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[ Abstract ]

[ Column Densities ]

[ Molecular Lines ]

[ DiffuseInterstellar Bands ]

We discuss the abundances of interstellar CH;"Cahd CN in the Magellanic Clouds,
derived from high S/N spectra of 5 SMC and 12 LMC stars obthinith the VLT/UVES.
We detect CH and/or CHtoward 2 SMC and 8 LMC stars, and detect CN toward the LMC
star Sk-67"2. To our knowledge, these are the first reported detectibtiese molecular
species in the ISM of the Magellanic Clouds, apart from thois€H and CH toward
SN 1987A. The column densities now available for CH, K 1, and Na indicate that
all four species are typically less abundant (relative ) id the Magellanic Clouds than
in our Galaxy, presumably due to the lower metallicities andegally stronger ambient
radiation fields there. The relationships among those foecisp, however, appear to be
similar to the ones observed in the Galactic ISM, except thatip, K 1/Hz, and CH/B
are generally lower in the SMC.

Toward most of our targets, the UVES spectra also reveal ptisorat SMC or LMC
velocities from several of the typically strongest of thégematic diffuse interstellar bands
(e.g., those at 5780, 5797, and 6284Several of the so-called “£DIBs", associated with
enhanced gand CN, are also detected toward-8&~2. In most cases, the Magellanic
Clouds DIBs are weaker, for a givési(H), than those typically observed in our Galaxy
(again due to the lower and stroragiation fields) — but they
are also weaker, relative B V), Nai, and K, than in the Milky Way.

[ Introduction ]

Because the molecular lines observed toward these Mage(ouds targets are weak,
fairly accurate total column densities may be obtained diréam the equivalent widths
(assuming the lines to be optically thin), by integrating tagparent” optical depth over
the line profiles, and/or via multi-component fits to the linefites. In the Galactic ISM,
even fairly strong DIBs appear to be unsaturated (Thorbuah €003) — so the column
densities of the DIB carrier(s) are assumed to be propoitiorthe corresponding equiva-
lent widths.

Studies of the interstellar medium (ISM) in the Magellanio@is (MC) explore some-
what different environmental conditions from those tydic@robed in our own Galactic
ISM. The MC are i by lower overall ici 3dex forthe LMC, 0.6
to —0.7 dex for the SMC), lower dust-to-gas ratios, generaligraier ambient radiation
fields, and significant differences in UV extinction (espdigiin the SMC). These differ-
ences are predicted to affect the structure and propeftiesesstellar clouds in the LMC
and SMC (Wolfire et al. 1995; Pak et al. 1998) and, in princifiiey may also affect the
relative abundances of various of those ison:
interstellar abundances of atomic and molecular species -théodifferent environments
in the Milky Way, the LMC, and the SMC — may thus give insighttithe physical and
chemical processes shaping the clouds. In addition, olts@msaof the diffuse
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Figure 1. Absorption lines of CH (A4232), CH §4300), and Na 1X5895) toward 4 SMCIéf) and 4 LMC fight)
stars. Only the Magellanic Clouds absorption is shown. THe @nd CH spectra are from the VLT/UVES (FWHM

=45km s '); most of the Na | spectra are from the ESO/3.6m/CES (FWHMR=210 km s %), The vertical scale is
expanded by a factor of 5 for the molecular linéigft-hand scal

bands — thought to be due to large, carbon-based moleculesthe Magellanic Clouds
may yield useful constraints on the DIB carriers.

Unfortunately, very little is known regarding optical/U¥sorption from molecules in the
Magellanic Clouds, apart from the recdf!SE H, survey of Tumlinson et al. (2002). We
have therefore obtained high S/N, moderately high resaiwtjitical spectra of a number of
stars in the LMC and SMC, in an attempt to expand the sample ettiets of CH, CH,
CN, and DIBs — so that we may then compare the relative abundarfdtose species
with the values and trends found in our Galaxy.

[ VLT/UVES Spectraof SMC and LMC Stars }

Seventeen Magellanic Clouds sightlines (5 SMC, 12 LMC) adtuided in this mini-
survey. As most of the sightlines were selected for haviranstobserved absorption from
Hz (Tumlinson et al. 2002) and/or NgWelty 2005), it is not an unbiased sample. The
targets have/ magnitudes between 10.9 and 13.8 and Magellanic Clouds entmsses
ranging from 0.07-0.18 mag (SMC) and from 0.08-0.51 mag (LM#{e( subtracting
Galactic foreground contributions).

Spectra of the targets were obtained with the ESO/VLT UTésspe and UVES spec-
trograph, under several different observing programs dgelcn 2002—2004. Most were
observed using the standard dichroic 1 390/564 setting asiitl width corresponding to
0.7 arcsec — yielding nearly complete coverage of the waggterange from 3260 to
6680A at a resolution of 4.5-4.9 km &. This setup includes lines from NgU and D
doublets), Ca Caul, and Till; the strongest lines from CH, CHand CN; and a number of
the diffuse interstellar bands. Standard routines witRiAf were used to obtain extracted,
wavelength-calibrated spectra from the raw CCD frames. Tigirical S/N ratios in the
summed, normalized UVES spectra are typicaly200-350 per half resolution element
near the various molecular lines.

Some of the normalized CHA4232 and CH\4300 profiles are displayed together with
the corresponding Na&\5895 profiles in Figure 1; the CH CH, CNA3874, and NaA3302
profiles observed toward the LMC star S&7°2 are shown in Figure 2. In most cases,
the molecular lines lie at the same velocity as the strongestadaorption. The higher
resolution (FWHM~ 1.2-2.0 km 51) Na1 A5895 spectra (Welty 2005) reveal both more
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Figure2. (left) Absorption lines of Na I, CN, CH, and CH toward the LMC star SK7'2. Only the LMC absorption
i shown. The vertical scale is expanded by a factor of 5 femiblecular lines. The weaker member of the Na302
doublet appears at about 333 km'sthe R(1) line of CN appears at about 230 kni.sNote the velocity differences
between the stronger component in Na |, CN, and CH (278 kf), she weaker component in Na | and CH (267
km's 1), and the stronger component in CK269 km s %)

(right) Four of the *G-DIBs" toward Sk 67'2 (upper) and towarch Oph A (lower). These weak, narrow DIBs, which
are associated with enhanceghd CN, are roughly half as strong toward SK°2.
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complex structure than the UVES spectra and looteimn density
— suggesting that some of the absorption featt
several narrower components.

1t
blends of

CH and/or CH are detected with greater tharoignificance toward many of the LMC
stars, but only toward one star (AV476) in the SMC. Typicatétted) equivalent widths
for the CHA4300 line and for the CHA4232 line are both- 1-5 mA; 3-c limits for weak,
unresolved lines are generaly 1.2-1.8 mh. Even at such fairly sensitive limits — and
for sightlines generally selected for having relativelpag absorption from Hand/or Na
— CN is detected only toward the LMC star S&7°2, at 4.9:0.4 mA for the B-X (0,0)
R(0) line at 3874.6A. To our knowledge, these are the first reported detectidnbese
molecules in the ISM of the Magellanic Clouds, apart from 4800 (0.9:0.2 mA) and
CH* 4232 (0.4:0.2 mA) toward SN 1987A (Magain & Gillet 1987).

The diffuse interstellar bands at 5780, 5797, and 62&e typically among the strongest
and most frequently observed DIBs in the Galactic ISM. Figu8eand 4 show the ab-
sorption from the DIBs at 5780 and 579vtoward some of the SMC and LMC targets,
respectively. For all three of these DIBs, weak, broad git&m features — centered at
velocities similar to those of the strongest Magellanic @®dlai components and with
central depths generally 2% below the local continuum — appear to be present toward
nearly all of the SMC and LMC targets. The equivalent widthisthe Magel\anlc C\ouds
DIBs range from 14 to 111 Fhufor the 5780A DIB and from 4 to 23 v for the 5797A
DIB, with uncertainties~ 2-10 mA. The equivalent widths for the broader 6284DIB
range from about 50 to 180 with uncertainties~ 20 mA. The three DIBs generally
are weaker than those measured toward several more reddaretyEhrenfreund et al
(2002), and are more similar in strength to those seen towarti®B®A [E(B V) = 0.10
mag; Vidal-Madjar et al. 1987].
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Figure3. UVES spectra of DIBs at 5780eft) and 5797 (right) toward 4 SMC stars. The vertical scale is expanded
by a factor of 10. Letters G and S mark velocities of stron@aiactic and SMC Na | absorption; unmarked features
red-ward of the 579 DIB are stellar lines.

EARAESRADBANAN RN RN
10 g 1.0 by no o
[ sk-67 2 ] [sk-67 2 ]
09 G T 09 w r
n 10 oo L 10 -
il Sk-88 73 G Sk-68 73
g H 4 g H 4
3 2
5 oog © T " £ og (4 T
3 | sk-e8 135 1 2 | sk-e8 135 ]
i K
28 [ L 98 e T
: gt K S e
| si-60 248 ] | 60 248 ]
S0 o1p )
09 09
Tl IR A T VY Tl R AT T
200, 0, 200, 400 5po 5200, 0200, 400 g0

heliocentric velocity (km s heliocentric velocity (km s
Figure 4. UVES spectra of DIBs at 5780¢ft) and 5797A (right) toward 4 LMC stars. The vertical scale is expanded
by a factor of 10. Letters G and L mark velocities of strong@atactic and LMC Na | absorption; unmarked features
red-ward of the 579% DIB are stellar lines.

We now compare the column densities of several atomic and malespitcies with each
other and with the strengths of several of the diffuse inédles bands. In each case, we
first describe the general relationships found in the locala@ic ISM and in two more
restricted regions [‘Sco-Oph” and “Orion Trapezium” — whéhe behavior of Na and
K 1 differs somewhat from the general Galactic trends (e.g.tyAeHobbs 2001)], then
examine the corresponding relationships found for the SMCLAMC. Such comparisons,
for the different environments probed in the three galaxiesy reveal useful diagnostics
of the local physical conditions and may provide clues to siél (nknown) carriers of the
DIBs. In many cases, the slope of the line fitted to the appé4nental” Galactic relation-
ship (Y vs. X) is close to either 1.0 or 0.5 — suggesting thas Youghly proportional to
either X or (X)}/2

The roughly linear relationship between the column derssitieCH and H, found
both for Galactic diffuse sightlines (Danks, Federman, & Larhti984) and for more
reddened (‘translucent”) sightlines (e.g., Rachford et24102), is displayed in Figure 5.
This nearly linear relationship can be understood via modelgas-phase chemistry, in
which the formation of CH is initiated by the reaction” G H; and the destruction of
CH is due primarily to photodissociation; the rangeN(CH) at any giverN(H,) may be
due to differences in local density (Danks et al. 1984). Téeegal Galactic relationship
seems to hold as well for the seven Sco-Oph sightlines witctiens of both i and CH
and for the six LMC sightlines (with the possible exceptidrttmt toward Sk 70°115).
The two SMC sightlines with detections obHind CH (Sk 18, AV476), however, have
N(CH)/N(H) ratios about an order of magnitude smaller than the Galaetiage value,
and the upper limit toward Sk 13 is a factor of 4 below that ayenealue. Interestingly,
the relativeN(CH)/N(Hy) ratios for the three galaxies (MW/LMC/SMC = 1.0/0.8/0.1¢ a
not the same as the relative metallicities (1.0/0.5/0.2).
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Figure5. CH vs. H. Filled circles are LMC sightlines; filled triangles are SMi@htlines; all others are Galactic

sightlines (open circles are Sco-Oph; open squares aradeigiasterisks are Orion Trapezium; open triangles aee oth
“discrepant” sightlines). Solid lines show weighted andvaighted fits to the Galactic data (with slopesL.1), for
N(H2) > 10 cm 2 and omitting various “discrepant” sightlines.

Welty & Hobbs (2001) noted both a fairly tight, nearly lineatationship between the
column densities of CH and Kand striking similarities in the respective absorptiorelin
profiles in a number of Galactic sightlines — suggestive of megally close association
between the two species. Figure 6 shows the relationshipebaN(CH) and the column
densities of both K and Nai (which is also tightly correlated with K. In both cases,
there is an essentially linear relationship between the ¢dalomn densities (slopes
0.99-1.06), with very small rms scattet (.15 dex) and very few “discrepant” points. The
column density ratios lo{(CH)/N(K 1)] and logN(CH)/N(Na1)] for the Sco-Oph region
(6-10 sightlines) and the LMC (4-7 sightlines) appear to dmsistent with the overall
Galactic values 1.360.20 and 0.65+0.19, respectively; the slightly lower than average
N(Na1)/N(K 1) ratios in those two regions are reflected in the slight déffiees from the
average Galactic values. The averdf€H)/N(Nau) ratio for the two SMC sightlines with
detections of both species is nearly a factor of 2 lower theraverage Galactic ratio, but
this difference is only marginally larger than the scattethim Galactic values.
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Figure 7 shows the well-known Galactic correlations betwibe strengths of the 5760
DIB, the column density of H, and the cu!’m excesﬁ(’B—V] (e.g., Herbig 1995 and
references therein; York et al. 2005); the 579and 6284A DIBs exhibit generally similar
behavior (though with some differences). The slopes of tmege Galactic relationships
with bothN(H 1) andE(B V) are 1.0-1.3 for the 5780 and 57ADIBs, and are 0.8-0.9
for the 6284A DIB; the rms scatter is: 0.15 dex in all cases. Some regional differences
are apparent, however, for the DIBs in the Galactic ISM. Tolthe Sco-Oph stars, all
three DIBs are weaker by a factor of about 2, relativblbl 1), but are consistent with the
general trends versus(B— V). Toward the three Trapezium region stars, the three DIBs
are weaker by factors of 3-10, relativeNgH 1); the 5780 and 5794 DIBs are weaker
by factors of about 2 and 4, respectively, relativéE{® — V). The weakness of the DIBs|
versusN(H 1) is reminiscent of the lower column densities of Nand K1, for a given
N(Htoy), noted for these two regions by Welty & Hobbs (2001). In thagdllanic Clouds,
the three DIBs are (on average) even weaker — by factors of/M€) and factors of~
15-20 (SMC), relative tdl(H 1), and by factors of about 2 (both LMC and SMC), relative
to E(B V); N(Na1) andN(K 1) are also much lower in the LMC and SMC, for a given
N(Htoy), than in the local Ga\act\c ISM (Welty 2005) These differes are reasonably
consistent with the dif t-tesgatio, and i radiation
field among the three galaxies, \f the field is typicailys times stronger in the LMC and
SMC (Lequeux 1989).

Figure 7 — and similar figures for the 5797 and 6284)IBs — indicate that the
strengths of the three DIBs also appear to be correlatedthétizolumn densities of both
Nai and Ki (e.g., Herbig 1993), though with somewhat larger rms sca@er5(-0.26
dex) and correspondingly smaller correlation coefficiehntthose characterizing the
relationships wittN(H 1) andE(B V). The slopes of the general Galactic relationships
with N(Nar) andN(K 1), however, are smaller — 0.5-0.7 for the 5780 and SA2JIBs
and 0.3-0.4 for the 628A DIB — suggesting that the DIB strengths may be roughly
proportional to the square roots of the column densities efttro trace neutral species.
There are also some apparent regional differences in av@#etrength versus both
[N(Na1)]¥/2 and N(K 1)]/2. Toward the Sco-Oph stars, the three DIBs are consistent
with the general Galactic values, relative t(K 1)]%/2, but are stronger by a factor of
about 2, relative toN(Na1)]*2 — due, presumably, to the slight relative weakness of
Nau in that region. Toward the Trapezium stars, the strength@®797A DIB, relative
to both N(K 1)]%/2 and N(Na1)]*/2, is consistent with the general Galactic values, but
the corresponding ratios for the 5780 and 6284IBs are factors of about 2 and 4
higher, respectively. In both the LMC and SMC, the three DaBsall weaker, by average
factors of about 1.5 and 3, relative td(Nai)]*/2 and N(K 1)]%/2, respectively. There are,
however, individual sightlines in the LMC and SMC for whiobrse of the ratios may be
consistent with typical Galactic values.
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[ Summary / Conclusions ]

« CH and/or CH are detected in the LMC toward 8 stars and in the SMC toward 2
stars; CN is detected in the LMC toward 1 star.

« The averagl(CH)IN(H;) ratios in the Milky Way, LMC, and SMC go as 1.0/0.8/0.1
— somewhat different from the relative metallicities (1.6/0.2).

« Onaverage, the LMC and SMC DIBs at 5780, 5797, and deare factors of- 7-20
weaker, relative to ki and are factors of 1.5-3.0 weaker, relative (B V), Nal,
K1, than in our Galaxy — consistent with the differences in niietg}, dust-to-gas
ratio, and radiation field.

« Such comparisons may provide clues to the identity of the DHBargs) and may also

yield diagnostics for the shape and strength of the radidiédd.
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