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Abstract We areliving in a dustyuniverse:dustis ubiquitouslyseenin a wide varietyof
astrophysicalenvironments,rangingfrom circumstellarenvelopesaroundcool
red giantsto supernova ejecta,from diffuseand denseinterstellarcloudsand
star-formingregionsto debrisdisksaroundmain-sequencestars,from cometsto
interplanetaryspaceto distantgalaxiesandquasars.

Thesegrains,spanninga wide rangeof sizesfrom a few angstromsto a few
micrometers,play a vital role in theevolution of galaxiesasanabsorber, scat-
terer, andemitterof electromagneticradiation,asa driver for the masslossof
evolvedstars,asanessentialparticipantin thestarandplanetformationprocess,
asan ef�cient catalystfor the formationof H R andothersimplemoleculesas
well ascomplex organicmoleculeswhich may leadto the origins of life, asa
photoelectricheatingagentfor the interstellargas,andasanagentshapingthe
spectralappearanceof dustysystemssuchasprotostars,youngstellarobjects,
evolvedstarsandgalaxies.

In thisreview I focusonthedustgrainsin thespacebetweenstars(interstellar
dust),with particularemphasisontheextinction(absorptionplusscattering)and
emissionpropertiesof coldsubmicron-sized“classical”grainswhich,in thermal
equilibrium with the ambientinterstellarradiation�eld, obtain a steady-state
temperatureof S 15–25T , warm nano-sized(or smaller) “ultrasmall” grains
whichare,uponabsorptionof anenergeticphoton,transientlyheatedto temper-
aturesashigh asa few hundredto over 1000T , andthepossibleexistenceof a
populationof verycold( U 10K) dust.Whetherdustgrainscanreallygetdown to
“temperature”lessthanthe2.7 T cosmicmicrowave backgroundradiationtem-
peraturewill also be discussed.The robustnessof the silicate-graphite-PAHs
interstellardustmodel is demonstratedby showing that the infraredemission
predictedfrom thismodelcloselymatchesthatobservedfor theMilk y Way, the
SmallMagellanicCloud,andtheringedSbgalaxyNGC7331.

Keywords: Interstellardust– extinction– absorption– infraredemission

1. Intr oduction

The spacebetweenthe stars(interstellarspace)of the Milk y Way Galaxy
andothergalaxiesis ®lled with gaseousions, atoms,molecules(interstellar
gas)and tiny dustgrains(interstellardust). The ®rst direct evidencewhich
pointedto the existenceof interstellargascamefrom the ground-basedde-
tectionof Na and CaV optical absorptionlines (Hartmann1904).W This did
not gainwide acceptanceuntil Struve (1929)showed that the strengthof the
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CaV K-line was correlatedwith the distanceof the star. The true interstel-
lar natureof this gaswas further supportedby the detectionof the ®rst in-
terstellarmoleculesCH, CH V andCN (Swings& Rosenfeld1937,McKellar
1940, Douglas& Herzberg 1941). The presenceof dark, obscuringmatter
in the Milk y Way Galaxywas also recognizedat the beginning of the 20th
century(e.g. seeBarnard1919). Trumpler(1930)®rst convincingly showed
thatthisªobscuringmatterºwhichdimsandreddensstarlightconsistsof small
solid dust grains. The dust and gasare generallywell mixed in the inter-
stellarmedium(ISM), asdemonstratedobservationallyby thereasonablyuni-
form correlationin thediffuseISM betweenthehydrogencolumndensity���

andthe dustextinction color excessor reddening�������
	���
���������� :
� ��� ��������	������! #"%$'&)(+* W-,/.1032 W54),%25* (Bohlin et al. 1978),where � �

and �6� are the extinction at the � ( 7 = 44008 ) and 	 ( 7 = 55008 ) wave-
lengthbands.From this correlationonecanestimatethe gas-to-dustratio to
be 9 210 in the diffuse ISM. * Despiteits tiny contribution to the total mass
of a galaxy, : interstellardusthasa dramaticeffect on thephysicalconditions
andprocessestakingplacewithin theuniverse,in particular, theevolution of
galaxiesandtheformationof starsandplanetarysystems(seetheintroduction
sectionof Li & Greenberg 2003).

In this review I will concentrateon the radiative propertiesof interstellar
dust. I will distinguishthe dust in termsof 3 components:cold dust with
steady-statetemperaturesof 15 ;

9 <>=?9 <

25 ; in thermalequilibrium with the
solarneighbourhoodinterstellarradiation®eld, very cold dust with

=�<

10 ;

(typically
=

9 5 ; ), andwarm dustundergoingªtemperaturespikesºviasingle-
photonheating. I will ®rst summarizein @ 2 the observationalconstraintson
the physicalandchemicalpropertiesof interstellardust. I will thendiscuss
in @ 3 theheatingandcoolingpropertiesof thewarmandcold interstellardust
components.In @ 4 I will demonstratethe robustnessof thesilicate-graphite-
PAHs interstellargrainmodelby showing that this modelcloselyreproduces
the observed infrared(IR) emissionof theMilk y Way, theSmall Magellanic
Cloud,andtheringedSbgalaxyNGC7331.Thepossibleexistenceof a pop-
ulationof verycolddust(with

=�<

10 ; ) in interstellarspacewill bediscussed
in @ 5. Whetherultrasmallgrainscanreally cool down to

=�<

2.7 ; andappear
in absorptionagainstthecosmicmicrowave background(CMB) radiationwill
bediscussedin @ 6.

2. Observational Constraints on Interstellar Dust
Ourknowledgeof interstellardustregardingits composition,sizeandshape

is mainly derived from its interactionwith electromagneticradiation: atten-
uation(absorptionandscattering)andpolarizationof starlight,andemission
of IR andfar-IR radiation. The principal observationalkeys, both direct and
indirect,usedto constrainthepropertiesof dustarethefollowing:
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(1) Interstellar Extinction. Extinctionis acombinedeffectof absorp-
tion andscattering:a grain in the line of sight betweena distantstar
andtheobserver reducesthestarlightby acombinationof scatteringand
absorption(theabsorbedenergy is thenre-radiatedin theIR andfar-IR).

– Thewavelengthdependenceof interstellarextinction ± ªinterstel-
lar extinction curveº,mostcommonlydeterminedfrom theªpair-
methodº,� rise from thenear-IR to thenear-UV, with a broadab-
sorptionfeatureatabout7 2 W � 4.6 � , 2 W ( 7 � 21758 ), followedby
a steeprise into the far-UV 7 2 W � 10 � , 2 W . ��� The extinction
curve tells us the size(and to a lessextent, the composition)of
interstellar dust. Sinceit is generallytruethatagrainabsorbsand
scatterslight mosteffectively atwavelengthscomparableto its size

7 �����	� (Kr -ugel 2003), theremustexist in the ISM a population
of large grainswith �

9




7
�

��� �6(  &�� , to accountfor the extinc-
tion at visible wavelengths,anda populationof ultrasmallgrains
with �

9
<

7
�

��� �6(  ( &
��� , to accountfor the far-UV extinction at
7 = (  &�� , (seeLi 2004afor details).

– Theoptical/UVextinctioncurvesshow considerableregionalvari-
ations. ��� Dust grains on different sightlines have different
sizedistributions (and/or different compositions).

– Theoptical/UVextinctioncurve in thewavelengthrangeof 0.125
�

7

���

 #��� , canbeapproximatedby ananalyticalformulainvolv-
ing only one free parameter:� � 
6���

�
����� � 	�� , the total-to-

selectiveextinctionratio(Cardelli,Clayton,& Mathis1989),wher-
easthenear-IR extinctioncurve (0.9 � ,

�

7

���

 #��� , ) canbe®tted
reasonablywell by a power law ��� 7 � 9�7 2 W�� � , showing little envi-
ronmentalvariations.
TheGalacticmeanextinctioncurve is characterizedby ��� �

�

 & .
Valuesof �?� assmallas2.1 (thehigh latitudetranslucentmolec-
ular cloud HD 210121; Larson,Whittet, & Hough 1996; Li &
Greenberg 1998) and as large as 5.6 (the HD 36982 molecular
cloud in theOrion nebula) have beenobserved in theGalacticre-
gions. More extremeextinction curveshave beenreportedfor ex-
tragalacticobjects.� ��� The optical/UV extinction curve and
the value of �?� dependon the environment: lower-densityre-
gionshave a smaller � � , a stronger21758 humpanda steeper
far-UV rise ( 7 2 W


 4 � , 2 W ), implying smallergrainsin thesere-
gions; denserregions have a larger ��� , a weaker 21758 hump
anda �atter far-UV rise,implying largergrains.

– In the Small MagellanicCloud (SMC), the extinction curves of
most sightlinesdisplay a nearly linear steeprise with 7 2 W and
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an extremelyweakor absent21758 hump(Lequeuxet al. 1982;
Pr«evot 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 due to its harsh environ-
ment of the copiousstar formation associatedwith the SMC
Bar or lack of growth dueto the low-metallicity of the SMC, or
both. Regionalvariationsalsoexist in theSMCextinctioncurves.�

– TheLargeMagellanicCloud(LMC) extinction curve is character-
izedby aweaker 21758 humpandastrongerfar-UV risethanthe
averageGalacticextinction curve (Nandyet al. 1981; Koornneef
& Code1981).�

(2) Interstellar Polarization. For a non-sphericalgrain, the light of
distantstarsis polarizedasaresultof differentialextinctionfor different
alignmentsof theelectricvectorof theradiation.

– The interstellarpolarizationcurve risesfrom the IR, hasa maxi-
mumsomewherein theopticalandthendecreasestowardtheUV.

� � 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

7 � 0.55� , ) have typical sizesof � � 7
�

��� � 0.1 � , ; and (3) the
ultrasmall grain componentresponsiblefor the far-UV extinc-
tion rise is either sphericalor not aligned.

– The optical/UV polarizationcurve
�

� 7-� canbe closelyapproxi-
matedby theªSerkowski lawº, anempiricalfunction:

�

� 7 �
�

�������

�
	���
��

�������

*

� 7
�

7

�����

��� , wheretheonlyonefreeparameter, 7

�����

,
is the wavelengthwherethe maximumpolarization

�������

occurs,
and � is the width parameter:� ��&1 � � 7

�����

+ 0.01; 7

�����

is in-
dicativeof grainsizeandcorrelatedwith ��� : �?� � � �! ���?(  

�

� 7

�����

( 7

�����

is in micron; seeWhittet 2003). � � The sightlines with
larger 7

�����

are rich in larger grains and have larger ��� for
their extinction curves. A closecorrelationbetween7

�����

and
thesizeof thealignedgrains[e.g., 7

�����

�����	� ��� � & � for dielec-
tric cylindersof radius � andrefractive index � ] is predictedby
interstellarextinctioncalculations.

– The near-IR (1.64� ,

<

7

<

��� , ) polarizationis better approxi-
matedby apowerlaw

�

� 7 ��� 7
2�� , with  "!�&1 #"#��(  � , independent

of 7

�����

(Martin & Whittet1990,Martin etal. 1992).

(3) Interstellar Scattering. Scatteringof starlightby interstellardust
is revealedby re�ection nebulae (densecloudsilluminatedby embed-
dedor nearbybright stars),darkclouds(illuminatedby thegeneralin-
terstellarradiation®eld [ISRF]), andthediffuseGalacticlight (ªDGLº;
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starlightscatteredoff thegeneraldiffuseISM of theMilk y Way Galaxy
illuminatedby thegeneralISRF).Thescatteringpropertiesof dustgrains
(albedo= ratioof scatteringto extinction,andphasefunction)provide a
meansof constrainingtheopticalpropertiesof thegrainsandarethere-
foreindicatorsof theirsizeandcompositionandprovidediagnostictests
for dustmodels.

– Thealbedoin thenear-IR andoptical is quitehigh ( 9 0.6),with a
cleardip to 9 0.4aroundthe21758 hump,a riseto 9 0.8around

7 2 W � 6.6 � ,%2 W , anda drop to 9 0.3 by 7 2 W � 10 � , 2 W ; thescat-
teringasymmetryfactoralmostmonotonicallyrisesfrom 9 0.6 to

9 0.8 from 7 2 W � 1 � , 2 W to 7 2 W � 10 � , 2 W (seeGordon2004).
� � An appreciable fraction of the extinction in the near-IR
and optical must arise from scattering; the 21758 hump is an
absorption featurewith no scattered component(see@ 2.4); and
ultrasmall grains are predominantly absorptive.

– Surprisinglyhigh near-IR albedohasbeenreportedfor several re-
gions: 9 0.86at the K � band( 7 � 2.1 � , ) for the prominentdust
lanein the evil eye galaxyNGC4826(Witt et al. 1994), 9 0.9 at
theK � bandfor thedustin theM 51 arm(Block 1996),and 9 0.7
at theJ( 7-� 1.26� , ) andH ( 7-� 1.66� , ) bandsand 9 0.6attheK
( 7-� 2.16� , ) bandfor the ThumbprintNebula (Lehtinen& Mat-
tila 1996),in comparisonwith 9 0.2at 7 =2.2 � , predictedby the
conventionaldust models(Draine& Lee 1984; Li & Greenberg
1997). � � This implies that for NGC4826andM 51 (1) a pop-
ulation of grainsat least 9 0.5 � , in radii, twice as large asas-
sumedby standardmodels,may exist in theseenvironmentsand
areresponsiblefor thenear-IR scattering;and/or(2) themeasured
highK � surface-brightnessandthededucedhighalbedomayin part
becausedby the thermalcontinuumemissionfrom stochastically
heatedultrasmallgrains(Witt et al. 1994; Block 1996). For the
ThumbprintNebula, the high near-IR albedois readily explained
by graingrowth (larger-than-averagegrainsizes)andtheaccretion
of anice mantle(seePendleton,Tielens,& Werner1990; @ 8 in Li
& Greenberg 1997).

– Scatteringsof X-raysby interstellardusthave alsobeenobserved
asevidencedbyªX-rayhalosºformedaroundanX-raypointsource
by small-anglescattering.The intensityandradial pro®le of the
halo dependson the composition,size and morphologyand the
spatialdistribution of the scatteringdust particles(seeDwek et
al. 2004 for a review). The total and differential crosssections
for X-ray scatteringapproximatelyvaryas �

� and �
� , respectively,

the shapeand intensity of X-ray halossurrounding X-ray point
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sourcestherefore provide oneof the most sensitive constraints
on the largestgrains along the sightline, while thesegrainsare
gray at optical wavelengthsand thereforethe near-IR to far-UV
extinctionmodelingis unableto constraintheir existence.
A recentstudyof theX-ray haloaroundNovaCygni1992by Witt,
Smith, & Dwek (2001)pointedto the requirementof large inter-
stellargrains( � 9 0.25±2� , ), consistentwith the recentUlysses
andGalileodetectionsof interstellardustenteringoursolarsystem
(Gr-un et al. 1994; Frischet al. 1999; Landgrafet al. 2000). But
Draine& Tan (2003)found that the silicate-graphite-PAH model
with thedustsizedistributionsderivedfrom thenear-IR to far-UV
extinction modeling(Weingartner& Draine2001a)andIR emis-
sionmodeling(Li & Draine2001b)is ableto explain theobserved
X-ray halo.

(4) SpectroscopicExtinction and Polarization Features: The 21758

Extinction Hump – the strongestspectroscopicextinction feature.

– Its strengthandwidth vary with environmentwhile its peakposi-
tion is quiteinvariant: thecentralwavelengthof this featurevaries
by only � 0.46%(2� ) around21758 (4.6 � , 2 W ), while its FWHM
variesby � 12%(2� ) around469 8 ( � 1 � ,

2 W ).

– Its carrier remainsunidenti®ed39 yearsafter its ®rst detection
(Stecher1965). It is generallybelieved to be causedby aromatic
carbonaceous(graphitic)materials,very likely acosmicmixtureof
polycyclic aromatichydrocarbon(PAH) molecules(Joblin,L«eger
& Martin 1992;Li & Draine2001b;Draine2003a).

– For most sightlines,this featureis unpolarized.So far only two
linesof sight towardHD 147933andHD 197770have a weak21758

polarizationfeaturedetected(Claytonet al. 1992;Andersonet al.
1996;Wolff etal. 1997;Martin, Clayton,& Wolff 1999).Evenfor
thesesightlines,thedegreeof alignmentand/orpolarizingability
of thecarriershouldbeverysmall(seeLi & Greenberg 2003).

– Exceptfor thedetectionof scatteringin the21758 humpin two re-
�ection nebulae(Witt, Bohlin, & Stecher1986),the21758 hump
is thoughtto be predominantlydue to absorption,suggestingits
carrieris suf®ciently smallto bein theRayleighlimit.

– Thedetectionsof this featurein distantobjectshave beenreported
by Malhotra (1997) in the compositeabsorptionspectrumof 96
interveningMg II absorptionsystemsat 0.2

<

�
<

2.2; by Cohenet
al. (1999)in a dampedLy � absorber(DLA) at � = 0.94; by Toft,
Hjorth & Burud (2000) in a lensinggalaxyat � = 0.44; by Motta
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et al. (2002)in a lensinggalaxyat � = 0.83; andvery recentlyby
Wanget al. (2004)in 3 interveningquasarabsorptionsystemsat
1.4

9 <

�
9 <

1.5.

(5) SpectroscopicExtinction and Polarization Features: The 9.7 � ,

and 18 � , (Silicate)Absorption Features – thestrongestIR Absorp-
tion features.

– Ubiquitouslyseenin a wide rangeof astrophysicalenvironments,
thesefeaturesarealmostcertainlydue to silicateminerals: they
arerespectively ascribedto theSi-OstretchingandO-Si-Obending
modesin someform of silicatematerial(e.g.olivineMg R�� FeR��
R�� SiO� ).

– The observed interstellarsilicate bandsare broadand relatively
featureless.� � Interstellar silicatesarelargelyamorphousrat-
her than crystalline. Li & Draine(2001a)estimatedthattheamount

of �

<

1 � , crystallinesilicategrainsin thediffuseISM is
<

5%of
thesolarSi abundance.

�

– Thestrengthof the9.7 � , featureisapproximately
���
	

� �
�
�

�
�6� �

&
�

& "! #� in the local diffuse ISM. ��� Almost all Si atoms have
been locked up in silicate dust, if assumingsolar abundance
for the ISM.

	

– The 9.7 and 18 � , silicate absorptionfeaturesare polarizedin
someinterstellarregions,mostof which arefeatureless.Theonly
exceptionis AFGL 2591,a molecularcloudsurroundinga young
stellarobject,whichdisplaysanarrow featureat11.2� , superim-
posedon thebroad9.7 � , polarizationband,generallyattributed
to annealedsilicates(Aitkenet al. 1988).

(6) SpectroscopicExtinction and Polarization Features: The 3.4 � ,

(Aliphatic Hydr ocarbon)Absorption Feature.

– Widely seenin thediffuseISM of theMilk y WayGalaxyandother
galaxies(e.g. Seyfert galaxiesandultraluminousinfraredgalax-
ies,seePendleton2004for a recentreview), thisstrongabsorption
bandis attributedto theC-H stretchingmodein aliphatic hydro-
carbon dust. Its exactnatureremainsuncertain,despite23 years'
extensive investigationwith over 20 differentcandidatesproposed
(seePendleton& Allamandola2002for a summary).So far, the
experimentalspectraof hydrogenatedamorphouscarbon(HAC;
Schnaiter, Henning& Mutschke 1999,Mennellaet al. 1999)and
theorganicrefractoryresidue,synthesizedfrom UV photoprocess-
ing of interstellaricemixtures(Greenberg etal. 1995),provide the
best®t to both the overall featureand the positionsand relative
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strengthsof the3.42� , , 3.48� , , and3.51� , subfeaturescorre-
spondingto symmetricandasymmetricstretchesof C±H bondsin
CH

*

andCH
:

groups.Pendleton& Allamandola(2002)attributed
this featureto hydrocarbonswith a mixed aromaticandaliphatic
character.

– The 3.4 � , band strengthfor interstellaraliphatic hydrocarbon
dust is unknown. If we adopta massabsorptioncoef®cient of� �����

�

�

 

�
� ,�� 9 15004), * 0 2 W (Li & Greenberg 2002),we would

require 9 68ppm C to be locked up in this dust componentto
accountfor the local ISM 3.4 � , feature(

���
: � � �

�

� �6� � 1/250;
Pendletonetal. 1994).

– This feature is ubiquitously seenin the diffuse ISM while never
detectedin molecular clouds. Mennellaet al. (2001)andMu~noz
Caro et al. (2001) argue that this can be explainedby the com-
petition betweendehydrogenation(destructionof C-H bondsby
UV photons)and rehydrogenation(formation of C-H bondsby
H atomsinteractingwith the carbondust): in diffuseclouds,re-
hydrogenationprevails over dehydrogenation;in densemolecular
clouds,dehydrogenationprevails over rehydrogenationasa result
of thereducedamountof H atomsandthepresenceof icemantles
which inhibits thehydrogenationof theunderlyingcarbondustby
H atomswhile dehydrogenationcanstill proceedsincetheUV ra-
diationcanpenetratetheice layers.

– Whetherthe origin of the interstellaraliphatic hydrocarbondust
occursin theout�ow of carbonstarsor in the ISM itself is a sub-
ject of debate.Theformergainsstrengthfrom theclosesimilarity
betweenthe 3.4 � , interstellarfeatureand that of a carbon-rich
protoplanetarynebula CRL 618 (Lequeux& Jourdainde Muizon
1990;Chiaretal. 1998).However, thesurvival of thestellar-origin
dustin thediffuseISM is questionable(seeDraine1990).

– Sofar, no polarization hasbeendetectedfor this feature(Adam-
sonet al. 1999).W�� Spectropolarimetricmeasurementsfor boththe
9.7 � , silicateandthe3.4 � , hydrocarbonfeaturesfor thesame
sightlinewouldallow a directtestof thesilicatecore-hydrocarbon
mantleinterstellardustmodel (Li & Greenberg 1997),sincethis
modelpredictsthat the 3.4 � , featurewould be polarizedif the
9.7 � , feature(for the samesightline)is polarized(Li & Green-
berg 2002).

(7) SpectroscopicExtinction and Polarization Features:The Ice Ab-
sorption Features.
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– Grainsin darkmolecularclouds(usuallywith ���


 3 ,�.10 ) obtain
ice mantlesconsistingof H

*

O, NH
:

, CO, CH
:

OH, CO
*

, CH
�

,
H

*

COandothermolecules(with H
*

O asthedominantspecies),as
revealedby the detectionof variousice absorptionfeatures(e.g.,
H

*

O: 3.1, 6.0 � , ; CO: 4.67� , ; CO
*

: 4.27, 15.2� , ; CH
:

OH:
3.54, 9.75� , ; NH

:

: 2.97� , ; CH
�

: 7.68� , ; H
*

CO: 5.81� , ;
OCN2 : 4.62� , ; seeBoogert& Ehrenfreund2004for a review).

– Polarizationhasbeendetectedin the3.1 � , H
*

O, the4.67� , CO
and4.62� , OCN2 absorptionfeatures(e.g.seeChrysostomouet
al. 1996).

(8) The ExtendedRedEmission: Dust Photoluminescence.TheªEx-
tendedRedEmissionº(ERE),widely seenin re�ection nebulae,plane-
tary nebulae,HII regions,theMilk y Way diffuseISM, andothergalax-
ies, is a far-redcontinuumemissionin excessof what is expectedfrom
simplescatteringof starlightby interstellardust(seeWitt & Vijh 2004).
TheEREischaracterizedby abroad,featurelessbandbetween9 54008

and95008 , with a width �1(+( 8

9 <

�������
9 <

&)(+(+( 8 anda peakof
maximumemissionat � &)(+( 8

9
<

7��
9

<

" �1(+( 8 , dependingon thephysi-
cal conditionsof theenvironmentwheretheEREis produced.

– TheEREisgenerallyattributedtophotoluminescence(PL)bysome
componentof interstellardust, powered by UV/visible photons
with a photonconversionef®ciency 	�

��� 10% (Gordon,Witt, &
Friedmann1998). ��� The ERE carriers are very lik ely in the
nanometer sizerange becausenanoparticlesareexpectedto lu-
minesceef®ciently throughtherecombinationof theelectron-hole
pair createduponabsorptionof anenergeticphoton,sincein such
smallsystemstheexcitedelectronis spatiallycon®nedandthera-
diationlesstransitionsthat arefacilitatedby Auger anddefectre-
latedrecombinationarereduced(seeLi 2004a).

– The ERE carrierremainsunidenti®ed.Variouscandidatemateri-
alshave beenproposed,but mostof themappearunableto match
the observed ERE spectraand satisfy the high-	�

� requirement
(Draine2003a;Li & Draine2002a;Li 2004a;Witt & Vijh 2004).
PromisingcandidatesincludePAHs(d'Hendecourtetal.1986)and
silicon nanoparticles(Ledouxet al. 1998,Witt et al. 1998,Smith
& Witt 2002),but bothhave their own problems(seeLi & Draine
2002a).

(9) SpectroscopicEmissionFeatures: The 3.3,6.2,7.7,8.6,11.3� ,

“Unidenti�ed Infrar ed (UIR) Emissionfeatures.Thedistinctivesetof
ªUIRº emissionfeaturesat 3.3, 6.2, 7.7, 8.6, and11.3� , areseenin
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a wide variety of objects,including planetarynebulae, protoplanetary
nebulae, re�ection nebulae, HII regions, photodissociationfronts, cir-
cumstellarenvelopes,andexternalgalaxies.

– These“UIR” emissionfeaturesare now generally identi�ed as
vibrational modesof PAHs (L«eger& Puget1984;Allamandola,
Tielens,& Barker 1985): C±H stretchingmode(3.3 � , ), C±C
stretchingmodes(6.2 and7.7 � , ), C±H in-planebendingmode
(8.6 � , ), andC±H out-of-planebendingmode(11.3� , ). W W The
relative strengthsand precisewavelengthsof thesefeaturesare
dependenton the PAH sizeand its ionization statewhichis con-
trolled by thestarlightintensity, electrondensity, andgastemper-
atureof the environment(Bakes& Tielens1994,Weingartner&
Draine2001b,Draine& Li 2001).

– Stochasticallyheatedby the absorption of a single UV/visible
photon(Draine & Li 2001;Li 2004a),PAHs, containing S 45 �����
C, accountfor 9 20% of the total power emitted by interstellar
dust in the Milk y Way diffuse ISM (Li & Draine 2001b).

– Theexcitationof PAHs doesnot requireUV photons;longwave-
length(redandfar-red)photonsarealsoableto heatPAHs to high
temperaturesso that they emit ef®ciently at the UIR bands.This
is becausethe PAH electronic absorption edgeshifts to longer
wavelengthsupon ionization and/or asthePAH sizeincreases. W *

– No polarizationhasbeendetectedfor the PAH emissionfeatures
(Sellgren,Rouan,& L«eger1988).

– The PAH absorption features at 3.3 � , and6.2 � , have been
detectedin bothlocalsourcesandGalacticCentersources(Schutte
etal.1998;Chiaretal.2000).Thestrengthsof thesefeaturesarein
goodagreementwith thosepredictedfrom the astronomicalPAH
model(Li & Draine2001b).

– PAHs can be rotationally excited by a numberof physicalpro-
cesses,includingcollisionswith neutralatomsandions, ªplasma
dragº,andabsorptionandemissionof photons. It is shown that
theseprocessescan drive PAHs to rapidly rotate, with rotation
ratesreachingtensof GHz. Therotationalelectricdipoleemission
from thesespinningPAH moleculesis capableof accountingfor
theobserved ªanomalousºmicrowave emission(Draine& Lazar-
ian1998a,b;Draine1999;Draine& Li 2004).

(10)IR Emissionfrom Interstellar Dust. Interstellargrainsabsorbsta-
rlight in theUV/visible andre-radiatein theIR. TheIR emissionspec-
trumof theMilk y WaydiffuseISM, estimatedusingtheIRAS 12,25,60
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and100� , broadbandphotometry, theDIRBE-COBE2.2,3.5,4.9,12,
25, 60, 100, 140 and240� , broadbandphotometry, and the FIRAS-
COBE 110� ,

<

7

<

3000� , spectrophotometry, is characterizedby a
modi®edblack-bodyof 7 2 W�� � ��� (T=19.5; ) peakingat 9 130� , in the
wavelengthrangeof 80 � ,

9 <

7

9 <

1000� , , anda substantialamountof
emissionat 7

9 <

60 � , which far exceedswhatwould beexpectedfrom
dustat

=

� 20 ; (seeDraine2003a). In addition,spectrometersaboard
the IRTS (Onakaet al. 1996; Tanakaet al. 1996)andISO (Mattila et
al. 1996)have shown thatthediffuseISM radiatesstronglyin emission
featuresat 3.3,6.2,7.7,8.6,and11.3� , .

– Theemissionat 7

9


 60 � , accountsfor 9 65%of thetotalemitted
power. � � Theremustexistapopulationof “cold dust” in thesize
rangeof �


 250 8 , heatedby starlightto equilibriumtemperatures
15 ;

9
< =

9
<

25 ; andcooledby far-IR emission(seeLi & Draine
2001b).

– Theemissionat 7

9
<

60 � , accountsfor 9 35%of thetotalemitted
power. � � Theremustexist a populationof “warm dust” in the
size rangeof �

<

250 8 , stochasticallyheatedby single starlight
photonsto temperatures

=

� 20 ; andcooledby near- andmid-IR
emission(seeLi & Draine2001b;Li 2004a).

(11) Interstellar Depletions.Atoms locked up in dustgrainsareªde-
pletedºfrom thegasphase.Thedustdepletioncanbedeterminedfrom
comparingthegas-phaseabundancesmeasuredfrom opticalandUV ab-
sorptionspectroscopiclineswith theassumedreferenceabundancesof
theISM (total abundancesof atomsbothin gasandin dust;alsoknown
asªstandardabundancesº,ªinterstellarabundancesº,andªcosmicabun-
dancesº).Thetotal interstellarabundancesareusuallytakento besolar,
althoughSnow & Witt (1996) arguedthat interstellarabundancesare
appreciablysubsolar( 9 70% solar). Interstellardepletionsallow us to
extractimportantinformationaboutthecompositionandquantityof 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 bothsilicatesandcarbonaceousdust.

– Fromthedepletionof themajorelementsSi,Fe,Mg, C, andO one
canestimatethe gas-to-dustmassratio to be 9 165. W :

– In additionto thesilicatedustcomponent,theremustexist another
dustpopulation,sincesilicatesaloneare not able to accountfor
the observedamountof extinction relative to H althoughSi,Mg,
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andFearehighly depletedin theISM. Even if all Si, Fe,andMg
elementsarelockedup in submicron-sizedsilicategrains,they can
only accountfor 9 60%of thetotal observedopticalextinction.W �

3. Warm and Cold Dust in the ISM

As summarizedin @ 2, theinterstellarextinction,polarization,scattering,the
near, mid, and far-IR emissionand the 3.3±11.3� , PAH emissionfeatures
point to theexistenceof two dustpopulationsin interstellarspace:

Thereexists a populationof large grainswith �

9


 250 8 . Illuminated
by the generalinterstellarradiation®eld (ISRF), thesegrains,de®ned
as“cold dust” , obtainequilibriumtemperaturesof 15 ;

9 <>=?9 <

25 ; and
emitstronglyatwavelengths7

9


 60 � , . Thesegrainsareresponsiblefor
thenear-IR/optical extinction, scattering,polarizationandtheemission
at 7

9


 60 � , .

Theequilibriumtemperature
=

for a largegrainof sphericalradius � is
determinedby balancingabsorptionandemission:���

� �
�����

� ��� 7 ���	� ��
!7 �

���
� �

�����
� ��� 7 �

�
� ���-�

=

��
 7�� (1)

where �
�����

� �
� 7-� is theabsorptioncrosssectionfor a grainwith size �

at wavelength 7 , � is the speedof light, � �3�

=

� is the Planckfunction
at temperature

=

, and � � is theenergy densityof theradiation®eld. In
Figure1 we displaytheseªequilibriumºtemperaturesfor graphiticand
silicate grainsas a function of size in environmentswith variousUV
intensities.

Thereexists a populationof ultrasmallgrainswith �

9 <

250 8 . These
grainshave energy contentssmalleror comparableto the energy of a
singlestarlightphoton.As aresult,asinglephotoncanheataverysmall
grain to a peaktemperaturemuch higher than its ªsteady-stateºtem-
peratureandthe grain thenrapidly coolsdown to a temperaturebelow
theªsteady-stateºtemperaturebeforethenext photonabsorptionevent.
Stochasticheatingby absorptionof starlightthereforeresultsin transient
ªtemperaturespikesº,duringwhichmuchof theenergy depositedby the
starlightphotonis reradiatedin the IR ± becauseof this, we call these
ultrasmallgrains“warm dust” . W � Thesegrainsareresponsiblefor the
far-UV extinction riseandtheemissionat 7

9 <

60 � , (includingthe3.3±
11.3� , PAH emissionfeatures),dominatethephotoelectricheatingof
interstellargas(see @ 2.5 in Li 2004a),and provide most of the grain
surfaceareain thediffuseISM.

Sinceultrasmallgrainswill not maintainªequilibriumtemperaturesº,
we needto calculatetheir temperature(energy) probabilitydistribution
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Figure 1. Equilibrium temperaturesfor graphite(dottedlines)andsilicategrains(solid lines) in envi-
ronmentswith variousstarlight intensities(in units of the Mathis,Mezger, & Panagia1983[MMP] solar
neighbourhoodISRF).Takenfrom Li & Draine(2001b).

functionsin ordertocalculatetheirtime-averagedIR emissionspectrum.
Therehave beena numberof studieson this topic sincethepioneering
work of Greenberg (1968).A recentextensive investigationwascarried
outby Draine& Li (2001).Wewill notgo into detailsin thisreview, but
just refer thosewho areinterestedto Draine& Li (2001)anda recent
review articleof Li (2004a).

For illustration, we show in Figure 2 the energy probability distribu-
tion functions 
 �

� 
 ���3� (where 
 �

is the probability that a grain will
have vibrational energy in interval �

� � �

� 
 � � ) for PAHs with radii
�

�

� � &)( � �+� � �1( ���1� � & (+( � & �1( � �1( ( � �

( ( A illuminated by the general
ISRF. It is seenthat very small grains( �

9 <

&)(+( 8 ) have a very broad
�

����� , andthesmallestgrains( �

<

�

( 8 ) haveanappreciableprobability
�

� of beingfoundin thevibrationalgroundstate� =0. As thegrainsize
increases,

�

����� becomesnarrower, sothat it canbeapproximatedby a
deltafunction for �




�+�1( 8 . W
� However, for radii aslarge as � = �1(+( 8 ,

grainshave energy distribution functionswhich arebroadenoughthat
theemissionspectrumdeviatesnoticeablyfrom theemissionspectrum
for grainsat a single ªsteady-stateºtemperature

=

, as shown in Fig-
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Figure 2. The energy probability distribution functionsfor charged carbonaceousgrains( ���
�

�

[C ��� H R�� ], 10
�

[C ��� � H 	 R�� ], 25
�

[C 
 R���� H 	 � ��� ], 50, 75, 100,150,200,250,300A) illuminatedby the
generalISRF. Thediscontinuityin the5, 10,and25

�
curvesis dueto thechangeof theestimatefor grain

vibrationalªtemperatureºat the20th vibrationalmode(seeDraine& Li 2001). For 5, 10, and25A a dot
indicatesthe ®rst excited state,and � � is the probability of being in the groundstate. Taken from Li &
Draine(2001b).

ure 3. For accuratecomputationof IR emissionspectrait is therefore
importantto properlycalculatethe energy distribution function

�

����� ,
including grain sizeswhich are large enoughthat the averagethermal
energy contentexceedsa few eV.

Nano-sizedinterstellar diamondandTiC grainshave beenidenti®edin
primitive meteoritesbasedon isotopic anomalyanalysis. Exposedto
thegeneralISRF, thesegrainsaresubjectto single-photonheatingand
shouldof coursebeclassi®edasªwarmdustº.But we shouldnotethat
they arenot representative of thebulk interstellardust(see@ 5.4and @ 5.5
in Li 2004a). The carriersof the ERE (see @ 2.8) and the 21758 ex-
tinction hump(see @ 2.4) arealso in the single-photonheatingregime.
Therefore,they canalsobe classi®edasªwarm dustº. As a matterof
fact, the latter is attributedto PAHs (see @ 2.4). On the otherhand,the
UlyssesandGalileo spacecraftshave detecteda substantialnumberof
large interstellargrainswith �

9


 1 � , (Gr-un et al. 1994),muchhigher
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Figure 3. Infraredemissionspectrafor small carbonaceousgrainsof varioussizesheatedby thegen-
eral ISRF, calculatedusing the full energy distribution function ������� (solid lines); alsoshown (broken
lines)arespectracomputedfor grainsat theªequilibriumºtemperature� . Transientheatingeffectsleadto
signi®cantlymoreshortwavelengthemissionfor ��� 	 200

�
. Takenfrom Li & Draine(2001b).

thanexpectedfor theaverageinterstellardustdistribution. In the ISM,
theseshouldof coursebeconsideredasªcolddustºor ªvery cold dustº
with

=�<

10 ; . But we notethat thereportedmassof theselargegrains
is dif®cult to reconcilewith theinterstellarextinctionandinterstellarel-
ementalabundances.

4. The Silicate-Graphite-PAHs Interstellar Dust Model

Variousmodelshavebeenproposedfor interstellardust(seeLi & Greenberg
2003,Li 2004a,Draine2004for recentreviews). In general,thesemodelsfall
into threebroadcategories: the silicatecore-carbonaceous mantlemodel(Li
& Greenberg 1997), the silicate-graphite-PAHs model (Li & Draine 2001b,
Weingartner& Draine2001a)andthecompositemodel(Mathis1996,Zubko,
Dwek& Arendt2004).In thisreview I will focusontheIR emissioncalculated
from thesilicate-graphite-PAHs modelandreferthosewho areinterestedin a
detailedcomparisonbetweendifferentmodelsto my recentreview articles(Li
2004a,Li & Greenberg 2003).
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The silicate-graphite-PAHs model, consistingof a mixture of amorphous
silicatedustandcarbonaceousdust± eachwith an extendedsizedistribution
rangingfrom moleculescontainingtensof atomsto largegrains

9


 1 � , in di-
ameter, is a naturalextensionof theclassicalsilicate-graphitemodel(Mathis,
Rumpl,& Nordsieck1977;Draine& Lee1984).Weassumethatthecarbona-
ceousgrain populationextendsfrom grainswith graphiticpropertiesat radii

�

9


 50 8 , down to particleswith PAH-lik epropertiesatverysmallsizes.
With the temperature(energy) probabilitydistribution functionscalculated

for ultrasmallgrainsundergoing ªtemperaturespikesºand equilibrium tem-
peraturescalculatedfor largegrainsilluminatedby thelocal ISRF, thesilicate-
graphite-PAHs modelwith grainsizedistributionsconsistentwith theobserved

�6� =3.1interstellarextinction(Weingartner& Draine2001a),is ableto repro-
ducethe observed near-IR to submillimeteremissionspectrumof thediffuse
ISM, including thePAH emissionfeaturesat 3.3, 6.2, 7.7, 8.6, and11.3� , .
This is demonstratedin Figure4 andFigure5 for the high-latitudeªcirrusº
cloudand2 regionsin theGalacticplane(seeLi & Draine2001bfor details).

Figure 4. Comparisonof the model to the observed emissionfrom the diffuse ISM at high galactic
latitudes( � ��� � 25� ). Curves labelledB ��� � andB 	�

��� show emissionfrom ªbigº ( ��� 250

�
) silicateand

carbonaceousgrains;curveslabelledS��� � andS	�

��� show emissionfrom ªsmallº( � 	 250
�

) silicateand
carbonaceousgrains(including PAHs). Trianglesshow the modelspectrum(solid curve) convolved with
theDIRBE ®lters.Observationaldataarefrom DIRBE (diamonds)andFIRAS (squares).Takenfrom Li &
Draine(2001b).
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Figure5. Infraredemissionfrom dustplusstarlightfor two regionsin theGalacticplane:(a) theMIRS
region (

���

�������
���

�
� �
�
,

2 � � � �
�
� � � � � ), and(b) theNIRSregion (

�
�

�
: �
�
�����

�

� � , � ��� �
W �

�
).

Thestarlightintensityheatingthedusthasbeentaken to be twice theMMP ISRF. The solid curve shows
theoverall modelspectrum;trianglesshow themodelspectrumconvolvedwith theDIRBE ®lters. DIRBE
observationsareshown asdiamonds.For theMIRS ®eldweshow theIRTSMIRS 5±12 �

�

spectrum(thin
solid line). For theNIRS®eld weshow theIRTSNIRS2.8-3.9�

�

spectrum(thin solid line, alsoshown as
cross-dottedcurve in inset).Takenfrom Li & Draine(2001b).

The silicate-graphite-PAHs model, with size distributions consistentwith
theSMCBarextinctioncurve(Weingartner& Draine2001a),isalsosuccessful
in reproducingtheobservedIR emissionfrom theSMC (Li & Draine2002c),
asshown in Figure6. The dust in the SMC is taken to be illuminatedby a
distribution of starlight intensities.Following Dale et al. (2001),we adopta
simplepower-law function for the starlightintensitydistribution. The SMC,
with a low metallicity ( 9 10%of solar)anda low dust-to-gasratio ( 9 10%of
theMilk y Way), hasa very weakor no 21758 extinction humpin its extinc-
tion curvesfor mostsightlines(see @ 2.1) andvery weak12 � , emission(see
Fig.6) which is generallyattributedto PAHs, supportingthe ideaof PAHs as
thecarrierfor the21758 extinctionhump.W �
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Figure 6. Comparisonof the model (solid line) to the observed emissionfrom the SMC obtained
by COBE/DIRBE(diamonds)andIRAS (squares)averagedover a 6.25deg R region including theoptical
barandthe EasternWing. Trianglesshow the modelspectrumconvolved with the DIRBE ®lters. Stellar
radiation(dot-dashedline) dominatesfor � � 	 6 �

�

. Grainsareilluminatedby arangeof radiationintensities���������	��
�� � 	�
 � , 0.1� � �
W�� R�
 
�� , with

��� � ����
� �

���
W�� R 	�� � ��R . Takenfrom Li & Draine(2002c).

Very recently, thesilicate-graphite-PAHs modelhasalsobeensuccessfully
appliedto NGC7331, a ringed Sb galaxy. Using the sameset of dust pa-
rametersdeterminedfor theMilk y Way diffuseISM ( ��� =3.1;Weingartner&
Draine2001a),asshown in Figure7, this model®ts theIR emissionobserved
by the IRAC instrumentat 3.6, 4.5, 5.8 and8 � , andthe MIPS instrument
at 24, 70 and 160 � , aboardthe SpitzerSpaceTelescopeand the 450 and
850� , SCUBA submillimeteremissionobservedby JCMT, bothfor thering
andinsidestar-forming region andfor the galaxyaswhole (seeReganet al.
2004 for details). The modelalsoclosely reproducesthe observed 6.2, 7.7,
8.6,11.3and12.7� , PAH emissionfeatures(seeFig.2 of Smithetal. 2004).

5. Very Cold Dust or How Cold Could GalaxiesBe?

In the 1996SouthAfrican ªCold Dustº Symposium(Block & Greenberg
1996),thepossibleexistenceof a populationof very cold dust (with equilib-
rium temperatures

=�<

10 ; ) in interstellarspacewasa subjectreceivedmuch
attention.In hisinvitedpapertitled ªHowColdCouldGalaxiesBe?º published
in theproceedingsfor thatsymposium,MikeDisney wroteª...Aneminentcos-
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Figure 7. IR emissionandmodel®ts to the NGC7331ring (a) andthe entiregalaxy(b). The thick
solid linesandtrianglesarethemodel-predicted̄uxes,andthesquaresaretheobserved¯uxes.Thebroken
curvesindicatethecontributionsof thedifferentmodelcomponents.Takenfrom Reganetal. (2004).

mologistonceadvisedmeto forgetall aboutverycolddustbecausethe
=

� law
ensuresthat it cannotemit,andtherefore by implicationcannotabsorb,much
radiation.Hesoundedplausible, asCosmologistsareapt to sound,but hewas
in fact totally wrong, asCosmologistsareapt to be.º

Disney (1996)arguedthatfor grainswith higherIR andfar-IR emissivities,
they canachieveratherlow temperatures.At ®rstglance,thisappearsplausible
ascanbe seenin Eq.(1): for a given interstellarradiation®eld, grainswith
®xed UV andoptical absorptionpropertieswould obtainlower temperatures
if their long wavelengthemissivities areenhanced.Therefore,Disney (1996)
wrote ª... [Since] we are not con�dent about their [interstellar grains] size
distributionandtheir emissivities,particularly at longwavelength,... wehave
to keepour minds opento the possibleexistenceof a signi�cant amounts
of very cold (

<

10 ; ) material in spiral galaxies.º
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So far, the detectionof very cold dust (
=�<

10 ; ) in interstellarspaceon
galacticscaleshasbeenreportedfor variousobjects:NGC4631,a low metal-
licity ( 9 1/2 of solar) interactinggalaxywith

=

9 4±6 ; (Dumke, Krause,&
Wielebinski 2004); NGC1569, a low metallicity ( 9 1/4 of solar) starburst-
ing dwarf galaxywith

=

9 5±7 ; (Gallianoet al. 2003);inactive spiralgalax-
ies UGC3490 with

=

9 9 ; (Chini et al. 1995), NGC6156 with
=

9 8.6 ; ,
andNGC6918with

=

9 9.4 ; (Kr -ugelet al. 1998);andseveral irregularand
bluecompactdwarf galaxieswith

=�<

10 ; in theVirgoCluster(Popescuetal.
2002).Verycolddustwith

=

9 4±7 ; hasalsobeendetectedin theMilk y Way
Galaxy(Reachet al. 1995;alsoseeBoulangeret al. 2002). This component
is widespreadandspatiallycorrelatedwith the warm component(16±21; ).
By comparingthedustmasscalculatedfrom theIRAS datawith themolecular
andatomicgasmassesof 58spiralgalaxies,Devereux& Young(1990)argued
that thebulk of thedustin spiralgalaxiesis

<

15 ; regardlessof thephaseof
theISM.

How candustgetsocold? In literature,suggestedsolutionsinclude(1) the
dustis deeplyembeddedin clumpy cloudsandheatedby thefar-IR emission
from ªclassicalgrainsº(Gallianoet al. 2003; Dumke et al. 2004); W

�
(2) the

dusthasunusualopticalproperties(e.g.fractalor porousgrainswith enhanced
submmandmm emissivity; Reachet al. 1995;Dumke et al. 2004).However,
asdiscussedin detail by Li (2004b),while the former solution appearsto
be inconsistentwith the fact that the very cold dust is observed on galactic
scales,the latter violatesthe Kramers-Kr onig dispersionrelation (Purcell
1969; Draine 2003b; Li 2003b),exceptfor extremelyelongatedconducting
dust (Li 2003a). Perhapsthe submmand mm excessemission(usually at-
tributedto verycolddust)is from somethingelse?To avoid theªtemperatureº
problem,onecanadoptthe Block direct methodto identify andcharacterize
the presenceand distribution of the cold and very cold dust: usingnear-IR
cameraarraysandsubtractingthesefrom opticalCCD images.This method
measuresthedustextinctioncrosssectionanddoesnot requiretheknowledge
of dusttemperature(seeBlock 1996;Block etal. 1994a,b,1999).Otherwise,a
detailedradiative transfertreatmentof theinteractionof thedustwith starlight
(e.g.Popescuetal.2000,Tuffs etal. 2004)togetherwith aphysicalinterstellar
dustmodel(e.g.Li & Draine2001b,2002c)is required.

6. Can Dust Get Down to 2.7 � and Appear in Absorption against
the CMB?

Ultrasmallgrainsspendmostof their timeat theirvibrationalgroundstatedur-
ing the interval of two photonabsorptionevents( @ 3 andFig.2; Draine& Li
2001).In the1996SouthAfrican ªColdDustº Symposium,it washeatedlyar-
guedthatthesegrainscouldobtainavibrationaltemperaturelessthanthe2.7 ;
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temperatureof theCMB so that they could be detectedin absorptionagainst
theCMB (Duley & Poole1998).However, basedon detailedmodelingof the
excitationandde-excitation of thesegrains,we found thateven thoughthese
grainsdo have a largepopulationin thevibrationalgroundstate,nevertheless
the vibrational levels aresuf®ciently excited that the grainswould appearin
emissionagainsttheCMB with brightnesstemperature

9 <

9 ; (seeDraine& Li
2004bfor details).
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Notes

1. Struve & Elvey (1938)appearto be®rst to show thattheinterstellargasis mostlyhydrogen.

2. Let interstellargrainsbeapproximatedby asinglesizeof � (sphericalradius)with acolumndensity
of
���

. Thegas-to-dustmassratio is��� 

�� ��� � � � �
�
�

V	� ��
 � ����
���� �
����� � �
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�
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:

��� ����� � ��� (2)

where �
�

and �
���

are respectively the atomicweight of H and He; � ��
 � ��� 
���� is the interstellarHe
abundance(relative to H), which is taken to be that of the solarvalue, � 0.1; � � is the massdensityof
interstellardust.Thehydrogen(of all forms)-to-dustcolumndensity

� ��� ���
canbederivedfrom

���
� � �

2

� � �
������ ��� � �
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where
� �

is the total-to-selective extinction ratio,  �"! � � � � is the dustextinction ef®ciency at � -band
( � �

��� � � A). Therefore,thegas-to-dustratiocanbereadilyestimatedfrom�#� 
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(4)
If we take canonicalnumbersof

� � � 3.1,  �&! � � � � � 1.5, � =0.1 �
�

, � � � 2.5 * � � � � , ��� 

� � � ��� � �
would bearound210.

3. In our Milky WayGalaxy, interstellarmatter(gasanddust;
�.-?:

�
W���/�021 ), contributesroughly� 20%of thetotalstellarmass(

� -�* �
W�� 	 � 021 ). Therefore,themassfractionof interstellardustis just� 0.1%in ourGalaxy( �

W3- � � *
�

W�� 	�	 0 1 within 10kpc,Kennicutt2001)!
4. In this method,the wavelengthdependenceof interstellarextinction is obtainedby comparingthe

spectraof two starsof thesamespectraltype,oneof which is reddenedandtheotherunreddened.
5. Falcoet al. (1999)found

� � � 1.5 for anelliptical lensinggalaxyat 4�5 � 0.96,and
� � � 7.2 for a

spirallensinggalaxyat 4 5 � 0.68.Wangetal. (2004)foundtheextinctioncurvesfor two interveningquasar
absorptionsystemsat 4 � 1.5to have

� � � 0.7,1.9.
6. For example,thereis at leastoneline of sight (Sk 143� AvZ 456)with anextinction curve with a

strong2175Ahumpdetected(Lequeuxetal. 1982;Pr«evot etal. 1984;Bouchetetal. 1985;Thompsonetal.
1988;Gordon& Clayton1998). This sightlinepassesthroughtheSMC wing, a region with muchweaker
starformation(Gordon& Clayton1998).Thesightlineswhichshow no 2175Ahumpall passthroughthe
SMC Bar regionsof active starformation(Pr«evot etal. 1984;Gordon& Clayton1998).
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7. Strongregional variationsin extinction propertieshave alsobeenfound in the LMC (Clayton &
Martin 1985; Fitzpatrick1985,1986;Misselt, Clayton,& Gordon1999): the sightlinestoward the stars
insideor nearthe supergiant shell, LMC 2, which lies on the southeastsideof the 30 Dor star-forming
region,have veryweak2175

�
hump(Misseltet al. 1999).

8. Kemper, Vriend& Tielens(2004)foundthatcrystallinefractionof theinterstellarsilicatesalongthe
sightlinetowardstheGalacticCenteris � 0.2%.

9. The amountof Si (relative to H) requiredto depletein dust to accountfor the observed 9.7 �
�
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��� ���
	 / 
 
���
� � W� 

� ���� � �

	
� � �

�

� � ��� �
���
	 / 
 
���
� � ���

� � W� 

� ���� � �
	

� � �
�

� � ��� �
(5)

where � 
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� is thesilicatemassabsorptioncoef®cient at � =9.7 �
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; � ��� � is thesilicatemolecular
weight.With � 

� ���� � �

	
� � �

�

� � 2850�
�

R * � 	 and� ��� � � 172�
�

for amorphousolivineMgFeSiO� , thelocal

diffuseISM ( �
	 / 
 
���
 � � � � 1/18.5,
� � � � � �

� � : � W�� �
R R

��� * � �

R ) requires � � ���� � 35 � �
�

.
10.Houghet al. (1996)reportedthe detectionof a weak3.47 �

�

polarizationfeaturein the Becklin-
Neugebauerobjectin theOMC-1 Orion densemolecularcloud,attributedto carbonaceousmaterialswith
diamond-like structure. SeeLi (2004a)and Jones& d'Hendecourt(2004) for a detaileddiscussionon
interstellardiamond.

11.OtherC±H out-of-planebendingmodesat 11.9,12.7and13.6 �
�

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 adjacentH atoms),12.7 �
�

for trio-
CH (3 adjacentH atoms),and13.6 �

�

for quartet-CH(4 adjacentH atoms).
12.Li & Draine(2002b)have modeledthe excitation of PAH moleculesin UV-poor regions. It was

shown that the astronomicalPAH model provides a satisfactory ®t to the UIR spectrumof vdB133, a
re¯ectionnebulaewith thelowestratioof UV to total radiationamongre¯ectionnebulaewith detectedUIR
bandemission(Uchida,Sellgren,& Werner1998).

13.Let � � � ��� 1 betheinterstellarabundanceof X relative to H (weassumeinterstellarabundancesto be
thoseof thesolarvalues: � � � ��� 1 � 391partspermillion [ppm], � � � �.� 1 � � � W

� �
�

, � 0 * � �.� 1 � :
�

� �

� �
�

,� � 
 � �.� 1 � :
�

�
�

� �
�

, and � ��� � ��� 1 � *

�
� W

� �
�

[So®a2004]); � � � �.� � 

� betheamountof X in gasphase
( � � � ��� � 

� �

W : � � �
�

, � � � ��� � 

� �
: � �

� �
�

; Fe,Mg andSiarehighlydepletedin dust: � � 
 � ��� � 

� �
W

� �
�

,� 0 * � �.� � 

� �
*

� �
�

, and � ��� � ��� � 

� �
*

� �
�

[So®a2004]); � � � ��� ��� � � be theamountof X containedin
dust ( � � � ��� ��� � � � � � � �.� 1 2 � � � ��� � 

� �

*
�

W

� �
�

, � � � ��� ��� � � �
W *

�

� �
�

, � 0 * � �.� ��� � � �
: * � �

� �
�

,� � 
 � �.� ��� � � �
* � � W

� �
�

, � ��� � ��� ��� � � �
: * �

�

� �
�

). AssumingH/C=0.5for interstellarcarbondust,thegas-
to-dustmassratio is � � 

�� ��� � � � W��

� �
���� � � � ��� ��� � � � � �

W
�

� �

(6)

wherethesummationis over Si, Mg, Fe,C, O andH, and �
�

is theatomicweightof X in unit of �
� �

W��
� � �

W�� �
R � * .
14.Assumingall Si, Mg, andFeelementsof solarabundancesarecondensedin silicatedustof a sto-

ichiometriccompositionMgFeSiO� with a characteristicsize � � 0.1 �
�

, the contribution of the silicate
dustto theopticalextinction is% � �

��� ' ��� � �
W�� � � �

� � R  �"! � � � � � � � � � � �

� W�� � � �

� � R  �"! � � � �
% ����� � ��� � � �  � � � � ��� 1 � � V

� � ��� � ��� 1 �"! ' � ��
�

�
:

��� � � � ��� �
�

: � *
�

W�� �
R R

��� * � �

R

�

(7)
where

� ��� � is the column densityof silicate dust, � ��� � � 3.5 * � � � is the massdensityof silicate mate-
rial, and  �"! � � � � is thevisualextinction ef®ciency of submicron-sizedsilicatedustwhich is taken to be �"! � � � � � 1.5.
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15.The ideaof transientheatingof very small grainswas®rst introducedby Greenberg (1968). This
processwasnot observed until many yearslater whenthe detectionof the near-IR emissionof re¯ection
nebulae(Sellgren,Werner, & Dinerstein1983)anddetectionby IRAS of 12 and25 �

�

Galacticemission
(Boulanger& P«erault1988)werereported.

16.This is becausefor largegrainsindividual photonabsorptioneventsoccurrelatively frequentlyand
the grain energy contentis large enoughthat the temperatureincreasesinducedby individual photonab-
sorptionsarerelatively 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 notethat the PAH emissionfeatureshave beenseenin SMC B1#1, a
quiescentmolecularcloud(Reachetal. 2000).For this region,Li & Draine(2002c)estimatedthat � 3%of
theSMCC abundanceto beincorporatedinto PAHs.

18.Siebenmorgenetal. (1999)arguedthatthedustembeddedin UV-attenuatedcloudswithin theoptical
diskof typical inactive spiralgalaxiescannotbecomecolderthan � 6 � .
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