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Dust and galaxy evolution: Sample 

DGS : Dwarf Galaxy Survey  
Madden+13, Rémy‐Ruyer+13 

KINGFISH  
KennicuB+11, Dale+12 

•  Wide range of star‐
forma?on ac?vity 
and metallicity 

•  ~100 sources 

Very ac?ve 

Quiescent 

Rémy‐Ruyer et al. in prep 

KF: 0.04 
Gyr‐1 

DGS:  
0.51 Gyr‐1 

Metal‐rich 
Metal‐poor 



Dust and galaxy evolution: Ingredients  

as a func?on of metallicity G
D

See also: 
Lisenfeld&Ferrara+98, 
Hirashita+02, Draine+07, 
Munoz‐Mateos+09, 
Galametz+11, Sandstrom
+13, Roman‐Duval+14, 
Grossi+15, etc. 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G

Atomic gas mass : HI 

Molecular gas mass : H2, use XCO,Z 
from Schruba+12 

See also: 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Dust and galaxy evolution: Ingredients 

as a func?on of SSFR D
S 

From same dust  model 

D

See also: Kauffmann
+03, Brinchmann+04, 
Schiminovich+07, 
daCunha+10, Skibba
+11, Cortese+12, etc. 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Dust and galaxy evolution: Ingredients 

as a func?on of SSFR D as a func?on of SSFR 

SSFR = SFR/S 
SFR from Hα measurements, 
corrected for dust anenua?on 
with LTIR (Kennicun&Evans+12) 

S S 

From same dust  model 

D

Empirical prescrip?on from NIR 
bands (Eskew+12) 

See also: Kauffmann
+03, Brinchmann+04, 
Schiminovich+07, 
daCunha+10, Skibba
+11, 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etc. 



Dust and galaxy evolution: G/D and metallicity 

  Large scaner Rémy‐Ruyer+14 
G
/D
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Dust and galaxy evolution: G/D and metallicity 

  Not coherent at low metallici?es with a simple descrip?on of dust evolu?on in the ISM 

  Large scaner Rémy‐Ruyer+14 
G
/D
 

12+log(O/H) 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 Scaner can be explained if you account for the different star forma?on histories of 
the sources 



Dust and galaxy evolution: D/S and SSFR  
Rémy‐Ruyer+15 
in prep. 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Dust and galaxy evolution: D/S and SSFR  
Rémy‐Ruyer+15 
in prep. 

  Dust growth in the ISM is fundamental 

High SSFR, low 
Z ,low Mstar, 
high G/D 

Dust growth: Mdust 
increases, scaner arises 
from different 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stages 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growth 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SF goes on 

D
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  Key is dust growth in the ISM…       

A new dust model: Motivations 

Galliano+11 based on Zubko+04, 
but also Draine&Li+07 and others 

Silicates  « Astronomical silicates » 

Olivine‐type 
(MgFeSiO4) 

Carbons  Graphites 
+ 
PAHs 

Draine&Lee+84, 
Weingartner&Draine+01, 
Li&Draine+01 
•  Modified to fit the data 

Laor&Draine+93, 
Draine&Malhotra+93, Li&Draine
+01, Draine&Li+07 
•  No observa?onal evidence of 
graphite or PAHs in the diffuse 
ISM 

… but previous model uses homogeneous grains 



   New dust grains with a « core‐mantle » structure 
•  Op?cal proper?es derived from laboratory measurements 
•  Consistent with elemental abundances 

      

A new dust model: Ingredients 

Galliano+11 based on Zubko+04, 
but also Draine&Li+07 and others 

Jones+13 & Köhler+14 

Silicates  « Astronomical silicates » 

Olivine‐type 
(MgFeSiO4) 

Amorphous pyroxene & olivine  
with Fe/FeS inclusions 

Carbons  Graphites 
+ 
PAHs 

Hydrogenated amorphous 
carbons 



  Inconsistency between the emission and ex?nc?on measurements  
    

A new dust model: Caveats of previous models 

Planck Collabora?on XI (2014) 

mass 

Draine&Li+07 
Compiegne+11 
(amorphous carbons) 

Ext: quasars from SDSS 
Em: Planck 

m
as
s 



  Explain self‐consistently emission and ex?nc?on measurements  

      

A new dust model: Consistent extinction & emission 

mass 

Draine&Li+07 
Compiegne+11 
Jones+13  
& Köhler+14 

Ext: quasars from SDSS 
Em: Planck 

m
as
s 

Ysard+15, Fanciullo+15 



  Explain self‐consistently emission and ex?nc?on measurements  

      

A new dust model: Consistent extinction & emission 

mass 

Draine&Li+07 
Compiegne+11 
Jones+13  
& Köhler+14 

Ext: quasars from SDSS 
Em: Planck 

m
as
s 

Ysard+15, Fanciullo+15 

•  Tested and validated in the diffuse ISM (Jones+13, Köhler+14, Ysard+15) 

•  Tested and validated in the dense ISM (Köhler+15) 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Impact on G/D and D/S 
G
/D
 

D
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G/D 

12+log(O/H)  SSFR 

•  Global trend is s?ll the same 
•  Absolute scale is changing: varia?on of a factor of ~4 ‐5 in the dust mass 

  Important consequences for es?ma?ng D or G from G/D and metallicity 

•  Graphite ‐> Amorphous carbons: ~2 ‐ 2.5 
•  « Astronomical » silicates ‐> new amorphous silicates: ~2 ‐ 2.5 (mass density) 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growth 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to 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dust 
•  No Graphite, No PAHs, No « Astronomical » Silicates ! 

. 

•  Core‐mantle structure : amorphous silicates and amorphous carbons 
•  Op?cal proper?es derived from laboratory measurements 
•  Consistent in size : from small to big carbon in one grain family 
•  Consistent with both ex?nc?on and emission together 

•  Tested and validated in the diffuse and dense ISM 
•  Imply significant change in the derived dust mass ! 



Thank you ! 

Aurélie Rémy‐Ruyer 

26th May 2015              Gas, Dust and Star Forma?on in Galaxies ‐ Crete 



Dust and galaxy evolution: IR wavelength coverage 

Rémy‐Ruyer et al. in prep 

JHK 
2MASS 

IRAC 

WISE 

IRAS 
IRS 

MIPS 

PACS 

SPIRE 

SCUBA 
LABOCA 

Planck 



Dust evolution within the ISM 

AGB Stars 
Grain FormaEon 

Diffuse ISM  Molecular clouds 
accreEon   coagulaEon 

Ice mantles 

Small carbons 
(a ≤ 20 nm) 

Big carbons 
(a ~ 100 nm) 

Silicates 
(a ~ 100 nm) 

a‐C:H 

aSil 

a‐C:H 

 AliphaEc  
carbons 

Amorphous 
carbons 

Amorphous 
silicates 

a‐C:H 

aSil 

AromaEc 
carbons 

a‐C 

a‐C 

a‐C 

a‐C:H 

a‐C:H + a‐C 

aSil 

a‐C:H + a‐C 

a‐C 

a‐C:H + a‐C 

a‐C:H 

aSil 

a‐C 

ice 

UV 
photons 

UV  
photons 

accreEon  accreEon 

accreEon 

accreEon 

sh
oc
ks
 

UV photons + shocks (stellar formaEon)) 
Jones+13, Köhler+14, Köhler+15 



•  Consistent with emission and ex?nc?on 

•  Consistent with elemental abundance constraints 

A new dust model: Validated on the diffuse ISM 

A&A 558, A62 (2013)

Fig. 3. Standard dust model for NH = 1020 H cm−2: NIR-UV extinction (top left), IR extinction (top right), albedo (bottom left) and the full dust SED
(bottom right). The grain types are: a-SilFe/a-C core/mantle grains (triple dot-dashed), a-C:H/a-C core/mantle grains (dotted) and small a-C grains
(dash-dotted). In each plot the totals are shown by the solid lines (red). The extinction data in the upper figures are taken fromMathis (1990). The
observational data in the lower right plot are: ∼5–15 µm ISOCAM/CVF ISO spectrum, ∼100–1000 µm FIRAS/COBE spectrum, 3.3 µm AROME
narrow band measurement (triangle) and DIRBE/COBE photometry (squares) (for details see Compiègne et al. 2011).

extinction on the short wavelength side of the 9.7 µm silicate
band (see Fig. 3 top right). We note that the 9.7 µm band in our
laboratory data-derived a-SilFe is too narrow in comparison with
the Mathis (1990) extinction profile (see Fig. 3, top right, and
Appendix A), even with the addition of carbonaceous mantles.
However, the extinction towards the Galactic centre observed by
Lutz et al. (1996) looks rather different in that the short wave-
length dip appears to be filled in, tantalisingly exhibiting what
could be broad absorption bands in the 3–4 and 6–8µm regions
(similar to but much stronger than those of the a-C:H materials
seen in Fig. 3 top right).

As mentioned above, we have adjusted the optEC(s)(a) data
in a physically-meaningful way in order to get a good fit to
the astronomical data7. Following our use of the published
optEC(s)(a) data we find that it is difficult to interpolate for in-
termediate particle sizes because of the sharp IR bands, which
are composition- and size-dependent. Thus, the optical property
data ideally need to be calculated from scratch for each required
particle size8.

7 The required modifications to the IR bands, and the π − π" and
σ − σ" bands are minor and are explained in full detail in Appendix C.
8 This capability will be introduced into a future release of the
DustEM code and documentation that integrates the optEC(s)(a) data.

Using the DustEM tool (Compiègne et al. 2011) we have cal-
culated the predicted properties for our dust model. The small
and large a-C(:H) grain size distributions are shown separately
in Fig. 2 but they do in fact form a single grain population with
size-dependent properties (the grey line in Fig. 2), which are im-
portant for a ! 30 nm (the separation into two distributions is
simply a modelling convenience). Figure 3 shows the UV-visible
extinction curve, the albedo9, the IR extinction and the emission
spectrum (i.e., the SED). In this model the large a-C(:H) grain
mass is about one tenth of that of the amorphous silicates, which
reflects the lower resilience of carbonaceous dust to ISM dust
processing, compared to silicate dust (see later, and also Serra
Díaz-Cano & Jones 2008; Jones & Nuth 2011). Figure 4 gives
the relative dust component contributions at each wavelength
and shows that for λ ≈ 1−60 µm the emission is dominated by
the small (power-law) a-C grains, for λ ≈ 60 µm–1 mm by the a-
SilFe/a-C grains and for λ " 1 mm by the large a-C:H/a-C grains.
Figure 3 indicates that the model gives an extremely good fit to
all of the major dust extinction and emission features observed
in the diffuse ISM.

9 The observational data are from Lillie & Witt (1976), Morgan et al.
(1976), Morgan (1980), Chlewicki & Laureijs (1988), Hurwitz et al.
(1991), Witt et al. (1997).
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N. Ysard et al.: Dust variations in the diffuse interstellar medium

Fig. 9. Observational data points are the same as in Figs. 1 to 6. The pink dashed areas show all the values of the dust observables
that can be produced by the valid dust models presented in Sects. 3 and 4, i.e. all dust population combinations except 100% FeS
nano-inclusions, silicates with 15 and 20 nm thick aromatic-rich carbon mantles, and aliphatic-rich carbon grains without mantles.
For models with increased carbon abundances (see Sect. 4.3), we included only those with NH < 10

20 H/cm2. Also plotted are
models with a decreased carbon abundance. The radiation field is varied with 0.8 ! G0 ! 1.4. We further include models for which
dust is illuminated by harder radiation fields than the standard ISRF (Sect. 3, for black-bodies at 20 000, 30 000, and 40 000 K and
G0 = 1, 1.5, 2, 2.5, and 3). See Sect. 2.2 for description of the black and white lines and symbols.
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tribution of big silicate grains with optical properties adapted
from observations (Draine & Lee 1984; Li & Draine 2001) and
carbonaceous grains whose optical properties are assumed to
vary continuously from those of graphite for large sizes (! 105

C atoms) to those of PAHs for small sizes (! 105 C atoms).
Compiègne et al. (2011), hereafter C11, uses silicate grains

with the same properties as DL07, but its carbonaceous grains
are divided into a population of PAHs and a population of amor-
phous carbon grains with optical properties derived from Zubko
et al. (1996) and sizes ranging from nm-sized to big grains.

Jones et al. (2013), hereafter J13, is a core-mantle model
with optical properties that are derived from laboratory measure-
ments. It features big grains of amorphous forsterite-like sili-
cates with iron inclusions and amorphous aromatic carbon man-
tles; big amorphous carbon grains with aliphatic cores and aro-
matic mantles; small aromatic grains (down to sub-nm sizes) that
take the place of PAHs. A unique feature of J13 is that it allows
for a certain flexibility in its optical properties, which vary ac-
cording to the band gap of carbonaceous materials and the size
of small grains, and possible variations in the mantle thickness.
In the present paper we use the standard model aromatic carbon
with a band gap of 0.1 eV.

The dust extinction and emission are computed by interpo-
lating an existing library in the case of DL07 (Aniano et al.
2012) and by using the DustEM tool 6 in the case of C11 and
J13 (Compiègne et al. 2011). The observational SEDs were fit-
ted using a χ2-minimising procedure. We assumed an interstel-
lar radiation field (ISRF) of the form uλ = G0 × uMMP83

λ , where
uMMP83
λ is the mean ISRF in the solar neighbourhood estimated

by Mathis et al. (1983) and G0 is a dimensionless scale factor.
G0 has the same meaning, in the model, as the Umin introduced
in Sect. 1, but we chose to use a different name in order to more
easily distinguish our results and those of Planck Collaboration
Int. XXIX (2014). For the rest of the paper, G0 is our estimate of
the ISRF intensity, while Umin is only used to indicate the SEDs
and is functionally synonymous with dust temperature.

3. Methodology and results

We analysed the observations using two different methods. The
first method is to fit the SED to obtain the model dust param-
eters: the radiance, i.e. the integrated SED intensity, the ISRF
intensity G0 and the dust column density, as represented by AV.
The second method is to estimate the ISRF intensity from the
observed AV and the dust radiance, then use it to predict the
model-dependent SED.

3.1. SED fitting

The ISRF intensity Gfit
0 is obtained from the fit of the SEDs. The

same fit, since the SEDs are normalised by the QSO-derived AV,
returns the ratio of the model extinction to the observed one,
Afit

V/AV. The fit results are shown in Fig. 2: each symbol repre-
sents a couple of values (Gfit

0 , Afit
V/AV) for a different model and

SED. Models ought to find a value of Afit
V/AV = 1 (thick horizon-

tal grey line). The thinner horizontal grey lines show our 15%
systematic uncertainty on AV (see Section 2.1): it is identical for
all SEDs, so it affects the significance of the average Afit

V/AV of
the models, but not the dependence of Afit

V/AV on G0, nor the dif-
ferences between models. The error bars on (Gfit

0 , Afit
V/AV) are ob-

tained from Monte-Carlo simulations, as explained in Sect. 2.1.

6 http://www.ias.u-psud.fr/DUSTEM/

Fig. 2. Plot of the fitted parameters Gfit
0 and Afit

V/AV, for the three
models. The colour scale goes from blue (cold) to red (warm).
The filled symbols correspond to the SEDs shown in fig. 1. All
points have similar relative uncertainty; the error bars for the
lowest Umin are shown. The uncertainties are systematic, so they
affect each point in the same way; errors on the two axes are
strongly anticorrelated (see Sect. 3.1). The horizontal grey lines
show Afit

V/AV = 1 and the 15% uncertainty on the AV normalisa-
tion (Sect. 2.1). The slanted grey lines are the least-square fits for
each model; they were added to more easily tell apart the three
models.

They are strongly anticorrelated, with an average Pearson cor-
relation coefficient of −0.77 (DL07) to −0.84 (C11 and J13).
These uncertainties are systematic, so the plots may be shifted
vertically or horizontally, but their shape will remain essentially
the same.

The J13 model fits the data well with an average Afit
V that

coincides with the expected value. C11 overestimates Afit
V by

∼ 25%. The DL07 model shows the largest discrepancy, with an
Afit

V that is overestimated by a factor ∼ 1.8, as already pointed out
by Planck Collaboration Int. XXIX (2014). All models, however,
show a negative correlation between G0 and Afit

V/AV whereas
Afit

V/AV should be unity.7. For comparison we also fitted the data
with a modified blackbody. We obtain similar results, which are
presented in Appendix A.

3.2. Recovery of G0 from dust radiance

SED fitting will yield biased results if the optical proper-
ties of the model are not optimal, as was shown by Planck
Collaboration Int. XXIX (2014) for the DL07 model. It would
be useful to find an alternative way of comparing models and
observations. For this reason we decided, in addition to fitting
the dust SEDs, to recover G0 using a procedure based on the
dust radiance per unit extinction.

The radiance, R, is the total power emitted by dust:

R ≡
∫

λ
Iλ dλ (1)

7 While the trends for AV and G0 in Fig. 2 resemble the well-known
T-τ anticorrelation caused by noise (Shetty et al. 2009a,b) , this is not
the case here: since each SED is an average over 10, 000 spectra, the
statistical uncertainty for each SED is negligible.
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