing all 
the physical processes as observed in the Orion Nebula.

We are even farther away of  reproducing all the physical processes 
(not observed) in other H II regions.

Abundances should be determined from RLs only (and corrected for 
depletion).

Or... when only CELs are available, it is necessary to use a correction 
that has been calibrated using RLs.

At this moment only corrections for oxygen abundances have 
been published, but it is straightforward to do calibrations for 
other elements.

Abundances are a factor of  ~2 higher than those determined using the direct 
method   (the specific factor is different for each element).

Conclusions 2/2



Thank You


