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ABSTRACT

The Planck and Herschel missions are currently measurimdathinfrared to millimeter emission of dust, which corrggnwith
existing IR data, will for the first time provide the full sgeal energy distribution (SED) of the galactic interstellaedium dust
emission, from the mid-IR to the mm range, with an unprectztbeensitivity and down to spatial scale80”. Such a global SED
will allow a systematic study of the dust evolution proces@g. grain growth or fragmentation) that directffeat the SED because
they redistribute the dust mass among the observed graés.sthe dust SED is alsdfacted by variations of the radiation field
intensity. Here we present a versatile numerical tboktEM , that predicts the emission and extinction of dust graiaergtheir size
distribution and their optical and thermal properties. ides to model dust evolutiobustEM has been designed to deal with a variety
of grain types, structures and size distributions and tolbe ® easily include new dust physics. We BsstEM to model the dust
SED and extinction in the fiuse interstellar medium at high-galactic latitude (DHGA hatural reference SED that will allow us to
study dust evolution. We present a coherent set of obsensfor the DHGL SED, which has been obtained by correlatiegliR
and HI-21 cm data. The dust components in our DHGL model apoi§cyclic aromatic hydrocarbons, (i) amorphous carlaod
(iif) amorphous silicates. We use amorphous carbon dusgrréhan graphite, because it better explains the obséigadbundances
of gas-phase carbon in shocked regions of the interstekaium. Using théustEM model, we illustrate how, in the optically thin
limit, the IRAS/Planck HFI (and likewise Spitzgterschel for smaller spatial scales) photometric banasaif the dust SED can
disentangle the influence of the exciting radiation fiel@msity and constrain the abundance of small graans L0 nm) relative to
the larger grains. We also discuss the contributions of tlierént grain populations to the IRAS, Planck (and similaolyderschel)
channels. Such information is required to enable a studigeévolution of dust as well as to systematically extractirgt thermal
emission from CMB data and to analyze the emission in thedRlpplarized channels. TtmustEM code described in this paper is
publically available.
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1. Introduction sensitivity and angular resolution. Complementing thesseo
) ) ) vations with the existing IR data from 1SO, Spitzer and IRAS,

Dust plays a key role in the physics (e.g. heating of the g8ge \yill soon have at our disposal the global dust SEDs, where
coupling to the magnetic field) and chemistry (formation of H the emission from grains of all sizes is observed. Such diita w
shielding of molecules from dissociative radiation) of theer- 16,y ys to undertake systematic studies of the key dusuevol
stellar medium (ISM). Heated by stellar photons, dust &R o processes in the ISM (e.g. grain growth and fragmeomiti
diate away the absorbed energy by emission in the near-IR{gich are primarily reflected in the variation of the dusesiis-
mm range. Dust emission can thus be used as a tracer of {#&iion and, in particular, in the ratio of the abundanueat
rad|at|o_n field intensity and, hence, of star formation \aigti grains & < 10 nm) to large grains (e.§. Stepnik et/al. 2003;
Assuming a constant dust abundance, the far-IR to mm dgighais et Al._20094; Rapacioli et al. 2005; Bernélét al 7200
emission is also used to derive the total column density@lopy s eyolution encompasses many complex processes and its
a line of sight and to prowde. mass estimates. The impact stf danact may be studied using the dust SED for theude inter-
on the ISM and the use of its emission as a tracer of the 10e@b|jar medium at high galactic latitude (DHGL) as a refegen
conditions depends on the dust properties and abundan€es. \ye present here a coherent data set for the DHGL and the corre-
therefore of major importance to understand dust propseatiel sponding dust model used to match these observations.
their evolution throughout the ISM.

The instruments onboard the Herschel and Planck satel- A suitable dust model has to, ideally, explain all of the
lites are currently observing the dust spectral energyidist available observational constraints, these are prima(ijythe
tion (SED) from the FIR to the millimetre with unprecedentedxtinction curve, (ii) the emission brightness spectrdm or
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Table 1. Dust SED,v |,, and its uncertaintyr(v 1,), in unit of 10°3°W sr~* H=1 measured for the Buse High Galactic Latitude
(DHGL) medium. The DIRBE and WMAP values were obtained byrelation of the measured intensities with H | emission data
and corrected to account for the contributions of tHfeude ionized medium and theflilise molecular gas (s€eL.1). The Herschel
PACS, SPIRE and Plang@®FI values were derived by integrating the FIRAS spectruse $&.1) considering the instrument trans-
mission and color correction.

Instrument DIRBE DIRBE DIRBE DIRBE DIRBE DIRBE DIRBE DIRBE WAP WMAP

A (um) 3.5 4.9 12 25 60 100 140 240 3200 4900
v, 8.4 95 616 30.7 476 1606 2166 992 401082107
a1, 1.0 1.1 7.3 3.6 1.1 19.0 18.8 89 1510 4.910°

Instrument  PACS  SPIRE  SPIRE  SPIRE _ HFI HFT HFI

A (um) 160 250 350 500 350 550 850

v, 2170 1000 373 11.6 36.0 83 14

o(vl) 34.7 9.3 3.3 1.5 3.2 1.4 0.3

SED (Spectral Energy Distribution), (iii) the elementaplle dust evolution. The conclusions and perspectives of thigkwo
tions, (iv) the spectral dependence affiiceency of polarization are drawn together in Sddt.6.

in emission and extinction and finally, (v) the plausibildy a

given dust component in view of its likely formation and de- .

struction in the ISM. Early models focused on explaining thé The DustEM model capabilities

extinction (some of them also describing polarization bf@F  Accounting for the emission from dust, for which the proper-
ential extinction) and used silicates and carbonaceousriabt (o evolve in the ISM requires a model that easily alloves th

(€.9.. Mathis et aI.E.19':77'; Draine & Lee_19&4; Kim etal. 1994y, hroperties to be changed and mixed, and where new dust
Kim & Martinl 1995 (L1 & G_re_enb_erg 1997). In the 1980rs, thephysics can easily be incorporated and tested. In thisssesie
spectroscopy of dust emission in the IR lead to the introduGrésent a numerical todlustEM , which is designed to this end
tion of a population of aromatic hydrocarbons called pobjicy and that provides the extinction and emission for intelestelust

aromatic hydrocarbons (PAHs). However, current models aig, |ations. Note thastEM computes the local dust emissiv-

to consistently reproduce the observed extinction andstams ; ot
. . y, and as such, does not include any radiative transfeuta
(Désert et al. 1990, hereafter DBPY0) (Siebenmorgen & §&Lie 1oy 5o that it can be included as a source and extinction ier

1992; Dwek et al. 1997; Li & Draine 2001a; Zubko etlal. 200 ot L ; ; )
Draine & Lil2007, hereafter DLO7) as well as the associated éé]c?rﬁhig?gfg&ﬁg@iﬂ?;;rﬁ)ézlilg_my dealing with energyris
larization (Draine & Fraisse 2009). Further details of thestd
modelling process can be found in recent reviews on intéaste
dust, such as those by Draine (2003a); Li & Greenberg (2003){. The DustEM model

Draine (2004). We emphasize here that all of th@edéent dust
models, developed to date, have been designed using @dlgen TQ;?%Z?Mlngolderl Stv(\jrr::ts I]r?;nft?t?t 2]:9%'?;59? dburttthe %?g‘zhas
the same observational constraints (e.9. Li & Greenbergi;19 pietely re e ortra oraerto act 1
Zubko et all 2004; Draine & 11i 2007). goals\ descrlb_ed above._We use the formal_lsm_ of Déseri et al.
' (1986) to derive the grain temperature distribut@fydT and
Carbonaceous dust is often considered to be in the fobmstEM then computes the dust SED and associated extinction
of crystalline graphite because it can explain the 217 nmgourfor given dust types and size distributions. To correctlyalie
in the observed extinction curve. The question of the origthe dust emission at long wavelengths the original algoritias
of this feature is however still open because graphite cadpeen adapted to better cover the low temperad&/eT region.
not explain the band profile variability observed in the ISNUsing an adaptative temperature grid, we iteratively sBlge25
(Fitzpatrick & Massa 2007; Draine 2003a). In fact, througho from|Désert et al. (1986) in the approximation where thergra
the dust lifecycle, from dense molecular cores to tiiide ISM, cooling is fully continuoUk This topic will be discussed in de-
the grain populations are the result of complex, non-eguiilim tail in a forthcoming paper, along with its consequencegtier
evolutionary processes and it appears natural to condidér temission of small grains and gas-grain interactions. Nateun-
carbon dust is amorphous, as observations have clearlyrdemess explicitly specified in the input file, the @H calculation is
strated for silicate grains (elg. Li & Draihe 2001b; Kempeale performed for all grain populations and sizes includingsttor
2005 Li et all 2007). We follow this train of thoughtin thisvk  which the thermal equilibrium approximation would appirer
and examine the possibility that all carbonaceous grakeef@ principal input parameters for the dust model (e.g. grajpesy
PAH) are amorphous and partially hydrogenated in the itekrs dust-to-gas mass ratios) used to compute the requireditjesnt
lar medium. are read from a control input file along with keywords (e.@tth

Th . ized as follows: we first ¢ ecify the size distributions or the output®)stEM can handle
€ paper IS organized as follows. We lirst present our mgﬁﬁ arbitrary number of grain types. The built-in size disitions

DustEN and the developed dust SED-fitting tool (Sdct2). 8n/da (the number of grains of radius betwesanda + da) are

then discuss why amorphous carbon is the most likely cafg o T
. . . power law or log-normal but any size distributions ba
bonaceous dust grain component in the ISM (Sect 3). Sddtio igqen in input data files. For each grain of specific mass den-

presents a coherent data set for the DHGL SED and the asggy the radiusa is defined as that of an equivalent sphere of
ciated dust model that serves as a reference SED for the eval-*" q P
uation of the nature andfeciency of dust evolution processes. ! The grain cooling is taken to be as in Eq. & of Désert &f aB§)9
In Sect[5, we show how changes the dust abundances and si#ese the heating term is neglected and the d¢lieergy is that of the
can be traced from their global SED, thus allowing a study @frdest photons in the radiation field.
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Table 2. DHGL dust model abundances and size distribution pa-
rameters (se$d.2). Y is the mass abundance per hydrogen for oo LB B R R LLL) R R AR
each dust componertiy,, is the dust component mass as a frac- E Silicates (aSil) —---—--- -
tion of the total dust mass. - Corbonaceous

a o Y fMtot
(nm) (M/My)
PAH 0.1 0.64 810 7.7%
SamC 035 20 B510% 1.6%

a Amin ac, & Y
(nm)  (nm)
LamC -2.8 4.0 150 2.0 A4510° 14.2%
aSil -34 40 200 2.0 B810°  76.5%
TOTAL 10.210°

Mass log( 10 n,™' o dm/da )

massm = p4ra’/3. For a given dust type, the optical proper- E ‘ 1]
ties are provided as a function of the grain radiLis the data r /: ! i
files, namely:Q-files for the absorption and scatterinfligen- S S T R R AT B AR RTTIT| MR IT:
cies,Q(a, 1), andC-files for the heat capacity per unit volume, 1 10 100

C(a, TH. The Q andC values are provided over the broadest a (nm)

possible size range (usuaky.3 to 1 nm). Any grain type can

be considered once theQeandC-files have been generated angtig 1. Mass distribution for the four dust types used in the
are in theDustEM data file set. The requested dust sizes have 4G model.

fit within those used in the above files (i.e. extrapolationas
allowed).

A size-dependent weight factor (or mixing) read from a da
file can be applied to any grain type while computing its ex:
tinction and emission. This allows us to take into accountghe pustEM code is coupled to a wrapper written in IDL
number of &ects, e.g., the ionization of PAHs or more gennteractive Data Language). The wrapper allows the userrto
erally the evolution of one grain type to another as a fumctigyustEM iteratively from a code development and debugging en-
of size. The format of th®ustEM tabulated size distributions yjronment. In particular, it is possible through this iriéee, to
(and their elemental composition as a function of size, Becaprovide a given SED, and the associated error bars, to b fitte
of composite grains) data files is shared viithstEV, the dust py pustEM . The SED fitting uses thererr (Markwardt 2009)
evolution model described in Guillet et al. (2010, in prepar |pL minimization routin, which is based on the Levenberg-
tion) and which follows the evolution in composition andesizMarquardt minimization method. This allows the user toater
of charged dust grains as a result of coagulation and fragmenjyely modify any of the model's free parameters, in order fo
tion processes. The default outputs fromstEM are the emis- the model prediction to converge on the provided SED. In this
sivity per hydrogen atomNy = Nui + 2Ny,) for each grain process the wrapper uses thestEM computed spectrum to pre-
type 4rvl,/Ny in ergs*H™ and the extinction cross-sectiongict the SED values that would be observed by astronomieal in
per gram for each grain type (in ém). When required (and struments, iteratively taking into account the approprizalor
via keywords in the input control file) the grain temperatti®  correction for wide filters and the flux conventions used by th
tribution and the dust emissivity can be provided for ea@irgr jnstruments. The currently recognized settings include fin
size. When requireDustEM also allows the use of temperatureter ysed by the IRAS, COBE (DIRBE, DMR), Spitzer (IRAC,
dependent dust emissivity (see Apperidix B). MIPS), Planck (HFI, LFI) and Herschel (PACS, SPIRE) satel-

The current development plan fdustEM consists of the in- lite instruments, as well as that of the Archeops and Pronaos
clusion of (i) the spinning dust emission, (ii) the poladzex- balloon-borne experiments. The target SED can also indude
tinctioryemission, and (iii) the physics of amorphous solids ditrary spectroscopic data points, (such as for the COBEAS
low temperatures (Meny etlal. 2007). As for the mixing or ther Spitzer-IRS observations) for which no color correcimap-
S-correction, each process is activated with a keyword gimenplied. The fitting of an SED to a reasonable accuracy through
the input control file and the associated parameters orasdull this interface generally requires a few minutes of a sinddJC
values are then given in a specific filmstEM can also be used The resulting best fit parameters are provided with theigira
as a subroutine in radiative transfer models, such as thelbfeu error bars, as derived from therrr routine. The wrapper also
PDR codE, which solves for the gas state and dust emissivityses the capability ofeerr to tie various free parameters through
DustEM can also be used as a subroutine of the 3D-continuwruser specified function. It also includes the concept of-use
transfer model (CRH)of Juvela & Padoan (2003). written subroutines (e.g. a subroutine to manage the PAH ion
ization fraction). The wrapper can also be used to generate
pre-calculated SED tables for the instruments mentionedeb
which can then be used to perform regression for a limited set
of free parameters. This method is well adapted to problems

.2. The IDL wrapper

2 Size-dependent heat capacities are required to descrilg®Ao-
H ratio) and composite grains.
3 Available athttp://pdr.obspm. fr/PDRcode . html

4 Available at
http://wiki.helsinki. fi/display/~mjuvela@helsinki.fi/CRT 5 To be found ahttp://purl.com/net/mpfit
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Fig.2. Dust emission for the DHGL medium. Grey symbols and curvdiate the observed emission spectrum &éel) for

Ny = 10°°H cm™. The mid-IR ¢ 5— 15um) and far-IR ¢ 100— 1000um) spectra are from ISOCAMVF (ISO satellite) and
FIRAS (COBE satellite), respectively. The triangle at 3818 is a narrow band measurment from AROME balloon experiment.
Squares are the photometric measurments from DIRBE (COBRgk lines are the model output and black squares the mddele
DIRBE points taking into account instrumental transmissiad color corrections.

where the direct fitting of individual SEDs over many image pi the observed mid-IR emission bands. The nature of the larger
els would require too much CPU time. carbonaceous grains is less clear, in particular, becauttes o
Past applications of thBustEM wrapper to fit SEDs have lack of specific spectroscopic signatures. Graphite wag-amo
included deriving the InterStellar Radiation Field (ISR¥€pl- proposed as an interstellar dust component because itsabpti
ing factor and the dust mass abundances (Y) for the variosts danisotropy could naturally explain the polarization ofrkgat
grain types, as well as constraining the size distributibweoy dimmed by dust (e.g. Cayrel & Schatzman 1954) and especially
small grains (VSGs), based on SEDs including a combinatisimce it features a strong absorption band (due te n* tran-
of IRAS and Spitzer data (elg. Bernard €f al. 2008; Paradik etsitions in sg carbon) similar to the 217 nm bump observed in
2009b) and Herschel data (Bernard et al. 2010). Future deviaterstellar extinction (Stecher & Donn 1965). Howeveglsa
opments of the wrapper will include the possibility to sitaul feature exists in many carbonaceous materials contairing a
neously fit extinction and emission and to follow the plannemhatic rings and is not specific to graphite. In addition, de-
evolution of the fortran code. tailed modelling of the band profile by Draine & Malhotra
DustENM is developed within the framework of a collab+{1993) has shown that graphite grains cannot explain the
oration between IAS and CESR. The fortran code, the IDdbserved bandwidth variability. (Fitzpatrick & Massa 2007)
wrapper and the associated data files can be downloaded fidraine & Malhotra ((1993) suggest that this variability magy b
http://www.ias.u-psud. fr/DUSTEM. due to the presence of hydrogen or defects within graphite.

In fact, observational evidence strongly suggests thésorar
dust consists of hydrogenated amorphous carbon (HAC or a-
C:H) materials that form around evolved stars, metamonphos
there (e.g., Goto et al. 2003) and further evolve in the I1SM.(e
We discuss here the plausible nature of carbon dust graimnes et al. 1990; Pino et al. 2008; Jones 2009). HAC material
in the ISM. Carbonaceous dust is formed in the ejecta obuld also form directly into the ISM from the UV processing
evolved stars but, seemingly, must also form directly ini8d of ice mantles after leaving the dense medium as suggested by
(Zhukovska et @l. 2008; Draine 2009a; Jones 2009). The sm@reenberg et al. (1995) or via direct accretion of carbontand
est carbonaceous species contain a few tens of C-atoms@andangen (e.g._ Jones et al. 1990). In quiescent regions ofithe d
assigned to PAH-like species due to their spectral sinjlad fuse ISM~ 40% of the available carbon is observed to be in the

3. The nature of interstellar carbon grains
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Fig. 3. Long wavelength emission of dust in the DHGL medium= 041 ]
Grey symbols and curves indicate the observed emission spec i i
trum (see§i1) for Ny = 10°° H cm2. The spectrumisa g2k S— =
FIRAS (COBE satellite) measurment. Squares and diamonds i DBP9O
are the photometric measurments from DIRBE (COBE) and X A N N T
WMAP, respectively. Black lines are the model output anakla ) 5 4 6 3 10
squares the modeled DIRBE points taking into account instru 1 hy
mental transmission and color corrections. /N (um™)

Fig. 4. The extinction curve (top) and albedo (bottom) for dust
in the DHGL medium. In the top panel, the grey diamonds show
the|Fitzpatrick [(1999) extinction law fdRy, = 3.1. Error bars
%%me from the dispersion of the observed extinction curbe T
T

gas (e.g., Cardelli et al. 1996). In contrast, in regionheflSM
shocked to velocities of the order of 160150 km s as much
as 80— 100% of the carbon atoms are observed to be in the
phase [(Frisch et al. 19909; Welty et al. 2002; Podio et al. )20 . .
Slavin| 2008), indicating that a large fraction of the carlooist grey lines) anc_j from thBuSt.EM model (black line), compared
has been destroyed. Graplé@morphous carbon dust processt-O the observational data points.
ing models|(Tielens et al. 1994; Jones et al. 1994, [1996)igred
that, at most, only 15% of graphitic carbon dust should bdedlo
in such shocks (for silicate dust the observations and mmedel
sults agree rather well). This discrepancy for carbon dust iion and electron irradiation of carbon grains in shocks appe
plies that we need to re-consider the nature of carbonacetude very destructive. Therefore, the carbon dust in the ISM
dust in the ISM[_Serra Diaz-Cano & Jones (2008) re-evatliatié probably completely re-processed on short time-scedéiser
the processing of carbon grains in shocks, using the pHysaca than simply being modified by ion irradiatioffects in shocks.
rameters typical of a-C:HiAC, rather than of graphite. Their ~ The physical and chemical properties of a-G4AC solids
newly-calculated sputtering yields for a-GHAC indicate that are sensitive to the external conditions (e.g., photon, don
it is significantly more susceptible to sputtering than it electron irradiation) and can undergo a process of ‘araaati
and they showed that 30 100% of these type of carbona-tion’ when heated or exposed to UV or ion irradiation (e.g.,
ceous grains are destroyed 60 — 100% carbon in the gas)Duley et al. 1989; Jongs 1990; Jones et al. 1990; Jones 2009).
in 100 - 200kms?! supernova-generated shock waves in theaboratory experiments on interstellar carbon dust anseg
warm inter-cloud medium. These results, along with simiéar (e.g./Dartois et al. 2004) show that hydrogen-rist6Q atomic
sults obtained for PAH evolution in shocks and in a hot ga&s H) HAC solids can explain the interstellar absorption sand
(Micelotta et al. 2010b,a), are in good agreement with treeob at 3.4, 6.85 and 7.26m and that the thermal annealing of the
vations of shocked regions of the ISM (e.g.-8M0% of the car- material is accompanied by an increase in the aromatic narbo
bon in the gas; Frisch etial. 1999; Welty etlal. 2002; Podid.et @ontent (i.e., ‘aromatization’). The HAC model for hydroca
2006; Slavin 2008). bon grains in the ISM (e.g., Jones 2009, and referenceshere
Thus, even if all the carbonaceous dust formed aroumebuld therefore predict that the larger grains, with teraper
evolved stars were to be in graphitic form, an unlikely scaures in equilibrium with the local radiation field, shoulé b
nario, it would subsequently be modified, by ion irradiaffery., rather hydrogen-rich because they do not undergo significan
Banhart 1999; Mennella etlal. 2003; Mennella 2006) in shockeating. In contrast, the smaller, stochastically-heapedns,
and by cosmic rays in the ISM, to an amorphous form inwill be converted to hydrogen-poorer, lower density, serall
planted with heteroatoms, principally H atoms. Howeveregi bandgap, aromatic-rich materials. The photo-fragmeoriabi
the results for the processing of a-GHAC dust and PAHs the smaller, aromatic-rich grains could then be an importan
(Serra Diaz-Cano & Jones 2008; Micelotta et al. 2010ble), tsource of molecular aromatic species such as PAH s and molec-

tom panel overlays the model albedos from DBP90 and DLO7
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Fig.5. Infrared extinction of dust in the DHGL medium. The
grey circles show the observed extinction (Mathis 1990cBlI Fig.6. The dust emission for our DHGL model compared to

lines are the model. those of DLO7 (W1, Gpayy = 4.6 %) and DBP90 foNy = 102°
H cm™. For DBP90, the measured SED used as a reference
ular fragments (e.d., Jonies 1950; Dilley 2000; Petrie/epaB2 Was higher explaining the deviation at wavelengths largant
Pety et all 2005; Jories 2005, 2009). ~20um
In addition to the PAHs, we assume that the interstellar
carbonaceous grains are in the form of hydrogenated am

phous carbons, collectively known as a-C:H or HAC rathrﬂ{e dust albedo is taken from the work of Lillie & Wiit (1976);

than graphite, and adopt these materials as an analogueMgir_l(_gﬁn ((11980); C(Zjhlle_wiclri&Laureijs_; (13%8)' b . f1h
interstellar carbon dust (e.d., Jories 1990; Dartois| étG042 e dust model Is also constrained by observations of the

Dartois & Muiioz-Carol 2007 Dartois etl/al. 2007; Pino et aE.USt emissipn fr(_)m near-IR to mm wavelengths. We use data at
2008;| Jones 2009). For the optical properties of these am .'rgh Galactic latitudes from the COBE and WMAP space mis-

phous carbons, we here use the BE sample complex refrau:{ivesi'onséo d?etermine Fr}elsiﬁ_oxhe SUSI_ elmilsgi;;. ﬁeveraﬂ)zaljth

dex data, derived from laboratory measurement by Zubka et .géoc';uEa(Ljngergt £l bk’ relndt clal bl') ave analyze

(1996), to be representative of’spnd sp containing (hydro- the ata, but, 1o our knowledge, no publication presant

genated) amorphous carbons (see Appdndik A.2). However, w@erent set of measurements obtained over the same sky area
0

point out that these materials can have a wide range of piieper Fed_uce the uncertainties associated with variatio BED. ‘HUS?
and these can evolve as a function of the local conditions. ~ EMISSION per Hydrogen atom across the high Galactic latitud
sky, we have made our own determinations. We used the DIRBE

and FIRAS data sets, corrected for zodiacal light, avaslatil
4. A dust model for the diffuse high galactic latitude ~lambda.gsfc.nasa.gov. For WMAP, we used the seven-year
medium temperature maps (Jarosik etlal. 201_0), and subtractecbthe C
mic microwave background (CMB) using the map obtained with
We follow earlier studies (e.g. DPB90) in using observagiorthe internal linear combination methad (Gold et al. 2010)e T
of the difuse interstellar medium in the Solar Neighborhood tisee-free contribution to the emission was subtractedgutie
constrain our dust model. The model fitted to these obsensti model of Dickinson et all (2003).
defines a reference SED with which to compare and charagteriz At wavelengths> 60um up to the WMAP centimetric data
dust evolution as a function of the local interstellar eominent we determined the interstellar emission per Hydrogen atpm b
in the Galaxy and in external galaxies. In this section, we deorrelating the dust emission with the HI line_emissiog,,
scribe the observations used and the model that reprochess t taken from the Leiden-Argentina-Bonn survey_(Kalberlalet a
observations. 2005). We obtained a coherent set of measurements by using
the same sky area, defined by the galactic latitude and HI-emis

sion constraintgb| > 15 and Iy < 300 K km s, for all
wavelengths. We discarded bright point sources, nearbgenol
A first observational constraint on the dust model comes froatar clouds in the Gould Belt, and the Magellanic clouds. The
measurements of the dust extinction and scattering piieperterror-bars on each measurement were obtained by dividang th
For the extinction curve we use the data, Ry = 3.1, from sky areainto four sub-areas, and comparing results betswden
Fitzpatrick (1999) in the UV-visible and Mathis (1990) ineth areas. These error-bars are dominated by systematicivagaif
infrared. We normalize the observations using the empidea the SED from one sub-area to the others.

termination ofNy /E(B — V) = 5.8 x 10°* H cm™2, obtained It is not possible measure the interstellar emission at-near
by correlating the reddening of stars with the HI andddlumn and mid-IR wavelengths over the same sky area that we used
densities derived from Copernicus and FUSE far-UV spectrfor the longer wavelengths. At mid-IR wavelengths, and idets
scopic observations (Bohlin etlal. 1978; Rachford et al.Z300 clean areas near the ecliptic poles, uncertainties in tdeaezal

4.1. The observables
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Table 3. The elemental abundances ($&&1 for details).

C @) Mg Si Fe
Measurements
a[X/1CPH]g 269+33  490:60 40:4 322 323
b[X /10PH]r ey 358:82 445156 42.&17.2 39.913.1 27.97.7
¢ X/l(fSH]gas 75+25 31914 ~0 ~0 ~0
[X /106H]du5V@ 194+41 17162 40:4 322 323
[X/lOﬁH]dUSVF,G,k 28386 126r157 42.&17.2 39.913.1 27.97.7
DHGL dust model
[X/10°H]pan 65 - - - -
[X /106H]Samc 14 - - - -
[X /106H]Lamc 121 - - - -
X /10PH] asil - 180 45 45 45
X /1CPH]rotaL 200 180 45 45 45

Notes. @ from[Asplund et &l.[(2009)
®) from[Sofia & Meyer[(2001)
© C estimate is frorh Dwek et al. (1997) while the O estimatedsiiMeyer et al.[(1998)

light removal are larger than the high galactic latitudeistellar - sivity o« v* for 1 < 450um ande v*%° at longer wavelengths.
emission. At near-IR wavelengths the stellar emission imido The difuse HIl must also contribute to the extinction along dif-
nant and its subtraction is an additionaffidiulty in measuring fuse lines of sights as suggested by th@etdence between in-
the interstellar emission. At wavelength25um, we have thus tercloud and cloud for the value ofi(HI) + N(H5))/E(B - V)

used the colorsl,(1)/1,(100um), measured over distinct skyreported by Bohlin et all (1978). Here we use the standanteval
areas by Arendt et all (1998) (see their Table 4). We point oot 5.8 x 10°* cm™ mag™* also found by Rachford et al. (2002)
that their 140100um and 24(100um colors, measured over atowards “translucent lines of sightfy, ~ 0.5, 1< Ay < 3).

smaller sky area near the Galactic pdigs- 45°, are 10- 15% Tabld3 lists the measured elemental abundances and hferre
lower than our values. Thisflierence reflects small variations ofj,st elemental abundance relevant for our model. The solar
the far-IR colors across the high Galactic latitude sky.sBpa- apundances are those [of Asplund étlal. (2009) while the F, G
tial Varla_.tlons make the near and-mld-IR partS Of the SED m%%rs (youngg ZGyr F’ G disk Stars) abundances are those of
uncertain than the far-IR part, which we determined coestl  [Sofia & Meyer (2001). We do not consider B stars that have
over a single sky area. We have complemented the DIRBE d@g@er metallicity, because of the possible segregatiorefrc-
points with the narrow band\@ = 0.17um) photometric point tory elements during the star formation due to sedimentatio
at 3.3um from the AROME balloon observatory measured toangior ambipolar difusion processes$ (Sndw 2000). Note that
wards the molecular ring (Giard et al. 1994). The mid-IR speghis could also be the case for lower mass stars (e.g. the sun,
trum is the ISOCAMCVF spectrum for a diuse region at galac- [Aspjund 2008), raising the question of the existence of kaste

tic coordinates (28.6;0.8) presented in Flagey et al. (2006) andtandard that represents the overall ISM abundances. Tére in
scaled to match the }an emission per hydrogen. stellar gas phase abundances used are [from Dwek 2t al! (1997)
for the carbon and from_Meyer etlal. (1998) for the oxygen.

. ; X ; (199
tion analysis corresponds to a column density of neutrathato ThelDwek et al.|(1997) value of £25ppm for the gas phase

-~ . . C abundance is in good agreement with recent estimates by
0 o2
hydrogen of £ x 10°° cmi™2 Over this sky area, the mterst_ellarSOﬁa & Parvathil(2009). We emphasis that, as argued by Draine

emlf5|?ntar|s_es,_ ptrlm?r::y, but noé e).(CIL.‘S'V?IV' fr?jm ?u’gmd. (2009b), in view of the assumption that are made for dustprop
n(?tl;] rglﬁa omic in %rsHe” ar gasl. m|ss(|jont rot:n tulf as te ' erties (especially densjyorosity) and the uncertainties on the
wi iffuse H an gas also needs 10 be 1aken N0 aty, ngances, a model that departs from the measured elémenta

count. Using the FUSE data reported by Gillmon etal. (200§),., e
we estimated the fraction of Hyas over the selected sky are%?gg g?%?:b?g undances by tens of percent should still kdon

to be~ 3%. lonized gas accounts for a larger fractienZ0%

Reynolds 1989) of the hydrogen in theffdse ISM. The H

emission from the diuse HIl gas has been shown to be spatially 2. The model

correlated with HI gas emission (Reynolds et al. 1995). We as

sume that the dust emission per hydrogen atom is the sam@anmodel the DHGL data set we use three dust components:
the neutral and ionized components of th@udie interstellar (i) PAHSs, (ii) hydrogenated amorphous carbon (hereafte€am
medium, and thus we scale the SED derived from the dust-atd (iii) amorphous silicates (hereafter aSil). The praperof
correlation by 0.77, to obtain a dust emission per hydrogema each type are described in the Appeidix A. In the course df dus
that takes into account the contributions of théudie ionized evolution, composite or core-mantle (silicate-carbomjng are
medium and the dliuse molecular gas. The corrected SED valikely to appear that would lead to a similar polarizatiorboth

ues and error-bars are listed in TdHle 1, where the FIRAS-spéwe 3.4um absorption band of amorphous carbon and th@®.7
trum has been convolved with the Herschel and Planck tramsnband of the silicates (see Adamson et al. 1999; Li & Greenberg
sion for the relevant spectral bands. The full SED is plotted 2002). We do not consider such composite grains here because
Fig.[d and Fig.B. From 10@mto 3 mm, the SED is well fit by a recent spectropolarimetric measurements by Chiar et @06
black body spectrum with a temperature of 17.5 K, and an emisdicate that the 3.4m band is not polarized while the Quih

For optically thin emission the HI cutfibused in the correla-



M. Compiégne et al.: The global dust SED: Tracing the natunetevolution of dust witbustEM

— 10 IRAC MIPS24 PACS SPIRE T IRAS HFI
£
o 1 L |
P
107 i
n
> \
= 1072 \S_
g X \ y
2 107 X
- N
Z s
> 107 .
~
_; 4
IIIIII| 1q 1 1 1111l | [ 1111 IIIIIII| | 1 11111l | Ll il
10 100 10 100 1000
A (um) A (um)

Fig.7. The modeled dust emission per H atom for scaling factorsHerthe MMP83 ISRF ofJ=0.1 to 1d. All spectra have
been divided byJ to emphasize the changes in the shapes of the SEDs, whichiemenped a$, to better indicate the photo-
metric data points. The dust properties are those for DHGHeh(see§l4.2). The left panel shows the Spitzer (triangles) and
Herschel (squares) photometric points. The right panekshibe IRAS (triangles) and Plangk-1 (squares) photometric points. To
emphasize excitatiorfiects we have assumed a constant ionization fraction forakis P

band along the same sightline is polarized. Although such admall silicate dust (see Li & Draine 2001b). In our model, voe d
servations should be pursued, these results may indicaténn not include very small silicate particles.
carriers of the 3.4 and 9ui features belong to physically sep-  Our model results are compared to the observational data in
arated dust populations where the former are poorly el@tarigs[2,[3[# and]5. The dust temperatures were computed us-
or not well aligned with the magnetic field while the latteear ing the InterStellar Radiation Field (ISRF) from_Mathis &t a
Further constraints on this issue will be obtained from Ekan (1983), hereafter MMP83, fobg = 10kpc, labelled “solar
measurements of polarized dust emission in the submm ranggeighborhood”. Between 5 and i, we convolved the model
SED with a Gaussian profilel(A1 ~ 40) to account for the
The size distribution and abundance of the dust componet8CAM/CVF spectral resolution. The LamC and aSil grains,
have been adjusted in order to reproduce both the extinatidn mostly in thermal equilibrium with the ISRF, emit in the fi-
emission. The required size distributions are shown indinenf while PAHs and SamC grains undergo temperature fluctuations
of their mass distributions in FI[g.1. The population of amoand thus contribute to the near- to mid-IR emission. The LamC
phous carbon dust has been divided into small (SamC) anel laggains dominate the observed flux at 100 and @#Gince they
(LamC) grains, but the overall size distribution of carboegus are hotter than aSil thanks to their higher absorptiiiciency
grains (PAH and amC) is continuous. Following previous stuat 1 ~ 1um (see Fig All) where the MMP83 ISRF peaks. We
ies (e.g. Weingartner & Draine 2001a), the smallest grdA${ note that the SamC grains make a significant contributiorbat 2
and SamC) size distributions are assumed to have log-norraat 6Qum. At A = 250um, the aSil and LamC contribute almost
distributions (withag the centre radius andthe width of the dis- equally to the SED down to the WMAP measurements that are
tribution). The LamC and aSil size distributions follow an@  well reproduced (see Fig.3) denoting no significant vasratn
law (o« @%) starting atamn and with an exponential cutficof the  the spectral emissivity index betweer250um and~5 mm. At
form e [(@-a)/a]" for a > a, (1 otherwise) at large sizes. As notedhese wavelengthg ~ 1.5 — 1.6 for both of the amC and aSil
by Kim & Martin (1995), such a form in the cutfois required materials.
to explain the observed polarization in the near-IR: thepoé- The IR extinction (Fid.b) is dominated by the contribu-
tion capabilities of the present dust model will be discdsise tion of the LamC and aSil grains. The 9.7 andub® bands
a future paper. The abundances and parameters for the size glie produced by silicates while the 1 -Afd continuum is due
tributions are summarized in Table 2. PAHs and SamC are smallamorphous carbon as seen in Figs. 5 A.l. In the DLO7
grains of radius less than 10 nm while LamC and aSil cover amodel, these two spectral components are also produced by
broad size range from a few nm to a few 100 nm. The mean siorphous silicate and big carbonaceous (graphite) gréies
of PAHs (@ = 6.4A) corresponds to 120 C atoms. Note tha217 nm extinction bump (see Fig. 4) is entirely due to aromati
contrary to carbonaceous dust, for which the PAH bands giwe— =* transitions in PAHs, as proposed by lati et al. (2008)
a constraint on the abundance and size of very small paticland Cecchi-Pestellini et al. (2008) and supported by therxp
only an upper limit can be set regarding the abundance of veényental results of Steglich etlal. (2010). The far-UV extioo
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rise is also mostly produced by PAHSs. This latter featur®im<

mon to most carbonaceous grains: itis the red wing of an absor  (Q) — Ry = IRAC 5.8 / PACS 100
tion peak around 750 A due to — o* transitions/(Jageretal. = L Rao = PACS 70 / SPIRE 350
2009). In our model, the bump strength and the PAH emissign_ 10.000 F_™ I LR LILL IS S UL I HN{KI T I,l\%
are thus correlated. We note that Boulanger et al. (1994)dou § /Wﬂ\\ \ o ]
a trend between the bump area and the IRAS 12 angh25 9 oo 26 -, T
emission, suggesting that small amorphous carbon graiys ma, B | AN

also contribute to the bump (see also Mathis 1994). The 217 n  1.000 g
and 750 A broad bands are quite weak for the BE amC sampie i
that we used. We emphasize that using a carbonaceous rhatega
with a strong 217 nm band (e.g. graphite) would have resiited o

an overestimation of this feature in our model, given thenabu & . 100t
dances required for both PAH and the small carbonaceousgyraic E
to reproduce the Aromatic Infrared Bands (AIB) and mid-IRE
continuum. Indeed, in the DLO7 model, PAHs account for 4.6%2
of the total dust mass compared to 7.7% for our model) which”

allows for about half of the 217 nm bump to be produced b)g_9 0.010¢

small graphite particles. This directly translates intoféelence ™3 z

of a factor of~ 2 in the AIB emission intensity between the two > P - =t o e, 2 )
models as shown on F{@'& 0.001 m: ||,|(|7|: ~ oo™ |: LN

107" 1 10 102 10° 10*
U
The dust in our model, excited by the MMP83 ISRF, radi-

ates a total power ofn4fvlvdv/NH = 50x10%*ergstH? (b) ——— Ry, = IRAS 12 / IRAS 100
with a fractional contribution of 29, 7, 38 and 26% for PAH, =~ =~ [ -------- Ry = IRAS 60 / HFI 350
SamC, LamC and aSil, respectively. This value for the total 10.000 F T TN TR T
emitted power by dust is intermediate between those of DBPO' P 520 \ \ | ! 93

and DLO7 (U=1, gpan = 4.6%), 69x 102 ergs' Hland RN
4.5x102*erg st H1, respectively, while the three models have > N ST T
about the same extinction curve (the observed one). We nate t 5 1.000 m
in the case of DBP90, the reference SED (to which the model f§ Fo —
fit) was higher as can be seen in Elg.6 implying a higher dust aly, E\ 1
sorption dficiency. Indeed, we see in the bottom panel of[Hig. 4~ ! PR
I
I

that the DPB90 model has the lowest albedo followed by ouB /\/'l
model, while the DLO7 model has the highest albedo, thus exz 0.100¢ !

! !
plaining the diferences in emitted power noted above. As al-g E : . :
ready discussed above, thetdience between our model and 5 L : | .
the DLO7 modeled SEDs mostly resides in the AIB spectrunt /'/:/'\N

E 1

intensity while the two models agree rather wellat 60um. g 0.010¢
N £
? Lz~ < . [
N | N e N N
The total dust-to-gas mass ratio in our modéVlig,¢ /My ~ 0.001 AT R R AR A YA M\ (AT T || Pl
10.2 x 1073, corresponding toMgas/Mauss ~ 133 (with 107" 1 10 102 10° 10*
Mgas/Mu = 1.36). This value is equal to the value for the DLO7 U

model Mgug/My ~ 10.4 x 107%) and higher than the DBP90

model Mqus/My of 7.3 x 1073). The required elemental abun-Fig. 8. The predicted photometric band ratiBs (mid-IR) and
dances are in agreement with measurements (see[Table 3),Rex(far-IR) as a function ofJ and the ratio between the mass
cept for iron for which our model requires 30% more than abundance of smallkg) and large Y.c) grains (see text). Note
the values inferred from both F,G stars and the Sun. The c#fat the band ratios are shown on logarithmic scales./ Y.
bon is shared between PAH, SamC and LamC with 32, 7 aidgiven relative to the diuse interstellar medium value of 0.10
61% in each respectively. Our model requires about the safoethe DHGL value, which is shown by the open diamond.
amount of carbonaceous material and silicate as the DLOZmod

(234 ppm for C, compared to 200 ppm for our model, and 44 ppm

of MgFeSiQ, for DLO7 compared to 45 ppm for our model). In5, Tracing the nature and evolution of dust using a

our model, silicate dust represents76% (~73% in DLO7) of global SED

the total dust mass. This mass ratio depends on the assumed de

sities then on the assumed form for both carbonaceous and Jihanks to the Herschel and Planck missions we will soon hiave a
cate material. On the other hand, the dust material is ag$tomeour disposal the global dust SED, by combining these data wit
be compact to keep the model as simple as possible but conglid:-already available near- and mid-IR data at comparalgie-an
ering porosity would induce a change in the carisdicate mass lar resolution (IRAS, 1ISO and Spitzer). The availabilitytbfs
ratio (mainly due to change of optical properties) and desee global dust SED will allow us, for the first time, to make a sys-
the required abundances. tematic study of dust evolution throughout the ISM. Indehdst
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Fig.9. The fractional contributions of the dust populations in madel to the IRAS and Planck photometric bands as a function
of U. The bold lines emphasize the contribution of the largergr,diamC and aSil. The dust properties are those for DHGL inode
(seesld.2).

evolution processes (e.g. coagulation, fragmentatiomaily SamC population shows intermediate behavior in the predent
affect the dust size distribution and the abundance ratioseof 1 range. The general behavior of our model regardirig sim-
various dust components and are therefore directly refléate ilar to that of DLO7. However, a significantftirence arises at
the observed dust SED, which is algteated by the intensity of U > 10° due to the fact that we use amorphous carbon rather
the ISRF. We first examine théfects of the latter on the modelthan graphite. At these values df our large grain (LamC and
dust emission and the behavior of the associated fluxes in #fgil) spectrum is remarkably broader, because we lack thedbr
photometric bands. For this purpose we scale the MMP83 ISRFature in the absorption (i.e. emissivityffieiency of graphite
by a factor,U, using the same nomenclature as DLO7. Note thatA ~ 30um introduced by DLO7.

as we scale the entire exciting ISRF, we héve= Go, where Here we illustrate how theflects of the intensity of the ISRF
Go is the ratio of the intensity of the radiation field integditecan be disentangled fronffects of the relative abundances of
between 6 and 13.6 eV relative to the standard ISRF. small-to-large grains (i.e., PAFSamC to Lam@asSil). The lat-

Fig.[7 shows the dust SED for ISRF intensities ranging frof" variation is equivalent to a changing size distributiand is
U = 10 to 10" We overlay the corresponding photometrié® be expected when small grains coagulate onto, or disaggre
points for several instruments and have separated the lafjh (3ate from, larger grains. We také to be the mass abundances
panel) and low (right panel) spatial resolution instrunseifle ©f dust population (see Tabl?) and defingc = Ypan + Ysamc
do not show the MIPS 70 and 166h bands that fall at the same@1dYic = Yiamc + Yasil, the mass abundances of small grains
wavelengths as the HerscRACS bands. To illustrate changedSG) and large grains (LG), respectively. Note, that whieyv
in the SED shape, the emission flux has been dividedJby N9 Ysc, We keepYi constant and, for simplicity, assume that
As expected, we see that the emission of PAHs, which unde@@ opacity of the large grains is unchanged even though it
temperature fluctuations, scales linearly withBy contrast, the Snould change when coagulation ocButse also note that, even
emission from the large grains (at thermal equilibrium wite  though the PAiSamC abundance ratio is taken to be constant
ISRF) shows a more complex behavior, scaling but also shifgr this |IIl_Jstrat|ve case, the reIatlve.abundan(.:e betwleerPAH
ing to higher frequencies asincreases. At increases smaller band emitters and the mid-IR continuum emitters (SamcC in our

and smaller grains reach thermal equilibrium with the ISB#e(

for instance, Fig.4 of DLO7) and consequently follow the sam ¢ This process has been shown to alter the sub-mm opacity tyrsac
type of behavior as the largest grains. This is the reasontidy 2 to 3 [Stepnik et al. 2003; Paradis et al. 2009a).

10
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Fig.10. Same as Fidl9 but fdderschel SPIRE and PACS bands.

case) is known to vary (elg Berné etlal. 2007; Compiegnk etwith respect tdJ) (Fig.[1), we show in Fid.19 arid 10 the fractional
2008;| Flagey et al. 2009). Fig. 8 shows the photometric satioontributions of the model dust populations (for the DHGhpr

Ria = IRAC5.8/PACS 100,R;; = PACS 70/SPIRE 350 (top erties) in several photometric bands, as a functiotJofror
panel) andRy, = IRAS12/IRAS 100,Ry, = IRAS60/HFI350 10! < U < 104 in the IRAS 2%m band (Figl®), the LG con-
(lower panel) as a function @ andYsg/ Y. c. The photometric tribution gradually increases akincreases because these grains
fluxes were obtained by integrating the spectra over thearte become warmer, as can be seen in[Hig. 7. The LamC contribution
filter transmission taking into account the color correatioThe is dominant (with respect to aSil) dt < 60um because these
ratiosR; andR; represent roughly the same wavelengths in cageains are warmer, a consequence of their higher absdypitivi

(a) and (b) and so consequently show a similar behavior. e ske near-IR (Fid,All). Al ~ 70— 100um (1 ~ 160— 250um),

that for 103 < Ysg/Yc < 10 and 10! < U < 10% the band and for this same reason, LamC dominated at 10? (U < 5)
ratiosR; (a and b) scale witlNsg/ Y g because the SG emissionwhile aSil does only for highe since the LamC grains then
becomes dominant at small wavelengths. ConverselyRthra- emit at shorter wavelengths. LamC and aSil have about the sam
tios (a and b) are mostly sensitive to variationdlitbecause the contribution at? 2 350um (as seen fot) = 1 in Fig[2). While
photometric bands involved are dominated by the LG contribthe wavelength of the LG emission peak moves to higher fre-
tion (see Figd. D and10). In this rangeldfandYsg/ Y, ¢ parame- quencies whehl increases 2 10? — 10°), the cold part of the

ter space the variations induce well discriminateffiedlences in temperature fluctuations in PAHs contributes to the emisgio
the photometric band ratid®. From the observed values Bf the HFI 1.4 mm (217 GHz) band (FId. 9). We note that at these
andR;, U andYsg/ Y g can thus be constrained for a given dudtequencies recent theoretical work indicate that roteti@mis-
model. However, we note that for highand lowYsg/Y.c Ry sion of PAHs forGy, 2 10° and gas densitiesy ~ 10° cm™
andRy, this discrimination is not possible because the spectrumight also contributel (Hoang etlal. 201.0; Silsbee et al. 2010
is dominated by BGs down to wavelengths as short ggni2 We emphasize the fact that the dust contributions at 60 and
This degeneracy is avoided for highérwhen using the shorter 100um allow for a better determination of the LG SED around
wavelength to trace SG emission, as seen Rith its emission peak and hence better mean temperature esgimat

In general, a photometric point measured on the dust Sé‘ﬁfthe LGs, anecessary step_in the extraction of thethadmjﬁl
is a sum of the contributions of theftérent dust componentscOmloonent in Planck data. Finally, and as discussed eafer

" : ; ; issi f aSil grains is expected to be polarized unlikat i
(composition and sizes) and the analysis of photometria d% lISSlon ot as cted . .
therefore requires prior knowledge of these contributidns e LamC grains and PAHS (Sironi & Draine 2009). A determi-

view of the difering behaviors of the SG and LG dust emissiong,ation of the respective contributions of th&dient LGs and of

11
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PAHSs to the dust SED will therefore be crucial to the analgsis ical properties, that can be invoked for the evolved dushan t
data from the Planck-HFI polarized channels{at 850um). ISM.
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and Herschel satellites. The properties of the bulk of thistd

are likely determined by dust evolution throughout thecife Appendix A: Dust properties

cle of interstellar matter and are probably not just a refiect . ] ) )

of the composition of unaltered ‘stardust’. The primaffget of Here we dISCU§S th.e optical and thermal properties of thia gra

dust evolution is to redistribute dust mass during growtfray- types adopted in this work.

mentation episodes, resulting in changes in the abundance r

tio of small-to-large grainsysg/Yis, (Where small grains have 4 1 paHs

a < 10 nm). Such changes are reflected in the global (IR to mm? . o .

dust SED, which will soon available for large parts of the, skfilthough a global picture of the contributions offdirent PAH

thanks to the combination of Spitzer, IRAS, Herschel andéXa families to the mid-IR bands is emerging (e.g. Bauschliche.

data. Understanding dust evolution is critical for the pbyand  (2009)), it does not yet quantitatively describe how thedyano-

chemistry of the ISM but also for the optimum subtractionhaf t files vary as a function of the physical conditions (radiafield

thermal dust contribution from the Planck data in CMB stadie intensity and gas density). As in the case of silicates (eee-h
Dust evolves in the ISM and thus shows regional variatioéter in the Appendix), an empirical approach can be folidwe

in its intrinsic properties, structures and sizes. In thiskmve Where the ratios and profiles of the IR bands are derived fiom o

describe a framework dust model and provide the tools nec&grvations (Verstraete et al. 2001; Li & Draine 2001a). Eys

sary for the study of dust evolution in the ISM. We presentra veProach is however degenerate, given the fact that the bdiod ra

satile numerical tooDustEM , that allows us to predict the dustdepend on size, ionization and hydrogenation states. Rgcen

SED and extinction, given the dust properties, and thatialoke Draine & Li (2007) (hereafter DLO7) added the constraints-pr

of handling a large diversity of dust types, using a knowtedf) vided by the extensive theoretical database of Mallocilet al

their size-dependent opacities and heat capacities. ®igrdef (2007) to define a new set of band parameters, both for neu-

DustEM allows the user to add new grain physics in a simple Wakyal and cationic PAHs. Here we use the cross-sections dkfine

To enable an assessment of the impact of dust evolution we hivDLO7 with the following modifications. To allow for a bette

defined a reference dust model for the DHGL medium, whef@atch to the ISOCANCVF spectrum of the diuse interstel-

the dust populations have certainly undergone growth aagt fr lar medium, presented in Flagey et al. (2006) and in[Fig. 2, we

mentation processing and where the calculated dust SEDxandigcrease the integrated cross-sections of the 8.6, 11.3 and

tinction represent the ‘average’ or ‘equilibrium’ obsesies for 12.7 um bands by 50%, 10% and 50%, respectively. We have

evolved dust. Our dust model comprises (i) Polycyclic Artima not included the near-IR bands between 1 apg2 which have

Hydrocarbons, (ii) amorphous carbons and (iii) amorphdlits s little effect on the emission. We added the far-IR bands defined

cates. We argue that hydrogenated amorphous carbon graindy [Ysard & Verstraete (2010) from the Malloci database. The

the natural product of dust evolution in the ISM, as are amdrAHs are assumed to be disk-like and their sies defined

phous silicates. Although composite grains may naturailsea to be that of an equivalent sphere of the same mass, assuming

in the I1SM, we did not include them here, on the basis of the ra-density ofp = 2.24 gcm®. The relation betweea and Nc

sults from recent spectropolarimetric observations. Tlaadk is Nc =~ 470 (a/1nm). We assume the PAHSs to be fully hydro-

polarized channel data will soon make available more caimgr genated, with [IAC] varying as a function oNc as defined in

in this issue. DLO7. Following DLO7, the same UV-visible absorption cross
The dust SED reflects changes in the abundances and sizegggtion is assumed for neutral and charged PAHs while the sam

grain populations and also variations in the intensity efekcit- absorption cross-section is assumed for cations and arlibes

ing radiation field. Usin@ustEM we have shown that well cho- size dependence of the ionization fraction of PAHs is also ob

sen photometric band ratios can disentangle the influentteeof tained in the same way as by DLO7: it has been estimated using

intensity of the exciting radiation field from that of chasga thelWeingartner & Draine (2001b) formalism and for the phys-

dust abundances as indicatedYas/ Y c. We show the contri- ical conditions summarized in_Li & Draine (2001a) (see their

butions of the small and large grains in the IRAS and Plangk-HTable 2) for the DHGL medium. The heat capacity has been

channels (and similarly to Herschel channels). Such inétion taken from Draine & Lil(2001).

allows for a reliable determination of the temperature ofjéa

rains, a necessary step in the quantitative subtractighesf

?nal dust emission ¥romgche Planck data. These results assumze' Amorphous carbon

fixed dust optical properties and size distributions. Hosvein  Amorphous carbons can assume marffedént structures and

arealistic treatment of dust evolution such quantitieseiange compositions, depending on the way in which thé apd sp

with the local physical conditions andfeact the FIR to sub-mm carbon atoms combine with one another and with other species

grain emissivity. Future work will require the use of IR, Idehel especially with hydrogen. Zubko et dl. (1996) compiled the o

and Planck data to assess variationg«f/ Y, ¢ in interstellar re- tical properties of several solid hydrocarbons over a bepsst-

gions where small grains may coagulate onto, or result fizan ttral range, from the millimeter to the EUV range. These opti-

fragmentation of, larger grains, resulting in changes enghb- cal properties were derived from laboratory measuremehts o

mm opacity of dust. Combined with the constraints from Pkan¢he opacity made by Colangeli et al. (1995). In this work we

polarized channel data, these full SED dust data shouldgeovadopt the optical properties of the BE sample: formed by ben-

plausible constraints on the candidate materials, and phgs- zene combustion in air, this sample is representative tierat
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Qobs
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Fig.A.1. The refractive indicesnf = n + ik) of amorphous carbon and amorphous silicates (left pamal)tiae corresponding
absorption ficiencies obtained from a Mie calculation (right panel).

sp’-rich hydrogenated amorphous carbon. The refractive indegat capacity for amorphous silicates from Draine &/[Li (2001
for the BE material is displayed in F[g.A.1 (left). The alysor and assume a mass density of 3.5 g&m

tion and extinction fficiencies were obtained from Mie calcu-

lations. Fig[Ad (right) shows the absorptiofiieiencies,Qaps,

for grains of radius 1 and 100 nm. The refractive index giveAppendix B: The temperature-dependent grain

bylZubko et al.|[(1996) goes down +d 90Qum. We extrapolated emissivities tool

the optical #iciencies down to 10 cm using the average emis- )

sivity index between 800 and 190, usingg = 1.55. This N this section we present a tool that allows the user to apply
B value does not depend on the size (fors 3um). For the change in the long wavelength opacity spectral ingéxas a
heat capacity Michelsen et/dl. (2008) argue that the grapleiat function of the wavelength and the temperature.

capacity is a good surrogate for soots and for amorphous car- The determination of dust temperatures and the dust
bons: we therefore use the graphite heat capacity as definegRectral emissivity index (Qas ~ ), from far-IR to
Draine & Li (2001). Finally, we adopt a mass dengity= 1.81 Submm data is degenerate and sensitive to the errors or

20094a,b). Nevertheless, observations do seem to indicate a

temperature-dependence pf(Dupac et al! 2003; _Désert et al.
A.3. Astronomical silicate 2008), which may reflect the microscopic properties of ggain
at low temperatures_(Meny etlal. 2007). In addition, labora-
The observed profiles of the 9.7 and /& absorption bands in- tory data on the sub-mm opacity of interstellar dust anagsgu
dicate that the interstellar amorphous silicates are wir@itype show a similar temperature dependence (Agladze et al.l 1996;
(MgxFg,Si0s). The laboratory band profiles are, however, taMennella et all 1998; Boudet et/al. 2005). Within the perspec
narrow to explain the observations, suggesting that someé kiive of the Hersch@Planck data interpretation, the possibility
of processing is at work and that other types of silicates coof temperature-dependent dust emissivities has beerdintea
tribute to these bands (Demyk etlal. 2004). Draine & l.ee () 98#hto DustEM . This feature is implemented as a correction to the
followed an empirical approach and defined astronomical siemissivity indexs and takes the form:
cates whose optical properties in the mid-IR were consdict
from observational data. Li & Draihé (2001a) further modifie Qans(a, v) = Qo(a, v) (v/v)* M HM (B.1)
the imaginary part of the dielectric function far> 250 um to
better match the high galactic latitude dust emission nrealsuwhereQo is the grain emissivity without the temperature depen-
by FIRAS. Using the optical properties described in_Drainéent indexy: is the frequency threshold below which the correc-
(2003h)], we derived the absorption and extinctiofieiencies tion is applied(T) is the index correction an is the thresh-
using Mie calculations. The right part of Fig. A.1 shows tbe-c old function. We define the correctioné@’) = 5(T) —fo where

responding absorptionfiiciencies,Qaps. Finally, we take the A(T) is the temperature law for the emissivity index gidis
some reference value. Sucjg-gorrection should then preferen-

tially be applied to grain types who$@.,s behave as a power
7 Available at laws (with an index8p) at frequencies lower than the threshold,
http://www.astro.princeton.edu/~draine/dust/dust.html otherwiseBy may depend on the frequency. TBE )-values are
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estimated with a user-defined, parameterized functionmbea Gillmon, K., Shull, J. M., Tumlinson, J., & Danforth, C. 2008pJ, 636, 891
interpolated in a data table. The parameters, as well asithe tGold, B., Odegard, N., Weiland, J. L., et al. 2010, ArXiv éns

ulated values (if used), are read from a data file. We chose

threshold function to bél(xX) = (1 + 4stanhi — 1))/2 wheres
controls the sftness of the transition from 0 to A = x/s): for
instance fors = 1 theH-values rises from 0 to 1 fax between
0.5 to 1.5 and the width of the transitionAsx = 1. Since the

temperature dependence of the dust emissivity appearsgt I{}a

wavelengths{ > 30 um), where the dust absorptioffieiency

is much smaller than in the visible and near-IR range (se&ig

0, M., Gaessler, W., Hayano, VY., et al. 2003, ApJ, 589, 419
réenberg, J. M., Li, A., Mendoza-Gomez, C. X., et al. 1995) M55, L17#
Hoang, T., Draine, B. T., & Lazarian, A. 2010, ArXiv e-prints
lati, M. A,, Saija, R., Borghese, F., et al. 2008, MNRAS, 3891
Jager, C., Huisken, F., Mutschke, H., Jansa, I. L., & Hegnin 2009, ApJ, 696,
706
rosik, N., Bennett, C. L., Dunkley, J., et al. 2010, ArXiprints
ones, A. P. 1990, MNRAS, 247, 305
Jones, A. P. 2005, in IAU Symposium 231, ed. D. C. Lis, G. A.kBla&
E. Herbst, 89+

we apply theg-correction only in the cooling function (emission)Jones, A. P. 2009, in Astronomical Society of the Pacific €merice Series, Vol.

for the dust in th®ustEM code.
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