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Forward Modelling & EAGLE

✴ Inverse modelling allows us to interpret observation in lieu of 
theoretical predictions. However, it often employs necessarily 
bold simplifications (eg. exponential SFHs, single metallicities, 
screen models for dust), and suffers from degeneracies.

✴ Forward Modelling is arguably the aim of a complete model.  
Allows us to represent arbitrarily complex star formation 
and enrichment histories without assuming parametric form

✴ EAGLE provides a provides a sample of ~104 
morphologically diverse galaxies with stellar mass > 109 

Msun at z = 0.1.  EAGLE has no explicit dust phase, but we 
can represent it using the 3D enriched ISM

Inverse Modelling: Inferring physical properties from observations
Forward Modelling: Predicting observables from physical models
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SKIRTing the Problem...
Trayford et. al (2015) showed that a screen model performs 
reasonably at z=0.1, but parameter evolution is highly speculative

SKIRT (Camps & Baes 2015) is a radiative transfer (RT) code that 
can exploit the complex geometry of EAGLE galaxies. 

We include MAPPINGS SEDs to model sub-resolution dust 
attenuation (Camps+ 2016,  Trayford+ submitted)

Camps et al (2016) calibrates dust model                                                                              
using FIR scaling relations: Tmax = 8000 K                                       
fdust = 0.3 and fPDR  = 0.1                     
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The EAGLE CMD
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Figure 1. Rest-frame g � r colour distributions for eagle galaxies at redshift z = 0.1, using 4 di↵erent models (panels a-d) for four non-
contiguous ranges in stellar mass as indicated in the legend (top to bottom). Black lines indicate the fiducial Ref-100 galaxy population

while red lines indicate the higher-resolution Recal-25 simulation. Dashed lines denote the unobscured SED (model N); these are repeated

in each panel for comparison. Models shown are: model N without dust (panel a, see §3.1.5), model GI with galaxy independent dust
(panel b, see § 3.2.1), model GD where the dust obscuration depends on gas fraction and metallicity (panel c, § 3.2.2), and model GD+O

that in addition takes into account orientation e↵ects (panel d, § 3.2.3). Green and yellow lines show model variations in panels c and d

(see sections 3.2.2–3.2.3 for details). Blue lines represent observed galaxy colours for the volume-limited sample of gama galaxies from
Taylor et al. (2014). The figure shows the subtle quantitative e↵ects that our di↵erent dust models have on the colour distributions of

eagle galaxies in various M? regimes, as is discussed further in the text.

c
� 2014 RAS, MNRAS 000, 1–??

8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0
log10(M?/M�)

0.0

0.2

0.4

0.6

0.8

1.0

g
�

r
[m

ag
]

EAGLE

GAMA

14 James W. Trayford et al.

g � r [mag]
0
2
4
6
8

10
12 11.2 < log10(M?/M�)  11.5

Ref L0100N1504

Taylor et. al. (2015)

g � r [mag]
0
1
2
3
4
5
6 10.5 < log10(M?/M�)  10.8

g � r [mag]
0

1

2

3

4

5 9.8 < log10(M?/M�)  10.1

0.0 0.2 0.4 0.6 0.8 1.0 1.2

g � r [mag]

0
1
2
3
4
5
6 8.7 < log10(M?/M�)  9

Recal L025N0752

N
or

m
al

is
ed

F
re

qu
en

cy
N

or
m

al
is

ed
F
re

qu
en

cy
N

or
m

al
is

ed
F
re

qu
en

cy
N

or
m

al
is

ed
F
re

qu
en

cy

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, and 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).

For comparison, we also plot the attenuation curves of
the Calzetti et al. (2000) and Charlot & Fall (2000) screen
models, as well as those derived for the galaxies M31 and
M51 (from Viaene et al. (2016a) and De Looze et al. (2014),
respectively). Comparing to the screen-model curves we see
that the attenuation curves for eagle are generally steeper
at all orientations. The screen models are closest to the edge-
on curve at short wavelengths, due to dust behaving as a
screen for many stars in an edge-on view. M31 is a rela-
tively edge-on galaxy, with an inclination angle of ✓ = 77�

(Brinks & Burton 1984), whereas M51 is practically face-on
at ✓ = 10� (De Looze et al. 2014). The M31 attenuation
curve lies between the face-on and edge-on curves at wave-
lengths short-ward of the V -band, residing closest to the
random projection curve. The M51 curve is steeper than
any of eagle or screen-model curves. The M31 and M51
curves are both steeper than the eagle curves for compa-
rable galaxy orientations. They also show more di↵erence
in slope than between the face-on and edge-on curves. We
suggest that this is because eagle galaxy discs are thicker,
and smoother than observed discs, both a consequence of
limitations in the sub-grid physics.

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 plot-
ted in Fig. 7 (which can be compared to the simpler dust-
screen model of T15, their Fig. 5). Stepped lines represent
the eagle colour histograms, using black to denote simula-
tion Ref-100 and red to denote simulation Recal-25. These
are either dashed to indicate colours without ISM dust, or
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.

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 colour.

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
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⇡ 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

(bottom panel), eagle galaxies show very little redden-
ing when processed with skirt. Indeed, comparing the ISM
dust-free and skirt g � r distributions separately for the
Ref-100 and Recal-25 simulations shows that dust e↵ects
are minimal.

In the most massive bin, observed colours from gama
conform to a tight red sequence centred at g� r ⇡ 0.7. The
skirt distribution is similar but shifted by ⇡ 0.05 mag to
the blue. The median stellar metallicity of eagle galaxies
agrees well with the observationally inferred values (S15),
and the stars in these galaxies are generally old. It is there-
fore somewhat surprising that the simulated and observed
colours do not agree better, since reddening is not impor-
tant for these galaxies anyway (either in our model, or in the
gama data). Trayford et al. (2016) showed that the metallic-
ity distribution of star particles in eagle galaxies is nearly
exponential, and it is the lower Z particles that make ea-
gle galaxies bluer than observed. A possible reason for the
discrepant colours is thus that massive eagle galaxies have
too low metallicities, even though the mass-weighted simu-
lation metallicity agrees well with the luminosity-weighted
observed metallicity, see Trayford et al. (2016) for more dis-
cussion.

The second most massive bin shows striking consistency
between skirt and observed colours. The agreement with
the data is in fact superior to that obtained with the dust-
screen model of Trayford et al. (2015) (T15). In particular,
the relative fraction of red and blue galaxies is much closer
to the observed ratio when using the skirt. The reason for
this is explored further below.

The second lowest mass bin shows similarly good agree-
ment with the observed distribution, with skirt colours sys-
tematically shifted to somewhat redder values (. 0.05 mag).
Again, the colours conform better to observation than those
presented by T15, with the latter’s dust-reddened colours in
fact close to the intrinsic eagle colours.

Finally, in the lowest mass bin, the Ref-100 colours show
poor agreement with observation. Furlong et al. (2015b)
showed that at these lower galaxy masses, numerical ef-
fects and poor sampling in eagle cause the star formation
rates to be too low and too many galaxies to be quiescent.
We therefore also show the colours for the higher-resolution
Recal-25 simulation (red) These. agree well with gama. The
skirt colours of each of the simulations are very similar to
those of T15, which is understandable as both are very close
to the intrinsic colours (i.e. are subject to minimal redden-
ing) in this mass range.

5.1.2 Colour-mass diagram

The g � r colour versus stellar mass distribution of ea-
gle galaxies is compared to that obtained from gama in
Fig. 8. As explained above, the star-formation rate and
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Figure 8. Rest-frame z = 0.1 SDSS g � r colour as a func-
tion of galaxy stellar mass, for qualitative comparison of eagle

and gama. Red Contours are for randomly-oriented eagle galax-
ies, processed using skirt. The eagle sample combines galaxies
taken from simulation Ref-100 at high mass with galaxies from
simulation Recal-25 at lower stellar mass, to mitigate the poorer
resolution of Ref-100 (see text). Blue contours show the observed
distribution taken from Taylor et al. (2015). The contour levels
from low to high exclude 3, 18, 48, and 93 percent of the galaxies
in each sample.

hence colour of low-mass galaxies in Ref-100 is not well-
resolved numerically (Furlong et al. 2015b). We therefore
combine the more massive eagle galaxies from Ref-100 with
the low mass galaxies from the higher-resolution Recal-25
simulation, crossfading between the two in the mass range
1010M� to 109M� as in T15. The observed gama contours
are based on the analysis of Taylor et al. (2015). Note that
the crossfading between two simulations (performed as de-
scribed in T15) extends the mass range over which galaxies
are well resolved, but also introduces some inconsistencies,
for example the di↵erent simulation volumes probe di↵erent
environments. As such, this is intended only to provide a
qualitative comparison with the observations, with quanti-
tative comparison facilitated by Fig. 7.

Similar to Fig. 7, we see that the eagle colours ob-
tained with skirt generally show good agreement with the
observed distribution. The blue cloud and red sequence pop-
ulations in eagle appear to be in approximately the ob-
served position and contain a roughly similar share of the
galaxy population across the mass range. The green val-
ley population is enhanced relative to the T15 photometry,
in better agreement with gama data. The inconsistent sur-
plus of blue galaxies at the high-mass end, M? ' 1010.5M�,
is also largely suppressed with respect to T15. This is at-
tributable to the more representative treatment of the spa-
tial distribution of the dust in skirt, with the ISM dust
enshrouding young stars, rather than being distributed in a
di↵use galaxy-sized disc as assumed by the screen model of
T15.

MNRAS 000, 1–30 (2015)

EAGLE colours with a SKIRT model  (Trayford et. al. 2016, submitted) 
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Figure 3. The Johnson rest-frame B-band attenuation, AB , as
a function of inclination angle; cos ✓ = 1 corresponds to face-
on. Points are individual eagle galaxies from simulation Ref-
100 at z = 0.1, with M? > 1010M�, coloured by ISM dust-free
u? � r? colour. Black squares indicate the median relation for
galaxies with AB � 0.05, binned by cos(✓). The grey, shaded
region indicates the 16th-84th percentile range in each bin. The
red, solid line shows the best fit of the form Eq. (4), which has
q = 0.396. The red, dashed line shows the same fit, except with
q = 0.1 to represent a thinner discs, which follows the trend of
the intrinsically blue galaxies better. Galaxies with AB < 0.05 are
typically red in u?�r? and occupy a tight distribution in AB ⇡ 0,
independent of orientation. For comparison we also overlay the
observed relation from Driver et al. (2007) (D07 in the legend)
for the median attenuation curve of the disc component only, of
galaxies with bulge/total ratio smaller than 0.8.

with the authors3. We will below compare the output from
the skirt simulations to those with the same source model
but without obscuration by ISM dust. Note, however, that
the mappings-iii source model always includes dust associ-
ated with the birth cloud. We will refer to the these models
as ‘ISM dust-free’ in what follows.

4 ATTENUATION PROPERTIES OF SKIRT
GALAXIES

In this section we focus on how attenuation depends on
galaxy orientation at low redshift (z = 0.1). This helps us to
separate the e↵ects of geometry and dust content, and facil-
itates the interpretation of a comparison with observations.

4.1 Broad-band attenuation

The orientation of a galaxy can profoundly a↵ect its mea-
sured colours, particularly in the case of thin spiral galaxies

3 To access the database and receive updates on its content, reg-
ister at http://icc.dur.ac.uk/Eagle/database.php

where the edge-on view is much more a↵ected by dust than
the face-on view. Indeed, the reddest galaxies observed in
the local Universe are often edge-on spirals (e.g. Sodre et al.
2013). The skirt modelling should be able to capture this ef-
fect much better than screen models such as those presented
by T15. To quantify orientation e↵ects in disc galaxies, we
use 3 lines of sight: parallel, perpendicular and randomly
oriented with respect to the galactic plane. This helps con-
strain orientation e↵ects on dust extinction for each galaxy
individually, as well as providing a set of photometry with
random orientations used when comparing to data.

We assume that the disc of a galaxy is perpendicular to
the spin vector, S, of its stars. We calculate S by summing
the spin vectors of all star particles within a shell with inner
and outer radii of 2.5 pkpc and 30 pkpc, respectively, in the
centre-of-mass rest-frame of the galaxy. The outer radius
corresponds to the maximum radius of a galaxy assumed in
Section 2.1, the inner radius was chosen to avoid a significant
contribution from a bulge or regions strongly a↵ected by
gravitational softening. We found that with this selection, S
is generally dominated by the dynamically cold rotating disc
component, if present. We characterise the orientation of a
galaxy by its inclination angle ✓, such that face-on galaxies
have cos(✓) = 1.

In Fig. 3 we plot the attenuation in the B-band, AB , as
function of orientation, for all eagle galaxies from simula-
tion Ref-100 with stellar mass M? > 1010M�; points repre-
sent individual galaxies coloured by intrinsic u? � r? (? de-
notes intrinsic photometry). Two sequences are observed: (i)
a broad sequence of intrinsically blue (star-forming) galaxies
where AB increases with decreasing cos(✓) and (ii) a very
tight sequence of intrinsically red (passive) galaxies showing
no orientation dependence. Such a dichotomy is of course
unsurprising: red galaxies typically have low cold gas frac-
tions and therefore negligible dust attenuation, whereas star
forming (intrinsically blue) galaxies have relatively high cold
gas fractions, with gas distributed in a disc, hence dust ob-
scuration is higher and depends on orientation.

The median AB of intrinsically blue galaxies with AB �
0.05 in bins of cos(✓) is plotted as black squares in Fig. 3),
with the grey region enclosing the 16th-84th percentiles. The
median attenuation AB of eagle galaxies increases from 0.3
to � 0.6 from face-on to edge-on orientation but the scatter
around the trend is large (⇡ 0.5 mag). We fit the angular
dependence of the median relation using the ellipsoidal dust
model discussed by T15,

AB(cos ✓) = a
qp

q2 + (1� q2) cos2 ✓
, (4)

where a is the edge-on obscuration and q represents the axial
ratio of the galaxy; lower q corresponds to thinner galaxies.
We treat a and q as free parameters in the fit, and plot the
fitted curve in red. The functional form fits the trend well for
an axial ratio of q = 0.381. The scatter around the median
likely originates from both diversity in the ISM distribution
in di↵erent galaxies, i.e. deviation from an idealised disc,
but also from errors in identifying the correct orientation
of the disc plane. Indeed, we showed in Figure 2 that the
galactic plane is not always easily defined, as evidenced by
the irregular galaxy shown in the middle row.

Driver et al. (2007) use a sample of galaxies from the
Millenium Galaxy Catalogue (MGC) with estimated bulge-

MNRAS 000, 1–30 (2015)
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Figure 4. The r-band attenuation, Ar, as a function of inclination, cos(✓), for eagle galaxies. The panels from left to right represent
simulations Recal-25, Ref-25 and RefHi-25!, and are also coloured blue red and green respectively. Thin Lines represent Ar values of
individual galaxies taken from their respective simulations at 40 inclinations evenly spaced in cos(✓). Shaded circles represent the median
Ar value of galaxies at each cos(✓) value, with grey shading illustrating the 16th-84th percentile range. Dashed Lines represent the
fitted form of equation ?? to the median values, with the corresponding q value labeled on each plot. We see significant galaxy-to-galaxy
variation in the shape of the attenuation-inclination relation, with the highest attenuation values in the higher resolution galaxies, but
little di↵erence between the median values.

photometry for su�ciently massive galaxies at 40 inclina-
tions, equally spaced in cos(✓). The results of this is plotted
in Fig. ??.

In Fig. ?? we plot Ar vs cos(✓) curves of simulated
galaxies with M? > 1010M�, separated by simulation, as
thin coloured lines. We plot the median Ar values at each
inclination as coloured points, and shade the 16th-84th per-
centile region in grey. Equation ?? is fit to the median
points and plotted as a dashed coloured line. While higher
Ar values are seen in the higher resolution RefHi-25! and
Recal-25 samples, the di↵erence in the median values from
that of Ref-25 is small. Both the plotted curves of individual
galaxies and the equation ?? fits display little evidence of
Ar being more sharply peaked at low cos(✓), indicative of
thinner discs.

From this comparison it appears that the Ar vs cos(✓)
relation display both strong and weak convergence (see
C15), with improved resolution not improving observational
agreement significantly. Varting the smoothing scale of star
particles also appears to havr little e↵ect on the attenuation-
inclination relation, tested in Appendix ??. It seems that
the deficient Ar values are more likely a result of the lack
of an explicit cold phase in the eagle simulations; the
high column densities and clumpy structure of molecular
gas observed in real disc galaxies is not reproducible in the
eagle simulations without realistic modelling of gas with
T / 104K. While the shape of the attenuation-inclination
relation is similar to observed, improvement on the absolute
attenuation values may require explicit modelling of the cold
gas phase.

To see how the inclination e↵ects influence the optical
colour distributions of galaxies, we plot the dust attenuated
and intrinsic g � r colours against each other for randomly
oriented eagle galaxies of 1010M�  M? < 1011M� in Fig.
4. Here, dust free galaxies will lie on the 1:1 relation while

dusty galaxies are o↵set vertcally. In the left panel we colour
regularly spaced bins by their median inclination cosine, as
shown in the colour bar, provided they contain > 10 galax-
ies. We see a clear trend in attenuation with inclination,
especially for intrinsically blue galaxies of g? � r? . 0.6,
with galaxies possessing median cos(✓) values of ⇠ 0.25 and
⇠ 0.65 for maximal and minimal o↵sets from the 1:1 relation
respectively. For galaxies with redder intrinsic colours, the
trend is less pronounced, and the maximal o↵set is lower.

In the right panel of Fig. 4 we plot logarithmically
spaced contours showing the galaxy counts in each bin. We
see again that intrinsically red (g? � r? ⇠ 0.75) galaxies are
densely concentrated on the 1:1 relation, whereas intrinsi-
cally blue (g? � r? ⇠ 0.4) galaxies are o↵set with a large
scatter. An interesting aspect to note here is that an ap-
proximately constant median o↵set of ⇡ 0.05 is measured
for g? � r? / 0.6. This denotes that the typical escape frac-
tion of light from young stars is similar for all active galaxies
in this mass range.

It is also notable that some galaxies actually lie below
the 1:1 relation. In some cases this may be due to random
error on the photometry, particularly in dust-free galaxies.
However for a few dusty galaxies, more r-band than g-band
light may be absorbed due to the nature of the dust con-
figuration. For example some galaxies may have dense dust
clouds in their centers, with unobscured star formation on
their outskirts.

As well as a↵ecting the strength of attenuation and red-
dening by dust, orientation may also change the shape of
the e↵ective extinction curve of a galaxy. This is due to the
relative change in optical depth toward distinct stellar pop-
ulations when a galaxy is observed from di↵erent aspects,
and depends on the distribution of both dust and stars. It
is useful characterise how the shape of the extinction curve
may vary in galaxy observations; changes in the normalisa-

MNRAS 000, 1–21 (2015)

Why the edge-on deficit?
EAGLE can’t get cold enough...Trayford et. al. 2016, submitted
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Figure 9. Rest-frame z = 0.1 ugJ colour-colour diagrams for di↵erent photometric models. Points are eagle galaxies from simulation
Ref-100 with stellar masses > 1010M�, shaded from red to yellow to indicate local point density. The dust-free photometry of T15,
the ML parametrisation of the dust-screen model of T15, and the skirt photometry including ISM dust and Hii regions are shown in
the left, middle and right panels respectively. Thick, green lines show the passive galaxy cut advocated by Schawinski et al. (2014),
the corresponding passive fraction of eagle galaxies using this cut is indicated in each panel. Black curves indicate the median u � g

values as a function of g � J for the dust-free photometry, these are repeated in each panel to guide the eye. Thin, green lines indicate
the mean reddening vectors of eagle galaxies in the dusty models relative to the dust-free model. These emanate from green points,
specifying the centre of each bin from which a vector is computed. Note that vectors point from bottom-left to top-right. The skirt

model gives higher passive fractions than the intrinsic and T15 dust photometries, indicating significant pollution of the passive region
by star forming galaxies.

The middle panel, showing galaxy colours produced by
the fiducial dust screen model of T15, exhibits a similar dis-
tribution in the passive region. From the lack of visible lines
at u � g > 1.4 , we see that there is minimal reddening of
galaxies into or within this region. The recovered passive
fraction of fpassive = 0.24 reveals that indeed the passive
region is < 5% polluted by the galaxies defined as active in
the dust-free (left) panel. The active region galaxies, how-
ever, exhibit more variation. While the blue peak is similarly
well defined relative to the dust-free colours, the position of
the peak is shifted to slightly redder colours by ⇠ 0.1 mag
and is broadened by scatter to redder colours, with many
more star-forming galaxies having g � J > 1.5. The mean
reddening vectors are small relative to the distance between
the peak and the most extremely attenuated active galaxies,
which have colours g � J & 2.

The right panel, showing the skirt model colours, re-
veals some consistent features. The passive region galaxies
reveal a similar distribution as in the left and middle panels,
with a red peak in a very similar position. The active region
galaxies also occupy a similar region of the ugJ plane to the
T15 (middle) panel, with a blue peak shifted to slightly red-
der colours relative to the dust-free model in the left panel.
However, in detail there are some notable di↵erences. The
blue peak is significantly depleted relative to the other pan-
els, with the red peak exhibiting a tail to bluer colours.
Though the skirt model does not possess the extremely
reddened galaxies of the T15 (middle) panel, the magnitude
of the mean reddening vectors are generally larger across
the intrinsic distribution and show less reduction with red-
der intrinsic u � g colour relative to T15. We also see an
enhanced ‘green’ population of galaxies with intermediate

colours 1.25 < u � g . 1.5 in the active region. The en-
hanced average reddening across the distribution also results
in a higher recovered passive fraction of fpassive = 0.27. This
indicates that the passive region has a ⇡ 15% pollution by
galaxies defined as active in the dust-free (left) panel. The
reddening of galaxies from the blue peak to the red peak in
the ugJ diagram corresponds to the significant boost (de-
pletion) of the red (blue) sequence population for the skirt
photometry relative to the dust-free colours seen in Fig. 7.

The di↵erences between the T15 and skirt panels in
Fig. 9 can be attributed to the nature of the dust modelling.
The T15 reddening vector is close to parallel with the sloped
boundary of the passive region, as illustrated by a tail of ex-
tremely reddened active galaxies with g � J > 2. This is
unsurprising, as the screen model of Calzetti et al. (2000)
is used by Schawinski et al. (2014) to define the bound-
ary between active and passive galaxies. This may explain
why few dusty galaxies move into the passive region when
applying the T15 screen model. The skirt model, which ex-
ploits the 3D distribution of dust around stars, yields gen-
erally steeper reddening vectors of higher magnitude, both
of which contribute to moving dusty star forming galaxies
into the region were galaxies are deemed to be passive when
using the Schawinski et al. (2014) colour-colour cut. This is
because nascent stellar populations embedded in dense ISM
are e↵ectively shielded in the skirt model, leading to more
active galaxies masquerading as passive. Again, the fraction
of galaxies misclassified as passive could be underestimated
due to the lack of highly attenuated edge-on eagle galaxies,
attributable to the artificially ‘pu↵ed-up’ ISM in the simu-
lation.
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curves at lower luminosities is therefore, in part, a measure
of numerical convergence.

We next compare solid lines (intrinsic luminosities) to
dot-dashed lines (skirt dust-attenuated luminosities cor-
rected using a constant dust correction), for either blue
or red lines. Although these agree well at the faint end,
LH↵ / 1034 W, there are significant di↵erences at the bright-
end with the number of bright sources higher in the constant
dust correction luminosity function. At the bright end, a
constant dust correction tends to overestimate the true level
of dust attenuation, resulting in apparently brighter galaxies
(with correspondingly higher Ṁ?). Note that the constant
dust correction we use is essentially indistinguishable from
the common observational assumption of 1 mag in this plot.

Finally, we compare the intrinsic H↵ luminosity func-
tion (solid lines) to the observed result corrected for dust
using the Balmer decrement (symbols). Although similar at
faint fluxes, LH↵ / 1035 W, the simulated luminosity func-
tion is significantly below the observations at the bright-end
when using Eq. 5 (blue), with the di↵erence much reduced
when using the Chang et al. (2015) conversion (red curve).
The shape at the bright-end is so steep that even a small
error in the observed luminosity determination can make
eagle and gama consistent. In addition, the eagle stel-
lar mass function is lower than observed around the knee
(S15), which will also contribute to the deficit at brighter
luminosities.

In summary: the eagle H↵ luminosity function is in rel-
atively good agreement with observations when applying the
Chang et al. (2015) inspired7 conversion between Ṁ? and H↵
luminosity. The e↵ects of insu�cient numerical resolution
are apparent at lower luminosities (LH↵ . 1034 W). Apply-
ing a constant correction to the eagle dust-attenuated H↵
values does not reproduce the shape of the underlying ‘true’
eagle H↵ luminosity function well, over-estimating the star
formation rates at higher H↵ luminosities (LH↵ & 1034 W).

6.3 D4000 Index

The 4000 Å break (D4000) was used by Kau↵mann et al.
(2003a) to analyse a large sample of galaxies from the SDSS.
In older stellar populations, the opacity due to several ions
in stellar atmospheres combines to induce a noticeable dis-
continuity in the flux around 4000 Å, which is mostly absent
in hot stars. The size of the discontinuity is hence a measure
of the relative contribution of young hot stars to the flux -
and hence of the specific star formation rate of the galaxy
(e.g. Bruzual 1983). The D4000 index is the logarithm of
the ratio of the red and the blue continuum, measured us-
ing narrow-band top-hat filters. We use [4050, 4250] Å and
[3750, 3950] Å to sample the red and blue continuum re-
spectively, as defined by Bruzual (1983). The D4000 index
is commonly used to distinguish between active (star form-
ing) and passive populations, similar to the colour-colour
plots of Fig. 9. Indeed, D4000 can be thought of as a colour
index (analagous to e.g. u � r), but is generally considered
robust against dust e↵ects due to it being a di↵erential mea-
sure with a relatively small wavelength separation between
bands.

The D4000 distribution used by Kau↵mann et al.
(2003a) and Kau↵mann et al. (2003b) are from a flux-limited
selection of SDSS galaxies, and shows strong bi-modality

Figure 13. Histogram of D4000 values for intrinsic and ra-
diative transfer (skirt) photometry of z = 0.1 galaxies with
1010M� < M? < 1011M�. The low and high D4000 peaks are
taken to represent active and passive populations respectively.
Blue indicates the intrinsic values, red after dust is applied. Values
of D4000 measured for a mass-matched sample of SDSS galaxies
are plotted in green. A considerable di↵erence in the active and
passive peaks recovered with this technique is observed when dust
is applied.

where massive galaxies have a high value of D4000, low-mass
galaxies have low values, with the transition mass around
M? ⇠ 3 ⇥ 1010M�, see Fig. 1 of Kau↵mann et al. (2003b).
Even the largest, 1003 Mpc3, eagle volume does not have
enough massive galaxies to allow for a direct comparison
with these measurements.

To make a comparison to data meaningful, we therefore
create a sample of SDSS galaxies mass-matched to the ea-
gle population over the range 1010M� < M? < 1011M�,
using the observed masses from Kau↵mann et al. (2003a).
The corresponding broad-band (Bruzual 1983) D4000 values
are taken from the MPA-JHU catalogue, released for SDSS
DR7 (Abazajian et al. 2009). We then compare the D4000
distribution to that of eagle for both the intrinsic and dust-
reddened spectra in Fig. 13. Each distribution is normalised
to integrate to unity. We employ a cut at D4000=1.8 to sep-
arate the active and passive population, which is near the
minima of each histogram. We recover passive fractions of
32% and 41% for eagle galaxies using intrinsic and skirt
spectra, as compared to 55% for the SDSS sample.

We first compare the ‘intrinsic’, ISM dust-free, eagle
distribution (blue) to that produced using skirt (red). Both
distributions exhibit a clear bi-modality, with low and high
D4000 peaks at ⇡ 1.5 and ⇡ 2 respectively. A stark di↵er-
ence between the two distributions is that the population
with low D4000, a common proxy for the star formation, is
significantly depleted when ISM dust is included with skirt.
There is also a shift of the low D4000 peak to higher values.
The relative depletion of the low D4000 population in the
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We find that the preferential obscuration of young stellar 
populations in our SKIRT modelling can cause galaxies to 
appear passive in optical proxies for star formation 
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FIR and dust properties of EAGLE galaxies 1067

Figure 9. Comparison of stellar and dust mass derived from mock observations of the EAGLE galaxies in set C (Table 2) with the corresponding intrinsic
properties. The EAGLE galaxies were post-processed using fdust = 0.3 and fPDR = 0.1. The dashed diagonal in each panel indicates the one-to-one relation;
the dotted lines indicate ±0.25 dex offsets. Left-hand panel: stellar mass estimated through equation (4) following Cortese et al. (2012) and Zibetti, Charlot &
Rix (2009) using edge-on (red) and face-on fluxes (green). Right-hand panel: dust mass estimated through equation (5) following Cortese et al. (2012) using
β = 2 and the two values of κ350 defined in the text; galaxies with dust mass below 104.75 M⊙ are omitted.

with coefficients a = −0.963 and b = 1.032 taken from table B1
of Zibetti et al. (2009). The result is shown in the left-hand panel
of Fig. 9. The mock observations of our EAGLE galaxies under-
estimate the stellar mass by about 0.25 dex, for both edge-on and
face-on fluxes. The Zibetti et al. (2009) recipe assumes the Chabrier
(2003) initial mass function (IMF), as do the EAGLE simulations
(see section 4.3 of Schaye et al. 2015) and the SED templates we
assign to stellar particles (see our Section 2.4.4 and section 2.3 of
Bruzual & Charlot 2003), so there is no need to compensate for
offsets between different IMFs in the model. However, the Zibetti
et al. (2009) calibration of the stellar mass-to-light ratio relation
was derived for resolved parts of galaxies. Several authors have
proposed different values for the coefficients a and b (e.g. Gallazzi
& Bell 2009; Taylor et al. 2010, 2011; Baldry et al. 2012), resulting
in a systematic shift of up to 0.3 dex in the relation. In the following
sections, we use the Zibetti et al. (2009) calibration because we will
be confronting the mock observations with the results presented by
Cortese et al. (2012).

We now compare the dust mass derived from mock observations
with the dust mass calculated by summing over all gas particles
according to equation (2). Following Cortese et al. (2012) and many
other authors, the flux fν emitted by a modified blackbody at the
frequency ν can be written as

fν = Mdust

d2
κν Bν(Tdust) with κν = κ350

(
ν

ν350

)β

, (5)

where Mdust is the dust mass, d is the distance, Bν(T) is the Planck
function, Tdust is the dust temperature, κν is the dust mass absorption
coefficient, assumed to depend on frequency through a power law
with index β, and κ350 is the dust mass absorption coefficient at a
wavelength of 350 µm. Cortese et al. (2012) use the values β = 2
and κ350 = κCortese+ = 0.192 m2 kg−1. The Zubko et al. (2004) dust
model used in this work (see Section 2.5.2) has the same power-law
index, β = 2. However, the absorption coefficient κ350 = κZubko+
= 0.330 m2 kg−1 differs substantially, causing a shift of 0.24 dex in
the inferred dust mass.

Cortese et al. (2012) use the three Herschel SPIRE 250/350/500
fluxes to estimate the dust mass, employing a recipe presented in
their appendix B. The right-hand panel of Fig. 9 plots the dust mass
estimates calculated from SKIRT fluxes for our EAGLE galaxies
according to this recipe, using β = 2 and the two values of κ350

defined in the previous paragraph. When using κ350 = κCortese+,
the Cortese et al. (2012) recipe overestimates the dust mass. With
the κ350 = κZubko+ appropriate for our dust model, however, the
estimates are fairly accurate, although there is significant scatter
in the low mass range. Because we will be confronting our mock
observations with the results presented by Cortese et al. (2012), we
use their dust mass recipe with κ350 = κCortese+ in the following
sections.

3.3 Inferred SFRs

We compare in Fig. 10 three of the SFR indicators listed in table 1 of
Kennicutt & Evans (2012), calculated for mock observations of our
EAGLE galaxies, to the intrinsic SFR provided in the public EA-
GLE data base (McAlpine et al. 2016). The leftmost panel of Fig. 10
shows the SFR based on the GALEX NUV flux (Hao et al. 2011;
Murphy et al. 2011) using edge-on (red) and face-on fluxes (green).
At these short wavelengths, the edge-on fluxes suffer significantly
more from dust extinction than the face-on fluxes, especially in
more active galaxies, and thus yield a correspondingly lower SFR.
However, even the indicator based on face-on fluxes slightly under-
estimates the SFR for most galaxies. For a small number of outliers,
mostly in the lower SFR regime, the indicator substantially overes-
timates the SFR. These outliers are passive galaxies with a low dust
content (the edge-on and face-on fluxes are equal so there is little
extinction), where the NUV radiation emitted by the evolved star
population is interpreted as a sign of star formation by the indicator.
This so-called UV-upturn is also found in observations (e.g. Brown
et al. 1997, 2003).

The middle panel of Fig. 10 shows the SFR based on the inte-
grated total infrared flux (3–1100 µm; Hao et al. 2011; Murphy
et al. 2011). Because dust is mostly transparent to radiation at these
wavelengths, the emission is isotropic and there is no need to com-
pare edge-on and face-on fluxes. This indicator is fairly accurate,
except for a number of outliers mostly in the lower SFR regime. In
these cases, the emission from diffuse dust residing in the outskirts
of those galaxies is interpreted by the indicator as a sign of star
formation, while the dust is in fact being heated by an evolved star
population. This phenomenon is also found in observations (Bendo
et al. 2015).
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SED fitting EAGLE photometry 3

Figure 2. Comparing the mass estimates obtained using ‘integrated’ and ‘resolved’ intrinsic photometry for an example eagle galaxy.

Top panels show the cumulative mass measured for stars younger than a given age, using there true mass in black and using the Zibetti

and Taylor estimators in red and green respectively. Bottom panels show the o↵set of the Taylor and Zibetti estimators from the true

masses in red and green respectively. The left plots are derived using the integrated photometry (i.e. the total magnitude of all stars

younger than a certain age) while the right plots uses the resolved photometry (masses of each SSP are calculated separately from their

broad-band magnitude). We see that the error in estimates using integrated photometry (0.4 dex and 0.2 dex) are much larger than

using resolved photometry (0.05 dex and 0 dex).
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Resolving the 
problem

These systematic offsets 
appear to go away if we 
resolve the galaxy into 
SSPs.

The younger SSPs 
outshine the old: 
blinds photometric 
measures to the old 
stellar component

(similar to e.g. Sorba et al. 2015)
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SED fitting EAGLE photometry 11

Figure 8. As Fig. 7, but using the edge on aspect of the same galaxy. We see that the galaxies mass is underestimated by ⇠ 0.5 dex.

This is apparently due to strong underestimation of the stellar mass in dust-obscured pixels, as can be seen by comparing the residual

map and the colour image.
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Figure 7. Mass estimation for a face-on galaxy. Top image shows gri colour image for example galaxy (GalaxyID: 15814162) in face-on

orientation at z = 0.1. Bottom plots from left to right show the true mass map, the estimated mass map using FAST on each pixel, and

the estimator residual map respectively for this aspect of the galaxy. We see that the mass of the galaxy is recovered well using FAST

(compare m and m), with no clear regions of mis-estimation visible in the residual map
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Figure 7. Mass estimation for a face-on galaxy. Top image shows gri colour image for example galaxy (GalaxyID: 15814162) in face-on

orientation at z = 0.1. Bottom plots from left to right show the true mass map, the estimated mass map using FAST on each pixel, and

the estimator residual map respectively for this aspect of the galaxy. We see that the mass of the galaxy is recovered well using FAST

(compare m and m), with no clear regions of mis-estimation visible in the residual map
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Figure 8. As Fig. 7, but using the edge on aspect of the same galaxy. We see that the galaxies mass is underestimated by ⇠ 0.5 dex.

This is apparently due to strong underestimation of the stellar mass in dust-obscured pixels, as can be seen by comparing the residual

map and the colour image.
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Data Products

UV-FIR Photometry    ✓
UV-FIR Spectra         ✓
Broad band FITS files

IFU data cubes

A spiral galaxy evolving in EAGLE, 
and imaged using SKIRT.  This is one 
of ~1e5 galaxies that we are 
providing data for

http://icc.dur.ac.uk/Eagle/database.php

We are producing a number of data 
products that will be accessible via 
the database

http://icc.dur.ac.uk/Eagle/database.php
http://icc.dur.ac.uk/Eagle/database.php
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More Data
We can also exploit the sub-galaxy resolution of EAGLE 
to emulate other types of Data. 
Using our radiative transfer prescription we produce 
IFU data and FIR maps of EAGLE galaxies

Left: Mock IFU data of an EAGLE 
spiral galaxy, scrolling through the 

Hα Above: Herschel PACS-like image 
of EAGLE galaxies at z = 1 - 2
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Summary:
We forward model EAGLE galaxies to exploit their 
diverse structure and histories for comparison to 
observation
We develop a SKIRT model calibrated to local FIR 
scaling relation, reproducing z=0.1 colour 
distributions well.
Dust effects can hide star formation in EAGLE 
galaxies, so they appear passive
We can test systematic effects in galaxy mass 
estimates for resolved and unresolved photometry 
Data products and future applications of our SKIRT 
model


