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Abstract. The presence of dust in the interstellar medium of galaxrasndtically affects their
spectral appearance, and the interpretation of their lyidgrphysical properties. Consequently,
the diagnostic of galaxy spectra depends crucially on odetstanding of the nature and properties
of these dust particles. Models of interstellar dust plsienust be able to reproduce a basic set
of observational constraints, including the general stilar extinction and infrared emission
observed in the diffuse interstellar medium (ISM). Recemilgsis of the solar spectrum have
resulted in a convergence between the solar and B star ahceslarhis development, and the
steadiness in the solar abundance determination of theaprinefractory elements Mg, Si, and
Fe, strongly suggest that any viable dust model must alsp iolberstellar abundances constraints.
Fifteen dust models that differ in composition and sizeritistion and that simultaneously satisfy
the local extinction, infrared emission, and abundancesttaints have been shown to exist. This
multitude of viable dust models provides us with an incrdaféexibility in understanding dust
evolution and the many variations in dust properties inedéht phases of the ISM and stellar
environments.

The evolution of stars, the primary sources of dust, and greal ISM, in which the dust is
processed, change the abundance of dust as a function ofiperticular, the delayed injection of
dust from low mass stars, which are the primary sources bbeadust, into the ISM gives rise to a
changing silicate-to-carbon dust mass ratio, which wiketfthe UV-visual extinction in galaxies.
If PAHSs are only produced in AGB stars, the delayed injectibthese molecules into the ISM may
be in part responsible for the absence of PAH features in gatisr forming regions, or for the
existence of a metallicity threshold below which PAHs haweyet formed.

On a cosmological scale, an epoch of rapid and efficient dustdtion is needed to account for
the presence of dust-enshrouded star forming regionsatrédshift. We show that the first opacity
is probably produce by SN-condensed carbon dust that formébs than~ 100 Myr after the
onset of galaxy formation.

1. INTRODUCTION

Dust is present in almost every astrophysical environmaniging from circumstellar
shells and disks to spiral, elliptical, starburst, andvaagialaxies, and to pregalactic ob-
jects such as QSO absorptieline and damped Ly systems. The abundance and com-
position of the dust in galaxies affect the galaxies’ spgeppearance, and influence the
determination of their underlying physical properties;isas their star formation rate,
metallicity, and attenuation properties. Understandimgproperties of interstellar dust
particles is therefore essential for the interpretatiogal&ctic spectra.

In this manuscript | will briefly review what constitutes amerstellar dust model,



list the observational constraints on such models, andlypdescribe viable interstellar
dust models that satisfy these constraints in the localstear medium (ISM). Special
emphasis will be placed on the interstellar abundance @ngt, which until recently,
have not been explicitly included in dust models.

Interstellar dust exhibits spatial and temporal variagjoand | will briefly review
the ingredients in constructing models for the evolutiordo$t, stressing the current
uncertainties in the yield of dust from supernovae and AGBsstinally, | will describe
the effect of dust evolution on the spectral energy distrdvuof galaxies, and, using
a very simple criterion, present a simple estimate of theshi#dwhen galaxies first
become opaque.

More detailed information on observational aspects ofgtédar dust and the physics
of dust can be found in the recent review article by Draind,[Bthe workshop on
"Solid Interstellar matter: The ISO Revolution" [10] ancetkhonference on "Astro-
physics of Dust"|[66], in the books by Whittet [64] and Krudé#], and the recent
issue of The Astrophysical Journal Supplement Series (veld54) dedicated to the
first observations with th8pitzerSpace Telescope.

2. INTERSTELLAR DUST MODELS

2.1. What constitutes an interstellar dust model?

An interstellar dust model is completely characterized hy abundance of the dif-
ferent elements locked up in the dust, and by the compositrmrphology, and size
distribution of its individual dust particles. This seemly simple definition hides the
complexities involved in deriving such a dust model.

First and foremost, any dust model must specify the totabroathe different refrac-
tory elements that are locked up in the solid phase of the [BMse elements can form
many different solid or molecular compounds with differeptical and physical prop-
erties. In addition, the morphology of the dust particlesthler spherical, ellipsoidal,
cylindrical, platelike, or amorphous has an importantctften these properties. Finally,
the size distribution of these dust particles will detereniineir collective properties and
interactions with the ambient gas and radiation field. Thes&actions play a major
role in the radiative appearance of galaxies, and in thertheand chemical balance of
their interstellar medium.

2.2. Observational constraints in the local ISM

Ideally, a viable interstellar dust model should fit all alvs¢ional constraints arising
primarily from the interactions of the dust with the incidesdiation field or the ambient
gas. These include:

1. the extinction, obscuration, and reddening of starfight



2. the infrared emission from circumstellar shells andedéht phases of the ISM (dif-
fuse H I, H Il regions, photodissociation regions or PDRsl amlecular clouds);

. the elemental depletion pattern and interstellar aburetaconstraints;
. the extended red emission seen in various nebulae;

5. the presence of X-ray, UV, and visual halos around timéfsée sources (X-ray
binaries, novae, and supernovae);

6. the presence of fine structure in the X-ray absorption dgthe spectra of X-ray
sources;

. the reflection and polarization of starlight;
. the microwave emission, presumably from spinning dust;
9. the presence of interstellar dust and isotopic anomatigseteorites and the solar
system;
10. the production of photoelectrons required to heat aéptrotodissociation regions
(PDRs); and
11. the infrared emission from X-ray emitting plasmas.
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It is unreasonable to require that a single dust model sanatiusly fit all these ob-
servational constraints since they vary in different ggtgsical environment, reflecting
the regional changes in dust properties.

However, a viable interstellar dust model should be deriwegimultaneouslyitting
at least a basic set of observational constraints. Alsougtrmonsist of particles with
realistic optical, physical, and chemical properties, eaglire no more than the ISM
abundance of any given element to be locked up in the dustalitipe, most interstellar
dust models have been constructed by deriving the abunglamncksize distributions of
some well studied solids, such as graphite or silicatesiguselect observations such
as the average interstellar extinction, the polarizatosrthe diffuse infrared emission
as constraints, and then checked the model for consisteitbyother observational
constraints such as the wavelength dependent albedo amsteilar abundances.

Simultaneous fits to the average interstellar extinctiorvewand the infrared (IR)
emission from the diffuse ISM have given rise to a standatdratellar dust model
consisting of bare, spherical graphite and silicate padiand a population of polycyclic
aromatic hydrocarbons (PAHs) [46]. This standard modelazaount for the observed
2175 A bump in the UV extinction curve and the far-UV rise iniegtion attributed to
graphite and PAHSs; for the mid-IR emission features at 33,87, 8.6, and 11.am,
most commonly associated with PAHs; and for the generaimooiis IR emission from
the diffuse ISM, attributed to submicron size silicate amdpdite grains. The choice
of graphite and PAHs was mainly motivated by the UV extinectbump and the mid-
IR emission features. Silicate particles were includedctmant for the presence of the
9.7 and 18um absorption features seen in a variety of astrophysicaltdpnd Galactic
lines of sights. Using this model as a benchmark, regionatrans in the observational
manifestations of the dust can then be attributed to locaktiens from this standard
model. For example: the lack of the mid-IR emission feat@ires inside H 1l regions
can be attributed to the depletion of PAHs in these regidresfiattening of the extinction
curve at UV energies to a deficiency in PAHs and very small gasticles; and the
presence of various absorption features in the spectranoé sstronomical sources to



the precipitation of ices onto the dust in these objectefBeaviews on the history of the
development of dust models were presented byi[14, 13, 21].

2.3. Interstellar dust models with cosmic abundances constints

An important advance in the construction of interstellastdmodels was made by
Zubko, Dwek, & Arendtl[68] (hereafter ZDA). The ZDA approadiffers from previ-
ous dust modeling efforts in two important ways: first, itluges, in addition to the
average interstellar extinction and diffuse IR emissi@snsic abundances as axplicit
constraint on the models; and second, it solves the problesmultaneously fitting
these three observational constraints by an inversionadethlled the method of regu-
larization. Uncertainties in the data are propagated intettainties in the derived grain
size distribution.

Interstellar abundances were previously not used as éqaitstraints in dust models
because of the large discrepancies between abundance®dnfeom solar, F and G
stars, and B stars measurements (see [61] for a recent delngvarticular, B star carbon
abundances were found to be significantly different frorarsabundance measurements
given by, for example, Holweger [32]. This discrepancy [piated an interstellar
carbon “crisis"[59] 41], since standard interstellar dusdels by Mathis, Rumpl, &
Nordsieck[[50] or Draine & Lee [11] required more carbon tddeked up in dust than
available in the ISM. Mathis [51] attempted to solve theisrtsy suggesting that most
of the interstellar carbon dust is in the form of amorphouffyfldust. However, Dwek
[1€] showed that the Mathis model failed to include the amafrcarbon needed to
produce the PAH features, and that the fluffy carbon pagipl@duced an excess of
far-IR emission over that detected by tG®BEsatellite from the diffuse ISV_[17].

A very recent analysis of solar absorption lines by AspluBevesse, & Sauvall[4],
which included the application of a time-dependent 3D hglgiramical model for the
solar atmosphere, has led to a dramatic revision of the amasdof carbon in the sun.
The revised carbon and oxygen abundances are now in muei dgteement with local
ISM [2], and with the B star abundances, which are commonliebed to represent
those of the present day ISM.

ZDA considered five different dust compositions as potémtiadel ingredients: (1)
PAHSs; (2) graphite; (3) hydrogenated amorphous carbon pé #%CH?2; (4) silicates
(MgSiFeQ,); and (5) composite particles containing different prajpors of silicates,
organic refractory material @EgO4N), water ice (HO), and voids. These different
compositions were used to create five different classessifrdadels:

» The first class consists of PAHs, and bare graphite and silicate grains,ignd
identical to the carbonaceous/silicate model recentlp@sed by|[46].

» The second classf models contains composite particles in addition to PA¥se
graphite and silicate grains.

» The third and fourth classesof models comprise the first and second classes,
respectively, in which the graphite particles are compjeteplaced by amorphous



carbon grains.

+ In the fifth class of models the only carbon is in PAHs and in the organic refngct
material in composite grains. That is, the model comprisgsPAHS, bare silicate,
and composite particles.

To accommodate the uncertainties in the ISM abundances, @sidered three
different ISM abundance determinations: solar, B-stad BAG star abundances, as
constraints for the dust models. The method of reguladragiroved to be a robust
method for deriving the grain size distribution and abum@sn(the two unknowns)
for the different classes of dust models. The results shawttiere are many classes
of interstellar dust models that provide good simultaneitasto the far-UV to near-
IR extinction, thermal IR emission, and elemental abundamonstraints. The models
can be grouped into two major categories: BARE and COMP nsoddie latter are
distinguished from the former by the fact that they contapoaulation of composite
dust particles which generally have larger radii than bartigles.

2.4. Results and astrophysical implications

Table 1 compares the abundances of refractory elementsoiZ WA and the Li &
Draine [46] dust models to the constraints imposed from dhooe determinations
in stars and the ISM. Abundances are normalized fbHy@rogen atoms or parts per
million (ppm). The abundances in the dust were derived byraabng the observed
gas phase abundances from the respective solar, F and Gastd8 star abundances.
Note that the F and G star abundances have larger uncegtainttheir O, Mg, and Si
determinations than their solar and B stars counterpandsieder, all abundances are
consistent within the & uncertainties in their determinations.

The first ZDA model (BARE-GR-S) consists of bare silicate gnaphite grains and
PAHs, and was derived using the Holweger [32] solar aburemnonstraint. The dust
composition and optical properties are identical to thddb® Li-Draine model. How-
ever, they differ significantly in their grain size distrtimn (see Figure 19 and Table 7 in
ZDA for the comparison and the analytical fit to the derivediZ$ize distribution). Ta-
ble 1 shows that the ZDA BARE model reproduces the updateddances constraints
better than the standard Li-Draine model, with the strictesistraint provided by the
Mg, Si, and Fe abundance. The Li-Draine model requive®% more Fe and- 50%
more Mg or Si to be in the dust than is available from either$etellar abundances.
Figure 1 shows how the solar abundance determinations ofSilgnd Fe varied over
time, and compares them with the three dust models listegeiable. The abundance
determination of Mg and Si have remained quite constantiwerand consistent with
meteoritic abundance determinations. The formerly laigerdpancy between the solar
and meteoritic Fe abundances reported by Anders & Grevésba$ been resolved by
the more recent measurements of Asplund, Grevesse, & Sgjyalhich has settled
on the lower value of 283. Also listed in the table is model COMP-NC-B from ZDA,
which consists of silicates, composite grains, and PAHkth& carbon in this model is
in PAHs and in the organic refractory component of the coreagains. This model



TABLE 1. Inferred dust phase abundances in the diffuse ISM

reference C 0] Mg Si Fe
Total Solar* 245430 A45A56 34£8 3243 2843
F & G stars' 358482 445+156 4317 40+£13 2848
B stars** 190+£77 350:133 237 1949 29418
Gas 75+25F 385+128 ~0 ~0 ~0
Dust Solar 17640 72457 348 3243 2843
F & G stars 28386 60+156 4317 40+13 28+8
B stars 11581 (+134 23t7 19+9 29+18
Models ZDA (BARE-GR-S) 246 133 33 33 33
Li & Draine [46] 254 192 48 48 48
ZDA (COMP-NC-B) 196 154 28 28 28

* Asplund, Grevesse, & Sauvil [4]

T Sofia & Meyer [6D]

** Sofia & Meyer [6D]

* Dwek et al. [17]

§ André et al. [2], average between samples A and C

was constructed to fit the B star abundances and requiresabedmount of carbon to
be locked up in the solid phase of the ISM.

2.5. Should there be a universal dust model?

ZDA discovered a total of fifteen viable dust models thats$atihe extinction, IR
emission and abundances constraint in the local ISM. I&thry way to discriminate
between these models? COMP grain models differ from BARE ooecause a signif-
icant fraction of their dust particles are fluffy compositestaining voids. Composite
particles have therefore an effective electron density ihaignificantly smaller than
that of the bare particles. Consequently, observations-tdyxhalos can, in principle,
discriminate between the different classes of viable duxlets [21] since X-ray halos
are primarily produced by X-rays scattering off electromsarge grains. However, X-
ray halos sample a very limited fraction of the general ISM.eS8en if an X-ray halo
would favor one model, it would not preclude the viabilityaithers in different regions
of the ISM, since dust properties exhibit significant vaoias along different lines of
sight.

Some of the observational evidence for such variations are:

- the variations in the steepness of the FUV rise and the dtrerighe 2175 A bump
[2€]

« the richness of mineral structures and ices seen in the edaitars that are absent
in the diffuse ISM [63]

« variations in the elemental depletion pattern in the hotmvyand cold phases of
the ISM [61]
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FIGURE 1. The relative steadiness of the solar (or meteoritic) abnoeldeterminations of Mg, Si, and
Fe: Cameron 6Bpen diamongdGehreni[28]epen squarpAnders & Grevesse [1ppen circle Grevesse

& Sauval [29]filled star; Asplund, Grevesse, & Sauval [4illed diamondThe Fe abundance of Anders &
Grevesse [1] is represented by both, the meteoritic and ablandance determination because of the large
discrepancy between the two values. The horizontal lingesent the results of the models discussed in
the text.

« variations in the PAH features in different regions of thMIf5, 56]
« variations in the strength and width of the silicate feasdel]

These variations probably result from the existence ofgelaariety of dust sources
producing dust with different composition and mineral stame, and from the fact that
the ISM is not homogeneously mixed. Furthermore, grain ggsinig in the ISM by
thermal sputtering, grain-grain collisions, grain coagioin, and accretion in clouds
plays an important role in producing large spatial variagion dust properties [37].
Such variations are manifested in the observed UV-optixtihetion and IR emission
from galaxies. Evidence for spatial variations in the ection was provided by Keel
& White [40], who analyzed the extinction properties of dusspiral galaxies that are
partially backlit by an elliptical one, and by Clayton [7]hereviewed extinction studies
of the Magellanic Clouds and other nearby galaxies. Thezed@r many observations
showing the spatial variations in the IR emission spectnamfgalaxies to list here, but
many can be found in the special issue of The Astrophysieahdb Supplement Series
(volume 154) reporting the first results from t8pitzersatellite.



3. THE EVOLUTION OF DUST

3.1. Dust sources and relative contributions

It is clear that there is no universal dust model that can Ipdiegpto a galaxy as a
whole, or to galaxies with different evolutionary hist@i€onsider the production of
dust from an evolving single stellar population (SSP) withsses betweer 0.8 and
40 Mg . The first dust that will be injected into the ISM will probghbe formed in
late-type Wolf-Rayet (WR) stars. Dust formation has onlgr@bserved to occur in
the coolest C-rich stars of type WC8 and WC9. At least in a fages, the formation
of dust in these objects was induced by the interaction offReejecta with the wind
from a companion O-star [53]. WR stars are however minorcasiof dust that overall
contribute less than 1% of the total mass of dust injectedupgsiovae and AGB stars
into the ISM [35,(109]. After about 5 Myr the first stars of theBS@ill undergo core
collapse giving rise to Type Il supernova (SN) events. SNtajeontain layers that are
C- and O-rich, which are not intermixed on a molecular le@nsequently, SNe can
produce both carbon and silicate type dust particles [4@2]tsSvith masses below
8 My, will undergo the AGB phase, lose mass, and evolve into whiterts. Figure 2
depicts the carbon and silicate yields from AGB stars withratial solar metallicity.
Stellar yields were taken from Marigb |49]. Stars with a C#CL ratio in their ejecta
were assumed to condense only carbon dust, whereas stara @O < 1 ratio were
assumed to condense only silicate type dust. The yields wadoeilated assuming a
condensation efficiency of unity in the ejecta. The massearigarbon producing AGB
stars is betweern 1.6 and 4 M, a range that widens at lower stellar metallicities [19].
So carbon dust from AGB stars will first be injected into th#i&fter about 200 My,
when~ 4 Mg, stars evolve off the main sequence.

The AGB yields depicted in Figure 2 represent an idealizedhsbn. In reality, AGB
stars undergo thermal pulsations (the explosive ignitich® He-rich shell), that cause
the convective mixing of C-rich gas with the outer stellavedope. After repeated
thermal pulses a star can evolve from an O-rich giant to ac&star. The changing
composition of the stellar envelope will affect the chemyistf dust formation. Detailed
kinetic nucleation calculations (Ferrarotti & Gelil [25h@w that AGB stars of a given
mass can indeed form both, carbonaceous and silicate, tgigdrticles. Including the
effect of radiation pressure on the newly-formed dust ordgreamics of the envelope,
they find AGB yields that are significantly lower, by factorstween 3 and 10, from
those presented in Figure 2. A similar conclusion was rehtlyeMorgan & Edmunds
[54] using a simpler model for dust formation in AGB stars.

Figure 3 shows the carbon and silicate yields from both, AGBssand SN I,
weighted by the stellar initial mass function (IMF), takerbe the Salpeter IMF between
0.7 and 40 M,. SNe yields were taken from Woosley & Weaver [67], and a casdBon
efficiency of unity was adopted in calculating the dust yidide figure shows that the
main contributors to the interstellar carbon abundancéarenass AGB stars, whereas
SN Il are the main contributors to the silicate abundancénenlEM. We emphasize
however, that the yields presented in the figure are idedad,arel that the actual yield
of dust in SNe and AGB stars is still highly uncertain (see gibw).
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FIGURE 3. The IMF-weighted carbon and silicate yields from AGB stard &ype |l supernovae. SN
yields were taken from Woosley & Weaver [67].

3.2. Dust processing in the ISM

Following their injection into the ISM the newly-formed dysarticles are subjected
to a variety of interstellar processes, that result in treharge of elements between the
gas and dust phases of the ISM. These include:

- thermal sputtering in high-velocity-200 km s1) shocks;
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FIGURE 4. A schematic diagram (after Truelove & McKee [62]) depictihg interaction of the SN
ejecta with its ambient surrounding.

« evaporation and shattering by grain-grain collisions imdovelocity shocks; and
« accretion in dense molecular clouds.

Detailed description of the various grain destruction na@itms and grain lifetimes in
the ISM were presented by Jones, Hollenbach, & Tielers [B@]racently reviewed by
Jones|[37].

3.3. The destruction of SN condensates by the reverse shock

To these destruction processes we add the destruction cb8dkensed dust grains by
the reverse shock propagating through the SN ejecta. Tleeseghock is caused by the
interaction of the ejecta with the ambient medium. Figurs 4 schematic reproduction
of a similar figure in [62], depicting the interaction of thé&l ®jecta during the free
expansion phase of its evolution with its surrounding mediThis medium could
consist of either circumstellar material that was ejectethl progenitor star during the
red giant phase of its evolution, or interstellar matefigle SN ejecta acts like a piston
driving a blast wave into the ambient medium. Immediatelyibeé the blast wave is a
region of shocked swept-up gas. When the pressure of thtketl@as exceeds that of
the cooling piston, a reverse shock will be driven into trextg [52].

Dust formed in the ejecta will be subject to thermal sputiggby the reverse shock.
The fraction of dust destroyed is roughly given by the rafiehe sputtering lifetime,
Tsput t0 the expansion time (age) of the ejecta. The grain lifetime is initially a strongly
rising function of gas temperature, reaching a plateau attab® K [L6]. Figure 5
depicts the velocity history of the reverse shock as it rse® different layers of the
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FIGURE 5. The velocity profile of the reverse shock traversing the Séttaj The reverse shock
originates ato = 1, and over time propagates back into the ejecta, untilathes the origin atr =
0.

ejecta, as a function af = R /Rej, whereR; is the radius of the reverse shock, drg
is the outer radius of the ejecta. The calculations wereopmidd using the analytical
expressions of Truelove & McKee [62] for a SN explosion in @amn medium. The
initial velocity of the reverse shock @ = 1 is zero, reaching a maximum at= 0,
when it reaches the origin of the explosion. No dust will betd®/ed ata = 1, since
the gas temperature so low that most gas molecules havéckemetrgies well below the
sputtering threshold. Very little grain destruction isca¢éxpected to take place at= 0
since in spite of the high gas temperature, the gas densigryslow and the sputtering
lifetime is longer than the expansion time of the ejecta.réhsg therefore an optimal
location O< o < 1, where the shock velocity (gas temperature) and ejectsitgieare
such thatrspyt/t < 1, and grain destruction can take place.

The a-interval in which grains are completely destroyed will deg on the size of
the newly-nucleated dust particles. Figure 6 depicts thatlon in the ejecta in which
dust is completely destroyed by the reverse shock. The lagilens were performed for
dust particles with radii of 0.1 and 0.Qim embedded in a smooth, O-rich ejecta. As
expected, the smaller dust particles are destroyed ovedarwange of ejecta layers
compared to the larger size patrticles. In reality, SN ejactaclumpy, and the SN dust is
expected to reside predominantly in the clumpy phases ofjdeta, as is suggested by
the detection of dust in the fast moving knots of the remna@is A |45, 3]. The reverse
shock slows down below the threshold for complete grainrdegson as it traverses
these density enhancements in the ejecta. Consequergtyindhe clumpy ejecta may
only be shattered instead of being completely destroyeghbitexing. The total amount
of grain processing in the SN ejecta is however still hightgertain. An independent
investigation into the effect of reverse shocks from therdetope, the presupernova
wind, and the ISM on the formation of dust, the amount of ggm@iocessing, and the
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implantation of isotopic anomalies in SN ejecta was cardetiby Deneault, Clayton,
& Heger [9].

3.4. Putting it all together in an idealized evolutionary malel

Figure 7 depicts the evolution of the overall metallicitytbé ISM (gas and dust),
and that of the dust (silicates + carbon dust) in a normalxyalgth an exponential
star formation rate characterized by a decay time of 6 Gyarti8g with an initial
star formation rate of 80 M yr—1, the galaxy will form about 810 M, of stars
in a period of 13 Gyr. The silicate and carbon dust yields veadeulated assuming a
condensation efficiency of unity in the ejecta, and grainirdeion was neglected. The
model therefore represents an idealized case, in which graiduction is maximized,
and grain destruction processes are totally ignored. Ateova in the figure are the
separate contributions of AGB stars to the abundance chsfliand carbon dust. The
onset of the AGB contribution to the silicate abundancdstanen~ 8 M, stars evolve
off the main sequence, whereas the AGB stars start to catgrib the carbon abundance
only when 4 M, stars reach the AGB phase. The figure also presents theadUSht
metallicity ratio. The ratio is almost constant at a value-00.36. Att = 14 Gyr, the
model gives a silicate-to-gas mass ratio of 0.0048, andl@oadust-to-gas mass ratio
of 0.0025, in very good agreement to their values in the |t8i.

The idealized model presented above highlights severdilgmts concerning the
galactic evolution of dust:

1. the model reproduces the silicate and carbon dust aboesatserved in the local
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ISM under idealized conditions. Any significant reductiontie yield of dust in
SNe and AGB stars will result in a comparable reduction ofthhst abundance;

2. the above problem is exacerbated if grain destructioakisrt into account, espe-
cially with the short timescales of 0.5 Gyr calculated lby][36



3. an obvious solution is to postulate that the mass of itekas dust is reconstituted
by accretion onto surviving grains in molecular clouds. sTholution poses a
different set of problems, since the resulting morphologgt aomposition of the
dust may not be able to reproduce the constraints (extimcti® continuum and
broad emission features) observed in the local ISM [55];

4. however, the fact that ZDA discovered many dust modet$yting composite type
particles that are expected to form in molecular cloudg, $htisfy these observa-
tional constraint is a very encouraging solution to therstedlar dust abundance
problem;

5. finally, the global efficiency of grain destruction depgot the morphology of the
interstellar medium, and may not be as high as calculate@djy ¢specially if the
filling factor of the hot cavities generated by expanding 8Mmants is sufficiently
large [15].

Figure 8 is a variation on the previous one, plotting seleetrgities as a function of
the ISM metallicity. The figure illustrates an interestiagt if PAHs are only produced
in AGB stars, then one would expect PAH features to arise liaxgzs with a minimum
metallicity of 0.1Z.,. This may be partly the cause for the very low abundance of$*AH
in low metallicity systems [27, 48], and for the appearand@AdH features in the spectra
of galaxies only below a metallicity threshold of aboutd).1(Rieke and Engelbracht,
private communications).

The spectral appearance of a galaxy in the mid-IR and its pfi¢al opacity is
therefore affected by the delayed injection of carbon dutstthe ISM. Figure 9 shows
the evolution in the SED of a normal spiral galaxy as caladdty [20], illustrating the
evolution of the PAH features with time. The heavy solid lieapresents the unattenuated
stellar spectrum. The thin solid line is the total reradiathist emission. At early
epochs the reradiated IR emission is dominated by emisssom i 1l regions (top two
panels), and therefore lack any PAH features. At later tjrttes contribution of non-
ionizing photons dominates the dust heating, and consdgutre IR emission from
the diffuse H | gas dominates that from the H Il regions (cbbtiee, lower two panels).
Also noticeable in the lower two panels is the differencenaen the attenuated and
unattenuated stellar spectrum.

4. WHEN DO GALAXIES BECOME FIRST OPAQUE?

On a cosmological scale, the formation and evolution of dusgfalaxies and damped
Lya (DLA) systems has been a subject of considerable intergistthve goals of study-
ing the following: the effects of dust on the rate of variowstdrelated physical pro-
cesses in their ISM such as the formation of[Bll]; the obscuration of quasars [24, 8];
the relation between the dust abundance and galaxy médtaldd, |19]; the depletion
of elements in DLA systems [38,139]; and the evolution of tReemission seen in the
diffuse extragalactic background light [57].

Also a subject of great interest is when galaxies becamediiatjue, opacity being
defined in a bolometric sense as the fraction of total starkmergy that is processed
by dust into IR emission. Observations of ultraluminous Hkagies at redshifts of 3
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FIGURE 9. The evolution of the SED of a normal spiral galaxy as caleddty [20]. More details in
the text.

[23,134] and the detection of large quantities of dust in higtishift objects [14], suggest
that dust formation occurred early and efficiently afterahset of galaxy formation. The
need for rapid dust formation has led Dunne etlal. [14] to psepthat massive, rapidly
evolving stars must be responsible for the dust observeigatradshifts. This seems to
be supported by the fact that dust production in AGB stareiayed by a few hundred
million years, compared to the production by SNe (see FigurEurthermore, the yield
of dust in AGB stars may be quite lower than that depicted gufé 2. But what is the
dust yield from SNe? Observations of Cas A with tB© [45,|3] andSpitzersatellites
[30,143] show that the total mass of SN condensed dust is hess~t 0.2 M., which
is only about 10%, of the total amount of refractory eleméndd formed in the ejecta.
Using SCUBA submillimeter observations of the remnant, Bauat al.|[14] claimed to
have detected a large mass & 2— 20 M, depending on the adopted dust properties)
of cold dust in the ejecta of Cas A. This large amount of duseess the amount of
refractory elements produced in the explosion [22]. Subsefjobservations with the
Spitzersatellite, and comparison of the SCUBA data with moleculs bbservations
revealed that the submillimeter emission from the directbCas A is actually emitted
from a molecular cloud along the line of sight to the remnamdtead of the ejecta
[43,165]. The total mass of dust produced in SNe may thereditse be lower by a
factor between 5 and 10 from those depicted in Figure 3. Thestopn of what dust
is responsible for the rise in galactic opacity will depehdrefore on details of the
dust evolution model. On one hand, SNe do indeed form thedirst, but on the other
hand, carbon particles are significantly more opaque thizatss, potentially offsetting
the advantage of SN condensates. What dust particles amgatdty responsible for
producing the UV-optical opacity in galaxies will theredatepend on the relative yields
of SN- and AGB-condensed dust, and their subsequent ewnlutiere we will only



present a very preliminary investigation into this issue.

We will assume that galaxies first become opaque when thal radual optical depth
of molecular clouds in which most of the star formation tagkse exceeds unity. The
radial opacity of a cloud at is given by:

3Mc

r(V) = 2 (4—HR5) Ka(V) W

whereZy is the dust-to-gas mass ratid; the mass of the cloudr. its radius, andky

is the mass absorption coefficient of the dust. The critegaadopt here is obviously
a simplified one, since many overlapping optically thin nealar clouds can create an
effectively opaque line-of-sight to star forming regioiNevertheless, this criterion is
useful for this simple analysis. Numerically, the expresdor 7(V) is approximately

given by:
_ MC/M® Kd (V)
)=22 (i o ) (16 enp 4 @
Dust opacities a¥ are [11]:
kKa(V) = 3x10°cmPg !  forsilicate dust (3)
= 5x10*cn?g™!  for carbon dust (4)

The surface density of molecular clouds in normal galaxksbéts a narrow spread
in values, ranging from about 10 to 1200.Mc2 [33]. In luminous IR galaxies (LIRGS)
star formation seems to take place in clouds with highemsertiensities of about 10
to 10* M, pc2 [54].

Adopting a cloud surface density 06510° M, pc~2 we get that actively star forming
galaxies will become first opaque whe(V) ~ 1, or when

Zg ~ 3x10%  forsilicate dust (5)
~ 2x10°  for carbon dust

From Figure 7 we get that the critical metallicity for carbdust is reached when
the time lapse since the onset of star formatié,is about 100 Myr, and that SN-
condensed carbon dominates the abundance of carbon dlosti M. If only AGB stars
produced carbon dust, then silicate dust particles wilgi®the first significant opacity
and reach the critical metallicity &t ~ 400 Myr. Carbon produced in AGB stars will
reach the critical carbon metallicity later,&tt~ 500 Myr. Adopting a standardCDM
cosmology with a Hubble constant of 70 km!sMpc~t, QA = 0.73, andQy, = 0.27,
we get that the rate at which the universe ages as a functicedshiftz is given, to an
accuracy ofv 4%, by:

‘j_tz =7472 Gyr for2<z<10 (6)

If the SSP first formed a = z;, the the universe became first opaque at a redshiit

given by:
At -1
Zr—1 ~ Zs {1+ ( ;jyr) zs] 2<2;-1<2Z<10 (7)
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FIGURE 10. The redshiftz;_1, at which a galaxy becomes opaque (as defined in the textyuascadn

of the redshiftzs at which the galaxy first formed. The different curves arelad byAt(Gyr), the time
required for the dust abundance to be sufficiently high toseawypical molecular clouds to become
opaque.

Figure 10 shows the exact relation betwegrand z;_, for different values ofAt.
For the simple model adopted here, the figure shows that aygddamed at redshift
Zs = 10, will become opaque a;_1 ~ 8.8 if At = 100 Myr, and atz;—1 ~ 5.9 if
At = 500 Myr. The actual value oAt depends on the chemical evolution model, the
condensation efficiencies of carbon and silicate dust inliiferent sources, and the star
formation history of the galaxy.

The figure presented here is very general, and illustratemtarrelation between the
epoch of galaxy formation and the evolution of dust. It isleggphere to a simplified
model which was not specifically designed to follow the etioluof the ultraluminous
IR galaxies (ULIRGs) observed at high redshifts. ULIRGs nhaye a much higher
star formation rate than value of 80.Myr—! used in the calculations. Furthermore, as
mentioned before, the overlap of molecular clouds can readgalaxy opaque even
when the individual clouds are optically thin. The modelabwas only presented here
for illustrative purposes, and can easily be used to soleeiriierse problem: given
the fact that a galaxy is observed to be optically thick atvemgiredshift, what are the
required star formation rate and dust formation efficientternake it optically thick at
that redshift?

5. SUMMARY

We have made many advances in our understanding of intardekt. However, many
details about its origin and evolution are still unclear.jdfainresolved issues are the



efficiency of dust formation in the various sources, esplgcsapernovae; the composi-
tion and the in-situ survival of the newly-formed dust; tiffeceency of grain destruction
in the ISM; the reconstitution of dust particles by accretilo molecular clouds and the
resulting dust composition; and finally, the global effeatslust evolution on galactic
opacities and the redistribution of stellar energies infeared emission.

Currently operating and future space-, air-, and groursetdabservatories will pro-
vide a wealth of new information which will go a long way towaraddressing and
solving many of the issues raised above.
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