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Abstract. Abundance determinations in planetary nebulae (PNe) are crucial for understanding
stellar evolution and the chemical evolution of the host galaxy.

We discuss the complications involved when the presence of a metal-rich phase is suspected in
the nebula. We demonstrate that the presence of a cold region emitting mainly metal recombina-
tion lines necessitates a detailed treatment to obtain an accurate assessment of the enrichment
of this cold gas phase.
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1. Introduction

For more than 80 years, the abundance discrepancy (AD) has been a challenge in the
field of abundance determination in ionized nebulae. This discrepancy is the fact that
the ionic abundances relative to hydrogen (X¢/H™) obtained from observations of weak
recombination lines (RLs) of ions heavier than helium are systematically higher than
those obtained from much brighter collisionally excited lines (CELs) corresponding to the
same ion (Wyse 1942). This discrepancy is generally parameterized through the abun-
dance discrepancy factor (ADF, Tsamis et al. 2003), which is the ratio between RLs and
CELs abundances determined for a given ion (i. e. ADF = [X*/HT|grs/[XT/H ]| crLs)-
Recently, it has been found that a scenario in which the presence of temperature fluctua-
tions (Peimbert 1967) in the zones where the gas is most ionized, possibly produced due
to the stellar feedback effect, may be responsible for the AD in H 11 regions (Méndez-
Delgado et al. 2023). However, this scenario does not appear to work in the case of
planetary nebulae (PNe; Méndez-Delgado & Garcia-Rojas 2023, these proceedings).

The problem is further complicated when considering that in some PNe, the AD is
much greater (ADF > 10) than that measured in the vast majority of ionized nebulae
(ADF ~ 2-4). In these cases, a binary star that has gone through a common-envelope
phase is usually present. It has been shown that a large part of the AD is caused by
two plasma components with very different physical conditions. The first component has
temperatures similar to those of typical photoionized nebulae with a spectrum mainly
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composed of RLs of H and He and CELs of heavy elements. The second component is
much colder and emits almost no CELs, but its spectrum of RLs of heavy elements is
very strong (Corradi et al. 2015; Wesson et al. 2018). The presence of this cold com-
ponent significantly affects the determination of the physical conditions of the gas and
the determination of the chemical abundances in both components (Gémez-Llanos et al.
2020; Garcia-Rojas et al. 2022).

Gémez-Llanos & Morisset (2020) developed a grid of photoionization models that
combine cold metal-rich clumps embedded in a normal metallicity region and found that
the real contrast between chemical abundances relative to H in both components (the
Abundance Contrast Factor, ACF) could be different from the observationally computed
ADF. These results call for a review of the methodology for computing ion abundances
in this type of objects.

2. Using a correct temperature for H3

In the following, we use the same formalism and equations as in Gémez-Llanos et al.
(2024, in prep.).

The classical way of determining ionic abundances from emission line is using the
following relations:

i

X
IA:/ NeNxi€x(To, Ne)dv n2.ex(Te,ne).V, (1)
\4

H+
where n. and nx. are, respectively, the densities of electrons and of the ions under
consideration, €y (T, ne) is the line emissivity in erg/s.cm®, X*/H™ is the ionic abundance
to be determined, Ty is the electron temperature (but see below). The integral is carried
out over the volume V of the nebula. In the case of HS line this relation is:

Igz/ Neng+-€(Te, ne)dv ~n2.e5(Te, ne).V, (2)
%

neglecting the contribution of elements other than H to free electrons. Combining both
relations leads to:
Xi - I)\ Eﬂ(Te, ne)
H+ Iz ex(Te,ne)’

3)

where I)/I5 is the line ratio involving the X’ ion. Here, we find the first potential
problem: the temperature and density used in both emissivities are not necessarily the
same. It is very common in detailed analysis to consider two or even tree zones in the
considered nebula, the difference between the zones being described by the main ions it
contains. For example, a two-zone description could have a low ionization zone where
the temperature is determined from [N 11] A5755/A6584, while the high ionization zone is
described by the [O 111] A4363/A5007 temperature diagnostic. The important issue here
is the temperature (and density in a less important way) used in the HS emissivity: as
the HQ line is the same in both zones, its emissivity should not depend on where the
metal line is coming from. The emissivity of the HS line must be obtained from a pair
of T,, N, representative of the whole H™ region, which encloses both zones.

As an illustration, we consider a nebula where the low ionization zone has a tem-
perature of 12,000 K, while the high ionization zone is at 9,000 K. The H1 line can be
considered at 10,000 K. The classical way to determine abundances, using the same elec-
tron temperature for the metal line and for HB would underestimate the N*/H™ ionic
abundance in the low ionization zone (using [N 1] A\6584) by 15%, while it would over-
predict the O+ /H™ ionic abundance in the high ionization zone (using [O 111] A5007)
by 9%.

https://doi.org/10.1017/51743921323005537 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921323005537

152 C. Morisset et al.

The PyNeb getIonabunce method gives the user the opportunity to specify the elec-
tron temperature for the line under consideration, as well as the temperature for the Hp
line used to normalize the observation:

03.getIonAbundance(int_ratio=350, tem=9000, den=100., wave=5007,
Hbeta=100, tem_HI=10000)

3. Cold regions disguised as hot ones

In the case of a metal-rich cold phase, the dominant channel to produce emission lines
such as [N 11] A5755 or [O 111] A4363 is not longer the radiative decay following a collisional
excitation of Nt or O ions, but rather the recombination of N*+ to N* or O3t to
O, respectively.

This phenomenon has already been reported in observations (e.g. Jones et al. 2016;
Garcia-Rojas et al. 2016, 2022) and in theoretical studies (e.g. Gémez-Llanos & Morisset
2020). Failing to consider the contribution of the recombination to the auroral lines leads
to significantly inaccurate estimations of the electron temperature and subsequently the
chemical abundances.

4. Detailed abundance determinations for two-components plasma

In the case of two different phases of gas mixed in the line of sight, the previous
relations lead to the following.

L= 1Y+ IS
-Xi-w w wo,w w
= m '(ne)2'€)\(Te7ne)'V

Xi]°
; [ } () - ex (T, mE) - V*

= “[None]® - ex(Te,nl)

L =
Jr

[S] e

Xi1°
+ [H*} - [Nomo]© - ex(Ts, ng),

the case of HS being:
Ig= 15+ 1Ij
= (n)? - ep(T,ne). VY + (n)? - (15, ng).V*
= [Ne.ne]" - eg(T5", ng) + [Ne-nel” - €5(T¢, mg)

:(1—(.0)-]5—1—(4)-]5,

()

where the w and ¢ superscripts are used for the warm and cold regions, respectively, and
w is defined as the weight of the cold region in the Iz emission: w :Ig/IB. The total
number of electrons in each region is N, =n,.V.
Combining the 2 previous equations, we obtain:
L [x]" (1—w) a(Te’ s ne')
- = . —w) -
Iy |HT ep(Te, n¢)
’ C
LX) el
H+ es(T¢, ng)
When a line is mainly emitted through collisional excitation followed by radiative tran-
sitions, the ratio of its emissivities €)/eg vanishes at low electron temperature, and the

(6)
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line is produced exclusively by the warm region. On the other hand, when a line origi-
nates from recombination followed by radiative transitions, the ratio of emissivities € /€3
remains almost independent of the electron temperature. The contribution of the warm
(cold) region to the observed line intensity depends primarily on 1 —w (w respectively),
as well as on the ionic abundance of the emitting ion.

Using the findings of bi-abundance models built by Gémez-Llanos & Morisset (2020)
and depicted in their Fig. 18, in the following we explore the hypothesis that [O 111] and
O 11 come from exclusive regions (warm and cold, respectively). The ionic abundances
for each region are determined from different lines using the following equations:

D S D es(T, nY)
HY| — (1-w)-Ig ex(T@,ne)’

(7)

when I§ =0, and:

{Xi ] L (T8, nl) (8)

HY| ~w s e(Teng)

when I =0.

It is important to note here that the T, and n, values used to compute the HS emissivity
should correspond to the specific region under consideration (warm or cold). Refer to
Sec. 2 for the case of the warm region.

The ionic abundances derived from both collisionally excited lines and recombination
lines using the generic eq. 3 are both underestimated by a factor close to 1/(1 —w) and
1/w respectively. If the effect of w is not taken into account, the ratio between the two
determinations is the classical ADF. Thus, ACF is linked to ADF by a factor of (1 — w)/w,
which can be notable. Hence, there is a clear necessity to determine w for each spaxel in
the images to attain reliable abundances.

The determination of the weight of the cold region w is a challenging task. It can be
computed by considering that the hydrogen emission arises from both regions, and that
the Balmer or Paschen jump normalized to an HT line is indicative of the emission con-
tribution from each region. This ratio is commonly employed to determine the so-called
Balmer or Paschen temperature. In the case of two regions with very different temper-
atures, the derived temperature from the Balmer or Paschen jump may not accurately
reflect the actual temperature of any plasma component within the observed object.

The theoretical Paschen jump and H-lines are computed as the sum of contributions
from both the cold and the warm regions:

PJ (w, Tew, Tec, n;”, Tlg) = [Ne.’/le]w . Cgloo(Tew, le) + [Ne.’/le]c . Cgloo(TeC, Tlg)

e

— [Ne-ne]™ - Cgaoo (T3, ng’) — [Nene]® - Craoo (T, ng)

- [(1 ) s Gl ) ~ o T2 n;f»} )

1
+ |:w . Wzng) . (Cgloo(Tec7 ?”Lg) - 08400(Tec7 ’I”Lg)):|

I
Tg229 (w, T¢", T, ng’,g) = (1 —w) - % “€9229(T5" me)
eﬂ(Te ) Ne )
; (10)
ﬂ C c
B T
e T gy e

In the first equation, we omit explicitly stating the dependencies of the continuum on
He™ /HT and He?*t /H*, but they are considered.
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Figure 1. Colored hexagons show the variation of w when T’ varies from 6,000 to 14,000 K
and the normalized Paschen jump PJ/Ige99 varies from 0.010 to 0.017. Fixed values are set to:
TS = 3,000 K, n® = n¢ = 1,000 cm™*, He™ /H' = 0.1, and He** /H™ = 0.005. Lines of different
styles show the values of PJ/Iga29 for different values of Ty and a fixed value of w = 0.1.

The normalized Paschen jump PJ/Igog9 is computed using PyNeb (Luridiana et al.
2015) across a grid of T2, T, and w, and constant values for n%, nS, Het /HT, and
He?* /H*. These numerical values must be adapted for each object. As an illustration,
the values of PJ/Ig229 obtained for T between 6,000 and 14,000 K, and w between 0
and 0.25, and fixed values of T¢ = 3,000 K, n¥ = n¢ = 1,000 cm~3, He™/HT = 0.1,
and He?* /H* = 0.005 are used in Fig. 1 to draw as colored hexagons the variations of
w relative to PJ/Igaa9 and T*. Lines are also showing the effect of changing 7.¢ to 1,000,
2,000, 3,000 (the same value used for the colored hexagons), and 4,000 K for the case
w = 0.1.

A numerical algorithm (which can be an Artificial Neuron Network) is then used to
interpolate the inverse problem to predict w from TY, T¢, and PJ/Igaag.

In the case of NGC 6153, Gémez-Llanos et al. (2024, in prep.) generate a spatially
resolved map of w and use it to compute the ACF of O?+.

5. Conclusions

As highlighted by Richer et al. (2022) regarding the PN NGC6153, “reality is
complicated” when determining the chemical abundances in PNe, particularly in those
with high ADFs. It is essential to pay close attention to details when attempting
to obtain accurate chemical abundances in these objects, as has been shown in this
proceeding.
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