
Near-Infrar edExtinction and Molecular Cloud Structur e

CharlesJ. Lada
Harvard-SmithsonianCenterfor Astrophysics

JoãoF. Alves& Mar coLombardi
EuropeanSouthernObservatory

A little morethana decadehaspassedsincetheadventof largeformatinfraredarraycamerasopened
a new window on molecularcloudresearch.This powerful observationaltool hasenableddustextinction
and column densitymapsof molecularclouds to be constructedwith unprecedentedprecision,depth
andangularresolution. Near-infraredextinction studiescanachieve columndensitydynamicrangesof
0.3 � A �

� 40 magnitudes(6 x 10
���

� N � 10
���

cm�

�

), allowing with one simple tracera nearly
completedescriptionof thedensitystructureof a cloud free from theuncertaintiesthat typically plague
measurementsderived from radio spectroscopy and dust emission. This hasled in recentyearsto an
empirical characterizationof the evolutionarystatusof densecoresbasedon the shapesof their radial
columndensitypro�les andrevealedthe bestexamplesin natureof Bonnor-Ebert spheres.Wide-�eld
infraredextinction mappingof large cloud complexes provides the mostcompleteinventoryof cloudy
materialthatcanbederivedfrom observations.Suchstudiesenablethemeasurementof themassfunction
of densecoreswithin acloud,acritical pieceof informationfor developinganunderstandingof theorigin
of the stellar IMF. Comparisonwith radio spectroscopicdatahasallowed detailedchemicalstructure
studiesof starlesscoresandprovidedsomeof theclearestevidencefor differentialdepletionof molecular
speciesin cold gaseouscon�gurations. Recentstudieshave demonstratedthe feasibility of infrared
extinction mappingof GMCs in externalgalaxies,enablingthe fundamentalmeasurementof the GMC
massfunction in thesesystems.In this contribution we review recentresultsarisingfrom this powerful
technique,rangingfrom studiesof Bok globulesto localGMCs,to GMCsin externalgalaxies.

1. INTRODUCTION

Although �rst discoveredin the late eighteenthcentury
with visual telescopicobservationsby William andCaro-
line Herschel(Herschel, 1785),well over a centurypassed
beforephotographicobservationsof Barnard (1919) and
Wolf (1923)establisheddark nebulaeasdiscrete,optically
opaqueinterstellarclouds. Wolf 's photographicphotome-
try further demonstratedthat the opaquematerialin these
cloudsconsistedof solid,smallparticlesnow known asin-
terstellardustgrains.For nearlythreedecadesastronomers
couldnot discernwhethersuchnebulaecontainedgaseous
matteror weresolelymadeupof dust.Indeed,in the1950s
the discovery of the 21-cmline of HI led to the measure-
mentof a generalcorrelationbetweendustabsorptionand
HI emissionat low extinctions(Lilley, 1955).However, the
�rst searchesfor HI gastowardthecentersof darknebulae
foundHI emissionto beeitherweakor entirelyabsent(Bok
et al., 1955;Heiles, 1969).This fact leadBoket al. (1955)
to the prescientsuggestionthat if any gasexisted within
thesenebulae,it hadto bemolecularin form.

Thediscoveryof a cold molecularcomponentof thein-
terstellarmediumprimarily via COobservationsin theearly
1970s(e.g.,Wilson et al., 1970)quickly lead to the real-
ization thatdark cloudsweremolecularclouds,consisting
almostentirely of molecularhydrogenmixed with small
amountsof interstellardustandtraceamountsof morecom-
plex molecularspecies.Over the last thirty yearsinfrared

observationsfrom spaceandtheground(e.g.,Becklin and
Neugebauer, 1967;Stromet al., 1975;Wilking et al., 1989;
Yun andClemens, 1990;Lada, 1992)have establishedthe
true astrophysicalimportanceof molecularcloudsas the
sitesof all starformationin theMilk y Way.

Knowledgeof the structureand physicalconditionsin
molecularcloudsis of critical importancefor understand-
ing theprocessof starformation.Suchobservationscanset
the initial conditionsfor star formationandenablethe di-
rect investigationof the evolution of cloudy materialas it
is transformedinto stellarform. However, althoughalmost
entirelycomposedof molecularhydrogen,two factorsren-
der H � generallyunobservablein molecularclouds. First,
becauseit is a homonuclearmoleculeit lacksa permanent
dipole momentandits rotationaltransitionsareextremely
weak. Second,beingthe lightestmolecule,its lowesten-
ergy rotationaltransitionsareat mid-infraredwavelengths
which aresimultaneouslyinaccessibleto observationfrom
theEarthandtooenergeticto becollisionallyexcitedat the
cold temperatures(e.g.,10K) thatarecharacteristicof dark
molecularclouds. Thus the structureandphysicalcondi-
tions of dark cloudsmustbe derived from H � surrogates,
namelydust and tracemoleculargasessuchasCO, NH �

andHCN.
Despiteearlypromise,useof molecularlinesfrom trace

molecularspeciesfor this purposehas turned out to be
severelyhamperedby thepresenceof signi�cant variations
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in opacities,chemicalabundances,and excitation condi-
tionswithin darknebulae.Yet,mostof whatweknow of the
physicalconditionsin molecularcloudsderivesfrom such
studies. Observationsof dustmay be the mostdirect and
reliableway to tracethe hydrogencontentof a molecular
cloud. This is becauseof the constancy of thegas-to-dust
ratio in interstellarclouds,which is observationallywell es-
tablished(e.g.,Lilley, 1955; Ryteret al., 1975; Bohlin et
al., 1978;PredehlandSchmitt, 1995,etc.).In principle,the
dustcontentof acloudcanbetracedthroughmeasurements
of eitherdustemissionor extinction (i.e., absorptionplus
scatteringof backgroundstarlight). Interpretationof mea-
surementsof dustemissionis complicatedby the fact that
theobservedemissionis a productof dustcolumndensity
anddusttemperature.For the rangeof temperatureschar-
acteristicof darkclouds(8-50K), dustemissionis brightest
andmostreadilydetectedat far-infraredwavelengths.This
emissionis nearthepeakandoftenon theWien sideof the
correspondingPlanckcurveandthusnon-linearlysensitive
to thetemperatureof dustalongtheline-of-sight.Moreover,
becauseof the opacity of our atmosphereat thesewave-
lengthssuchobservationsarebestcarriedoutonspaceplat-
forms. On theotherhand,dustextinctionis independentof
dust temperature and measurementsof dustextinction are
directlyproportionalto dustopticaldepthandcolumnden-
sity and thus measurementof dust extinction is the most
direct andstraightforwardway to detectandmapthe dust
contentof a cloud. Therearetwo observationaltechniques
usedto make suchextinction measurements:the classical
methodof starcounts(e.g.,Bok, 1956)andthemethodof
measuringstellarcolor excess(e.g.,Ladaet al., 1994).

2. MEASURING DUST EXTINCTION

2.1Star Counts

Throughoutthe last centurythe generalmethodto de-
rive andmaptheextinction througha darkcloudhasbeen
the useof optical starcounts(e.g.,Wolf, 1923; Bok, 1956;
Dickman, 1978; Cernicharo and Bachiller, 1984). In this
methodtypically a rectilineargrid is overlaidon an image
of the targetcloud,andthenumberof starsto a �x ed lim-
iting magnitudeis countedin eachbox of the grid. These
countsarecomparedto thosein a nearby, unobscuredre-
gion. Theextinction is thengivenby:

	�

�����������������������! #"��%$&


(1)

Here
�

is the surfacedensityof starseitheron or off the
cloudand

$

is theslopeof thelogarithmiccumulativelumi-
nosityfunctionof starsin thecontrol�eld. Oneof themost
impressivestudiesof thistypeis therecentworkof Dobashi
etal. (2005).They usedtheDigitizedSky Survey to obtain
starcountsanda mapof extinction encompassingthe en-
tire Galacticplane.In theprocessthey wereableto identify
2448darkclouds.Howeversuchmeasurementssuffer from
anumberof limitations,themostsigni�cant of which is the

uncertaintydueto Poissonstatistics.Forexample,atoptical
wavelengths(usingthePOSS)it takesonly about4-5mag-
nitudesof visualextinction to reducethenumberof starsin
asinglecountingpixel to unity in atypicalarcminutesized
regionof theGalacticplane.Somewhathighervaluesof ex-
tinction(A ')( 5-9magnitudes)canbemeasured,but at the
signi�cant expenseof angularresolutionandthusthe loss
of structuralinformation(Cambresy, 1999). For example,
thewide-�eld mapsof Dobashiet al. (2005)werelimited
to resolutionsof 6 and18arcminutes.Onecantakeadvan-
tageof theextinction law andinsteadperformstarcountsat
near-infraredwavelengthswhereextinction is signi�cantly
reducedcomparedto theopticalregime.Therefore,signi�-
cantly largernumbersof backgroundstarscanbeobserved
througha darkcloudin theinfraredthanat traditionalopti-
cal wavelengths.Suchmeasurementscanattainhigherval-
ues(10-20magnitudes)of visual extinction without sacri-
�cing too muchangularresolution(e.g.,Ladaet al., 1994;
Harvey et al., 2001, 2003; Pagani et al., 2004; Kandori
et al., 2005).However, multi-wavelengthinfraredobserva-
tions can produceeven deeperand much more direct ex-
tinction determinationswith greatlyimprovedangularres-
olutionandsmalleroveralluncertaintiesby usingmeasure-
mentsof near-infrared color-excessto derive the extinc-
tion. With largeformatinfraredarraysit is now possibleto
usemoderatesizetelescopesto detectandsimultaneously
determinethe colors of thousandsof starsbehinda dark
molecularcloud.

2.2Near-Infrar edColor Excess:NICE and NICER

Becauseof thewavelengthdependenceof extinction(see
Fig. 1) it is advantageousto observe at the longestwave-
lengthpossibleto penetratethe mostheavily obscuredre-
gions of a dark cloud. The opacity of the Earth's atmo-
sphereseverely limits observationsat wavelengthsmuch
longerthan2 * m. Thestandardnear-infraredH (1.65 * m)
andK (2.2 * m) bandsarecloselymatchedto windows of
atmospherictransmissionandrepresentthe longestwave-
lengthsfor optimized ground-basedobservation with in-
fraredarraycameras.Moreover, typical �eld starsarerela-
tivelybrightin thenear-infraredsincethesewavelengthsare
nearthepeakof their stellarenergy distributions,andthus
thesestarsarereadilydetectedwith existing infraredcam-
erasonmodestsizedtelescopes.Becauseof thewavelength
dependenceof extinction, light from astarsuffersa change
in color aswell asa generaldiminution. The changein a
star's color is muchmoreeasilymeasuredthanthechange
in astar's brightness.This is becausetheintrinsicvariation
in unextinctedstellarcolorsis considerablysmallerthanthe
magnitudeof the changein stellar colors inducedby ex-
tinction, while the intrinsic variationin unextinctedstellar
brightnessesof backgroundstarsis comparableto andof-
ten signi�cantly exceedsthe magnitudeof the diminution
in stellarbrightnessescausedby extinction.

The line-of-sightextinction to an individual starcanbe
directlydeterminedfrom knowledgeof its colorexcessand
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theextinction law. Thecolorexcess,+

��,.-)/0"

, canbedi-
rectlyderivedfrom observationsprovidedtheintrinsiccolor
of thestaris known:

+

�1,2-�/3"4�5��,6-�/3"!��7�8:9<;�=&9:>�-?�1,6-@/0"!AB %CD;EAF G8<AIH�J

(2)

Theintrinsic
��,K-L/0"

colorsof normalmainsequenceand
giantstarsaresmallandspana narrow rangein magnitude
(0.0to 0.3magnitudesfor starswith spectraltypesbetween
A0 andlateM).

Oneexpectstherangein intrinsic colorsof background
�eld starsto spanan even smallerrangesincesuchstars
spana relatively narrow rangein spectraltype(typically K
andM). Observationsof �eld starsin nearby(unobscured)
control regionsoff thetargetcloudcanbeusedvery effec-
tively to determinethe intrinsic colorsof backgroundstars
providedthatthecontrol�eld starsthemselvesdonotsuffer
signi�cant additionalextinction in comparisonto the stars
in the target �eld (e.g.,from unrelatedbackgroundclouds
alongthesameline-of-sight).

With the assumptionthat all the background�eld stars
observed througha target molecularcloud areidentical in
natureto thosein the control �eld, we can usethe mean

,M-N/

color of the control �eld starsto approximatethe
intrinsic

,O-P/

color of all starsbackgroundto thecloud:

�1,O-P/0":AF QCD;�AB �8<AFHSR2T2�1,U-P/0"WVXH<�E QCD;Y�:Z

(3)

Theinfraredcolorexcessis directlyrelatedto theextinc-
tion (atany wavelength)via theextinction law:

	�
2�\[Q]W^ _




+

�1,O-P/0"

(4)

where
[Q]W^ _


 is the appropriateconstantof proportional-
ity given by the adoptedextinction law (e.g.,Rieke & Le-
bosky, 1985). Useof infraredcolorsto measureextinction
is known astheN(ear)-I(nfrared)C(olor)E(xcess)or NICE
methodof extinctiondetermination.

As shown by Lombardi & Alves(2001), one can take
full advantageof observationscarriedout in multiple (

V

2)
bandsto obtain even more accuratecolumn densitymea-
surements.The improvedtechnique,calledNICER (NICE

Revisited) optimally balancesthe informationfrom differ-
entbandsanddifferentstars.As a by-productof theanaly-
sis,NICER alsoallowsoneto evaluatetheexpectederroron
thecolumndensitymap,whichis usefulto estimatethesig-
ni�cance for thedetectionof substructuresandcores.The
NICER techniqueis betterdescribedby notingthat,in prin-
ciple, Eqs. (2) and(4) canbe equallywell appliedto any
combinationof infraredbands(e.g.,thecolor

,`-a/

usu-
ally usedin NICE, or thealternative b

-a,

color, if the b -
bandphotometryis available):hence,thiswaywecanhave
severaldifferentestimatesof thecloudcolumndensity.

The NICER technique�nds an optimal linear combi-
nation of the columndensityestimatesfrom the different
bands.For example,in the caseof threebandsb ,

,

, and

/

, theextinction is estimatedas
	c
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andthecoef�cients
$&]W^ _


 and
$&hi^ ]


 arefound by requiring
that (i) the columndensityestimateis unbiasedand(ii) it
hasminimum variance.The �rst condition,by inspection
of Eq. (4), implies
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, while the
seconddependson the intrinsic scatterin the infraredcol-
ors and on the individual errorson the photometricmea-
surementsof eachstar(seeit Lombardi& Alves,2001for
details). When applied to typical NIR observations, the
NICER methodis ableto reduceby afactortwo theaverage
varianceof the NICE columndensitymeasurements,thus
improving the maximumresolutionachievable. More sig-
ni�cantly, useof NICERgreatlyimprovestheoverallsensi-
tivity of theextinctionmeasurementsat low extinctions(0.5

T�	

'

T

2.0magnitudes).Its implementationthusenables
themappingof theouterenvelopesof molecularclouds,re-
gionswhich cannotbe tracedby CO observationsbecause
of thedissociationof CO by theinterstellarradiation�eld.

A furtherenhancementon theaccuracy of columnden-
sity measurementscan be gainedby using a maximum-
likelihood(ML) technique(Lombardi 2005). The method
takesadvantageof both the multicolor distribution of red-
denedstarsandof their spatialdistribution. In otherwords,
the ML methodoptimally integratesthe color excessand
starcountsmethods.TheML techniqueis especiallycon-
venientin thehigh-densitycoresof molecularclouds,and
in thepresenceof contaminationby foregroundstars.

Althoughtheexactnumberof backgroundstarsthatcan
bedetectedbehindamolecularclouddependson its Galac-
tic latitudeandlongitude,its angularsizeandthesensitiv-
ity of the observations,a modestdepth(i.e., K m 16) in-
fraredimagingsurvey caneasilyyield colorsfor thousands
of backgroundstarsbehindatypicalnearbydarkcloud.The
resultingdatabaseof infraredcolorexcessesandsourcepo-
sitionswould representa mapof the distribution of color
excess(andextinction) throughthecloudobtainedwith ex-
traordinarilyhigh (pencil-beam)angularresolution.How-
ever, we canexpect this map to be randomlyandheavily
undersampledin spacebecauseof variousobservationalse-
lectioneffectsexpectedin amagnitudelimited survey (e.g.,
theobservedsurfacedensityof backgroundstarsis a func-
tion of detectorsensitivity, Galacticlongitudeandlatitude
andextinction). Thedatain sucha survey canalsobeused
to constructanorderedanduniformly sampledmapof the
distribution of color excessthroughthe cloud by smooth-
ing theangularresolutionof theobservations.Thesmooth-
ing functionsor kernelsthathave beenemployedaretypi-
cally of �x edangularresolutionandeitherin theshapeof a
square(e.g.,Ladaet al., 1994)or a two dimensionalgaus-
sian(betterfor comparisonwith radiodata,e.g.,Alvesetal.,
1999,2001).Cambresyandco-workershaveadvocatedthe
useof an adaptive smoothingkernelwhich constantlyad-
juststhesizeof thekernelto maintainaconstantnumberof
starsandaconstantnoiselevel in eachpixelof amap(Cam-
bresyetal., 1997;Cambresy, 1999;Cambresyetal., 2002).
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Fig. 1.— Optical(BVI) andinfrared(JHKn ) imagesof theglobuleBarnard68obtainedwith ESO'sVLT andNTT (Alvesetal., 2001).
This sequenceshows theincreasingtransparency of interstellardustwith increasingwavelength.At theopticalbandsB (0.44 o m) and
V (0.55 o m) theglobule is completelyopaque,while in theinfraredK n (2.16 o m) bandit is almostcompletelytransparent.

Thismethodproduceslowerangularresolutionat thehigh-
estextinctions,but eliminatesemptypixels or pixels with
only a singlestarthatmight otherwiseoccurin mapswith
�x edangularresolution.

3. EXTINCTION MAPPING OF CLOUD CORES

Low massdensecoreswithin largemolecularcomplexes
andisolateddensecores(alsoknown asBok globules)are
thesimplestcon�gurationsof densemoleculargasanddust
knownto form stars(e.g.,BensonandMyers, 1989;Yunand
Clemens, 1990). They have beenlong recognizedas im-
portantlaboratoriesfor investigatingthephysicalprocesses
which leadto theformationof starsandplanets(e.g.,Bok,
1948). Thesecorescomein two varieties:protostellarand
starless.Detailedknowledgeof thestructureof both types
of coresis essentialfor obtaininganempiricalpictureof the
evolution of densegasto form stars.Suchinformationcan
providecritical constraintsfor developinganoverall theory
of star formation. Early work by Tomita et al. (1979)at-
temptedto probethestructureof darkglobulesusingextinc-
tion measurementsderived from optical starcountsof the
PalomarSky Survey. They foundcorestructureto bechar-
acterizedby very steepdensitygradientswith power-law
exponentsrangingbetween-3 to -5. However, thehigh ex-
tinctionsthat characterizedtheglobuleslimited their mea-
surementsto only theveryouterregionsor atmospheresof
theseobjectsandwerenotusefulfor constrainingtheover-
all structureof thesecores.

It hasbeenlong understoodthat infrared observations
couldprobemuchlargerextinctionsin suchobjectsandini-
tial studiesof globulesusingsinglechannelinfrareddetec-

tors showed muchpromisefor probinghigherextinctions
and obtainingmore completemeasurementsof the struc-
tureof globulesanddensecores(Jonesetal., 1980;Casali,
1986). But thesestudieswerevery limited by sensitivity
and the small numbersof backgroundstarsthat could be
measuredin theregions. Thedevelopmentof sensitive in-
frared imaging array detectorsradically alteredthis situ-
ation. Sucharraysenabledthe detectionof thousandsof
backgroundstarsbehindcloudsandresultedin the�rst de-
tailed extinction mapsof dark nebulae with high angular
resolutionandsuf�cient depthto probethestructureatrela-
tively highextinction. (Ladaetal., 1994,1999;Alvesetal.,
1998).Indeedcoupledwith largeraperturetelescopessuch
arraysalsoalloweddeepimagingof nearbydarkcloudsand
the ability to measureextinctions in regionsof very high
opacity, that is, pGq

Tr	

'

Trsut

magnitudes(Alveset al.,
2001).This is thelevel of extinctionproducedby thedense
coresof darkclouds,theveryplacesin whichstarformation
takesplace.

3.1StarlessCores

Two of theleastunderstoodaspectsof thestarformation
processarethe initial conditionsthatdescribedensecores
thatultimatelyform starsandtheorigin of suchdensecores
from morediffuseatomicandmolecularmaterial.Deepin-
fraredobservationsof starlesscoresorglobulesofferamong
thebestopportunitiesto quantitatively investigatetheseis-
sues. The �rst starlessglobule or core to be mappedat
high resolutionin dustextinction wastheprominentglob-
ule Barnard68 (Alveset al., 2001). Optical and infrared
imagesof this globule areshown in Fig. 1. This globule is
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Fig. 2.—Left: Distributionof extinction(dustcolumndensity)for theB68cloud(seeFig. 1) derivedfrom deepnear-infraredextinction
measurementssampledwith a gaussianspatial�lter of 10arcsec(1000AU) width (FWHP).Right: Azimuthallyaverageddustcolumn
densitypro�le for thecloudconstructedwith a spatialresolutionof 5 arcsec(500AU). With this resolutiontheradialstructureof the
cloud is extremelywell resolved. (Note: opencirclesincludethecontribution of the tongueor protrusionof materialat thesoutheast
edgeof thecloud;�lled circlesexcludethis material.)Plottedfor comparisonis thecorrespondingbest�t columndensitypro�le (solid
line) for a pressuretruncated,isothermalsphere(Bonnor-Ebertsphere).

situatedin front of therichstar�eld of Galacticbulgewhere
thehomogeneousnatureof thebackgroundstarsresultedin
a very accuratedeterminationof their intrinsic colorsand
very accuratemeasurementsof extinction. Moreover the
high densityof backgroundstarsenabledthe cloud to be
mappedwith relatively highangularresolution.

Fig. 2 shows the resulting extinction map of B68
smoothedwith a 10arcsecond( ( 1000AU) gaussianspa-
tial �lter . Also plottedis the radial columndensitypro�le
constructedby azimuthallyaveragingthe datainto annuli
of 5 arcsec(500AU) widebins.Theradialcolumndensity
pro�le of this cloud is very well resolved by the observa-
tions. Alveset al. (2001)showedthat this pro�le couldbe
extremelywell �t by thepredictedpro�le of aBonnor-Ebert
(BE) sphere.

A BE sphereis a pressure-truncatedisothermalball of
gas within which internal pressureeverywhereprecisely
balancesthe inward pushof self-gravity andexternalsur-
facepressure.The�uid equationthatdescribessuchaself-
gravitating, isothermalspherein hydrostaticequilibriumis
thefollowing well known variantof theLane-Emdenequa-
tion:

l

v

�

w

wGv

�

v

�

w�x

wGv

"y�{z�|~}

(6)

where
v

is thedimensionlessradius:

v

�€•&��[�H

(7)

and
[�H

, is thecharacteristicor scaleradius,
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j
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where
•

8

is thesoundspeedin thecloudand
ˆ

Š

is theden-
sity at the origin. Equation6 is Poisson's equationin di-
mensionlessform where

x

�

v

"

is thedimensionlesspotential
andis setby therequirementof hydrostaticequilibriumto
be

x

�

v

"

= -ln(
ˆ#��ˆuŠ

). Theequationcanbesolvedusingthe
boundaryconditionsthatthefunction

x

andits �rst deriva-
tivearezeroat theorigin. Equation6 hasanin�nite family
of solutionsthatarecharacterizedby asingleparameter, the
dimensionlessradiusat outeredge(R) of thesphere:

vi•kŽ&•

��•c�Q[�HiJ

(9)

Eachsolutionthuscorrespondsto atruncationof thein�nite
isothermalsphereatadifferentouterradius,R.Theexternal
pressureatagivenR mustthenbeequalto thatwhichwould
beproducedby theweightof materialthatotherwisewould
extendfrom R to in�nity in an in�nite isothermalsphere.
Theshapeof theBE densitypro�le for apressuretruncated
isothermalcloud thereforedependson the singleparame-
ter

vƒ•‘Ž�•

. As it turnsout, thehigherthevalueof
v�•‘Ž�•

the
morecentrallyconcentratedthe cloud is. The stability of
suchpressuretruncatedcloudswasinvestigatedby Bonnor
(1956)andEbert(1955)whoshowedthatwhen

v
•‘Ž�•

V

6.5
thecloudsarein astateof unstableequilibrium,susceptible
to gravitationalcollapse.

For B68, Alves et al. found the radial densitypro�le
to be extremely well �t by a Bonnor-Ebert model with

vƒ•‘Ž�•

�`’“J ”

very closeto the critically stablevalue. The
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closecorrespondenceof the datawith the BE prediction
stronglysuggeststhatthisglobule is arelatively stablecon-
�guration of gasin which thermalpressureis a signi�cant
sourceof supportagainstgravity. This closeagreementof
theoryandobservationhasvery importantimplicationsfor
thephysicalandevolutionarynatureof this sourcesinceit
implies that the globule is a coherentdynamicalunit and
nota transientstructure.

Thenatureof B68asathermallydominated,quasi-stable
cloudhasbeendecisively con�rmed by molecular-line ob-
servationsof Hotzelet al. (2002)andLada et al. (2003)
who found the molecular-line pro�les to be characterized
by thermal line widths. Indeed,the latter study showed
the thermalpressureto be a factor of 5 greaterthan the
non-thermalor turbulentpressurein thecenterof thecloud.
Moreover, theseobservationsdemonstratedthatthecloudis
undergoingglobaloscillationarounda stateof overall dy-
namicalequilibrium. In a morerecentsurvey of globules,
Kandori et al. (2005)foundthatmostof thestarlessglob-
ulesthey studiedaredominatedby thermalpressure,similar
to B68. Tafalla et al. (2004)alsoreportedthermallydom-
inated,quasi-stablestatesfor two more massive coresin
theTaurusdarkcloudcomplex. These�ndings arein clear
contradictionto andrule out thesuggestionof Ballesteros-
Paredeset al. (2003)who positedB68 (andsimilar cores)
to bea transientdynamical�uctuation in a turbulentveloc-
ity �eld.

Equations8 and9 coupledwith theextinction measure-
mentsenablethe fundamentalphysical conditionsof the
globule, that is, its temperature,centraldensity, external
pressure,size,etc. to be exquisitely speci�ed. Indeed,if
the temperatureof the cloud can be independentlydeter-
mined from molecularline observations(e.g., NH � ) then
thetermsin equations8 & 9 areoverspeci�edand”reverse

engineering”is possibleresultingin precisedetermination
of eithertheclouddistanceor its gas-to-dustratio (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 assumptionof a distanceanda gas-to-dustratio a rel-
atively accuratedeterminationof the total cloud masscan
be madewith an uncertaintycompletelydominatedby the
uncertaintiesin thesetwo assumedparameters.

Infraredextinctionmapsof anumberof starlessglobules
andcoreshave now beenpublishedandthe coresaretyp-
ically found to exhibit Bonnor-Ebertcolumndensitypro-
�les with shapescloseto thecritical stability limit, similar
to B68 (Ladaet al., 2004;Teixeira et al., 2005;Kandori et
al., 2005). Fig. 3 shows thedistribution of the �t parame-
ter

v
•kŽ&•

for asampleof mostlystarlessglobulesstudiedby
Kandori et al. (2005). The concentrationnearthe critical
value is evident. Similar �ndings have resultedfrom sur-
veysandmappingof dustcontinuumemissionfrom starless
cores(e.g.,Kirk et al., 2005).Suchgaseouscon�gurations
likely representthe initial conditionsfor star formationin
densecores.

3.2Protostellar Cores

Infraredextinctionstudieshavealsobeencarriedout to-
warda few starforming, protostellarcores(e.g.,Harvey et
al., 2001;Teixeira etal., 2005;Kandorietal., 2005).These
studiesshow that corescontainingprotostarstendto have
much steeperradial column and volume density pro�les
than starlesscores. Indeedthe centralextinctions rise to
suchhigh values(

	

'

V

40 magnitudes)in thesecoresthat
even the deepestgroundandspacebasedimagingcannot
detectbackgroundstarsin their innermostregions.Surpris-
ingly perhaps,the radialdensitypro�les, wheremeasured,

6



canstill be�t by Bonnor-Ebertcurves,but thesearecharac-
terizedby largevaluesof

vi•‘Ž�•

(12-25)consistentwith large
center-to-edgedensitycontrastsandindicativeof highlyun-
stableequilibriumcon�gurations(seeFig. 3).

It thereforehasbeensuggestedthat in the processof
forming a star the shapeof a core's radial densitypro�le
evolves from a relatively �at, equilibrium structureto a
highly condensedcollapsingstructurein a systematicman-
nerwhich canbequanti�ed usinga Bonnor-Ebertanalysis
(e.g.,Lada et al., 2004; Teixeira et al., 2005; Kandori et
al., 2005).A quasi-stableglobuleor corecouldbecomeun-
stableby eitheranincreasein theexternalpressure(anex-
ternalperturbation)or a decreasein the internalpressure.
Passageof external shocks,such as producedby super-
novaeor in cloud-cloudcollisionscouldresultin abruptin-
creasesin externalpressure.Althoughmany of theseglob-
ulesandcoresarethermallydominated,residualmagnetic
�elds and/orturbulencecould provide signi�cant sources
of internalpressure.Thedissipationof evensmallamounts
of residualinternalturbulence(Nakano, 1998)or ambipo-
lar diffusion (Shuet al., 1987; Mouschovias and Ciolek,
1998)couldresultin adecreaseof internalpressureandin-
stability. RecentlyKandori et al. (2005)andMyers (2005)
havecalculatedtheevolutionof asphericalcloudassuming
thattheinitial conditionis thatof acritically stableBonnor-
Ebert con�guration. Thesecalculationsdemonstratethat
as the cloud collapsesits radial densitypro�le maintains
the shapeof a Bonnor-Ebertpro�le with the densitycon-
trast (i.e.,

vi•‘Ž�•

) systematicallyincreasingas the collapse
proceeds.This effect is nicely illustratedin Fig. 3 which
shows the theoreticalpredictionfor the structureof a col-
lapsingcoreat four differenttimes(Kandori et al., 2005).
Also plottedare the best�t Bonnor-Ebert relationswhich
suggestthattheevolutionarystatusof acollapsingcorecan
be estimatedfrom the instantaneousshape(parameterized
by

vi•kŽ&•

) of its columndensitypro�le. Thus,evenwhena
densecore is out of equilibrium andcollapsingits density
structuremaintainsa Bonnor-Ebertlikecon�guration, pro-
vided the initial conditionwasgiven by a critically stable
Bonnor-Ebertstate. Moreover the calculationsof Kandori
et al. predict that the frequency distribution of

v
•‘Ž�•

de-
rivedfrom observationsshouldpeaknearthecritically sta-
ble valuesincethe timescalefor evolution decreaseswith
increasingdensity. This is in factevident in thedata(Fig.
3). Indeed,accordingto thecalculationsmorethan60%of
thetotalcollapsetimepassesbeforethecenter-to-edgeden-
sity contrastincreasesby asmuchasa factorof 4 over the
initial critical state(Kandori et al., 2005). Finally, thefact
thatthestructureof bothstableandcollapsingcorescanbe
�t by Bonnor-Ebertmodelsindicatesthat the initial condi-
tionsfor corecollapseandstarformationmustbesimilar to
thosedescribedby a critically stableBonnor-Ebertcon�g-
uration,suchasB68.

The observations and calculations described above
demonstratethat extinction measurementsof cores and
globules can be a powerful tool for constructinga quan-
titativeempiricaldescriptionof their structuralevolution to

form stars.As a resulta morecompletetheoreticalunder-
standingof this processmay now be closerto realization.
The Bonnor-Ebert formalism appearsto provide an ini-
tial theoreticalframework that candescribequite well the
physicalprocessof coreevolution to form stars.However,
this framework will needto bere�ned to accountfor more
realistic cloud geometries(e.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 molecular-line observations
areclearlywarranted.

4. EXTINCTION MAPPING OF CLOUD COMPLEXES

Infraredextinction mappinghasalso provided new in-
formationaboutthelargerscalestructureof nearbymolec-
ular cloudcomplexeswithin which densecoresareusually
embedded. Initial studiesfocusedon nearby�lamentary
cloudsincludingIC 5146(B168)(Ladaet al., 1994,1999)
andL 977(Alveset al., 1998,1999).Thesestudiesshowed
thatthe�lamentary structuresexhibitedsmoothradialden-
sity gradientsorthogonalto their mainaxiswhich arewell
modeledby pressure-truncatedisothermalcylinders(Huard
et al., 2006). The extinction observationsproducedde-
tailedmeasurementsof thefrequency distributionof extinc-
tion (i.e.,thecloudmassdistributionfunction)showing that
mostof themassof acloudis at low extinction. Only about
25-30%of thematerialin thesedarkcloudsis characterized
by extinctionsin excessof 10 visual magnitudes(Alveset
al., 1999).Theform of thecloudmassdistributionfunction
wasalsofoundto beconsistentwith thatpredictedin sim-
ulationsof turbulent clouds(Ostriker et al., 2001). More-
over, integrationof suchmapsyieldsverypreciseestimates
(to a few %) of the massesof theseclouds. However, the
accuracy of suchmassdeterminationsis entirelydominated
andlimited by theuncertaintyin theassumeddistancede-
terminations.

Theavailability of the2MASSnear-infraredall sky sur-
vey hasenabledthe constructionof wide-�eld extinction
mapsthatcanencompasstheentireextentof a GMC (e.g.,
Cambresyet al., 2002; Lombardi and Alves, 2001). Us-
ing NICER,completemapsof anumberof prominentlocal
cloud complexeshave beenmade. Thesemapsare suf�-
ciently sensitive to tracerelatively low levelsof extinction
(A 'g( 0.5 magnitudes)andhave extendedtheboundaries
of the cloudsbeyond the level that can be tracedby CO
emission.Fig. 4 showsNICERextinctionmapsof 5 promi-
nent cloud complexes drawn to the samephysical scale
(Lombardi & Alves, 2001;Lombardi etal., 2006;Lombardi
& Alves, 2006). Thesemapscan reveal interestingstruc-
tural informationaboutthe cloudy material. For example,
the cumulative frequency distribution of extinction for the
PipeNebula(Lombardi etal., 2006)showsthecloudtocon-
tainsonly about1% of its massat extinctionsin excessof

	

'

V

10 magnitudes.In this respectthe Pipecloud dif-
fersfrom theIC 5146andL 977cloudshaving a consider-
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Fig. 4.— NICER extinction mapsof local molecularcloud complexs. The mapsare shown on the samephysicalscalebut are
characterizedby differentangularresolutions.
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Fig. 5.— Themassfunctionof densecoresin thePipeNebula (Alveset al., 2006a).Thepointswith errorbarsrepresenttheobserved
coremassfunction.Thesolid traceon theleft of thediagramis thestellarIMF derivedfor theTrapeziumcluster(Muench et al., 2001)
which is very similar to theGalactic�eld starIMF. Thesolid tracepassingthroughthepointson theright is thestellarIMF scaledby a
factorof 3 in massandbinnedto thesamemassintervalsasthecoremassfunction. Thetwo massfunctionshave very similar shapes
(apartfrom thefactorof 3 shift in massscale).

ablysmallerfractionof its massat theselevelsof extinction
which are typically characteristicof star forming material
(e.g.,Johnstoneet al., 2004).ThePipecloudalsocontains
muchlowerlevelsof starformationactivity thancloudslike
Ophiuchus,Orion andTaurusandmaybeat a muchearlier
stageof overall development. Furtherexaminationof its
cumulativeextinction distribution shows thatabout30%of
thecloud'smassexistsatextinctions

��	

'

"WT

2magnitudes,
the thresholdfor the CO dissociation. This fact indicates
that even underperfectcircumstances,CO emissionis in-
sensitive to asigni�cant fractionof acloud'stotalmassand
thatdustextinctionmeasurementsprovideamorecomplete
inventoryof a cloud's totalmasscontent.

Wide-�eld extinction mapscanalsoprovidea relatively
completeinventoryof densecoreswithin cloudcomplexes.
For example,170 distinct coreswereidenti�ed within the
PipeNebula from an analysisof its extinction map(Lom-
bardi et al., 2006). The sizesandmassesof this popula-
tion of coresarereadilyobtainedfrom theextinction data.
Sincedensecoresaretheprogenitorsof stars,thecoremass
functionof a cloudis of particularinterestfor developinga
theoryof starformation.Fig. 5 shows thecoremassfunc-
tion (CMF) for the PipeNebula (Alveset al., 2006a)and
the stellar IMF for the Trapeziumcluster(Muench et al.,
2001)plottedfor comparison.Theshapeof thePipeCMF
is surprisinglyvery similar to that of the stellarIMF. This
similarity haspotentiallyprofoundimplicationsfor starfor-
mation.

Althoughmolecular-line studies(e.g.,Blitz, 1993)have

long suggestedthat the forms of the stellarandcoremass
functions were fundamentallydifferent, observations of
dust emissionin a few regions hinted at a similarity of
the shapes,at least for relatively high (

V

2-3 M › ) mass
(e.g.,Motteet al., 1998;Testi andSargent, 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 direct roots in the origin of the
CMF. The extinction derived CMF of the Pipe Nebula is
the�rst to revealabreakin thepower-law form of theCMF
at low mass( ( 2 M › ). This breakis similar to that in the
stellarIMF but occursat amassa factorof ( 3 higherthan
the correspondingbreakin the stellar IMF (SeeFig. 5).
However, if the stellar IMF is shiftedto highermassby a
multiplicative factorof about3, theshapesof thetwo mass
functionsagreeextremelywell over all masses.Theclose
correspondencein shapebetweenthe two massfunctions
indicatesthat thereis indeeda direct transformationof the
CMF to the stellar IMF. However, the factor of 3 differ-
encein themassscaleis fundamentallysigni�cant sinceit
further indicatesthat this transformationis governedby a
universalef�ciency of ( 30%acrosstheentirestellarmass
range.Theimportantimplicationof this observationis that
understandingtheorigin of thestellarIMF requiresunder-
standingtheorigin of themassspectrumof theirprogenitor
cores.It is interestingthatthePipeCMF andthestellarIMF
aresosimilar. ThestellarIMF plottedis for starsformedin
theTrapeziumclusterwheretheenvironmentandphysical
conditionsdiffer signi�cantly from thosefoundin thePipe
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Fig. 6.— Map of C œ1• O (J=1-0)emissionfrom the B68 cloud (left) togetherwith a plot of the correlationbetweenCO integrated
intensityandextinction for the cloud (right). Thebreakfrom a linear correlationat 10 magnitudesin the latter plot indicatesa sharp
decreaseof CO abundancein thehigh extinction regions. This drop in abundancein thecentralregionsis alsomanifestin thespatial
mapwherea bright ring of emissionsurroundsa centraldepression.Thesolid line in theright handplot representsthepredictionof a
chemicalmodelin which theCOabundanceis decreasedby two ordersof magnitudein thecentralregionsof theclouddueto depletion
ontograins(from Bergin et al., 2002).

Nebula althoughthe former are probablytypical of those
characterizingmoststarformation,sincemoststarsarebe-
lievedto be formedin clusters(Lada& Lada, 2003). This
similarity maybeanotherindicationthat thestellarIMF is
a very robustproductof thestarformationprocess.

5. COMPARISON WITH MOLECULAR DATA

Infrared extinction measurementsprovide the most
straightforward way to make direct determinationsof
molecularabundancesin regions of high extinction (i.e,

	

'

VOt

mag). Thereforesuchmeasurementsarecritical
to quantitativeexplorationof cloudchemistryandchemical
evolution. In Fig. 6 we show themapof C

‹!ž

O emissionof
theB68cloudalongwith adetailedpoint to pointcompari-
sonof theCOintegratedintensitywith extinctionacrossthe
entirecloud (Bergin et al., 2002). Thespatialmapclearly
shows theCO emissionto peakin a ring aroundthecloud
center. Comparisonwith theextinctionmapin Fig. 2 shows
thatCO andextinction areessentiallyanti-correlatedin the
sensethat CO is apparentlyabsentwheretheextinction is
thehighest.

The relation betweenintegratedintensity and dust op-
tical depthis linearly correlated(but with signi�cant scat-
ter) until a visualopacityof about10magnitudes,at which
pointthereis asharpbreakfollowedby a�attening andthen
a decreasein the integratedintensitywith increasingcloud
extinction. Calculationsof the non-LTE excitation of CO,
thatdirectly incorporatetheobservedBonnor-Ebertdensity
distribution derived from the extinction, indicate that the
observed emissionis largely optically thin. This, in turn,

is con�rmed by observationsof the rarerC
‹!Ÿ

O isotopeat
numerouslocations(Bergin et al., 2002). Thus, the �at-
teningof the relation is due to a sharpdeclinein the CO
abundancein the centerof thecloud. Indeedthe inner re-
gionsmaybecompletelydevoid of gaseousCO.In asimilar
fashionBergin et al. alsomeasuredtheabundancesof CS
andN � H   acrossthe cloudanddemonstrateda patternof
differentialdepletionfor thesespeciesin which CSis most
heavily depletedandN � H   is leastdepletedof thespecies
observed.This patternof depletionagreeswith predictions
of modelsof time-dependentchemicalevolution. This is
illustratedby the chemicalmodelplotted in Fig. 6 which
matchesthe datavery well andrequiresa reductionin the
CO abundanceof over two ordersof magnitude.Theseob-
servationsandcalculationssuggestthat in the very center
of the cloud all observablemoleculesmay be frozenonto
grains,exceptperhapsfor a speciessuchasH � D   . Very
similar resultshavebeenderivedfrom extinctionstudiesof
otherclouds(Krameret al., 1999;Bergin et al., 2001)and
from studiescomparingmolecularanddustemissionfrom
clouds(Caselliet al., 1999;Tafalla et al., 2002). Together
theseobservationsshow thatit maynotbepossibleto probe
theconditionsin theinnerregionsof pre-stellarcoreswith
molecular-line tracersandthat mapsof the distribution of
dustarethe mostreliabletracersof cloudy materialat the
highestextinctions.

Combininginfraredextinction datawith molecular-line
observationsof the more abundantCO isotopes,particu-
larly

‹

� CO and
‹

� CO canprovide importantconstraintsfor
determiningmassesof GMCs in the Milk y Way and in
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Fig. 7.—Opticalimageandcorrespondingdustextinctionmapderivedfrom near-infraredimagingof CenA obtainedwith ESO'sNew
TechnologyTelescope.

other galaxieswheremeasurementsof dust may be dif�-
cult or impractical. Oneof thestandardmethodsto deter-
minecloudmassesof GalacticandextragalacticGMCsis to
scaleCO integratedintensitiesby theso-called“X-f actor”,
which is de�ned to be the ratio of total columndensityto
CO integratedintensity. Direct comparisonsof CO obser-
vationswith infraredextinctionmeasurementsat thousands
of pointswithin a molecularcloud have greatly improved
the determinationof the X-factor(e.g.,Lada et al., 1994;
Lombardi et al., 2006). Thesestudies�nd a de�nite linear
correlationbetweenCO integratedintensityandextinction
over the range2

T¡	

'

T

6 magnitudes.Below an
	

' of
2 COis dissociatedandundetectablewhile abovean

	

' of
6 theCO linesareoptically thick andthecorrelationsatu-
rates.However, bothstudies�nd a largeintrinsic scatterin
thecorrelatedquantities.Thecorrelationcoef�cient is low
( ( 0.5)for boththeobserved

‹

� CO-(Lombardi etal., 2006)
and

‹

� CO-extinctioncorrelations.
TheseCO-extinction comparisonsindicatethat thereis

an intrinsic andirreducibleuncertaintyof abouta factorof
( 1.4 - 2.0 in the X-factor. The likely reasonfor this cir-
cumstanceis the volatile chemistrythat mustcharacterize
thelow extinctionregionsof GMCswheremostof themass
is found(Ladaetal., 1994).

6. EXTINCTION MAPPING OF GALAXIES

Thephysicsof theformationof GMCsis oneof thema-
jor unsolvedproblemsof theinterstellarmedium.Although
many papershave beenwritten on the subject(seefor a
review, Elmegreen, 1993 and referencestherein) it is not
yet known whatthedominantformationmechanismis, nor
even what the relative importanceof gravity, shocks,and
magnetic�elds arein thecloudformationprocess.Oneav-
enuefor testingthesetheoriesis to studymolecularclouds
in a wide rangeof environments,ideally from a view point
outsidetheGalaxy'splane,andto determinewhichaspects
of theenvironmentsetthecloudproperties.

A studyof GMCs in externalgalaxiescanaddressthe
fundamentalquestionsof whetherthemolecularISM in ex-
ternal galaxiesis organizeddifferently than in the Milk y
Way andwhetherGMCsplay thesamecentralrole in mas-
sive star formationas in the Milk y Way, andare then re-
sponsiblefor galaxy evolution. Moreover, in an external
galaxywe caneasilydisentanglemolecularcloudsandas-
sesstheir basicpropertiesandstar forming status,as op-
posedto theconfused“inside view” of Galacticmolecular
clouds.Ironically, GMCsareperhapsthemostoverlooked
parameterin extragalacticstarformationstudies,andonly
recently, with thedevelopmentof millimeter (CO) interfer-
ometry, they arebeginning to be consistentlyincorporated
into thepicture.

In theprevioussectionswe presentedthemeritsof deep
NIR imaging to trace column density not only is dense
cores but also entire molecular cloud complexes where
thesedensecoresare embedded(seeFig. 4). Recently,
we havebeentrying to extendthis successfulideato extra-
galacticGMCs.Insteadof measuringthecolorof thousands
of backgroundstarsto molecularclouds,we will measure
theaveragecolor of theunresolvedthousandsof starsthat
will fall on a pixel of a NIR detector. We will measurethe
NIR diffusegalaxylight seenthroughGMCs, in a simple
analogyto ourGalacticwork. Darkdustlanes(asjudgedby
availabledeepoptical imaging),anda bright diffuseback-
ground,arenecessaryconditionsto makethemethodwork.
It is easyto understandtheimpactthisapproachmighthave
whenonerealizesthatwe will beableto mapthedistribu-
tion of dustcolumndensityatsub-arcsecresolutions,better
thanpresentdayinterferometers(with typicalresolutionsof
a few arcsec;seeFig. 7). A caveatthatdoesnot affect our
Galacticworkonthenearbycomplexesis theunknowncon-
tribution of foregroundlight along the line-of-sight. This
contribution will dilute the signal, andwithout modeling,
any derived column densityalong a speci�c line-of-sight
will be a lower limit to the true columndensity. Still, one
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Fig. 8.— OpticalHSTimageandinfraredextinctionmapzoomingin onasingleGMC with anassociated,recentlyemergedyoungOB
association/clusterwithin theCenA dustydisk (seeFig. 7) Theextinction mapof dustcolumndensityclearly resolvesthemolecular
cloud.

can minimize this problemby selectingtargetswith con-
spicuousdarklanesasseenin deepopticalimages.

Bialetsky et al. (2006)andAlveset al. (2006b)present
the�rst successfulapplicationof thisextensionof thetech-
niqueto theradio-galaxyCentaurusA (NGC5128)(Fig. 7).
Wehavesuccessfullymappeddustextinction in thisgalaxy
down to a 3¢ 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 canresolve andidentify individual
GMCs. Fig. 8 shows an optical (HST) imageof a mas-
sive GMC associatedwith what appearsto be an emerg-
ing or recentlyemergedOB associationor youngcluster.
Next to theoptical imageis thederivedinfraredextinction
map. This mapof dustcolumndensityclosely tracesthe
opticallyobscuredmaterialthatde�nesthecloud.We were
ableto identify morethan400GMCsfrom ourmapof NGC
5128andderived,for the�rst time,a GMC massspectrum
(

w

�0�

wu¤¦¥¡¤

|�§

) thatdoesnot rely on CO observations.
The result,a Salpeterlike law ( ¨¡(`p

J s“l

), is puzzlingas
the CO derived GMC massspectrumfor our Galaxyand
many othersis ¨d(

lGJ©t

(Solomonet al., 1987;Scoville et
al., 1987). Overlapof GMCsalongthe line-of-sightcould
in�uencethemassspectrumthatisderivedfor CentaurusA,
but suchaneffectwould leadto anapparentexcessof more
massivecloudsanda�atter slopeandsmallerspectralindex
thanderived. Thereis, nevertheless,a CO derived GMC
massspectrumfor M33 (Engargiola et al., 2003) that is
similar to ourresultandwemightbeseeinganintrinsicand
physicaldifferenceof GMC in galaxies.Thereis alsothe
possibilitythatbecausewe aremuchmoresensitive to col-
umndensity, andhave exquisiteresolutionwhencompared
to CO data(the Engargiola et al., 2003resultusesan in-
terferometer),wemightbedeterminingthetrueGMC mass
spectrumin galaxies.Thisissueremainsopenandmoreob-
servationsof othergalaxiesareneeded.Clearly, NIR dust
columntracingin externalgalaxiesis possibleandpromises

to bring a new andcomplementarylook to themorphology
of thedenseISM in nearbygalaxies.

7. CONCLUDING REMARKS

The developmentof infrared arrays has enabledthe
measurementand mappingof dust extinction in molecu-
lar cloudswith unprecedenteddetail, depthandprecision.
Suchstudiesareproviding new insightsinto the structure
andstructuralevolution of densecores. A clearerempiri-
cal andtheoreticalpictureof coreevolution from aninitial
stateof quasi-stableequilibrium to the developmentof a
protostellarembryois now beginningto emerge. Mapping
of large cloud complexes can producevery reliable esti-
matesof total cloud massandenabletheir structureto be
quanti�ed facilitating comparisonwith theoriesof cloud
evolution and star formation. Measurementof the core
massfunction is now possiblefor an interestingrangeof
coremassandcanbeputonareliablefooting. Comparison
with molecular-line observationsyields improveddetermi-
nationsof molecularabundancesandinvestigationof cloud
chemistry. For examplesuchcomparisonshave produced
someof the mostcompellingevidencefor differentialde-
pletionin cold starlesscores.Althoughnot discussedhere,
comparisonwith observationsof dustemissioncanproduce
importantconstraintson thenatureof dustandon thether-
mal structurein cloud cores(Kramer et al., 1998, 1999;
Bianchi et al., 2003). Finally, infraredextinction mapping
techniquescan be appliedto investigatethe star forming
clouds in external galaxieswith angularresolutioncom-
parableto that of the bestradio interferometersincluding
ALMA andin doingsoprovideanunexpectednew window
on thenatureof extragalacticGMCs.
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