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Abstract
We present chemical abundances of carbon (C) and oxygen (O) in the Large and Small
Magellanic Clouds from deep and high-quality optical spectra of H ii regions. The data
have been taken using the Ultraviolet-Visual Echelle Spectrograph at the 8.2-m Very Large
Telescope with the goal of detecting the faint C ii and O ii recombination lines. For all
the objects of the sample, we determine C2+ abundances from recombination lines and
O2+ abundances from recombination lines and collisionally excited lines. In addition, we
calculate the abundance discrepancy factors (ADFs) for O2+ and C2+ , as well as the O/H,
C/H and C/O ratios. We study the behaviour of the ADF comparing the values obtained
in the Magellanic Clouds with those obtained for other H ii regions in different galaxies. We
also compare the nebular and stellar abundances in two regions of the sample. Finally, we
discuss the chemical evolution of the MCs through the O/H, C/H and C/O radial gradients
and the changes of the C/O ratio as a function of O/H.

1

Introduction

A proper knowledge of the chemical composition of extragalactic H ii regions is essential for
building chemical evolution models of galaxies. However, a well-known and unsolved issue
in the physics of ionized nebulae is the so-called abundance discrepancy problem. It refers to
the difference between the chemical abundances determined from recombination lines (RLs)
and from collisionally excited lines (CELs) of the same ion. Abundances based on RLs
are systematically higher than those derived from CELs. The traditional method used to
derive abundances is based on CELs because they are brighter and easier to detect than the
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optical RLs. On the other hand, the RLs are less dependent on the variations of the physical
conditions and therefore, they provide more stable abundances.
Measurements of the faint RLs as C ii 4267 Å and the multiplet 1 of O ii at about 4650 Å
have permitted us to calculate the C2+ and O2+ abundances for a sample of H ii regions in
the Large Magellanic Cloud (LMC) and the Small Magellanic Cloud (SMC). For each H ii
regions, we computed the abundance discrepancy factor (ADF), which is defined as:
ADF(Xi+ ) ≡ log(Xi+ /H+ )RLs − log(Xi+ /H+ )CELs

(1)

where Xi+ corresponds to the ionization state i of the element X.

2

The sample

The sample comprises 5 H ii regions in the LMC and 4 in the SMC. We observed 7 of these
objects using the Ultraviolet Visual Echelle Spectrograph (UVES) at the Very Large Telescope
(VLT) at Cerro de Paranal Observatory (Chile) on 2003 March and 2013 November. The data
of the other two H ii regions were taken from [13] and [14]. In order to have an homogeneous
data set, in these two cases, we took the measured line fluxes and performed the analysis in
the same way than for the rest of the sample.
In this work we also used the C and O abundances of H ii regions in other galaxies
taken from the literature: the Milky Way ([7, 8, 9, 10, 5, 3]), M101 ([4]), M33 ([15]) and
dwarf galaxies ([2]).

3

Nebular abundances and metallicity-dependence of the ADF

We calculated the ADF(O2+ ) for all the objects of the sample. The values show a fairly low
dispersion in both galaxies. Only the N44C region, which has He ii lines in its spectrum,
presents an ADF(O2+ ) higher than the rest of the objects of the LMC. We also computed
the ADF(C2+ ) using the C2+ abundances derived from CELs in the UV by [11] and [1]. The
results show a higher dispersion than the ADF(O2+ ). Table 1 contains the ADF of O2+ and
C2+ for the H ii regions in the LMC and SMC.
In order to explore a possible metallicity-dependence of the ADF, we studied the behaviour of the ADF(O2+ ) in the H ii regions of several galaxies as a function of the total
O abundance. The left-panel of Fig. 1 shows the results when we use the O abundances
based in RLs. We computed the average of ADF(O2+ ) for different metallicity bins of the
O/H ratio in the right panel of Fig. 1. The results are difficult to interpret. The ADF(O2+ )
shows a minimum value at 12 + log(O/H) ∼ 8.5 and increase when the O abundances are
higher and lower drawing a seagull shape. The remarkably consistent value of the ADF(O2+ )
obtained for the H ii regions of each one of the MCs has been the main reason to search for
a metallicity-dependent behaviour of the ADF. The trend we found for the low-metallicity
objects seems to be clear, but the high dispersion at the highest metallicities (12 + log O/H
> 8.7) has blurred any clear trend.
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Table 1: ADF of O2+ and C2+ for H ii regions in the LMC and SMC.
LMC
ADF(O2+ )
ADF(C2+ )

30 Doradus
0.14 ± 0.05
0.22 ± 0.23

0.65

0.65

0.55

0.55

0.45

0.45

ADF(O2+ )

ADF(O2+ )

ADF(O2+ )
ADF(C2+ )

N44C
IC2111
NGC1714
N11B
0.31 ± 0.03 0.18 ± 0.12 0.20 ± 0.09 0.20 ± 0.04
–
0.01 ± 0.25 0.10 ± 0.25
–
SMC
N66A
N81
NGC456
N88A
0.35 ± 0.13 0.33 ± 0.11 0.29 ± 0.13 0.29 ± 0.10
0.45 ± 0.10 0.43 ± 0.10
–
0.38 ± 0.04

0.35
0.25
0.15
0.05
8.1

0.35
0.25
0.15

8.3
8.5
8.7
12 + log (O/H)RLs

8.9

0.05
8.1

8.3
8.5
8.7
12 + log (O/H)RLs

8.9

Figure 1: ADF(O2+ ) versus O/H ratio derived from RLs. In the left-hand panel we show
data for H ii regions in different galaxies. The right-hand panel represents the average of
ADF(O2+ ) for different abundance bins.
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Figure 2: Comparison between C and O abundances of two H ii regions obtained from CELs
(red rectangles) and RLs (blue rectangles) and B-type supergiant stars belonging to the
associated clusters [12] (black dots and error bars).
We also studied the ADF(C2+ ) as a function of the total O abundances. We find an
apparent trend of a slightly larger ADF(C2+ ) at lower abundances. Unfortunately, there are
only two determinations of the ADF(C2+ ) for metal-rich Galactic H ii regions and they are
uncertain, given the large aperture effects in extended H ii regions. However, their ADF(C2+ )
are also larger than those of the objects with 12 + log(O/H) ∼ 8.5, in agreement with the
general behaviour shown in Fig. 1.

4

Comparison between nebular and stellar abundances

An interesting test to explore the abundance discrepancy problem is to compare the abundances derived from CELs and RLs in H ii regions with those determined in B-type stars
located in their vicinity. The O abundance of B-type stars should reflect the present-day
chemical composition of the interstellar material in the regions where they were formed and
are located.
In the left-panel of Fig. 2 we compared our C and O nebular abundances with those
determined by [12] for B-type stars in the H ii regions N11 in the LMC and N66 in SMC.
We conclude that O abundances derived for B-type stars agree better with the nebular ones
derived from CELs than with those derived from RLs. The C abundances determined from
RLs are too high and inconsistent with the stellar ones when we assume that part of the C
is embedded in dust grains (0.10 dex see [6]).

5

The spatial distribution of O and C abundances

We studied the spatial distribution of O and C abundances as a function of the fractional
galactocentric distances (R/R25 ) in the LMC and SMC. Table 2 shows the radial abundance
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Table 2: Radial abundance gradients for the LMC and SMC.
Lines
12 + log(O/H)

0.3

0.2

0.0

0.0

−0.3
−0.6
−0.9
−1.2
−1.5

−1.8
−22

Slope O/H
Slope C/H
Slope C/O

−21

−20

−19
Mv

M31
M101
MW
NGC 2403
M33
NGC 300
LMC
SMC

−18

−17

log C/O (RLs)

Gradient slope (dex(R/R25 )−1 )

12 + log(C/H)
log(C/O)

CELs
RLs
RLs
RLs

slope(dex (R/R25 )−1 )
LMC
SMC
0.05 ± 0.05 −0.03 ± 0.03
0.04 ± 0.06 −0.08 ± 0.04
0.05 ± 0.05 0.01 ± 0.06
0.01 ± 0.08 0.09 ± 0.07

−0.2
−0.4
−0.6
−0.8
−1.0

−4.0 −3.8 −3.6 −3.4 −3.2 −3.0
log O/H (RLs)

Figure 3: Left-panel : Slope of O/H (magenta dashed line/symbols), C/H (red continuous
line/symbols) and C/O (cyan dotted line/symbols) radial gradients versus absolute magnitude (MV ) for several galaxies. Right-panel : C/O versus O/H ratios of H ii regions in different
galaxies: LMC (red circles), SMC (blue stars), star-forming dwarf galaxies (gray pentagons)
and other spiral galaxies (open triangles).

gradients for both galaxies. We find that the slope of the O/H gradient is almost the same
using CELs or RLs and can be considered essentially flat in both galaxies. Moreover, the
slope of C/H and C/O gradients in both galaxies can also be considered practically zero, in
contrast with the results that are found in spiral galaxies (e.g. [4, 15]).
The left-panel of Fig. 3 represents the slope of O/H, C/H and C/O gradients for different
nearby spiral galaxies. The results we found strengthen those found by [15], where C/H and
C/O gradients show a clear correlation with the absolute magnitude MV of the galaxies. The
more luminous galaxies show steeper slopes of C and C/O than the less luminous ones.
In addition, we studied the behaviour of C/O versus O/H ratios determined from RLs
in the right-panel of Fig. 3. The position of the H ii regions in the figure suggests that the
chemical evolution of the SMC behaves as a typical star-forming dwarf galaxy, while the LMC
seems to be similar to the external zones of small spiral galaxies.
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