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ABSTRACT

Context. The Planck-HFI all-sky survey from 353 to 857 GHz combinethwie IRAS data at 100m (3 000 GHz, IRIS version of
the data) show that the dust properties vary from line oftdigkine of sight in the diuse interstellar medium (ISM) at high Galactic
latitude (18° < Ny < 2.5 x 107° H/cn?, for a sky coverage of 12%).

Aims. These observations contradict the usual thinking of unifdust properties, even in the mosffdse areas of the sky. Thus, our
aim is to explain these variations with changes in the ISMpprtbes and with evolution of the grain properties.

Methods. Our starting point is the latest core-mantle dust models Thodel consists of small aromatic-rich carbon grains,eliarg
amorphous carbonaceous grains with an aliphatic-rich @edean aromatic-rich mantle, and amorphous silicates (mdf olivine
and pyroxene types) with figeS nano-inclusions covered by aromatic-rich carbon rantWe explore whether variations in the
radiation field or in the gas density distribution in th&ase ISM could explain the observed variations. The dustgtigs are also
varied in terms of their mantle thickness, metallic nandtisions, carbon abundance locked in the grains, and sgébditions.
Results. We show that variations in the radiation field intensity aag density distribution cannot explain variations obseémvéh
Planck-HFI but that radiation fields harder than the stashd&RF may participate in creating part of the observed tiaria. We
further show that variations in the mantle thickness on tiaéng coupled with changes in their size distributions egraduce most
of the observations. We concurrently put a limit on the netitlckness of the silicates, which should not exceed to 15 nm, and
find that aromatic-rich mantles are definitely needed focdr@onaceous grain population with a thickness of at less7% nm. We
also find that changes in the carbon cosmic abundance irttlndke grains could explain part of the variations in dusteslsations.
Finally, we show that varying the composition of metallianéanclusions in the silicates cannot account for the Vi, at the
same time showing that the amount of FeS they contain camnet% by volume.

Conclusions. With small variations in the dust properties, we are ableian most of the variations in the dust emission observed
by Planck-HFI in the dfuse ISM. We also find that the small realistic changes in tts¢ ploperties that we consider almost perfectly
match the anti-correlation and scatter in the obsepred relation.

1. Introduction dust radianceR = fvlvdv, luminosity Ly = 47R /Ny, and

opacity o, = 7,,/Ny. For the most dfuse areas of the dky
Dust is seen everywhere in the Milky Way and it is knowiil0'® < Ny < 2.5 x 10°° H/cn¥), the opacity is found to de-
that dust properties evolve from theffdise interstellar medium crease with increasing temperature while the luminosityaias
(ISM) to denser regions (Bernard ef al. 1999; Ridderstadl et almost constant(; ~ 3.5x 10-31 W/H). This strongly suggests
2006; | Schnee et al._2008; _Koehler et al. 2012; Ysardlet ghriations in dust properties since variations in the stihar
2013). Except in a handful of studies (see for instance Beidiation field (ISRF) would lead to an increased luminosity
et al. 2009 and Veneziani et al. 2010 for studies in emissioombining Planck-HFI and Sloan Digital Sky Survey (SDSS)
and Fitzpatrick & Massa 2005, 2007, and 2009 for studies éfata, PCXI derived the dust visible extinction foffdse ISM at
extinction), before Planck-HF[_(Planck Collaboration 1129, high Galactic latitudeE(B — V), to far-IR emission ratio to be

it has generally been assumed that dust properties were B{8-V)/R ~ 5.4x 10°. Additionally, PCXI found that the varia-
same everywhere in theftlise ISM (see for instance Boulangetions inT andg are globally anti-correlated on the sky. These au-
et al. 1996, forNy < 5 x 10°° H/cn?). However, Planck thors used a two-step fit to limit thefect of instrumental noise
observations seem to contradict this assumption. Indes-v on the estimate of andg and showed that most of the variations
tions in dust spectral energy distribution (SED) were obsgr measured at high Galactic latitude are truly related toati@ms

by Planck-HFI, which suggest that dust properties may vaiiy the dust emission, even if a significant but subdominaad-fr
within the difuse ISM {(Planck Collaboration XXIV_2011; tion of the observed anti-correlation comes from cosmiirefd
Planck Collaboration XVII | 2014; | Planck Collaboration Xlbackground anisotropies. The uncertaintiesToand 8 due to
2014 Planck Collaboration XXIX 2014). these anisotropies are0.4 K and~ 0.1, respectively.

Using a pixel-to-pixel modified black-body? fit, Planck  The goal of the present analysis is to explain the variations
Collaboration XI (2014, hereafter PCXI) modelled the &y-s i the dust SED at high Galactic latitude as presented by PCXI
emission from 353 to 3000 GHz; = 7,,B,(T) (v/vo)’, where
7y, is the optical depth aty = 353 GHz,T is the dust colour 1 These areas correspond to the two areas described as\ij;band
temperature, ang is the spectral index, assumed to be contowest 1%” in the last two lines of Tabs. 3 and 4 in PCXI and éav
stant from 10Qum to 353 GHz. Besides, PCXI computed thaky coverage of 12%.
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using a physical dust modél (Jones ét al. 2013). Theseieariat  The variations in the dust observables presented by PCXI are
may be explained by two phenomena. Either the dust envirdrased on a pixel-by-pixel modified black-bog¥/fit. These fits
ment is varying (density distribution, radiation field ingity were performed for the all-sky IRIS 1Q6m band (3000 GHz,
and hardness) or dust properties are changiadving. In the Miville-Deschénes & Lagache 2005) and Planck-HFI 857,,545
following, we explore these two options: firstly, throughildu and 353 GHz bands (350, 550, and §40). To compare the
ing models of the ISM density distribution and varying the raesults of PCXI to the dust model directly, we fit the modelled
diation field ; and secondly, through varying the propertiés dust SED in the exact same Wy.e. integration in the IRAS
the[Jones et all_(2013) dust model. SEEt. 2 describes thelsnoded Planck bands, followed by a modified black-body fit.
and tools that we use to describe dust emission and extinctio The results for the diuse ISM (16° < Ny <
in the ISM. SectB shows the influence of varying the enviro@:5 x 10?° H/cn?) presented in PCXI after computing,
ment properties on the dust observables, whereas[Secta#sdeg andr,,, can be #iciently summarised with the following few
the influence of dust property evolution. The counterpaslbf parameters:
these variations in terms of extinction is also compared8®0 _ the radianceR = f I,dv;
vations. Concluding remarks are given in SELt. 5. — the luminosity:Ly Z 4R /Ny

— the opacityo,, = 7,,/Nu.

From these parameters, six figures show the variations and

2. Dust model and tools relations among dust observables (see for instancé&Fig. 1):
— Panel a: the 8 — T relation (Fig. 16 in PCXI, for
2.1. Dust model which we apply the diuse ISM mask corresponding to

Our starting point is the_Jones ef al. (2013) dust model as JFQ;Q < TE <h2.EX 102_?_"'/('3”‘_2) : heir Eig. 20). in whicli i
dated by Kohler et al[(20114). It assumes that dust in the dff a(?e E)t el H Vs. T relation (their Fig. 20), in whict., is
fuse ISM consists of small grains of aromatic-rich carban (r oundto be almost constant ;

diusa < 20 nm) and larger core-mantle grains, for which thg Panet: c. thg Ut;o vs. T_anti-correlation (\t/hleir Fi%'4 20), g
cores are composed either of amorphous aliphatic-rictocesb zFi)Iso I? se"rve yI_)I(D_)I(ain_dé_C_o‘llLa.b_QLanQn_M L (2014) an
of a mixture of amorphous silicates with the normative creahi Planck Collaboration XXIX|(2014) ;

compositions of olivine and pyroxene (with half of the tateiss ~ Paneld: ther,, to Ny ratio (their Fig. 22) ;.

of silicate grains in each type). For all types of grains, tren- ~ Panele: theE(B - V) to 7,, ratio (their Fig. 23) ; and

tles are made of aromatic-rich carbons with a thickness @ff20 — Panelf: the E(B - V) to R ratio (their Fig. 23).

for the carbon cores and 5 nm for the silicate cores. Moreover ) )

iron and sulphur are incorporated into the silicate coretaén [N the following sections, we compare all our results to the
form of metallic nano-inclusions of Fe and FeS. They represé?Pservational results of PCXI using these six figures (see fo
10% of the total core volume, of which 30% is FeS and 70% jgstance Figlll). In panels (top left), b (top middle), andc

ure Fe. The corresponding elemental abundances andedus#PP r1ght), PCXI estimated the hydrogen column densityduse
gas mass ratios are IFi)sted ir?Tab. 1. to computely ando,,, from the LeidepArgentingBonn (LAB)

. L . f Galactic HI for the atomic palt (Kalberla ellal. D0
In Sect.[#, we deviate from this original composition b urvey o >
changing the mantle thickness on the carbon and silicatasgyra nd from the Planck’CO J-0-1 map (type 3) for the molec-

: ; : o lar part, which has a high signal-to-noise ratio and is the
and the volume of the FeS inclusions in the silicates. Werassu" L . . . . ;
that 30%, 50% or 100% of the metallic nano-inclusion volume pest suited to detect faint CO regions at high Galacticuaés

made of FeS. For the carbonaceous grains, we consider ma anck Coll noration X| 12014). Consequently, it does ac
thicknesses of 0. 5, 7.5, 10, 20, and 30 nm, and for the sikaaft count for the ionised hydrogen and molecular gas not detecte

0,5, 7.5, 10, 15, and 20 nm. In all cases, we assume a fixed éﬁgo that can be present along the lines of sight. As expdaine
distribution, meaning that when the mantle thickness mses in PCXI, their estimate oy, for panelsb andc is thus a Iqwer
(decreases’) compared to the stanfard Jones et all (20t8) m(l)lmlt. For these first three panela, (b, andc), the observational

the size of the core decreases (increases) accordinglyorhe results are the density of points maps, on which we overplot-

sponding elemental abundances and dust-to-gas massagtiod€d Yellow contours: the central contour encloses 50% of the
listed in Tab. 1 observed pixels and the external contour 75%. Additionaily

panelsb andc, the median values of the luminosity and opacity,
in equally spaced bins of temperature, are overplotted at&wh
2.2. Methodology circles with “error bars”, which are theiwtdispersion.
) ) . . In paneld (bottom left), the opacity is plotted as a function
The optical properties of the core-mantle grains are demvieh  of N, also estimated from the LAB survey and the Planck type
the BHCOAT routine [(Bohren & Hfiman ) and for the 3 cO map, but smoothed to 30’ resolution. The observati@ial r
variations in the metallic inclusions, we use the Maxwedlr@ett gits are represented by black circles, which are the median
effective medium theory as describedlin Kohler etlal. (2014)es of the opacity in each bin of column density (equally spac
Once the grain optical properties are known, the correspgndin |og), and the black “error bars” are the-Hispersion ofr,,
emission and extinction are computed with the DudirMde in eachNy beam.
described in_Compiegne etlal. (2011). DustEM is also caliple TheE(B - V) values used in i
U : panets(bottom middle) and
to the 3D radiative transfer code CRT (Jullela 2005: Ysardl et fbottom right) come from the Sloan Digital Sky Survey (SDSS)
[2012). This allows us to calculate the dust emission andexti on quasars. (Schneider et al. 2010). These SDSS data cover a

tion for various density distributions and a range of hy@mg 5yger column density rangdNf; < 6.25 x 10?* H/cn?) than
column densitied\y, similar to those measured by PCXI.

3 N.B. As shown in Fig. 14 df Jones efldl. (2013), the spectidgsin
2 The DustEM code and associated plotting routines can be -dowhactually varies across this entire wavelength range. Hewdixing
loaded ahttp://www.ias.u-psud.fr/DUSTEM/. thep-value is the best one can do with only four observationatlban
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Table 1. Dust model abundances and dust-to-gas mass ratios. Theofustn lists the aromatic-rich carbon mantle thickness, th
second column the grain density averaged over the sizéadititm, and the other columns the elemental abundanceg(in) of C,
Si, Mg, O, Fe, and S within the grains. For the carbonaceaisgrwe distinguish between carbon in aromatic-rich (hegaind
aliphatic-rich (core) forms. The carbons included in tHieaies are those of the aromatic-rich mantles.

Small amorphous carbon graires< 100 nm)

Mantle thickness (nm) P (g/CI’Tﬁ) Ma/M [%]aromatic [g]aliphatic [%]total
0 1.6 017x10°? 0 143.5 143.5
5 13 014x 1072 111.7 1.7 113.4
7.5 1.3 014 x 1072 114.6 0.9 1155
10 1.3 014 x 1072 115.4 0.5 115.9
20 1.3 014 x 1072 117.4 0.2 117.6
30 1.3 014 x 10°2 118.1 0.1 118.2

Big amorphous carbon grains (1&0a < 200 nm)
C

Mantle thickness (nm) P (g/CI’Tﬁ) Ma/M [%]aromatic [g]aliphatic [ﬁ]total

0 1.60 064x 103 0 53.1 53.1
5 1.35 054x 1072 6.6 45.0 51.6
7.5 1.33 063x 102 9.3 41.7 51.0
10 1.32 053x 1073 11.7 38.7 50.4
20 1.31 052x 1073 22.1 25.9 48.0
30 1.30 052x 1073 39.6 4.4 44.0

Amorphous silicate grains (109 a < 200 nm)
Mantle thickness (nm) p (gcn?®) — Ma/My  [§] [R] [g]

H

H

L -

0 2.95 068x 102 445 63.1 1521 29.1 6.2

5 1.60 037x102 385 545 1315 252 54 33.9
7.5 1.48 B4x 102 36.0 510 1229 235 5.0 48.1
10 1.42 033x 102 337 47.7 1151 220 4.7 61.1
15 1.36 032x 102 29.3 41.6 1003 192 4.1 85.5
20 1.33 031x102 248 351 847 162 35 111.2

shown in the four previous figures. These measures were p@#\M): considering a 2 pc-long box filled with a 1/&m®
formed along 53399 separated lines of sight. In paredsd gas with a denser filament at the centre (1 pc wide @&nd=
f, we only show the PCXI results corresponding to the sam@0 Hcm?) ; andiii) WNM: assuming three dlierent boxes
column density range as in previous figures’®1& Ny < filled with a gas withny = 1 H/cm® and lengths of 20, 30, and
2.5 x 10°° H/cn?, in order to make all of them comparable. Thet0 pc. The lengths of the boxes were chosen to match the col-
observational results are represented by black circles, eae umn density range measured along the line of sigh £Ny <
being the average of the(B - V) values in ar,, (Fig.€) or R 2.5x 10°° H/cn?, presented in PCXI. These three cloud models
(Fig. f) bin. As explained by PCXI, the bin sizes are variable iare then illuminated by the standard ISRE (Draine & Anderson
order to keep the same number of samples perMig (1 000). [1985%), for which we vary the intensity fro@, = 0.8 to 1.4. As
The “error bars” are the standard deviation of 8@ — V) for seen in Secf_211, for all cases, the dust populations are-amo
each bin, divided byVN. The solid black lines present the besphous carbon and silicate grains with aromatic-rich carnan-
linear fits computed by PCXI for the visible extiction to sulnm tles 20 and 5 nm thick, respectively.
optical depth and radiance ratios, respectively. The results are presented in Hiyj. 1. As expected for opyicall
Finally, in all panels, the thick coloured lines show our modhin media, it appears that variations in the gas densityilis
elling results for a physically reasonable set of dust mpdel tion of the medium do not produce any significant changes in
rameters, without attempting to fit the data. the dust observables (Fids. 1a, b, c, d, e, f, where all thestaod
more or less overlap). For instance, the variation in duspes-
] ature does not exceed 0.15 K, when comparing the three cases
3. Dust environment of density distribution. Then, for variations in the ISRFen-

o ity from Gy = 0.8 to 1.4, we see that the colour temperature
As suggested by PCXI, one way of explaining the dust observiaY. .
tional results measured in the high Galactic latitudeugie ISM~ Va''€S zy';] 3 K (from ~ 19| to 22 K) but tha;TSe spic;ral '(';
could be to consider variations in the dust environmenteHefi€x and t ggpafgyz?r?n‘;"mos_lfhco?swﬂﬂh 5 KI) ’ (?Bn
we investigate variations in the gas density distributiorttie 7353 GHz ~ ©.9 X * cm/H). The two highest values dko
medium, in the ISRF intensityzq], and in the radiation field (1.3and 1_'4) Iead.to mcpns&tdﬁ({B—V)/R ratios. This means
hardness. that even if ISRF intensity variations contribute to chawgihe
For the density distribution, we consider three cases. @h¢liSt temperature, they cannot explain the observed vamgli
include:i) cold neutral medium (CNM): assuming a 2 pc-lond’e also investigate the influence of the radiation field hard-
box filled with a gas with a density varying linearly from 2 GZSIEC%Z ﬁgﬁtﬂgztsog)sﬂéamgség}gggg’pﬁg :tr?]rs;%cgtt?gﬁtlo
to 70 Hen?® ; ii) CNM surrounded by warm neutral medium ; . . ,
H ) y the dust heating at high latitudes. These stars have hader r
4 Scaling factor for the radiation field integrated betweenn@l a ation fields than the standard ISRF for variable intensites
13.6 eV. The standard radiation field correspondsGe = 1 can expect that when reaching high latitudes, the radidikxbh
(Draine & Andersoln 1985). of these stars would be decreased by a significant factar afte
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Fig. 1. Influence of the density distribution in the local ISM (sdltes with a 5 nm thick mantle and carbons with a 20 nm thick
mantle). Cold Neutral Medium (CNM) withy = 25 to 70 Hem?® is shown in pink, CNM withny = 100 Hcm? surrounded by
Warm Neutral Medium (WNM) witmy = 1 H/cm? is plotted in yellow, and WNM witiy = 1 H/cm? is displayed in turquoise.
The three models overlap in the figures. The radiation fieddisis varied with B < Gy < 1.4. In paneld, e, andf, seven lines of the
same colour are plotted. Each of these lines corresponddifteeent value of5,. For instance, in panélthe turquoise lines from
left to right correspond t&y = 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, and 1.4, respectively. The mddé#isg below the observe# (B — V)

to R ratio are those illuminated by an ISRF scaled v@h= 1.3 and 1.4. See Se€i 2.2 for description of the black and ihite
and symbols.

going through many insterstellar clouds. To test this, we-co4. Dust properties

sider black-bodies withféective temperatures of 10 000, 20 000 . L . .

30000, and 40 000 K. The black-body intensities are normalisC2nges in the intrinsic dust properties are likely to predu
to corréspondtﬁ;o ~1,1.5,2,2.5, and 3. For a giveh, the ab- variations in the dust observables. In this section, westigate
sorbed power in the visiblgV range is thus constant, whereadD® extent of their influence by varying four parameters desc
the colour changes (i.e. the energy of the average absotzed g9 the grain properties: the thickness of the aromatib-car-
ton increases with increasingfective temperature). The result on ’.“.a”“e& the composition of the metallic nanp-lnclusm
are presented in Fifgl 2. The model illuminated by a blackybod€ Silicate cores, the total abundance of carbon in dusitiizn

at 10000 K cannot reproduce the observed extinction tomagia 9"ain Size distribution. . .
ratio (orange line in Fid.]2f) but the three other cases fitiia Th_e variations in the m_antle thlck_ness lead to 42 poss_lble
with T ~ 19— 23 K andg ~ 1.3 — 1.45. Variations in the radi- combinations between grain populations and the compasitio

ation field hardness may thus take part in creating the obder’ the metallic inclusions to 14 combinations (see Seci).2.1
variations in the dust observables. All these combinations are considered when we vary the car-

bon abundance and when we change the size distribution, Thus
we explore 280 grain population combinations in total and fo
each, we calculate the emission for sevefedent ISRF intensi-
ties (i.e. 1 960 emissiarextinction models). To keep the figures
and results as easy to understand as possible, we do not Bhow a
As can be seen from Fidl] 1d, the standard model ppssible combinations in this section but vary only one prop
Jones et al[(2013) as updated by Kohler étal. (2014) does abeach step.
fit the median results presented in PCXI (black and white cir-
cles in Fig[1). This was to be expected for two reasons.,First - :
their model was designed to fit pre-Planck data. Seconde thgél' Aromatic-rich carbon mantle thickness
authors fitted their model to explain observations of a siige ~ Grains in the core-mantle Jones €t al. (2013) dust modelaand
of sight in the solar neighbourhood, for which the condisionupdated by Kohler et al. (2014), are covered by an aronmaic-
are diferent from those found at higher Galactic latitude, espearbon mantle, which is 20 nm thick for the carbon grains and
cially regarding the column density and the ISRF. The iritgns 5 nm thick for the silicate grains. The aromatisation of thiéeo
of the radiation is indeed fundamental to set the thicknéfseo layer of the carbonaceous grains is assumed to result fratoph
aromatic-rich carbon mantles on the grains. processing by stellar UV-EUV photoris (Jdhes 2012a,b). fr t
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Fig. 2. Influence of the radiation field hardness (silicates with arbthick mantle and carbons with a 20 nm thick mantle). The
black-body with an fective temperature of 10000 K is plotted in orange, 20000 Kraen, 30000 K in blue, and 40000 K in
pink. The intensity of the radiation field is also varied witkt Gy < 3. In panels], e, andf, as in Fig[1, each of the seven lines with
the same colour corresponds to &alient value of5. In panelsd ande, the lines are well separated because with the set of model
parameters tested here, the recovered opacity valuesiacemsiant withGy as can be seen in parelSee Seck. 212 for description

of the black and white lines and symbols.

silicate grains, this mantle originates from the accretibsmall following sections are obtained assuming an aromaticeah
carbonaceous particles onto the silicate cores. It wasstioat bon mantle thickness of 10 nm for the carbonaceous grains.

l%c'es are likely to be aromatic-rich (Brooke £1899; We also consider carbonaceous grains without mantles (or-
. . 2013), either from the start or by the same afomahge lines in FigJ3). These grains, which are made only of the
sation process as for the carbonaceous particles. Then#t8ek amorphous aliphatic-rich carbon cores, are much warmer and
of this aromatic-rich mantle may thus vary depending on thgeir emission peaks at wavelengths shorter thargb@0When
grain history, age, and environment. Hence we consider alenaherforming the modified black-body fits in the IRIS and Planck
thickness varying from 0 to 30 nm for the carbonaceous gralpg| bands, the temperature and Spectra| index of the $|mp-
and from 0 to 20 nm for the silicates. These thicknesses 'Cormation are are almost exc|usive|y measured. This |ead@t[eh
spond to abundances of 197 to 273 ppm of carbon and 45,f9ues ofg ~ 1.85 and lower values of ~ 17.5 — 205 K and
25 ppm of silicon in the grains (the variations in the sili@u- 5, .\, ~ 4.5x10727 cm?/H, which still match the observed dis-
dance come from the fixed size distribution as explained 01.Sepersion but are far from the most often measured values fwhic
2.1). are the areas surrounded by yellow contours in the figures. Fo
an intermediate mantle thickness of 5 nm on top of the carbon
) ) grains, we find similar model results but closer to the maik bu
4.1.1. Mantle thickness on amorphous carbon grains of the observational results (turquoise lines in Eig3 3; 1.75,
3GHz ~ 5 x 10727 cn?/H). This means that relatively thick
matic-rich carbon mantles are definitely needed for #re c
naceous grain population to reproduce most of the observa

The results are presented in Hi§j. 3, where we assume 5 nm trﬁﬁ
mantles for the silicate grains. For the carbonaceous gjraia bo
consider six dferent thicknesses: 0, 5, 7.5, 10, 20, and 30 n
For 7.5 to 30 nm thick mantles, the models match the observa-
tions within the br-dispersion around the median values. The 20
and 30 nm cases yield similar results for all the observables 4.1.2. Mantle thickness on amorphous silicate grains

and pink lines in Fid.13), whereas the 7.5 and 10 nm casesiéxhib

significant diferences (green and yellow lines in Hi§. 3). For inThe results are shown in Fig. 4, where we assume a 10 nm thick
stance in the case of a 10 nm thick mantle, the spectral irdexaromatic-rich carbon mantle for the carbonaceous graiixs. S
higher by~ 0.1 (Fig.[3a,8 ~ 1.55 or ~ 1.65 for a 7.5 nm thick thicknesses are considered for the mantles of the silicaieg
mantle), while the opacity at 353 GHzss3 gH/Nu, is lower by 0, 5, 7.5, 10, 15, and 20 nm. A 20 nm thick mantle would mean
~ 20% and almost perfectly matches the median measuremehtt 111 ppm of the cosmic carbon is locked in the silicatengra

of PCXI for the optical depth and radiance to extinctionaati which means that our models never use more than a total of
(Figs.[3c, d, e). As a consequence, the results presenté@ in280 ppm of carbon, in agreement with the measurements of cos-
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Fig. 3. Influence of the aromatic-rich carbon mantle thickness onrahrous carbon grains (for silicate grains with a 5 nm thick
mantle). Models with no mantle (orange), with mantle thiegses of 5 nm (turquoise), 7.5 nm (green), 10 nm (yellow), 20 n
(blue), and 30 nm (pink) are displayed. In the panels whegeotiange lines are not visible, it is because they overlaly thi¢
turquoise lines. The radiation field is also varied wit@ @ Gy < 1.4. See Secf 2.2 for description of the black and white limes a
symbols.
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Fig. 4. Influence of aromatic-rich carbon mantle thickness on ammaup silicate grains (for carbon grains with a 10 nm thick
mantle). Models with no mantle (orange) and mantle thickes®f 5 nm (turquoise), 7.5 nm (green), 10 nm (yellow), 15 Iniong)),
and 20 nm (pink) are displayed. In Fig,.the blue and pink lines are out of the plot witl2 k g < 1.3. The radiation field is also
varied with 08 < Gy < 1.4. See Seck._ 2.2 for description of the black and white limessymbols.
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mic elemental abundances_(Parvathi ét al. 2012; Asplund et@arbonaceous grain#lg/My = 1.98 x 10°°) ; and second, we
2009; Sofia & Meyer 2001; Dwek et/al. 1997). add 60 ppm in both bigNlg/My = 1.26 x 10-%) and small car-

For thicknesses up to 10 nm, the models match the obse@naceous graindfs/My = 2.13x 10°%).[Parvathi et &1/ (2012)
vations. Thicker mantles (15 and 20 nm) must be rejected &§o found lines of sight, where the carbon abundance indse d
their optical depth at 353 GHz is too high by60 to 90% (blue s very low. These observations could be explained by logat v
and pink lines in FigsJ4c, d) and thegevalues are far from ations in the cosmic carbon abundance or by the destruction o
the main bulk of the observed dispersion witl2 k g < 1.3. carbonaceous grains. Indeed, Bocchio et al. (2014) shdwatd t
The extinction to submm optical depth ratios are also tootgw in supernova shock waves carbon dust is easily destroye, le
factors~ 1.4 and 1.6, for 15 and 20 nm thick mantles, respe#?g to the complete destruction of the smallest grains aactie-
tively. These results hold when considering combinatioith w crease in the amount of big carbon grains. They further shat t
carbonaceous grains having 20 and 30 nm thick mantles. Eor §licate grains are more resilient to shocks than carbomgyra
carbonaceous grains without mantle or with a thin 5 nm mantfeonsidering this, we explore théfect of including less carbon
we can no longer reject the silicates with 15 nm thick mantlei§ the grains. We thus remove all the small carbonaceousgrai
This can be understood from Fi@$. 3c, d. Indeed, frezeof dra- and assume that only 12 ppm of carbon are inside the big car-
matically decreasing the thickness of the aromatic-rigei@n bonaceous graindy/My = 0.14x 10°3).
carbonaceous grains is to decrease the opacity at 353 Glidz. Th The results are presented in Fig. 6 for carbon and silicate
is enough to couterbalance thigeet of the 15 nm thick mantles grains with 10 and 5 nm thick aromatic-rich carbon mantles, r
on top of the silicate grains. However, it seems physicatisen  spectively. For an increase in the carbon abundance in gieggr
alistic to assume that the mantles are removed from the narboboth models match only the optical depth deduced for thesline
ceous grains, while, at the same time, increasing theikmigiss of sight with the lowest column densitiel{ ~ 6 x 10'° to
on the silicate grains. 107° H/cn?) but otherwise deviate from the data points (Elg. 6d).

Increasing the abundance of carbon in the grains may thus ex-
» ) ) ) plain part of the variations measured towards the ma$usk
4.2. Composition of the metallic Fe/FeS inclusions areas of the ISM but cannot be the main explanation for the en-

The[Jones et Al (2013) dust model includes metallic iromnantire range of variations. The results for a decrease in theora
inclusions inside the silicate grains. They are includedhia abundance in dust are represented by the green lines iflFig. 6

form of metal making up 10% of the grain volume and usin or that particular case, we considered radiation fieldnisite

L toGp = 5. Indeed, if we assume that the carbon grains
70% = 25 ppm of the cosmic iron. Subsequerttly, Kbhler ét af o> UP 10%o ; :
(2014) showed that silicate grains can be a reservoir ferint ahre ldestlroygq tk_)y S;!pﬁj”.‘o‘l’.i Slho,[Ckbwa#e-Sh—(B-?ﬁ-debffu 2t014)
stellar sulphur in the form of FEeS inclusions and that as muct] edodcig raIISaI\/Ilor\}Vlef' dlsthl tedy 0 be Igther an mt f(la)fsa
as 5 ppm of sulphur can be included without major changesd@"d difuse ISM. We find that decreasing the amount of big car-

the dust emission and extinction (i.e. 30% of the volume ef #pon gramsSIgadlgzza; hr;%hfr Nh.ll'stﬁmlj a !owe_: qpt(ljcal dept%
metallic inclusions is FeS). However, the amount of sulghur ¢353 GHz ™~ 2-2X cm?/H, while the luminosity is decrease

cluded in the grains is still an open question and, for thasoe, by ~ 10 to 15%. This is thus a likely scenario to explain part of

we investigate the influence of FeS inclusions on the dugtrobs the observed variations in the dust properties.

ables. We consider threeffirent volume fractions of FeS in Fe

inclusions: 30%, 50%, or 100%. This corresponds to 25 ppm 8% Grain size distribution

Fe and 5 ppm of S, 23 ppm of Fe and 9 ppm of S, and 18 ppm of

Fe and 18 ppm of S, respectively. The grain size distributions can be altered by processdsasic
The results are shown in Figl. 5. The two first cases with Zattering and sputtering in thefilise ISM (Bocchio et al. 2014,

and 50% of the inclusion volume filled with FeS do not shol2012{Jones et Al. 1996; McKee 1989; Seab 11987). To investiga

any diference (pink and yellow lines, which overlap in Hig. 5)the dfect of variations in the grain sizes on the dust observables,

However, the case, where 100% of the inclusions are FeS, musttest this by dividing the centre radius of the log-nornieg s

be excluded as its spectral index iff by ~ 0.1 to 0.2 with dist_ributions by a factor of 2 for both silicate and carbaemes

B ~ 1.25, its optical depth at 353 GHz is too high by60% grains.

for Ny > 10°° H/cn? (turquoise line in Fig[lbd), and its ex-  The results are shown in Fig. 7 for carbon and silicate grains

tinction to optical depth ratio is also too low by a facterl.5 with 10 and 5 nm thick aromatic-rich carbon mantles, respec-

(Fig.[He). We conclude that a variable composition of theafet tively. The smaller grain populations lead to colour te%s

lic nano-inclusions cannot account for the variations mdlust about 1 K higher than the standard population et al

observables in the fluse ISM. Conversely, the far-J&ubmm (2013), while the spectral index and the opacity at 353 GHz re

observations do not provide a strong constraint on the FeS cmain almost the same (Fids. 7a an@ge; 1.55, T ~ 20— 23 K,

tent (in nano-inclusions) in interstellar dust. andossz ghz ~ 7 X 10727 cn/H). This allows us to reproduce

some of the observational results for thé&wse ISM and vari-
ations in the grain size distribution are thus a likely seceanto
4.3. Carbon abundance explain at least part of the observed variations.

In the[Jones et &l. (2013) dust model, about 200 ppm of the cos-

mic carbon is in the grains. The observational estimate ef th 5 Extinction

carbon abundance inside the grains varies depending orbthe o

served line of sight. For instande, Parvathi etlal. (2012ntb For consistency, we finally check that the extinction cuic@s
that as much as 395 61 ppm of the cosmic carbon is in dustresponding to our various dust models are qualitativelygiree-

in the direction of HD 207198. Considering this, we expldre t ment with the extinction measurements towards ttieisé ISM
effect of adding more carbon in our dust model by making twmade by Rieke & L ebofsky (1985), Mathis (1990), and McClure
different assessments: first, we add 120 ppm of carbon in the {#809). We are only looking for qualitative agreement as¢he
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Fig.5. Influence of the composition of metallic iron inclusionsr(fmrbonaceous grains with a 10 nm thick aromatic-rich aarbo
mantle and silicates with a 5 nm mantle). We show models, &B8fb (yellow), 50% (pink), and 100% (turquoise) of the iron
inclusions are made of FeS. The first two models almost piyfewerlap in the figures (yellow and pink lines). In Fig,. the
turquoise line is out of the plot with ~ 1.25. The radiation field is also varied with80< G < 1.4. See Seck_2.2 for description of
the black and white lines and symbols.

measurements were done for lines of sight lefisisié than those
presented in PCXI, witi ~ 0.1, 0.4, and 0.3, respectively (to
be compared with our models: T0< A¢ < 1.5x107?for carbon
grains with 10 nm thick mantles and silicates with 5 nm mantle
and 16° < Ny < 2.5x 10?° H/cnmP). The results are presented in
Fig.[d for extinction curves normalised at 4. The standard
dust model of Jones etlal. (2013) reproduces the obsergation
of Mathis [1990). Variations in the aromatic-rich carbonntbe
thickness of the carbonaceous grains have only a small infeue
on the extinction curve. However, varying the mantle thess

on the silicate grains significantly changes the height aiadhw

of the 9.7um silicate feature. While thicknesses up to 5 nm agree

0.1 1.0 10.0 with the data points frorn_Mathis (1990), thicker mantles(7.
Wavelength (um) 10, and 15 nm) lead to a broader feature, which moves towards
explaining the observational results of Rieke & L $k9gh)
Fig. 8. Extinction normalised at 10m. The black circles, boxes, andﬁbm%.

and the thick black line are observational data from Mathis Fig.[g also shows the extinction curves for the grain size dis
(1990), Rieke & Lebofsky (1985), and McClute (2009), respegiputions presented in Se€_#.4. The main result is theseh
t|Ve|y. The solid coloured lines are for models with the Starsma"er grains lead to increased extinction at short WM[B
dard size distributions from_Jones et al. (2013), whereas yisible/UV) due to an increase in absorption. This explains
dashed coloured lines show models with smaller sizes as\fy these grains are hotter than those of the standard médel o
Sect[4H. a) The models presented here are for silicategyr | 3) as shown in FiYy. 7. We conclude that our dus
with a 5 nm thick aromatic-rich carbon mantle and carbonaseanodel can qualitatively explain the extinction measureines

grains without mantle (orange), with a 5 nm (turquoise),ifr5 el as most of the variations observed in the dust SED in the
(green), 10 nm (yellow), 20 nm (blue), and 30 nm (pink) thicksglactic difuse ISM.

aromatic-rich carbon mantle. b) The models are for carbona-

ceous grains with a 10 nm thick aromatic-rich carbon mantle

and silicate grains with no mantle (orange), a 5 nm (tur@)oiss  conclusions

7.5 nm (green), 10 nm (yellow), and 15 nm (blue) thick aromati

mantle. Using the_Jones etlal. (2013) core-mantle dust model, wesinve
tigated whether the variations in the dust colour tempeeatu
spectral index, and opacity observed by PCXI in the md&tsi
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Fig. 6. Influence of the carbon abundance (for carbonaceous grédihsvi0 nm thick aromatic mantle and silicates with a 5 nm
aromatic mantle). The solid yellow lines show the model wiith standard carbon abundancé of Jones et al.|(2013), Hepsut
lines with an extra 60 ppm in both the small and big carbonasegoains, and the solid turquoise lines with an extra 120 joptime
big carbonaceous grains only. The solid green lines showethdts for the case, where only 12 ppm of carbon are inclidéue
big carbonaceous grains (see Sect. 4.3 for details). Thati@mufield is varied with B < Gg < 1.4. The dashed green lines present

the results for the same carbon abundance as the solid gmesrbut for 14 < Gy < 5. See Secl_2.2 for description of the black
and white lines and symbols.

areas of the Milky Way (18 < Ny < 2.5x107°H/cn?) could be  SED. Finally, our dust model can also explain ghe T relation
explained by varying the dust properties. We also testethior measured by PCXI. We show that the scatter ingtvalues pro-
consistency with the dust extinction and the luminosity ssee- duced by variations in the dust intrinsic properties areugihdo
ments. Our results are summarised in Elg. 9, where we gatherexplain most of the observed scatter withindd < 23 K and
the valid dust models that we present (pink dashed areas). 1.3 < g < 1.8 (Fig.[9a). Our results thus suggest thatghe T

) ) ~ando - T anti-correlations observed in thefidise ISM could
We show that the median observations (black and white ciimply be due to a scatter in the dust properties.

cles in Fig.[®), as well as most of the dispersion, can be ex- ,

plained with little variations in the radiation field and hat In summary, we have shown the capacity of the new dust
small assumptions about the variagievolution of the dust prop- Model to explain the observed trends with ph_ysm%l_%
erties. These include variations in the aromatic-rich canman- dust property variations. We therefore consider g5 €
tle thickness on both silicate and carbon grains and variati (2013) model to be rather robust. However, along a few lifes o
in the grain size distributions towards smaller grains tivuat  Sight higher temperatures are founid ¢ 22.5 K), which we

is usually inferred from the observations of the standafd dffannot explain with changes in the dust properties or indde r
fuse ISM. Smaller grains can for instance explain higheoweo! ation field. These few lines of sight might include Hll or high
temperatures for constant radiation field. For the manitkth Shocked regions, or even grains with peculiar propertiestda
ness, we found an upper limit ef 10 — 15 nm for the silicate peculiar history. Detailed analyses of well-known linessigfht
grains and a lower limit o& 5 — 7.5 nm for the carbonaceous(rad'at'onf'e|d_ colour and_mtensny, local density, gasperties,
grains. Thicker mantles lead to lowgrvalues for both types carbon depletion, dynamics...) are needed to understaaalgx

of grains but to higher submm opacities. We only considerd¢hich mechanlsms produce the observgd variations in tht? du.s
aromatic-rich carbon mantles @ﬁb@zom shdveed Properties, and how r_nuch these properties depend on gi&in hi
small carbonaceous particles and aliphatic-rich carbonties tories, ages, and environments.

would be aromatised in less than®y@s in the standard fuse

ISM (Avy < 0.7 andGp = 1). Thus, for the high Galactic lat-

itude dituse ISM, we favour a dust model with aromatic-rich

carbon mantle thicknesses in the range—20 nm on carbona- Acknowledgements. We thank our anonymous referee for his careful reading,
ceous grains and 5 10 nm on silicate grains, with the stan-which helped to improve the paper. We would also like to thenBoulanger,

. [ . . V. Guillet, and L. Verstraete for many interesting discassiabout cosmic dust.
dard Jones et 13) dust size distributions. Locakviars This research was, in part, made possible through the fialasaepport of the

in the carbon abundance inside the grains may also takerparience Nationale de la Recherche (ANR) through the prograwis Dust
producing some of the observed variations in the fasliRmm (ANR-07-BLAN-0364-01) and CIMMES (ANR-11-BS56-029-02).
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Fig. 9. Observational data points are the same as in Figs. 1 to 6. ifkelpshed areas show all the values of the dust observables
that can be produced by the valid dust models presented is.Beand¥, i.e. all dust population combinations excep?d G&S
nano-inclusions, silicates with 15 and 20 nm thick arometh carbon mantles, and aliphatic-rich carbon graingatit mantles.

For models with increased carbon abundances (see[Sdctw4. 3 cluded only those witthy < 10?° H/cn?. Also plotted are
models with a decreased carbon abundance. The radiatidnsfiedried with 08 < Gg < 1.4. We further include models for which
dust is illuminated by harder radiation fields than the staddSRF (Secf.]3, for black-bodies at 20 000, 30 000, and 800&and
Go=1,15,2,2.5,and 3). See Sdctl]2.2 for description of thektaad white lines and symbols.
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