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Observational evidence seems to indicate that the depletion of interstellar carbon
into dust shows rather wide variations and that carbon undergoes rather rapid re-
cycling in the interstellar medium (ISM). Small hydrocarbon grains are processed
in photo-dissociation regions by UV photons and by ion and electron collisions in
interstellar shock waves and by cosmic rays. A significant fraction of hydrocar-
bon dust must therefore be re-formed by accretion in the dense, molecular ISM.
A new dust model [Joneset al., A&A, 2013,558, A62] shows that variations in
the dust observables, in the diffuse interstellar medium (nH ≤ 103 cm−3), can be
explained by systematic and environmentally-driven changes in the small hydro-
carbon grain population. Here we explore the consequences of gas-phase carbon
accretion onto the surfaces of grains in the transition regions between the diffuse
ISM and molecular clouds [e.g., Jones,A&A, 2013,555, A39]. We find that sig-
nificant carbonaceous dust re-processing and/or mantle accretion can occur in the
outer regions of molecular clouds and that this dust will have significantly dif-
ferent optical properties from the dust in the adjacent diffuse ISM. We conclude
that the (re-)processing and cycling of carbon into and out of dust is perhaps the
key to advancing our understanding of dust evolution in the ISM.

1 Introduction

Many lines of observational evidence and much modelling work indicate that in-
terstellar carbon grains and, in particular, carbonaceousnano-particles are rather
‘volatile’ dust species that seemingly undergo rapid processing in the interstellar
medium (ISM).1–8 Recent work strongly suggests that these grains most likely
consist of hydrogenated amorphous carbons, a-C(:H), whichencompass H-poor,
aromatic-rich a-C through to H-rich, aliphatic-rich a-C:Hmaterials.9–15Such hy-
drocarbon nano-particles are processed in the intense radiation fields of photo-
dissociation regions (PDRs) by UV photon-induced destruction6,15 and by ion
and electron collisions. This processing can occur in interstellar shock waves, in
a hot gas (T ≥ 106 K) and by cosmic ray interactions.1–3,7,8,16Given that a sig-
nificant fraction of carbon is in dust in the diffuse ISM, rapid hydrocarbon dust
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destruction implies that it must be re-formed by accretion in the dense, molecular
ISM.4

Here we adopt a new dust model,15 which can explain many of the variations
in the dust observables (UV-NIR extinction and IR-mm emission) in the diffuse
interstellar medium (nH ≤ 103 cm−3) in terms of systematic and environmentally-
driven changes in the small hydro-carbon grain population.Further, the photo-
processing of newly-exposed a-C:H nano-particles, in the shells around evolved
stars, could provide a viable mechanism for fullerene formation.17,18 We study
the accretion of gas-phase carbon and briefly consider the formation of aggre-
gates by the coagulation of small a-C(:H) grains onto the surfaces of large grains
in the transition regions between the diffuse ISM and molecular clouds.19–22We
conclude that the processing and cycling of carbon into and out of dust appears
to be the key to advancing our understanding of dust evolution in the ISM.

2 The evolution of carbonaceous dust in the ISM

In the laboratory a-C(:H) solids are known to darken upon UV photon irradia-
tion, thermal annealing and ion irradiation.23–25 In a-C(:H) materials this pro-
cess, known as photo-darkening∗, leads to a decrease in the band gap or optical
gap energy,Eg. The band gap for a-C(:H) materials (Eg = −0.1 to 2.7 eV)† is
directly related toXH, the H atom fraction (Eg = 4.3XH) and also to the ratio,R,
of thesp3 andsp2 C atomic fractions,Xsp3 andXsp2, respectively,i.e.,10,11

R=
Xsp3

Xsp2
≈

(8XH −3)
(8−13XH)

∼
(0.6Eg−1.0)
(2.7−Eg)

. (1)

The above equation is an approximation to the exact relationship betweenEg, XH

andR, which depends upon thesp2 aromatic domains sizes, the -CH3 methyl
group concentration and the particle size.10–12The band gap is therefore a proxy
for the a-C(:H) material optical properties of a givenRandXH.10,11

It is therefore the evolution of the band gap that can be used to trace and
characterise the inherent variability in the a-C(:H) optical properties and that is
of prime importance in unravelling the evolution of hydrocarbon grains in the
ISM.15,26–28Recent modelling work10–12shows that the optical properties of a-
C(:H) materials can be completely determined by two parameters, the band gap,
Eg, and the particle size,a, which turn out to be coupled fora< 30 nm, in that
theminimum-possibleband gap is given by13

Eg(a)min =

(

1
a [nm]

−0.2

)

eV, (2)

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

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

∗Photo-darkening refers to an increase in thedark, graphite-like or aromatic content. Hence, the term
photo-darkening is used to describe the aromatisation of a-C(:H) materials.

† Here we adopt the Tauc gap for the optical band gap,Eg, i.e., the energy axis intercept in a plot of
(Eα)0.5 vs. E, whereα = 4πk/λ is the absorption coefficient.10
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whereEg(bulk) is the expected bulk a-C(:H) material band gap. For particles
with radii larger than∼ 30 nm this minimum band gap limit does not apply.

In this work we explore the likely consequences of interstellar a-C(:H) dust
evolution in the transition between the diffuse ISM and the outer regions of
molecular clouds (nH = 102−104 cm−3).

2.1 Hydrocarbon dust photo-processing

The (photo-)dissociation of CH bondswithin a-C(:H) grains leads to the loss of
H atoms from the aromatic, aliphatic and olefinic hydrocarbon structures in the
chemical network, a progressive aromatisation and a closing of the optical band
gap. This process is at the heart of the evolution of the physical and optical prop-
erties of a-C(:H) materials. Quantifying this fundamentalprocess is therefore
a key to advancing our understanding of the evolution of these materials in the
ISM. Following earlier work10,14 the photo-darkening rate can be expressed as

ΛUV,pd(a) = FEUV σCH Qabs(a,E)ε [s−1], (4)

whereFEUV ≃ 3×107 photons cm−2 s−1 is the CH bond-dissociating EUV pho-
ton flux in the local ISM29 (for the interstellar radiation field, ISRF, in the so-
lar vicinity, i.e., G0 = 1), σCH ≃ 10−19 cm2 is the CH bond photo-dissociation
cross-section,30–33 Qabs(a,E) is the particle absorption efficiency factor in the
optical cross-section determination,i.e., σ(a,E) = πa2Qabs(a,E) and ε is the
photo-dissociation or photo-darkening efficiency.

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

τUV,pd(a,G0) =
1

ΛUV,pd(a)G0
. (5)

Fig. 1 shows the a-C(:H) particle photo-processing time-scale as a function
of ε and grain radius. As can be seen in this figure, the earlier estimates for
τUV,pd(a), with the assumption thatε = 0.1 (diamonds),14 predict decreasing
EUV processing time-scales with increasing particles sizeup toa≃ 30 nm, which
are then approximately constant at around(5×104/G0) yr for a > 30 nm. The
increased photo-processing time-scales fora< 30 nm are due to the decrease in
the grain photon absorption efficiency with decreasing particle size,i.e., Qabs∝ a
for particles smaller than the wavelength.

We now introduce a size-dependent photo-dissociation or photo-darkening
efficiency,ε(a), into our earlier derivation,10,14and adopt the following

ε(a) =
(

2
a[nm]

)

for a> 2nm else ε(a) = 1 for a≤ 2nm. (6)

For a-C(:H) grains such a size-dependent CH bond photo-dissociation efficiency
appears to be a physically more realistic scenario, than a fixed and size-independ-
ent ε. With increasing particle size other photon-driven processes will begin
to compete with CH photo-dissociation and likely become more important in
large grains (a > 10 nm), i.e., EUV photon absorption leading to thermal ex-
citation and/or fluorescence. For small particles,a≤ 2nm, the CH bond photo-
dissociation is determined by the absorption efficiency factorQabs(see Fig, 1) and
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Fig. 1 The a-C(:H) photo-processing time-scale forG0 = 1 as a function of particle
radius,a, and the CH bond photo-darkening efficiency,ε (ε = 0.1, diamonds;
ε = 2/a[nm] for a> 2 nm, Eq.(6), squares). The vertical grey line indicates thecritical
radius between small homogeneous and larger core-mantle particles. The grey band
indicates an order of magnitude uncertainty on the derived time-scales, for grains with
radii ≤ 200 nm the derived photo-processing time-scales are lower limits. The blue and
red lines indicate the small and large grain(ε×Qabs)

−1 behaviours,i.e., ∝ 1/Qabsand
∝ a/(2Qabs), respectively. The mostly-hidden, dashed grey line is theEq.(7) analytical fit
to the derived a-C(:H) photo-processing time-scales (squares).

adoptingε(a) = 1 therefore implies that every absorbed photon leads to CH bond
breaking, as might be expected for particles in the ‘molecular domain’. If we now
consider the effects of including the size-dependent photo-darkening efficiency,
ε(a), given by Eq. (6), the squares in Fig. 1, we find a minimum in theprocessing
time-scale, of the order of(4×104/G0) yr, for particles witha∼ 3−10 nm. For
smaller and larger grains in the modelled dust size distribution the processing
time-scale is> (105/G0) yr. For particles smaller than≃ 3 nm the same trend as
in the constantε processing time-scales is apparent but it is shifted down byan
order of magnitude because fora< 2 nm we now assumeε(a) = 1, rather than
ε= 0.1 as in the previous work. For particles with radii larger than 10 nm the pro-
cessing time-scales increase with radius because of the assumed size-dependence
of the photo-darkening efficiencyε(a) ∝ a−1.

The a-C(:H) grain photo-processing time-scales in the ISM,for a size-depend-
ent photo-dissociation efficiency,ε(a), can be analytically expressed as a function
of the grain radius,a, in nm;

τUV,pd(a) =
104

G0

{

2.7+
6.5

(a[nm])1.4 +0.04(a[nm])1.3
}

[yr]. (7)
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This fit to the predicted a-C(:H) photo-processing time-scales is shown by the
somewhat hidden dashed line fit to the square data points in Fig. 1.

2.2 Hydrocarbon dust erosion

In addition to EUV photo-processing in PDRs, which leads to the erosion of
small carbonaceous particles,6 a-C(:H) dust will also be highly susceptible to
processing, erosion and destruction in supernova(SN)-generated shock waves
in the warm inter-cloud medium1,34,35Recent work2,3,7,8,16shows that small a-
C(:H) and poly-aromatic particles (e.g, polycyclic aromatic hydrocarbons, PAHs)
are rather easily destroyed in SN shock waves, in a hot gas andby cosmic rays.
This occurs, primarily, through the effects of electronic excitation and dissocia-
tion following electron and ion collisions, a process that is more important than
direct “knock-on” sputtering in sub-nm- and nm-sized particles. The important
conclusion of these works is that most of the small carbon population in en-
ergetic regions will be destroyed. The life-time of carbonaceous grains in the
ISM that is derived from these studies is rather short,i.e., ≤ 100 million years.
This catastrophic situation implies that carbonaceous dust must be efficiently re-
formed in dense regions of the ISM where re-accretion re-forms carbonaceous
matter principally in the form of mantles on the surviving silicate and any surviv-
ing carbonaceous grains.4 The logical conclusion of this is that large pre-solar
a-C(:H) grains should be rather rare. However, pre-solar carbon-rich grains of
nano-diamond, SiC and graphite with anomalous isotopic compositions typical
of of evolved stars and SNe are found in meteorites36 but 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 phase C and H atoms to form
a-C(:H) carbonaceous mantles on dust in the transition between the diffuse and
dense molecular ISM. In particular, we find that the nature ofthe mantles formed
on dust in the transition to denser regions is critically-determined by the extinc-
tion at UV wavelengths and the hydrogenation of aromatic-rich carbonaceous
grain materials.37–40

Here we explore the qualitative effects of mantle (re-)accretion in the outer
regions of molecular clouds. We assume a semi-inifinite, planar cloud and adopt
the simple density profile into the cloud from the surface,e.g., similar to that
derived for dense filaments21 and photo-dissociation regions,41

nH(l) = nH(0) [1+105l2 ], (8)

wherenH(0) is the cloud surface density in cm−3, which we assume to be typical
of the diffuse ISM,i.e., nH(0) = 40 cm−3, and l is the distance into the cloud
from its surface in pc. The cloud density profile is shown in Fig. 2 along with
the column density,NH, the optical depthsAV andAEUV (EEUV = 10 eV) and the
attenuation of V and EUV band photons as a function of distance into the cloud.

Recently, a completely new dust modelling approach was proposed, which
does not include polycyclic aromatic hydrocarbons (PAHs),graphite grains or
“astronomical silicate”.15 Instead, it uses the size-dependent optical and thermal
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Fig. 2 The cloud parameters: densitynH (H cm−3, black), column densityNH/1018

(H cm−2, grey),AV (red), the attenuation at the V band wavelengthI/I0 = e−AV (dashed
red),AEUV = 3AV (EEUV = 10 eV≡ 124 nm, violet, see Fig. 4) and the attenuation at the
EUV wavelengthI/I0 = e−AEUV (dashed violet), as a function of distance into the cloud
from its surface.

properties for hydrogenated amorphous carbons, a-C(:H),10–14 and the optical
properties of an amorphous silicate with metallic iron inclusions.15 The new as-
pects in this model are:

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

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

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

• a-C mantled amorphous forsterite-type silicates, and

• the incorporation of iron as metal nano-inclusions into thesilicate
(as a result of reduction by mantle carbon diffusion into thesilicate42).

This new model satisfactorily explains the dust extinction, scattering and emis-
sion in the diffuse ISM and predicts the evolution of the carbonaceous dust prop-
erties in response to the local conditions.15

In this work we apply the Joneset al. dust model,15 using the extinction and
mass size distributions for the model derived using the DustEM tool,43 as shown
in Figs. 3 and 4. For this model the gas phase C atom accretion timescale to form
a-C(:H) mantles is given by

tacc= [Σtotal nH XC vC SC ]
−1, (9)

whereΣtotal is the total dust cross-section per H atom,XC is the relative abundance
of gas phase carbon atoms andvC = [8kBTkin/(πmC)]

0.5 is their thermal velocity
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(kB is the Boltzmann constant,Tkin = 80 K is the gas kinetic temperature and
mC the C atom mass), andSC is the C atom sticking coefficient (assumed to
be unity). We assume a cosmic abundance of∼ 400 ppm for carbon,5 the dust
model requires 233 ppm15 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 carbonaceous materials
at low temperature (Tkin = 80 K) can lead to their hydrogenation37–40 and we
therefore consider this possibility within the framework of our qualitative model.
The H atom sticking time-scale onto all grains is

tH = [Σtotal nH vH SH ]−1, (10)

wherevH = [8kBTkin/(πmH)]
0.5 is the H atom thermal velocity andSH is the H

atom sticking coefficient, here we assume the canonical value SH = 0.3. We
define the low temperature a-C(:H) grain (re-)hydrogenation rate as

tHin = [ξ Σtotal nH vH SH ]−1, (11)

whereξ is the efficiency for H atom incorporation into the a-C(:H) structure.
Given that most incident H atoms will combine with other incident H atoms to
form H2, which is then ejected,ξ should be significantly less than unity.

For the size distribution in the Joneset al. standard diffuse ISM dust model15

we deriveΣtotal = 7.3×10−21cm2/H atom and find that the accretion time-scale
and mantle thickness are very dependent upon the lower grainsize limit. For
example, the accretion of∼ 170 ppm of carbon onto all grain surfaces in the
standard diffuse ISM dust model, yieldstacc ∼ 107 yr for nH = 104 cm−3 and
a mantle thickness of≃ 3 nm on all grains. However, in the outer regions of
molecular clouds the small grains (a≤ 5 nm) are accreted/coagulated onto large
grains.19,21,22As an illustration of the important effects of small particles, if we
remove all grains with radii< 5 nm from the dust size distribution we find a
carbonaceous mantle thickness of 160 nm, a reduction in the total grain cross-
section by more than an order of magnitude, toΣtotal = 1.4×10−22cm2/H atom,
and a corresponding increase in the C atom accretion time-scale totacc≥ 109 yr
for AV < 3. Thus, if carbon mantle accretion onto nano-particles is inhibited by
stochastic heating events or if the nano-particles themselves are coagulated/accreted
onto or into large particles, the accreted mantle thicknesscould be≫ 3 nm but
the accretion time-scales would then be> 107 yr.

Interestingly, the analysis of the∼ 100 nm thick “organic” coatings on the
mineral grains in interplanetary dust particles (IDPs) indicates that this primitive
matter is the result of the condensation of C-bearing “ices”onto grain surfaces
and the formation of refractory matter by subsequent UV or other ionising irradi-
ation.44 These “organic” mantles, which carry H and N isotopic anomalies con-
sistent with molecular cloud or outer Solar System material, resemble the a-C(:H)
mantles on the grains in the Joneset al. diffuse ISM dust model15 and could be
the result of the direct accretion of the remaining gas phasecarbon as a-C:H, as
discussed here, rather than requiring a carbon-rich ice precursor phase. Such “or-
ganic” coatings on carbonaceous grains would lead to large aliphatic-rich a-C:H
grains that resemble the “organic globules” detected in primitive meteorites and
comets, which show D/H and15N/14N enrichments, and that are likely the prod-
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Fig. 3 The model dust mass/size distribution in the diffuse ISM: a-C(:H) grains (black)
and a-SilFe/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 nebula.45

In Fig. 5 we show the time-scale for C atom accretion into a-C(:H) on all
grains,tacc, and the a-C(:H) grain EUV photo-processing time-scale,tpd, for 1,
10 and 100 nm radius particles, as a function of distance intothe cloud andAV .
We deduce from Fig. 5 that the accretion and EUV photo-processing time-scales
are similar for cloud depths of the order of∼ 0.09−0.1pc, equivalent toAV ∼ 2.
Nearer to the cloud surface,AV < 2 wheretacc ≫ tpd, it is evident that grain
mantling can only occur on time-scales≥ 107 yr. In the absence of any inci-
dent H atom hydrogenation of the grains, the outer grain surfaces/mantles will
be EUV-photolysed to H-poor, aromatic-rich materials,i.e., low band gap a-C
with Eg < 0.2 eV. However, deeper into the cloud the CH bond photo-dissociating
EUV photons are attenuated and the cloud interiors,AV > 2, are UV-poor regions
(UVPRs) where a-C:H grains and mantles will not be EUV photo-processed be-
cause the photolysis time-scale is significantly longer than the C (and H) atom ac-
cretion timescale. Thus, in UVPRs the accreted mantles willbe H-rich, aliphatic-
rich materials,i.e., wide band gap a-C:H withEg ≥ 2 eV.

We now consider the possibility that H atom hydrogenation isefficient at low
temperatures.37–40Fig. 5 indicates that in the low density outer regions of clouds,
with AV < 0.01, the H atom collision rate is insufficient to counteract the EUV
photo-dissociation of the CH bonds within a-C(:H), even if every H atom that
sticks to the grains is incorporated into the a-C(:H) structure,i.e., ξ=1. Adopting
a significantly lower efficiency,ξ = 0.01, leads to the same result but the depth
for the onset of hydrogenation shifts deeper into the cloud (AV ≥ 0.7). These
results imply that in the low extinction diffuse ISM and outer cloud regions (AV <
0.01 for ξ = 1 or AV < 0.7 for ξ = 0.01, with nH ∼ 40 cm−3 andTkin ∼ 80 K)
small a-C(:H) particles and any a-C(:H) on the surfaces/mantles of large grains
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Fig. 4 The modelled dust extinction in the diffuse ISM: a-C(:H) grains (black) and
a-SilFe/a-C core/mantle grains (green). The total extinction is given by the red line. The
grey lines indicate the extinction in the V band and for 10 eV EUV photons.

must be of predominantly H-poor, aromatic-rich, a-C materials. Deep within
the clouds hydrogen is predominantly in molecular form forAV ≥ 1.5,46 except
for a background H atom abundance of∼ 1 cm−3 due to the effect of cosmic
rays, and so the hydrogenation process will be reduced by orders of magnitude
in a molecular gas. However, as Fig. 5 shows, at intermediateoptical depths,
0.01− 0.7 ≤ AV ≤ 1.5 (the lower limit depends on the assumed value forξ),
tHin < tpd < tacc, i.e., the H atom incorporation into a-C(:H) is faster than both
CH bond photo-dissociation and mantle accretion. Thus, thetransformation of
aromatic-rich grain materials into H-rich, aliphatic-rich materials could occur on
time-scales of the order of 106 yr. Somewhat deeper into the cloud,∼ 1.5≤AV ≤

2.5, and immediately after the transition from atomic to molecular hydrogen, H
atom incorporation is again subservient to photo-dissociation (albeit at a very low
level) and any remaining gas phase carbon in the clouds wouldaccrete along with
the ice mantles in regions withAV ≥ 1.5.

2.4 Grain coagulation effects

Following earlier work22 the coagulation time-scale between dust species 1 and
2 can be expressed as

tcoag=
{

π(a1+a2)
2 X1 nH ∆v

}−1
, (12)

whereai is the grain radius,X1 is the relative abundance of dust species 1 and
∆v is the relative velocity between the particles. We are interested in the time-
scale for large grains to sweep up small aromatic-rich grains, in an accretion-type
coagulation process19–22that leads to the formation of aromatic particle mantles.
In order to estimate the coagulation time-scale we seta1= 5 nm anda2 =160 nm,
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Fig. 5 The dust processing time-scales as a function ofAV and distance into the cloud:
the C atom accretion time-scaletacc (blue), the small a-C grain-large silicate grain
coagulation time-scaletcoag(green), the H atom sticking timescale,tH (black), the H
atom incorporation timescale,tHin (black dashed), and the EUV photo-processing
time-scale for 1, 10 and 100 nm radius a-C(:H) grainstpd (thin, medium and thick dashed
violet lines respectively). Also shown areAV (red) andAEUV = 3AV (violet) multiplied
by 106. The grey lines indicate the depth into the cloud at whichAV ∼ 0.3,1 and 3,
dashed, solid and dashed, respectively. The vertical dash-dotted line indicates the atomic
to molecular hydrogen transition (here assumed to occur atAV = 1.5). The approximate
aromatic, aliphatic and H2O ice accreted mantle regimes are also indicated.

similar to previous estimates19 and based on the dust masses in the new model15.
The small-large grain coagulation time-scale is shown in Fig. 5 and indicates that
small grain coagulation always lags behind C atom accretionas a viable a-C(:H)
mantling process in cloud interiors.

3 Astrophysical implications

Fig. 6 gives a schematic view of the evolution of the accreted/transformed a-
C(:H) grain/mantle composition as a function of the opticaldepth,AV , and the
H atom incorporation efficiency into a-C(:H),ξ. This figure indicates, and Fig. 5
shows, that in the diffuse ISM and in the outer regions of molecular clouds, the
time-scale for H atom incorporation into a-C(:H) grains is significantly longer
than the CH photo-dissociation time-scale. In low extinction regions (AV <
0.01− 0.7) H atom incorporation into a-C(:H) is therefore seeminglynot fast
enough to transform a-C into a-C:H. Thus, given that the EUV CH photo-diss-
ociation depth is of the order of 20 nm,10 this work indicates that small a-C(:H)
grains and the outer surfaces of large a-C(:H) grains will berapidly transformed
(tpd ≥ 4× 104 yr) to aromatic-rich a-C (see Fig. 5), as in the recently-proposed
dust model.15 The cores of large a-C(:H) particles (a≫ 20 nm) being shielded
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ξ diffuse ISM atomic gas     H    H2      molecular gas

1 a-C                      a-C:H                                          a-C:H                                          a-C:H                     a-C?     a-C:H

0.01 a-Ca-C          a-C:H                       a-C:H              a-C?     a-C:H

0 a-C          a-C?     a-C:H

ISRF

ISRF

tpd < tHin

tpd < tHin

tpd > tHin

tpd > tHin

tpd < tacc tpd > tacc

AV ~  0.01

AV ~  0.7

AV ~  1.5

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

from the effects of CH bond EUV photo-dissociation can therefore be of H-rich,
aliphatic-rich a-C:H material.10 Clearly, the cores of these large a-C(:H) grains
can only be H-rich in the diffuse ISM if they were formed as such because they
cannot be re-hydrogenated there. However, in slightly higher extinction regions
(AV > 0.01−0.7) any grain core a-C material could be transformed into a-C:H
by the effects of H atom incorporation37–40 if this process is efficient and if they
are not already H-rich. Interestingly, as shown in Fig. 5, somewhat deeper into
a cloud than the atomic to molecular hydrogen interface, atAV ∼ 2, the time-
scale for H atom incorporation into a-C increases above thatfor CH bond photo-
dissociation and so any accreting a-C(:H) mantles would be aromatic-rich rather
than aliphatic-rich. This would seemingly occur with the onset of ice mantle
formation forAV ≥ 1.5.

It has been proposed that in the ISM the carbonaceous grains consist of
aliphatic-rich mantle overlying an aromatic-rich core.47 This is the inverse of
the Joneset al. dust model15 and is at odds with our results for dust processing
in the diffuse ISM. Nevertheless, within molecular clouds it is indeed likely that
the carbonaceous grains surfaces will be aliphatic-rich due to the effects of a-C:H
mantle accretion and/or the incident H atom aliphatisationof aromatics.

The formation of H-rich, aliphatic-rich mantles/grain surfaces, through a-C:H
mantle accretion or H atom incorporation into a-C grains, leads to a slight de-
crease in the visible extinction, a diminution of the UV bumpbut little change
in the FUV extinction.15 This is consistent with the high carbon depletion (∼

400 ppm of C in dust) along the line of sight towards HD 2071985,15 but incon-
sistent with the extinction curve along lines of sight through the denser diffuse
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ISM, with RV ∼ 5, where the UV extinction is flatter than the average,i.e., for
lines of sight withRV ∼ 3. The flatter UV extinction along highRV lines of sight
implies that the coagulation of small grains onto large grains occurs before or
is contemporaneous with carbonaceous mantle accretion. However, this prelimi-
nary study seems to indicate that accretion occurs before small grains coagulate
onto large grains,i.e., tcoag is always> tacc. The extinction curve variations and
far-IR to sub-mm dust emission generally seem to imply that small grains stick
onto big grains before significant accretion occurs.19 An exception to this seems
to be the HD 207198 line of sight5,15 where the formation of a-C:H mantles, or
the transformation of a-C to a-C:H by H atom incorporation,37 is strongly im-
plied. Detailed studies of the evolution of dust evolution in the low density ISM,
through the effects of coagulation and accretion, will be required in order to un-
ravel the exact sequence of events as a function of the local conditions.

4 Summary and conclusions

Carbonaceous dust in the ISM is apparently a much more fragile dust com-
ponent than previously thought and must therefore be efficiently re-formed in
the ISM. In this work we have investigated the composition and evolution of a-
C(:H) dust in the transition from the low-density diffuse ISM to the outer reaches
of molecular clouds. The primary processes that drive this evolution are the
CH bond EUV photo-dissociative aromatisation, a-C:H→ a-C, and the reverse
process of H atom incorporation and aliphatisation, a-C→ a-C:H, leading to
(re-)hydrogenation. We find that in the low-density diffuseISM (AV < 0.01−
0.7) photo-processing dominates over aliphatisation and that small carbonaceous
grains/thin mantles and the outer surfaces of large carbonaceous grains should be
predominantly of low band gap (Eg ∼ 0 eV) aromatic-rich a-C materials. How-
ever, in the diffuse ISM, where H atom (re-)hydrogenation isslower than EUV
photo-aromatisation, the carbonaceous grain cores can be of H-rich aliphatic-
rich material if they were formed as such. In slightly higherextinction regions
(AV > 0.01−0.7) we find that H atom incorporation into a-C leading to aliphati-
sation and an opening of the band gap could dominate. Interestingly, somewhat
deeper into a cloud than the H/H2 interface (AV ∼ 2) any accreting gas phase car-
bon will tend to form a-C rather than a-C:H mantles because ofthe low H atom
abundance. This unusual effect seemingly occurs at about the same optical depth
as the accretion of ice mantles (atAV ≥ 1.5; assuming a semi-infinite slab cloud
model), which merits a more detailed analysis than has been possible here.

In order to fully quantify the effects studied here a much more detailed study
of the equilibrium composition of a-C(:H) materials in the ISM is required. This
will necessitate a much deeper understanding of the spatio-temporal evolution
of the dust composition (e.g., band gap,Eg) and the dust size distribution re-
sulting from the effects of CH bond photo-dissociation and a-C(:H) grain photo-
fragmentation in the low-density ISM and the effects of accretion and coagulation
in denser regions. In particular, a much deeper understanding of the interplay be-
tween accretion and coagulation is required. Allied to thismust be a study of the
likely effects of turbulence and radiation pressure on the accretion onto dust and
grain coagulation in the outer regions of molecular clouds.Also, given that C+

remains the most abundant form of gas phase carbon to opticaldepthsAV ∼ 346
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and that the grains are negatively charged grains in molecular clouds the collision
cross-sections for accretion could be somewhat enhanced within clouds. How-
ever, as is often assumed, ion accretion onto negatively-charged grains leads to
recombination and the desorption of the incident ion. Thus,any accretion gain
could be offset by C+ recombination upon collision. These processes could play
an important role in dust evolution in these transition regions because they would
tend to enhance the gas-grain and grain-grain collision velocities and therefore
reduce the relevant time-scales. However, it should be noted that small grain co-
agulation onto large grains leads to a reduced total grain surface and therefore
thicker mantles but also to significantly longer accretion time-scales.

The carbonaceous mantle accretion phenomena investigatedhere ought to
have important observable consequences. Thus, the outer regions of molecular
clouds (∼ 0.5 ≤ AV ≤ 3) merit deeper investigation because they will provide
strong constraints on the nature and evolution of the matterthat accretes onto
dust and on the coagulation process.
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A. Zavagno,A&A, 2013,559, A133.

1–14 | 13



22 B. Stepnik, A. Abergel, J.-P. Bernard, F. Boulanger, L. Cambrésy, M. Giard, A. P. Jones, G. La-
gache, J.-M. Lamarre, C. Meny, F. Pajot, F. Le Peintre, I. Ristorcelli, G. Serra and J.-P. Torre,
A&A, 2003,398, 551–563.

23 S. Iida, T. Ohtaki and T. Seki,in: Optical Effects in Amorphous Semiconductors, AIP Conf.
Proceedings No. 120, eds. Taylor, P. C. & Bishop, S. G., AIP, New York, 1985, p. 258.

24 F. W. Smith,Journal of Applied Physics, 1984,55, 764–771.
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