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Dust in the Universe
• Dust is probably most widely considered a nuisance… 

Dust obscures starlight, greatly complicating the 
relationship between the optical properties and the 
intrinsic stellar properties of galaxies 

• However dust re-emits in the IR 

Dust emission helps balance the energy budget, and 
encodes information of its own. Some galaxies are 
significantly brighter in IR (e.g. Sub-mm galaxies) 

• Dust also plays an outsized physical role in galaxies… 

A substrate for molecule formation, a channel for 
cooling, a channel for heating, shields gas, interacts with 
gas, feels radiation pressure…

Barnard 68

+AV
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Dust in the Universe
• Dust is probably most widely considered a nuisance… 

Dust obscures starlight, greatly complicating the 
relationship between the optical properties and the 
intrinsic stellar properties of galaxies 

• However dust re-emits in the IR 

Dust emission helps balance the energy budget, and 
encodes information of its own. Some galaxies are 
significantly brighter in IR (e.g. Sub-mm galaxies) 

• Dust also plays an outsized physical role in galaxies… 

A substrate for molecule formation, a channel for 
cooling, a channel for heating, shields gas, interacts with 
gas, feels radiation pressure…

Barnard 68

 Pineda et al 2007 
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How Does Dust Process Light in Galaxies?
Dust Extinction is dictated by the 
optical properties of grains 
themselves (intrinsic scattering and 
absorption cross-sections)  
Dust Attenuation refers to the 
combined influence of extinction and 
star-dust geometry on reducing 
emergent light from galaxies.

Extinction & Attenuation are only 
equivalent in the case of a point 

source and thin, intervening 
screen!

Dust Emission then depends on 
this Attenuation and the nature of 
dust grains

One explanation for the widespread adoption of a 
mythological overlying screen of dust absorption in 
galaxies is a parallel with stellar astronomy, in which 
only grains along the line of sight to a star will 
extinguish the light. Transferring the same notion to 
extragalactic astronomy, with far more complicated 

See e.g. Witt et al 1992

Attenuation modified by DIG and dust as seen in M31 9

Fig. 6.— Attenuation (derived from the H↵/H� ratio) compared to the dust mass surface density. Foreground screen and mixed models
(Calzetti et al. 1994) are represented by thick, black/yellow lines. Various symbols represent data points from our five fields in M31. Data
from K13 for nearby galaxies are shown in the background as empty circles. A foreground screen model decreased by a factor of 3.8 (from
K13) and 1.35 (best fit for M31) are also shown. The median value of the M31 uncertainties of attenuation values are shown on the left
side of the diagram.

tensity. In the Appendix we explore the e↵ects of renor-
malizing ⌃dust in M31 and the K13 (Appendix A; Fig.
12). Based on this we would expect that such a normal-
ization would only further the disagreement between the
K13 galaxies and M31. However, as this renormalization
is not well calibrated in the high interstellar radiation
field regime (corresponding to most of the K13 regions),
we do not include the renormalization in the following
analysis and figures.
An additional e↵ect that can play a role in our derived

attenuation is the ’mid-plane’ e↵ect, as we expect half
of the dust to be situated behind the ionizing sources.
That can partly explain the o↵set of M31 data from
the ‘foreground screen’ model line. This e↵ect should
be strongest in the case where the scale height of the
ionized gas is much smaller than the scale height of the
dust. However, in the case of similar scale heights, this
e↵ect should play a much smaller role.
Given our confidence in our spectrophotometric cal-

ibration, we explain higher attenuation values of some
regions as a result of possible variations in the extinc-
tion law tied to variations in the dust properties, which
we expect are related to variations in our assumed DGR
and RV.

4. DISCUSSION

Our main result (Fig. 6) shows that M31 more closely
follows a foreground screen model than a mixed model.
This is di↵erent from what K13 found in nearby galaxies.
In this section, we consider various factors that poten-
tially explain the di↵erences between these results. We
examine the e↵ect of physical resolution on attenuation
(Sec. 4.1). We test the e↵ects of a spatially extended
ionized gas component on attenuation (Sec. 4.2). We as-
sociate this additional gas with di↵use ionized gas (DIG)
and discuss the e↵ects of di↵erent scale heights of dust,
HII regions and DIG on AV (Sec. 4.2, 4.3 and 4.4). Fi-
nally, we explain the varying vertical distribution of dust
and gas in M31 and the K13 galaxies by observations at
di↵erent galactic radii (Sec. 4.5).

4.1. The impact of physical resolution

While K13 probed spatial scales between ⇠ 0.3 kpc to
⇠ 2 kpc, the proximity of M31 means that the SPIRE
350µm physical resolution is ⇠ 100 pc. The fields in M31
are located within the most dense and dusty spiral arms
and cover only a small fraction of the galaxy. Therefore it
is possible that our M31 results are biased by dusty, star-
forming regions where a foreground screen model more
closely represents the dust distribution. The larger phys-

Tomicic+17



EAGLE & SKIRT Observing EAGLE with SKIRT 15
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Figure 7. Rest-frame z = 0.1 SDSS g � r colour distributions
of galaxies in four non-contiguous bins of stellar mass, labelled
in each panel. eagle galaxies of simulation Ref-100 are shown
in black, where dashed lines neglect ISM dust, thin solid lines
indicate the Trayford et al. (2015) (T15) colours, thick solid lines
include ISM dust modelled using skirt. Red lines (bottom panel
only) are galaxies from the higher resolution simulation Recal-25,
processed with skirt. Blue lines show the observed distributions
of Taylor et al. (2015).

5 SKIRT COLOURS OF EAGLE GALAXIES

In this section we compare colours of eagle galaxies to
gama data, as well as to the fiducial model of T15 (their
GD+O model, which we will refer to as the ‘T15’ model be-
low). We recall that the models we discuss have two sources
of dust, that associated with birth clouds which is modelled
by mappings-iii, and ISM dust taking into account using
skirt radiative transfer. We will sometimes refer to models
without ISM dust as ‘intrinsic’ colours and to these galaxies
as ‘dust free’ but note that this only refers to ISM dust, not
the dust associated with the mappings-iii source model.

5.1 Comparison with observations

5.1.1 Colour distribution at a given stellar mass

The distribution of rest-frame galaxy g�r colours at z = 0.1,
in narrow (0.3 dex) non-contiguous stellar mass bins, show-
ing both z = 0.1 eagle galaxies and gama data, is plotted
in Fig. 7 (which can be compared to the simpler dust-screen
model of T15, thin solid lines). Stepped lines represent the
eagle colour histograms, using black to denote simulation
Ref-100 and red to denote simulation Recal-25. These are
either thin dashed to indicate colours without ISM dust,
thin solid to represent the GD+O model of T15, or thick

solid representing those obtained using radiative transfer
with skirt. Continuous blue lines correspond to rest-frame
(volume-limited) gama galaxy colours without dust correc-
tion from Taylor et al. (2015). Stellar masses for the gama

galaxies, inferred through SED fitting, are taken from Taylor
et al. (2011). All distributions are normalised to unit area.
Here we compare the skirt to observed distributions, addi-
tionally comparing to the T15 model in sections 5.1.2-5.2.2.

Comparing dashed to solid lines in the top panel demon-
strates that dust reddening in massive (1011.2 < M?/M� <
1011.5) blue galaxies is significant, with blue galaxies red-
der in skirt compared to intrinsic colours by 0.1-0.2 mag in
g � r, changing the bi-modal ISM dust-free colour distribu-
tion to a single red peak at g � r ⇡ 0.75. The intrinsically
blue colours of massive eagle galaxies is caused by rela-
tively low levels of residual star formation, not completely
suppressed by the AGN feedback. The dust content of these
star forming regions is high, however, leading to significant
dust-reddening when processed with skirt. At these masses,
about half of the galaxies on the skirt red sequence are dust
reddened from an intrinsically bluer colour7.

Dust reddening also a↵ects the g � r colour of galax-
ies with masses 1010.5 < M?/M� < 1010.8 strongly (sec-
ond panel from top), shifting blue galaxies to higher g � r
by ⇡ 0.1 mag, to g � r ⇡ 0.6, and changing the bi-modal
colour distribution into a single red peak with a tail to bluer
colours. This blue tail, due to galaxies with more moderate
reddening, hints that the intrinsic colour distribution is in
fact bi-modal. At these masses, about a third of the ‘green

valley’ population with g�r ⇡ 0.65 comprises dust-reddened
galaxies. The remaining galaxies have intrinsic colours that
puts them in the green valley, and are typically transitioning
between the blue and red populations, as discussed in detail
by Trayford et al. (2016).

The second-lowest mass bin (109.8 < M?/M� < 1010.1)
again contains a population of strongly-reddened galaxies. A
distinct bi-modality remains after reddening, with the red
peak stronger than the blue peak, opposite to the case of
intrinsic colours. Intrinsically blue galaxies appear less at-
tenuated on average, with the blue peak shifted by only
⇡ 0.05 mag relative to the ISM dust-free photometry, to
g � r ⇡ 0.5. The ‘green valley’ population is also boosted
relative to the ISM dust-free photometry. Recalling Fig. 5,
we see that the dust-boosted red and green galaxy popu-
lations produced by skirt have a tail to significantly bluer
colours. The tail consists of galaxies that have little or no
ISM dust as well as dusty galaxies seen nearly face-on with
ISM dust-free colours typical of the star-forming population.

At the lowest stellar masses, 108.7 < M?/M� < 109

7 Note that while the dust attenuation in eagle appears to be
systematically lower than observed for edge-on galaxies (see sec-
tion 4.1), increasing attenuation would not necessarily lead to the
eagle red sequence position shifting to even redder colours. Un-
like in a screen model where extreme reddening is possible, in our
skirt modelling galaxies with high dust content have colours that
saturate to that of old stellar populations, as these populations
are preferentially unobscured by dust. If the dust clouds are made
optically thick, the galaxy photometry is essentially that of the
unobscured population. More realistic attenuation values might,
however, lead to more galaxies appearing as members of the red
sequence.

MNRAS 000, 1–32 (2017)

g - r [mag]

z = 0.1

Trayford et al 2017 Mock SDSS images of EAGLE galaxies created using full SKIRT radiative transfer

• SKIRT 1 radiative transfer used to model 
dust attenuation in EAGLE (Schaye+15) 
galaxies


• Attenuation varies a lot despite fixed grain 
model and dust-to-metal ratio - geometric 
effects!


• Accounting for this leads to a better match 
to galaxy colour bimodality and luminosity 
functions 1skirt.ugent.be



Attenuation curves with EAGLE 7

Figure 2. Demonstrating the attenuation law derived using EAGLE, and its dependence on the average dust surface density, ⌃dust.
The top panel shows the e↵ective ISM optical depth as a function of ⌃dust. Points indicate the median optical depth of Ref100 EAGLE
galaxies, with error bars indicating the 16-84 percentile range. Dashed line is a cubic spline fit to the median points. Thick blue and
orange lines indicate idealised screen and slab geometries respectively, as in Kreckel et al. (2013). The data from Kreckel et al. (2013)
is also plotted, using di↵erent symbols to indicate independent lines of sight from nearby galaxies. Grey and green symbols indicate the
attenuation measured from emission line diagnostics and stellar continuum fitting, respectively. Bottom panel shows the power law slope
of the attenuation curve in the optical range (0.2-0.8 µm). Black dashed lines and points represent the Ref100 run as above. The thick
orange line again represents an idealised slab, with the fiducial CF00 value shown as a dot-dashed line. Example stellar and dust surface
density maps of a contributing galaxy are inset. We see that the extreme, idealised geometries bracket the ⌧ISM

550
-h⌃dust i relation, while

EAGLE attenuation curve slope varies significantly with ⌃dust.

jecting over the entire galaxies. Indeed, a foreground screen
represents a maximally absorbing uniform configuration for
the stars and dust Witt et al. (1992). While the slab model
accounts for the mixing of dust and stars, the inhomogeneity
of the star-dust geometry distinguishes it from this idealised
case. In particular, radial gradients in the star and gas dis-
tribution, and the physical association of young stars with
denser ISM (not just birth clouds) contribute to di↵erences
in the trends.

Generally the EAGLE attenuation is closer to the slab
case, and appears to exhibit a similar plateau at high ⌃dust

values. In the slab, this is a skin e↵ect where the influence of

adding more dust to the configuration diminishes as sources
on the near edge of the attenuating medium become domi-
nant. This is likely similar in the EAGLE case, where ⌧ISM

550

saturates as the less obscured stellar populations come to
dominate the observed light. This plateau is only marginally
resolved in the EAGLE case, visible only at the highest ⌃dust

values. The scatter at a fixed ⌃dust again also indicates geo-
metric variations in the galaxies.

Comparing to the Kreckel et al. (2013) observations,
we see these are also generally intermediate between the
two idealised cases. The continuum measurements tend to
occupy similar values as found for EAGLE over the 5.5 

MNRAS 000, 1–15 (2019)

Parametrising ISM attenuation
Trayford et al 2020

Can we harness the emergent morphologies of 
simulated galaxies to parametrise attenuation? 

The optical depth and wavelength 
dependence of Charlot & Fall ’00 ISM 
attenuation screen can be fit to dust surface 
density dependence in  SKIRT+EAGLE 


Explore different options for the birth cloud 
term, how does this affect overall attenuation?


SHARK semi-analytic models (Lagos+19) 
demonstrated better UV and SMG agreement 
with SKIRT+EAGLE - like attenuation model


See also Narayanan+18

18 Claudia del P. Lagos et al.

Figure 17. Redshift distribution of Shark 850µm galaxies with
a flux � 5 mJy for the 4 attenuation models of Table 1 (as labelled
in the left panel of Fig. 14). We also show as symbols the obser-
vations of Wardlow et al. (2011). Errorbars in the observations
show the Poisson uncertanity. All the models based on the EA-

GLE attenuation curves produce a distribution consistent with
the observations.

able to match the observed number counts in the UV-optical
and FIR bands simultaneously without the need to invoke a
varying IMF. Baugh et al. (2005); Lacey et al. (2016) showed
that in GALFORM this was only achieved by invoking a
top-heavy IMF during starbursts. In the case of a universal
IMF the numbers of bright 850µm galaxies in their work was
consistently under-produced, and not only that, but they
tended to lie at low redshift, in clear tension with the ob-
servations (which find a peak at z ⇡ 2). Shark assumes a
universal Chabrier (2003) IMF and hence this shows that in
a fully cosmological galaxy formation model, this is possible.
In order to confirm this claim, we show in Fig. 17 the pre-
dicted redshift distribution of bright 850µm galaxies, fluxes
> 5 mJy, for the 4 attenuation models of Fig. 1, compared
to the observations of Wardlow et al. (2011). The agreement
is outstanding with all the models that use the EAGLE at-
tenuation curves, while for the model adopting the default
CF00 parameters, the redshift distribution is less peaked at
z ⇡ 2 than observations suggest. In any case, Shark cap-
tures well the redshift peak of the brightest 850µm sources,
and the tail towards high redshifts. We remind the reader
that in all cases we assume an invariant relation between
dust mass-gas metallicity and gas content that is informed
by local Universe observations.

The reasons why Shark is able to reproduce the ob-
served number counts from the UV to the FIR with a uni-
versal IMF and other models have not is di�cult to pinpoint
due to the many aspects that enter in the calculation: dust
masses, gas metallicities, galaxy sizes, attenuation curves
and dust temperature. Hence we here discuss some possi-
bilities but warn the reader that these are not conclusive.
An important quantity is the dust mass, which is tied to the
gas metallicities and gas content. Both Shark and GAL-
FORM reproduce well the gas content of galaxies, however,
GALFORM predicts gas metallicities that are consistently

Figure 18. Cosmic Spectral Energy Distribution at z = 0, z = 1,
z = 3 and z = 6 for Shark using the 4 attenuation models of
Table 1, as labelled. Observational estimates from Andrews et al.
(2017) at z = 0 and z = 1 are shown as grey segments.

too low compared to observations at M? . 1010.5 M� by
up to 1 dex (see Fig. 11 in Guo et al. 2016). Galaxy sizes
may also be too large in GALFORM compared to observa-
tions (see Fig. 21 in Lacey et al. 2016). Both these e↵ects
contribute to lowering the dust surface density. Shark on
the other hand predicts sizes that agree with observations
(by construction), and gas metallicities that are closer to

MNRAS 000, 1–24 (2019)

FUV-to-FIR emission of Shark galaxies 17

Figure 16. Number counts for out Shark 107 deg2 deep lightcone and the 4 attenuation models of Table 1 from the NUV to the 850µm
as labelled in each panel. Magnitudes are apparent AB. Indigo coloured lines are as in the left panel of Fig. 14. We only show the
intrinsic emission from the NUV to the IRAC µm band. The contribution from disks, starbursts driven by galaxy mergers and via disk
instabilities, respectively, are shown for the EAGLE-⌧ RR14 steep only for clarity. For ease of visualization we change the x-axis range
in the bottom panels. The observations shown are from Driver et al. (2016a), except for the 850µm in which we show the Geach et al.
(2017) data. The agreement with the observations is excellent, with all the models producing similar results, with di↵erences becoming
visible at faint magnitudes.

NUV to the 850µm of this lightcone for the 4 attenuation
models of Fig. 16, compare with the observations of Driver
et al. (2016b) and Geach et al. (2017).

The agreement with the observations is excellent across
the entire wavelength range shown here and for all the at-
tenuation models tested. Some tension is identified in the
Herschel SPIRE bands, in which Shark tends to predict
too few (many) galaxies with AB magnitudes 14� 16 (< 10)

by a factor of ⇡ 2 compared to Driver et al. (2016a). In-
terestingly, these di↵erences are similar to those reported in
Lacey et al. (2016) for the GALFORM semi-analytic model.
Recently, Wang et al. (2019) showed that the Herschel num-
ber counts we show here likely su↵er from systematic errors
due to blending and confusion, and hence the tension with
Shark could be due to those systematics.

The truly unexpected result of Fig. 16 is that we are

MNRAS 000, 1–24 (2019)

Improved SMG  
number counts

Improved UV  
Luminosity  
Functions

MNUV



Resolution & Geometry Limitations

Too homogenous!

Trayford et al 2017

Camps et al 2016 

Too puffy!

IC2531MW mass EAGLE galaxy



Dusty Galaxy formation in COLIBRE

700 pc

~100 pc

Many of these limitations require an enhanced, 
more detailed modelling of galaxy formation -  
enter the COLIBRE simulations.


COLIBRE should enable a clumpier, multiphase 
ISM with thinner discs 

COLIBRE should simulate normal galaxies in a 
cosmological box at > EAGLE high-res resolution 


COLIBRE should have the requisite physics to 
model at these resolutions (multi-phase gas, 
molecular processes, dust, etc)


Evgenii will talk more about COLIBRE on Friday!
Galaxy Discs

SDSS-like images of some test galaxies

skirt.ugent.be



Grain Types

Other grains

SiC, FeO, etc…

Carbonaceous grains
 Graphite: C

Silicate grains 


Forsterite: Fe2SiO4  

Fayalite: Mg2SiO4
Olivine Grains


Pyroxene Grains

Enstatite: Mg2Si2O6  

Ferrosilite: Fe2Si2O6  
We use a two-size model, comprising 
large (0.1 micron) and small (0.01 
micron) grains


Six grain types are tracked…

...3x  Chemical species

…& 2x  Size bins

Allow Mg and Fe species independence, 
less constraining on depletion patterns



Grain Evolution & The Dust Lifecycle
Seeding 

• AGB winds (e.g Dell’Agli+17) 

• SNII (e.g Zhukovska+08) 
Growth 

• Accretion: In dense gas clouds, grains may 
grow by picking up material


Size Transfer 

• Coagulation slow moving dust grains can 
stick together. 

• Shattering faster moving grains collide, 
breaking into multiple smaller grains


Destruction 
• Thermal sputtering: at high temperatures, 

gas-dust collisions erode dust grains

• Supernovae shocks: energetic shocks from 

supernovae may vaporise dust

• Astration: dust destroyed in stars


Sputtering

Astration

Accretion

Coag
ulati

on

Shat
terin

g

Seeding



“Activating” Dust 
With a model for the grain lifecycle, we can link the dust to the gas physics 
using the cooling module CHIMES (Richings+14a,b, Ploeckinger & Schaye 
2020) 

• Depletion: The deposition of gas-phase metals into dust modulates the 
level of metal-line cooling


• Molecule Formation: The molecular formation rates are affected by the 
availability of dust surfaces, and dust shielding


•Cooling & Heating: there are heating (e.g. photoelectric heating) and 
cooling (e.g. radiative cooling), again largely depending on dust surfaces


The size distribution of grains, with smaller grains providing higher rates. 
Use a clumping factor to account for unresolved dense clouds



Summary
1. Dust weighs heavy in our 
understanding of galaxies Modulating 
both the observable radiation emerging from 
galaxies, and key ISM processes   

2. Attenuation arises from grain 
properties & star-dust geometries the 
details of attenuation (and thus thermal 
re-emission) can be crucial for decoding 
observables, but is naturally very 
complex to inverse model accurately 

3. Multiphase, dust-inclusive 
simulations can be harnessed with a 
forward modelling approach particularly 
through the application of radiative 
transfer models, we can understand 
better the translation between 
observables and physical properties



Backup Slides



extinction curves
representative (average) extinction curves adopted:

❖ Milky Way (MW)

❖ Large Magellanic Cloud (LMC)

❖ Small Magellanic Cloud (SMC)

slope in UV

2175 Å bump in MW and LMC 

Pei 1992, Calzetti et al. 2000

How Does Dust Process Light in Galaxies?

Dust Extinction is 
dictated by the optical 
properties of grains 
themselves (intrinsic 
scattering and absorption 
cross-sections) 

Pei 1992, Calzetti et al. 2000

Cosmic dust grain (J. Freitag 
and S. Messenger)

Extinction and 
Attenuation represent 
different things



How Does Dust Process Light in Galaxies?
Dust Attenuation refers to the 
combined influence of extinction 
and star-dust geometry on 
reducing emergent light from 
galaxies.

Extinction & Attenuation are 
only equivalent in the case of 

a point source and thin, 
intervening screen!

Dust Emission then depends on 
this Attenuation and the nature of 
dust grains

See e.g. Witt et al 1992

Attenuation modified by DIG and dust as seen in M31 9

Fig. 6.— Attenuation (derived from the H↵/H� ratio) compared to the dust mass surface density. Foreground screen and mixed models
(Calzetti et al. 1994) are represented by thick, black/yellow lines. Various symbols represent data points from our five fields in M31. Data
from K13 for nearby galaxies are shown in the background as empty circles. A foreground screen model decreased by a factor of 3.8 (from
K13) and 1.35 (best fit for M31) are also shown. The median value of the M31 uncertainties of attenuation values are shown on the left
side of the diagram.

tensity. In the Appendix we explore the e↵ects of renor-
malizing ⌃dust in M31 and the K13 (Appendix A; Fig.
12). Based on this we would expect that such a normal-
ization would only further the disagreement between the
K13 galaxies and M31. However, as this renormalization
is not well calibrated in the high interstellar radiation
field regime (corresponding to most of the K13 regions),
we do not include the renormalization in the following
analysis and figures.
An additional e↵ect that can play a role in our derived

attenuation is the ’mid-plane’ e↵ect, as we expect half
of the dust to be situated behind the ionizing sources.
That can partly explain the o↵set of M31 data from
the ‘foreground screen’ model line. This e↵ect should
be strongest in the case where the scale height of the
ionized gas is much smaller than the scale height of the
dust. However, in the case of similar scale heights, this
e↵ect should play a much smaller role.
Given our confidence in our spectrophotometric cal-

ibration, we explain higher attenuation values of some
regions as a result of possible variations in the extinc-
tion law tied to variations in the dust properties, which
we expect are related to variations in our assumed DGR
and RV.

4. DISCUSSION

Our main result (Fig. 6) shows that M31 more closely
follows a foreground screen model than a mixed model.
This is di↵erent from what K13 found in nearby galaxies.
In this section, we consider various factors that poten-
tially explain the di↵erences between these results. We
examine the e↵ect of physical resolution on attenuation
(Sec. 4.1). We test the e↵ects of a spatially extended
ionized gas component on attenuation (Sec. 4.2). We as-
sociate this additional gas with di↵use ionized gas (DIG)
and discuss the e↵ects of di↵erent scale heights of dust,
HII regions and DIG on AV (Sec. 4.2, 4.3 and 4.4). Fi-
nally, we explain the varying vertical distribution of dust
and gas in M31 and the K13 galaxies by observations at
di↵erent galactic radii (Sec. 4.5).

4.1. The impact of physical resolution

While K13 probed spatial scales between ⇠ 0.3 kpc to
⇠ 2 kpc, the proximity of M31 means that the SPIRE
350µm physical resolution is ⇠ 100 pc. The fields in M31
are located within the most dense and dusty spiral arms
and cover only a small fraction of the galaxy. Therefore it
is possible that our M31 results are biased by dusty, star-
forming regions where a foreground screen model more
closely represents the dust distribution. The larger phys-

Tomicic+17



Grain Seeding
ESA/Hubble & NASA ESA/Hubble & NASA ESO

AGB / stellar yields

Supernova yields

AGN?

Grains thought to condense out of stellar 
ejecta


• AGB winds (e.g Dell’Agli+17) 

• SNa ejecta 

• SNII (e.g Zhukovska+08)


• SNIa  (e.g Nozawa+11)


• AGN? (e.g Sarangi+19) 

Seeded grains are dominated by large sizes 
(~0.1 micron, e.g. Groenewegen+97, 
Yasuda+12, Asano+13b, Nozawa+07)



Dust Sizes
Size Distribution of Interstellar Grains, contd....

tickmarks: 50% of grain mass above and below (from Draine 2011)

• Start with PAHs, then add size distributions of
amorphous silicate and graphite to fit observed
extinction:

� Weingartner & Draine (2001a) (WD01)
spheres

� Zubko et al. (2004) (ZDA04)
spheres

� Draine & Fraisse (2009) (DF09)
spheroids, required to reproduce both ex-
tinction curve and polarization curve

• Results differ in detail, but all have

� similar total volumes of carbonaceous and
silicate dust, using as much C, Mg, Si, Fe
as allowed by observed depletions

� ⇥50% of dust mass above/below ⇥0.1 µm

• WD01 and DF09 use “observed” extinction
curve with somewhat more near-IR extinction
than for extinction curve assumed by ZDA04.
Result: WD01 and DF09 have more mass in
a >⇥ 0.25 µm dust than ZDA04.
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Size Distribution of Interstellar Grains, contd....

tickmarks: 50% of grain mass above and below (from Draine 2011)

• Start with PAHs, then add size distributions of
amorphous silicate and graphite to fit observed
extinction:

� Weingartner & Draine (2001a) (WD01)
spheres

� Zubko et al. (2004) (ZDA04)
spheres

� Draine & Fraisse (2009) (DF09)
spheroids, required to reproduce both ex-
tinction curve and polarization curve

• Results differ in detail, but all have

� similar total volumes of carbonaceous and
silicate dust, using as much C, Mg, Si, Fe
as allowed by observed depletions

� ⇥50% of dust mass above/below ⇥0.1 µm

• WD01 and DF09 use “observed” extinction
curve with somewhat more near-IR extinction
than for extinction curve assumed by ZDA04.
Result: WD01 and DF09 have more mass in
a >⇥ 0.25 µm dust than ZDA04.

17 B.T. Draine Physics of Interstellar Dust IPMU 2010.04.21

Extinction curves are a powerful 
constraint on the size distribution locally, 

which in turn encodes dust evolution 

We experiment with single grain-size (0.1 micron) 


And two-size (0.1 micron and 0.01 micron) 




Size Transfer

Grain agglomeration  

• Coagulation is when slow moving 
dust grains stick together. (e.g 
Aoyama+17, Granato+21)


Grain shrinkage 

• Shattering is when faster moving 
grains collide, breaking into multiple 
smaller grains (e.g Aoyama+17, 
Granato+21)
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Grain Evolution Accretion

Sputtering

Astration

• Sputtering (e.g. Tsai+95) 

τsput  ∝ a nH -1 [(Tsput/T )2.5 +1]


• SNe destruction (e.g. Yamasawa+11) 

τSN  ∝  γ* -1 mg / mswept


• Accretion (e.g. Hirashita+13) 

τSN  ∝  a  nH -1  T -0.5   X

a :  grain radius

nH :  number density of H

T : local gas temperature


γ* : specific SNe rate

mg : gas particle mass

mswept : mass swept by SN shock

   (via nH, Z; Yamasawa+11)


 X : abundance of ‘key’ element



Accretion

Sputtering

AstrationNet Growth….

Net Destruction….

Seeding 
- AGB 
- SNII

Destruction 
- Thermal 
- SN 
- Astration

Growth Mechanisms: 
- Accretion

Destruction Mechanisms: 
- Thermal Sputtering 

+10 G
yr -1

+1 G
yr -1

+0.1 G
yr -1

-10 Gyr -1-1 Gyr -1-0.1 Gyr -1

Grain Evolution

For large (0.1 micron) grains



Processing simulations

“Forward 
Modelling”

“In
verse

 Modelling”

Processing observations

Derived physical 

properties:


 maps, integrated 
properties, kinematics 

Raw Data:

Imaging, spectra, 

fluxes

‘Cleaned’ Data:

Background and 
source extracted, 
aggregated over 

aperture, etc.

Dust corrected 
observations: 

‘intrinsic’ fluxes 
corrected for dust,  

Direct physical 

properties:


 maps, integrated 
properties, kinematics 

Intrinsic 
Observables:


Generated from the 
stellar populations of 

simulated galaxies

Including dust 
effects:


Using the galaxy 
properties to model 
dust attenuations

Emulated data:

Mocking the observed 

data as closely as 
possible

Generating 
observables: 


SPS models, spectral 
line modelling, etc. 

Choice of SPS model,  
Choice or priors on 

histories, stellar 
metallicities 

Dust treatment:

Radiative transfer, 

LoS modelling, 
Screen models 

Choice of dust model, 
dust proxies e.g. 

Balmer decrement, 
etc. 

Instrument effects

PSF Modelling, 

Adding backgrounds 
(generative, ‘real’ 

backgrounds) 

Determining S/N, 
Source extraction 
methods, profile 

fitting, etc. 
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A Two-Component Screen Model
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into spectra for a fixed wavelength grid, with and without
dust e↵ects. Not counting dust re-emission in the IR, 333
wavelength points are set between 280 nm and 2500 nm,
providing su�cient resolution to recover photometry across
the UV-NIR range.

For this work, we make use of photometry with
and without dust radiative transfer for galaxies with
log10(M?/M�) > 10 (log10(M?/M�) > 9) at reference (high)
resolution. In addition to the standard photometry, we also
obtain photometry for light emanating from MAPPINGS-
III HII regions alone, as well as coeval GALAXEV spectra2.
We also utilise maps of physical properties for each galaxy,
described in Trayford & Schaye (2018), which were produced
using the pySPHViewer code (Beńıtez-Llambay et al. 2018).
These allow us to derive dust maps following our dust pre-
scription, and thus compute dust surface densities.

3 MODELLING ATTENUATION WITH EAGLE

The attenuation of a galaxy’s intrisic SED emerges from the
highly complex radiative transfer of light through an atten-
uating medium. Attenuation depends simultaneously on the
stellar-dust geometry, the redirection of light by scattering
and the detailed properties of the dust grains. Dust attenua-
tion in galaxies is also multi-scale; it depends on both macro-
scopic structure of galaxies on kpc scales, and the cold pc-
scale clouds in which stars are born. As such, it is important
to consider the limitations of simulations such as EAGLE in
reproducing these complexities, alongside the insights the
simulation provides.

With this in mind, we describe the fundamental aspects
of our model, which predicts the ISM attenuation curves of
galaxies using their dust surface density. First, the choice
of screen paradigm is discussed in § 3.1. The measurement
of dust surface densities is then explored in § 3.2. Finally,
we describe the fitting of attenuation curves to individual
galaxies in § 3.3.

3.1 Screen models

Calzetti et al. (2000, C00) derive an e↵ective attenuating
screen for starburst galaxies, which Fischera et al. (2003)
interpret to represent a turbulent dusty medium of MW-
like dust composition, with a lognormal distribution of col-
umn densities and a well-mixed stellar population. While
this model may be a good approximation for some galax-
ies, it is unlikely a good approximation in general, particu-
larly if certain stellar populations are preferentially located
in dustier regions.

The attenuation law of C00 has been adapted to account
for such variation. Following e.g. Noll et al. (2009), a simple
parametrisation is

⌧(�) = 0.4 ln (10) E(B � V) kSB(�)
✓
�

5500Å

◆�
, (1)

where kSB is the wavelength dependent form of the attenu-
ation curve for starburst galaxies given by C00, with � rep-
resenting a power law tilt relative to the standard relation.

2 i.e. tage < 10 Myr stars, without the influence of nebular emission
and absorption built into the MAPPINGS-III library.

The value of � must then be chosen. Such a form has been
adopted by numerous studies (e.g. Chevallard et al. 2013;
Salmon et al. 2016; Narayanan et al. 2018).

Charlot & Fall (2000, CF00) introduced a two-
component screen model to account for the lines-of-sight
towards younger stellar populations having higher column
densities of dust. In this model, generalised by Wild et al.
(2007), older stars are attenuated by a dust screen of fixed
optical depth representing the interstellar medium (ISM),
while lines of sight towards young stars have a boosted opti-
cal depth due to an additional term, taken to represent the
birth clouds (BCs). This gives an attenuation curve, ⌧(�), for
a stellar population with age tage, of

⌧(�) =
8>><
>>:
⌧ISM

⇣
�

5500Å

⌘⌘ISM

for tage > tdisp

⌧ISM

⇣
�

5500Å

⌘⌘ISM

+ ⌧BC

⇣
�

5500Å

⌘⌘BC

for tage  tdisp

(2)

Where ⌧ISM represents the ISM optical depth, ⌧BC is the
optical depth of stellar birth clouds, tdisp is the birth cloud
dispersal time and ⌘ISM and ⌘BC are the spectral slopes for
the two attenuation curves. In their fiducial parametrisation,
CF00 take ⌘ISM = ⌘BC = �0.7, tdisp = 10

7
yr and ⌧BC = 2⌧ISM.

This model was adopted for EAGLE galaxies by Tray-
ford et al. (2015), and subsequently compared to radiative
transfer calculations using the SKIRT code by Trayford et al.
(2017). In the comparison with the SKIRT results, the ⌧ISM

term is taken to represent the dust tracing the resolved gas
distribution in EAGLE galaxies (on scales & 1 kpc), and the
⌧BC term is taken to be unresolved, and represented by the
built in dust attenuation in the MAPPINGS-III spectral li-
braries for HII regions (Groves et al. 2008) used to represent
young stars. We find that this analogy between the com-
ponents generally works well, and fitting the SKIRT results
with the model of Trayford et al. (2015) recovers close to
the fiducial model parameters.

3.2 Dust surface density

The surface density of dust, ⌃dust, is clearly a key parameter
in the conception of a physically motivated model for dust
attenuation. As dust is not tracked explicitly in the EAGLE
simulation, we assume a simple scaling, with

mdust = fdustZmgas, (3)

where the dust mass, mdust, is deemed to constitute a fixed
fraction, fdust, of the metal mass for a gas particle of mass
mgas and metallicity Z. In order to measure dust proper-
ties, 256x256 pixel mass maps are produced for each galaxy
within a 602 kpc2 field of view using the approach described
in Trayford & Schaye (2018), using fdust = 0.3, consistent
with the SKIRT data.

In the case of an idealised uniform screen with fixed
dust composition, ⌃dust is the sole parameter dictating the
absorption of light from a source. In a realistic configura-
tion, however, the attenuation will depend on the relative
distribution of dust with respect to stars in galaxies. To ac-
count for this, any measure of ⌃dust should be related to the
stellar distribution. To test how the measurement method
of ⌃dust may influence our results, we try two di↵erent defi-
nitions. The first uses a circular aperture to define the area

MNRAS 000, 1–15 (2019)

We assumed the two screen model of Charlot 
& Fall 2000 for dust, assigning galactic ISM 
and Birth cloud optical depth

Trayford et al 2015

Constant

Scales with ISM 
metal mass and 
orientation for 
each galaxy

See also Torrey et al 2015 (Illustris) for application of two-
component screen to galaxy simulations 



Forward Modelling - SKIRT

• The SKIRT dust RT code was used 
to process EAGLE, modelling the 
transfer of light through the 
resolved ISM (Camps+16,  
Trayford+17)


• MAPPINGS-III is used to represent 
subgrid attenuation calibrated to 
local IR (Camps+16) 


• The resolved/sugbrid attenuation 
is similar to the ISM/birth-cloud 
formulation of Charlot & Fall 2000:                                                                                                 


Radiative transfer provides the most 
representative way of forward modelling 
observables simulations.

Tmax : Hottest gas particles that contribute dust
fdust :  Fraction of metals locked-up in dust
fPDR :  Sphericallly-averaged cloud covering in MAPPINGS 
SEDs

1072 P. Camps et al.

Figure 15. The scaling relations of Fig. 11, shown in panel (a), and Fig. 12, shown in panels (b) and (c), for all galaxies in sets C and F (see Table 2). The
points for our galaxies from snapshot Ref25 (blue) are plotted on top of those from Ref100 (red) and Recal25 (green) and the HRS observations (black). As
in Figs 11 and 12, the EAGLE galaxies were post-processed using fdust = 0.3 and fPDR = 0.1. Galaxies for which one or more SPIRE fluxes are below the
detection limit are omitted from this plot.

Figure 16. The scaling relations of Fig. 11, shown in panel (a), and Fig. 12, shown in panels (b) and (c), for the galaxies in set C using fdust = 0.3 and
fPDR = 0.1. The star-forming regions are re-sampled with the default (red) and an alternate (green) pseudo-random sequence to evaluate the effect of these
random variations on the SKIRT input model. The D value is a measure for the correspondence between the mock and HRS observations (smaller is better).
Galaxies for which one or more SPIRE fluxes are below the detection limit are omitted from this plot.

with the observed range of dust-to-metal fractions from 0.2 to 0.4
(Dwek 1998; Brinchmann et al. 2013; Zafar & Watson 2013), and
fPDR = 0.1, which is lower than the fiducial value of 0.2 used by
Jonsson et al. (2010). It is worth noting once more in this context that
the dust masses derived from our mock observations scale inversely
with the assumed value of κ350 (see Section 3.2). Using κZubko+
instead of κCortese+ would cause a 0.24 dex downward shift on the
vertical axis in columns (b) and (c) of Figs 13 and 14. Adjusting
our post-processing parameters to compensate for this shift would
evidently affect the absolute dust masses assigned to our galaxies,
without, however, changing the actual extinction levels.

We now briefly review the mock observations shown in Fig. 15
for the galaxies extracted from the Ref25 snapshot (part of setF , see
Table 1). Based on the rightmost panel of Fig. 8, we already noted
in Section 3.1 that the Ref25 galaxies on average have a higher
metallicity than the Recal25 galaxies, resulting in a larger dust
mass. This effect is evident in columns (b) and (c) of Fig. 15, where
the Ref25 galaxies (blue points) are positioned slightly higher, on
average, compared to the Recal25 galaxies (green points). Overall
the convergence between the lower resolution Ref100 snapshot and
the higher resolution Ref/Recal25 snapshots is very good.

For the analysis presented so far, the star-forming region re-
sampling procedure described in Section 2.4.2 was performed only
once for each galaxy. In other words, for a given galaxy, exactly
the same particle input sets were presented to SKIRT for all radiative
transfer simulations of that galaxy. This approach has enabled us
to focus on the effects of varying the values of fdust and fPDR in the
radiative transfer model without interference from random changes
in the input model. To verify that no biases were introduced by

our specific instantiation of the star-forming regions, we reran the
re-sampling procedure with a different pseudo-random sequence
(i.e. a different seed). Fig. 16 shows the calculated scaling relations,
using our standard values of fdust = 0.3 and fPDR = 0.1, for the
default and alternate input models. While individual galaxies can
differ substantially, especially the outliers, the overall results and
conclusions remain unchanged.

4 C O N C L U S I O N S

We calculated mock observations in the wavelength range from UV
to submm for simulated galaxies extracted from the EAGLE suite of
cosmological simulations using the radiative transfer code SKIRT. To
help overcome some of the resolution limitations of the simulations,
we employed sub-grid models for the star-forming regions and for
the diffuse dust distribution. We also took special care to mimic
the effects of instrumental properties and observational limitations
when calculating band-integrated fluxes, which are important espe-
cially in submm bands.

To validate our method, and at the same time confront the prop-
erties of the simulated galaxies with observed galaxies, we selected
a set of present-day EAGLE galaxies that matches the K-band lu-
minosity distribution and overall morphological type classification
(using the sSFR as a proxy) of the galaxies in the Herschel Refer-
ence Survey (HRS), a volume-limited sample of about 300 normal
galaxies in the Local Universe. We evaluated some intrinsic prop-
erties of our selected galaxies (Fig. 8), calculated by summing over
the particles, and confirmed that the stellar masses, SFRs and dust

MNRAS 462, 1057–1075 (2016)
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Galaxy Bimodality Observing EAGLE with SKIRT 15
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Figure 7. Rest-frame z = 0.1 SDSS g � r colour distributions
of galaxies in four non-contiguous bins of stellar mass, labelled
in each panel. eagle galaxies of simulation Ref-100 are shown
in black, where dashed lines neglect ISM dust, thin solid lines
indicate the Trayford et al. (2015) (T15) colours, thick solid lines
include ISM dust modelled using skirt. Red lines (bottom panel
only) are galaxies from the higher resolution simulation Recal-25,
processed with skirt. Blue lines show the observed distributions
of Taylor et al. (2015).

5 SKIRT COLOURS OF EAGLE GALAXIES

In this section we compare colours of eagle galaxies to
gama data, as well as to the fiducial model of T15 (their
GD+O model, which we will refer to as the ‘T15’ model be-
low). We recall that the models we discuss have two sources
of dust, that associated with birth clouds which is modelled
by mappings-iii, and ISM dust taking into account using
skirt radiative transfer. We will sometimes refer to models
without ISM dust as ‘intrinsic’ colours and to these galaxies
as ‘dust free’ but note that this only refers to ISM dust, not
the dust associated with the mappings-iii source model.

5.1 Comparison with observations

5.1.1 Colour distribution at a given stellar mass

The distribution of rest-frame galaxy g�r colours at z = 0.1,
in narrow (0.3 dex) non-contiguous stellar mass bins, show-
ing both z = 0.1 eagle galaxies and gama data, is plotted
in Fig. 7 (which can be compared to the simpler dust-screen
model of T15, thin solid lines). Stepped lines represent the
eagle colour histograms, using black to denote simulation
Ref-100 and red to denote simulation Recal-25. These are
either thin dashed to indicate colours without ISM dust,
thin solid to represent the GD+O model of T15, or thick

solid representing those obtained using radiative transfer
with skirt. Continuous blue lines correspond to rest-frame
(volume-limited) gama galaxy colours without dust correc-
tion from Taylor et al. (2015). Stellar masses for the gama

galaxies, inferred through SED fitting, are taken from Taylor
et al. (2011). All distributions are normalised to unit area.
Here we compare the skirt to observed distributions, addi-
tionally comparing to the T15 model in sections 5.1.2-5.2.2.

Comparing dashed to solid lines in the top panel demon-
strates that dust reddening in massive (1011.2 < M?/M� <
1011.5) blue galaxies is significant, with blue galaxies red-
der in skirt compared to intrinsic colours by 0.1-0.2 mag in
g � r, changing the bi-modal ISM dust-free colour distribu-
tion to a single red peak at g � r ⇡ 0.75. The intrinsically
blue colours of massive eagle galaxies is caused by rela-
tively low levels of residual star formation, not completely
suppressed by the AGN feedback. The dust content of these
star forming regions is high, however, leading to significant
dust-reddening when processed with skirt. At these masses,
about half of the galaxies on the skirt red sequence are dust
reddened from an intrinsically bluer colour7.

Dust reddening also a↵ects the g � r colour of galax-
ies with masses 1010.5 < M?/M� < 1010.8 strongly (sec-
ond panel from top), shifting blue galaxies to higher g � r
by ⇡ 0.1 mag, to g � r ⇡ 0.6, and changing the bi-modal
colour distribution into a single red peak with a tail to bluer
colours. This blue tail, due to galaxies with more moderate
reddening, hints that the intrinsic colour distribution is in
fact bi-modal. At these masses, about a third of the ‘green

valley’ population with g�r ⇡ 0.65 comprises dust-reddened
galaxies. The remaining galaxies have intrinsic colours that
puts them in the green valley, and are typically transitioning
between the blue and red populations, as discussed in detail
by Trayford et al. (2016).

The second-lowest mass bin (109.8 < M?/M� < 1010.1)
again contains a population of strongly-reddened galaxies. A
distinct bi-modality remains after reddening, with the red
peak stronger than the blue peak, opposite to the case of
intrinsic colours. Intrinsically blue galaxies appear less at-
tenuated on average, with the blue peak shifted by only
⇡ 0.05 mag relative to the ISM dust-free photometry, to
g � r ⇡ 0.5. The ‘green valley’ population is also boosted
relative to the ISM dust-free photometry. Recalling Fig. 5,
we see that the dust-boosted red and green galaxy popu-
lations produced by skirt have a tail to significantly bluer
colours. The tail consists of galaxies that have little or no
ISM dust as well as dusty galaxies seen nearly face-on with
ISM dust-free colours typical of the star-forming population.

At the lowest stellar masses, 108.7 < M?/M� < 109

7 Note that while the dust attenuation in eagle appears to be
systematically lower than observed for edge-on galaxies (see sec-
tion 4.1), increasing attenuation would not necessarily lead to the
eagle red sequence position shifting to even redder colours. Un-
like in a screen model where extreme reddening is possible, in our
skirt modelling galaxies with high dust content have colours that
saturate to that of old stellar populations, as these populations
are preferentially unobscured by dust. If the dust clouds are made
optically thick, the galaxy photometry is essentially that of the
unobscured population. More realistic attenuation values might,
however, lead to more galaxies appearing as members of the red
sequence.

MNRAS 000, 1–32 (2017)
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Figure 6. Attenuation as a function of wavelength, normalised
to attenuation in the V -band at 550 nm. The luminosity-weighted
average attenuation curves of intrinsically blue (u? � r

?
< 2.0)

eagle galaxies for face-on, edge-on and random orientations are
plotted as blue, red and green curves, respectively. The attenu-
ation laws of Calzetti et al. 2000 and Charlot & Fall 2000 are
plotted as solid and dashed black lines, respectively, and the at-
tenuation curve inferred for the galaxy M51 by De Looze et al.
(2014) and for M31 by Viaene et al. (2016a), are plotted as dashed
and dotted grey lines, respectively. The inclination of these galax-
ies is plotted in the legend. The bottom panel shows the residuals
between the three eagle curves and the dust extinction curve of
Zubko et al. (2004), assumed by skirt. The shape of the attenua-
tion curve for eagle galaxies varies with orientation, with face-on
galaxies exhibiting a stronger wavelength dependence.

to-total (B/T ) light ratios of B/T < 0.8 to measure the
extent to which the location of the ‘knee’ in the B-band
luminosity function (Schechter 1976) depends on inclination.
They fit their results with the model of Tu↵s et al. (2004) to
obtain the typical attenuation separately for bulge and disc
components. We plot the relation of Driver et al. (2007) for
a typical disc (B/T = 0) in Fig. 3 as a solid blue line.

The median eagle AB values (black squares) and the
fitted form of Eq. (4) (red line), are consistent with those
obtained by Driver et al. (2007) for nearly face-on discs
(cos(✓) � 0.5), but are significantly lower for highly inclined
discs. While there is uncertainty in the absolute values mea-
sured for AB , as discussed by Driver et al. (2007), the di↵er-
ence between typical face- and edge-on AB values is better
constrained4 and clearly significantly larger in the data com-
pared to eagle. Note that the Driver et al. (2007) data is
represented by a pure disc (blue line) for simplicity. While

4 Driver et al. (2007) derive the relative attenuation directly by
measuring how the knee position of the luminosity function di↵ers
for edge-on and face-on galaxies.

eagle spirals clearly possess bulges (see e.g. Fig. 2), the dif-

ference between face-on and edge-on attenuation found by
Driver et al. (2007) varies little with B/T . The blue line pro-
vides a guide curve to highlight the smaller range in AB with
inclination for eagle. Decomposition of skirt light profiles
into bulge and disc contributions is left to a future study.

The q = 0.1 curve, which models thinner discs for the
same dust content as the fitted curve, demonstrates much
better agreement with Driver et al. (2007) than the me-
dian eagle relation. This suggests that the discrepancy is
likely due to eagle galaxies not being as thin as observed
galaxies. The fact that eagle galaxies are thicker than ob-
served is not only due to numerical resolution. Indeed, we
compare the AB(cos ✓) relation for galaxies taken from the
three (25 Mpc)3 simulations listed in Table 1. These simu-
late the same volume, but at di↵erent resolutions. The num-
ber of galaxies with M? > 1010M� in this smaller volume is
. 100, therefore the two-sequences in the AB(cos ✓) relation
are not well constrained if we simply use the mock pho-
tometry of randomly oriented galaxies as we did in Fig. 3.
We therefore calculate AB(cos ✓) for all su�ciently massive
galaxies (M? > 1010M�) at 40 inclinations for each galaxy,
equally spaced in cos(✓), and plot the resulting curves in
Fig. 4. Equation (4) is fit to the median relation and plot-
ted as a dashed coloured line. While higher values of AB are
seen in the higher resolution RefHi-25 and Recal-25 samples,
the di↵erence with respect to the median values of Ref-25
is small. Neither the plotted curves for individual galaxies
nor the fits using Eq. (4) to the median trend, show strong
evidence for AB being more sharply peaked at improved nu-
merical resolution.

The weaker inclination dependence and lower edge-on
values of AB in eagle are instead likely a consequence of
eagle’s subgrid physics, in particular the use of an imposed
Jeans-limiting, polytropic relation for star forming gas (sec-
tion 2.1). This relation yields a Jeans length at the star for-
mation threshold of the ⇠1.5 kpc, and eagle discs are un-
able to be much thinner than this. This relation is imposed
to avoid numerical fragmentation below the resolution of
the simulation, as explained by S15. Dust discs in observed
galaxies, on the other hand, are much thinner, ⇠100-200 pc
(e.g. Xilouris et al. 1999; De Geyter et al. 2014; Hughes et al.
2015). In a thin disc seen edge-on, the dust optical depth to
young stars will be much higher than if the disc where thick,
and this seems to be the main di↵erence between observed
and simulated galaxies.

This comparison demonstrates that the AB(cos ✓) de-
pendence displays both strong and weak convergence be-
haviour, with increased numerical resolution not changing
the relation significantly - and not improving the agreement
with the data. We show in Appendix A that reducing all
star particles to point sources only boosts the edge-on value
of AB by . 0.1 mag. We conclude from this that the lower
values for AB for edge-on eagle galaxies are likely a result
of the the simulations being unable to represent cold gas;
the high column densities and clumpy structure of molec-
ular gas observed in real disc galaxies is not reproducible
in the eagle simulations without realistic modelling of gas
with T . 104K. The influence that thicker discs (and thus
lower edge-on attenuation) has on our results is discussed
further below.
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the wavelength dependence and strength of attenuation in
galaxies. This could also be incorporated into SED fitting
tools, given the important implications such trends between
spectral slope and attenuation strength are when inferring
properties of the underlying stellar populations.

As previously stated, a caveat for this modelling is
that internal galaxy structures are limited by resolution
and numerical e↵ects in the simulations, particularly with
galaxy discs not being thin enough (e.g. Trayford et al. 2017;
Beńıtez-Llambay et al. 2018), and eagle not resolving com-
pact structures. The following section 5 explores how to in-
corporate the birth cloud term to enable a better comparison
with observations.

Despite these limitations, we present this ISM screen
model as a more nuanced alternative to idealised geometric
models typically used when interpreting observations, incor-
porating the diverse galaxy morphologies that emerge within
the eagle simulations.

5 THE BIRTH CLOUD TERM

As the SKIRT data can only provide constraints on the in-
fluence of star-dust geometry on scales above the EAGLE
resolution limit (& 700 pc), the influence of nebular struc-
tures, represented by the ⌧BC term of equation 2, remains
unconstrained. Below we explore the treatment of the ⌧BC

term, and incorporate ⌧BC for comparison to data.

5.1 The contribution of infant stellar populations

To gauge the possible impact of di↵ering birth cloud treat-
ments on the overall attenuation, we must first assess how
much the a↵ected stars contribute to the total emitted light
at di↵erent wavelengths. We assume stellar populations with
ages tage < 10 Myr are a↵ected by this BC term, following
the original CF00 implementation, and we term these ‘infant
stars’.

In Fig. 4 we show the fraction of the total flux emanat-
ing from infant stars as a function of wavelength in z = 0.1
EAGLE galaxies, binned by specific star formation rate. In
order to obtain these curves, we first stack the star formation
histories of z = 0.1 galaxies taken from the Ref100 simula-
tion in each sSFR bin. The composite histories for all stars
and the infant portion alone (tage < 10 Myr) are run sepa-
rately through SKIRT (without dust transfer) to generate
spectra across the UV-NIR wavelength range. The flux frac-
tion in infant stars is then the ratio of the infant to total
stellar spectra. The wavelength ranges of a number of bands
are plotted beneath these curves, indicated by the labelled
shaded regions. We note that this fraction is in the absence
of dust, so when birth clouds or a boosted ISM attenuation
are included for the infant stars, the emergent flux fraction
will be lower.

We see that, unsurprisingly, the flux contribution by in-
fant stars generally increases towards shorter wavelengths
and is systematically higher in higher sSFR bins. The infant
star contribution remains low across most of the SDSS ugriz
photometric bands, reaching ⇡ 10 % (/ 30 %) for the highest
sSFR bin in the g-band (u-band). This suggests that while
non-negligible, the infant stars contribute a small fraction
across the ugriz range used to fit attenuation curves, and

Figure 4. The fraction of the emitted flux emanating from infant
stellar populations (with tage < 10 Myr) as a function of wave-
length, computed using stacked EAGLE star formation histories.
Binned star formation and enrichment histories of z = 0.1 Ref100
EAGLE galaxies with log

10
(M?/M�) > 9.5 are stacked for bins of

SSFR (see text), and Bruzual & Charlot (2003) spectra are used
to compute the fraction of intrinsic flux emitted by infant stars.
The 10th to 90th wavelength percentile range of the SDSS and
GALEX filter transmission curves are indicated for reference. We
see that in SDSS bands, infant stars remain subdominant, with
galaxies in the highest SSFR bin only reaching a 10% contribution
on the blue side of the g-band.

as such will remain a subdominant contributor to the ef-
fective attenuation across this range, even if the light from
infant stars is completely obscured. While the star forma-
tion histories are compiled using z = 0.1 galaxies, The bins
are chosen to include more extreme galaxies representative
of the sSFRs at higher redshifts.

While this reveals that the ISM term generally domi-
nates the e↵ective attenuation in ugriz, the choice of birth
cloud treatment may still be important in some regimes.
At shorter wavelengths, we see that the infant star frac-
tion rises markedly, up to ⇡ 50% in the NUV. The infant
star contribution will also be high for certain atomic tran-
sitions that emanate from compact HII regions across the
UV-NIR range. In what follows, we explore how including
an additional birth cloud term may influence the e↵ective
attenuation in galaxies.

5.2 The attenuation slope relation

The modified C00 law of equation 1 provides a general
fit to the attenuation in galaxies, accounting for the influ-
ence of ISM and small-scale structure simultaneously. The
power law modifier, �, and normalisation, AV , parametrise
the shape and strength of attenuation, and the relationship
between the two has been predicted in theoretical studies
(Witt et al. 1992; Chevallard et al. 2013; Narayanan et al.
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Figure 5. The relationship between the best-fit AV and � pa-
rameters, fitting the modified C00 relation of equation 1. Black
colours indicate the ISM-only attenuation, whereas red points in-
clude an additional birth-cloud term (see text for details). Alter-
nate birth-cloud prescription are demonstrated by the red lines.
Median values are indicated by solid points, with error bars indi-
cating the 16th-84th percentile scatter. The contours and outlying
points of the ISM-only attenuation are plot in faint grey, to indi-
cate the underlying distribution. For comparison, the observation-
ally inferred relation of Salim et al. (2018) for total attenuation is
included. We see that the ISM-only attenuation is systematically
greyer (lower-�) than observed, but that the addition of birth
cloud attenuation improves agreement.

lated to resolution e↵ects, as there is missing structure on
scales below ⇠ 1 kpc and the birth clouds we account for
are typically 10�100 pc in scale (see appendix A for further
discussion). Also, because this is an e↵ective screen model,
the attenuation properties depend on the star formation his-
tories (e.g. the burstiness of galaxies) which may not be rep-
resentative.

Assumptions in the dust modelling could contribute too,
e.g. a fixed dust composition and dust-to-metal ratio is as-
sumed throughout the SKIRT modelling, that may vary in
concert with these relations in real galaxies. We may also be
hampered by the limitations of the two-component screen
model representation we use; the single screen for infant
stars does not account for the gradual dispersal and par-
tial covering of realistic birth clouds. The true properties
of birth clouds are fundamentally mysterious, and may well
evolve with redshift alongside the size mass and turbulence
of giant molecular clouds. In particular, we do not explore
variation in the dispersal time for birth clouds in di↵erent
environments, which remains a caveat for any implementa-
tion of such a screen model.

Finally, we caution that inferring the � and AV from
real galaxy spectra is highly challenging and likely highly
degenerate. This may introduce systematic e↵ects that dis-
tort the shape of the observed relation from its true value.
It should be possible the same inference procedure applied

to observations could be applied to eagle spectra, yielding
a fairer comparison, but this is left for future work.

6 SUMMARY & CONCLUSIONS

In this study we present a model for e↵ective dust attenua-
tion parametrised solely by the projected dust surface den-
sity, ⌃dust, of galaxies along a given line of sight. The model
develops the two component screen model of Charlot & Fall
(2000) by distilling information gained from full radiative
transfer of ⇠ 100, 000 eagle galaxies in random orienta-
tion (via the SKIRT code Trayford et al. 2017; Camps et al.
2016). This is motivated by first identifying a strong depen-
dence of the non-parametric AV and RV values on ⌃dust. By
then fitting functional forms to the ISM attenuation curves
for individual galaxies, we compare the relations between
⌃dust and the slope and strength of ISM attenuation to those
provided by both idealised geometries and inferred from ob-
servation.

Some consideration is made for the treatment of birth
clouds when computing overall attenuation, given that such
structures are far below the resolution of the simulation.
We model the previously studied relationship between the
strength and slope of the attenuation curve, with and with-
out birth cloud attenuation. Our model can then be com-
pared with prior works from observational (Wild et al. 2011;
Salmon et al. 2016; Salim et al. 2018) and theoretical (e.g.
Fontanot et al. 2009; Chevallard et al. 2013; Narayanan et al.
2018) perspectives.

Our primary findings are as follows:

• The relationship between ⌃dust and AV is both remark-
ably tight and highly independent of redshift. The ⌃dust-RV
dependence is less tight, but remains strong and demon-
strates a similar level of redshift independence (Fig. 1).

• The best fit power law attenuation curves show opti-
cal depths, ⌧ISM

550
, comparable to line-of-sight observations

in local galaxies, and bracketed by the theoretical extreme
cases of a screen and a perfectly-mixed slab. The attenua-
tion curve slope, ⌘ISM, is close to that of the slab case at high
⌃dust (' 10

6
M� kpc

�2) and close to a screen (i.e. extinction
curve) case at low ⌃dust (/ 10

5
M� kpc

�2).
• We demonstrate that the scatter in the ⌘ISM versus AV

relation (Fig. 3) has a strong residual trend with inclination,
such that greyer attenuation curves are preferentially found
for edge-on systems in accordance with observations (e.g.
Wild et al. 2011).

• The AV -�6 relation for ISM-only attenuation in eagle is
shown to reproduce the shape of the Salim et al. (2018) data
well, with an o↵set to greyer attenaution curves similar to
that shown in Narayanan et al. 2018 (Fig. 5). We find that by
applying a birth cloud attenuation term, attenuation curves
become systematically redder showing improved agreement
with the observations.

• We find that this result is largely insensitive to the as-
sumed attenuation properties of infant stars, for reasonable
values of the birth cloud optical depth and attenuation slope

6 � is an alternative measure of attenuation curve slope, obtained
through fitting a modified Calzetti et al. (2000) law (equation 2).
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log10 ⌃dust/(M� kpc
�2) < 6.5 range, though exhibit strong

scatter. At lower ⌃dust, the observational limitations and
uncertainties may contribute to the flat trend observed for
e.g. NGC3077 (Kreckel et al. 2013). Uncertainties in the ob-
served ⌃dust values depend on both systematics in the mod-
elling and observational uncertainties. While typical uncer-
tainties for individual sight lines are quoted at . 0.1 dex,
this varies between galaxies and could boost scatter in the
x-axis significantly for some systems.

At higher ⌃dust, the observations appear to exhibit
higher values than we measure. This could point to a more
screen-like attenuation for theses lines-of-sight, or more pref-
erential attenuation of bright young stars than found in EA-
GLE. This seems consistent with the finding of more homo-
geneous and ‘pu↵ed-up’ ISM in EAGLE galaxies relative to
observations, due to numerical e↵ects (Trayford et al. 2017;
Beńıtez-Llambay et al. 2018), and may influence the EA-
GLE attenuation measurement such that they are closer to
a homogeneous slab case. However, we note that these data
points are not directly comparable to the EAGLE trend as
they represent lines of sight and not galaxy integrated quan-
tities, and that they may also be influenced by small scale
birth cloud attenuation, particularly in dusty starbursts such
as NGC2146 (Jackson & Ho 1988).

The bottom panel of Fig. 2 demonstrates how the shape
of the attenuation curve depends on ⌃dust, via the best-fitting
power law index for the ISM attenuation, ⌘ISM. Again, the
dashed line indicates the cubic spline fit to the bin medians,
while error bars show the 16th-84th percentile range. The
EAGLE trend becomes significantly greyer (i.e. less steep)
with increasing ⌃dust. As was also demonstrated for RV in the
bottom panel of Fig 1, the power law slope of the attenuation
curve plateaus to a value close that of the intrinsic extinction
measured for the Milky Way. This is perhaps unsurprising,
given that the average Milky Way dust extinction curve of
Zubko et al. (2004) is the input extinction curve for dust
in galaxies. With increased ⌃dust, and thus optical depth,
geometric e↵ects produce greyer curves, reaching the fiducial
power law slope of CF00 by log10 ⌃dust/(M� kpc

�2) ⇡ 6.2.
At higher ⌃dust, the slope shallows further but also shows
evidence of a plateau.

This can be compared again to a slab model. The slab
follows a similar qualitative trend, tending towards to shape
of intrinsic curve (C00) below log10 ⌃dust/(M� kpc

�2) ⇡ 5.5,
crossing the CF00 threshold at log10 ⌃dust/(M� kpc

�2) ⇡ 6.8.
At log10 ⌃dust/(M� kpc

�2) & 6 the slab case is a good ap-
proximation to the slope of the EAGLE attenation curve.
The higher attenuation in EAGLE relative to the slab is
ascribed the preferential reddening of young stars due to
being embedded in preferentially dustier ISM regions, even
aside from the e↵ects of stellar birth cloud attenuation not
accounted for here. The brighter stars in young stellar pop-
ulations combined with this preferential association has the
consequence of yielding stronger attenuation overall relative
to the slab case. We note that the slope for the screen case
is constant by definition.

With both the V-band ISM attenuation and the power
law slope of the ISM attenuation demonstrating strong
trends with the underlying dust surface density, the rela-
tionship between these two attenuation properties is shown
directly in Fig. 3. As before, the dashed line shows a spline
fit to the median ⌘ISM values in contiguous 0.33 mag bins

Figure 3. Plot of the power law slope of the best-fit attenuation
curve, ⌘ISM, as a function of V -band ISM attenuation strength,
AISM

V . The black dashed line shows a cubic spline fit to binned
medians, while black errorbars show the 16-84 percentile range
in each bin. The underlying colour map shows the residual in-
clination o↵set for galaxies in each AISM

V bin for bins with > 50
galaxies, as indicated in the colour bar. We see that attenuation
curves become greyer (flatter) as attenuation increases, becom-
ing shallower than the standard ⌘ISM = �0.7 assumption (CF00)
at AISM

V � 0.75. For a given attenuation, more edge-on (higher
inclination) galaxies also tend to have greyer attenuation curves.

of AISM

V , with error bars indicating the 16th-84th percentile
scatter. The significant flattening of the attenuation curve
with attenuation can be seen, with the median slope value
approaching that of CF00 at AISM

V ⇡ 0.8 mag. The underly-
ing colour map indicates the residual trend between galaxy
orientation and ⌘ISM as functions of AISM

V , with shading indi-
cating the median o↵set of galaxies from the median inclina-
tion angle at that AISM

V . At a fixed AISM

V , higher inclination
(more edge-on) galaxies exhibit greyer attenuation curves.
Taking the di↵erence in this way removes the primary trend
that higher AISM

V measurements tend to be associated with
more edge-on galaxies. This e↵ect has been previously noted
for real galaxies (e.g. Wild et al. 2011), and attributed to the
e↵ect that the attenuation in face-on galaxies is governed
by the physical association between ISM and young stars,
while in edge-on systems dust lanes are less discriminating
between di↵erently aged populations.

Together, these results indicate how trends in ISM at-
tenuation properties (computed via radiative transfer) are
established through the internal structure and orientation
of galaxies, using a cosmological sample of virtual galaxies
taken from the EAGLE simulations. This complex emergent
structure within simulated galaxies modifies the attenuation,
even when using a fixed input extinction curve (Zubko et al.
2004). Such trends support previous theoretical work (e.g.
Fontanot et al. 2009; Chevallard et al. 2013; Narayanan et al.
2018) and motivate a more sophisticated prescription for
dust attenuation in galaxy models and semi-analytic mod-
els (SAMs), with the dust surface density largely dictating
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into spectra for a fixed wavelength grid, with and without
dust e↵ects. Not counting dust re-emission in the IR, 333
wavelength points are set between 280 nm and 2500 nm,
providing su�cient resolution to recover photometry across
the UV-NIR range.

For this work, we make use of photometry with
and without dust radiative transfer for galaxies with
log10(M?/M�) > 10 (log10(M?/M�) > 9) at reference (high)
resolution. In addition to the standard photometry, we also
obtain photometry for light emanating from MAPPINGS-
III HII regions alone, as well as coeval GALAXEV spectra2.
We also utilise maps of physical properties for each galaxy,
described in Trayford & Schaye (2018), which were produced
using the pySPHViewer code (Beńıtez-Llambay et al. 2018).
These allow us to derive dust maps following our dust pre-
scription, and thus compute dust surface densities.

3 MODELLING ATTENUATION WITH EAGLE

The attenuation of a galaxy’s intrisic SED emerges from the
highly complex radiative transfer of light through an atten-
uating medium. Attenuation depends simultaneously on the
stellar-dust geometry, the redirection of light by scattering
and the detailed properties of the dust grains. Dust attenua-
tion in galaxies is also multi-scale; it depends on both macro-
scopic structure of galaxies on kpc scales, and the cold pc-
scale clouds in which stars are born. As such, it is important
to consider the limitations of simulations such as EAGLE in
reproducing these complexities, alongside the insights the
simulation provides.

With this in mind, we describe the fundamental aspects
of our model, which predicts the ISM attenuation curves of
galaxies using their dust surface density. First, the choice
of screen paradigm is discussed in § 3.1. The measurement
of dust surface densities is then explored in § 3.2. Finally,
we describe the fitting of attenuation curves to individual
galaxies in § 3.3.

3.1 Screen models

Calzetti et al. (2000, C00) derive an e↵ective attenuating
screen for starburst galaxies, which Fischera et al. (2003)
interpret to represent a turbulent dusty medium of MW-
like dust composition, with a lognormal distribution of col-
umn densities and a well-mixed stellar population. While
this model may be a good approximation for some galax-
ies, it is unlikely a good approximation in general, particu-
larly if certain stellar populations are preferentially located
in dustier regions.

The attenuation law of C00 has been adapted to account
for such variation. Following e.g. Noll et al. (2009), a simple
parametrisation is

⌧(�) = 0.4 ln (10) E(B � V) kSB(�)
✓
�

5500Å

◆�
, (1)

where kSB is the wavelength dependent form of the attenu-
ation curve for starburst galaxies given by C00, with � rep-
resenting a power law tilt relative to the standard relation.

2 i.e. tage < 10 Myr stars, without the influence of nebular emission
and absorption built into the MAPPINGS-III library.

The value of � must then be chosen. Such a form has been
adopted by numerous studies (e.g. Chevallard et al. 2013;
Salmon et al. 2016; Narayanan et al. 2018).

Charlot & Fall (2000, CF00) introduced a two-
component screen model to account for the lines-of-sight
towards younger stellar populations having higher column
densities of dust. In this model, generalised by Wild et al.
(2007), older stars are attenuated by a dust screen of fixed
optical depth representing the interstellar medium (ISM),
while lines of sight towards young stars have a boosted opti-
cal depth due to an additional term, taken to represent the
birth clouds (BCs). This gives an attenuation curve, ⌧(�), for
a stellar population with age tage, of

⌧(�) =
8>><
>>:
⌧ISM

⇣
�

5500Å

⌘⌘ISM

for tage > tdisp

⌧ISM

⇣
�

5500Å

⌘⌘ISM

+ ⌧BC

⇣
�

5500Å

⌘⌘BC

for tage  tdisp

(2)

Where ⌧ISM represents the ISM optical depth, ⌧BC is the
optical depth of stellar birth clouds, tdisp is the birth cloud
dispersal time and ⌘ISM and ⌘BC are the spectral slopes for
the two attenuation curves. In their fiducial parametrisation,
CF00 take ⌘ISM = ⌘BC = �0.7, tdisp = 10

7
yr and ⌧BC = 2⌧ISM.

This model was adopted for EAGLE galaxies by Tray-
ford et al. (2015), and subsequently compared to radiative
transfer calculations using the SKIRT code by Trayford et al.
(2017). In the comparison with the SKIRT results, the ⌧ISM

term is taken to represent the dust tracing the resolved gas
distribution in EAGLE galaxies (on scales & 1 kpc), and the
⌧BC term is taken to be unresolved, and represented by the
built in dust attenuation in the MAPPINGS-III spectral li-
braries for HII regions (Groves et al. 2008) used to represent
young stars. We find that this analogy between the com-
ponents generally works well, and fitting the SKIRT results
with the model of Trayford et al. (2015) recovers close to
the fiducial model parameters.

3.2 Dust surface density

The surface density of dust, ⌃dust, is clearly a key parameter
in the conception of a physically motivated model for dust
attenuation. As dust is not tracked explicitly in the EAGLE
simulation, we assume a simple scaling, with

mdust = fdustZmgas, (3)

where the dust mass, mdust, is deemed to constitute a fixed
fraction, fdust, of the metal mass for a gas particle of mass
mgas and metallicity Z. In order to measure dust proper-
ties, 256x256 pixel mass maps are produced for each galaxy
within a 602 kpc2 field of view using the approach described
in Trayford & Schaye (2018), using fdust = 0.3, consistent
with the SKIRT data.

In the case of an idealised uniform screen with fixed
dust composition, ⌃dust is the sole parameter dictating the
absorption of light from a source. In a realistic configura-
tion, however, the attenuation will depend on the relative
distribution of dust with respect to stars in galaxies. To ac-
count for this, any measure of ⌃dust should be related to the
stellar distribution. To test how the measurement method
of ⌃dust may influence our results, we try two di↵erent defi-
nitions. The first uses a circular aperture to define the area
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Applying this model to a SAM
• The SHARK SAM (Lagos+18c) adapted this, 

using the Charlot & Fall attenuation model, 
and the absorbed energy to parametrise 
Dale+14 dust emission templates. 


• Evolving panchromatic SHARK data are 
presented in Lagos+19, where good 
agreement is in shown UV-IR, including SMG 
number counts18 Claudia del P. Lagos et al.

Figure 17. Redshift distribution of Shark 850µm galaxies with
a flux � 5 mJy for the 4 attenuation models of Table 1 (as labelled
in the left panel of Fig. 14). We also show as symbols the obser-
vations of Wardlow et al. (2011). Errorbars in the observations
show the Poisson uncertanity. All the models based on the EA-

GLE attenuation curves produce a distribution consistent with
the observations.

able to match the observed number counts in the UV-optical
and FIR bands simultaneously without the need to invoke a
varying IMF. Baugh et al. (2005); Lacey et al. (2016) showed
that in GALFORM this was only achieved by invoking a
top-heavy IMF during starbursts. In the case of a universal
IMF the numbers of bright 850µm galaxies in their work was
consistently under-produced, and not only that, but they
tended to lie at low redshift, in clear tension with the ob-
servations (which find a peak at z ⇡ 2). Shark assumes a
universal Chabrier (2003) IMF and hence this shows that in
a fully cosmological galaxy formation model, this is possible.
In order to confirm this claim, we show in Fig. 17 the pre-
dicted redshift distribution of bright 850µm galaxies, fluxes
> 5 mJy, for the 4 attenuation models of Fig. 1, compared
to the observations of Wardlow et al. (2011). The agreement
is outstanding with all the models that use the EAGLE at-
tenuation curves, while for the model adopting the default
CF00 parameters, the redshift distribution is less peaked at
z ⇡ 2 than observations suggest. In any case, Shark cap-
tures well the redshift peak of the brightest 850µm sources,
and the tail towards high redshifts. We remind the reader
that in all cases we assume an invariant relation between
dust mass-gas metallicity and gas content that is informed
by local Universe observations.

The reasons why Shark is able to reproduce the ob-
served number counts from the UV to the FIR with a uni-
versal IMF and other models have not is di�cult to pinpoint
due to the many aspects that enter in the calculation: dust
masses, gas metallicities, galaxy sizes, attenuation curves
and dust temperature. Hence we here discuss some possi-
bilities but warn the reader that these are not conclusive.
An important quantity is the dust mass, which is tied to the
gas metallicities and gas content. Both Shark and GAL-
FORM reproduce well the gas content of galaxies, however,
GALFORM predicts gas metallicities that are consistently

Figure 18. Cosmic Spectral Energy Distribution at z = 0, z = 1,
z = 3 and z = 6 for Shark using the 4 attenuation models of
Table 1, as labelled. Observational estimates from Andrews et al.
(2017) at z = 0 and z = 1 are shown as grey segments.

too low compared to observations at M? . 1010.5 M� by
up to 1 dex (see Fig. 11 in Guo et al. 2016). Galaxy sizes
may also be too large in GALFORM compared to observa-
tions (see Fig. 21 in Lacey et al. 2016). Both these e↵ects
contribute to lowering the dust surface density. Shark on
the other hand predicts sizes that agree with observations
(by construction), and gas metallicities that are closer to
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Figure 16. Number counts for out Shark 107 deg2 deep lightcone and the 4 attenuation models of Table 1 from the NUV to the 850µm
as labelled in each panel. Magnitudes are apparent AB. Indigo coloured lines are as in the left panel of Fig. 14. We only show the
intrinsic emission from the NUV to the IRAC µm band. The contribution from disks, starbursts driven by galaxy mergers and via disk
instabilities, respectively, are shown for the EAGLE-⌧ RR14 steep only for clarity. For ease of visualization we change the x-axis range
in the bottom panels. The observations shown are from Driver et al. (2016a), except for the 850µm in which we show the Geach et al.
(2017) data. The agreement with the observations is excellent, with all the models producing similar results, with di↵erences becoming
visible at faint magnitudes.

NUV to the 850µm of this lightcone for the 4 attenuation
models of Fig. 16, compare with the observations of Driver
et al. (2016b) and Geach et al. (2017).

The agreement with the observations is excellent across
the entire wavelength range shown here and for all the at-
tenuation models tested. Some tension is identified in the
Herschel SPIRE bands, in which Shark tends to predict
too few (many) galaxies with AB magnitudes 14� 16 (< 10)

by a factor of ⇡ 2 compared to Driver et al. (2016a). In-
terestingly, these di↵erences are similar to those reported in
Lacey et al. (2016) for the GALFORM semi-analytic model.
Recently, Wang et al. (2019) showed that the Herschel num-
ber counts we show here likely su↵er from systematic errors
due to blending and confusion, and hence the tension with
Shark could be due to those systematics.

The truly unexpected result of Fig. 16 is that we are
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The EAGLE simulations
Despite caveats with SKIRT-EAGLE, this approach allows 
us to get at systematic trends that aren’t captured by 

idealised models, as demonstrated with SHARK.

• A uniform dust mix (i.e. extinction) and metallicity scaling is 
assumed for all galaxies and redshifts


• The artificially pressurised ISM means that density and thus 
attenuation is limited (e.g. Trayford+17 for discussion)


• Perhaps linked to both, the IR seems to diverge from a 
number of  observations towards high redshift. SMG 
number counts, CSED and IR evolution (McAlpine+18, 
Baes+18, Baes+19) 

Still there are improvements to be made: Cowley+18

e.g. Lovell et al 2021 show that the “burstier”, larger 
volume SIMBA models with their self-consistent dust-
to-metal ratios compare much better to SMG number 

counts.

12 C. C. Lovell et al.

Figure 10. Di�erential number counts comparison with other models in the
literature from Casey et al. (2014). We also plot the SHARK semi-analytic
model results (Lagos et al. 2019), and the updated GALFORM results from
Lacey et al. (2016), including the e�ect of the SCUBA-2 beam (Cowley
et al. 2015) (labelled Cowley+15). The S���� counts are represented by
the comoving method (green line). Observational SCUBA-2 CLS counts
(grey, Geach et al. 2017) are shown in grey. The E���� simulation (orange,
McAlpine et al. 2019) counts are identical to those in Figure 5.

redshift. S���� produces detectable (⇠ 1 mJy) SMGs as early as⇠ 6,
and predicts that the shape of the number count distribution evolves
with redshift.

3.4 Model Comparisons

To contextualise our results within the current landscape of hierarchi-
cal models for SMGs, we now compare S����’s 850 µm counts with
various other semi-analytic and hydrodynamic model predictions
from the literature over the past twenty years. While hierarchically-
based models have generally not matched the number counts “out
of the box”, they have over the years developed various modifica-
tions that have resulted in better agreement. It is thus interesting to
highlight such models, particularly when in Section 4 we discuss
the physical reasons why S���� appears to be broadly successful at
matching the 850 µm number counts and redshift distribution without
ad hoc modifications.

E���� is a recent cosmological hydrodynamic simulation showing
good agreement with a number of key galaxy distribution functions
(Schaye et al. 2015; Crain et al. 2015). The Ref-100 fiducial run,
with box volume (100 Mpc)3, contains 15043 dark matter particles

and 15043 gas elements. UV to sub-mm photometry for all galaxies
in 20 snapshots covering the redshift range 0 > I > 20, have been
produced using version 8 of the SKIRT dust-radiative transfer code
(Camps et al. 2018).9 These show good agreement with low redshift
optical colours (Trayford et al. 2017) and FIR dust-scaling relations
(Camps et al. 2016). McAlpine et al. (2019) also investigated the
sub-mm source population, finding reasonable agreement with the
observed redshift distribution as measured by Simpson et al. (2014).

We have calculated the E���� 850 µm luminosity function as fol-
lows. Using the publicly available 850 µm fluxes for each galaxy, we
sum the fluxes of galaxies that lie within 60 pkpc of each other to
mimic our ⇡ = 120 pkpc aperture. We then combine all snapshots
between 0.1 > I > 20 using the comoving technique, described
above, to give the number density per unit solid angle. To be conser-
vative, we use a lower SFR limit than that used for S���� to allow
us to pick up objects with lower SFR within the ⇡ = 120 pkpc aper-
ture of another galaxy that may contribute to its total flux. To test
the convergence with SFR limit we show three di�erent SFR limits:
SFR > [0.1, 1.0, 4.0] M�yr�1.

Figure 5 shows the E���� predictions as the orange line for each
of these selections. The normalisation is significantly lower than in
S���� (and even lower compared to the observational constraints),
by around 0.5 dex at 3 mJy and up to 1 dex at 10 mJy. There are also
no bright sources (> 4 mJy) in E���� at I > 0.5. Our number counts
derived for E���� are in agreement with those presented by Wang
et al. (2019); Cowley et al. (2019).

The counts are reasonably converged for SFR > 1 M� yr�1, but
demonstrate that there is a significant contribution at observable
SMG fluxes from 1 < SFR < 4 M� yr�1 galaxies. In contrast,
in S���� we find minimal contribution from SFR< 20 M� yr�1

galaxies (see Section 3.2).
It has been suggested that part of the o�set in 850 µm counts

between E���� and the observations is due to the small simulation
volume (Wang et al. 2019). Smaller periodic volumes naturally do
not contain massive clusters or their protocluster progenitors, which
have been proposed as regions of preferential SMG activity, are also
less likely to sample galaxies in the act of starbursting. Our results
tentatively suggest that this cannot account for the o�set entirely;
our S���� volume is only ⇠3⇥ larger than that of E����, and still
does not contain a large number of clusters – there is only a single
1015"� system at I = 0 in the S���� volume. Moreover, the deficit
in E���� counts extends to low fluxes, whose galaxies would be quite
well represented in a 100 Mpc box. We show in Appendix B that in
S���� we do not see any greater deficit at the faint end in a higher
resolution 50 Mpc box at I = 3.7.

It has also been suggested that the o�set in the E���� counts is a
result of not tuning to the statistical properties of dusty star-forming
populations (McAlpine et al. 2019). Equally, S���� has not been
directly tuned to such properties. We will demonstrate in Section 4
that the increased star formation and self-consistent dust model lead
indirectly to S����’s better agreement. In S����, the increased star
formation likely occurs because early galaxies have very high mass
loading factors that elevate substantial gas into the halo, which then
coalesces into massive systems at I ⇠ 2 � 3, fueling particularly
vigorous star formation during Cosmic Noon.

The same e�ect was noted in both Finlator et al. (2006) and
Narayanan et al. (2015a), using fairly di�erent feedback schemes.
S���� includes AGN quenching feedback, primarily due to AGN
jets that rely on low black hole accretion rates. At I ⇠ 2 � 3, some

9 available at http://icc.dur.ac.uk/Eagle/database.php
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Activating Dust 
With a model for the grain lifecycle, we can link 
the dust to the gas physics using the cooling 
module (Richings+14a,b)


•  Depletion: The deposition of gas-phase 
metals into dust modulates the level of metal-
line cooling


•  Molecule Formation: The molecular 
formation rates are effected by the availability 
of dust surfaces, and dust shielding


•Cooling & Heating: there are heating (e.g. 
photoelectric heating) and cooling (e.g. 
radiative cooling), again largely depending on 
dust surfaces

While large grains are typically considered subdominant in the 
ISM, Small grains play an outsized role in these processes due to 

their higher surface-to-volume ratio 


