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Many things in current interstellar dust studies are talkewell understood givens by much of
the community. For example, it is widely held that intedsteHust is made up of only three
componentsi.e., “astronomical silicates”, graphite and polycyclic ardmdydrocarbons, and
that our understanding of these is now complete and suffieieough to interpret astronomical
observations of dust in galaxies. To zeroth order this isagaarable approximation. However,
while these “three pillars” of dust modelling have been ukef advancing our understanding
over the last few decades, it is now apparent that they artgficient to explain the observed
evolution of the dust properties from one region to anothbus, it is time to abandon the “three
pillars” approach and to seek more physically-realistteiistellar dust analogues. The analy-
sis of the pre-solar grains extracted from meteoritesypre@etary dust particles and from the
Stardust mission, and the interpretation of x-ray scaiteaind absorption observations, supports
the view that our current view of the interstellar dust cosipion(s) is indeed too naive. The
aim of this review is to point out where our current views ather secure and, perhaps more
importantly, where they are far from secure and we mustirgetbur ideas. To this aim ten as-
pects of interstellar dust will be scrutinised and re-eatdd in terms of their validity within the
current observational, experimental, modelling and tegcal constraints. It is concluded from
this analysis that we really do need to re-assess many ofitttamental assumptions relating to
what we think we really do ‘know’ about interstellar dust.garticular, it is clear that unravelling
the nature dust evolution in the interstellar medium is ppsthe key to significantly advancing
our current understanding of interstellar dust. For exanihle dust in the diffuse interstellar
medium, molecular clouds, photo-dissociation regions ldidegions is not exactly the same
but exhibits important evolution within and between theidiecent regions. An understanding of
these evolutionary and regional variations exhibited bst éeinow critical.
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0. Background

Interstellar dust has been the subject of dedicated stdolieaore than 80 years, ever since
the early measurements of interstellar reddening by Tranjg]. Dust models followed about a
decade or so after these early dust extinction measureraedtsne of the earliest was the dirty ice
model of van de Hulst [2]. Oort & van de Hulst [3] then consitkthe processing of these dirty ice
particles in the interstellar medium (ISM) and estimatedist difetime of about 50 million years.
Some thirty years later dust modelling became more sopatsti when Mathigt al. studied
uncoated graphite, enstatite, olivine, silicon carbiden iand magnetite particles as viable dust
materials to explain extinction in the ISM [4]. They conchadthat graphite was a necessary dust
component of any viable mixture and that it could be combiwélt any of the other materials to
satisfactorily explain interstellar extinction. So weiat our current ideas about interstellar dust
being composed of graphite and some form of silicate. Tha,far almost forty years, graphite
and amorphous silicate materials have formed the basisahthst widely used dust models and
they have served us well. Nevertheless, it is perhaps tottme-visit our long-held views on the
nature of dust in the ISM and to re-examine some of our basignagtions. Thus:

What dowe know of dust? Currently we believe that we have a pretty good understgnafin
the nature of interstellar dust in our own and also in disgeféxies. The dust is evidently made of
“astronomical” amorphous silicates, graphite and poliicyaromatic hydrocarbons (PAHSs), and
our understanding of these is now complete and sufficienigimto allow for a good interpretation
of astronomical observations. This understanding has sefficient to meet our needs for the last
few decades but we are now finding clear and systematic eliftes in the dust from one region to
another, differences that cannot be accounted for withstamtard’ astronomical silicate, graphite
and PAH model.

What do wereally know of dust? Thus, and upon closer examination of the ‘facts’ it seems
likely that in many, if not most, cases we need to review ourranit understanding, push aside the
veil of complacency and to re-think our ideas. The major afrthis review is therefore to take a
careful and critical look at some of our fundamental ideasuéldust in space.

Where do we go from here? One of the major conclusions of this close re-consideration
is that in interstellar dust studies we really need to adamtenphysically-realistic models, which
means that from here on the dust physics gets much morestiteyebut also much more complex.

In the following ten sections some aspects of the obseryadolperties of dust and what we
really know of cosmic dust are examined in some detalil.

1. The UV-FUV extinction properties of dust

The interstellar extinction curves, normalised to the B ¥rghnds a€ (B —V) (in the stan-
dard manner) as shown in Fig. 1, seemingly indicate rathée wariations in the extinction curve
in the UV region A~ > 4um~1) [5]. However, normalising the extinction curve in this waly-
viously introduces a strong lever effect because smalatiaris in the extinction at the B and/or V
band wavelengths will lead to accentuated UV extinctionateems. This is perhaps unavoidable
when presenting observational data because it is extrediffilfult to determine absolute extinc-
tion values.
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Figurel: TheE(B—V)-normalised average galactic extinction curves (left) taecbbserved UV extinction
bump position and width variations (right): Figs. 9 and 1ahfir[5] reproduced by permission of the AAS).

As shown by Greenberg & Chlewicki [6] normalising the extion curve in the UV appears
to indicate that the FUV reddening is actually rather irgariin shape and intensity. They also
concluded that the particles responsible for the UV bumplatrizn cannot make a significant
contribution to the FUV extinction and that these same gadican only make a small contribution
to the extinction long-wards ef 170 nm. From this work [6] it has also been inferred that th&/FU
extinction carriers “remain fairly stable once the graimsd emerged from the molecular cloud
phase of their evolution.” It was also shown that any dustehéat which the FUV extinction is a
sum of carbonaceous/graphite and silicate contributismsconsistent with observations [6].

Unfortunately, observational data over the entire nearelRUV wavelength range is rarely
available because of the relative paucity of dust extimctibservations in the UV with respect to
the visible region. However, for a given dust model we can thle calculated dust cross-sections
and hence the absolute or un-normalised extinction. Onleeofriost recent dust models [7] shows
that the FUV extinction is practically invariant for a fixedst mass and indicates that it is rather
the visible extinction and the UV bump that show variatiom$ich depend upon the material
composition, and that then skew our interpretation whenddita are normalised bl (B —V).
Fig. 2 shows the standatl B — V)-normalised extinction curve data compared to the dusteros
sections for the Jonext al. dust model [7] and clearly illustrates the B and V band bia®duced
into normalised data.

As has been clearly demonstrated [7], changes in the catbona dust optical properties,
characterised by the material band gap and particle siz& (8 aturally lead to systematic vari-
ations in the extinction properties that are more apparenisible/UV wavelengths than in the
FUV-EUV region, unless the abundance of the smallest rapiawticles & < 3nm) in the dust
size distribution is severely perturbed and/or depletédAn invariance of the dust properties at
short wavelengths (FUV-EUV) reflects that fact that the U¥retion curve simply integrates the
summed cross-sections of the atoms incorporated into $mallb nm) particles [7], whatever the
chemical composition of the particles.

Thus, following on from the suggestions of the work by Gremgh& Chlewicki [6] it would
be more informative to normalise the observed extinctioia dathe FUV region where the dust
cross-sections seemingly show only rather small variation
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Figure2: The modelled extinctiorz(B—V)-normalised (left) and the actual dust cross-sectionbiy&s a
function of the optical properties, which can be charasgetiby the optical band galfg (Figs. 6 and 7 from

[7] reproduced with permission from A&A). The orange lineals the normalised wavelength dependence
of the interstellar radiation field.

The bottom line here is that care should be exercised in the interpretationterstellar ex-

tinction variations based oB(B —V)-normalised extinction curves because these can be skewed
the assumed normalisation.

2. Extinction and the dust size distribution
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Figure 3: The dust size distributions for the Joretsal. dust model components: large a-C:H/a-C particles
(black dotted), large a-$i/a-C particles (black triple-dot-dashed) and small a-E¢&tbon particle (black
dash-dotted). Variations in the small a-C(:H) carbon phatpower-law indexga, for fixed dust mass are
also shown (coloured lines, Fig. 8 from [7] reproduced wighrpission from A&A).

Here we reflect upon how useful it is to consider extinctioraaseaningful and sufficient
measure of the dust properties in the ISM. In this context seethe recent Jones al. dust model
[7] to illustrate how variations in the dust size distrilmutiaffect the extinction. Fig. 3 shows the
adopted dust size distribution for this diffuse ISM moded arariants of it with differing small
a-C(:H) carbon particle power-law indices, We will also consider variations due to changing
the the minimum assumed particle radias, As mentioned in the preceding section, it has been
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Figure4: The dust extinction and spectral energy distributions (SE3 a function of the the small carbon
particle power-law indexg, and the minimum particle radiua,. (Figs. 7 and 12 from [7] reproduced with
permission from A&A).

shown that the FUV extinction variations are intrinsicabyher limited [6] and only in the case of a
major depletion of small grains from the size distributioing to the effects of erosion in energetic
regions or coagulation in dense regions) should largeatiaris in the extinction become apparent
[7].

Fig. 2 (right panel) and Fig. 4 show the dust cross-sectioppdr panels) for a range of values
of o anda_ and indicate that, for rather wide variations in the dustagpiproperties and size dis-
tribution, respectively, the extinction curve shows ordiatively small variations. These changes
clearly do not reflect the model differences because of tgemkracy inherent in extinction-only
measurements. However, if we now consider the spectrafyemistribution (SEDs) for the same
dust optical properties and size distribution variatidrig)(4, lower panels) it is evident that they
show much greater divergence and therefore seem to bdttmt @nd accentuate dust size distribu-
tion variations than the extinction data alone [7]. It isatléhat a study considering only extinction
data does not enable us to sufficiently resolve the degdaeraaherent in extinction-alone dust
observations and modelling.

Thus, in order to best characterise the observed dust piegp#re constraints imposed on dust
models by, at least, the observed extinction and emissiast baiconsidered and should also take
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into account the observed linear and circular polarisaf@g, [11]), albedo and scattering phase
function asymmetryd.g, [12]).

The bottom line is then that studies of extinction alone do not enable usfficiently re-
solve the inherent effect of the degeneracies in the dustdistribution as revealed by extinction
modelling alone. Dust extinction studies must thereforedagled with at least dust emission stud-
ies and, ideally, also with complementary information frpolarisation, albedo, scattering phase
function asymmetryetc.

3. Thedust emissivity index ()

The absolute value of the dust emissivity and the slope (wagéh-dependence) of its emis-
sivity at FIR-mm wavelengths, usually indicated@®sds a direct property of the dust optical prop-
erties. B is not a free parameter because arbitrarily changing itsevads is often done when
modelling dust emission at long wavelengths, implies a ghadn the dust optical properties and,
implicitly, in its composition and structure [13]. The deshission at FIR to sub-mm wavelengths
is often modelled as a modified black-body emission of thenfor

B
= 0B (T (52 @)

wherer,, is the dust opacity at the reference wavelemghB) (Tqusy is the dust blackbody emis-
sion at a temperaturystandf is the dust emissivity index. This simple approach has soeri m
in approximating the measured laboratory variations, tvisicow temperature-dependent spectral
slope variations [14 —16]. However, the most recent and rmostprehensive measurements on
silicates to date, which show clear and significBrt T tendencies, also show how the emissivity
slopes of Mg-rich amorphous silicates vary with waveleraytld do not exhibit simple power-law
behaviours [17]. Further, these authors show that, depgrati the form of the Mg-rich silicate,
the slope at wavelengths longer than about 5@D0um can be flatter (amorphous pyroxene-
type) or steeper (amorphous olivine-type) than at the shavavelengths [17, 18]. Models of
low-temperature processes in amorphous silicate mategi@ able to explain these laboratory-
measured variations [19]. However, further work is yet mekth order to ascertain if this same
range of emissivity behaviours also translates to Fe-riigtates. Thus, it appears that we still
have much to learn about the low-temperature physics mgldt interstellar amorphous silicate
grain analogues. We should therefore remain rather cautioaur interpretation of the emission
from the large cold grains in the ISM until such time as we havmetter handle on their compo-
sition (olivine-type, pyroxene-type or other mineralaiand structure (homogeneity, porosity or
mantling).

Recent observations of dust in the diffuse ISM with Blanckmission [20] indicate a mean
dust temperature of 18+ 1.4 K and dust emissivity indeg = 1.6240.10. In comparison, lab-
oratory measurements [17] and dust modelling [7] show timales-valued dust emissivity slopes,
i.e,, B constant, are unlikely and need to be replaced by some fosmobthly varying function
across the FIR to mm wavelength regime. TH8iss not a single-valued, free parameter; changing
it changes«(i,A) (the mass absorption coefficient of the materjdlecause it depends upon the
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composition and structure of the dust material, its tentpegaand the wavelength under consider-
ation,i.e., in reality we have3(i, Tqust A, - . .). S0, in retrospect it seems to have been a rather naive
assumption thgB would be constant and independent of material, temperandevavelength.

The bottom line is that singleB modified blackbodies are not a good approximation to the
dust emission in the ISM and that any derivigds;and3 values, or range of values, are unlikely to
be physically-meaningful in terms of real dust temperatuihey are also going to be something
of a compromised fit to real dust SED observational data. ,Alsocurrent knowledge of the ‘real’
nature of the large amorphous silicate grains in the ISMrigréan complete but should perhaps
be better guided by the analysis of the pre-solar silicaa@grextracted from primitive meteorites
[21].

4. The elemental composition of dust

Atomic Number (Z)

\

16 18 20 22 24 26 28

10 12 14

e (N/10° H)
N

J

Log abundanc

ClAr

gas

p _
- * e

Figure 5: The relative abundances of the elements (in ppm with respekf) as a function of atomic
number. The most abundant silicate/oxide and solid (hydaobon dust-forming elements (red), and the
minor (blue) and trace (grey) dust-forming elements aréliggted.

Fig. 5 summarises the abundances relative to hydrogen ofitiséimportant interstellar dust-
forming elements along with other, more volatile elemebispletion studies [22, 23], indicate that
the dust elemental composition is dominated by C, O, Si, MgFawith minor amounts of Na, Al,
Ca and Ni and traces of K, Ti, Cr, Mn, and Co. In addition, cheahconsiderations indicate that
these elements are probably bound into two major dust phaise<-rich and the other O-rich. The
O-rich phase most likely consists of (amorphous) silicated/or oxides predominantly composed
of O, Si, Mg and Fe, while the C-rich phase is probably mostlgasbon but must also contains
some H atoms, most likely bound to C atoms in some form of hyelnated amorphous carbon
solid (rather than graphite). While interstellar elemédtpletion studies are able to indicate the
stoichiometric composition of the condensed solid phastenISM they reveal nothing of the
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dust mineralogy. One rather intriguing conundrum relatmghe amorphous silicate/oxide phase
is that there is to date little, if any, clear IR spectroscapiidence for the presence of Fe in dust
in the ISM, around evolved stars or in circumstellar disos, #here exactly is the Fe hiding and
in exactly what solid form is it bound? The obvious Fe-inargiing candidate solids are silicate,
oxide, sulphide or metal particles. In most cases, whereimoaos silicates have been crystallised
(around evolved stars or in circumstellar discs), their position appears to be Mg-rich and there
is little direct evidence for Fe oxides, which leaves suldigisiand metal as the best candidates. A
mix of Fe metal and sulphide could temptingly be identifiethviihe thorny problem of the origin
of the GEMS (Glass with Embedded Metal and Sulphides) batdhimponent of the interplanetary
dust particles (IDPs) has now been demonstrated to be ofrsetala origin [21]. The problem of
interstellar Fe is discussed again within the frameworltdristellar silicates in §9.

The bottom lineis that the absolute elemental abundances and the deptdtalements into

dust in the ISM gives us a measure of the dust stoichiometrydiLits exact chemistry, structure
or composition

5. The cosmic carbon abundance
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Figure 6: The column density of C in dust, N{Gs), as a function ofE(B — V), with the uncertainties
on N(Cyus) andE(B—V) indicated. The linear least-squares fit to the correlatietwben N(Gys) and

E(B—V) excludes the lower left data point and has a correlationficosit of 0.71 (Fig. 4 from [24]
reproduced by permission of the AAS).

The latest measurements of the carbon abundance in the I8Waesits total abundance to
be of the order of at least 470 ppm [24], which is consider&ldyer than previous measures and
thus eases this key abundance constraint dust models. tlit fems that practically all of the
available dust models are consistent with these new dataving regions but that they do not use
enough carbon in dust in the higly regions of the ISM [24]. As these same authors show (see
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Fig. 6), the column density of C in dust,(Cdus), increases steadily up d(Cdush ~ 108 cm—2
with increasing extinction up t&(B—V) ~ 0.4. Thereafter, for @ < E(B—V) < 0.6, the data
show a spread iN(Cdus by about a factor of twol(Cdush ~ 1 — 2 x 10 cm~2). This perhaps
indicates that C incorporates into dust in the denser regio a more volatile carbonaceous dust
species and that this carbonaceous dust is different frentytsical carbon-rich dust in the more
diffuse ISM (see 86 for a more detailed discussion of thisg$s

The bottom lineis that there is no and never was a carbon criggs,carbon now seems to be
so abundant in the ISM that all current dust models can benacamlated. However, in the denser
regions of the ISM it appears that none of the current modsdsemough carbon in dust.

6. Dust spectroscopic features

The chemical composition and mineralogical propertiesusitaan be constrained by char-
acteristic spectroscopic bands observed in absorptionearidsion throughout the ISM, which
indicate that it principally consists of amorphous silesatind aromatic-rich and/or aliphatic-rich
amorphous carbonaceous matter. One of the principal metimothe analysis of these spectral
bands has been to subtract some form of underlying continauonder to extract the details of
the particular band shapes. However, independent of whitedands are in absorption or emis-
sion, the removal of an underlying ‘continuum’ is less thdeail because essential information is
lost, especially if some or all of the underlying ‘continuuis actually due to emission from the
band carriers themselves. In order to illustrate the diffyca particular example of interstellar ab-
sorption spectroscopy will now be considered; the intestaliphatic ~ 3.4 um absorption band
extending over the.2— 3.6 um range.

The ~ 3.4um absorption band is actually composed of many sub-bandshich the most
evident in the diffuse ISM occur at33 and 342um and are attributed to aliphatic Gldnd Ch
asymmetric C-H stretching modes, respectively (see the light grey datatpn the top right
panel of Fig 7). In comparison, an analysis of the observesstellar~ 3.4 um absorption in the
dense, molecular ISM towards protostars appears to lackubdands at- 3.38 and~ 3.42um
and instead exhibit two clear bands-at3.25 and~ 3.48um with little absorption in between
(Fig 7, bottom panel, Fig. 2 from [25]). This result seemsnplies that the carbonaceous material
along these lines of sight is very different from that in tlifude ISM [25].

However, a close look at the curved baseline subtracted thendust continuum towards the
protostar Mon R2/IRS3 (Fig 7, top left panel: Fig. 1 from [2Shows that it closely follows
the shape of the absorption band, as compared to an alterniagtar baseline. Given that the
~ 3.4um absorption feature actually lies on the red wing of the de@pmuch stronger 3.1um
ice absorption band [26], the adoption of a concave, ratiear & linear or even convex baseline,
seems to remove key information from the original spectipgcdata. The removal of a linear
baseline (the dotted red line in Fig 7, top left panel) from data leads to the 3.4 um absorption
band profile, shown by the dark grey data points in the topt noigimel of Fig 7, that is rather
different from the band profile originally shown [25] and apps to be rather plateau-like between
the 325 and 348um sub-peaks rather than falling to zero in the intervenirgijore Thus, the
observed~ 3.4um band profile in the dense, molecular regions is indeed Iglgifferent from
that in the diffuse ISM. However, the long-held view that theé3.38 and~ 3.42um features are
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absent in dense regions appears to be untenable. A betgprigtiation of the data would be that
these bands are still present in dense regions but that tkesnach weaker and lead to a more
plateau-like~ 3.4 um absorption feature, which appears to consistent witthtjidess aliphatic-
rich solid hydrocarbons with a band gap close to 2 eV (see Rigp/right panel) but is much more
aliphatic than the bulk of the carbonaceous dust in the skfisM with a band gap close to 0 eV
[7-10].
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Figure 7: Top left: The 31— 3.7 um portion of the long wavelength wing of theusn ice absorption band
towards the protostar Mon R2/IRS3 (Fig. 1 from [25] repragtlidy permission of the AAS) with the
assumed underlying continuum (black line). Also shown isk@rnative linear baseline (dotted red line).
Bottom: The continuum-subtractedl3- 3.7 um spectrum (Fig. 2 from [25] reproduced with the permission
of the AAS). Top right: The same spectrum with the linear baseshown in the top left panel subtracted
from the data (dark grey squares). For comparison the ligdy gquares show the diffuse ISM spectrum
towards the Galactic Centre sources IRS6E and Cyg OB2 No27]2 [The blue (violet) line shows the
absorption spectrum of an aliphatic-rich a-C:H wih= 2.25eV (25eV).

A related issue is that the observational data on inteastathorphous silicates,g, the~ 9.7
~ 18um absorption bands, are very often presented in the form firaoum-subtracted spec-
tra, which are then analysed in order to derive silicate amsitipnal/structural data. However,
given that it is very hard to define the limits of these broaddsa it is likely that any continuum-
subtracted spectrum will not be the best approximation @féal band profiles.

Thus, and in conclusion, in the interpretation of IR speittimalways preferable to undertake
full modelling studies because the observed bands andlyimdecontinua will almost always have

10
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a common origini.e., the two are physically related and must therefore be tdatgether in a full
analysis.

The bottom lineis that extreme care must be exercised in the interpretafithe data yielded
by baseline-subtracted spectra because the adopted fdira baseline or underlying continuum
can lead to a removal of key spectral information and heneatisinterpretation of the data. Thus,
full dust modelling is always to be preferred.

Further, a re-evaluation of the 3.4um absorption band profile through the molecular ISM
towards the protostar Mon R2/IRS3 indicates that the hydityon dust in this dense region is
clearly different from that in the diffuse ISM but that it isrsistent with the evolution of the IR
spectral properties of a-C:H materials.

7. Thenature of interstellar carbonaceous dust

For more than 35 years graphite been used as the carbonahafefioice in the most widely-
used interstellar dust models [4, 11, 28— 31]; with a few pkioas [7, 32 — 34]. However, graphite
has never been detected in the ISM and it is not one of the rhostiant pre-solar grain species (see
the paper by Scott Messenger in these proceedings). Thusdfulness as a carbon dust analogue
is questionable and it is perhaps now time to adopt somethim@ physical and all the complex
baggage that that entails. In this respect, amorphous bgdyon solids, a-C(:H) are intriguing
and present a challenge because of their surprising coityp[8x 35— 39]. In particular, they are
susceptible to UV photo-processing and thermal annea8rglp, 40, 41]. Further, incident ion
and electron collisions in shock waves, due to cosmic ragsimm@ hot gas can lead to the rapid
destruction of a-C(:H) nano-particles [42 —46]. Amorph@ugdro)carbon materials have already
been considered as the primary carbon dust phase in a numlS alust models [7, 15, 33, 34,
47 -49].

Hydrogenated amorphous carbon materials cover a wide rafhgempositions, from wide
band gap, H-rich, aliphatic-rich a-C:H to narrow band gagpddr, aromatic-rich a-C. The optical
properties of this suite of materials can, principally, bmmcterised by a single characteristic,
their band gapHg = —0.1 to 2.7 eV), which is directly proportional %, the H atom fraction,
i.e, Eg ~ 4.3Xy [50], whereXy = X4 /(Xc + Xn) andX; is the element atomic fraction. Another
key characteristic, which is a function &f andXy, is the ratio,R, of thesp" andsp2 C atomic
fractions, Xs 3 and Xz, respectively. In random covalent network (RCN) models{5%] and
extended RCN (eRCN) models [8, 58}, Eg andR are related by the expressions,

_Xp _ (8X4—3) (0.6Eg—10)
T X (8—13Xy) (27-Ey) '

R (7.2)

which is valid for a-C:H with 04 < Xy < 0.6 or equivalently eV < Eg < 2.7eV. For more
highly-structured, aromatic-rich a-C materials the RCNdels are not appropriate and other ap-
proaches based on defective graphite networks [50] orizgtdependent surface/network models
are required [8]. Note that Eq. (7.1) is only valid for a-C:Rdds an approximation to the exact
relationship betweekgy, Xy andR, which depend upon thep? aromatic domain sizes, the -GH
methyl group concentration and the particle size [8 —10].

11
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The recent Jonest al. model [7] is an attempt to harness the laboratory-constchthermal
and optical properties of a-C(:H) solids, and the inheremiations in their optical properties, into
a new view of dust in the ISM. The result is a model that is cehewith many dust observables,
their variations and inter-correlations and, perhaps iigsificantly, predicts that dust must evolve
in response to the local physical conditions, principdilsotigh the effects of UV photo-processing
(see Figs. 2,4 and 7 [7, 10]).

The bottom line is that graphite grains are not an important component tefstellar dust.
We must instead consider the interstellar carbonaceoudabe primarily composed of the suite
of materials collectively known as hydrogenated amorplaaubons, a-C(:H) or HAC.

8. Dust luminescence

In addition to the dust extinction, emission and polar@atbserved in the ISM and in circum-
stellar regions some component of the dust luminesces ireth@xtended red emission, ERE) and
in rare cases also in the blue (blue luminescence, BL). TlieRRetangle is an interesting proto-
planetary nebula that displays both ERE and BL. In its cémégions an accretion disc around
a main sequence secondary star is fed by overflow from theAgeBt primary, giving rise to an
internal Lyman/far-UV continuum [56]. This inner systemsisrrounded by an optically thick,
edge-on disc, which attenuates forward-scattered radifi7]. In the Red Rectangle the ERE is
observed to peak close to the central star (HD 44179) in thidboaucavity and walls, which are
exposed to the FUV photons from the central regions [57]. vVE€shey, the BL is extended and
associated with the outermost parts of the disc that ardédsitiédrom the internal FUV photons
[58 —60] but are exposed to UV photons from the ambient itébas radiation field.

It has been noted that the sharp emission lines superimpmséide ERE in the Red Rect-
angle region resemble the zero phonon lines of terrestiaahohds [61], indicating thagp®-rich,
wide band gap carbonaceous dust is an important dust compbaee. It is also clear that the
ERE is not strongly associated with the IR emission bandsallysassociated with aromatic-rich
carbonaceous materials) but it does correlate with the FEIY (L0.5 eV), which is required for
its excitation [62, 63]. It is noticeable that FUV photong atso required to de-hydrogenate and
aromatises p>-rich carbonaceous solidise., a-C:H [8 — 10].

The unusual configuration of the Red Rectangle region caeljutio explain the mutual exclu-
sivity of the inner ERE and outer BL spatial distributions.the inner regions the FUV continuum
photons transforns p*-rich a-C:H dust ints p?-rich a-C dust and re-configure it into ERE carriers,
which are excited by UV photons. Further @yf-rich a-C:H dust in the outer regions of the disc
is not transformed and it is this aliphatic-rich materialttts responsible for the higher energy BL,
which is probably excited by the interstellar UV photonstekinjection into the ambient ISM the
sp*-rich a-C:H to a-C transformation will occur over timessat# the order of 10— 10° yr [10]
and so the BL is not expected to extend far beyond the bouniife é?ed Rectangle region.

In the laboratory it has been seen that some thin films ofttethalsp*-rich, diamond-like
a-C:H, with and without incorporated nitrogen atoms (ta@rid ta-C:N), exhibit a broad BL with
superimposed bands [64]. It is interesting that one of tipekmposed bands in the taC:N blue
luminescence occurs at 442.8 nm, the same wavelength agrdhgest diffuse interstellar band
(DIB). Thus, given the Red Rectangle observations, thegpaicessing of N-doped a-C:H mate-
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rials could provide a route DIB carrier candidates [65, @6photo-processing scheme was indeed
proposed for the formation of the 580 nm emission line cami¢he Red Rectangle, which could
be related to the 579.7 nm DIB [67]. It is also of note that tagier of the 579.7 nm DIB towards
X Vel is more sensitive to the interstellar UV radiation fighém to the local density [68]. Never-
theless, and despite the strong evidence for a-C:H phatoepsing in the Red Rectangle, only two
weak DIBs (578.0 and 661.3 nm) have been observed, originatther in the Red Rectangle itself
or in the intervening diffuse ISM [69].

The bottom line is that the properties o§p*-rich (hydro-)carbon dust do seem to evolve
in a systematic way in response to FUV photon irradiation tirad the carbonaceous material
evolutionary sequence is from H-rich a-C(:H) to H-poor asGaaesult of photo-processing in the
ISM and circumstellar regions.

9. Theinterstellar ‘silicate’ composition

The idea that a significant fraction of the interstellar dusiss exists in the form of a special
kind of “astronomical” silicate has served us well for ab80t years [28]. However, it should
be remembered that this material was constructed from affitl @bservations [28] because the
appropriate laboratory data were not available at that.tiki@ppily we now have abundant data
on laboratory analogues of likely interstellar silicatetemils [14 —17], which should enable us
to better constrain the likely properties of any interstekilicate material. Unfortunately, the
interpretation of the measured variations in the absolateevand wavelength-dependence of the
emissivity of these silicate analogues is not straightéod\[19, 18]. Additionally, these abundant
data appear to pose more questions about silicate optigpégies than they can currently answer.
Hence, it is not yet sure how we can best to use these new tabpdata to interpret observations.

Following some interesting work on annealed iron-contejramorphous silicates [70], where
it was found that the iron in the silicate is reduced to matathie presence of carbon it seems
reasonable to assume that some (significant) fraction otdsenic iron is incorporated within
amorphous silicates in the form of metallic iron as nandiglarinclusions [70]. In the ISM it is
likely that the silicate and carbonaceous dust populatayesnot completely segregated because
some ‘cross-contamination’ must occur. Thus, the intkastamorphous silicates are almost cer-
tainly mixed with a carbonaceous dust component [71] priybmbthe form of mantles [7, 32].
Such an intimate mix of carbon and silicate in dust would thevide the ideal conditions for the
reduction of iron into metallic nano-inclusions within teiéicate phase. The optical properties of
an amorphous forsterite-type silicate with iron nano4s@ns are comparable to those for other
iron-containing amorphous silicates where the iron is fipocated into the silicate structure [7].
Thus, and on the basis of the optical properties alone, itfiertunately not possible to discern the
nature of the solid state into which iron is incorporated.

X-ray absorption and scattering by interstellar dust [n2jcates that a significant fraction of
the cosmic iron is not in the form of silicates but rather inetatlic form [73, 74], consistent with
the above supposition about the nature of iron in dust in 8. IAdditionally, early analyses of
the handful of extra-solar system grains collected by tlaedsist mission indicate the presence of
metallic Fe and also seem to hint at the presence of somelitphide.
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The bottom line is that it is now time to abandon ‘astronomical’ silicatedast modelling
and to be constrained by the laboratory-measured propa@ti@morphous silicate dust analogues.
Unfortunately, these measurements are far from unambguou

Further, there is now very strong evidence from x-ray alismrpand scattering data that a
large fraction of the cosmic Fe is in a metallic form.

10. Dust isthe same everywhere

In the light of the discussions in the preceding sectiongedénss to be rather evident that
interstellar dust must evolve as it transits from regiondgion, with its properties reflecting its
response to its local environment (density, temperatadiation field, ...). Dust models that do
not allow for the evolution of the dust composition, struetand optical properties would therefore
seem to be of limited use in the interpretation of presentalaervationsi(e., from the Spitzer,
HerschelandPlanckmissions). In the following several examples of observetievealing strong
dust evolution effects are considered.

There is now much intriguing evidence for dust evolutiontioi-dissociation regions (PDRS),
regions where the dust accreted and/or coagulated in deakutar clouds is exposed to the
intense radiation field of a star-forming environment. Fearaple, there is evidence for dust
evolution in PDRs from the analysis of Spitzer and ISO olmtioas of the Horsehead Nebula
and NGC 2023 North [75] and Herschel observations of therOBar [76], which indicate lower
relative abundances of the IR band emitters and the sméaligyr@sponsible for the mid-IR contin-
uum, by up to an order of magnitude compared to the dust s&ghdlition typical of the diffuse
ISM. Further, the photo-fragmentation of the small carbairgs, responsible for the mid-IR con-
tinuum dust emission, into nano-particles (PAHs) has béenvs to occur in relatively dense,
Ny = [107,10°] cm~3, and UV-irradiated PDR&Go = [10%,5 x 104] [77] (Go is the interstellar radi-
ation field intensity in units of the value in the solar neighthood),i.e., over a relatively narrow
range ofGg/ny = 0.5— 1.

Other recent work shows that the intensity of the UV extmctbump at 217 nm does not
correlate with carbon depletion into dust or with the FUViestion and therefore suggests car-
bonaceous dust evolves even in the neutral ISM [24], pertiapsigh the effects of accretion in
denser region(f., the discussion in § 6) and towards protostars [25]. Thearadepletion is most
likely determined by accretion.€., by the cloud volume along the line of sight), whereas the UV
bump intensity and the FUV extinction reflect the abundarfdg\bphoto-processed small grains
in the low density surface regions of the clouds. Thus, qadapletion, the UV bump intensity and
the FUV extinction are somewhat de-coupled. It was alsochtitat the FUV extinction appears
to show a gradual decrease with decreasing gas dengityyhich was interpreted as due to the
preferential fragmentation of small grains in the diffuSé [24].

There is abundant evidence for dust evolution in the dereggoms of the ISM, some of the
more recent work in this area, based on Herschel obsergatibthe L1506 dense filament in the
Taurus molecular cloud complex [78], indicates an incréasthe dust opacity at 250m by a
factor of about two. This result was interpreted as due tongraagulation into fluffy aggregates
in regions where the gas density is greater than a;é&®® Hcm 3 and forAy ~2—3 [78]. In
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contrast, the dust in the cloud outer layers is similar td ifnghe diffuse ISM. This observational
result is consistent with the results of recent dust aamétoagulation models [79, 80].

The bottom lineis that dust is far from the same everywhere and that obengaclearly show
that its properties evolves through photo-fragmentatioariergetic PDRs but also by accretion in
the diffuse ISM and by accretion and coagulation in denseoubér clouds.

11. Concluding remarks

In the light of the above discussion it seems as though wiy/réalneed to take a much closer
look at many of our currently-held ideas about dust in the |8Mat it is made of, its structure
and its response to its environment. So, what do we reallyvkofocosmic dust? By way of an
incomplete summary here are a few suggestions as to whahahaation of some of our long-held
assumptions has led us to today:

e Dust extinction varies, most likely due to important chanipethe carbonaceous dust optical
properties in the visible region. Thus, extinction must healied in conjunction with the
more diagnostic full dust SED and, ideally, in conjunctioithmpolarisation studies if we are
to gain a fuller insight into dust evolution.

e The absolute value and spectral slope of the dust emissitVifR-mm wavelengths areot
free parameters and amet fixed but vary with wavelength, composition and temperature

e Carbon atoms appear to be more abundant in the ISM than pstyiassumed and pose no
under-abundance problera.k.a, carbon ‘crisis’) for dust models, except perhaps that the
current dust models do not use enough carbon to explain ttecdmposition in the denser
regions of the ISM.

e Dust is primarily composed of two distinct solid phases cosgal of different elements,
but which can be intimately bound together: amorphous hoattmn solids (C, H), Mg-rich
amorphous silicates (Mg, Si, O), metallic iron (Fe) and peghalso iron sulphide (Fe, S).
Carbon is probably to be found in isolated grains but also amthes on amorphous silicate
grains. Additionally, most cosmic iron is probably presasimetallic nano-inclusions (in an
Mg-rich amorphous silicate phase).

e The solid phase carbon accreting as mantles onto grainsnsedegions of the ISM and
towards protostars is probably significantly differentnfrthe bulk of the aromatic-rich car-
bonaceous dust present in the low-density diffuse ISM, @t thprobably incorporates a
higher atomic hydrogen fraction and is aliphatic-rich.

e Carbonaceous dust luminesces in the red and blue. The reddscence is widespread
throughout the ISM but the blue luminescence so far appeare unique to the Red Rect-
angle region. These luminescent phenomena should reveaalhwof critical information
about the UV photo-processing of dust in the ISM and circeitastregions.

e Interstellar carbonaceous dust is not graphite or graphitt is most likely an amorphous
hydrogenated carbon phase, with wide-ranging optical badnial properties, that can in-
corporate a significant H atom fraction and possibly othements as hetero-atoms.
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e Dust isnotthe same everywhere but undergoes important evolutiorspporese to the local
physical conditions (radiation field, density, temperajurPDRs and the outer regions of
dense molecular clouds appear to be the most promisingoaments to study and quantify
the processes at the core of dust evolution in the ISM.

In conclusion, it seems that only now and after some eighadies of study are we finally be-
ginning to make some important inroads into advancing odetstanding of cosmic dust. Perhaps
we are, at last, beginning to peer under the extinguishiiigosglimpse the delights that lie ahead.
However, and as always in science, we will need to shouldebtinden of increased complexity if
we are to significantly advance beyond our current undettgrof cosmic dust.
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