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Observational evidence seems to indicate that the depletimterstellar carbon
into dust shows rather wide variations and that carbon @uderrather rapid re-
cycling in the interstellar medium (ISM). Small hydrocanlgyains are processed
in photo-dissociation regions by UV photons and by ion aedtebn collisions in
interstellar shock waves and by cosmic rays. A significaattfon of hydrocar-
bon dust must therefore be re-formed by accretion in theejenslecular ISM.
A new dust model [Jonest al., A&A 2013,558 A62] shows that variations in
the dust observables, in the diffuse interstellar medimmn<( 10° cm~2), can be
explained by systematic and environmentally-driven cleang the small hydro-
carbon grain population. Here we explore the consequerigsEsephase carbon
accretion onto the surfaces of grains in the transitionoegbetween the diffuse
ISM and molecular clouds[g, JonesA&A, 2013,555, A39]. We find that sig-
nificant carbonaceous dust re-processing and/or mantietamtcan occur in the
outer regions of molecular clouds and that this dust willehsignificantly dif-
ferent optical properties from the dust in the adjacentuddfISM. We conclude
that the (re-)processing and cycling of carbon into and ddust is perhaps the
key to advancing our understanding of dust evolution in §id.|

1 Introduction

Many lines of observational evidence and much modellingwimdicate that in-
terstellar carbon grains and, in particular, carbonaceauns-particles are rather
‘volatile’ dust species that seemingly undergo rapid psso®y in the interstellar

medium (ISM)18 Recent work strongly suggests that these grains most likely

consist of hydrogenated amorphous carbons, a-C(:H), wdricbmpass H-poor,
aromatic-rich a-C through to H-rich, aliphatic-rich a-Ontéiterials?=1> Such hy-

drocarbon nano-particles are processed in the intensati@uiields of photo-
dissociation regions (PDRs) by UV photon-induced desionét:® and by ion

and electron collisions. This processing can occur in gtédiar shock waves, in
a hot gasT > 10°K) and by cosmic ray interaction's3-/:2:18Gjven that a sig-
nificant fraction of carbon is in dust in the diffuse ISM, rdfiydrocarbon dust
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destruction implies that it must be re-formed by accretiothe dense, molecular
ISM.4

Here we adopt a new dust mod€lyhich can explain many of the variations
in the dust observables (UV-NIR extinction and IR-mm enais}in the diffuse
interstellar mediumry < 10° cm~3) in terms of systematic and environmentally-
driven changes in the small hydro-carbon grain populatkurther, the photo-
processing of newly-exposed a-C:H nano-particles, in tieisaround evolved
stars, could provide a viable mechanism for fullerene fdioma’:18 We study
the accretion of gas-phase carbon and briefly consider timeafiion of aggre-
gates by the coagulation of small a-C(:H) grains onto th&ases of large grains
in the transition regions between the diffuse ISM and mdkatioudsi®=2?We
conclude that the processing and cycling of carbon into ardbdust appears
to be the key to advancing our understanding of dust evalutidghe ISM.

2 The evolution of carbonaceous dust in the ISM

In the laboratory a-C(:H) solids are known to darken upon Uitpn irradia-
tion, thermal annealing and ion irradiatié®:2® In a-C(:H) materials this pro-
cess, known as photo-darkerﬂngaads to a decrease in the band gap or optical
gap energyEy. The band gap for a-C(:H) materialE(= —0.1 to 2.7 e\/ﬁ] is
directly related toXy, the H atom fractionEg = 4.3X) and also to the ratidy,

of thesp? andsp? C atomic fractionsXs s andX; z, respectivelyi.e, 10

B @ ~ (8Xy—3) N (O.6Eg—1.0)' )

R= Xsp  (8—13Xn) (2.7—-Eg)

The above equation is an approximation to the exact relstiproetweerty, Xy
andR, which depends upon the? aromatic domains sizes, the -glhethyl
group concentration and the particle st2e1?The band gap is therefore a proxy
for the a-C(:H) material optical properties of a giieandXy.10:11

It is therefore the evolution of the band gap that can be usddate and
characterise the inherent variability in the a-C(:H) oaltisroperties and that is
of prime importance in unravelling the evolution of hydrdman grains in the
ISM.12:26=28Recent modelling work?=1? shows that the optical properties of a-
C(:H) materials can be completely determined by two pararsethe band gap,
Eg, and the particle sizea, which turn out to be coupled far < 30 nm, in that
the minimum-possibleand gap is given by

1

o 0.2) ev, )

Eg(a)min = (
i.e., the effective band gajiy(eff), for a given size particle is

Eq(eff) = max Eg(bulk), Eg(a)min], 3)

x Photo-darkening refers to an increase indhaek, graphite-like or aromatic content. Hence, the term
photo-darkening is used to describe the aromatisationCifld) materials.

T Here we adopt the Tauc gap for the optical band &pj.e., the energy axis intercept in a plot of
(Ea)®5 vs E, wherea = 41ik/A is the absorption coefficied?
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whereEg(bulk) is the expected bulk a-C(:H) material band gap. Fotigas
with radii larger than~ 30 nm this minimum band gap limit does not apply.

In this work we explore the likely consequences of intetated-C(:H) dust
evolution in the transition between the diffuse ISM and theeo regions of
molecular cloudsry = 107 — 10* cm3).

2.1 Hydrocarbon dust photo-processing

The (photo-)dissociation of CH bonesthin a-C(:H) grains leads to the loss of
H atoms from the aromatic, aliphatic and olefinic hydrocarbwuctures in the
chemical network, a progressive aromatisation and a gasithe optical band
gap. This process is at the heart of the evolution of the jghyaind optical prop-
erties of a-C(:H) materials. Quantifying this fundamemtedcess is therefore
a key to advancing our understanding of the evolution oféhmaterials in the
ISM. Following earlier work®14the photo-darkening rate can be expressed as

Auv pd(a) = Feuv 0ch Qand@, E)e [s7Y], (4)

whereFgyy ~ 3 x 10’ photons cm? s 1 is the CH bond-dissociating EUV pho-
ton flux in the local ISM? (for the interstellar radiation field, ISRF, in the so-
lar vicinity, i.e., Go = 1), ocy ~ 10 1%cn? is the CH bond photo-dissociation
cross-sectio?=23 Qunqa, E) is the particle absorption efficiency factor in the
optical cross-section determinatioirg., o(a,E) = ma°Qapqa,E) ande is the
photo-dissociation or photo-darkening efficiency.

The a-C(:H) particle photo-processing time-scale, as atfon of grain ra-
dius and the local ISRF, can then be expressed as

1

Tuv.p(2, Go) Auv pd(a) Go

Fig.[d shows the a-C(:H) particle photo-processing timeesas a function
of € and grain radius. As can be seen in this figure, the earliématgs for
Tuv pd(@), with the assumption that = 0.1 (diamonds)t* predict decreasing
EUV processing time-scales with increasing particless®ma~ 30 nm, which
are then approximately constant at arofc 10*/Go) yr for a > 30 nm. The
increased photo-processing time-scalesafer 30 nm are due to the decrease in
the grain photon absorption efficiency with decreasingigarsize,i.e., Qaps[] a
for particles smaller than the wavelength.

We now introduce a size-dependent photo-dissociation otgptiarkening
efficiency,g(a), into our earlier derivatiod1#and adopt the following

(%)

2
g(a) = (a[nm]) for a>2nm else g¢(a)=1 fora<2nm  (6)
For a-C(:H) grains such a size-dependent CH bond photedason efficiency
appears to be a physically more realistic scenario, thared &ird size-independ-
ente. With increasing particle size other photon-driven preesswill begin
to compete with CH photo-dissociation and likely become enionportant in
large grains ¢ > 10nm),i.e, EUV photon absorption leading to thermal ex-
citation and/or fluorescence. For small partickes; 2nm, the CH bond photo-
dissociation is determined by the absorption efficienctoie@,ps(see Figl L) and
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Fig. 1 The a-C(:H) photo-processing time-scale & = 1 as a function of particle
radius,a, and the CH bond photo-darkening efficiencyg = 0.1, diamonds;

€ = 2/a[nm| for a> 2 nm, Eql(6), squares). The vertical grey line indicatestiteal
radius between small homogeneous and larger core-mamtielgs. The grey band
indicates an order of magnitude uncertainty on the derived-scales, for grains with
radii < 200 nm the derived photo-processing time-scales are lomés| The blue and
red lines indicate the small and large gréin< Qape) ~* behavioursj.e., 0 1/Qapsand

0 a/(2Qap9), respectively. The mostly-hidden, dashed grey line isEh41) analytical fit
to the derived a-C(:H) photo-processing time-scales (&p)a

adoptinge(a) = 1 therefore implies that every absorbed photon leads to Gtd bo
breaking, as might be expected for particles in the ‘mokecddmain’. If we now
consider the effects of including the size-dependent plattiening efficiency,
g(a), given by Eq.[(B), the squares in Aig. 1, we find a minimum ingfeeessing
time-scale, of the order @# x 10*/Go) yr, for particles witha ~ 3— 10 nm. For
smaller and larger grains in the modelled dust size didiohuthe processing
time-scale is> (10°/Go) yr. For particles smaller thar 3 nm the same trend as
in the constant processing time-scales is apparent but it is shifted dowarby
order of magnitude because fax. 2nm we now assumga) = 1, rather than
€ = 0.1 as in the previous work. For particles with radii largemtii@ nm the pro-
cessing time-scales increase with radius because of thmasgssize-dependence
of the photo-darkening efficiengfa) 0 a*.

The a-C(:H) grain photo-processing time-scales in the If8lh size-depend-
ent photo-dissociation efficienc(a), can be analytically expressed as a function
of the grain radiusa, in nm;

Tuvpd(d) = g {2.7+ % + O.O4(a[nm])1'3} [yr]. 7)

4| Faraday Discuss, [year], [vol], 1-{14] This journal is © The Royal Society of Chemistry [year]



This fit to the predicted a-C(:H) photo-processing timelesds shown by the
somewhat hidden dashed line fit to the square data pointgjifllFi

2.2 Hydrocarbon dust erosion

In addition to EUV photo-processing in PDRs, which leadsh® ¢rosion of
small carbonaceous particlésa-C(:H) dust will also be highly susceptible to
processing, erosion and destruction in supernova(SNgrgéed shock waves
in the warm inter-cloud mediuf®#:2> Recent worlé:2./:8:16shows that small a-
C(:H) and poly-aromatic particles g polycyclic aromatic hydrocarbons, PAHS)
are rather easily destroyed in SN shock waves, in a hot gabyandsmic rays.
This occurs, primarily, through the effects of electronicitation and dissocia-
tion following electron and ion collisions, a process ttsiriore important than
direct “knock-on” sputtering in sub-nm- and nm-sized paes. The important
conclusion of these works is that most of the small carborufadjon in en-
ergetic regions will be destroyed. The life-time of carbogwus grains in the
ISM that is derived from these studies is rather shiagt, < 100 million years.
This catastrophic situation implies that carbonaceousmust be efficiently re-
formed in dense regions of the ISM where re-accretion rexfocarbonaceous
matter principally in the form of mantles on the survivinlicsite and any surviv-
ing carbonaceous graidsThe logical conclusion of this is that large pre-solar
a-C(:H) grains should be rather rare. However, pre-solgyararich grains of
nano-diamond, SiC and graphite with anomalous isotopicpmmitions typical
of of evolved stars and SNe are found in meteofdsit they are probably not
the dominant carrier of the solid carbon phase.

2.3 Hydrocarbon dust (re-)accretion

Here we consider in detail the (re-)accretion of gas phaseddsatoms to form
a-C(:H) carbonaceous mantles on dust in the transitiondeivthe diffuse and
dense molecular ISM. In particular, we find that the natuthefmantles formed
on dust in the transition to denser regions is criticallyedmined by the extinc-
tion at UV wavelengths and the hydrogenation of aromatib-darbonaceous
grain materials3’=40

Here we explore the qualitative effects of mantle (re-)ation in the outer
regions of molecular clouds. We assume a semi-inifinite)golgloud and adopt
the simple density profile into the cloud from the surfaegy, similar to that
derived for dense filamerm$and photo-dissociation regio#s,

(1) = n(0) [ 1+ 10°12], ®)

whereny (0) is the cloud surface density in crfy which we assume to be typical

of the diffuse ISM,i.e., ny(0) = 40cnT 3, andl is the distance into the cloud

from its surface in pc. The cloud density profile is shown ig.l2 along with

the column density\y, the optical depthéy andAcyy (Ecuv = 10eV) and the

attenuation of V and EUV band photons as a function of digtamio the cloud.
Recently, a completely new dust modelling approach wasgseg, which

does not include polycyclic aromatic hydrocarbons (PAHggsaphite grains or

“astronomical silicate’® Instead, it uses the size-dependent optical and thermal
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Fig. 2 The cloud parameters: densiy (H cm™2, black), column densitiy /108

(H cm~2, grey),Ay (red), the attenuation at the V band wavelerigtly = e v (dashed
red), Aeyv = 3Av (Egyy = 10eV = 124 nm, violet, see Fifl4) and the attenuation at the
EUV wavelength /1o = e#ew (dashed violet), as a function of distance into the cloud
from its surface.

properties for hydrogenated amorphous carbons, a-GHf,and the optical
properties of an amorphous silicate with metallic iron irsibns® The new as-
pects in this model are:

e the continuum of a-C(:H) optical properties,

the FUV photo-processing of aliphatic-rich a-C:H into aadio-rich a-C,

the a-C(:H) core-mantle structure of all carbon grains wathi > 20 nm,

a-C mantled amorphous forsterite-type silicates, and

the incorporation of iron as metal nano-inclusions intoditieate
(as a result of reduction by mantle carbon diffusion intodtieate??).

This new model satisfactorily explains the dust extinctiscattering and emis-
sion in the diffuse ISM and predicts the evolution of the caxdceous dust prop-
erties in response to the local conditic¥s.

In this work we apply the Jonest al. dust model*® using the extinction and
mass size distributions for the model derived using the BMstbol,*3 as shown
in Figs.[3 and®. For this model the gas phase C atom accratiesctale to form
a-C(:H) mantles is given by

tacc= [Ztotal Ny Xc Ve SC]717 9)

whereZotq is the total dust cross-section per H atofg s the relative abundance
of gas phase carbon atoms argd= [8kg Tin/(Timc)]®® is their thermal velocity

6| Faraday Discuss., [year], [vol], 1-{I4] This journal is © The Royal Society of Chemistry [year]



(ks is the Boltzmann constanty;, = 80K is the gas kinetic temperature and
mc the C atom mass), an&: is the C atom sticking coefficient (assumed to
be unity). We assume a cosmic abundance @00 ppm for carbor, the dust
model requires 233 ppha therefore leaving~ 167 ppm available for accretion
onto dust in the form of a-C(:H) mantles.

It has been shown that H atom incorporation into carbonaxecaterials
at low temperatureT, = 80K) can lead to their hydrogenatidf#® and we
therefore consider this possibility within the framewofloar qualitative model.
The H atom sticking time-scale onto all grains is

th = [Ztotal NH VH SH]ila (10)

wherevy = [8ks Tkin/(Timy)]%° is the H atom thermal velocity arf8y is the H
atom sticking coefficient, here we assume the canonicakv@lu= 0.3. We
define the low temperature a-C(:H) grain (re-)hydrogematibe as

thin = [& Ztotal N1 Vi S 2, (11)

where¢ is the efficiency for H atom incorporation into the a-C(:Hjusture.
Given that most incident H atoms will combine with other gheit H atoms to
form Hy, which is then ejected, should be significantly less than unity.

For the size distribution in the Jonesal. standard diffuse ISM dust mod¢l
we deriveZigia = 7.3 x 10722 cm?/H atom and find that the accretion time-scale
and mantle thickness are very dependent upon the lower giznlimit. For
example, the accretion of 170 ppm of carbon onto all grain surfaces in the
standard diffuse ISM dust model, yieltigc ~ 107 yr for ny = 10*cm=3 and
a mantle thickness aof 3nm on all grains. However, in the outer regions of
molecular clouds the small graing € 5nm) are accreted/coagulated onto large
grains®21.22As an illustration of the important effects of small paris) if we
remove all grains with radik 5nm from the dust size distribution we find a
carbonaceous mantle thickness of 160 nm, a reduction inothédrain cross-
section by more than an order of magnitudeX g, = 1.4 x 10-22cn?/H atom,
and a corresponding increase in the C atom accretion tirle-sutac. > 10° yr
for Ay < 3. Thus, if carbon mantle accretion onto nano-particleshgbited by
stochastic heating events or if the nano-particles therasealre coagulated/accreted
onto or into large particles, the accreted mantle thickiwessd be>> 3 nm but
the accretion time-scales would thend 0 yr.

Interestingly, the analysis of the 100 nm thick “organic” coatings on the
mineral grains in interplanetary dust particles (IDPs)éates that this primitive
matter is the result of the condensation of C-bearing “ica#b grain surfaces
and the formation of refractory matter by subsequent UV beotonising irradi-
ation* These “organic” mantles, which carry H and N isotopic andesaton-
sistent with molecular cloud or outer Solar System mateniégkemble the a-C(:H)
mantles on the grains in the Joretsal. diffuse ISM dust modéP and could be
the result of the direct accretion of the remaining gas pleaseon as a-C:H, as
discussed here, rather than requiring a carbon-rich icaupser phase. Such “or-
ganic” coatings on carbonaceous grains would lead to ldigleadic-rich a-C:H
grains that resemble the “organic globules” detected imjiisie meteorites and
comets, which show D/H anttN/1“N enrichments, and that are likely the prod-
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Fig. 3 The model dust mass/size distribution in the diffuse ISNC(aH) grains (black)
and a-Sitg/a-C core/mantle grains (green).

uct of low temperature~ 10 K) chemical reactions in cold molecular clouds or
the outer regions of the proto-solar nebéta.

In Fig.[8 we show the time-scale for C atom accretion into a&4C6n all
grains,tace, and the a-C(:H) grain EUV photo-processing time-scilg for 1,
10 and 100 nm radius particles, as a function of distancetir@aloud anddy .
We deduce from Fid.]5 that the accretion and EUV photo-pisingsime-scales
are similar for cloud depths of the orderf0.09— 0.1 pc, equivalent téw ~ 2.
Nearer to the cloud surfacéy < 2 wheretaee > tpq, it is evident that grain
mantling can only occur on time-scales10’yr. In the absence of any inci-
dent H atom hydrogenation of the grains, the outer grainased/mantles will
be EUV-photolysed to H-poor, aromatic-rich materials,, low band gap a-C
with Eg < 0.2 eV. However, deeper into the cloud the CH bond photo-diatiag
EUV photons are attenuated and the cloud interiays; 2, are UV-poor regions
(UVPRSs) where a-C:H grains and mantles will not be EUV phatoeessed be-
cause the photolysis time-scale is significantly longentha C (and H) atom ac-
cretion timescale. Thus, in UVPRs the accreted mantleswili-rich, aliphatic-
rich materialsj.e., wide band gap a-C:H witky > 2 eV.

We now consider the possibility that H atom hydrogenatiaffisient at low
temperatures$/=2°Fig.[§ indicates that in the low density outer regions of dsu
with Ay < 0.01, the H atom collision rate is insufficient to counteraet EUV
photo-dissociation of the CH bonds within a-C(:H), evenviéry H atom that
sticks to the grains is incorporated into the a-C(:H) stitesf.e., £ = 1. Adopting
a significantly lower efficiency, = 0.01, leads to the same result but the depth
for the onset of hydrogenation shifts deeper into the clodd¥ 0.7). These
results imply that in the low extinction diffuse ISM and outéud regionsgy <
0.01 for& = 1 or Ay < 0.7 for & = 0.01, with ny ~ 40 cn 23 and Ty ~ 80K)
small a-C(:H) particles and any a-C(:H) on the surfacestieamf large grains

8| Faraday Discuss., [year], [vol], 1-I4] This journal is © The Royal Society of Chemistry [year]
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Fig. 4 The modelled dust extinction in the diffuse ISM: a-C(:H)igsa(black) and
a-Silre/a-C core/mantle grains (green). The total extinctioniggiby the red line. The
grey lines indicate the extinction in the V band and for 10 é¥YM5hotons.

must be of predominantly H-poor, aromatic-rich, a-C maisri Deep within
the clouds hydrogen is predominantly in molecular formAgr> 1.5,4 except
for a background H atom abundance-ofl cmi 3 due to the effect of cosmic
rays, and so the hydrogenation process will be reduced groaf magnitude
in a molecular gas. However, as Fig. 5 shows, at intermediatieal depths,
0.01-0.7 < Ay < 1.5 (the lower limit depends on the assumed value&pr
tHin < tpd < tace, i.€., the H atom incorporation into a-C(:H) is faster than both
CH bond photo-dissociation and mantle accretion. Thusfrresformation of
aromatic-rich grain materials into H-rich, aliphatichrimaterials could occur on
time-scales of the order of §9r. Somewhat deeper into the cloud 1.5 < Ay <
2.5, and immediately after the transition from atomic to malac hydrogen, H
atom incorporation is again subservient to photo-dissincigalbeit at a very low
level) and any remaining gas phase carbon in the clouds vemaiette along with
the ice mantles in regions witdy, > 1.5.

2.4 Grain coagulation effects

Following earlier work? the coagulation time-scale between dust species 1 and
2 can be expressed as

-1
tcoag: {T[(a]_ + a2)2 Xl nH AV} 5 (12)

whereg; is the grain radiusX; is the relative abundance of dust species 1 and
Av is the relative velocity between the particles. We are adtd in the time-
scale for large grains to sweep up small aromatic-rich graman accretion-type
coagulation procegg8=??that leads to the formation of aromatic particle mantles.
In order to estimate the coagulation time-scale waget5 nm anda, = 160 nm,

This journal is © The Royal Society of Chemistry [year] Faraday Discuss., [year], [voll, 1{14] | 9



~

| &

=
| I—

=

-

»

H

)

)

s / ti 1,0 i

r omartic | 1ce
1000 / 1 1 1 1 | N 1 1

0 0.02 0.04 006 008 0.1 0.12 0.14
distance [ pec ]

Fig. 5 The dust processing time-scales as a functioyofind distance into the cloud:
the C atom accretion time-scalg: (blue), the small a-C grain-large silicate grain
coagulation time-scalgoag (green), the H atom sticking timescaig, (black), the H

atom incorporation timescalgyi, (black dashed), and the EUV photo-processing
time-scale for 1, 10 and 100 nm radius a-C(:H) grajpgthin, medium and thick dashed
violet lines respectively). Also shown afg (red) andAgyy = 3Ay (violet) multiplied

by 1CF. The grey lines indicate the depth into the cloud at wihigh~ 0.3,1 and 3,
dashed, solid and dashed, respectively. The vertical daghe line indicates the atomic
to molecular hydrogen transition (here assumed to occly at 1.5). The approximate
aromatic, aliphatic and $0 ice accreted mantle regimes are also indicated.

similar to previous estimaté®and based on the dust masses in the new rddel
The small-large grain coagulation time-scale is shown gn[Biand indicates that
small grain coagulation always lags behind C atom accretsom viable a-C(:H)
mantling process in cloud interiors.

3 Astrophysical implications

Fig.[d gives a schematic view of the evolution of the accrétadsformed a-
C(:H) grain/mantle composition as a function of the optidapth,Ay, and the
H atom incorporation efficiency into a-C(:H), This figure indicates, and Figl 5
shows, that in the diffuse ISM and in the outer regions of muler clouds, the
time-scale for H atom incorporation into a-C(:H) grains igngficantly longer
than the CH photo-dissociation time-scale. In low extimetregions Ay <
0.01—0.7) H atom incorporation into a-C(:H) is therefore seemingbt fast
enough to transform a-C into a-C:H. Thus, given that the EWW/ ghoto-diss-
ociation depth is of the order of 20 n¥,this work indicates that small a-C(:H)
grains and the outer surfaces of large a-C(:H) grains wiliapédly transformed
(tpd > 4 % 10*yr) to aromatic-rich a-C (see Fifl 5), as in the recentlyposed
dust model® The cores of large a-C(:H) particlea § 20 nm) being shielded

10 | Faraday Discuss., [year], [vol], 1-14] This journal is © The Royal Society of Chemistry [year]
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tpd > tHin
Av+ 0.7

a-C:H a2 a-C:H

tpd > tHin
a-C a2 a-CH
tpd < facc tpd > tace

Fig. 6 A schematic view of the accreted/transformed carbonacgmis/mantle
composition as a function of the optical deptty,, and the H atom incorporation
efficiency into a-C(:H)§.

from the effects of CH bond EUV photo-dissociation can thaeebe of H-rich,
aliphatic-rich a-C:H material? Clearly, the cores of these large a-C(:H) grains
can only be H-rich in the diffuse ISM if they were formed aslsbecause they
cannot be re-hydrogenated there. However, in slightly énigixtinction regions
(Av > 0.01—0.7) any grain core a-C material could be transformed intold-C:
by the effects of H atom incorporatif°if this process is efficient and if they
are not already H-rich. Interestingly, as shown in Eig. Snewhat deeper into
a cloud than the atomic to molecular hydrogen interfacéat- 2, the time-
scale for H atom incorporation into a-C increases aboveftiaH bond photo-
dissociation and so any accreting a-C(:H) mantles wouldbmatic-rich rather
than aliphatic-rich. This would seemingly occur with thesenof ice mantle
formation forAy > 1.5.

It has been proposed that in the ISM the carbonaceous graimsist of
aliphatic-rich mantle overlying an aromatic-rich cdreThis is the inverse of
the Jonet al. dust mode}® and is at odds with our results for dust processing
in the diffuse ISM. Nevertheless, within molecular cloutis indeed likely that
the carbonaceous grains surfaces will be aliphatic-riehtdthe effects of a-C:H
mantle accretion and/or the incident H atom aliphatisabio@romatics.

The formation of H-rich, aliphatic-rich mantles/grainfages, through a-C:H
mantle accretion or H atom incorporation into a-C grainadeto a slight de-
crease in the visible extinction, a diminution of the UV buing little change
in the FUV extinction® This is consistent with the high carbon depletien (
400 ppm of C in dust) along the line of sight towards HD 20738%ut incon-
sistent with the extinction curve along lines of sight ttghuhe denser diffuse
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ISM, with Ry ~ 5, where the UV extinction is flatter than the average, for
lines of sight withRy ~ 3. The flatter UV extinction along higRy lines of sight
implies that the coagulation of small grains onto large mgaiccurs before or
is contemporaneous with carbonaceous mantle accretiomeVés, this prelimi-
nary study seems to indicate that accretion occurs befoadl gnains coagulate
onto large graing,e., tcoagis always> tace. The extinction curve variations and
far-IR to sub-mm dust emission generally seem to imply thadlsgrains stick
onto big grains before significant accretion occtitén exception to this seems
to be the HD 207198 line of sight® where the formation of a-C:H mantles, or
the transformation of a-C to a-C:H by H atom incorporatins strongly im-
plied. Detailed studies of the evolution of dust evolutiorthie low density ISM,
through the effects of coagulation and accretion, will tguieed in order to un-
ravel the exact sequence of events as a function of the loaalitions.

4 Summary and conclusions

Carbonaceous dust in the ISM is apparently a much more &atyist com-
ponent than previously thought and must therefore be affigige-formed in
the ISM. In this work we have investigated the compositiod evolution of a-
C(:H) dust in the transition from the low-density diffuseM$o the outer reaches
of molecular clouds. The primary processes that drive thigdution are the
CH bond EUV photo-dissociative aromatisation, a-G:Ha-C, and the reverse
process of H atom incorporation and aliphatisation, a»Ca-C:H, leading to
(re-)hydrogenation. We find that in the low-density diffuSé (Ay < 0.01—
0.7) photo-processing dominates over aliphatisation andsthall carbonaceous
grains/thin mantles and the outer surfaces of large cadsmus grains should be
predominantly of low band gage§ ~ 0 eV) aromatic-rich a-C materials. How-
ever, in the diffuse ISM, where H atom (re-)hydrogenatiosl@ver than EUV
photo-aromatisation, the carbonaceous grain cores cari Herich aliphatic-
rich material if they were formed as such. In slightly higlegtinction regions
(Av > 0.01—0.7) we find that H atom incorporation into a-C leading to alifpha
sation and an opening of the band gap could dominate. Initeghs somewhat
deeper into a cloud than the Hflihterface Ay ~ 2) any accreting gas phase car-
bon will tend to form a-C rather than a-C:H mantles becausbefow H atom
abundance. This unusual effect seemingly occurs at abesttime optical depth
as the accretion of ice mantles faf > 1.5; assuming a semi-infinite slab cloud
model), which merits a more detailed analysis than has bessilge here.

In order to fully quantify the effects studied here a much endetailed study
of the equilibrium composition of a-C(:H) materials in tf&M is required. This
will necessitate a much deeper understanding of the spatiporal evolution
of the dust compositione(g, band gapFEg) and the dust size distribution re-
sulting from the effects of CH bond photo-dissociation as@(a1) grain photo-
fragmentation in the low-density ISM and the effects of ation and coagulation
in denser regions. In particular, a much deeper undersigrdithe interplay be-
tween accretion and coagulation is required. Allied to thisst be a study of the
likely effects of turbulence and radiation pressure on tt@etion onto dust and
grain coagulation in the outer regions of molecular clowlso, given that C
remains the most abundant form of gas phase carbon to ogépéhsAy ~ 346
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and that the grains are negatively charged grains in maleclduds the collision
cross-sections for accretion could be somewhat enhandathwiouds. How-
ever, as is often assumed, ion accretion onto negativedygel grains leads to
recombination and the desorption of the incident ion. Tlangy, accretion gain
could be offset by € recombination upon collision. These processes could play
an important role in dust evolution in these transition oegibecause they would
tend to enhance the gas-grain and grain-grain collisioaciéts and therefore
reduce the relevant time-scales. However, it should bedrtbtet small grain co-
agulation onto large grains leads to a reduced total graiiace and therefore
thicker mantles but also to significantly longer accretiometscales.

The carbonaceous mantle accretion phenomena investigatedought to
have important observable consequences. Thus, the ogienseof molecular
clouds ¢ 0.5 < Ay < 3) merit deeper investigation because they will provide
strong constraints on the nature and evolution of the métegraccretes onto
dust and on the coagulation process.
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