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A little morethana decadéhaspassedaincethe adventof largeformatinfraredarraycamera®pened
anew window on molecularcloudresearchThis poverful obserationaltool hasenableddustextinction
and column density mapsof molecularcloudsto be constructedwvith unprecedentegrecision,depth
andangularresolution. Nearinfrared extinction studiescan achieze columndensitydynamicrangesof
03 A 40 magnitudeg6 x 10 N 10 cm ), allowing with one simpletracera nearly
completedescriptionof the densitystructureof a cloud free from the uncertaintieghat typically plague
measurementderived from radio spectroscop and dustemission. This hasled in recentyearsto an
empirical characterizatiorof the evolutionary statusof densecoresbasedon the shapeof their radial
columndensitypro les andrevealedthe bestexamplesin natureof BonnorEbert spheres.Wide- eld
infrared extinction mappingof large cloud complexes provides the most completeinventory of cloudy
materialthatcanbederivedfrom obsenrations.Suchstudiesenablethe measuremerdf themassfunction
of densecoreswithin a cloud,a critical pieceof informationfor developinganunderstandingf theorigin
of the stellar IMF. Comparisonwith radio spectroscopiaatahasallowed detailedchemicalstructure
studiesof starlescoresandprovided someof theclearestvidencefor differentialdepletionof molecular
speciesin cold gaseouscon gurations. Recentstudieshave demonstratedhe feasibility of infrared
extinction mappingof GMCs in external galaxies,enablingthe fundamentameasuremensf the GMC
massfunctionin thesesystems.In this contribution we review recentresultsarisingfrom this powerful

techniquerangingfrom studiesof Bok globulesto local GMCs,to GMCsin externalgalaxies.

1. INTRODUCTION

Although rst discoveredin the late eighteentihcentury

with visual telescopicobsenationsby William and Caro-
line Herschel(Hersdchel, 1785),well over a centurypassed
before photographicobsenations of Barnard (1919) and
Wblf (1923)establishedlark nehulaeasdiscrete optically
opaqueinterstellarclouds. Wolf's photographigphotome-
try further demonstratedhat the opaquematerialin these
cloudsconsistedf solid, small particlesnow known asin-
terstellardustgrains.For nearlythreedecadesstronomers
could not discernwhethersuchnehulaecontainedgaseous
matteror weresolelymadeup of dust.Indeed,n the 1950s
the discovery of the 21-cmline of HI led to the measure-
mentof a generalcorrelationbetweendustabsorptionand
HI emissionmatlow extinctions(Lilley, 1955).However, the
rst searchesor HI gastowardthe centersof darknehulae
foundHI emissiorto beeitherweakor entirelyabsen{Bok
etal., 1955;Heiles 1969). ThisfactleadBoketal. (1955)
to the prescientsuggestiorthat if any gasexisted within
thesenehulae,it hadto bemolecularin form.

Thediscovery of a cold molecularcomponenbf thein-
terstellamediumprimarily via CO obsenationsin theearly
1970s(e.g., Wison et al., 1970) quickly leadto the real-
ization that dark cloudswere molecularclouds,consisting
almostentirely of molecularhydrogenmixed with small
amountof interstellardustandtraceamountof morecom-
plex molecularspecies.Over the last thirty yearsinfrared

obsenationsfrom spaceandthe ground(e.g.,Beklin and
Neugbauer 1967;Strometal., 1975;Wlking etal., 1989;
Yun and Clemens1990; Lada, 1992) have establishedhe
true astrophysicaimportanceof molecularclouds as the
sitesof all starformationin the Milk y Way.

Knowledgeof the structureand physical conditionsin
molecularcloudsis of critical importancefor understand-
ing the procesf starformation. Suchobsenationscanset
theinitial conditionsfor starformationandenablethe di-
rect investigationof the evolution of cloudy materialasit
is transformednto stellarform. However, althoughalmost
entirely composedf molecularhydrogentwo factorsren-
derH generallyunobserablein molecularclouds. First,
becausét is a homonucleamoleculeit lacksa permanent
dipole momentandits rotationaltransitionsare extremely
weak. Second beingthe lightestmolecule,its lowesten-
ergy rotationaltransitionsare at mid-infraredwavelengths
which aresimultaneouslynaccessibléo obsenationfrom
the Earthandtoo enegeticto becollisionally excitedat the
coldtemperatureée.g.,10K) thatarecharacteristiof dark
molecularclouds. Thusthe structureand physicalcondi-
tions of dark cloudsmustbe derived from H surrogates,
namelydustand tracemoleculargasessuchas CO, NH
andHCN.

Despiteearly promise useof moleculatdinesfrom trace
molecular speciesfor this purposehas turned out to be
severelyhamperedy the presencef signi cant variations



in opacities,chemicalabundancesand excitation condi-
tionswithin darknelulae.Yet, mostof whatwe know of the
physicalconditionsin molecularcloudsderivesfrom such
studies. Obsenationsof dustmay be the mostdirectand
reliableway to tracethe hydrogencontentof a molecular
cloud. This is becausef the constang of the gas-to-dust
ratioin interstellarclouds,whichis obsenationallywell es-
tablished(e.qg., Lilley, 1955; Ryteret al., 1975; Bohlin et
al., 1978;Predehland Schmitt, 1995,etc.). In principle,the
dustcontentof acloudcanbetracedthroughmeasurements
of eitherdustemissionor extinction (i.e., absorptionplus
scatteringof backgroundstarlight). Interpretationof mea-
surement®f dustemissionis complicatedby the factthat
the obsened emissionis a productof dustcolumndensity
anddusttemperature For the rangeof temperatureshar
acteristicof darkclouds(8-50K), dustemissions brightest
andmostreadily detectedht farinfraredwavelengths This
emissionis nearthe peakandoftenon the Wien sideof the
correspondind?lanckcurve andthusnon-linearlysensitve
tothetemperaturef dustalongtheline-of-sight.Moreover,
becauseof the opacity of our atmosphereat thesewave-
lengthssuchobsenationsarebestcarriedouton spaceplat-
forms. Onthe otherhand,dustextinctionis independenotf
dusttempeature and measuementsf dustextinction are
directlyproportionalto dustoptical depthand columnden-
sity and thus measuremenof dust extinction is the most
directandstraightforvard way to detectand mapthe dust
contentof a cloud. Therearetwo obsenationaltechniques
usedto make suchextinction measurementsthe classical
methodof starcounts(e.g.,Bok 1956)andthe methodof
measuringstellarcolor excesge.g.,Ladaetal., 1994).

2. MEASURING DUST EXTINCTION
2.1 Star Counts

Throughoutthe last centurythe generalmethodto de-
rive andmapthe extinction througha dark cloud hasbeen
the useof optical starcounts(e.g.Wolf, 1923; Bok 1956;
Dickman 1978; Cernicharo and Badiller, 1984). In this
methodtypically a rectilineargrid is overlaid on animage
of thetargetcloud, andthe numberof starsto a x edlim-
iting magnitudeis countedin eachbox of the grid. These
countsare comparedo thosein a nearby unobscurede-
gion. Theextinctionis thengivenby:

1)

Here is the surfacedensityof starseitheron or off the
cloudand istheslopeof thelogarithmiccumulative lumi-
nosityfunctionof starsin thecontrol eld. Oneof themost
impressve studiesf thistypeis therecentwork of Dobashi
etal. (2005). They usedthe Digitized Sky Surwey to obtain
starcountsand a map of extinction encompassinghe en-
tire Galacticplane.In theprocesghey wereableto identify
2448darkclouds.Howeversuchmeasurementsuffer from
anumberof limitations,the mostsigni cant of whichis the

uncertaintydueto Poissorstatistics.For example atoptical
wavelengthqusingthe POSS)it takesonly about4-5 mag-
nitudesof visualextinctionto reducethenumberof starsin
asinglecountingpixel to unity in atypicalarcminutesized
regionof the Galacticplane.Somavhathighervaluesof ex-
tinction (A 5-9magnitudesganbemeasuredhut atthe
signi cant expenseof angularresolutionandthusthe loss
of structuralinformation (Cambesy 1999). For example,
thewide- eld mapsof Dobashiet al. (2005)werelimited
to resolutionf 6 and18 arcminutes.Onecantake advan-
tageof theextinctionlaw andinsteadperformstarcountsat
nearinfraredwavelengthswhereextinction is signi cantly
reduceccomparedo theopticalregime. Therefore signi -
cantlylarger numbersof backgroundstarscanbe obsered
througha darkcloudin theinfraredthanat traditionalopti-
cal wavelengths Suchmeasurementsanattainhigherval-
ues(10-20magnitudespf visual extinction without sacri-
cing too muchangularresolution(e.g.,Ladaetal., 1994;
Harvey et al., 2001, 2003; Pagani et al., 2004; Kandori
etal., 2005). However, multi-wavelengthinfraredobsena-
tions can produceeven deeperand much more direct ex-
tinction determinationsvith greatlyimprovedangularres-
olution andsmalleroverall uncertaintiedy usingmeasure-
mentsof nearinfrared color-excessto derive the extinc-
tion. With largeformatinfraredarraysit is now possibleto
usemoderatesizetelescopeso detectand simultaneously
determinethe colors of thousandf starsbehinda dark
molecularcloud.

2.2Near-Infrar ed Color Excess:NICE and NICER

Becaus®f thewavelengthdependencef extinction(see
Fig. 1) it is advantageouso obsene at the longestwave-
lengthpossibleto penetratehe mostheavily obscurede-
gions of a dark cloud. The opacity of the Earth's atmo-
sphereseverely limits obsenations at wavelengthsmuch
longerthan2 m. ThestandarchearinfraredH (1.65 m)
andK (2.2 m) bandsare closelymatchedio windows of
atmospheridransmissiorand representhe longestwave-
lengthsfor optimized ground-basedbsenation with in-
fraredarraycamerasMoreover, typical eld starsarerela-
tively brightin thenearinfraredsincethesewvavelengthsare
nearthe peakof their stellarenegy distributions,andthus
thesestarsarereadily detectedwith existing infraredcam-
erasonmodessizedtelescopesBecaus®f thewavelength
dependencef extinction, light from a starsuffersachange
in color aswell asa generaldiminution. The changein a
star's color is muchmoreeasilymeasuredhanthe change
in astars brightnessThisis becauseheintrinsic variation
in unextinctedstellarcolorsis considerablysmallerthanthe
magnitudeof the changein stellar colorsinducedby ex-
tinction, while the intrinsic variationin unextinctedstellar
brightnesse®f backgroundstarsis comparablego and of-
ten signi cantly exceedsthe magnitudeof the diminution
in stellarbrightnessesausedy extinction.

The line-of-sightextinction to anindividual starcanbe
directly determinedrom knowledgeof its color excessand



theextinctionlaw. Thecolorexcess, , canbedi-
rectlyderivedfrom obsenationsprovidedtheintrinsic color
of thestaris known:

)

Theintrinsic colorsof normalmainsequencand
giantstarsaresmallandspana narronv rangein magnitude
(0.0to 0.3magnitudedor starswith spectratypesbetween
A0 andlateM).

Oneexpectstherangein intrinsic colorsof background

eld starsto spanan even smallerrangesincesuchstars
spanarelatively narrav rangein spectraltype (typically K
andM). Obsenationsof eld starsin nearby(unobscured)
controlregionsoff thetargetcloud canbe usedvery effec-
tively to determinethe intrinsic colorsof backgroundstars
providedthatthecontrol eld starsthemselesdonotsuffer
signi cant additionalextinction in comparisorto the stars
in the target eld (e.g.,from unrelatedbackgroundclouds
alongthe saméline-of-sight).

With the assumptiorthat all the backgroundeld stars
obsenedthrougha target molecularcloud areidenticalin
natureto thosein the control eld, we canusethe mean

color of the control eld starsto approximatethe

intrinsic color of all starsbackgroundo the cloud:

®3)

Theinfraredcolorexcesss directly relatedto theextinc-
tion (atany wavelength)via the extinction law:

(4)

where is the appropriateconstantof proportional-
ity givenby the adoptedextinction law (e.g.,Riele & Le-
boslky, 1985). Useof infraredcolorsto measuresxtinction
is known asthe N(ear)-I(nfrared)C(olor) E(xcesspr NICE
methodof extinction determination.

As shavn by Lombadi & Alves(2001), one cantake
full advantageof obsenationscarriedoutin multiple ( 2)
bandsto obtain even more accuratecolumn densitymea-
surements.The improvedtechnique called NICER (NICE
Revisited) optimally balanceghe informationfrom differ-
entbandsanddifferentstars.As a by-productof the analy-
sis,NICER alsoallows oneto evaluatetheexpectederroron
thecolumndensitymap,whichis usefulto estimatehesig-
ni cance for the detectionof substructureandcores. The
NICER techniquds betterdescribedy notingthat,in prin-
ciple, Egs. (2) and (4) canbe equallywell appliedto any
combinationof infraredbands(e.qg.,the color usu-
ally usedin NICE, or thealternative color, if the -
bandphotometryis available): hencethis way we canhave
severaldifferentestimate®f the cloud columndensity

The NICER technique nds an optimal linear combi-
nation of the column density estimatesrom the different
bands. For example,in the caseof threebands , , and

, theextinctionis estimatedhs
©)

andthe coefcients and arefound by requiring
that (i) the columndensityestimateis unbiasedand (ii) it
hasminimum variance. The rst condition, by inspection
of Eq. (4), implies , While the
seconddependsn the intrinsic scatterin the infrared col-
ors and on the individual errorson the photometricmea-
surement®f eachstar(seeit Lombardi& Alves,2001for
details). When appliedto typical NIR obsenations, the
NICER methodis ableto reduceby afactortwo theaverage
varianceof the NICE columndensitymeasurementghus
improving the maximumresolutionachiezable. More sig-
ni cantly, useof NICER greatlyimprovesthe overall sensi-
tivity of theextinctionmeasurementstlow extinctions(0.5
2.0magnitudes)lts implementatiorthusenables
themappingof theouterernvelopesof molecularclouds,re-
gionswhich cannotbe tracedby CO obsenationsbecause
of thedissociatiorof CO by theinterstellaradiation eld.
A furtherenhancementn the accurag of columnden-
sity measurementsan be gainedby using a maximum-
likelihood (ML) technique(Lombadi 2005). The method
takesadvantageof both the multicolor distribution of red-
denedstarsandof their spatialdistribution. In otherwords,
the ML methodoptimally integratesthe color excessand
starcountsmethods.The ML techniques especiallycon-
venientin the high-densitycoresof molecularclouds,and
in the presenc®f contaminatiorby foregroundstars.
Althoughthe exactnumberof backgroundstarsthatcan
be detectedehindamolecularclouddepend®nits Galac-
tic latitudeandlongitude,its angularsizeandthe sensitv-
ity of the obsenations,a modestdepth(i.e., K  16)in-
fraredimagingsurwey caneasilyyield colorsfor thousands
of backgroundtarsbehindatypicalnearbydarkcloud. The
resultingdatabaseof infraredcolor excesseandsourcepo-
sitionswould represent map of the distribution of color
excesgandextinction) throughthe cloud obtainedwith ex-
traordinarilyhigh (pencil-beam)@angularresolution. How-
ever, we can expectthis mapto be randomlyand heavily
undersampleth spacebecausef variousobsenationalse-
lectioneffectsexpectedn a magnituddimited suney (e.g.,
the obsened surfacedensityof backgroundstarsis a func-
tion of detectorsensitvity, Galacticlongitudeand latitude
andextinction). The datain sucha surey canalsobeused
to constructan orderedanduniformly sampledmapof the
distribution of color excessthroughthe cloud by smooth-
ing theangulamresolutionof the obsenations. Thesmooth-
ing functionsor kernelsthat have beenemployed aretypi-
cally of x edangularesolutionandeitherin theshapeof a
square(e.g.,Ladaetal., 1994)or atwo dimensionagaus-
sian(betterfor comparisorwith radiodata.e.g.,Alvesetal.,
1999,2001).Cambresyandco-workershave advocatedhe
useof an adaptve smoothingkernelwhich constantlyad-
juststhesizeof thekernelto maintaina constannumberof
starsandaconstanhoiselevelin eachpixel of amap(Cam-
bresyetal., 1997;Cambesy 1999;Cambesyetal., 2002).



Fig. 1.— Optical(BVI) andinfrared(JHK ) imagesof theglobule Barnard68 obtainedwith ESO'sVLT andNTT (Alvesetal., 2001).
This sequencshawvs theincreasingransparengc of interstellardustwith increasingvavelength.At the opticalbandsB (0.44 m) and
V (0.55 m)theglohuleis completelyopaquewhile in theinfraredK (2.16 m) bandit is almostcompletelytransparent.

This methodproducedower angularesolutionat the high-
estextinctions, but eliminatesempty pixels or pixels with
only a single starthat might otherwiseoccurin mapswith
x edangulamresolution.

3. EXTINCTION MAPPING OF CLOUD CORES

Low massdensecoreswithin largemolecularcomplexes
andisolateddensecores(alsoknown asBok globules)are
thesimplestcon gurationsof densenoleculargasanddust
knownto form starg(e.g.,BensorandMyers, 1989;Yunand
Clemens 1990). They have beenlong recognizedasim-
portantlaboratoriedor investigatinghe physicalprocesses
which leadto the formationof starsandplanets(e.g.,Bok
1948). Thesecorescomein two varieties:protostellarand
starless.Detailedknowledgeof the structureof bothtypes
of coredis essentiafor obtaininganempiricalpictureof the
evolution of densegasto form stars.Suchinformationcan
provide critical constraintor developinganoveralltheory
of starformation. Early work by Tomitaetal. (1979)at-
temptedo probethestructureof darkglobulesusingextinc-
tion measurementderived from optical star countsof the
PalomarSky Surwey. They found corestructureto be char
acterizedby very steepdensity gradientswith power-law
exponentgangingbetween3 to -5. However, the high ex-
tinctionsthat characterizedhe globuleslimited their mea-
surementso only the very outerregionsor atmospheresf
theseobjectsandwerenot usefulfor constraininghe over-
all structureof thesecores.

It hasbeenlong understoodhat infrared obsenations
couldprobemuchlargerextinctionsin suchobjectsandini-
tial studiesof globulesusingsinglechanneinfrareddetec-

tors shaved much promisefor probing higher extinctions
and obtaining more completemeasurementsf the struc-
ture of globulesanddensecores(Jonesetal., 1980;Casali

1986). But thesestudieswere very limited by sensitvity

and the small numbersof backgroundstarsthat could be
measuredn the regions. The developmentof sensitve in-

frared imaging array detectorsradically alteredthis situ-

ation. Sucharraysenabledthe detectionof thousandf

backgroundstarsbehindcloudsandresultedn the rst de-
tailed extinction mapsof dark netulae with high angular
resolutionandsufcient depthto probethestructureatrela-
tively high extinction. (Ladaetal., 1994,1999;Alvesetal.,

1998).Indeedcoupledwith largeraperturgelescopesuch
arraysalsoalloweddeepimagingof nearbydarkcloudsand
the ability to measureextinctionsin regions of very high

opacity thatis, magnitudegAlveset al.,

2001).Thisis thelevel of extinction producedy thedense
coresof darkclouds theveryplacedn whichstarformation
takesplace.

3.1StarlessCores

Two of theleastunderstoodspect®f the starformation
processarethe initial conditionsthatdescribedensecores
thatultimatelyform starsandtheorigin of suchdensecores
from morediffuseatomicandmoleculamaterial. Deepin-
fraredobsenationsof starlessoresor globulesofferamong
the bestopportunitieso quantitatvely investigateheseis-
sues. The rst starlessglobule or core to be mappedat
high resolutionin dustextinction wasthe prominentglob-
ule Barnard68 (Alveset al., 2001). Optical andinfrared
imagesof this globule areshavn in Fig. 1. This globule is
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Fig. 2.— Left: Distributionof extinction (dustcolumndensity)for theB68 cloud(seeFig. 1) dervedfrom deepnearinfraredextinction
measurementsampledvith agaussiarspatial lter of 10 arcsec(1000AU) width (FWHP).Right: Azimuthally averageddustcolumn
densitypro le for the cloud constructedvith a spatialresolutionof 5 arc sec(500 AU). With this resolutionthe radial structureof the
cloudis extremelywell resohed. (Note: opencirclesincludethe contritution of the tongueor protrusionof materialat the southeast
edgeof thecloud; lled circlesexcludethis material.)Plottedfor comparisoris the correspondindpestt columndensitypro le (solid

line) for a pressurdruncatedjsothermakphergBonnorEbertsphere).

situatedn front of therich star eld of Galacticbulgewhere
thehomogeneousatureof thebackgroundstarsresultedn
a very accuratedeterminatiorof their intrinsic colorsand
very accuratemeasurementsf extinction. Moreover the
high density of backgroundstarsenabledthe cloud to be
mappedwith relatively high angularesolution.

Fig. 2 shaws the resulting extinction map of B68
smoothedvith al0arcsecond 1000AU) gaussiarspa-
tial Iter. Also plottedis the radial columndensitypro le
constructedby azimuthallyaveragingthe datainto annuli
of 5 arcsec(500AU) wide bins. Theradialcolumndensity
pro le of this cloudis very well resohed by the obsena-
tions. Alvesetal. (2001)shavedthatthis pro le couldbe
extremelywell t bythepredictedoro le of aBonnorEbert
(BE) sphere.

A BE sphereis a pressure-truncateidothermalball of
gas within which internal pressureeverywhereprecisely
balanceghe inward pushof self-gravity and external sur
facepressureThe uid equatiorthatdescribesucha self-
gravitating, isothermalspheren hydrostaticequilibriumis
thefollowing well known variantof the Lane-Emderequa-
tion:

— (6)
where isthedimensionlessadius:

()

and ,isthecharacteristior scaleradius,

(8)
where isthesoundspeedn thecloudand istheden-
sity at the origin. Equation6 is Poissors equationin di-
mensionlesformwhere isthedimensionlespotential
andis setby the requiremenbf hydrostaticequilibriumto
be = -In( ). The equationcanbe solved usingthe
boundaryconditionsthatthefunction andits rst deriva-
tive arezeroattheorigin. Equation6 hasanin nite family
of solutiongthatarecharacterizetdy a singleparameterthe
dimensionlessadiusat outeredge(R) of thesphere:

9)
Eachsolutionthuscorrespond$o atruncationof thein nite
isothermabkphereatadifferentouterradius,R. Theexternal
pressur@tagivenR mustthenbeequalto thatwhichwould
be producedy theweightof materialthatotherwisewould
extendfrom R to in nity in anin nite isothermalsphere.
The shapeof the BE densitypro le for apressurdéruncated
isothermalcloud thereforedependon the single parame-
ter . As it turnsout, the higherthe value of the
more centrally concentratedhe cloudis. The stability of
suchpressurdruncatedcloudswasinvestigatedy Bonnor
(1956)andEbert(1955)who shavedthatwhen 6.5
thecloudsarein astateof unstableequilibrium,susceptible
to gravitationalcollapse.
For B68, Alveset al. found the radial densitypro le
to be extremely well t by a BonnorEbert model with
very closeto the critically stablevalue. The
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to a cloud's centerto-edgedensitycontrastfor BonnorEbertcon gurations. The distributions
derived from extinction obsenationsof starlesqclosedsymbols)andprotostellaiopensymbols)coresarealso

plotted (Kandoriet al. 2005). Right: The predictedradial columndensitypro les for a collapsingsphericalcloud at differenttimes
(solid lines) startingfrom aninitial statecharacterizetby a critically stableBonnorEbertsphere.The tted BonnorEbertrelationsare

plottedasplussignsandthe correspondingaluesof

close correspondencef the datawith the BE prediction
stronglysuggestshatthis globule is arelatively stablecon-
guration of gasin which thermalpressures a signi cant
sourceof supportagainstgravity. This closeagreemenbf
theoryandobsenation hasvery importantimplicationsfor
the physicalandevolutionarynatureof this sourcesinceit
implies that the globule is a coherentdynamicalunit and
notatransientstructure.

Thenatureof B68asathermallydominatedquasi-stable
cloud hasbeendecisively con rmed by molecularline ob-
senationsof Hotzelet al. (2002)andLadaetal. (2003)
who found the molecularline pro les to be characterized
by thermalline widths. Indeed,the latter study shaved
the thermal pressureto be a factor of 5 greaterthan the
non-thermabr turbulentpressurén the centerof the cloud.
Moreover, theseobsenationsdemonstratethatthecloudis
undegoing global oscillationarounda stateof overall dy-
namicalequilibrium. In a morerecentsurwey of globules,
Kandorietal. (2005)foundthatmostof the starlesgylob-
ulesthey studiedaredominatedy thermalpressuresimilar
to B68. Tafalla etal. (2004)alsoreportedthermallydom-
inated, quasi-stablestatesfor two more massve coresin
the Taurusdark cloud complex. These ndings arein clear
contradictionto andrule out the suggestiorof Ballesteps-
Paredesetal. (2003)who positedB68 (andsimilar cores)
to beatransiendynamical uctuation in aturbulentveloc-
ity eld.

EquationsB and9 coupledwith the extinction measure-
mentsenablethe fundamentalphysical conditionsof the
globule, that is, its temperaturecentral density external
pressuresize, etc. to be exquisitely speci ed. Indeed,if
the temperatureof the cloud can be independentlydeter
mined from molecularline obsenations(e.g., NH ) then
thetermsin equations$8 & 9 areoverspeci edand”reverse

areindicated.FromKandorietal. (2005).

engineering’is possibleresultingin precisedetermination
of eitherthe clouddistanceor its gas-to-dustatio (Alveset
al., 2001b;Hotzelet al., 2002; Lai et al., 2003). Integra-
tion of theextinctionmap(i.e., Fig. 2) alsoproducesavery
preciseestimateof the total dustmassof the cloud. With
the assumptiorof a distanceanda gas-to-dustatio a rel-
atively accuratedeterminatiorof the total cloud masscan
be madewith an uncertaintycompletelydominatedby the
uncertaintiesn thesetwo assumegbarameters.
Infraredextinction mapsof anumberof starlesglobules

andcoreshave now beenpublishedandthe coresare typ-
ically found to exhibit BonnorEbertcolumn densitypro-
les with shape<loseto the critical stability limit, similar
to B68 (Ladaetal., 2004;Teixeira etal., 2005;Kandori et
al., 2005). Fig. 3 shaws the distribution of the t parame-
ter for a sampleof mostlystarlesgylobulesstudiedby
Kandori et al. (2005). The concentratiomearthe critical
valueis evident. Similar ndings have resultedfrom sur
veysandmappingof dustcontinuumemissiorfrom starless
cores(e.g.,Kirk etal., 2005). Suchgaseougon gurations
likely representhe initial conditionsfor starformationin
densecores.

3.2Protostellar Cores

Infraredextinction studieshave alsobeencarriedout to-
wardafew starforming, protostellarcores(e.g.,Harvey et
al., 2001;Teixeira etal., 2005;Kandorietal., 2005). These
studiesshawv that corescontainingprotostargendto have
much steeperradial column and volume density pro les
than starlesscores. Indeedthe central extinctionsrise to
suchhighvalues( 40 magnitudes)n thesecoresthat
even the deepesgroundand spacebasedimaging cannot
detectbackgroundstarsin theirinnermostegions. Surpris-
ingly perhapstheradialdensitypro les, wheremeasured,



canstill be t by BonnorEbertcurves,butthesearecharac-
terizedby largevaluesof (12-25)consistentvith large
centerto-edgadensitycontrast@andindicative of highly un-
stableequilibriumcon gurations(seeFig. 3).

It thereforehasbeensuggestedhat in the processof
forming a star the shapeof a core's radial densitypro le
evolves from a relatively at, equilibrium structureto a
highly condensedollapsingstructurein a systematienan-
nerwhich canbe quanti ed usinga BonnorEbertanalysis
(e.g.,Ladaet al., 2004; Teixeira et al., 2005; Kandori et
al., 2005).A quasi-stablglobule or corecouldbecomeun-
stableby eitheranincreasen the externalpressurgan ex-
ternal perturbation)or a decreaseén the internal pressure.
Passageof external shocks,such as producedby super
novaeor in cloud-cloudcollisionscouldresultin abruptin-
crease$n externalpressure Althoughmary of theseglob-
ulesandcoresarethermallydominatedyesidualmagnetic
elds and/orturbulencecould provide signi cant sources
of internalpressureThedissipationof evensmallamounts
of residualinternalturbulence(Nakanq 1998)or ambipo-
lar diffusion (Shuet al., 1987; Mousdovias and Ciolek
1998)couldresultin adecreasef internalpressurendin-
stability. RecentlyKandorietal. (2005)andMyers (2005)
have calculatedhe evolution of asphericakcloudassuming
thattheinitial conditionis thatof acritically stableBonnor
Ebert con guration. Thesecalculationsdemonstratehat
asthe cloud collapsesits radial densitypro le maintains
the shapeof a BonnorEbertpro le with the densitycon-
trast(i.e., ) systematicallyincreasingasthe collapse
proceeds.This effect is nicely illustratedin Fig. 3 which
shaws the theoreticalpredictionfor the structureof a col-
lapsingcoreat four differenttimes(Kandori et al., 2005).
Also plottedarethe best t BonnorEbertrelationswhich
suggesthattheevolutionarystatusof a collapsingcorecan
be estimatedrom the instantaneoushape(parameterized
by ) of its columndensitypro le. Thus,evenwhena
densecore is out of equilibrium and collapsingits density
structuie maintainsa BonnorEbertlike con guration, pro-
vided the initial conditionwasgiven by a critically stable
BonnorEbertstate. Moreover the calculationsof Kandori
et al. predictthat the frequengy distribution of de-
rivedfrom obsenationsshouldpeaknearthe critically sta-
ble value sincethe timescalefor evolution decreasesvith
increasingdensity Thisis in factevidentin the data(Fig.
3). Indeed accordingto the calculationanorethan60% of
thetotal collapsetime passedeforethe centerto-edgeden-
sity contrastincrease®y asmuchasa factorof 4 over the
initial critical state(Kandori etal., 2005). Finally, the fact
thatthe structureof bothstableandcollapsingcorescanbe
t by BonnorEbertmodelsindicatesthatthe initial condi-
tionsfor corecollapseandstarformationmustbesimilarto
thosedescribedoy a critically stableBonnorEbertcon g-
uration,suchasB68.

The obsenrations and calculations described above
demonstratethat extinction measurement®f cores and
globules can be a powerful tool for constructinga quan-
titative empiricaldescriptionof their structuralevolutionto

form stars. As a resulta more completetheoreticalunder
standingof this procesamay now be closerto realization.
The BonnorEbert formalism appearsto provide an ini-
tial theoreticalframework that candescribequite well the
physicalprocessof coreevolution to form stars. However,
this framework will needto bere ned to accountffor more
realistic cloud geometrieqe.g., Myers, 2005), and equa-
tions of state(e.g., McKee 1999; McKee and Holliman,
1999). Moreover, extinction propertiesof a larger sample
of coresandglobulesaswell asimprovedcharacterizations
of their dynamicalstatesfrom molecularline obsenations
areclearlywarranted.

4. EXTINCTION MAPPING OF CLOUD COMPLEXES

Infrared extinction mappinghasalso provided new in-
formationaboutthe larger scalestructureof nearbymolec-
ular cloud complexeswithin which densecoresareusually
embedded. Initial studiesfocusedon nearby lamentary
cloudsincludingIC 5146(B168) (Ladaetal., 1994,1999)
andL 977 (Alvesetal., 1998,1999). Thesestudiesshoved
thatthe lamentary structuresexhibited smoothradialden-
sity gradientsorthogonalto their main axis which arewell
modeledby pressure-truncatedothermakylinders(Huard
et al., 2006). The extinction obsenations producedde-
tailedmeasurementsf thefrequeng distribution of extinc-
tion (i.e.,thecloudmasdistribution function)shaving that
mostof themassof a cloudis atlow extinction. Only about
25-30%of thematerialin thesedarkcloudsis characterized
by extinctionsin excessof 10 visual magnitudegAlveset
al., 1999). Theform of thecloudmasdistribution function
wasalsofoundto be consistentvith that predictedin sim-
ulationsof turbulent clouds(Ostriker et al., 2001). More-
over, integrationof suchmapsyieldsvery preciseestimates
(to a few %) of the masse®f theseclouds. However, the
accurag of suchmassdeterminationss entirelydominated
andlimited by the uncertaintyin the assumedlistancede-
terminations.

Theavailability of the 2MASS nearinfraredall sky sur
vey hasenabledthe constructionof wide- eld extinction
mapsthatcanencompasthe entireextentof a GMC (e.qg.,
Cambesyet al., 2002; Lombadi and Alves 2001). Us-
ing NICER, completemapsof anumberof prominentiocal
cloud complexes have beenmade. Thesemapsare suf-
ciently sensitve to tracerelatively low levels of extinction
(A 0.5 magnitudeshndhave extendedthe boundaries
of the cloudsbeyond the level that can be tracedby CO
emission Fig. 4 shavs NICER extinction mapsof 5 promi-
nent cloud complexes drawvn to the samephysical scale
(Lombadi & Alves 2001;Lombadi etal., 2006;Lombadi
& Alves 2006). Thesemapscan reveal interestingstruc-
tural informationaboutthe cloudy material. For example,
the cumulatve frequeng distribution of extinction for the
PipeNehula(Lombadi etal., 2006)shavsthecloudto con-
tainsonly about1% of its massat extinctionsin excessof

10 magnitudes.In this respectthe Pipe cloud dif-
fersfrom thelC 5146andL 977 cloudshaving a consider
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ably smallerfractionof its massatthesdevelsof extinction
which aretypically characteristiof starforming material
(e.g.,Johnstoneet al., 2004). The Pipecloudalsocontains
muchlower levelsof starformationactiity thancloudslike
OphiuchusQrion andTaurusandmaybe ata muchearlier
stageof overall development. Furtherexaminationof its
cumulative extinction distribution shavs thatabout30% of
thecloud'smassxistsatextinctions 2 magnitudes,
the thresholdfor the CO dissociation. This factindicates
that even underperfectcircumstancesCO emissionis in-
sensitve to a signi cant fractionof a cloud'stotal massand
thatdustextinction measuremenisrovide amorecomplete
inventoryof a cloud'stotal masscontent.

Wide- eld extinction mapscanalsoprovide a relatively
completeinventoryof densecoreswithin cloudcompleces.
For example,170 distinct coreswereidenti ed within the
Pipe Nehula from an analysisof its extinction map (Lom-
bardi et al., 2006). The sizesand massef this popula-
tion of coresarereadily obtainedfrom the extinction data.
Sincedensecoresaretheprogenitorof starsthecoremass
functionof a cloudis of particularinterestfor developinga
theoryof starformation. Fig. 5 shavs the coremassfunc-
tion (CMF) for the Pipe Nekula (Alveset al., 2006a)and
the stellar IMF for the Trapeziumcluster(Muend et al.,
2001)plottedfor comparison.The shapeof the Pipe CMF
is surprisinglyvery similar to that of the stellarIMF. This
similarity haspotentiallyprofoundimplicationsfor starfor-
mation.

Although molecularline studies(e.qg.,Blitz, 1993)have

long suggestedhat the forms of the stellarandcore mass
functions were fundamentallydifferent, obsenations of
dust emissionin a few regions hinted at a similarity of
the shapesat leastfor relatively high (  2-3 M ) mass
(e.g.,Motteetal., 1998; Testiand Saigent, 1998). Sucha
similarity would imply a 1-to-1 mappingof coresto stars
in the star formation processand indicate that the origin
of the stellar IMF hasits directrootsin the origin of the
CMF. The extinction derived CMF of the Pipe Nehula is
the rst torevealabreakin the power-law form of the CMF
atlow mass( 2 M ). This breakis similar to thatin the
stellarIMF but occursatamassafactorof 3 higherthan
the correspondindoreakin the stellar IMF (SeeFig. 5).
However, if the stellarIMF is shiftedto highermassby a
multiplicative factorof about3, the shape®f thetwo mass
functionsagreeextremelywell over all masses.The close
correspondenca shapebetweenthe two massfunctions
indicatesthatthereis indeeda directtransformatiorof the
CMF to the stellar IMF. However, the factor of 3 differ-
encein the massscaleis fundamentallysigni cant sinceit
further indicatesthat this transformations governedby a
universalefciency of  30%acrosgsheentirestellarmass
range.Theimportantimplicationof this obsenationis that
understandinghe origin of the stellarIMF requiresunder
standinghe origin of the massspectrunof their progenitor
cores.lt isinterestinghatthe PipeCMF andthestellariIMF
aresosimilar. ThestellarIMF plottedis for starsformedin
the Trapeziumclusterwherethe ervironmentandphysical
conditionsdiffer signi cantly from thosefoundin the Pipe
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ontograins(from Bemgin etal., 2002).

Nehula althoughthe former are probablytypical of those
characterizingnoststarformation,sincemoststarsarebe-
lievedto be formedin clusters(Lada& Lada 2003). This
similarity may be anotherindicationthatthe stellarIMF is
averyrobustproductof the starformationprocess.

5. COMPARISON WITH MOLECULAR DATA

Infrared extinction measurementgprovide the most
straightforvard way to make direct determinationsof
molecularabundancesn regions of high extinction (i.e,

mag). Thereforesuchmeasurementare critical
to quantitatve explorationof cloudchemistryandchemical
evolution. In Fig. 6 we shaov themapof C O emissionof
the B68 cloudalongwith adetailedpointto pointcompari-
sonof theCOintegratedintensitywith extinctionacrosghe
entirecloud (Bemin et al., 2002). The spatialmapclearly
shavs the CO emissionto peakin aring aroundthe cloud
center Comparisorwith theextinction mapin Fig. 2 shovs
that CO andextinction areessentiallyanti-correlatedn the
sensehat CO is apparentlyabsentwherethe extinction is
thehighest.

The relation betweenintegratedintensity and dust op-
tical depthis linearly correlatedbut with signi cant scat-
ter) until avisual opacityof about10 magnitudesat which
pointthereis asharpbreakfollowedby a attening andthen
adecreasén theintegratedintensitywith increasingcloud
extinction. Calculationsof the non-LTE excitation of CO,
thatdirectlyincorporatehe obsernedBonnorEbertdensity
distribution derived from the extinction, indicate that the
obsened emissionis largely optically thin. This, in turn,
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is con rmed by obsenationsof therarerC O isotopeat
numeroudocations(Bemgin et al., 2002). Thus, the at-
tening of the relationis dueto a sharpdeclinein the CO
abundancen the centerof the cloud. Indeedthe innerre-
gionsmaybecompletelydevoid of gaseou€O.In asimilar
fashionBemin etal. alsomeasuredhe abundance®f CS
andN H acrosshe cloud anddemonstratea patternof
differentialdepletionfor thesespeciesn which CSis most
heaily depletedandN H is leastdepletedof the species
obsened. This patternof depletionagreeswith predictions
of modelsof time-dependenthemicalevolution. This is
illustratedby the chemicalmodelplottedin Fig. 6 which
matcheghe datavery well andrequiresa reductionin the
CO alundanceof overtwo ordersof magnitude . Theseob-
senationsand calculationssuggesthatin the very center
of the cloud all obsenable moleculesmay be frozenonto
grains,exceptperhapdor a speciessuchasH D . Very
similar resultshave beenderivedfrom extinction studiesof
otherclouds(Krameretal., 1999;Bemin etal., 2001)and
from studiescomparingmolecularanddustemissionfrom
clouds(Casellietal., 1999; Tafalla etal., 2002). Together
theseobsenationsshaw thatit maynotbe possibleto probe
the conditionsin theinnerregionsof pre-stellarcoreswith
molecularline tracersandthat mapsof the distribution of
dustarethe mostreliabletracersof cloudy materialat the
highestextinctions.

Combininginfrared extinction datawith molecularline
obsenationsof the more abundantCO isotopes,particu-
larly COand CO canprovideimportantconstraintgor
determiningmassesof GMCs in the Milky Way and in



Fig. 7.— Opticalimageandcorrespondinglustextinction mapderived from nearinfraredimagingof CenA obtainedwith ESO's New

TechnologyTelescope.

other galaxieswhere measurementef dustmay be dif -
cult or impractical. Oneof the standardnethodsto deter
minecloudmassesf GalacticandextragalacticGMCsis to
scaleCO integratedintensitiesby the so-called*X-f actor”,
which is de ned to be the ratio of total columndensityto
CO integratedintensity Direct comparison®f CO obser
vationswith infraredextinction measurementst thousands
of pointswithin a molecularcloud have greatlyimproved
the determinatiorof the X-factor(e.g.,Ladaet al., 1994;
Lombadi etal., 2006). Thesestudiesnd ade nite linear
correlationbetweenCO integratedintensityandextinction
overtherange2 6 magnitudesBelow an of
2 COis dissociatecandundetectablevhile abore an of
6 the CO lines areoptically thick andthe correlationsatu-
rates.However, bothstudiesnd alargeintrinsic scattefin
the correlatedquantities. The correlationcoefcient is low
( 0.5)for boththeobsened CO-(Lombadietal., 2006)
and CO-extinction correlations.

TheseCO-extinction comparisonsgndicatethat thereis
anintrinsic andirreducibleuncertaintyof abouta factorof

1.4- 2.0in the X-factor Thelikely reasorfor this cir-
cumstancas the volatile chemistrythat mustcharacterize
thelow extinctionregionsof GMCswheremostof themass
is found(Ladaetal., 1994).

6. EXTINCTION MAPPING OF GALAXIES

The physicsof theformationof GMCsis oneof thema-
jor unsohedproblemsof theinterstellamedium.Although
mary papershave beenwritten on the subject(seefor a
review, EImegreen 1993 and referencegherein)it is not
yetknown whatthe dominantformationmechanisnis, nor
even what the relative importanceof gravity, shocks,and
magneticelds arein thecloudformationprocessOneav-
enuefor testingthesetheoriesis to studymolecularclouds
in awide rangeof ervironmentsjdeally from a view point
outsidethe Galaxy's plane,andto determinewhich aspects
of theervironmentsetthe cloud properties.
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A study of GMCsin external galaxiescan addresshe
fundamentatjuestionof whethethemoleculadSM in ex-
ternal galaxiesis organizeddifferently thanin the Milky
Way andwhetherGMCs play the samecentralrole in mas-
sive star formationasin the Milky Way, andare thenre-
sponsiblefor galaxy evolution. Moreover, in an external
galaxywe caneasilydisentanglenolecularcloudsandas-
sesstheir basic propertiesand star forming status,as op-
posedto the confused‘inside view” of Galacticmolecular
clouds. Ironically, GMCsareperhapshe mostoverlooked
parametein extragalacticstarformationstudies,andonly
recently with the developmeniof millimeter (CO) interfer
ometry they arebeginningto be consistentlyincorporated
into the picture.

In the previous sectionave presentedhe meritsof deep
NIR imaging to trace column density not only is dense
cores but also entire molecular cloud complexes where
thesedensecoresare embeddedseeFig. 4). Recently
we have beentrying to extendthis successfuildeato extra-
galacticGMCs. Insteacbf measurindghecolorof thousands
of backgroundstarsto molecularclouds,we will measure
the averagecolor of the unresohedthousand®f starsthat
will fall onapixel of aNIR detector We will measureghe
NIR diffuse galaxylight seenthroughGMCs, in a simple
analogyto our Galacticwork. Dark dustlanes(asjudgedby
availabledeepopticalimaging),anda bright diffuse back-
ground,arenecessargonditionsto make the methodwork.
It is easyto understandheimpactthis approachmighthave
whenonerealizesthatwe will be ableto mapthe distribu-
tion of dustcolumndensityat sub-arcsecesolutionspetter
thanpresentlayinterferometergwith typical resolutionof
afew arcsecseeFig. 7). A caveatthatdoesnot affect our
Galacticwork onthenearbycomplexesis theunknovncon-
tribution of foregroundlight alongthe line-of-sight. This
contribution will dilute the signal, and without modeling,
ary derived column density along a speci c line-of-sight
will bealower limit to thetrue columndensity Still, one



Fig. 8.— OpticalHSTimageandinfraredextinction mapzoomingin

onasingleGMC with anassociated:ecentlyemegedyoungOB

association/clustewithin the CenA dustydisk (seeFig. 7) The extinction mapof dustcolumndensityclearly resohesthe molecular

cloud.

can minimize this problemby selectingtargetswith con-
spicuoudarklanesasseenn deepopticalimages.
Bialetsly etal. (2006)andAlvesetal. (2006b)present
the rst successfuhipplicationof this extensionof thetech-
niqueto theradio-galaxyCentauru$\ (NGC5128)Fig. 7).
We have successfullynappediustextinction in this galaxy
downtoa3 level of 0.7 mag(visual)anda physicalres-
olution of 10 pc, i.e., the seeingin the nal NIR image
(0.6 ). In our mapwe canresohe andidentify individual
GMCs. Fig. 8 shaws an optical (HST) imageof a mas-
sive GMC associatedvith what appeardo be an emeg-
ing or recentlyemeged OB associatioror young cluster
Next to the opticalimageis the derivedinfraredextinction
map. This map of dustcolumndensitycloselytracesthe
optically obscurednaterialthatde nesthecloud. We were
ableto identify morethan400GMCsfrom ourmapof NGC
5128andderived,for the rst time,a GMC massspectrum
( ) thatdoesnot rely on CO obsenations.
The result,a Salpetedike law ( ), is puzzlingas
the CO derived GMC massspectrumfor our Galaxy and
mary othersis (Solomoret al., 1987; Scwille et
al., 1987). Overlapof GMCsalongthe line-of-sightcould
in uencethemassspectrunthatis derivedfor Centaurug\,
but suchaneffectwould leadto anapparenexcessof more
massve cloudsanda atter slopeandsmallerspectraindex
thanderived. Thereis, neverthelessa CO derived GMC
massspectrumfor M33 (Engagiola et al., 2003) that is
similarto ourresultandwe mightbeseeinganintrinsicand
physicaldifferenceof GMC in galaxies. Thereis alsothe
possibilitythatbecauseve aremuchmoresensitve to col-
umndensity andhave exquisiteresolutionwhencompared
to CO data(the Engamiola et al., 2003 resultusesan in-
terferometer)ywe mightbedetermininghetrue GMC mass
spectrunin galaxies.Thisissueremainsopenandmoreob-
senationsof othergalaxiesareneeded.Clearly, NIR dust
columntracingin externalgalaxieds possibleandpromises
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to bring a new andcomplementaryook to the morphology
of thedensdSM in nearbygalaxies.

7. CONCLUDING REMARKS

The developmentof infrared arrays has enabledthe
measuremenand mappingof dust extinction in molecu-
lar cloudswith unprecedentedetail, depthand precision.
Suchstudiesare providing new insightsinto the structure
and structuralevolution of densecores. A clearerempiri-
cal andtheoreticalpictureof coreevolution from aninitial
stateof quasi-stableequilibrium to the developmentof a
protostellarembryois now beginningto emege. Mapping
of large cloud complexes can producevery reliable esti-
matesof total cloud massand enabletheir structureto be
guanti ed facilitating comparisonwith theoriesof cloud
evolution and star formation. Measuremenbf the core
massfunction is now possiblefor an interestingrangeof
coremassandcanbeputonareliablefooting. Comparison
with molecularline obsenationsyieldsimproved determi-
nationsof molecularabundancesndinvestigatiorof cloud
chemistry For examplesuchcomparisonshave produced
someof the mostcompellingevidencefor differential de-
pletionin cold starlessores.Althoughnot discussedhere,
comparisowith obsenationsof dustemissioncanproduce
importantconstrainton the natureof dustandon thether
mal structurein cloud cores(Kramer et al., 1998, 1999;
Biandhi et al., 2003). Finally, infraredextinction mapping
techniquescan be appliedto investigatethe star forming
cloudsin external galaxieswith angularresolutioncom-
parableto that of the bestradio interferometersncluding
ALMA andin doingsoprovideanunexpectechen window
onthenatureof extragalacticGMCs.
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