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ABSTRACT

We report the detection of absorption from interstellar C, and C; towards the moderately
reddened star Sk 143, located in the near ‘wing’ region of the SMC, in optical spectra obtained
with the European Southern Observatory Very Large Telescope (VLT)/Ultraviolet and Visual
Echelle Spectrograph. These detections of C, (rotational levels J = 0-8) and C; (J = 0—
12) absorption in the SMC are the first beyond our Galaxy. The total abundances of C,
and Cj (relative to H,) are similar to those found in diffuse Galactic molecular clouds —
as previously found for CH and CN - despite the significantly lower average metallicity of
the Small Magellanic Cloud. Analysis of the rotational excitation of C, yields an estimated
kinetic temperature T} ~ 25 K and a moderately high total hydrogen density ny ~ 870 cm ™
— compared to the Ty, ~ 45K and ny ~ 85-300 cm ™~ obtained from H,. The populations of
the lower rotational levels of Cs are consistent with an excitation temperature of about 34 K.

Key words: ISM: molecules —ISM: lines and bands — galaxies: ISM —Magellanic Clouds.

1 INTRODUCTION

Understanding the properties of diffuse molecular gas, where hy-
drogen makes the transition from being predominantly atomic to
predominantly molecular, is key for understanding the formation of
molecular clouds — with consequent implications for both star for-
mation and galactic evolution. Moderately reddened sight lines in
the Magellanic Clouds can probe such diffuse molecular gas under
environmental conditions somewhat different from those found in
the local Galactic interstellar medium (ISM). Both the metallici-
ties and the average dust-to-gas ratios are lower in the Magellanic
Clouds — by factors of 2-3 in the Large Magellanic Cloud (LMC)
and 4-5 in the Small Magellanic Cloud (SMC) (e.g. Smith 1999;
see also references in appendices to Welty et al. 1997, 1999; Welty,
Xue & Wong 2012). The ambient UV radiation fields are (on aver-
age) stronger by factors of a few (e.g. Lequeux 1989), and the fields
within the interstellar clouds are further modified by differences in
UV extinction, especially in the SMC (e.g. Gordon et al. 2003; Car-
tledge et al. 2005). Such environmental differences are predicted
to significantly affect both the structure and the composition of
diffuse molecular clouds. For example, the photon-dominated re-
gions surrounding largely molecular cores are expected to be more
extensive in the Magellanic Clouds, as are regions of so-called
‘dark’ molecular gas, with significant amounts of H, not traced
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by CO emission (Maloney & Black 1988; Pak et al. 1998). The
interplay between the lower metallicities, differences in relative
elemental abundances and such structural differences will likely
yield both obvious and subtler differences in the abundances of
various molecular species, in both relatively diffuse and denser
clouds (e.g. Johansson 1997). Studies of these two nearby low-
metallicity systems — where we know the stellar abundances and
can compare emission and absorption diagnostics in many loca-
tions — thus can provide insights into both interstellar chemical pro-
cesses and the conditions in more distant low-metallicity galaxies,
where the systems are poorly resolved and the information is not as
complete.

Large-scale surveys of the CO emission in the Magellanic
Clouds, undertaken with the 4-m NANTEN telescope at a reso-
lution of 2.6 arcmin, have indicated the overall distributions of the
denser molecular gas in the LMC and SMC (Mizuno et al. 2001;
Yamaguchi et al. 2001; Fukui et al. 2008). Higher resolution [full
width at half-maximum (FWHM) ~ 45 arcsec] observations of
many of the regions detected in CO, using the Swedish-European
Southern Observatory (ESO) Submillimetre and Mopra Telescopes,
have revealed additional structure on smaller spatial scales (Israel
etal. 1993, 2003; Muller et al. 2010; Wong et al. 2011). In the LMC
and especially the SMC, the CO emission is typically both weaker
than for comparably sized Galactic molecular clouds and more con-
centrated into colder, denser clumps — with little CO emission from
any more diffuse ‘interclump’ gas (e.g. Rubio et al. 1993a; Rubio,
Lequeux & Boulanger 1993b; Lequeux et al. 1994). Comparisons
with maps of the 21 cm emission from H1 and the IR emission
from dust, which is thought to trace both atomic and molecular
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gas, however, strongly suggest that there is a significant amount of
more diffuse molecular gas present outside the molecular cores seen
in CO (e.g. Leroy et al. 2007, 2009; Bernard et al. 2008; Bolatto
etal. 2011). Observations of additional molecular species, obtained
for several regions where the CO emission is relatively strong, have
yielded relative molecular abundances a factor of 10 or more smaller
than those found (for example) in Orion KL and TMC-1 (Johansson
et al. 1994; Chin et al. 1998).

Far-UV spectra covering the Lyman and Werner bands of H,
were obtained (under various programs) for nearly 300 LMC and
SMC sight lines with the Far-Ultraviolet Spectroscopic Explorer
(FUSE) satellite, and are now available via the FUSE Magellanic
Clouds Legacy Project (Blair et al. 2009). Analysis of the H, ab-
sorption in ~145 (mostly lightly reddened) sight lines has indicated
both generally lower molecular fractions [f{H,) = 2N(H,)/N(H,y),
where N(H,,;) = N(H1)+2N(H;)] and generally enhanced H, rota-
tional excitation in the Magellanic Clouds — requiring both a lower
H, formation rate (presumably due to the lower dust-to-gas ratios)
and increased photodissociation and excitation by the stronger am-
bient radiation fields (Tumlinson et al. 2002; Cartledge et al. 2005;
Welty et al. 2012). The kinetic temperatures inferred from the rela-
tive populations in the lowest two H, rotational levels — generally
between 40 and 120K — are similar to those found for diffuse
molecular clouds in the local Galactic ISM, however. And despite
the differences in average total gas-to-dust ratios N(H)/E(B —
V) between the Milky Way, LMC and SMC, the corresponding
N(H,)/E(B — V) ratios are more similar in the three galaxies
(Welty et al. 2012).

Observations of optical/UV absorption from other simple molec-
ular species in the Magellanic Clouds have been much more lim-
ited. CH and/or CH" have been detected towards three SMC and
nine LMC stars; CN has been detected towards Sk 143 (SMC)
and Sk—672 (LMC) and CO absorption has been reported towards
three LMC stars (Magain & Gillet 1987; André et al. 2004; Welty
et al. 2006; Cox et al. 2007). The CH/H, ratio is comparable to that
found for diffuse Galactic molecular clouds in some of the LMC
and SMC sight lines, but is lower by factors up to 10-15 in others
(Welty et al. 2006). The CO column densities in the three LMC
sight lines are slightly higher than for Galactic sight lines with
comparable N(H,) (André et al. 2004). The abundances of CH and
CO thus appear to depend sensitively on local physical conditions
— not just on metallicity. For the sight lines where CN is not de-
tected, much of the CH (and perhaps CO) in diffuse molecular gas
in the LMC and SMC may be produced via the still undetermined
process(es) responsible for the observed CH' — perhaps in more ex-
tended photon-dominated regions (Zsargd & Federman 2003; Welty
et al. 2000).

In this paper, we present the first detections of absorption from
C, and C; in the ISM of the SMC — which are also the first such
detections in any extragalactic system. Section 2 describes the ob-
servations and the processing of the spectroscopic data. Section 3
discusses the derived abundances and rotational excitation of the
two molecules. Analysis of the rotational excitation of C, yields
estimates for the temperature and density — independent of those
obtained from H, or detailed chemical models — in the main SMC
cloud containing the molecules. Section 4 summarizes our results.

2 OBSERVATIONS AND DATA ANALYSIS

The sight line towards the moderately reddened [E(B — V)sme =
0.33] 09.7 Ib star Sk 143 (AzV 456), located in the near ‘wing’
region of the SMC, appears to be rather atypical of the SMC (within

the current relatively small SMC samples). The UV extinction curve
for Sk 143 has a noticeable 2175 A bump and moderate far-UV rise
—more similar to typical Galactic extinction curves than those found
for most other sight lines in the SMC (Lequeux et al. 1982; Gordon
et al. 2003; though see Maiz Apelldniz & Rubio 2012). The gas-to-
dustratio, as given by N(H, )/E(B — V) =8.2 x 10> cm™2 Inag_l ,18
much closer to the average Galactic value (5.6 x 10*! cm™2 mag™")
than to the average SMC value (23.4 x 10?! cm~2 mag~") (Welty
et al. 2012). The fraction of hydrogen in molecular form, f{H,) ~
0.63, is the highest known in the SMC (Cartledge et al. 2005; Welty
et al. 2012), and the depletion of titanium is the most severe (Welty
& Crowther 2010). The relative abundances of Na1, K1, CH, CN,
and the (unidentified) carriers of certain of the diffuse interstellar
bands are more similar to those seen in the local Galactic ISM than
in other SMC sight lines (Welty et al. 2006; Cox et al. 2007; Welty
& Crowther, in preparation); the K 1/Naratio is unusually high. The
spectra discussed in this paper have also yielded the first detections
of absorption from Li1 beyond our Galaxy (Howk et al. 2012).
While multiple SMC components are seen for Can and Tin, the
neutral atomic and molecular species are found predominantly in a
single narrow (b ~ 0.5-0.8 km s~') component near a heliocentric
velocity of 132 km s~! (Fig. 1) — which corresponds to the strongest
component seen in Hi 21 cm emission (Welty et al. 2006, 2012;
Cox et al. 2007; Howk et al. 2012). The UV extinction, gas-to-
dust ratio and abundances seen towards Sk 143 do not seem to
be characteristic of the entire SMC wing region, however (Welty
et al. 2006, 2012; Cox et al. 2007; Welty & Crowther 2010 and in
preparation).

Optical spectra of Sk 143 were obtained with the ESO VLT
Ultraviolet and Visual Echelle Spectrograph (UVES; Dekker et al.
2000) via service observing in 2008 September. A standard dichroic
#2 setting, with grating central wavelengths near 3900 A (blue) and
7600 A (red), yielded spectral coverage from about 3290-4520 A
in the blue and from about 5685-7525 and 7660-9465 A in the red.
While the primary aim of the observations was to obtain sensitive
measurements of the interstellar Li1 lines near 6707 A (Howk et al.
2012), this setting also covers numerous other interstellar atomic
and molecular absorption lines — including the A—X (2-0) and (3—
0) bands of C, and the A — X (000-000) band of Cs discussed in
this paper. Ten 2850 s exposures were taken through a 0.7 arcsec slit,
and the resulting spectra were reduced via the UVES pipeline. The
final summed spectra have a resolution of about 4.0 km s~! (near
6700 A; Howk et al. 2012) and S/N ratios ranging from about 80
(per half resolution element) near 3300 A to about 300 near 4200 A.
Normalized spectral segments containing the various interstellar
absorption features were obtained by dividing the summed spectra
by low-order polynomial fits to the adjacent continuum regions (e.g.
Fig. 1).

Table 1 lists the equivalent widths measured from the normal-
ized spectra, for unblended lines of various molecular species
seen towards Sk 143. The uncertainties include contributions from
both photon noise and continuum placement (Jenkins et al. 1973;
Sembach & Savage 1992). For CH, CH" and CN, the equivalent
widths generally are consistent with those derived from earlier,
lower S/N UVES spectra of Sk 143 (Welty et al. 2006; Cox et al.
2007) — but with a reduced upper limit for N(CH").

Column densities for the molecular species were determined from
the measured equivalent widths (for weak, unblended lines), by inte-
gration of the apparent optical depth over the absorption-line profiles
and via detailed fits to the line profiles (using the program FITS6P; e.g.
Welty, Hobbs & Morton 2003). Figs 2 and 3 show the normalized
spectra of the C; A—X (2—0) band near 8760 A (with S/N ~ 140)
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Figure 1. Spectra of interstellar atomic and molecular absorption lines
towards Sk 143 (SMC components only). The Na1 25895 spectrum was
obtained with the ESO Coudé Echelle Spectrograph (CES) (FWHM ~
1.35 km s~'; Welty & Crowther, in preparation); all other spectra were ob-
tained with the ESO UVES (FWHM ~ 4 km s~ ). While many components
are seen in Can and Ti 1, the neutral atomic and molecular species are found
predominantly in a single narrow component at about 132 km s~

and the C3 A — X (000)—(000) band near 4051 A (with S/N ~ 270),
respectively, towards Sk 143. Absorption from rotational levels J =
0-8 (for C;) and J = 0-12 (for C;) can be discerned in the spectra
at a velocity of about 132 km s~'; for C,, it is clear that the bulk
of the absorption is in levels J = 0—4. Column densities for the in-
dividual C, and Cj; rotational levels (Table 2) were determined via
simultaneous single-component fits to the lines from the P, Q and R
branches, using the rest wavelengths and f~values tabulated by Son-
nentrucker et al. (2007) for C, and by Adémkovics et al. (2003) for
C;. A b-value of 0.7 km s~', required to obtain consistent column
densities from both weak and strong lines of K1 and Na1 (Welty
et al. 2006; Howk et al. 2012; this study), was adopted for the lines
of CN, C, and C; as well. Because the absorption from C, and C;
is relatively weak [e.g. <11 mA for the individual C, A—X (2-0)
lines], the column densities are insensitive to the adopted b-value,
for b > 0.3 km s~!. Because the b-values were fixed in fitting the
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Table 1. Sk 143: SMC equivalent widths.

Species Transition A (A) W;, (mA)
CH B—X (0,0) Ro(1) 3878.768 25402
B—X (0,0) Q2(1)+2R5(1) 3886.410 72403
B—X (0,0) P012(1) 3890.213 48+04
A—X (0,0) Rae(1)+Rof(1) 4300.3132  21.7+0.4
CH* A—X (0,0) R(0) 4232.548 <0.7
CN B—X (0,0) R (D+Ra(D+RQ12(1)  3873.999 26403
B—X (0,0) R (0)+"012(0) 3874.607 7.0+03
B—X (0,0) P1(D+F012(1) 3875.764 1.0+03
C, A—X (2,0) R(4) 8751.685 24409
A—=X (2,0) R(2) 8753.949 105+ 1.3
A—X (2,0) R(0) 8757.686 6.6+1.1
A=X (2,00 0(2) 8761.194 74+£12
A—X (2,0) 0(4) 8763.751 57410

Uncertainties are 1o ; limits are 3o.

profiles, the uncertainties derived in those fits for the individual N(J)
were underestimated. The somewhat larger values listed in Table 2
reflect the uncertainties in the equivalent widths of the correspond-
ing absorption lines. The adopted fits to the C, and C; bands are
shown by the smooth dotted curves in Figs 2 and 3, respectively. The
residuals (data minus fit) are shown below the spectra (centred at
0.9) in each figure. The C, column densities derived from the A—X
(2-0) band yield an acceptable fit to the weaker A—X (3-0) band.
The total N(C,) =4.7 + 0.4 x 103 cm~2 and N(C3) = 5.7 + 0.6 x
10'2 cm~ listed in the table include contributions from unobserved
higher rotational levels, based on analyses of the rotational excita-
tion (see below). For C,, the unobserved levels contribute less than
2 per cent of the total. For Cs3, however, the typical shallow fall-off
of the higher-J populations (e.g. Addmkovics et al. 2003) suggests
that the unobserved levels may contribute of order 15 per cent of the
total column density [based on an assumed excitation temperature
of 400K for J > 14 (typical of the sight lines in Adamkovics et al.
2003), with N(J = 14) set by an extrapolation of the lower-J popu-
lations]. The molecular column densities, together with those of H1
and H, (Cartledge et al. 2005; Howk et al. 2012; Welty et al. 2012),
are listed in Table 3. The uncertainties listed for the total column
densities include the uncertainties in the contributions from those
unobserved levels.

3 RESULTS/DISCUSSION

3.1 Abundances of C, and C;

The chemistry and excitation behaviour of C, in diffuse and translu-
cent clouds have been explored in a number of previous studies
(e.g. van Dishoeck & Black 1982; van Dishoeck & de Zeeuw 1984;
Federman & Huntress 1989; Federman et al. 1994; Sonnentrucker
et al. 2007). In such clouds, the route to C, formation begins with
the reaction C* + CH — CJ + H, followed by a series of hydrogen
abstraction reactions and dissociative recombinations which yield
C, via several channels. At low-to-moderate optical depths and
densities, the destruction of C, is dominated by photodissociation.
For Galactic clouds with total visual extinction Ay < 5 mag, the
models of van Dishoeck & Black (1989) predict a roughly constant
C,/H;, ratio ~ 3.3-5.7 x 10~%. Because C, is a ‘second generation’
molecule — dependent on the prior existence of H, and CH — it is
likely to be found primarily in somewhat colder, denser regions.
The upper-left panel of Fig. 4 shows the relationship between
the column densities of C, and H,, for Galactic sight lines (black
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Figure 2. C; A—X (2-0) band absorption (near 8760 A) towards Sk 143. Lines from the P, Q and R branches, from rotational levels J = 0—14, are marked. The
velocity scale is referenced to the RO line (Arest = 8757.686 A); the SMC absorption is at about 132 km s~!. The smooth dotted line shows the simultaneous
fit to the P, Q and R branch lines from J = 0-8. The residual spectrum is shown below (centred at 0.9).
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Figure 3. C3 A — X (000)—(000) band absorption (near 4051 A) towards Sk 143. Lines from the P, Q and R branches, from rotational levels J = 0-30, are
marked. The velocity scale is referenced to the RO line (Arest = 4051.250 A); the SMC absorption is at about 132 km s~!. The smooth dotted line shows the
simultaneous fit to the P, Q and R branch lines from J = 0-12. The residual spectrum is shown below (centred at 0.9).

Table 2. Sk 143: C, and C3 rotational populations.

Table 3. Sk 143: SMC column densities.

J [EW/KI(C2) Ny(C2) [E(W/KI(C3) Ny(C3) Species log[N (cm™2)] Ref.
(K) (102 cm™2) (K) (102 cm™2)

H1 21.03 + 0.04 1,2

0 0.0 72+£12 0.0 0.16 £ 0.07 H, 20.93 £ 0.09 3

2 15.6 20.9 + 2.1 3.7 0.84 +0.16 CH 13.54 £+ 0.04 4

4 52.1 13.0£22 124 1.10 £ 0.12 CH* <11.88 4

6 109.4 29+1.2 26.1 1.11 £0.16 CN 12.42 £+ 0.03 4

8 187.6 20+ 1.2 44.7 1.00 £0.14 C; 13.67 £ 0.04 4

10 286.5 - 68.2 048 +0.13 Cs 12.76 £ 0.05 4
12 4063 - 96.7 0.25+0.12 References: 1 = Welty et al. (2012); 2 =
14 346.8 - 1302 <0.26 Howk et al. (2012); 3 — Cartledge et al.
N(obs) 46.0 + 3.6 4.94 +0.35 (2005); 4 = this paper [using f-values from
N(tot) 47 £ 4 57+0.6 Gredel, van Dishoeck & Black (1991, 1993)

N; were determined using f-values from Sonnentrucker et al. (2007) for C,
and from Addamkovics, Blake & McCall (2003) for C3. Uncertainties are 1o,
and reflect uncertainties in equivalent widths; limits are 3. Total column
densities include estimates for unobserved higher J levels, based on derived
or assumed excitation temperatures.

crosses) and for the SMC gas towards Sk 143 (red triangle). As
N(CH) is both generally well correlated with N(H,) and known for
some sight lines with no data for H,, the upper-right panel shows the
corresponding relationship between N(C,) and N(CH). The Galactic
C, data are from a new, expanded survey of C, absorption (Welty,
Black & McCall, in preparation; see also Sonnentrucker et al. 2007).
The observed N(C,) and N(H,) are moderately correlated, with

for CH, CH* and CN, from Sonnentrucker
et al. (2007) for C, and from Adémkovics
et al. (2003) for Cs].

linear correlation coefficient » = 0.57, but there are some sight lines
with weaker than ‘expected’ C,. While the slightly steeper than
linear relationship between the two column densities now agrees
reasonably well with the predicted trend (dotted curve), the sample
exhibits rather limited ranges in the column densities of the two
molecules. A slightly steeper than linear relationship, with r = 0.66,
is also seen for the somewhat larger sample of N(C,) versus N(CH).
The C,/H, ratio towards Sk 143, 5.5 x 1078, is quite consistent
with the Galactic values (as was found for CH and CN in that sight
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Figure 4. N(C,) (upper) and N(C3) (lower) versus N(H») ( left) and N(CH) (right). The red triangle denotes Sk 143; the blue open squares denote Sco-Oph
sight lines; the plain crosses denote other Galactic sight lines. The straight solid lines show weighted and unweighted fits to the Galactic data; the dotted curves
for C, versus Hy and CH show predictions from models T1-T6 of van Dishoeck & Black (1989).

line; Welty et al. 2006) — despite the significantly lower overall
metallicity in the SMC.

The sample of C; detections in the Galactic ISM is still relatively
small (Maier et al. 2001; Galazutdinov et al. 2002; Roueff et al.
2002; Adéamkovics et al. 2003; Oka et al. 2003), and its abundance
and rotational excitation are not as well understood as those of C,.
Examination of gas-phase chemical networks suggests that most Cs
is formed via dissociative recombination of C;H™ — though neutral—
neutral reactions (e.g. C 4+ C,H,) may also contribute (Roueff et al.
2002). The immediate precursor C3H' may be produced via several
pathways involving various ion-neutral reactions (e.g. beginning
with ionization of C, and involving intermediary species such as
C7, CoH,, C,H and C,HY ; Oka et al. 2003). The destruction of C3
is also likely dominated by photodissociation.

The two lower panels of Fig. 4 show the relationships between
N(C3) and the column densities of H, and CH. The relatively small
sample size and limited range in the observed N(C;) make it dif-

ficult to characterize those relationships, and there are some sight
lines with upper limits for C; that are well below the fitted trend
with N(CH). It does appear, however, that the C; abundance to-
wards Sk 143 is entirely consistent with the Galactic values as
well.

Given the significantly lower average metallicity in the SMC
(and the even lower carbon abundance; e.g. Garnett 1999; Trundle
& Lennon 2005), we might have expected the abundances of various
carbon-containing molecules to be correspondingly lower there than
in Galactic diffuse molecular clouds — as is found for CH towards
the SMC stars Sk 13, Sk 18 and AzV 476 (Welty et al. 2006). The
higher abundances of CH, CN, C, and C; observed towards Sk 143,
which are similar to local Galactic values (Welty et al. 2006; Cox
et al. 2007; this paper), are thus rather puzzling.

One possible explanation for the higher molecular abundances —
a higher than typical metallicity in that sight line — may be suggested
by the gas-to-dust ratio towards Sk 143, which is 3—4 times lower
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than the average SMC value (and only slightly higher than the local
Galactic average; Welty et al. 2012). Interstellar metallicities may
be estimated by comparing the column densities of dominant, little-
depleted species (e.g. O1, S 11, Zn 1) with the total hydrogen column
density. For example, towards Sk 78, Sk 108 and Sk 155 — three
SMC sight lines with fairly well-determined N(Zn 11) — the observed
log[N(Zn)/N(H,y)] range from —8.04 to —8.24 dex (Welty et al.
2001, 2012, and in preparation). Those interstellar zinc abundances
are consistent with an overall SMC zinc abundance of —8.0dex [a
factor of 4.3 lower than the solar abundance; from analyses of SMC
Cepheids by Luck & Lambert (1992) and Luck et al. (1998)] and
zinc depletions of less than a factor of 2 (similar to the depletions
seen in the Galactic ISM; e.g. Jenkins 2009). Unfortunately, the
available Space Telescope Imaging Spectrograph (STIS) spectra
of the Zn lines at 2026 and 2062 A towards Sk 143 are rather
noisy (Sofia et al. 2006; Howk et al. 2012) and the strongest Zn 1
component (near 132 km s~!) is somewhat saturated. Apparent
optical depth integrations over the Zn1 line profiles (Howk et al.
2012) indicate that the zinc depletion is less than a factor of 4 (for the
adopted SMC zinc abundance), but the gas-phase Zn 1 abundance
could be much higher.

While strong constraints thus cannot yet be placed on the inter-
stellar metallicity towards Sk 143, we believe that it is unlikely that
the metallicity could be as high as solar there. In an early survey
of abundances in 27 SMC Hu regions, Pagel et al. (1978) found
an essentially constant oxygen abundance O/H = 7.98 £ 0.09 dex
(a factor of about 5 below solar), with very little scatter and no
discernible radial gradient or regional trends. More recent studies
of abundances in SMC field B stars (e.g. Dufton et al. 2005; Trun-
dle & Lennon 2005) indicate that O, Mg and Si are sub-solar by
0.6-0.8 dex and that C is sub-solar by 1.1 dex (all with rms scatter
less than 0.2 dex); similar results are obtained for B stars in the clus-
ters NGC 330 and NGC 346 (Hunter et al. 2009). While there are
individual stars with somewhat higher reported carbon abundances
(for example), those values generally are based on measurements
of a single line, and the abundances of the other elements in those
stars are not similarly enhanced. The existing nebular and stellar
abundance studies thus offer little evidence for significantly higher
than average metallicities in individual regions or sight lines in the
SMC.

Another way of increasing the gas-phase carbon abundance to-
wards Sk 143 — less severe depletion of carbon into dust grains —
also seems unable to account for the higher molecular abundances
there. While there are indications of milder than ‘expected’ deple-
tions of Mg, Si and Ti in several SMC sight lines, and while the
overall depletions of titanium are generally much less severe in the
SMC than in Galactic clouds (Welty et al. 2001 and in preparation;
Welty & Crowther 2010; cf. Sofia et al. 2006), the sight line towards
Sk 143 exhibits the most severe titanium depletion in the current
(fairly small) SMC sample — so it seems unlikely that carbon would
be significantly less severely depleted there. Moreover, carbon is
typically depleted by less than a factor of 3 in the Galactic ISM
(e.g. Jenkins 2009), so that even a complete lack of depletion could
not increase the carbon abundance by the necessary factor of 4-5
(or 8-10, in view of the lower overall SMC carbon abundance).

Alternatively, there might be some structural or environmental
factors which affect the chemistry in such a way as to enhance
the carbon-containing diatomics (and C3) towards Sk 143. For ex-
ample, Welty et al. (2006) conjectured that the Galactic-like CH
abundances in several LMC sight lines might be due to non-thermal
formation of CH, together with CH", in more extensive photon-
dominated regions (e.g. Zsargd & Federman 2003). Since CH is

a chemical predecessor of C,, enhanced CH might thus lead to a
correspondingly higher C, abundance. That scenario is not likely
to apply towards Sk 143, however. CN is detected there, and CH™"
is not (Table 3) — so that the CH is more likely to be a product
of equilibrium chemistry. Moreover, the temperature and density
derived from C, rotational excitation (see the next section) suggest
that the C, is found in a cooler, denser part of the cloud than the H,
(and, presumably, the CH).

The relatively high density inferred from C, (next section) sug-
gests another explanation for the high molecular abundances. For
densities less than several thousand per cm?, models of steady-state
gas phase chemistry predict that the CH abundance will be deter-
mined by a balance between formation (initiated by the reaction
C* + H, — CHj + hv) and photodissociation. The CH/H, ratio
thus will be proportional to both the carbon abundance and the ra-
tio nu/lyy (e.g. eqn. 4 in Welty et al. 2006), where Iyy gives the
strength of the ambient UV radiation field (in units of the average
Galactic field). The ratio ny/Iyy may be obtained from the column
densities of H1 and H,, using estimates for the rate coefficients for
H, formation (R) and photoabsorption (8¢) (e.g. Lee et al. 2002;
Welty et al. 2006):

o (0.11)8,(8.45 x 10°) [N(H,)]'/?
Iyy - R N (Hio)

In the Galactic ISM, most sight lines with N(H) = 10'° cm™3 have
ny/lyy in the range 5-25 cm™ (usingR =3 x 107 ¢cm? s~"). For
sight lines in the Magellanic Clouds, R will be somewhat smaller,
due (at least in part) to the lower dust-to-gas ratios (e.g. Welty et al.
2012); Tumlinson et al. (2002) adopted R = 3 x 1078 em’s~!.
With that choice for R, most of the Magellanic Clouds sight lines
with N(H,) 2 10" cm~2 (Tumlinson et al. 2002; Cartledge et al.
2005; Welty et al. 2012) have somewhat higher ny/Iyy, in the range
20-80 cm 3. The sight line to Sk 143 has the highest ny/Iyy ratio in
the current SMC sample, at about 165 cm~> — roughly an order of
magnitude higher than the typical Galactic values. [Given the higher
dust-to-gas ratio towards Sk 143 (Welty et al. 2012), however, R may
also be higher there — and the inferred ny/Iyy ratio correspondingly
lower. On the other hand, Iyy (which is independent of R) does
seem to be somewhat low (for the SMC) towards Sk 143 (Welty
et al. 2006) and ny somewhat high (see the next section) — so that
the ny/lyy ratio may still be enhanced in that sight line.] A high
ny/lyy ratio towards Sk 143 thus may offset the low SMC carbon
abundance, yielding a CH abundance comparable to that found in
the Galactic ISM. For the two other SMC sight lines with CH
detections (Sk 18, AV 476), both the ny/Iyy ratios and the CH/H,
ratios are significantly lower (Welty et al. 2006). Where CH is
enhanced, other molecules formed via reactions involving CH (e.g.
C,) may also exhibit higher abundances.

ey

3.2 Rotational excitation of C, and C;

Analysis of the rotational excitation of C, can yield estimates for
both the kinetic temperature and the density in diffuse molecular
clouds (e.g. van Dishoeck & Black 1982; Sonnentrucker et al. 2007).
In such clouds, most of the C, is in various rotational levels of the
ground electronic and vibrational state. Levels in higher electronic
states are populated primarily by absorption of near-IR photons [to
A'Tl, (Phillips system)]. The molecule then cascades back to ro-
tational levels in the ground vibrational state via quadrupole and
intersystem (singlet—triplet) transitions. Collisions with H and H,
then can modify those lower-level populations (van Dishoeck &
Black 1982; van Dishoeck & de Zeeuw 1984). For moderate den-
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Figure 5. Rotational excitation of C, towards Sk 143, relative to popula-
tions in J = 2, as a function of excitation energy. The solid line shows the
best-fitting theoretical curve, for 7 = 25 K and n, = 600 cm™3 (assuming a
typical Galactic near-IR radiation field). The straight dot—dashed line shows
the relative populations for thermal equilibrium at that 7%; the two dotted
curves show the relative populations for that 7} and n, = 1000 (nearer the
equilibrium line) and 100 cm™3. The two dashed lines show the relative
populations for (T — 10, n. — 50) and (T} + 10, n. + 50).

sities, the resulting populations of the excited rotational levels are
higher than their thermal equilibrium values — with corresponding
excitation temperatures greater than the actual kinetic temperature
(Tx). In practice, the relative populations in the lowest rotational
levels provide the best constraints on T, while the populations in
the higher rotational levels yield constraints on the local density of
collision partners [n. = n(H) + n(H,)]. For Galactic sight lines with
well-determined C, rotational populations (e.g. up to J = 12), the
inferred Ty is typically 20-50 K, while n is typically 150-350 cm ™3
(Sonnentrucker et al. 2007; Welty et al., in preparation).

Fig. 5 shows the normalized excitation diagram (—In[(5 N,)/
((2J41) N,)] versus E,/k) for C, towards Sk 143. The observed rel-
ative C, rotational populations are compared with those predicted by
the models of van Dishoeck & Black (1982; see also van Dishoeck
& de Zeeuw 1984; Sonnentrucker et al. 2007) — in order to estimate
both the actual kinetic temperature and the density. The models may
be parametrized by n.o/I, where n. is the density of collision part-
ners; o is the collisional de-excitation cross-section for transitions
from J + 2 to J (assumed 2 x 107'® cm?); and /s a scaling factor for
the strength of the interstellar radiation field in the near-IR (i.e. near
the A—X bands). Higher values of n.o /I yield predicted rotational
populations closer to the thermal equilibrium values (dot—dashed
line in the figure). The solid curve shows the populations predicted
for the best-fitting Ty ~ 25 K and n, ~ 600 cm ™~ (assuming a typical
Galactic near-IR field). Slightly poorer, but still acceptable fits to
the rotational population distribution are obtained for 20K < Ty <
30K and n, 2> 400 cm™3. That range in 7 is quite consistent with
the excitation temperatures derived from the lowest two, three or
four rotational levels: Tpp =29 £ 6 K, Tops =33 £ 1 K, Tps =32 +
1 K. For f(H,) = 0.63, the best-fitting total hydrogen density n(H1)
+ 2n(H,) is about 870 cm™> (with a lower limit of about 580 cm ™)
— much higher than the 85 cm ™ estimated from the excitation of H,

Interstellar C, and C5 in SMC 1113
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Figure 6. Rotational excitation of C3 towards Sk 143, as a function of
excitation energy. The straight dotted line is a linear fit to the (normalized)
populations for J = 0-12. The slope of that line corresponds to a temperature
Tiow of about 34 K.

(Welty et al. 2006)" and also higher than the values typically found
in the local Galactic ISM (Sonnentrucker et al. 2007; Welty et al.,
in preparation). For such high densities, there is very little C, in the
higher rotational levels — less than 2 per cent of the total C, for the
level populations calculated for the best-fitting 7y ~ 25K and n, ~
600 cm™3.

Similar considerations apply to the rotational excitation of Cj,
where higher ro-vibrational levels (bending and stretching modes)
may be populated via IR and far-IR radiation, with subsequent
cascades back to rotational levels in the ground electronic state.
At densities below about 10° cm™3, both the IR radiation field and
collisions with H, (and H?) will affect the rotational excitation.
Both observations of the C5 A — X (000)~(000) band (Addmkovics
et al. 2003) and theoretical models of C5 excitation (Roueff et al.
2002) suggest that the lower C; rotational levels (/ = 0-12 or so)
will be characterized by a fairly low excitation temperature (slightly
higher than the kinetic temperature), while the higher C; rotational
levels will exhibit somewhat higher excitation temperatures.

Fig. 6 shows the normalized C; rotational populations
In[N(J)/(2J+1)] observed towards Sk 143. The populations in J =
0-12 are well fitted with a single excitation temperature T, ~ 34 K,
which lies between the kinetic temperatures inferred from C, (25 K)
and H, (45 K). Unfortunately, the lack of data for higher rotational
levels precludes a full analysis of the excitation. In order to estimate
the total C;5 column density, we have adopted an excitation temper-
ature of 400K for J > 14 (typical of the sight lines analysed by
Adamkovics et al. 2003), with N(J = 14) set by an extrapolation of
the lower-J populations. The lack of a visible R-branch band head

' From H, rotational excitation, Welty et al. (2006) found the UV radiation
field towards Sk 143 to be slightly weaker than the Galactic average —
but that was based on a crudely estimated column density for Hy J = 4.
Re-examination of the FUSE spectra of Sk 143 suggests that N(J = 4)
could be somewhat higher — so that Iyy and ny could be as high as ~2
and ~300 cm—3, respectively. Because the C, rotational excitation depends
on nco/l, the derived densities should be scaled by the actual field strength
(in the near-IR).
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(which would be near 25 km s~! in Fig. 3) suggests that the higher-J

populations could not contribute much more than the resulting
15 per cent of the total N(Cs).

Both the differences in kinetic temperature and density inferred
from C, and H, and the rather high density inferred from C,
may reflect several factors. Tx(C,) is often smaller than Ty, (H,)
in Galactic sight lines, suggesting that C, may generally be concen-
trated in colder, denser regions than H, (e.g. Sonnentrucker et al.
2007). Moreover, theoretical models of interstellar clouds predict
that higher pressures/densities are needed for a stable cold, neutral
phase in lower-metallicity systems like the SMC (due to reduced
cooling, which is normally dominated by C 1 fine-structure emis-
sion; e.g. Wolfire et al. 1995). Thermal pressures estimated for
several SMC sight lines from the fine-structure excitation of C1
appear to be consistent with such predictions (Welty et al., in prepa-
ration). Diffuse molecular clouds in the lower metallicity SMC
may have (relatively) more extensive outer zones, where Hj, is self-
shielded but other molecules are still strongly subject to photodis-
sociation (e.g. Pak et al. 1998) and the density contrast between
the inner and outer zones might be more extreme. While a higher
N[H,(J = 4)] (see footnote 1) would increase the density inferred
from Hy, it would also imply a stronger UV radiation field. If the
near-IR field were correspondingly stronger, then the density in-
ferred from C, would also be higher.

The high density implied by the excitation of C, may also be
partly an artefact of the outdated molecular data embedded in the
analysis originally proposed by van Dishoeck & Black (1982). Al-
though the more recent analyses of C, column density and hy-
drogen number density have been scaled for improved values of
oscillator strengths in the A—X, D—X and F—X electronic tran-
sitions, they have not incorporated recent improvements in colli-
sional excitation rates. The downward rates for inelastic collisions
of C, with He (Najar et al. 2008) and ground-state H, (Najar et al.
2009) are larger than and vary with J differently from the rates
based on the simple scaling law adopted by van Dishoeck and
Black (1982). A partial update of the old model suggests that the
inferred density towards Sk 143 has been slightly overestimated,
but not by a factor as large as 2; similar analyses of Galactic
sight lines would also be affected. Casu & Cecchi-Pestellini (2012)
have computed models of C, excitation based on new molecular
data. There is no simple trend in inferred density; rather, Casu &
Cecchi-Pestellini (2012) contend that existing observations of dif-
fuse molecular clouds are best fitted by inhomogeneous models with
both dense and diffuse phases. Much more work on the excitation
models is needed: reliable collision rates for ortho-H, and atomic
H do not exist and chemical effects have not yet been taken into
account.

4 SUMMARY

We have discussed the first detection of absorption from interstellar
C, and C; beyond our Galaxy — towards Sk 143, located in the
near ‘wing’ region of the SMC. The total abundances of C, and
C; (relative to H,) are similar to those found in diffuse Galactic
molecular clouds — consistent with previous results for CH, CN
and several diffuse interstellar bands — despite the significantly
lower overall metallicity of the SMC. While a higher metallicity
towards Sk 143 cannot be completely ruled out, we believe that
the enhanced molecular abundances are much more likely to reflect
environmental factors — in particular the higher than usual ny/lyy
ratio — affecting the chemistry in that SMC sight line. Analysis of
the rotational excitation of C, (J = 0-8) yields an estimated ki-

netic temperature 7 ~ 25K and a total hydrogen density ny ~
870 cm™ — compared to the Ty; ~ 45K and ny ~ 85-300 cm™>
obtained from H,. The populations of the lower rotational levels
of C; (J = 0-12) are consistent with an excitation temperature
of about 34 K. The differences in 7y and density inferred from
C, and H; may reflect differences in the distribution of the two
molecular species within the main cloud/component in this sight
line; such differences may be more pronounced at low metallic-
ities. The relatively high density inferred from C, (compared to
values found for Galactic clouds) is qualitatively consistent with
theoretical predictions for cold, neutral clouds in lower metallicity
systems.
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