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We areliving in adustyuniverse:dustis ubiquitouslyseenin a wide variety of
astrophysicakrnvironments,rangingfrom circumstellarenvelopesaroundcool
red giantsto supernea ejecta,from diffuse and denseinterstellarcloudsand
starformingregionsto debrisdisksaroundmain-sequencstars from cometsto
interplanetaryspaceo distantgalaxiesandquasars.

Thesegrains,spanninga wide rangeof sizesfrom afew angstromgo afew
micrometersplay a vital role in the evolution of galaxiesasan absorberscat-
terer andemitter of electromagneticadiation,asa driver for the massloss of
evolvedstars asanessentiaparticipantin thestarandplanetformationprocess,
asan efcient catalystfor the formationof H andothersimple moleculesas
well ascomple organic moleculeswhich may leadto the origins of life, asa
photoelectricheatingagentfor the interstellargas,andasan agentshapingthe
spectralappearancef dusty systemssuchas protostarsyoungstellar objects,
evolvedstarsandgalaxies.

In thisreview | focusonthedustgrainsin thespacebetweerstars(interstellar
dust),with particularemphasi®ntheextinction (absorptiorplusscatteringand
emissiompropertieof cold submicron-sizeclassical’grainswhich, in thermal
equilibrium with the ambientinterstellarradiation eld, obtain a steady-state
temperatureof 15-25 , warm nano-sized(or smaller) “ultrasmall” grains
which are,uponabsorptiorof anenegetic photon transientlyheatedo temper
aturesashigh asa few hundredto over 1000 , andthe possibleexistenceof a
populationof verycold( 10K) dust.Whetherustgrainscanreallygetdown to
“temperature’lessthanthe2.7 cosmicmicrovave backgroundadiationtem-
peraturewill also be discussed.The robustnessof the silicate-graphite-RHs
interstellardustmodelis demonstratedby shaving that the infrared emission
predictedfrom this modelcloselymatcheghatobseredfor the Milky Way, the
SmallMagellanicCloud,andtheringedSbgalaxyNGC7331.

Interstellardust— extinction — absorption- infraredemission

1. Intr oduction

The spacebetweernthe stars(interstellarspace)of the Milky Way Galaxy
and other galaxiesis ®lled with gaseousons, atoms,molecules(interstellar
gas)andtiny dustgrains(interstellardust). The ®rst direct evidencewhich
pointedto the existenceof interstellargascamefrom the ground-basedie-
tectionof Na and Ca optical absorptionlines (Hartmann1904). This did
not gainwide acceptancentil Struve (1929)shaved thatthe strengthof the
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Ca K-line was correlatedwith the distanceof the star The true interstel-
lar natureof this gaswas further supportedby the detectionof the ®rst in-
terstellarmoleculesCH, CH andCN (Swings& Rosenfeldl937,McKellar
1940, Douglas& Herzbeg 1941). The presenceof dark, obscuringmatter
in the Milky Way Galaxy was also recognizedat the beginning of the 20th
century(e.g. seeBarnard1919). Trumpler(1930)®rst corvincingly shaved
thatthis2obscuringnatterhich dimsandreddenstarlightconsistsof small
solid dustgrains. The dustand gasare generallywell mixed in the inter
stellarmedium(ISM), asdemonstratedbsenrationally by thereasonablyni-
form correlationin the diffuselISM betweerthe hydrogencolumndensity
andthe dustextinction color excessor reddening

(Bohlin etal. 1978),where
and arethe extinctionatthe ( =4400 ) and ( =5500 ) wave-
lengthbands. From this correlationone can estimatethe gas-to-dustatio to
be 210in thediffuselSM. Despiteits tiny contrikution to the total mass
of agalaxy interstellardusthasa dramaticeffect on the physicalconditions
andprocessesaking placewithin the universe,in particular the evolution of
galaxiesandtheformationof starsandplanetarysystemgseetheintroduction
sectionof Li & Greenbeg 2003).

In this review | will concentrateon the radiatve propertiesof interstellar
dust. | will distinguishthe dustin termsof 3 components:cold dust with
steady-statéemperaturesf 15 25 in thermalequilibrium with the
solarneighbourhoodnterstellarradiation®eld, very cold dust with 10
(typically 5 ), andwarm dustundegoing®temperaturepikes®iasingle-
photonheating. | will ®rst summarizein 2 the obserational constraintson
the physicaland chemicalpropertiesof interstellardust. | will thendiscuss
in 3 theheatingandcooling propertiesof thewarmandcold interstellardust
componentsin 41 will demonstratéhe robustnesf the silicate-graphite-
PAHs interstellargrain modelby shawing thatthis modelcloselyreproduces
the obsered infrared (IR) emissionof the Milky Way, the Small Magellanic
Cloud,andtheringedSb galaxyNGC7331. The possibleexistenceof a pop-
ulationof very cold dust(with 10 ) ininterstellarspacewill bediscussed
in 5. Whetherultrasmallgrainscanreally cooldovnto 2.7 andappear
in absorptioragainsthe cosmicmicrovave backgroundCMB) radiationwill
bediscussedn 6.

2. Obsewational Constraints on Interstellar Dust

Ourknowledgeof interstellardustregardingits compositionsizeandshape
is mainly derived from its interactionwith electromagneticadiation: atten-
uation (absorptionand scattering)and polarizationof starlight,and emission
of IR andfarIR radiation. The principal obserationalkeys, both directand
indirect,usedto constrairnthe propertief dustarethefollowing:
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= (1) Interstellar Extinction. Extinctionis acombinedeffect of absorp-
tion and scattering:a grain in the line of sight betweena distantstar
andtheobsererreduceghestarlightby acombinationof scatteringand
absorptior(theabsorbednegy is thenre-radiatedn the IR andfarIR).

— Thewavelengthdependencef interstellarextinction + 2interstel-
lar extinction curve®, mostcommonlydeterminedrom the 2pair
method?®, rise from the nearIR to the nearUV, with a broadab-
sorptionfeatureatabout 4.6 ( 2175 ), followedby
a steepriseinto the faruUv 10 . The extinction
curve tells us the size(and to a lessextent, the composition) of
interstellar dust. Sinceit is generallytruethatagrainabsorbsand
scatterdight mosteffectively atwavelengthscomparablédo its size

(Krugel 2003), theremustexist in the ISM a population

of large grainswith to accountfor the extinc-
tion at visible wavelengths.anda populationof ultrasmallgrains
with to accountfor the farUV extinction at

= (seeLi 2004afor details).

— Theoptical/UV extinction curvesshav considerableegional vari-
ations. Dust grains on different sightlines have different
sizedistrib utions (and/or differ ent compositions).

— Theoptical/UV extinction curwe in thewavelengthrangeof 0.125
canbeapproximatedy ananalyticalformulainvolv-

ing only one free parameter: , the total-to-
selectve extinctionratio (Cardelli,Clayton,& Mathis1989),wher
easthenearIR extinctioncurve (0.9 ) canbe®tted
reasonablyvell by a power law , shawving little envi-
ronmentalariations.

The Galacticmeanextinction curwve is characterizety .
Valuesof assmallas2.1 (the high latitudetransluceninolec-
ular cloud HD 210121;Larson, Whittet, & Hough 1996; Li &
Greenbeay 1998) and as large as 5.6 (the HD 36982 molecular
cloudin the Orion nelula) have beenobsered in the Galacticre-
gions. More extremeextinction curves have beenreportedfor ex-
tragalacticobjects. The optical/UV extinction curve and
the value of dependon the ervironment lowerdensityre-
gionshave asmaller , astronger2175 humpanda steeper
farUV rise ( 4 ), implying smallergrainsin thesere-
gions; denserregionshave a larger , awealer 2175 hump
anda atter farUV rise,implying largergrains.

— In the Small Magellanic Cloud (SMC), the extinction curves of
most sightlinesdisplay a nearly linear steeprise with and



an extremelyweakor absen2175 hump(Lequeuxetal. 1982;
Prewot et al. 1984). Grains in the SMC are smaller than
thosein the Milk y Way diffuse ISM asa result of either more
ef cient dust destruction in the SMC dueto its harsh ernviron-
ment of the copious star formation associatedwith the SMC
Bar or lack of growth dueto the low-metallicity of the SMC, or
both. Regionalvariationsalsoexistin the SMC extinctioncures.

— ThelLarge MagellanicCloud (LMC) extinction curve is character
izedby awealer2175 humpandastrongerfarUV risethanthe
averageGalacticextinction curve (Nandyet al. 1981; Koornneef
& Code1981).

= (2) Interstellar Polarization. For a non-sphericagrain, the light of
distantstarsis polarizedasa resultof differentialextinctionfor different
alignmentf the electricvectorof theradiation.
— The interstellarpolarizationcurve risesfrom the IR, hasa maxi-
mum somevherein the opticalandthendecrease®wardthe UV.
This tells usthat (1) somefraction of interstellar grains are
both non-sphericaland aligned by someprocess;(2) the bulk
of the aligned grains responsiblefor the peak polarization (at
0.55 ) havetypical sizesof 0.1 ; and(3)the
ultrasmall grain componentresponsiblefor the far-UV extinc-
tion rise is either spherical or not aligned.

— The optical/UV polarizationcurve canbe closely approxi-
matedby the@Serlowski law®, anempiricalfunction:

, Wheretheonly onefreeparameter ,
is the wavelengthwherethe maximumpolarization occurs,
and is the width parameter: +0.01; is in-
dicative of grainsizeandcorrelatedvith
( is in micron; seeWhittet 2003). The sightlines with

larger are rich in larger grains and have larger for
their extinction curves. A closecorrelationbetween and
the sizeof thealignedgrains[e.g., for dielec-

tric cylindersof radius andrefractve index ] is predictedby
interstellarextinction calculations.

— The nearIR (1.64 ) polarizationis better approxi-
matedby apowerlaw , With , independent
of (Martin & Whittet1990,Martin etal. 1992).

= (3) Interstellar Scattering. Scatteringof starlightby interstellardust
is revealedby re ection nelulae (densecloudsilluminated by embed-
dedor nearbybright stars),dark clouds(illuminatedby the generalin-
terstellarradiation®eld [ISRF]), andthe diffuse Galacticlight (3DGLS;
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starlightscatteredff the generaldiffuselSM of the Milky Way Galaxy
iluminatedby thegeneralSRF).Thescatteringpropertieof dustgrains
(albedo= ratio of scatteringo extinction, andphaseunction) provide a
meansof constraininghe optical propertiesof thegrainsandarethere-
foreindicatorsof theirsizeandcompositiorandprovide diagnostidests
for dustmodels.

— Thealbedoin thenearlR andopticalis quitehigh( 0.6),with a

cleardipto 0.4aroundthe2175 hump,ariseto 0.8around

6.6 ,andadropto 0.3by 10 ; the scat-
teringasymmetryfactoralmostmonotonicallyrisesfrom 0.6to
0.8 from 1 to 10 (seeGordon2004).

An appreciable fraction of the extinction in the near-IR
and optical must arise from scattering; the 2175 humpisan
absomtion feature with no scattered component(see 2.4); and
ultrasmall grains are predominantly absorptive.

— Surprisinglyhigh nearlR albedohasbeenreportedfor severalre-
gions: 0.86attheK band( 2.1 ) for the prominentdust
lanein the evil eye galaxyNGC4826 (Witt etal. 1994), 0.9at
theK bandfor the dustin the M 51 arm (Block 1996),and 0.7
attheJ( 1.26 )andH( 1.66 )bandsand O0.6attheK
( 2.16 ) bandfor the ThumbprintNekula (Lehtinen& Mat-
tila 1996),in comparisorwith 0.2at =2.2  predictedby the
corventionaldustmodels(Draine & Lee 1984; Li & Greenbeay
1997). This impliesthatfor NGC4826andM 51 (1) a pop-
ulation of grainsat least 0.5 in radii, twice aslarge asas-
sumedby standardmodels,may exist in theseervironmentsand
areresponsibldor the nearlR scatteringand/or(2) the measured
highK surface-brightnesandthededucedhighalbedomayin part
be causedyy the thermalcontinuumemissionfrom stochastically
heatedultrasmallgrains (Witt et al. 1994; Block 1996). For the
ThumbprintNekula, the high nearIR albedois readily explained
by graingrowth (largerthan-aeragegrainsizes)andtheaccretion
of anice mantle(seePendletonTielens,& Wernerl990; 8in Li
& Greenbey 1997).

— Scatteringf X-rays by interstellardusthave alsobeenobsered
asevidencedy @X-rayhalos¥ormedaroundanX-ray pointsource
by small-anglescattering. The intensity and radial pro®le of the
halo dependson the composition,size and morphologyand the
spatial distribution of the scatteringdust particles(see Dwek et
al. 2004 for a review). The total and differential crosssections
for X-ray scatteringapproximatelywaryas and |, respeciiely,
the shapeand intensity of X-ray halossurrounding X-ray point



sourcestherefore provide one of the most sensitve constraints
on the largestgrains along the sightline, while thesegrainsare
gray at optical wavelengthsand thereforethe nearIR to farUVv
extinction modelingis unableto constraintheir existence.

A recentstudyof the X-ray haloaroundNova Cygni 1992by Witt,
Smith, & Dwek (2001) pointedto the requiremenbf large inter-
stellargrains(  0.25+2 ), consistenwith the recentUlysses
andGalileodetection®f interstellardustenteringour solarsystem
(Grun et al. 1994; Frischet al. 1999; Landgrafet al. 2000). But
Draine & Tan (2003)found that the silicate-graphite&H model
with thedustsizedistributionsderived from thenearIR to farUV
extinction modeling(Weingartner& Draine2001la)andIR emis-
sionmodeling(Li & Draine2001b)is ableto explaintheobsered
X-ray halo.

= (4) SpectroscopicExtinction and Polarization Features: The 2175
Extinction Hump - the strongestspectioscopicextinction feature.

— Its strengthandwidth vary with ervironmentwhile its peakposi-
tion is quiteinvariant: the centralwavelengthof this featurevaries
byonly 0.46%(2 )around2175 (4.6 ), while its FWHM
variesby 12%(2 ) around469 ( 1 )

— Its carrier remainsunidenti®ed39 yearsafter its ®rst detection
(Stecherl965). It is generallybelieved to be causedoy aromatic
carbonaceou@raphitic)materialsyery likely acosmicmixtureof
polygyclic aromatichydrocarbonPAH) molecules(Joblin, Leger
& Martin 1992;Li & Draine2001b;Draine2003a).

— For mostsightlines,this featureis unpolarized. So far only two
lines of sighttoward HD 147933andHD 197770have aweak2175
polarizationfeaturedetected Claytonet al. 1992; Andersonet al.
1996;Wolff etal. 1997;Martin, Clayton,& Wolff 1999).Evenfor
thesesightlines,the degree of alignmentand/orpolarizingability
of thecarriershouldbevery small(seelLi & Greenbey 2003).

— Exceptfor thedetectiorof scatteringn the2175 humpin twore-
ection nelulae(Witt, Bohlin, & Stecher1986),the2175 hump
is thoughtto be predominantlydue to absorption,suggestingts
carrieris suf®ciently smallto bein the Rayleighlimit.

— Thedetectiongf this featurein distantobjectshave beenreported
by Malhotra (1997)in the compositeabsorptionspectrumof 96
interveningMg Il absorptiorsystemsat 0.2 2.2; by Cohenet
al. (1999)in adampedLy absorbe(DLA) at =0.94; by Toft,
Hjorth & Burud (2000)in a lensinggalaxyat =0.44; by Motta
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etal. (2002)in alensinggalaxyat =0.83;andvery recentlyby
Wanget al. (2004)in 3 intervening quasarabsorptionsystemsat
14 1.5.

m (5) SpectroscopicExtinction and Polarization Features: The 9.7
and 18  (Silicate) Absorption Features—the strongestiR Absorp-
tion features.

— Ubiquitouslyseenin a wide rangeof astrophysicakrnvironments,
thesefeaturesare almostcertainly due to silicate minerals: they
arerespectrely ascribedo the Si-O stretchingandO-Si-Obending
modesn someform of silicatemateriale.g.olivineMg Fe  SiO).

— The obsered interstellarsilicate bandsare broad and relatively
featureless. Interstellar silicatesarelargelyamorphousrat-
her than crystalline. Li & Draine(2001a)stimatedhattheamount
of 1 crystallinesilicategrainsin thediffuselSM is 5% of
thesolarSi alundance.

— Thestrengtlofthe9.7  featurdsapproximately

in the local diffuse ISM. Almost all Si atoms have
beenlocked up in silicate dust, if assumingsolar abundance
for the ISM.

— The 9.7 and 18 silicate absorptionfeaturesare polarizedin
someinterstellaregions, mostof which arefeaturelessTheonly
exceptionis AFGL 2591,a molecularcloud surroundinga young
stellarobject,which displaysanarrav featureat11.2  superim-
posedonthebroad9.7  polarizationband,generallyattributed
to annealedilicates(Aitkenetal. 1988).

m (6) SpectroscopicExtinction and Polarization Features: The 3.4
(Aliphatic Hydrocarbon) Absorption Feature.

— Widely seenin thediffuselSM of the Milk y Way Galaxyandother
galaxies(e.g. Seyfert galaxiesand ultraluminousinfrared galax-
ies,seePendletor2004for arecentreview), this strongabsorption
bandis attributedto the C-H stretchingmodein aliphatic hydro-
carbon dust. Its exactnatureremainsuncertaindespite23 years'
extensve investigationwith over 20 differentcandidateproposed
(seePendletor& Allamandola2002for a summary). Sofar, the
experimentalspectraof hydrogenatecamorphouscarbon(HAC,;
SchnaiterHenning& Mutschle 1999, Mennellaet al. 1999)and
theorganicrefractoryresidue synthesizedrom UV photoprocess-
ing of interstellarice mixtures(Greenbay etal. 1995),provide the
best®t to both the overall featureand the positionsand relatve




strengthofthe3.42 ,3.48 ,and3.51 subfeaturesorre-
spondingto symmetricandasymmetricstretche®f C+H bondsin
CH andCH groups.Pendletor& Allamandola(2002)attributed
this featureto hydrocarbonsvith a mixed aromaticandaliphatic
character

— The 3.4 band strengthfor interstellaraliphatic hydrocarbon
dustis unknavn. If we adopta massabsorptioncoef®cient of

1500 (Li & Greenbeay 2002), we would
require  68ppm C to be locked up in this dust componentto
accountfor the local ISM 3.4  feature( 1/250;

Pendletoretal. 1994).

— This featureis ubiquitously seenin the diffuse ISM while never
detectedin molecular clouds. Mennellaetal. (2001)andMufroz
Caroet al. (2001) ague that this can be explained by the com-
petition betweendehydrogenatiorfdestructionof C-H bondsby
UV photons)and rehydrogenatior{formation of C-H bondsby
H atomsinteractingwith the carbondust): in diffuse clouds,re-
hydrogenatiorprevails over dehydrogenationn densemolecular
clouds,dehydrogenatioprevails over rehydrogenatiomsa result
of thereducecamountof H atomsandthe presenc®f ice mantles
which inhibits the hydrogenatiorof the underlyingcarbondustby
H atomswhile dehydrogenatiopanstill proceedsincethe UV ra-
diationcanpenetratéheice layers.

— Whetherthe origin of the interstellaraliphatic hydrocarbondust
occursin theout ow of carbonstarsor in the ISM itself is a sub-
ject of debate.Theformergainsstrengthfrom the closesimilarity
betweenthe 3.4 interstellarfeatureand that of a carbon-rich
protoplanetarynetula CRL 618 (Lequeux& Jourdainde Muizon
1990;Chiaretal. 1998).However, thesurvival of thestellarorigin
dustin thediffuselSM is questionabléseeDraine1990).

— Sofar, no polarization hasbeendetectedfor this feature (Adam-
sonetal. 1999). Spectropolarimetricneasurement®r boththe
9.7 silicateandthe3.4  hydrocarborfeaturedor the same
sightlinewould allow a directtestof the silicatecore-hydrocarbon
mantleinterstellardustmodel (Li & Greenbey 1997), sincethis
model predictsthatthe 3.4  featurewould be polarizedif the
9.7  feature(for the samesightline)is polarized(Li & Green-
beig 2002).

m (7) SpectroscopicExtinction and Polarization Features: The Ice Ab-
somption Features.
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— Grainsin dark molecularclouds(usuallywith 3 ) obtain
ice mantlesconsistingof H O, NH , CO, CH OH, CO, CH ,
H COandothermoleculegwith H O asthedominantspecies)as
revealedby the detectionof variousice absorptionfeatures(e.g.,
HO0:31,60 ;CO0O:467 ;CO: 4.27,15.2 ; CH OH:
354,975 ;NH:297 ;CH:7.68 ;H CO:5.81
OCN :4.62 ;seeBoogert& Ehrenfreund2004for areview).

— Polarizatiorhasbeendetectednthe3.1  H O,the4.67 CO
and4.62 OCN absorptiorfeatureqe.g.seeChrysostomoet
al. 1996).

’

= (8) The ExtendedRed Emission: Dust PhotoluminescenceThe2Ex-
tendedRed Emission9ERE), widely seenin re ection nelulae, plane-
tary nelulae,Hll regions,the Milky Way diffuseISM, andothergalax-
ies, is afarred continuumemissionin excessof whatis expectedfrom
simplescatteringof starlightby interstellardust(seeWitt & Vijh 2004).
TheEREis characterizetly abroad featurelespandbetween 5400
and9500 , with a width anda peakof
maximumemissiorat , dependingon the physi-
cal conditionsof the ervironmentwherethe ERE s produced.

— TheEREis generallyattributedto photoluminescendéL) by some
componentof interstellardust, povered by UV/visible photons
with a photonconversionef®ciengy 10% (Gordon,Witt, &
Friedmannl1998). The ERE carriers are very likely in the
nanometer size range becausananoparticlesre expectedto lu-
minesceef®ciently throughthe recombinatiorof the electron-hole
pair createduponabsorptiorof anenegetic photon,sincein such
smallsystemghe excited electronis spatiallycon®nedandthe ra-
diationlesstransitionsthat are facilitatedby Auger anddefectre-
latedrecombinatiorarereducedseelLi 2004a).

— The ERE carrierremainsunidenti®ed. Variouscandidatemateri-
als have beenproposedbut mostof themappeamunableto match
the obsered ERE spectraand satisfy the high- requirement
(Draine2003a;Li & Draine2002a;Li 2004a;Witt & Vijh 2004).
PromisingcandidatesncludePAHs (d'Hendecouretal. 1986)and
silicon nanoparticlegLedouxet al. 1998, Witt et al. 1998, Smith
& Witt 2002),but both have their own problems(seeLi & Draine
2002a).

m (9) SpectroscopicEmissionFeatures: The 3.3,6.2,7.7,8.6,11.3
“Unidenti ed Infrar ed (UIR) Emissionfeatures.Thedistinctive setof
aUIR® emissionfeaturesat 3.3,6.2,7.7,8.6,and11.3  areseenin




a wide variety of objects,including planetarynelulae, protoplanetary
nehulae, re ection nehulae, HIl regions, photodissociatiorfronts, cir-
cumstellarenvelopes andexternalgalaxies.

— These"UIR” emissionfeaturesare now generallyidenti ed as
vibrational modesof PAHs (Leger& Puget1984;Allamandola,
Tielens, & Barker 1985): CxH stretchingmode (3.3 ), Cz£C
stretchingmodes(6.2and7.7 ), CxH in-planebendingmode
(8.6 ), andCzH out-of-planebendingmode(11.3 ). The
relative strengthsand precisewavelengthsof thesefeaturesare
dependenton the PAH sizeandits ionization statewhichis con-
trolled by the starlightintensity electrondensity andgastemper
atureof the ervironment(Bakes & Tielens1994, Weingartner&
Draine2001b,Draine& Li 2001).

— Stochasticallyheatedby the absomption of a single UV/visible
photon (Draine & Li 2001;Li 2004a),PAHs, containing 45
C, accountfor 20% of the total power emitted by interstellar
dustin the Milk y Way diffuse ISM (Li & Draine 2001b).

— The excitation of PAHs doesnot require UV photons;longwave-
length(redandfarred) photonsarealsoableto heatPAHSs to high
temperatureso thatthey emit ef®ciently at the UIR bands. This
is becausehe PAH electronic absormption edgeshifts to longer
wavelengthsuponionization and/or asthe PAH sizeincreases

— No polarizationhasbeendetectedor the PAH emissionfeatures
(SellgrenRouan & Leger1988).

— The PAH absomption featuresat 3.3 and6.2 have been
detectedn bothlocal sourcesandGalacticCentersourcegSchutte
etal. 1998;Chiaretal. 2000). Thestrengthof thesefeaturesarein
goodagreementith thosepredictedfrom the astronomicaPAH
model(Li & Draine2001b).

— PAHs can be rotationally excited by a numberof physicalpro-
cessesincluding collisionswith neutralatomsandions, @plasma
drag®,and absorptionand emissionof photons. It is shavn that
theseprocessexan drive PAHs to rapidly rotate, with rotation
ratesreachingiensof GHz. Therotationalelectricdipoleemission
from thesespinningPAH moleculesis capableof accountingfor
the obsered 2anomalousticrovave emission(Draine& Lazar
ian 1998a,bDraine1999;Draine& Li 2004).

= (10)IR Emissionfrom Interstellar Dust. Interstellargrainsabsorbsta-
rlight in the UV/visible andre-radiatein the IR. The IR emissionspec-
trum of theMilk y Way diffuselSM, estimatedisingtheIRAS 12, 25,60
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and100 broadbangbhotometrythe DIRBE-COBE?2.2,3.5,4.9,12,
25,60, 100,140and240  broadbandhotometry andthe FIRAS-

COBE 110 3000 spectrophotometyyis characterizedby a
modi®edblack-bodyof (T=19.5 ) peakingat 130 inthe
wavelengthrangeof 80 1000 , anda substantiabmountof

emissionat 60  which far exceedswhatwould be expectedfrom
dustat 20 (seeDraine2003a).In addition,spectrometeraboard
the IRTS (Onakaet al. 1996; Tanakaet al. 1996) and ISO (Mattila et
al. 1996)have shawvn thatthe diffuseISM radiatesstronglyin emission
featuresat3.3,6.2,7.7,8.6,and11.3

— Theemissiomt 60  accountfor 65%of thetotal emitted
power. Theremustexistapopulationof “cold dust” in thesize
rangeof 250 , heateddy starlightto equilibriumtemperatures

15 25 andcooledby farIR emission(seeLi & Draine
2001b).

— Theemissiomt 60  accountfor 35%of thetotal emitted
power. Theremustexist a populationof “warm dust” in the

sizerangeof 250 , stochasticallyheatedby single starlight
photongo temperatures 20 andcooledby near andmid-IR
emission(seeLi & Draine2001b;Li 2004a).

m (11) Interstellar Depletions. Atoms locked up in dustgrainsare@de-
pleted®rom the gasphase.The dustdepletioncanbe determinedrom
comparinghegas-phasalundancesneasuredrom opticalandUV ab-
sorptionspectroscopitines with the assumedeferencealundance®f
theISM (total abundance®f atomsbothin gasandin dust;alsoknowvn
as?standarédhundances®interstellambundancesndcosmicabun-
dances®)Thetotal interstellarabundancesreusuallytakento besolar
althoughSnov & Witt (1996) arguedthat interstellarabundancesare
appreciablysubsolarf 70% solar). Interstellardepletionsallow usto
extractimportantinformationaboutthe compositiorandquantityof in-
terstellardust:

— In low densityclouds, Si, Fe, Mg, C, and O are depleted.
Interstellar dust must contain an appreciableamount of Si, Fe,
Mg, C and O. Indeed,all contemporaryinterstellardustmodels
consistof bothsilicatesandcarbonaceoudust.

— Fromthedepletionof themajorelementssi, Fe,Mg, C,andO one
canestimatehe gas-to-dustmassratio to be 165

— In additionto thesilicatedustcomponenttheremustexist another
dustpopulation sincesilicatesalone are not able to accountfor
the obsewed amount of extinction relative to H althoughSi, Mg,
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andFearehighly depletedn the ISM. Evenif all Si, Fe,andMg
elementsrelockedupin submicron-sizedilicategrains,they can
only accountfor 60%of thetotal obsered opticalextinction.

3. Warm and Cold Dustin the ISM

As summarizedn 2,theinterstellarextinction, polarization scatteringthe
near mid, andfarlR emissionandthe 3.3+11.3  PAH emissionfeatures
pointto the existenceof two dustpopulationsn interstellarspace:

»  Thereexists a populationof large grainswith 250 . [llluminated
by the generalinterstellarradiation®eld (ISRF), thesegrains,de®ned
as“cold dust’, obtainequilibriumtemperaturesf 15 25 and

emitstronglyatwavelengths 60 . Thesegrainsareresponsibléor
the nearlR/optical extinction, scattering polarizationandthe emission
at 60

Theequilibriumtemperature for alarge grainof sphericakadius is
determinedy balancingabsorptiorandemission:

@
where is the absorptioncrosssectionfor a grainwith size
atwavelength , is the speedof light, is the Planckfunction

attemperature , and is theenegy densityof the radiation®eld. In
Figurel we displaythese?equilibrium®temperature$or graphiticand
silicate grainsas a function of sizein ervironmentswith various UV
intensities.

»  Thereexists a populationof ultrasmallgrainswith 250 . These
grainshave enegy contentssmalleror comparableo the enegy of a
singlestarlightphoton.As aresult,asinglephotoncanheatavery small
grain to a peaktemperaturenuch higher than its 2steady-statefem-
peratureandthe grain thenrapidly coolsdown to a temperaturdoelon
theasteady-statdemperaturdeforethe next photonabsorptiorevent.
Stochastiheatingby absorptiorof starlightthereforeresultsin transient
atemperaturepikes®,duringwhichmuchof theenegy depositedy the
starlightphotonis reradiatedn the IR + becausef this, we call these
ultrasmallgrains“warm dust’. Thesegrainsareresponsibldor the
farUV extinctionriseandtheemissiomt 60  (includingthe 3.3+
11.3  PAH emissionfeatures)dominatethe photoelectricheatingof
interstellargas(see 2.5in Li 2004a),and provide most of the grain
surfaceareain thediffuselSM.

Since ultrasmallgrainswill not maintain@equilibriumtemperatures®,
we needto calculatetheir temperaturdéenegy) probability distribution
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Figure1.  Equilibrium temperaturegor graphite(dottedlines) andsilicategrains(solid lines)in ervi-

ronmentswith variousstarlightintensities(in units of the Mathis, Mezger & Panagial983[MMP] solar
neighbourhoodSRF).Takenfrom Li & Draine(2001b).

functionsin orderto calculategheirtime-averagedR emissiorspectrum.
Therehave beena numberof studieson this topic sincethe pioneering
work of Greenbeg (1968). A recentextensve investigationrwascarried
outby Draine& Li (2001).We will notgointo detailsin this review, but
just refer thosewho areinterestedo Draine& Li (2001)anda recent
review articleof Li (2004a).

For illustration, we shav in Figure 2 the enegy probability distribu-
tion functions (where s the probability thata grain will
have vibrational enegy in interval ) for PAHs with radii
A illuminated by the general
ISRE It is seenthat very small grains ( ) have a very broad
, andthesmallesgrains( ) have anappreciablgrobability
of beingfoundin thevibrationalgroundstate =0. Asthegrainsize
increases, becomesarraver, sothatit canbe approximatedy a
deltafunction for . However, for radii aslargeas = :
grainshave enegy distribution functionswhich are broadenoughthat
the emissionspectrumdeviatesnoticeablyfrom the emissionspectrum
for grainsat a single 2steady-state®emperature , as shawvn in Fig-
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Figure 2.  The enepy probability distribution functionsfor chaged carbonaceougrains(

[C H 10 [C H 1,25 [C H ], 50, 75, 100, 150, 200, 250, 300A) illuminatedby the
general SRE Thediscontinuityin the5,10,and25 curwesis dueto thechangeof the estimatefor grain
vibrational2temperatureft the 20th vibrationalmode(seeDraine& Li 2001). For 5, 10, and25A a dot
indicatesthe ®rst excited state,and  is the probability of beingin the groundstate. Taken from Li &
Draine(2001b).

ure 3. For accuratecomputationof IR emissionspectrait is therefore
importantto properly calculatethe enegy distribution function ,
including grain sizeswhich are large enoughthat the averagethermal
enegy contentexceedsafew eV.

Nano-sizednterstellar diamondand TiC grainshave beenidenti®edin
primitive meteoritesbasedon isotopic anomalyanalysis. Exposedto
the generallSRF, thesegrainsare subjectto single-photorheatingand
shouldof coursebe classi®edas@warm dust®. But we shouldnotethat
they arenotrepresentate of thebulk interstellardust(see 5.4and 5.5
in Li 2004a). The carriersof the ERE (see 2.8) andthe 2175 ex-
tinction hump (see 2.4) arealsoin the single-photorheatingregime.
Therefore they canalsobe classi®edas2warm dust®. As a matterof
fact, the latteris attributedto PAHs (see 2.4). On the otherhand,the
Ulyssesand Galileo spacecrafthave detecteda substantiahumberof
large interstellargrainswith 1 (Grun et al. 1994), much higher
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Figure 3.  Infraredemissionspectrafor small carbonaceougrainsof varioussizesheatedoy the gen-

eral ISRF, calculatedusingthe full enegy distribution function
lines)arespectracomputedor grainsat the2equilibrium®emperature .

(solid lines); also shavn (broken
Transienteatingeffectsleadto

signi®cantlymoreshortwavelengthemissionfor 200 . Takenfrom Li & Draine(2001b).

thanexpectedfor the averageinterstellardustdistribution. In the ISM,
theseshouldof coursebe consideredis?colddust®or @very cold dust®
with 10 . Butwe notethatthereportedmassof theselarge grains

is dif®cult to reconcilewith theinterstellarexti
ementaklundances.

nction andinterstellarel-

4. The Silicate-Graphite-PAHSs Interstellar Dust Model

Variousmodelshave beerproposedor interstellardust(seeli & Greenbey
2003,Li 2004aDraine2004for recentreviews). In generalthesemodelsfall
into threebroadcateyories: the silicate core-carbonacesunantlemodel (Li
& Greenbey 1997), the silicate-graphite4#&Hs model (Li & Draine 2001b,
Weingartnei& Draine2001a)andthe compositenodel(Mathis1996,Zubko,
Dwek& Arendt2004).In thisreview | will focusonthelR emissiorcalculated
from the silicate-graphiteA&Hs modelandreferthosewho areinterestedn a
detailedcomparisorbetweerdifferentmodelsto my recentreview articles(Li

2004ali & Greenbeg 2003).
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The silicate-graphite##Hs model, consistingof a mixture of amorphous
silicatedustandcarbonaceoudust+ eachwith an extendedsizedistribution
rangingfrom moleculescontainingtensof atomsto largegrains 1 in di-
ameteris a naturalextensionof the classicalsilicate-graphitanodel (Mathis,
Rumpl,& Nordsieckl1977;Draine& Lee1984).We assumehatthecarbona-
ceousgrain populationextendsfrom grainswith graphitic propertiesat radii

50 , down to particleswith PAH-lik e propertiesatvery smallsizes.

With the temperaturéenegy) probability distribution functionscalculated
for ultrasmallgrainsundegoing #temperaturespikes®and equilibrium tem-
peraturesalculatedor large grainsilluminatedby thelocal ISRF, thesilicate-
graphite-RHs modelwith grainsizedistributionsconsistentvith theobsered

=3.linterstellarextinction (Weingartne& Draine2001a),s ableto repro-
ducethe obsered nearlR to submillimeteremissionspectrumof the diffuse
ISM, including the PAH emissionfeaturesat 3.3,6.2,7.7,8.6,and11.3
This is demonstratedn Figure 4 andFigure 5 for the high-latitude?cirrus®
cloudand?2 regionsin the Galacticplane(seeLi & Draine2001bfor details).

jusl
Z10-27 | N -
\10 E // \\// | \E
— C ,’r\ a,=3.54, 30A; 0=0.4
< i ! Ssil ; a,=504, q,,,=0.01; b,=60ppm]
r / Xur=1 (BB, Eq6)=(3,2,2) |
10—28 | | | r’x/x L | | “;1 Lo | | |
2 5 10 o0 100 500
A (um)

Figure 4.  Comparisorof the modelto the obsered emissionfrom the diffuse ISM at high galactic
latitudes( 25). CurweslabelledB andB shav emissionfrom 2big°( 250 ) silicate and

carbonaceougrains;cureslabelledS andS shav emissionfrom @small°( 250 ) silicateand

carbonaceougrains(including PAHs). Trianglesshav the modelspectrum(solid curve) convolved with

the DIRBE ®lters. Obserationaldataarefrom DIRBE (diamondsandFIRAS (squares)Takenfrom Li &
Draine(2001b).
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Figure5. Infraredemissionfrom dustplusstarlightfor two regionsin the Galacticplane:(a) the MIRS

region ( ), and(b) the NIRS region (

The starllghtlnten3|tyheatlngthe dusthasbeentaken to be twice the MMP ISRF. The solid cur\e sh(ws

the overall modelspectrumfrianglesshav themodelspectruncorvolved with the DIRBE ®lters. DIRBE
obsenrationsareshavn asdiamondsFor the MIRS ®eldwe shawv theIRTSMIRS 512 spectrum(thin
solidline). For theNIRS ®eld we shav theIRTSNIRS 2.8-3.9  spectrunithin solidline, alsoshavn as
cross-dottedurve in inset). Takenfrom Li & Draine(2001b).

The silicate-graphite#Hs model, with size distributions consistentwith
theSMCBarextinctioncurve (Weingartne& Draine2001a)]s alsosuccessful
in reproducinghe obsered IR emissionfrom the SMC (Li & Draine2002c),
asshavn in Figure6. The dustin the SMC is taken to be illuminatedby a
distribution of starlightintensities. Following Dale et al. (2001), we adopta
simple power-law functionfor the starlightintensity distribution. The SMC,
with alow metallicity (  10%of solar)andalow dust-to-gasatio( 10%of
the Milky Way), hasa very weakor no 2175 extinction humpin its extinc-
tion curvesfor mostsightlines(see 2.1)andveryweakl1l2  emission(see
Fig.6) which is generallyattributedto PAHS, supportingthe ideaof PAHs as
thecarrierfor the2175 extinction hump.
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Figure 6. Comparisonof the model (solid line) to the obsered emissionfrom the SMC obtained
by COBE/DIRBE (diamonds)andIRAS (squarespveragedover a 6.25dey region including the optical
barandthe Easternwing. Trianglesshav the modelspectrumconvolved with the DIRBE ®lters. Stellar
radiation(dot-dashetdine) dominatefor 6 . Grainsareilluminatedby arangeof radiationintensities

,0.1 , With . Takenfrom Li & Draine(2002c).

Very recently the silicate-graphite#&Hs modelhasalsobeensuccessfully
appliedto NGC7331, a ringed Sb galaxy Using the sameset of dust pa-
rametersleterminedor the Milky Way diffuselSM ( =3.1;Weingartnei&
Draine2001a),asshavn in Figure7, thismodel®ts the IR emissionobsered
by the IRAC instrumentat 3.6, 4.5,5.8 and8 andthe MIPS instrument
at24,70and 160  aboardthe Spitzer SpaceTelescopeand the 450 and
850  SCUBA submillimeteremissionobsered by JCMT, bothfor thering
andinside starforming region andfor the galaxyaswhole (seeReganet al.
2004 for details). The modelalsocloselyreproduceghe obsered 6.2, 7.7,
8.6,11.3and12.7  PAH emissiorfeaturegseeFig.2 of Smithetal. 2004).

5. Very Cold Dust or How Cold Could GalaxiesBe?

In the 1996 South African @Cold DusP Symposium(Block & Greenbeg
1996),the possibleexistenceof a populationof very cold dust (with equilib-
rium temperatures 10 ) in interstellarspacenvasa subjectreceved much
attention.In hisinvited papettitled #2How Cold CouldGalaxiesBe® published
in theproceeding$or thatsymposiumMik e Disney wrote?... Aneminentos-
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Figure 7. IR emissionand model®ts to the NGC7331ring (a) andthe entire galaxy (b). The thick
solidlinesandtrianglesarethe model-predicteduxes,andthesquaresretheobsered uxes. Thebroken
cunesindicatethe contritutionsof the differentmodelcomponentsTakenfrom Reganetal. (2004).

molagistonceadvisedmeto forgetall aboutverycolddustbecaus¢he  law
ensuesthatit cannotemit,andtherefore by implication cannotabsorb,mud
radiation. He soundedlausible asCosmolgistsare aptto sound put hewas
in facttotally wrong as Cosmolgistsare aptto be®

Disney (1996)amuedthatfor grainswith higherIR andfarIR emissvities,
they canachieze rathedow temperaturesit ®rstglancethisappearplausible
ascanbe seenin Eq.(1): for a given interstellarradiation®eld, grainswith
®xed UV and optical absorptionpropertieswould obtainlower temperatures
if their long wavelengthemissvities areenhancedTherefore Disney (1996)
wrote @... [Since] we are not con dent abouttheir [interstellar grains] size
distribution andtheir emissivitiesparticularly at long wavelength,.. we have
to keepour minds opento the possibleexistenceof a signi cant amounts
of very cold ( 10 ) material in spiral galaxies?
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Sofar, the detectionof very cold dust( 10 ) in interstellarspaceon
galacticscaleshasbeenreportedfor variousobjects:NGC4631,alow metal-
licity ( 1/2 of solar)interactinggalaxywith 416 (Dumke, Krause,&
Wielebinski 2004); NGC1569, a low metallicity ( 1/4 of solar) starlurst-
ing dwarf galaxywith 5+7 (Gallianoetal. 2003);inactve spiral galax-
ies UGC3490 with 9 (Chini et al. 1995), NGC6156 with 8.6 ,
andNGC6918with 9.4 (Krugeletal. 1998);andseveralirregularand
bluecompactwarf galaxieswith 10 in theVirgo Cluster(Popescietal.
2002).Very cold dustwith 4+7 hasalsobeendetectedn theMilky Way
Galaxy (Reachet al. 1995; alsoseeBoulangeret al. 2002). This component
is widespreacand spatially correlatedwith the warm component(16+21 ).
By comparinghedustmasscalculatedrom the IRAS datawith themolecular
andatomicgasmasse®f 58 spiralgalaxiesDevereux& Young(1990)argued
thatthe bulk of thedustin spiralgalaxiess 15 regardlesof the phaseof
thelSM.

How candustgetsocold? In literature,suggestedolutionsinclude(1) the
dustis deeplyembeddedn clumpy cloudsandheatedby thefar-IR emission
from @classicalgrains®(Galliano et al. 2003; Dumke et al. 2004); (2) the
dusthasunusuabpticalpropertieqe.g.fractalor porousgrainswith enhanced
submmandmm emissvity; Reachetal. 1995;Dumke etal. 2004). However,
asdiscussedn detail by Li (2004b),while the former solution appearsto
beinconsistentwith the fact that the very cold dustis obsewed on galactic
scalesthe latter violatesthe Kramers-Kr onig dispersionrelation (Purcell
1969; Draine 2003b; Li 2003b), exceptfor extremelyelongatedconducting
dust(Li 2003a). Perhapshe submmand mm excessemission(usually at-
tributedto very cold dust)is from somethingelse?To avoid the2temperature®
problem,one canadoptthe Block direct methodto identify and characterize
the presenceand distribution of the cold and very cold dust: using nearIR
cameraarraysand subtractingthesefrom optical CCD images. This method
measurethe dustextinction crosssectionanddoesnot requirethe knowledge
of dusttemperaturéseeBlock 1996;Block etal. 1994a,b1999).Otherwisea
detailedradiative transfertreatmenbof theinteractionof the dustwith starlight
(e.g.Popescetal. 2000, Tuffs etal. 2004)togethemwith aphysicalinterstellar
dustmodel(e.g.Li & Draine2001b,2002cjs required.

6. CanDustGetDownto 2.7 and Appearin Absorption against
the CMB?

Ultrasmallgrainsspendmostof theirtime attheirvibrationalgroundstatedur-
ing the intenal of two photonabsorptionevents( 3 andFig.2; Draine& Li
2001).In the 1996SouthAfrican @Cold DusP Symposiumit washeatedlyar
guedthatthesegrainscouldobtainavibrationaltemperaturéessthanthe2.7
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temperaturef the CMB sothatthey could be detectedn absorptionagainst
the CMB (Duley & Poole1998). However, basedon detailedmodelingof the
excitation andde-eccitation of thesegrains,we found thateven thoughthese
grainsdo have alarge populationin the vibrationalgroundstate nevertheless
the vibrationallevels are suf®ciently excited that the grainswould appearin
emissiomgainsthe CMB with brightnessemperature 9 (seeDraine& Li
2004bfor details).
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Notes

1. Struve & Elvey (1938)appeato be®rstto shav thattheinterstellargasis mostly hydrogen.

2. Letinterstellargrainsbeapproximatedy asinglesizeof (sphericaradius)with acolumndensity
of . Thegas-to-dustasgatiois

2
where  and arerespectiely the atomic weight of H and He; is the interstellarHe
alundance(relative to H), which is taken to be that of the solarvalue, 0.1; is the massdensityof
interstellardust. The hydrogen(of all forms)-to-dustolumndensity canbederivedfrom

3
where is the total-to-selectie extinction ratio, is the dustextinction ef®cieng at -band
( A). Thereforethegas-to-dustatio canbereadily estimatedrom

4
If we take canonicalnumbersof 3.1, 15, =01 , 25 ,
would bearound210.

3. Inour Milky Way Galaxy interstellamatter(gasanddust; ), contritutesroughly
20%of thetotal stellarmass( ). Thereforethe masdfraction of interstellardustis just
0.1%in our Galaxy( within 10kpc, Kennicutt2001)!

4. In this method,the wavelengthdependencef interstellarextinction is obtainedby comparingthe
spectraof two starsof the samespectrakype,oneof which is reddenedndtheotherunreddened.

5. Falcoetal. (1999)found 1.5for anelliptical lensinggalaxyat ~ 0.96,and 7.2for a
spirallensinggalaxyat ~ 0.68.Wangetal. (2004)foundtheextinction curvesfor two interveningquasar
absorptiorsystemsat  1.5to have 0.7,1.9.

6. For example,thereis at leastoneline of sight(Sk 143 AvZ 456)with an extinction curve with a
strong2175AhumpdetectedLequeuxetal. 1982;Prewot etal. 1984;Bouchetetal. 1985;Thompsoretal.
1988;Gordon& Clayton1998). This sightlinepasseshroughthe SMC wing, a region with muchwealer
starformation(Gordon& Clayton1998). The sightlineswhich shav no 2175Ahumpall passthroughthe
SMC Barregionsof active starformation(Prevot etal. 1984;Gordon& Clayton1998).
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7. Strongregional variationsin extinction propertieshave alsobeenfound in the LMC (Clayton &
Martin 1985; Fitzpatrick 1985,1986;Misselt, Clayton, & Gordon1999): the sightlinestoward the stars
inside or nearthe supegiant shell, LMC 2, which lies on the southeasside of the 30 Dor starforming
region, have veryweak2175 hump(Misseltetal. 1999).

8. KemperVriend & Tielens(2004)foundthatcrystallinefractionof theinterstellarsilicatesalongthe
sightlinetowardsthe GalacticCenteris  0.2%.

9. Theamountof Si (relatve to H) requiredto depletein dustto accountfor the obsered 9.7
featurestrengthis

- — (5)

where is the silicatemassabsorptiorcoef®cientat =9.7 is the silicatemolecular
weight. With 2850 and 172  foramorphouslivine MgFeSiO , thelocal
diffuselSM ( 1/18.5, ) requires — 35

10.Houghet al. (1996)reportedthe detectionof a weak 3.47 polarizationfeaturein the Becklin-
Neugebaueobjectin the OMC-1 Orion densemolecularcloud, attributedto carbonaceoumaterialswith
diamond-lile structure. SeeLi (2004a)and Jones& d'Hendecourt(2004)for a detaileddiscussionon
interstellardiamond.

11.Other C+H out-of-planebendingmodesat 11.9,12.7and 13.6 have alsobeendetected.The
wavelengthsof the C+H out-of-planebendingmodesdependon the numberof neighboringH atoms:
11.3  for solo-CH(no adjacentH atom),11.9  for duet-CH(2 adjacenH atoms),12.7  for trio-
CH (3 adjacenH atoms),and13.6  for quartet-CH(4 adjacenH atoms).

12.Li & Draine (2002b)have modeledthe excitation of PAH moleculesin UV-poor regions. It was
shavn that the astronomicalPAH model provides a satisctory ®t to the UIR spectrumof vdB 133, a
reectionnetulaewith thelowestratio of UV to total radiationamongre ectionnetulaewith detectedJIR
bandemission(Uchida,Sellgren & Werner1998).

13.Let betheinterstellarmbundancef X relatveto H (weassuménterstellarabundanceso be
thoseof thesolarvalues: 391partspermillion [ppm], , ,
,and [So®a2004)); betheamountof X in gasphase
( , ; Fe,Mg andSi arehighly depletedn dust: ,
,and [So®a2004)); be the amountof X containedn
dust ( , , ,

, ). AssumingH/C=0.5for interstellarcarbondust,thegas-

(6)

to-dustmasgatiois

wherethe summations over Si, Mg, Fe,C, O andH, and is theatomicweightof X in unit of

14. Assumingall Si, Mg, andFe elementf solarabundancesrecondensedh silicate dustof a sto-
ichiometriccompositionMgFeSiO with a characteristicsize 0.1, the contrilution of the silicate
dustto the opticalextinctionis

()

where is the column density of silicate dust, 35 is the massdensityof silicate mate-
rial, and is the visual extinction ef®cieng/ of submicron-sizedilicatedustwhich is takento be
1.5.



TheWarm,Cold andVery Cold DustyUniverse 23

15. Theideaof transientheatingof very small grainswas ®rst introducedby Greenbeg (1968). This
processvas not obsered until mary yearslater whenthe detectionof the nearIR emissionof re ection
nehulae(Sellgren,Werner & Dinerstein1983)anddetectionby IRAS of 12 and25 Galacticemission
(Boulanger& Perault1988)werereported.

16.This is becauséor large grainsindividual photonabsorptioreventsoccurrelatively frequentlyand
the grain enegy contentis large enoughthat the temperaturéncreasesnducedby individual photonab-
sorptionsarerelatvely small.

17.Li & Draine (2002c)placedan upperlimit of  0.4% of the SMC C abundanceon the amount
of PAHs in the SMC Bar. But we notethatthe PAH emissionfeatureshave beenseenin SMC B1#1, a
quiescentnolecularcloud (Reachetal. 2000). For thisregion, Li & Draine(2002c)estimatedhat 3% of
the SMC C alundanceo beincorporatednto PAHs.

18. Siebenmagenetal. (1999)amguedthatthedustembeddedh UV-attenuatedloudswithin theoptical
disk of typicalinactve spiralgalaxiescannotbecomecolderthan 6
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