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ABSTRACT

Context. The spatial electron temperature fluctuations in ionized nebulae that were initially proposed to explain the discrepancies
among temperatures obtained from different sensors have been pointed to as the cause of huge inconsistencies among abundances
of heavy elements calculated from recombination and forbidden emission lines. Recently, there have been some attempts of direct
detection and quantification of spatial temperature fluctuations with point-to-point temperature measurements across the nebula.
Aims. In this paper, we assess the feasibility of estimating the temperature fluctuation parameter #*, the total variance of the spatial
distribution of temperature relative to the mean, from the distribution of temperatures measured on the plane of the sky with different
Sensors.

Methods. Point-to-point measurements of the electron temperature at a series of contiguous and equally spaced rectangular apertures
along a radius of homogeneous and spherically symmetric nebulae were numerically simulated for six different temperature sensors.
Results. Variances of projected temperature distributions were obtained and compared with total > for different values for the density,
ionization parameter and temperature of the ionizing star. The projected profiles of electron temperature obtained from indicators
associated with ions occurring at large fractions of the nebula, such as [O IIT] (14959 + 15007)/ 14363, [Ar1IT] (17136 +A7751)/ 45192,
and the Balmer jump (/,(36467) — I,(3646"))/HB, are good tracers of the internal gradient of temperature. The variances > of the
projected temperature distributions measured from these sensors correspond to significant fractions of the total temperature variance,
for typical nebulae of the order of #2/¢> ~ 30%, 25%, and 15% for the Balmer jump and the [OTi] and [ArII1] ratios, in that order.
On the other hand, the temperature profiles obtained from sensors corresponding to low ionization ions, such as [N1I] (16548 +
A6584)/45755, [O1] (16300 + 16364)/15577, and [C1] (19823 + 19849)/18728, are almost constant at the values of temperature of
the outer parts of the nebula, fail to reproduce the true temperature gradient, and have a £ that is always less than 10% and is usually

around 1-3% of 7.

Key words. ISM: H1I regions — ISM: planetary nebulae: general

1. Introduction

The theory of photoionized nebulae very successfully explains
most of the features observed in the spectra of HII regions and
planetary nebulae. This fact has supported the intensive use of
these objects as probes of the chemical composition of galaxies.
Traditionally, the abundances of heavy elements in ionized neb-
ulae have been obtained from their strong, collisionally excited
emission lines. The recent developments in astronomical instru-
ments have made the determination of the abundances of the C,
N, and O elements from their weak recombination lines possible.
However, huge discrepancies between the abundances obtained
from collisionally excited and recombination lines have been
found, which cast doubt on the accuracy of the abundance de-
terminations in gaseous nebulae. For example, Liu et al. (1995)
determined abundances of C, N, and O in the planetary neb-
ula NGC 7009 by recombination lines and found that they are
about 5 times higher than those derived from forbidden lines.
The existence of spatial temperature fluctuations in the nebu-
lae has been suggested as one of the most probable explanations

* Figures 615 are only available in electronic form at
http://www.edpsciences.org
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of the inconsistency among abundances calculated from forbid-
den and recombination lines (Peimbert et al. 1995). Originally,
large temperature fluctuations had been proposed by Peimbert
(1967) to explain the discrepancies between the values of elec-
tron temperature obtained from different indicators.

The magnitude of the temperature fluctuations are usually
quantified by the parameter > defined by Peimbert (1967) as

[ (T = To)’NiNedv

2
t : )
T2 [ NiN.dV
with
[ TeNiN.dV
0= "F———, )
[ NiN.dv

where N is the density of the ion used to measure the tempera-
ture, and where the integrals are calculated over the volume V of
the nebula. Essentially, T and 2 are the mean and the relative
variance of the temperature distribution weighted by the square
of the local density.

However, the magnitudes of the temperature fluctuations
needed to reconcile the recombination line metallicities with
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Table 1. Electron temperature indicators and symbols.

Spectroscopic index Temperature symbols

(1,(36467) — 1,(36467))/HB T.(Bac)
[O11] (14959 + A5007)/44363  T.(O )
[NTI] (16548 + 16584)/15755  T.(NTI)
[O1] (16300 + 16364)/15577 T.(01)
[Ar1i] (17136 + A7751)/45192  T.(ArIi)
[C1] (19823 + 19849)/18728 T.(C1)

those based on collisionally excited lines or the electron tem-
perature measurements from different line ratios of plane-
tary nebulae and HII regions of the order 2 ~ 0.02-0.10
(Dinerstein et al. 1985; Liu & Danziger 1993; Peimbert et al.
1995; Esteban et al. 1998, 1999a,b; Luridiana et al. 1999;
Gonzalez-Delgado et al. 1994) are considerably higher than
those predicted by standard photoionisation models (Gruenwald
& Viegas 1995; Kingdon & Ferland 1995; Pérez 1997), which
are typically in the range of # < 0.02. Besides, the physical
mechanisms that could possibly explain the large temperature
fluctuations presumed are unknown. Recently, an alternative so-
lution to the abundance problem has been proposed and sup-
ported based on the assumption of the presence of hydrogen-
deficient and very cold clumps inside the nebula, which, even
if they were to make up only a few percent of the total mass,
would be largely responsible for the emission of recombination
lines of heavy elements (Liu et al. 2000; Tsamis & Péquignot
2005; Tsamis et al. 2004). So, the question of the existence of
substantial spatial variations of electron temperature in nebulae
has became a key issue in the study of HII regions and planetary
nebulae.

There have been some attempts of estimating the magni-
tude of the temperature fluctuations from point-to-point mea-
surements of the temperature in planetary nebulae and HII re-
gions (Liu 1998; Krabbe & Copetti 2002; O’Dell et al. 2003;
Rubin et al. 2002, 2003). As a direct estimator for 2, Liu (1998)
has proposed the use of

>, XX (TL=To)’Fi(Hp)
ts - T2 N ] ’ (3)
23N, Fi(Hp)

where Té and Fj(HB) are the electron temperature and the
Hp flux obtained for the aperture i, respectively, and where N is
the total number of apertures. Clearly, this parameter is a biased
estimator of 2. We have that tf < 12, since the temperature mea-
sured at any aperture is a mean value inside a cylinder through
the nebula. So, any line of sight or small-scale temperature fluc-
tuation would be smoothed out by this kind of observation. For
this reason, it is clear that 72 can only give a lower limit to #*. In
the present paper, by means of model simulations, we assess the
feasibility and discuss the limitations of the > estimations based
on point-to-point measurements of the electron temperature in
ionized nebulae.

2. The models

We have numerically simulated a point-to-point measurement of
the electron temperature at a series of contiguous and equally
spaced rectangular apertures along the radius of a homoge-
neous and spherically symmetric nebula. Six different elec-
tron temperature sensors were considered, including the most
commonly used [O111](14959 + 15007)/44363, [N 11](16548 +
16584)/15755, and the Balmer jump at 3646 A relative to HB
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(see Table 1 for the complete list and for the symbols used for the
derived temperatures). The photoionization code Cloudy 95.03
(Ferland et al. 1998) was used to calculate the thermal and ion-
ization structure of the nebula. An inner radius of 10% of the
outer nebular radius was assumed. The non-LTE CoStar stellar
atmosphere models (Schaerer et al. 1996a,b; Schaerer & Koter
1997) for zero age main sequence stars were used. The solar
chemical composition was adopted. We ran models with the
effective temperature of the ionizing star varying from 38 500
to 50000 K, corresponding to spectral type from O8 to O3, ac-
cording to the calibration of Vacca et al. (1996), an with an ion-
ization parameter in the range —3.5 < log U < -2 and a hydro-
gen density 1.5 < log Ny (cm™3) < 4. Also, to test the effects of
spatial resolution on the simulations, we varied the number of
apertures in the range 5 < N < 1000.

The emissivities of the emission lines involved were cal-
culated with an n-level atom programme (5 < n < 10) that
we wrote using the atomic parameters from the IRAF/STSDAS
3.0mebular package database. For the fainter lines (e.g.
[O11]A4363 or [N1I]A5755), we considered the contributions to
the emissivities due to recombination and charge transfer effects,
since they are significant at some parts of the nebula. The emis-
sivity of the Balmer jump was calculated from 7. (in K units)
and the HB emissivity predicted by the code Cloudy by the
expression

P 2.00 x 10712 10"/ e 70517 (in Hz ™), 4)

deduced from the approximations given by Aller (1984, p. 76
and 99). The emissivities were integrated within the apertures
and along the line of sight to produce the emission line intensi-
ties. The simulated line ratios and the Balmer discontinuity were
used to derive the “observed” electron temperature in each aper-
ture using the same n-level atom models and numerically solving
Eq. (4) for T.(Bac).

3. Results and discussions

In Fig. 1, the comparison between the true electron tempera-
ture radial gradient and the spatial profiles of temperature ob-
tained from different sensors is shown for a typical example of
the simulations described in Sect. 2. This figure shows that the
temperature indicators can be divided into two groups. The elec-
tron temperature profiles derived from indicators associated with
ions occurring at large fractions of the nebula, such as T(Bac),
T.(OT1m), and T.(Ar1m), tend to follow the true internal temper-
ature variation fairly well. On the other hand, the spatial profiles
of temperatures obtained from line ratios of low ionization ions,
T.(NT), T.(O1), and T.(C1), are almost constant, at values rep-
resentative of the higher temperatures predicted for the outskirts
of the nebula, and badly fail to reproduce the inner part of the
electron temperature gradient, essentially because the low ion-
ization ions are concentrated in the outer and hotter parts of the
nebula.

Using expression (3), we calculated the relative variance 2
of the temperature profile for each temperature sensor consid-
ered, then compared them with the value of 2. The level of de-
pendency of 2 on the number of apertures N is summarised in
Table 2, which shows the range of the percentage values of >
for N = 5, 10, and 20, relative to tf for N = 100, found in
the simulations. We verified that tg calculated from T.(Bac),
T.(0m), and T (Arm) are little dependent on the number of
apertures, especially for N > 10. Even for as a small number
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Fig. 1. Comparison between the true electron temperature radial gradi-
ent (solid line) and the “observed” spatial profiles of temperature ob-
tained from different sensors with a very large number of apertures,
N = 1000 (broken lines), and with a small one, N = 20 (marks). The
input parameters for this model were: T = 43560 K, logU = -3,
and N, = 100 cm™. The spike in the T.(N1I) profile at the out-
skirts of the nebula, which is the consequence of a strong enhancement
of the [NII]JA5755 emission line by charge transfer effects in a more
than 95% neutral thin layer, is impractical to observe, because the cor-
responding [N1I] lines are extremely weak, and has a negligible effect
on the value calculated for (N 1I), due to the flux weighting.

as N = 5, these sensors produce reasonable results, with tg at
least 60% of the value for N = 100. This is a consequence of
the fact that the photoionization models predict a fairly smooth
gradient of temperature with steep spatial variations only at the
outer border of the nebula (see Fig. 1).

Figures 2 and 3 show the dependence of the electron temper-
ature fluctuation parameter #* on the ionization parameter U for
a fixed stellar temperature, Teg = 43 560 K, and on the effective
temperature of the ionizing star for a fixed ionization parameter,
logU = -3, and for 6 different values of hydrogen density in
the range 1.5 < log Ny (cm™) < 4, respectively. These figures
illustrate the kind of relationships between 2, U, Te, and Ny
found in the complete set of models. The > parameter ranges
from 0.001 to 0.05, with little dependency on the stellar effec-
tive temperature, but strong dependency on the hydrogen density
for log Ny (cm™3) S 3. According to the models, denser objects
would have more homogeneous temperature structures, and con-
sequently lower values of 2. The increase of temperature in the
outer parts of the nebula (see Fig. 1), caused by the hardening
of the ionizing radiation as the distance to the centre increases,
which is due to the preferential absorption of low-energy pho-
tons in the photoionization process, is more pronounced in rar-
efied objects, for which the ionizations are essentially produced
by photons coming directly from the stars. For denser objects,
the much softer diffuse radiation field plays a more important
role in the ionization of the nebula.
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Fig. 2. Temperature fluctuation parameter #* vs. the ionization parame-
ter U for T = 43560 K and six different values of hydrogen density
in the range 1.5 < log Ny (cm™) < 4.
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Fig. 3. Temperature fluctuation parameter 7> vs. the effective temper-
ature T.r of the ionizing star for an ionization parameter logU =
—3 and six different values of hydrogen density in the range 1.5
log Ny (cm™) < 4 (indicated by the same line types used in Fig. 2).

IA

In Figs. 4 to 15, we summarise the results of our simulated
evaluation of the spatial variance of the electron temperature
obtained from point-to-point measurements of temperature. In
these figures, the 2 parameter for each of the six electron tem-
perature sensors listed in Table 1 is shown as a function of the
ionization parameter U (for T = 43560 K) or stellar tem-
perature (for log U = —3) for a number of apertures N = 100
and different values of electron density. For all temperature sen-
sors considered, the ratio tf /1% showed little dependence on the
stellar temperature, especially for T.r = 43 000 K. Again, the
electron temperature sensors can be divided into two groups.
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Table 2. Dependency of #2 on the number of apertures N.

£2(N)/2(N" = 100) (per cent)

N Bac (03111 N1I O1 Ar 111 C1
5 6090 6291 4588 0027 7098 2883
10 8597 8496 67-92 25-56 83-99 58-87
20 97-99 94-99 8494 41-78 92-99  79-92
L ‘ I I ‘ I I ‘ I ‘ ]
40 | —
Co. T, = 43560 K 7
T a0l =
(&) = |
g B ]
S owr ]
S T ]
R -
0 B ‘ |
.006 — —
= .004
o
.002
0

log U

Fig. 4. Temperature fluctuation parameter of the simulated measure-
ments of T,(OIII) (in percentages of {*> in the upper panel and ab-
solute value in the lower panel) vs. the ionization parameter U for
N = 100 apertures, T = 43560 K, and six different values of hy-
drogen density in the range 1.5 < log Ny (cm™®) < 4 (indicated by the
same line types used in Fig. 2).

The temperature variances tf from T.(Bac), T.(O1m), and
T.(Ar1I) correspond to a significant fraction of ¢> of the or-
der of 20—40%, 8—40%, and 5-22%, in that order. On the
other hand, for the sensors associated with low ionization ions,
T.(N1I), T.(O1), and T.(CI), tf is always less than 10% and is
usually around 1-3% of 2.

To show the potential use of the present simulations, we have
estimated the global 7> from the measured values of 2(O 1)
for 30 Doradus and the Orion Nebulae. From the calibration
of the ionization parameter with the line ratio [S11](16717 +
A6731)/[S 111](19069 + 19532) by Diaz et al. (1991), and the
observed line ratios from Kennicutt et al. (2000), we estimate a
value of logU ~ —3.2 for both of these objects. The electron
density is log N, (cm™3) = 3.7 + 0.2 (Esteban et al. 1998) in the
Orion Nebula and log N, (cm™) = 2.5+ 0.1 (Peimbert 2003) in
30 Doradus. The spectral type of the main ionizing stars is O6
or O7 V in the Orion Nebula (Conti & Alschuler 1971; Copetti
& Bica 1983) and O3 in 30 Doradus (Massey & Hunter 1998),
which correspond to T = 40 000 K and 50 000 K, respectively,
according to the calibration of Vacca et al. (1996). From Fig. 5,
we verify that £2(O111) is 24% of #* for the 30 Doradus Nebula
and 28% of #? for the Orion Nebula.
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Fig. 5. Temperature fluctuation parameter of the simulated measure-
ments of T,(OTII) (in percentages of > in the upper panel and absolute
value in the lower panel) vs. the effective temperature T of the ionizing
star for N = 100 apertures, ionization parameter U = —3, and six dif-
ferent values of hydrogen density in the range 1.5 < log Ny (cm™) < 4
(indicated by the same line types used in Fig. 2).

From point-to-point measurements in three different direc-
tions on the plane of 30 Doradus Nebula, Krabbe & Copetti
(2002) found a fairly homogeneous spatial distribution of
[O 111] electron temperature, corresponding to £2(O 111) = 0.0025.
Therefore, we estimate a value of ¥ = 0.010 for this nebula,
which is very close to the value of > = 0.014 predicted by
the photoionization model with appropriate parameters. Similar
observations by Tsamis et al. (2003) confirmed that the spatial
variation of temperature is very small in this nebula. However,
based on the comparisons among electron temperatures obtained
from forbidden lines and from the Balmer continuum, as well
as among O*, O**, and C* ionic abundances obtained from
forbidden and recombination lines, Peimbert (2003) estimated
2 = 0.033 + 0.005 for 30 Doradus.

For the Orion Nebula, from the value of £2(O111) = 0.0079
measured by O’Dell et al. (2003), we derive £ = 0.028, which
is the same value as that obtained by O’Dell et al. (2003) us-
ing a completely different approach. They evaluated the tem-
perature fluctuation for the whole nebula from the projected
[O 1] temperature distribution, based essentially on the frac-
tion of the nebular volume occupied by the O** zone and on
the difference between the mean temperatures in the O and
O** zones. Through long-slit spectroscopy, Rubin et al. (2003)
have obtained eight independent estimates of ¢2(O 111) for four
different 52”7 x 0.5” areas over the Orion Nebula, finding val-
ues from 0.00682 to 0.0176, which correspond to > varying
from 0.024 to 0.062, according to our models. The two high-
est values for tf(O 111) were found for the fainter areas, conse-
quently from data with poorer S/N. The median of their esti-
mates from brighter areas, (O 111) = 0.0098, is probably more
representative of the whole nebula, and it leads to 2 = 0.035.
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Esteban et al. (1998) estimated 2 = 0.024 + 0.004 from the
comparison of O** abundances from collisionally excited and
recombination lines.

Although a more profound discussion about the existence of
significant temperature fluctuations in ionized nebulae is beyond
the scope of this paper, we observe that two different conclusions
were attained from the above comparisons. For the 30 Doradus
Nebula, we estimate a value of 2, compatible with that predicted
by photoionization models, but too small to invoke the temper-
ature fluctuations as the cause of the discrepancy between the
abundances derived from collisionally excited and recombina-
tion lines. On the other hand, for the Orion Nebula, we obtain
a magnitude for the temperature fluctuation that could explain
the abundance problem, but it is much higher than the predic-
tions of photoionization models for homogeneous nebulae. If the
projected temperature variance observed in the Orion Nebula is
confirmed (the knotty task is the discount of the pure error vari-
ance), it would leave no doubt that the classic temperature fluc-
tuations play an important role in the interpretation of the spectra
of H1I regions. 2D mapping of temperature with different indi-
cators for a significant sample of objects would be of help to
settle the question.

4. Conclusions

Through model simulations, we have assessed the feasibility of
quantifying the global spatial temperature fluctuation parame-
ter 2, based on point-to-point measurements of the electron tem-
perature across the nebula with different temperature sensors.
The main conclusions are:

1. The projected profiles of electron temperature obtained from
sensors associated with ions occurring in large fractions of
the nebula, such as T.(Bac), T.(O1), and T.(ArII), are
good tracers of the internal gradient of temperature. On the
other hand, the temperature profiles obtained from temper-
ature sensors corresponding to low ionization ions, such
as T.(N1), T.(O1), and T.(C1), are almost constant, at val-
ues corresponding to the temperatures of the outer parts
of the nebula, and fail to reproduce the true temperature
gradient.

2. The variances > of the distributions of the tempera-
tures T.(Bac), T.(O1m), and 7.(ArII), measured on the
plane of the sky, correspond to a significant fraction of
the total temperature fluctuation ¢>. For typical HII re-
gions (40000 < Teg S 50000 K, N, ~ 100-1000 cm™3,
and logU ~ =3), 2/t ~ 30%, 25%, and 15% for the
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distributions of T.(Bac), T.(O 1), and T.(ArIII), in that or-
der. On the other hand, for the sensors associated with low
ionization ions, Te(N 1), Te(O1), and Te(C1), 2 /1> =~ 2%.
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Fig. 10. The same as in Fig
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. 4, except for temperature 7.(O1).

\ \ \
= log U=-3 -
1 —
= N
= L N .
[0} ~. N
8 — Yo \,\ - -
g - So e e T T
= ~ I T T
o L ~ ST —
= ~ o -7
5 5 R —
0
8 — —
6 — —
w0
P L .
X L ]
S 4 —
N.‘_‘(/) — —
2 — —
0 B | ‘ | | ‘ | | ‘ i

Fig. 11. The same as in Fig
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. 5, except for temperature 7.(OI).
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Fig. 12. The same as in Fig. 4, except for temperature 7(Ar III).
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Fig. 13. The same as in Fig. 5, except for temperature T(Ar III).
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Fig. 14. The same as in Fig. 4, except for temperature 7.(CI).
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Fig. 15. The same as in Fig. 5, except for temperature 7.(C1).



