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In the computation of the complex refractive index data for the
original published version of this article, and also in the pre-
ceding paper Jones (2012), there was an error in the calculation
of the IR band intensities. This error results in small changes
in the 3 um region bands and an underestimation of the band
strengths and continua at longer wavelengths for hydrogen-rich
a-C:H materials (Xg 2 0.23 = E; 2 1eV). Also, the aromatic
domain cluster size distribution has been more accurately calcu-
lated for all a-C(:H) particles, resulting in a reduction in n and k
at long wavelengths (1 > 0.5 um) for small band gap materi-
als (E; < 0.25eV) with a = 10 and 30nm. The conclusions
of the paper are unchanged, except as indicated in the following,
where an updated version of the relevant figure and, if necessary,
the accompanying text is given. The section headings and figure
numbers are the same as those used in the originally-published
paper. The refractive index data that were originally made avail-
able through the CDS have now been replaced with corrected
data.

Additionally, there was an error in the overly-complicated
reasoning in the deduction of the a-C(:H) particle photo-
processing time-scales in Sect. 5.2 of this paper, which was car-
ried over from Sect. 5.1 of the preceding paper (Jones 2012). The
photo-processing time-scale is simply the inverse of the photo-
darkening rate, Ayv pg, given in Eq. (31) of Jones (2012). A new
and modified version of Sect. 5.2, which replaces the previously
published version, is given below.

4. The optECs)(a) model refractive index data

Figures 3 and 4 show the updated refractive index data for
100 nm and 0.5 nm radius a-C:H particles. The most significant
differences are apparent in k and occur for large band gap mate-
rials with E; > 1eV. The IR band strengths for 4 > 4 yum and
the long-wavelength continua are enhanced with respect to the
previous results. The real parts of the refractive indices, n, are
not significantly affected.

* Data files are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg. fr/viz-bin/qcat?]/A+A/545/C3
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Fig. 3. The imaginary (k, upper plot) and real (n, lower plot) parts of the
refractive index for 100 nm radius particles as a function of E, for large
gap (2.67eV, lower purple lines at A = 2um) to small gap (-0.1eV,
upper black lines at 4 = 2 um) a-C(:H) materials (see Table 1 for the
full colour-coding scheme).
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Fig.4. Same as for Fig. 3 but for 0.5 nm radius particles. Note that,
at A = 2um, n and k change little with size for a-C:H materials with
E, > 1.5eV (lower purple to yellow lines in the upper k plot) but bunch-
up for E; < 1.5eV. Note also that, for 4 > 20um, the n and k data
appear to be almost independent of the band gap for £, > 0.5¢eV.

4.1. Comparison of nm-sized a-C(:H) particles with PAHs

Figure 5 now includes the updated a-C(:H) data for comparison
with the interstellar PAH model data. Note that the longer wave-
length IR bands are now in better agreement with the PAH IR
bands in the 5—15 um region. Also, the 0.33 nm radius a-C(:H)
particle continuum is much stronger in this plot but still signif-
icantly less that that predicted by the interstellar PAH models.
The properties of the larger a-C(:H) particles (0.5nm and 1 nm
radii) were not affected by the error in the IR band intensity cal-
culations.

Thus, the critical conclusions of this comparison section re-
main entirely valid.

4.4. The optECs)(a) particle 2—14 um spectra

The a-C(:H) cross-section data has been corrected in Figs. 8
and 9. The new data show stronger bands and continuum with
respect to the previously-published data.

4.5. Size-dependent spectra from EUV to mm wavelengths

Figures 10 to 13 have been re-calculated based on the corrected
complex indices of refraction for a-C(:H). The plot axis in-
tervals are the same as in the originally-published versions in
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Fig.5. A’Qus/a for 0.33nm (short-dashed), 0.5nm (solid), 1nm
(dashed-dotted) and 3 nm (long-dashed) radius particles: for a-C(:H)
with E,(bulk) = 0.5, 0.25 and 0.1eV (black lines, from lower to up-
per at 100 um) and neutral and cation PAHs with the same number of C
atoms (dark and light grey solid lines, respectively, Desert et al. 1990;
Draine & Li 2001, 2007; Compiegne et al. 2011). The dashed, vertical,
grey line shows the peak position of the UV bump and the solid, verti-
cal, grey line shows the upper wavelength limit for the well-constrained
a-C(:H) IR features.
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Fig. 8. The predicted spectra of optECy (a)-modelled particles of radius
100 nm, presented as the wavelength times absorption coefficient per
carbon atom, Aa/Nc, in the 2—14 um region (1 Mb = 107'¥ cm?). Note
how the spectra evolve from aliphatic-rich with prominent IR bands
to aromatic-rich with no evident IR bands but a much stronger contin-
uum. N.B. The bands with central positions long-ward of the vertical
grey line (A(vp) > 7.3 um) are not yet well-determined by laboratory
measurements.
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Fig.9. As per Fig. 8 but for particles of radius 0.5 nm. Note how the
spectra bunch up and how the IR band positions evolve from aliphatic-
rich (with maxima in the ~3.4 and =7 um regions) to aromatic-rich
(with maxima at 3.3, 6.3, 6.7, 7.0, 11.3 and 12.7 um).

order to allow a direct comparison. The effects of the increased
band strengths and the enhanced continua at long wavelengths
(4220 um), in large band gap (E; 2 1eV) a-C:H materials, are
evident in these figures.
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Fig. 10. 1Q./a (solid) and AQ,s/a (dashed), for 100, 30 and 10 nm ra-
dius particles, as a function of wavelength, for all of the considered band
gap materials (see Table 1). At A = 2um, E, decreases from 2.67 eV
(lower purple line) to —0.1 to 0.25eV (the four upper grey and black
lines). The vertical grey line marks the position of the UV extinction
bump at 217 nm.

5.1. Structural variations and spectral properties

Figures 14 to 17 have been re-calculated using the corrected a-
C(:H) data. All of the interpretations and conclusions of this sec-
tion remain valid.

5.2. a-C(:H) processing timescales

The size-dependent a-C(:H) particle photo-processing time-
scales, Tyv pa, can be derived as per Eq. (31) of paper II by in-
serting appropriate values for the particle absorption efficiency,
QOabs(a, E), and the photo-darkening efficiency, € (here we as-
sume € = 0.1 but the exact value is uncertain). Figure 18
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Fig. 11. Same as for Fig. 10 but for 3 nm radius particles. Note that the
data for E, < 0.25eV overlap for A > 1 um.
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Fig. 12. Same as for Fig. 10 but for 1 nm radius particles. Note that the
data for E, < 0.75 eV almost completely overlap for 4 > 1 um.
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Fig.13. Same as for Fig. 10 but for 0.5 nm radius particles. Note the
bunching up of all of the data, except for the H-rich materials (E, >
2eV) in the 0.5-3 um region and at long wavelengths.

shows Tyy p¢, multiplied by the ISRF factor Gy, as a function
of particle radius for a-C(:H) materials (E; = —0.1 to 2.67¢eV),
where surface hydrogenation has been included. Presenting the
a-C(:H) evolution in this way, Fig. 18 indicates that in the
diffuse ISM (Gy = 1) the photo-processing time-scales will
likely be ~10° yr for 10—100nm radius particles and >10° yr
for a < 1nm. These data should be scaled accordingly for
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Fig. 14. The 3 um region spectrum, presented as optical depth, for a =
3 nm a-C(:H) particles for increasing band gap, E, = —0.1 to 0.25eV
(upper, grey-black), E, = 0.5eV (middle, pink), E, = 0.75eV (lower,
red, y-axis intercept at ~0.12) and E, = 1 to 2.67¢eV (lower, yellow-
purple, bottom to top at ~3.45 um). The thin, grey, vertical lines indi-
cate the band origins (see Paper I): aromatic (short), olefinic (medium)
and aliphatic (long), CH (solid), CH, (dashed) and CH; (dashed-triple
dotted). The data with error bars (in grey) are for the diffuse ISM line of
sight towards the Galactic Centre source IRS6E and Cyg OB2 No. 12
(taken from Pendleton & Allamandola 2002). For comparison the ob-
servational data are scaled to the E, = 2.67 eV data.
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Fig. 15. Same as Fig. 14 but for ¢ = 1 nm and for increasing band gap,
E, (=0.1 to 2.67 V), from bottom to top at ~3.45 um. For comparison
the observational data are scaled to the E, = 2.5eV data.

photo-darkening efficiencies, €, other than the value of 0.1 that
has been adopted here. The longer time-scales for smaller parti-
cles simply reflects their lower values of Qqus(a, E) at UV wave-
lengths. Thus, it appears that all a-C(:H) particles are photo-
aromatised on rather short time-scales (<10°yr) in the ISM.
However, this estimation does not include the effects of thermal
processing during the stochastic heating of small a-C(:H) parti-
cles, which could be important but has not yet been evaluated. In
extreme radiation field regions, i.e., photo-dissociation regions
(PDRs) with Gy ~ 10 (10*), the carbonaceous nano-particle
photo-processing time-scales will be ~10% (=10?) yr, and it is in

C3, page 4 of 7

wavenumber E cm™ ]
3200 3100 3000 900 2800

1

0.80

0.60

0.40

0.20

optical depth [ arbitrary units ]

0 =T
3.10  3.20

3.30 3.40 3.50
wavelength [ um ]

Fig. 16. Same as Fig. 14 but for a = 0.5 nm. For comparison the obser-
vational data are scaled to the E, = 0.5¢V data.
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Fig.17. Same as Fig. 14 but for @ = 0.33 nm. For comparison the ob-
servational data are scaled to the E, = 0.5eV data.
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Fig.18. a-C(:H) particle photo-processing time-scales, Tyy ¢, multi-
plied by the ISRF factor Gy, as a function of particle radius for increas-
ing band gap from top (-0.1eV, grey) to bottom (2.67 eV, purple). A
photo-darkening efficiency, € = 0.1, was assumed here.
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such environments that the loss of aromatic emission bands is
observed (Boulanger et al. 1998), thus indicating extreme car-
bonaceous nano-particle processing.

The effects of photo-processing and photo-darkening, the sp?
to sp® transformation, resulting from exposure to ISRF UV-EUV
photons, could possibly be counterbalanced by hydrogen atom
addition to the structure as a result of (energetic) collisions in
the interstellar medium but this possibility is not discussed here,
other than to refer the reader to the discussion presented in
Sect. 5.2 of Paper II.

The EUV-photolysis of a-C(:H) particles is key to their evo-
lution in the ISM and needs to be incorporated into dust models.
Carbonaceous dust evolution must therefore be treated dynami-
cally, not only in terms of the evolution of the dust size distribu-
tion ( e.g., Jones et al. 1996; Serra Diaz-Cano & Jones 2008) but
also time-dependently in terms of the evolution of its chemical
composition and structure (e.g., Jones 2009, Papers I and II). To
this end, in the following section, provides a brief and prelimi-
nary guide to the usage of the optEC)(a) data.

5.2.1. Which optEC)(a) data?

The evolution of a-C:H dust in the ISM is tied to systematic
variations its band gap, Eg, which are driven by the dehydro-
genating effects of extreme UV (EUV) 10-13.6eV photon ab-
sorption (EUV-photolysis) and possibly by thermally-driven de-
hydrogenation during the large temperature fluctuations induced
by stochastic heating following UV photon absorption.

A full investigation of the likely a-C(:H) optical properties
in the ISM must await an in-depth modelling of the observed
properties of carbonaceous dust in the ISM using the optECs)(a)
data. However, the user is currently recommended to use the
minimum band gap material for photo-processed a-C(:H) grains
as indicated by the likely lower limit to the H atom fraction
(viz, Xy =~ 0.05) as derived by experiment (Adel et al. 1989;
Marée et al. 1966; Gadallah et al. 2011; Godard et al. 2011).
For the cores of larger particles, that cannot be photo-processed
(i.e., at depths >20 nm), the material band gap should reflect the
properties of the material prior to photon-irradiation in the ISM
and may be an historical vestige of the grains at their time of
formation.

The required optEC)(a) model optical property data,
m(a, 1), should be chosen from those tabulated for the given
radius and the required bulk material band gap for that radius.
Note that it may be necessary to interpolate if data for the re-
quired radius or band gap, other than those tabulated, are needed.
However, in this case, care will need to be exercised to en-
sure that the interpolated n and k data are consistent with the
Kramers-Kronig relationship.

Appendix C: The size-dependent optical properties
of a-C(:H) materials

The real and imaginary parts of the complex indices of refrac-
tion, n and k, respectively, in Figs. C.1 to C.5 have been cor-
rected. Note that for the small band gap (E; = —0.1and 0eV), 10
and 30 nm radius particles the » and k values are lower than the
previously-published data because of the effects of the restricted
aromatic domain sizes, which have here been calculated for
the full distribution of particle-size-determined aromatic cluster
sizes.
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Fig. C.1. The real part, n (upper), and imaginary part, k (lower), of the
complex index of refraction, m = n(a, Ey, A) +ik(a, E4, 1), for 30 nm ra-
dius a-C(:H) particles as a function of E,, as predicted by the optEC(a)
model presented in this paper (see Table B.1 for the line colour-coding).

0.01

107

1078

0.1 1 10 100
wavelength [ micron ]
T T

0.1 1 10 100
wavelength [ micron ]

1000

Fig. C.2. As per Fig. C.1 but for particles of radius 10 nm.
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Fig. C.3. As per Fig. C.1 but for particles of radius 3 nm.

0.01

]
107
107°

0.1 1 10 100 1000
wavelength [ micron ]
10 =
o

0.1 1 10 100 1000
wavelength [ micron ]

Fig. C.4. As per Fig. C.1 but for particles of radius 1 nm.
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Fig. C.5. As per Fig. C.1 but for particles of radius 0.33 nm.

Appendix D: Size-dependent optical-UV properties

Figures D.2 and D.5 have been re-calculated using the new
data because they do show small differences with respect to the
previously published versions. All of the other figures in this
Appendix are unaffected by the use of the new data.

QM/QIXU th’ Qm’ lel

1/wavelength [ micron™ ]

Fig.D.2. Same as for Fig. D.1 but for 10 nm radius particles. The grey
squares show the diffuse ISM extinction curve for Ry = 3.1 (dark)
and 5.1 (light) from Savage & Mathis (1979, large squares) and Mathis
(1990, small squares). The grey curves indicate the average galactic ex-
tinction, and its variation (upper and lower grey curves), as derived by
Fitzpatrick & Massa (2007).
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Fig. D.5. Same as for Fig. D.1 but for 0.33 nm radius particles.

Appendix E: The size-dependent spectra
of optECs)(a)-modelled particles

The a-C(:H) cross-section data has been corrected in Figs. E.1
to E.5. The new data show stronger bands and continuum with
respect to the previously-published data.
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Fig. E.1. The predicted spectra of optEC(, (a)-modelled particles of ra-
dius 30 nm, presented as the wavelength times absorption coefficient
per carbon atom, Aa/Nc, in the 2—14 ym region (1 Mb = 107! cm?).
N.B. The bands with central positions long-ward of the vertical grey
line (A(vp) > 7.3 um) are not yet well-determined by laboratory mea-
surements.
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Fig. E.2. As per Fig. E.1 but for particles of radius 10 nm.
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Fig. E.3. As per Fig. E.1 but for particles of radius 3 nm.
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Fig. E.4. As per Fig. E.1 but for particles of radius 1 nm.
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Fig. E.5. As per Fig. E.1 but for particles of radius 0.33 nm.
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