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Abstract. The construction of viable and physically-realistic interstellar dust models is only
possible if the constraints imposed by laboratory data on interstellar dust analogue materials are
respected and used within a meaningful theoretical framework. These “physical” dust models can
then be directly compared to observations without the need for any tuning to fit the observations.
Such models will generally fail to achieve the excellent fits to observations that “empirical”
models are able to achieve. However, the physically-realistic approach will necessarily lead to a
deeper insight and a fuller understanding of the nature and evolution of interstellar dust. The
THEMIS modelling approach, based on (hydrogenated) amorphous carbons and amorphous
silicates with metallic Fe and/or FeS nano-inclusions appears to be a promising move in this
direction.
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1. Introduction
In order for a dust model to be viable it must be consistent with as wide a possible range

of dust observables (e.g., pre-solar grain compositions, elemental abundances/depletions,
extinction, absorption, scattering, emission, infrared spectra, polarisation, x-ray absorp-
tion and scattering, . . . ) and the variations of those observables across the interstellar
medium (ISM). However, each of these observables is necessarily selective because none
of them are un-biased. For example, the analysed pre-solar grains (e.g., Anders & Zinner
1993) and the analysis of the STARDUST interstellar grains, (Westphal, Stroud, Bech-
tel, et al. 2014) represent incomplete and/or selective samplings. Additionally, interstellar
dust observations have not yet fully-sampled all dust in all environments.

As a minimum, but insufficient, requirement the optical properties of all dust com-
ponents must be consistent with the Kramers-Kronig relations, i.e., the real (n) and
imaginary (k) parts of the complex index of refraction (m = n + ik) must be self-
consistent over as wide as possible a range of wavelengths. However, just because this
condition is fulfilled does not necessarily imply that the material is physically-realisable,
i.e., that it can actually exist. The only valid test of the physical-reasonableness of an
interstellar dust analogue material is that it, or a very closely-related material, can be
synthesised, characterised and analysed in the laboratory. Hence, interstellar dust mod-
els must, wherever possible, be guided by laboratory measurements of physically-realised
materials.
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2. More complex but more realistic dust modelling (THEMIS)

It is clear that the dust optical properties depend upon the material composition
and structure. Some materials can show a wide range of structures for a given chemical
composition and all optical properties depend upon the particle size below some limiting
dimension. Amorphous carbons, a-C, and hydrogenated amorphous carbons, a-C:H, are
a prime example of this. These materials, under the collective term a-C(:H) exhibit
wide-ranging properties, from insulators to conductors (but are mostly semiconductors),
from hydrogen-rich to hydrogen-poor and from highly absorbing to highly scattering.
This impressive gamut of properties from the large family of a-C(:H) materials is rather
impressive for a material consisting of only carbon and hydrogen atoms. The suite of
a-C(:H) materials is now receiving some attention within the astrophysical community.

The structures, compositions and size-dependent optical properties for a-C(:H) ma-
terials were recently derived for a wide range of H/C ratios and particles sizes over a
broad wavelength range (soft x-ray to cm, the optEC(s) and optEC(s)(a) datasets, Jones
2012a,b,c). These data were built ground up from theoretical considerations and strongly-
constrained by laboratory data. The application of these data within the framework of
a diffuse ISM dust model (Jones et al. 2013; Köhler, Jones & Ysard 2014) appears to be
consistent with most of the dust observables (e.g., see Fig. 1). This model comprises log-
normal size distributions of large (a ∼ 150 nm) core/mantle grains of amorphous silicate
and a-C:H cores with a-C mantles, and a-C nano-particles with a power-law size distri-
bution biased towards the smallest grains. The model satisfies the physically-reasonable
requirement in the sense that it uses only optical properties that are either directly
measured in the laboratory or that are firmly-anchored to laboratory measurements and
that are consistent with detailed theoretical considerations (Jones 2012a,b,c). The Jones
et al. (2013)/Köhler, Jones & Ysard (2014) dust model uses the laboratory-constrained
a-C(:H) and olivine-type (a-Silol) and pyroxene-type (a-Silpx) amorphous silicate data
as is without any tuning to match specific astronomical observations. The result is a
model that matches reasonably well most of the interstellar dust observables without the
need to “tweak” the input data. However, the model has evolved, much as dust does
in the ISM, to encompass the changes in the dust optical and physical properties as it
interacts with and responds to its immediate environment. We now refer to our standard
dust model, all of the associated dust evolution studies and future developments and
extensions of this work under the umbrella acronym THEMIS (The Heterogeneous dust
Evolution Model at the IaS). THEMIS is a key part of the European FP7 DustPedia
project (DustPedia.com). The following summarises key elements of our modelling work:

Dust evolution. Dust is clearly not the same everywhere and significant differences are
observed within and between given phases of the ISM. The THEMIS dust modelling ap-
proach has the in-built capacity to account for dust differences in a physically-meaningful
way through variations in the dust optical properties, size distributions and structure as
a function of the local ISM conditions, principally the interstellar radiation field and the
gas density (e.g., Jones 2012a,b,c, Jones et al. 2013).

Dust in the diffuse ISM. The Jones et al. (2013)/Köhler, Jones & Ysard (2014) dust
model was developed to match the dust properties in the diffuse ISM and comparisons
with recent Planck observations of dust in these regions appear to indicate that the
model is consistent with the observed variations in the dust properties (Ysard et al.
2015a; Fanciullo et al. 2015). The principal processes encompassed by our model of large
grain evolution in the ISM are variations in the mantling materials (i.e., depth and
composition) and in the relative masses of the amorphous silicate and carbonaceous dust
components (Ysard et al. 2015a).
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Figure 1. The Jones et al. (2013)/Köhler, Jones & Ysard (2014) diffuse ISM dust model vis-
ible-UV extinction cross-sections (top) and the dust IR-mm SED (for NH = 1 × 1020 cm−2 ,
bottom). The red lines show the totals in each case, comprising contributions from a-C coated
a-C:H (dotted), a-Silol (long-dashed) and a-Silpx (triple dot-dashed) grains, and small a-C grains
(dot-dashed). The blue line in the upper plot shows the B and V band-normalised cross-section
data.

Dust in low energy, high density regions. The model has also been extended to follow
the evolution of the dust properties in the transition between diffuse and dense inter-
stellar media (Jones et al. 2014; Köhler, Ysard & Jones 2015), including a self-consistent
explanation of both cloud-shine and core-shine (Jones et al. 2015; Ysard et al. 2015b).
In these environments grain growth through a-C(:H) mantle formation and grain-grain
coagulation are the fundamental actors.

Dust in high energy, low density regions. The a-C(:H) properties also seem to pro-
vide viable routes to interstellar/circumstellar fullerene formation in planetary nebulæ
(Micelotta et al. 2012) and to the formation of molecular hydrogen in moderately excited
photo-dissociation regions (PDRs, Jones & Habart 2015). Further, dust evolution in en-
ergetic environments such as supernova-driven shock waves and a hot coronal gas has
also been explored with the new dust model (Bocchio et al. 2012; Bocchio et al. 2013;
Bocchio, Jones & Slavin 2014). This work is now being extended to a consideration of
dust evolution in HII regions, galactic haloes and the intergalactic medium (IGM). Erosive
processes involving high energy photons, electrons and ions are the major dust modifiers and
destructors in the energetic regions of the ISM and the IGM.

The THEMIS approach provides a detailed framework within which the solutions to several

https://doi.org/10.1017/S1743921316003148 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921316003148


316 A. P. Jones

interesting interstellar conundrums such as volatile silicon in PDRs, sulphur and nitrogen deple-
tions, the origin of the blue and red photoluminescence and the diffuse interstellar bands (DIBs)
may yet be found (Jones 2013; Jones 2014).

3. Conclusions
Interstellar dust is clearly not the same everywhere, it evolves in response to its immedi-

ate environment. For example in the transition from diffuse to denser regions of the ISM the
dust will accrete a-C(:H) and ice mantles and coagulate to form aggregate grains with increas-
ing density. Empirically-based models, which lack the necessary grounding in laboratory data,
can never capture or fully uncover the physical origins of dust evolution even though they
may provide excellent fits to the observational data. On the contrary, interstellar dust models
strictly-anchored to laboratory measurements on physically-realisable and physically-realised
dust analogue materials can provide a much deeper physical insight, even when the fit to the
observational data is less that ‘perfect’. The aim of such modelling should indeed not be a perfect
fit to the observational data but the best-possible re-construction of those data with an astute
use of measurement-constrained dust properties.
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