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Figure 1: ARO 12m spectra taken in 2002 February–June.

Observations of CO emission at large Galactocentric distances have detected a number of molecular
clouds (Digel et al. 1994), including Edge Cloud 2 (EC2) at a kinematic galactocentric distance of
28 kpc, some 6 kpc further away than the next most distant molecular cloud, and much further than the
extent of the optical disk of the Milky Way, � 19 kpc, and almost as far as the most distant H I detected,
at � 30 kpc. EC2 has an effective radius of 20 pc, and is situated some 360 pc below the distant
warped Galactic plane (Digel et al. 1996a). The CO maps of EC2 show that it has sub-structure and
that the CO luminosity of EC2 is at least a factor of 2 larger than those ofthe other 10 clouds detected
in the survey by Digel et al., and comparable to that of the Taurus Giant Molecular Cloud.
EC2 was found to have an associated H II region excited by an early B star MR1 (de Geus et al. 1993).
Kobayashi & Tokunaga (2000) used NIR observations to argue that MR1 has triggered the formation of
young stellar objects in EC2, and Snell et al. (2002) argue that it is the most distant star-forming cloud
in the Milky Way, with evidence for massive star formation. Rolleston et al. (2000) have calculated metal
depletion for C, N, O � 5, and EC2 is the only edge cloud detected in the high-density tracer CS (Digel
et al. 1996b). Studies of metallicity as a function of galactocentric distance have shown that there is a
galactic gradient and that spectra of MR1 by Smartt et al. (1996) indicate signi�cant metal depletion,
with elemental abundances reduced on average by some 0.5 dex.
Because EC2 may represent a local example of low-metallicity gas, with properties similar to those
of irregular dwarf galaxies, we have searched for emission from a number of molecules in order to
constrain physical conditions and chemical composition.

Figure 2: JCMT spectra taken in 2004
June–May. The ordinate is T �

R(K).

Obser vations j
We have observedEC2 usingthe ARO 12m, the MPIfR 100m,andthe
JCMT 15m telescopes.The observationsrangein frequency from 4.83
GHz (H2CO 11;1–11;2) to 492GHz (CI 3P1–3P0). We presentresultsfor
positionA at a1950 = 02:h44:m52.6:s, d1950 = 58� 1600000, which shows the
strongestline spectrum.Figures1, 2 & 3 show the lines detectedand
Table1 summarisesourobservationaldata.

Figure 3: NH3 (J,K) = (1,1) and (2,2) spectra (left) and H2CO 211 � 212 and
110 � 111 (right) observed with the MPIfR Effelsberg 100m radio telescope.

Anal ysis j
We have detecteda total of 12 hyper�ne lines of NH3. Deriving a ro-
tationaltemperatureof T = 20� 3 K, the total NH3 columndensity, be-
comesN(NH3) = 5:72� 1012 cm� 2 � 20%,averagedover our 4000beam.
We usedthis rotationaltemperatureto estimatethedensitythroughtwo
approaches:The�rst wasto useH2CO for which thepeakline intensity
ratio is of theorderof 5. Assumingthatthecloudis optically thin in both
lines andextended,we derive a spatialdensityof about5 � 104 cm� 3

(Henkel etal. 1980).In addition,wemadesomeLargeVelocityGradient
(LVG) modelsandfoundthatn(H2) = 5 � 103 cm� 3 gave thebest�t to
both theabsorptionandemissionlines. Thesecondapproachwasto �t
the13COandC18O spectrato anLVG modelusingcollisionalratesfrom
Flower (2001)andanadoptedortho-pararatioof 3 for H2. Sincethe2–1
transitionsarestrongerthanthe1–0and3–2transitions,we �nd thatthe
densityis � 5� 103 cm� 3. Ourbest�t givesa fractionalabundanceof �
10� 8 for 13CO,substantiallybelow thevalueof 2� 10� 6 typically found
in localmetal-richmolecularclouds.

In orderto derive accuratemolecularabundancesoneneedsmultiple
transitionsof a variety of isotopomersto accountfor optical depthand
excitation effects. Furthermore,the useof optically thin transitionsis
also fraughtwith dif�culty sincethe underlyingisotopicratiosmay be
differentat theedgeof theGalaxythanin morelocal molecularclouds.
For speciesotherthanCO, H2CO andNH3, we have assumedLTE and
anexcitationtemperatureof 20K. Sincemostof thederivedabundances
arenotverysensitiveto temperature,wepresentresultsfor thelattercase
only. Table1 lists thederivedcolumndensities.

To aid comparisonwith local molecular clouds, we have derived
molecularabundancesrelative to that of HCO+ , assumingthat the 1–0
transition is optically thin. Our upper limit to H13CO+ gives a lower
limit to HCO+ /H13CO+ of around9, muchlessthanthe lower limit of
201� 15 derived from CO 1–0 by Wouterloot& Brand(1996) towards
WB 89-437at a galactocentricdistanceof 16.4kpc. Table2 shows the
resultandalsotheequivalentabundanceratio for thenearbydarkclouds
L134NandTMC-1 (Dickensetal. 2000;Pratapetal. 1997).

Discussion j
Currentmodelsincludetime andspatialvariationsin the infall andstar
formationratewherebythe Galactichalo,bulge,andthick disk formed
�rst separatelyfrom thethin disk in two infall episodes.Chemicalabun-
dancesof theinterstellarmediumandtheirradialvariationacrossgalactic
disksprovide a fundamentalsetof constraintsfor theoriesof disk for-
mation and evolution. The most acceptedmechanismto explain the
existenceof abundancegradientsin diskgalaxiesis thesocalled`biased-
infall' (Chiappini & Matteucci1999), where infall of gas occursat a
fasterratein theinnermostregionsthanin theoutermostones.Lubowich
etal. (2000)demonstratedthatcontinuousinfall of low-metallicitygasis
continuouslyoccurringin theGalacticCenter.

Of particularrelevanceto testingthesemodelsarethe abundancesin
thevery outergalacticdisks. Chemicalevolution modelsfor abundance
gradientsand the formation of the Milk y Way (Chiappini et al. 2001)
show that the steepnessof the outergradientsareparticularlysensitive
to thresholdsin starformation,to thehalo-thickdisk enrichmenthistory,
andto theradialvariationof thedisk formationtimescales.Thefactthat
N is almostconstantwith galactocentricdistanceupto 18kpc(Chiappini
et al. 2003)re�ects thehigh N productionin AGB stars.Galacticchem-
ical evolution alsopredictthat theabundancesof C, N, O, 13C, and15N
will bethe lower at theedgethanin any otherinterstellarcloud(Maciel

& Quireza1999). Thecompositionof thesecloudsshouldbesimilar to
thatof theearlyGalacticdisk modi�ed by infall from thehalo. Thusthe
metallicity is expectedto be lower andsimilar to dwarf irregulargalax-
ies,giving usanuniqueopportunityto studygasfrom theearlystagesof
the formationof the Galacticdisk (Kobayashi& Tokunaga 2000). Our
resultswill determineearlyGalacticabundances,testmodelsof Galactic
chemicalevolution,andprovideimportantinformationthatwill constrain
nucleosynthesis,chemicalevolution,andastrochemistrymodels.If there
is any gradientin theN abundancebeyond18 kpc, thentherewould be
evidencethatthis cloudhasnot hadsigni�cant AGB or massivestarfor-
mation. ThusEC2 hasnot hadsigni�cant stellarprocessingduring the
past10 Gyr andis a remnantof thegasthatformedtheGalacticdisk.

Molecule Transition Freq. T �
R DV rms N

(GHz) (km s� 1) (K) (cm� 2)

COa 1±0 115.271 5.90 2.77 0.075 1.87� 0.161016

C18O 1±0 109.782 0.057 2.05 0.014 1.48� 0.441014

13CO 1±0 110.201 0.718 2.23 0.065 1.81� 0.211015

13COa 1±0 110.201 1.110 2.03 0.049 2.55� 0.221015

C17O 1±0 112.359 — — 0.007 < 3.211013

C18O 2±1 219.560 0.142 1.48 0.031 1.131014

13CO 2±1 220.399 1.608 1.87 0.069 1.611015

CO 2±1 230.538 5.843 2.76 0.024 8.161015

C18O 3±2 329.330 — — 0.020 < 3.651013

13CO 3±2 330.588 0.649 1.69 0.025 5.761014

CO 3±2 345.796 3.467 2.56 0.019 4.581015

CI 3P1±3P0 492.161 2.358 2.23 0.398 7.171016

CS 2±1 97.981 0.125 2.18 0.013 1.55� 0.201012

CS 3±2 146.969 0.043 1.46 0.008 2.27� 0.551011

C34S 3±2 144.617 — — 0.010 < 1.211011

CN 1,32; 3
2±0,12; 1

2 113.488 0.016 1.71 0.004 1.15� 0.411012

CN 1,32; 5
2±0,12; 3

2 113.491 0.021 2.22 0.004
SO 10±01 30.002 0.073 1.50 0.018 1.211013

SO 32±21 99.300 0.057 1.93 0.007 8.52� 1.291012

DCO+ 1±0 72.039 — — 0.005 < 5.201010

H13CO+ 1±0 86.754 — — 0.009 < 6.111010

HCO+ 1±0 89.189 0.132 2.73 0.014 5.42� 0.801011

HCO+ 3±2 267.558 — — 0.012 < 1.601010

H13CN 1±0 86.340 — — 0.006 < 7.001010

HCN 1±0 88.632 0.036 1.51 0.013 1.40� 0.591011

HCN 88.634 0.051 1.03 0.013
HNC 1±0 90.664 0.032 1.40 0.007 1.06� 0.381011

C2H 1±0 87.317 0.073 2.87 0.007 1.87� 0.251013

C2H 87.329 0.031 1.86 0.007
N2H+ 1±0 93.174 — — 0.007 < 5.291010

H2CO 11;0±11;1 4.830 -0.028 3.2 0.006 2.46� 0.661012

H2CO 21;1±21;2 14.488 -0.011 1.3 0.006
H2CO 21;2±11;1 140.840 0.051 2.51 0.013
H2CO 21;1±11;0 150.498 0.034 1.77 0.005
NH3 1±1 23.694 0.040 2.0 0.006 5.72� 1.151012

NH3 2-2 23.723 0.015 2.6 0.005
HC3N 9±8 81.881 — — 0.007 < 1.401011

C3H2 21;2±10;1 85.338 0.035 1.92 0.016
CH3OH 2� 1±1� 1 E 96.739 0.025 0.97 0.005
CH3OH 20±10 A+ 96.741 0.019 1.37 0.005

aDatatakenwith theARO 12m2005February.

Table 1: Summary of observations toward EC2 position A. Column densities
are estimated for an excitation temperature of 20K.

Thedatain Table2 indicatesomeinterestingdifferencesbetweenEC2
and local molecularclouds. In particular: sulphur-bearingmolecules,
(CS,SO),appearto bevery over-abundant;thenitrogen-bearingspecies
HCN andHNC appearto bemarginally under-abundant;andtheradicals
CN andC2H arevery muchover-abundant.Thelatterresultis typical of
photon-dominatedregionsin which photoprocessesensurethat radicals
exist in highabundance.At �rst glanceit wouldappearthatthemolecular
cloudsat theedgeof theGalaxywould belesslikely to show theeffects
of PDR chemistry;certainlythe �ux of UV photonsmustbemuchless
at 28 kpc thanin the local ISM. However, thecritical parameterfor de-
terminingwhetheror not photonsdominatechemistryis theratio of UV
�ux to grainsurfacearea.At largegalactocentricradii, themetalabun-
dancesrelativeto hydrogenareexpectedto bemuchreducedasdiscussed
above. In addition,althoughtheregion of EC2doescontainyoungstars
(de Geuset al. 1993), thereis no evidenceof the late-typestarswhich
producedustgrains.Thelargeabundancesof NH3 andSOalsoindicate
thatthechemicalevolution is fairly highly evolved,that is, moreindica-
tive of steady-stateratherthanearly-timechemistry. To investigatethe
propertiesof thecloudandto seewhetherit is typical of materialwhich
hasbeenlessprocessed,we have madea chemicalkinetic modelusing
our observationallyderivedtemperaturesanddensities,varyingelemen-
tal abundances,photon�ux esandgas-to-dustratiosin an attemptto �t
ourobservedresults.

X/HCO+ Tx = 20K L134N TMC-1 L134N range EC2/H2 TRANS/H2

CO 1-0h 34500 11000b 7800b 1.9-7
13CO1-0 3339 172a 122a 111-188 1.8-8
13CO1-0h 4698 172a 122a 111-188 2.6-8
C18O 1-0 273 22.00 15.60 14.2-24 1.4-9
C17O 1-0 < 59.3 Ð Ð < 3.2-10
13CO2-1 2970 172a 122a 1.6-8
C18O 2-1 209 22.00 15.60 1.2-9
CO 2-1 27887 11000b 7800b 8.2-8
13CO3-2 1063 172a 122a 5.8-9
C18O 3-2 < 67.3 22.00 15.60 1.2-9
CO 3-2 8450 11000b 7800b 4.6-8
CI 1.29105 Ð Ð 7-7
CS2-1 2.86 0.124 0.320 0.069-0.138 1.6-11 1.1-8
CS3-2 0.42 0.124 0.320 2.3-12
C34S 3-2 < 0.22 Ð Ð < 1.2-12
DCO+ 1-0 < 0.10 Ð Ð < 5.2-13
H13CO+ 1-0 < 0.11 c c < 6-13
H13CN 1-0 < 0.13 c c < 7-13
CNd 2.12 0.061 0.070 < 0.045-0.069 1.2-11
HCN 1-0 0.26 0.925 0.490 0.555-0.968 1.4-12 3.6-8
HNC 1-0 0.20 3.251 1.680 1.324-3.963 1.0-12 2.5-9
C2H 1-0e 34.9 0.288 0.300 0.171-0.333 1.9-10 6.6-8
N2H+ 1-0 < 0.10 0.077 0.013 0.031-0.077 < 5.3-13 1-9
HC3N < 0.26 0.054 0.150 0.030-0.073 < 1.4-12 5-10
NH3 10.6 7.635 2.770 4.284-9.127 5.7-11 2.1-8
H2CO 4.54 2.5-11 6.3-9
CH3OH 0.641 0.099 0.311-0.641 1.8-8
SOf 22.3 0.719 0.130 0.264-0.738 1.2-10 3.2-8
SOg 15.7 0.719 0.130 0.264-0.738 8.5-11

a 13CO/C18O ratio of 7.81assumed.b 12CO/C18O ratio of 500assumed.c 12C/13C ratio
of 64 assumed.dFromthe sumof the two componentsassuminga relative intensityof
0.456.eFromthe87.317GHzcomponentassumingarelative intensityof 0.4167.fFrom
the30 GHz line. gFromthe99.3GHz line. hDatatakenwith theARO 12m2005Feb.

Table 2: Molecular abundances ratios relative to HCO+ in both EC2, L134N
(center position) and TMC-1 (average) (Dickens et al. 2000). Using numbers
derived at the JCMT; optically thin emission assumed for all; no isotopic ratio
corrections. N(HCO+ ) = 5.42 1011 cm� 2 for Tx = 20 K. N(H2) = 1023 cm� 2

assumed in calculation of the EC2 fractional abundances, so that X(HCO+ ) =
5.4 10� 12. TRANS/H2 from translucent cloud observations by Turner (2000)

Chemical Modelling j
The basicmodelassumesTkin = 20K, n(H2) = 5 � 103 cm� 3, basedon
our NH3, H2CO,andCO observations,andfor metalsC, N, O, S, initial
elementalabundancesreducedby a factor of � ve from thosetypically
usedfor local clouds.We have alsoinvestigatedvarying thecosmicray
ionisation(CRI) rateand the visual extinction (AV) in order to try and
�nd thebest�t to theobservations.To testtheagreementbetweeneach
modelandtheobservationswe lookedat theratio of theobservedabun-
danceto the modelpredictionandapplieda weighting factor for each
molecule/transition.

We investigatedthe agreementfactorat steadystate(t > 106 yr) for
valuesof AV between2 and10 mag,anda CRI ratebetween0.5 and20
timesthe standardinterstellarrateof 1.3� 10� 17 s� 1 Although many of
the modelsgive very similar results,the agreementfactoris highestfor
a CRI rate20� theISM valueandanAV of 3 mag.Model 1 uses̀ stan-
dard' ISM valuesfor theAV andCRI rate,Model2 is the`best�t' model
(CRI=2.6� 10� 16 s� 1, AV = 3 mag),while Model3 usesCRI=1.3� 10� 16

s� 1 and AV = 2 mag. We have assumedthat the isotopic ratios (e.g.
13C/12C) have their local interstellarvalues.

Wehavealsolookedattheeffectof varyingthephoton�eld in themod-
els.At steady-stateCOis primarily destroyedby photons(if theUV �eld
is strongenough,or theAV low enough)or by He+ andH+

3 , whoseabun-
dancesincreasewith increasingCRI rate. The predictedDCO+ /HCO+

ratio is 0.1–0.2in thesemodels,similar to theobservedupperlimit. Cos-
mic ray ionisationof H2 andHeproduceelectronswhichcandestroy H+

3
beforeit canreactwith HD, the initial stepto deuteratingmostmolecu-
lar ions. TheC2H/HCO+ andCN/HCO+ ratiosbothdecreaseastheAV
increases,which meansthat theAV = 2 magmodelis goodfor C2H, but
thattheAV = 3 and5 magmodelsarebetterfor CN. Finally, wenotethat
thereis a muchbetter�t to theammoniaabundancein all threeof these
low-UV modelswhile HNC is alsocloserto its observedvalue.
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