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Main ingredients for high-z galaxy SEDs

  Emission by stellar populations 
Evolution of stellar populations of different ages & metallicities 
Star formation histories 

 The interstellar medium: dust & ionized gas 
    Dust attenuation, self-consistent infrared emission 
    Nebular emission & impact on spectral energy distributions 

 Active galactic nuclei 
    Correct for contamination in the mid-IR (and other wavelengths) 
    
 ‘Cosmological effects’ 

    UV absorption by the IGM 
    Effect of the CMB in (sub-)mm observations  
    
 Statistical constraints on physical parameters 

    Fitting SEDs using a Bayesian approach
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emission by stellar populations



 Stellar evolution prescription 
HR evolutionary tracks for stars of different initial masses & metallicities.

Spectral evolution of a simple stellar population

computed using evolutionary tracks by Marigo et al. (2008)



Spectral evolution of a simple stellar population

 Stellar evolution prescription 
HR evolutionary tracks for stars of different initial masses & metallicities. 

 Spectral libraries 
assign spectrum to a star of given mass, age and metallicity.
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Fig. 1 Evolutionary tracks of solar composition low mass stars
(0.9 - 10 M�) demonstrating the di�erences between four di�erent
models (as labelled): MPA08 (Weiss and Schlattl 2008), BaSTI04
(with/without overshoot; Pietrinferni et al. 2009), and Padova08
(Marigo and Girardi 2007; Marigo et al. 2008) [Courtesy S. Char-
lot].
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Fig. 2 Optical spectra from both theoretical and empirical stellar
libraries (as labelled) demonstrating the improvement of spectral
resolution over time with the associated improvement in library
size [Courtesy S. Charlot].

in GRASIL) and Leitherer et al. (1999) and Vázquez et al.
(2007) (both Starburst99), Vazdekis (1999), Schulz et al.
(2002), Cerviño et al. (2002), Robert et al. (2003), Bruzual
and Charlot (2003, GALAXEV, also commonly referred to
as BC03), Le Borgne et al. (2004, PEGASE-HR), Maraston
(2005, M05, based on fuel consumption theorem), Lançon
et al. (2008), Mollá et al. (2009). Currently less frequently
used are fully theoretical stellar population models such as
González Delgado et al. (2005); Coelho et al. (2007). How-
ever, as recently shown by Walcher et al. (2009), a combi-
nation of semi-empirical and fully theoretical models holds
great promise for the future. As a result of the improve-
ments in stellar evolutionary tracks and stellar libraries, as
well as the codes themselves, stellar population synthesis
models today can recreate broad-band UV to NIR SEDs and
high-resolution spectra in the optical remarkably well.

2.1.2 Validation of SSP predictions

As SSP spectra form the basis of all fitting of galaxy SEDs
and as the complexities of real galaxies may introduce de-
generacies and further uncertainties in the resulting inter-
pretations, it is of primary importance to validate directly
the predictions of the stellar population synthesis models for
SSPs (see e.g. Bruzual A. 2001). For the impact of uncer-
tainties in the stellar parameters e�ective temperature, sur-
face gravity, and iron abundance on the final SSPs see Per-
cival and Salaris (2009).

The ideal testbed for such validations are simple stellar
populations occurring in nature, i.e. co-eval stellar popu-
lations such as globular clusters (GCs), open clusters, and
young star clusters. These objects have been used as such
for some time (e.g. Renzini and Fusi Pecci 1988; González
Delgado and Cid Fernandes 2010), but unfortunately, the ex-
act equivalence between star clusters and SSPs breaks down
for a number of reasons:
1) In star clusters, the stellar populations are a�ected by the
dynamical evolution of the cluster, which leads to mass seg-
regation, and evaporation of low-mass stars in GCs and, in
young star clusters, the expulsion of gas early in their life
time may lead to dissolution (open clusters) or to the loss of
a significant number of stars (though see Anders et al. 2009,
for recent work on dealing with this in SSP models).
2) Clusters also contain exotic stars (e.g. blue straggler stars,
discussed in the following section) which influence the inte-
grated light of the cluster but are not accounted for by most
population synthesis models (though see Xin et al. 2007, for
a discussion on how to account for these).
3) Finally, star clusters only have a finite number of stars.
In a less than 105 M� star cluster, the number of bright stars
is so small, that stochastic fluctuations in the photometric
properties of the cluster are common (Barbaro and Bertelli
1977; Lançon and Mouhcine 2000a; Cerviño and Luridiana
2004, 2006; Piskunov et al. 2009).

(credit: S. Charlot)



 Stellar evolution prescription 
HR evolutionary tracks for stars of different initial masses & metallicities. 

 Spectral libraries 
assign spectrum to a star of given mass, age and metallicity. 

 Initial Mass Function 
how many stars of each mass form in each generation.

Spectral evolution of a simple stellar population
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Figure 4:

Fractional contribution to the total number, mass, and bolometric luminosity as a function of
stellar mass for a 13.5 Gyr solar metallicity model. Lines correspond to different IMFs: a
bottom-heavy with logarithmic slope x = 3.0 (blue line); Salpeter (x = 2.35; black line); MW IMF
(specifically a Kroupa IMF; red line); a bottom-light IMF (specifically of the form advocated by
van Dokkum (2008); green line). The inset in the right panel shows the cumulative luminosity
fraction in logarithmic units. Low mass stars dominate the total number and mass in stars, but
contribute a tiny fraction of the luminosity of old stellar populations.

the stellar mass and number of stars in a galaxy, but contribute only a few percent to the

bolometric light of an old stellar population. At younger ages the light contribution from
low mass stars is even less.

Tinsley (1980) demonstrated that the evolution in M/L for a passively evolving stellar

population is sensitive to the logarithmic slope of the IMF, x, at the main sequence turnoff
point. The logarithmic evolution of the luminosity per logarithmic time (dlnL/dlnt) scales

linearly with x, at least for plausible values of x (see also van Dokkum 2008, Conroy, Gunn & White

2009). This dependency arises because the giant branch dominates the luminosity for all
plausible values of x, and so the IMF determines the rate at which the giant branch is

fed by turnoff stars. Steeper IMFs imply that the giant branch is more richly populated
with time, and therefore the natural luminosity dimming is reduced. For sufficiently steep

IMFs (e.g., x ! 5), the unevolving dwarfs would dominate the light, and so the integrated

luminosity would be approximately constant over time.
It is somewhat less-well appreciated that the IMF above 1M⊙ also strongly affects the

shape of the SED of composite stellar populations. In composite populations the SED is

influenced by stars with a range of masses (see Section 2.3), and so the IMF must play an
important role (see e.g., Pforr, Maraston & Tonini 2012).

2.2 Dust

Interstellar dust is a component of nearly all galaxies, especially those that are actively

star-forming. Dust plays a dual role in SPS, both as an obscurer of light in the UV through
NIR and as an emitter of light in the IR. For both historical and theoretical reasons these

two aspects are often modeled independently of one another. Indeed, these two aspects

are sensitive to different properties of a galaxy (e.g., dust obscuration is highly sensitive to
geometry while dust emission is more sensitive to the interstellar radiation field), and so it

is not unreasonable to decouple the modeling of these two components.

14

Conroy (2013)



Bruzual & Charlot (2003)

spectrum of a SSP 
at a given age 

= 
IMF-weighted sum 
of the spectra of 
stars along the 
isochrone at that 
age

Spectral evolution of a simple stellar population



Impact of rotation & binaries on ionizing radiation

(adapted from Wofford+2016)

GALAXEV (Bruzual & Charlot 2003): 
single, non-rotating
Starburst 99 (Leitherer+2014): 
single, rotating
BPASS (Eldridge & Stanway 2012): 
interacting binaries

Low metallicity (Z=0.004) 
106 Msun SSP



TP-AGB stars: a closer look
 Can be important for stellar populations with ages 0.5 to 1.5 Gyr 

 Maraston (2005) models predicted NIR fluxes up to 3x higher than BC03 
models, and also sharp absorption features at 1.1 - 1.8 µm 

 Systematic differences in M/L from 0.2 to 0.4 dex

Zibetti+2012:

ISAAC spectroscopic follow-up of a 
sample of z~0.2 post-starburst galaxies 
(where contribution by TP-AGB stars 
should be maximal)

NIR spectroscopy of post-starburst galaxies 3

Figure 1. Comparison between SSPs at the peak of the TP-AGB phase, as derived from Ma05 models (black lines) and BC03 (red lines).
Three different ages, 0.5, 1 and 1.5 Gyr from top to bottom, and three different metallicities, 0.5, 1 and 2 Z⊙ (the highest metallicity
for BC03 is actually replaced by 2.5 Z⊙), from left to right, are considered. Shaded regions correspond to the rest-frame spectral ranges
covered by the H and K band ISAAC spectroscopic setups for the z ≈ 0.2 galaxies presented in this work and include the strong features
at 1.41 and 1.77 µm.

from the NEWFIRM medium band survey (NMBS) to have
ages around 1 Gyr, according to both BC03 and Ma05 mod-
els. Also in this case it is found that BC03 models can re-
produce the observed SEDs much better, in particular the
observed blue optical-NIR colours, which are not reproduced
by Ma05.

In this paper we present the results of the experiment
that we designed to test for the two main predictions of
Ma05 models, namely the presence of sharp NIR spectral

features and the boosted NIR flux, on a sample of PSBs
carefully selected from optical spectroscopy and newly ob-
served in NIR spectroscopy (H and K band) with ISAAC at
the ESO-VLT. The selection criteria and properties of the
sample are fully detailed in Section 2. Here we would like
to stress the uniqueness of this work. i) For the first time
we cover both the optical and the NIR range of PSBs with
flux calibrated spectra to look directly for the NIR spectral
features at 1.41 and 1.77 µm predicted by the Ma05 mod-
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TP-AGB stars: a closer look18 S. Zibetti et al.
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Galaxy = many stellar populations
Spectrum of all the stars in a galaxy i.e. ‘composite stellar population’

= ∫ SSP(age,metallicity) x SFR(t)
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Galaxy = many stellar populations
Spectrum of all the stars in a galaxy i.e. ‘composite stellar population’

= ∫ SSP(age,metallicity) x SFR(t)

Main parameters: 
 IMF 
 age (onset of SF) 
 star formation history 
 metallicity (evolution)



Star formation & chemical enrichment histories

Post-processing of the 
Millenium simulation by De Lucia 

& Blaizot (2007)
Constraining galaxy physical parameters 3

Figure 1. Example of galaxy star formation and chemical enrichment histo-
ries inferred from the semi-analytic post-treatment of the Millennium cos-
mological simulation: (a) star formation rate, �, and (b) interstellar metal-
licity, Z, plotted as a function of look-back time, for a galaxy with a present-
day stellar mass of 1.5�1010M⇥. The vertical dashed line marks the evo-
lutionary stage at which the galaxy is looked at in Fig. 3 (corresponding to
a galaxy age of 8.4 Gyr).

et al. 2006) to follow star formation and the associated metal pro-
duction by gas falling into these dark matter haloes. We com-
pute in this way the star formation and chemical enrichment his-
tories of 500,000 galaxies with present-day stellar masses com-
prised between M⇥ ⇤ 5 ⇥ 109h�1M⇥ (corresponding roughly
to the mass resolution of the simulation; Blaizot et al. 2004) and
5⇥1011h�1M⇥. Figure 1 shows an example of star formation and
chemical enrichment histories of a galaxy with present-day stellar
mass 1.5 ⇥ 1010M⇥. The spikes in both curves reflect the various
episodes of interactions and mergers that shaped the evolution of
the galaxy. As shown by Wild et al. (2008), star formation histo-
ries computed in this way account well for the observed properties
of galaxies at different redshifts in the VVDS (0.5 � z � 1) and
SDSS (0.05 � z � 0.1) samples.

About 35 percent of the 500,000 galaxies generated from the
semi-analytic post-treatment of the Millennium simulation do not
form stars at z = 0. These contain a negligible amount of interstel-
lar gas and correspond to the population of present-day early-type
galaxies. The remaining galaxies span a relatively narrow range of
star formation properties. Their specific star formation rates peak
around �S ⇤ 0.1Gyr�1, with a dispersion of only a factor of 2.
Furthermore, the interstellar metallicity Z in these galaxies corre-
lates significantly with �S, in the sense that the most metal-poor
galaxies form stars most actively. The galaxies also have roughly
similar recent histories of star formation, as quantified by the star
formation history parameter fSFH, which we define as the fraction
of the current galaxy stellar mass formed during the last 2.5 Gyr
(this time lag corresponds to the main-sequence lifetime of A-F

the detection threshold for a dark matter halo is 20 particles, i.e. about 1.7�
1010h�1M⇥ (see Springel et al. 2005, for detail).

stars with strong Balmer absorption features). This parameter has
a narrow distribution centred on fSFH ⇤ 0.15, with a dispersion
of only 0.1. The distributions of �S and fSFH are compatible with
roughly constant (overall) star formation over the past 2.5 Gyr in
galaxies more massive than 5 ⇥ 109h�1M⇥, given that 40 per-
cent of the stellar mass formed during this period is returned to the
ISM in the form of winds and supernovae (e.g. Bruzual & Charlot
2003). The above distributions of �S, Z and fSFH are consistent
with the observed properties of nearby, star-forming SDSS galax-
ies (e.g. Kauffmann et al. 2003a; Brinchmann et al. 2004; Tremonti
et al. 2004).

The relatively limited ranges of star formation histories and
interstellar metallicities described above, while appropriate to in-
terpret observations of nearby SDSS galaxies more massive than
5⇥109h�1M⇥, could bias statistical estimates of �S, Z and fSFH

in galaxies drawn from other samples or in different mass ranges
(e.g. Weinmann et al. 2006; see also Section 4.2 below). To avoid
such biases, we broaden the original prior distributions of these
parameters predicted by the semi-analytic recipes of De Lucia &
Blaizot (2007) in 2 ways. Firstly, we widen the range in fSFH by
randomly drawing the evolutionary stage (i.e. galaxy age) at which
a galaxy is looked at in the library. In practice, we draw this stage
uniformly in redshift between z = 0 and 1.7, i.e. the upper limit
beyond which fSFH reaches unity for a substantial fraction of the
galaxies (Fig. 4b below; this resampling makes the proportion of
early-type galaxies drop from 35 to about 10 percent in the library).
Secondly, for galaxies with ongoing star formation at the selected
stage, we broaden the distributions of the current star formation
rate and the current interstellar metallicity, as follows (we define
here as ‘current’ the average of a quantity over a period of 10 Myr
before a galaxy is looked at). We redistribute the specific star for-
mation rate over the interval �2 < log(�S/Gyr�1) < 1 using
the probability density function p[log(�S/Gyr�1)] = 0.05[1.55���log(�S/Gyr�1) + 0.5

��5], which is approximately uniform over
the logarithmic range from �S = 0.03 to 3Gyr�1 and drops to
zero at �S = 0.01 and 10Gyr�1 (Fig. 4c). We redistribute the cur-
rent interstellar metallicity Z logarithmically between 0.1 and 3.5
times solar (Z⇥ = 0.017).

The random resampling of �S and Z for star-forming galaxies
in the library is justified in part by the stochastic nature of star for-
mation and chemical evolution in hierarchical scenarios of galaxy
formation. Also, since the changes impact only the last 10 Myr of
evolution, they have a negligible influence on the global star for-
mation and chemical enrichment histories derived from the semi-
analytic post-treatment of the Millennium simulation. In return, the
use of wider and uncorrelated prior distributions of �S and Z, to-
gether with the broader sampling in galaxy age (and fSFH), greatly
enhances the usefulness of the model library to explore and inter-
pret the spectral properties of observed galaxy populations.

2.2 Galaxy spectral modeling

We now describe the way in which we compute the emission from
stars and gas and the attenuation by dust in the model galaxies gen-
erated in the previous section. The luminosity per unit wavelength
L�(t) emerging at time t from a galaxy can be expressed as (see,
e.g., Charlot & Longhetti 2001)

L�(t) =

⇥ t

0

dt⇤ �(t� t⇤)S�[t
⇤, Z(t� t⇤)]T�(t, t

⇤) , (2.1)

c⇥ 0000 RAS, MNRAS 000, 000–000

Pacifici+2012

Star formation rate

Metallicity



Star formation & chemical enrichment histories

Post-processing of the 
Millenium simulation by De Lucia 

& Blaizot (2007)
Constraining galaxy physical parameters 3

Figure 1. Example of galaxy star formation and chemical enrichment histo-
ries inferred from the semi-analytic post-treatment of the Millennium cos-
mological simulation: (a) star formation rate, �, and (b) interstellar metal-
licity, Z, plotted as a function of look-back time, for a galaxy with a present-
day stellar mass of 1.5�1010M⇥. The vertical dashed line marks the evo-
lutionary stage at which the galaxy is looked at in Fig. 3 (corresponding to
a galaxy age of 8.4 Gyr).

et al. 2006) to follow star formation and the associated metal pro-
duction by gas falling into these dark matter haloes. We com-
pute in this way the star formation and chemical enrichment his-
tories of 500,000 galaxies with present-day stellar masses com-
prised between M⇥ ⇤ 5 ⇥ 109h�1M⇥ (corresponding roughly
to the mass resolution of the simulation; Blaizot et al. 2004) and
5⇥1011h�1M⇥. Figure 1 shows an example of star formation and
chemical enrichment histories of a galaxy with present-day stellar
mass 1.5 ⇥ 1010M⇥. The spikes in both curves reflect the various
episodes of interactions and mergers that shaped the evolution of
the galaxy. As shown by Wild et al. (2008), star formation histo-
ries computed in this way account well for the observed properties
of galaxies at different redshifts in the VVDS (0.5 � z � 1) and
SDSS (0.05 � z � 0.1) samples.

About 35 percent of the 500,000 galaxies generated from the
semi-analytic post-treatment of the Millennium simulation do not
form stars at z = 0. These contain a negligible amount of interstel-
lar gas and correspond to the population of present-day early-type
galaxies. The remaining galaxies span a relatively narrow range of
star formation properties. Their specific star formation rates peak
around �S ⇤ 0.1Gyr�1, with a dispersion of only a factor of 2.
Furthermore, the interstellar metallicity Z in these galaxies corre-
lates significantly with �S, in the sense that the most metal-poor
galaxies form stars most actively. The galaxies also have roughly
similar recent histories of star formation, as quantified by the star
formation history parameter fSFH, which we define as the fraction
of the current galaxy stellar mass formed during the last 2.5 Gyr
(this time lag corresponds to the main-sequence lifetime of A-F

the detection threshold for a dark matter halo is 20 particles, i.e. about 1.7�
1010h�1M⇥ (see Springel et al. 2005, for detail).

stars with strong Balmer absorption features). This parameter has
a narrow distribution centred on fSFH ⇤ 0.15, with a dispersion
of only 0.1. The distributions of �S and fSFH are compatible with
roughly constant (overall) star formation over the past 2.5 Gyr in
galaxies more massive than 5 ⇥ 109h�1M⇥, given that 40 per-
cent of the stellar mass formed during this period is returned to the
ISM in the form of winds and supernovae (e.g. Bruzual & Charlot
2003). The above distributions of �S, Z and fSFH are consistent
with the observed properties of nearby, star-forming SDSS galax-
ies (e.g. Kauffmann et al. 2003a; Brinchmann et al. 2004; Tremonti
et al. 2004).

The relatively limited ranges of star formation histories and
interstellar metallicities described above, while appropriate to in-
terpret observations of nearby SDSS galaxies more massive than
5⇥109h�1M⇥, could bias statistical estimates of �S, Z and fSFH

in galaxies drawn from other samples or in different mass ranges
(e.g. Weinmann et al. 2006; see also Section 4.2 below). To avoid
such biases, we broaden the original prior distributions of these
parameters predicted by the semi-analytic recipes of De Lucia &
Blaizot (2007) in 2 ways. Firstly, we widen the range in fSFH by
randomly drawing the evolutionary stage (i.e. galaxy age) at which
a galaxy is looked at in the library. In practice, we draw this stage
uniformly in redshift between z = 0 and 1.7, i.e. the upper limit
beyond which fSFH reaches unity for a substantial fraction of the
galaxies (Fig. 4b below; this resampling makes the proportion of
early-type galaxies drop from 35 to about 10 percent in the library).
Secondly, for galaxies with ongoing star formation at the selected
stage, we broaden the distributions of the current star formation
rate and the current interstellar metallicity, as follows (we define
here as ‘current’ the average of a quantity over a period of 10 Myr
before a galaxy is looked at). We redistribute the specific star for-
mation rate over the interval �2 < log(�S/Gyr�1) < 1 using
the probability density function p[log(�S/Gyr�1)] = 0.05[1.55���log(�S/Gyr�1) + 0.5

��5], which is approximately uniform over
the logarithmic range from �S = 0.03 to 3Gyr�1 and drops to
zero at �S = 0.01 and 10Gyr�1 (Fig. 4c). We redistribute the cur-
rent interstellar metallicity Z logarithmically between 0.1 and 3.5
times solar (Z⇥ = 0.017).

The random resampling of �S and Z for star-forming galaxies
in the library is justified in part by the stochastic nature of star for-
mation and chemical evolution in hierarchical scenarios of galaxy
formation. Also, since the changes impact only the last 10 Myr of
evolution, they have a negligible influence on the global star for-
mation and chemical enrichment histories derived from the semi-
analytic post-treatment of the Millennium simulation. In return, the
use of wider and uncorrelated prior distributions of �S and Z, to-
gether with the broader sampling in galaxy age (and fSFH), greatly
enhances the usefulness of the model library to explore and inter-
pret the spectral properties of observed galaxy populations.

2.2 Galaxy spectral modeling

We now describe the way in which we compute the emission from
stars and gas and the attenuation by dust in the model galaxies gen-
erated in the previous section. The luminosity per unit wavelength
L�(t) emerging at time t from a galaxy can be expressed as (see,
e.g., Charlot & Longhetti 2001)

L�(t) =

⇥ t

0

dt⇤ �(t� t⇤)S�[t
⇤, Z(t� t⇤)]T�(t, t

⇤) , (2.1)
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Looks nothing like a 
continuous tau-model! 

Need to include increasing SFHs 
for of high-redshift galaxies. 

e.g. Maraston+2010, Lee+2010, 
Wuyts+2011, Pforr+2012, 
Behroozi+2013, Pacifici+2013



‘tau-models’ realistic SAM SFHs
Points: 1048 (down to H=23) 3D-HST 
galaxies in GOODS-South

(Pacifici, da Cunha, Charlot,+2015)

6 C. Pacifici, E. da Cunha, S. Charlot et al.

Figure 2. Optical-NIR color-color diagrams comparing the two observed samples with the three model libraries. The photometric sample and the emission-
line sample (including galaxies with at least one emission line detected with S/N> 5 in equivalent width) are represented by gray filled circles and black
crosses, respectively; open circles indicate objects for which the error in at least one of the two colors is larger than 0.2 dex. The contours show the three
model libraries: ‘basic library’ (left-hand column, orange), computed with exponentially-declining SFHs, fixed metallicity, simple dust attenuation and no
nebular emission lines (Section 3.1.1); ‘P12 without emission lines’ (middle column, green), computed with physically-motivated star formation and chemical
enrichment histories, and sophisticated dust attenuation modelling (Section 3.1.2); ‘P12’ (right-hand column, blue), same as previous, but including nebular
emission lines (Section 3.1.3). In each panel, the three contours mark 50%, 16% and 2% of the maximum density. While the basic models span only a limited
range in color-color space, our most sophisticated model library (P12) can cover the datasets at all redshifts.

library without emission lines can cover reasonably well the bulk
of the observations at all redshifts, which shows the importance of
extending the SFH and dust attenuation parameter spaces (in par-
ticular compared to the basic library). Few observed galaxies fall
outside the contours of this model library, most likely because of
the contamination by the emission lines in the WFC3 bands. The
P12 library, which accounts for the contamination by the emission
lines in the broad bands, spans a very wide range in color-color
space compared to the other two libraries. This library allows us to

cover reasonably well the observed colours, with the exception of
some fairly red galaxies with large photometric errors.

Although the emission-line sample includes only galaxies
with detectable emission lines, it is not biased towards the strongest
starbursts. Due to the selection in equivalent-width S/N, it includes
also those massive galaxies with good signal-to-noise of the con-
tinuum and relatively faint emission lines. The global properties of
the two sample are thus quite similar.

c⃝ 0000 RAS, MNRAS 000, 000–000

z~0.8

F4
35

 - 
F7

75
 (A

C
S)

F125 - F160 (WFC3)



‘tau-models’ realistic SAM SFHs
Points: 1048 (down to H=23) 3D-HST 
galaxies in GOODS-South

We need complex (realistic) 
SFHs to reproduce the 
observed HST colours of 
galaxies!

(Pacifici, da Cunha, Charlot,+2015)

6 C. Pacifici, E. da Cunha, S. Charlot et al.

Figure 2. Optical-NIR color-color diagrams comparing the two observed samples with the three model libraries. The photometric sample and the emission-
line sample (including galaxies with at least one emission line detected with S/N> 5 in equivalent width) are represented by gray filled circles and black
crosses, respectively; open circles indicate objects for which the error in at least one of the two colors is larger than 0.2 dex. The contours show the three
model libraries: ‘basic library’ (left-hand column, orange), computed with exponentially-declining SFHs, fixed metallicity, simple dust attenuation and no
nebular emission lines (Section 3.1.1); ‘P12 without emission lines’ (middle column, green), computed with physically-motivated star formation and chemical
enrichment histories, and sophisticated dust attenuation modelling (Section 3.1.2); ‘P12’ (right-hand column, blue), same as previous, but including nebular
emission lines (Section 3.1.3). In each panel, the three contours mark 50%, 16% and 2% of the maximum density. While the basic models span only a limited
range in color-color space, our most sophisticated model library (P12) can cover the datasets at all redshifts.

library without emission lines can cover reasonably well the bulk
of the observations at all redshifts, which shows the importance of
extending the SFH and dust attenuation parameter spaces (in par-
ticular compared to the basic library). Few observed galaxies fall
outside the contours of this model library, most likely because of
the contamination by the emission lines in the WFC3 bands. The
P12 library, which accounts for the contamination by the emission
lines in the broad bands, spans a very wide range in color-color
space compared to the other two libraries. This library allows us to

cover reasonably well the observed colours, with the exception of
some fairly red galaxies with large photometric errors.

Although the emission-line sample includes only galaxies
with detectable emission lines, it is not biased towards the strongest
starbursts. Due to the selection in equivalent-width S/N, it includes
also those massive galaxies with good signal-to-noise of the con-
tinuum and relatively faint emission lines. The global properties of
the two sample are thus quite similar.
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Interpreting observations of 3D-HST galaxies with appropriate spectral models 11

Figure 6. Comparison between constraints of physical parameters derived for all 1048 galaxies in the 3D-HST photometric sample using the CLSC (top
panels, in orange) and P12nEL (bottom panels, in green) model spectral libraries to those obtained using the most sophisticated P12 library. In each box, the
big panel show the comparison between the medians of the PDFs, and the small panel represents the difference between the uncertainties (half of the 16-to-84
percentile). The shades, from dark to light, mark 75, 50, 30, 10, and 1% of the maximum density. The black contours mark 50% of the maximum density. In
the top part of each big panel, we show also the average uncertainty in three bins. Each column represents a different physical parameter: stellar mass, star
formation rate, and optical depth of the dust from left to right. The use of simple exponentially declining SFHs (CLSC) can cause strong biases on both the
stellar mass and the star formation rate. The uncertainties on physical parameters estimated using this library may appear to be artificially narrow, hiding the
fact that the models span a too narrow range in specific SFR and mass-to-light ratio. Not including the emission lines in the broad-band fluxes (P12nEL) can
induce a slight overestimate of the SFR, but does not strongly affect the estimates of stellar mass.

Table 2. Differences between median-likelihood estimates and uncertainties of mass, star formation rate, and optical depth of the dust when comparing
constraints with different libraries as shown in Figure 6: P12 vs. basic (left) and P12 vs. P12 without emission lines (right).

P12 − basic P12 − P12 w/o EL
bias ∆ uncertainty bias ∆ uncertainty

16% 50% 84% 16% 50% 84% 16% 50% 84% 16% 50% 84%
log(M∗/M⊙) -0.37 -0.16 0.01 -0.01 0.03 0.08 -0.06 0.00 0.13 -0.08 -0.01 0.02
log[ψ/(M⊙yr−1)] 0.11 0.58 1.71 -0.01 0.17 0.55 -0.64 -0.13 0.15 -0.38 -0.07 0.11
τ̂V -0.91 -0.05 1.23 -0.07 0.13 0.62 -0.45 -0.07 0.15 -0.18 -0.01 0.19
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the interstellar medium: 
transfer through dust & gas



Interstellar dust
Typically interstellar dust is ~1% of the mass of a 
galaxy, but dust grains scatter and absorb a 
large fraction (typically 50%) of the UV/optical 
light emitted by stars.

(after Calzetti 2012)

28 Daniela Calzetti

Fig. 1.3. The left (a) and right (b) panels are cartoon representations of: a) a
point source (star) behind a screen of dust; and b) an extended distribution of
stars mixed with clumps of dust. The left panel shows the typical configuration
that enables measures of extinction curves: a single illuminating source located in
the background of the dust. The dust extinguishes the light via direct absorption
and via scattering out of the line of sight. The right panel is more representative
of the situation encountered whenever a complex distribution of stars and dust is
present, as found in external galaxies and large regions. In this case, different stars
may encounter different numbers of dust clouds (differences in optical depth), and
some stars can be entirely embedded in dust (internal extinction) or be completely
foreground to the dust distribution. Scattering of the light by dust both into and
out of the line of sight is present. Because of the more complex geometrical relation
between dust and the illuminating sources, the net effect of dust on the stellar
population’s SED is termed attenuation.

is the dust albedo (i.e., the ratio of the scattering coefficient to the sum
of the scattering and absorption coefficients), φ(ν, cos Θ) is the scattering
phase function,and Θ is the angle between the scattered photon and the
line of sight. Expressions for both aν and φ(ν, cos Θ) are given in Draine
(2003b). In the equation above, we have neglected the source function, i.e.,
the dust emission, which usually has small values for wavelengths shorter
than a few µm. The first term to the right-hand side of the equation de-
scribes the decrease in intensity of the original beam due to passage inside
the dust, and the second term is the light added to the beam by scattering
into the line of sight.

General solutions to the problem of how to remove the effects of dust from
extended systems are not available. One of the first papers to address this
issue specifically for galaxies is due to Witt et al. (1992). Since then, many
codes have been made available to the community to treat the radiative
transfer of the light produced by a stellar population through dust, with the
goal of simulating realistic SEDs of galaxies. As many such codes exist, it is
impossible to do justice to them all, and I shall avoid injustice by citing none.

For the simple case in which there is a single point-like light source behind

30 Daniela Calzetti

Fig. 1.4. The top and bottom panels show cartoon representations of the same
extended distribution of stars and dust, but with a different geometrical relation
between each other. In the top panel the dust and stars are homogeneously mixed,
while in the bottom panel the dust is completely foreground to the stars. The
characteristics of the stars are the same in the two panels. I have assumed that in
both cases the dust obeys the Milky Way extinction curve (which has a prominent
absorption feature at 2175 Å) with a thickness of E(B − V ) = 0.5. The panels to
the right show the input stellar SED, which is the same for the two cases (blue; top
spectrum), and the output SED (red; bottom spectrum). All other characteristics
being equal, the different geometric relation between dust and stars has considerable
impact on the emerging spectrum (‘Output’).

the largest reddening and dimming of all possible dust geometrical config-
urations. This is a possible choice if the goal is to maximise the impact of
dust on a stellar (or other source) SED.

A homogeneous mixture of dust and stars, conversely, produces an almost
grey attenuation, with the output SED remaining basically blue even at UV
wavelengths. Adding dust to this configuration does not change the shape
of the SED in any major way, but mostly dims it. Thus, at UV/optical
wavelengths, the SED of a mixed dust/star system will appear very similar
to the SED of a dimmer, almost dust-free system. Only a FIR measurement
will be able to discriminate among the two systems.

The degeneracy described above is just one of the many degeneracies that
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diffuse interstellar 
medium (older stars)

birth clouds: 
HII + HI (young stars)

Charlot & Fall (2000)

The interstellar medium: dust
 Stellar birth clouds with lifetime t0. 

 Attenuation affecting stars older than t0 in 
the diffuse ISM is only a fraction of that 
affecting young stars in the birth clouds.
No. 2, 2000 ABSORPTION OF STARLIGHT BY DUST IN GALAXIES 725

FIG. 5.ÈE†ective absorption curve (as deÐned by eq. [4]) of our stan-
dard model at di†erent e†ective starburst ages, as indicated. The dashed
curve is from Calzetti et al. (1994). For reference, the wavelength range
where the ultraviolet slope b is determined and the wavelengths of the Ha
and Hb lines are indicated at the bottom. All curves are normalized to
unity at 5500 A! .

in the birth clouds, therefore, has a major inÑuence on the
shape of the e†ective absorption curve.

It is worth pausing here to emphasize the important
implications of the Ðnite lifetime of the birth clouds. As
mentioned in ° 1, emission lines appear to be more attenu-
ated than the continuum radiation in starburst galaxies.
This led Calzetti (1997) to suggest that ultraviolet-bright
stars must be somehow physically detached from the gas
they ionize. In our model, the lines produced in H II regions
and the nonionizing continuum radiation from young stars
are attenuated in the same way by dust in the outer H I

envelopes of the birth clouds and the ambient ISM.
However, since the birth clouds have a Ðnite lifetime, the
nonionizing continuum radiation from stars that live longer
than the birth clouds is attenuated only by the ambient
ISM. The ultraviolet and optical continuum radiation,
therefore, appears to be less attenuated than the lines. This
can be seen clearly in Figures 3c and 4c from the rise in the
Ha/Hb ratio accompanying the drop in the Ha equivalent
width at nearly constant ultraviolet spectral slope as the
e†ective absorption optical depth of the birth clouds
increases above unity. Thus, the Ðnite lifetime of the birth
clouds is a key ingredient for resolving the apparent dis-
crepancy between the attenuation of line and continuum
photons in starburst galaxies.

Since each parameter in our model has a speciÐc inÑu-
ence on the various integrated spectral properties of star-
burst galaxies, we can gain insight into the physical origin of
the relations deÐned by these observed quantities. An
inspection of Figures 2È4 leads to the following conclusions.
(1) The wide observed range of ultraviolet spectral slopes
can be most naturally understood as a spread in the e†ec-
tive absorption optical depth in the ambient ISM, although
variations in the lifetime of the birth clouds could also play
some role. It is worth mentioning that the steep ultraviolet

spectra of the galaxies with largest b cannot originate from
old stars because these galaxies also have large (2) AsWHa.noted above, absorption in the birth clouds is required in
order to explain the large Ha/Hb ratios observed in galaxies
with intermediate ultraviolet spectral slopes. (3) The fact
that and b are all very low at one endL dust/L 1600, L Ha/L Hb,
of the observed relations and all very high at the other end
further suggests that variations in the e†ective optical
depths of the birth clouds and the ambient ISM may be
related (Figs. 2 and 3). To explore the e†ects of simulta-
neously varying and we assume that they areqü

V
BC qü

V
ISM,

related by and Ðx all other parameters at theqü
V
BC \ 2qü

V
ISM

standard values given by equation (30). The results are
shown in Figure 6. Evidently, the models reproduce well the
observed relations between and b inL dust/L 1600, L Ha/L Hb,
Figures 6a and 6b. They also fall roughly in the middle of
the observed ranges of and b in Figure 6c.WHa

FIG. 6.ÈSequences of models with di†erent dust content and qü
V
BC \

The solid curves correspond to di†erent exponents n in the relation2qü
V
ISM.

(as indicated). Dotted lines join models with 1.0, andqü jISM P j~n qü
V
BC \ 0.5,

2.0 (in order of increasing b) to indicate the scale. The dashed curve is a
sequence of models with and from Calzetti et al. (1994). Theqü

V
BC \ 0.0 qü jISMdata points in (a), (b), and (c) are the same as in Figs. 2, 3, and 4, respec-

tively.

age-dependent attenuation
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our model to compute the SED of the infrared emission from dust.
We calibrate this model using a sample of 107 nearby star-forming
galaxies observed by IRAS and ISO. In Section 2.3, we show exam-
ples of combined UV, optical and infrared SEDs of different types
of star-forming galaxies.

2.1 Stellar emission and attenuation by dust

We use the latest version of the Bruzual & Charlot (2003) stellar
population synthesis code to compute the light produced by stars in
galaxies. This code predicts the spectral evolution of stellar popu-
lations at wavelengths from 91 Å to 160 µm and at ages between
1 × 105 and 2 × 1010 yr, for different metallicities, initial mass
functions (IMFs) and star formation histories. We use the most re-
cent version of the code, which incorporates a new prescription by
Marigo & Girardi (2007) for the thermally pulsating asymptotic
giant branch (TP-AGB) evolution of low- and intermediate-mass
stars. The main effect of this prescription is to improve the pre-
dicted near-infrared colours of intermediate-age stellar populations
(Bruzual 2007; see also Charlot & Bruzual, in preparation). In all
applications throughout this paper, we adopt the Galactic disc IMF
of Chabrier (2003).

We compute the attenuation of starlight by dust using the simple,
angle-averaged model of Charlot & Fall (2000). This accounts for
the fact that stars are born in dense molecular clouds, which dissipate
typically on a time-scale t0 ∼ 107 yr. Thus the emission from
stars younger than t0 is more attenuated than that from older stars.
Following Charlot & Fall (2000), we express the luminosity per unit
wavelength emerging at time t from a galaxy as

L λ(t) =
∫ t

0
dt ′ψ(t − t ′) Sλ(t ′) e−τ̂λ(t ′), (1)

where ψ(t − t′) is the star formation rate at time t − t′, Sλ(t′) is the
luminosity per unit wavelength per unit mass emitted by a stellar
generation of age t′ and τ̂λ(t ′) is the ‘effective’ absorption optical
depth of the dust seen by stars of age t′ (i.e. averaged over photons
emitted in all directions by stars in all locations within the galaxy).
The time dependence of τ̂λ reflects the different attenuation affecting
young and old stars in galaxies:

τ̂λ(t ′) =
{

τ̂ BC
λ + τ̂ ISM

λ for t ′ ≤ t0,

τ̂ ISM
λ for t ′ > t 0.

(2)

Here τ̂ BC
λ is the effective absorption optical depth of the dust in

stellar birth clouds and τ̂ ISM
λ is that in the ambient ISM. We also

adopt the prescription of Charlot & Fall (2000) to compute the
emergent luminosities LHα(t) and LHβ (t) of the Hα (λ = 6563 Å)
and Hβ (λ = 4861 Å) Balmer lines of hydrogen produced by stars in
the birth clouds. This assumes case B recombination and includes
the possible absorption of ionizing photons by dust before they
ionize hydrogen.

The shape of the effective absorption curve depends on the com-
bination of the optical properties and spatial distribution of the dust.
We adopt the following dependence of τ̂ BC

λ and τ̂ ISM
λ on wavelength:

τ̂ BC
λ = (1 − µ )τ̂V (λ/ 5500 Å)−1.3, (3)

τ̂ ISM
λ = µ τ̂V (λ/ 5500 Å)−0.7, (4)

where τ̂V is the total effective V-band absorption optical depth
of the dust seen by young stars inside birth clouds, and µ =
τ̂ ISM

V / (τ̂ BC
V + τ̂ ISM

V ) is the fraction of this contributed by dust in the
ambient ISM. The dependence of τ̂ ISM

λ on λ−0.7 is well constrained

by the observed relation between ratio of far-infrared to UV lu-
minosity and UV spectral slope for nearby starburst galaxies (see
Charlot & Fall 2000). The dependence of τ̂ BC

λ on wavelength is less
constrained by these observations, because stellar birth clouds tend
to be optically thick, and hence, stars in these clouds contribute very
little to the emergent radiation (except in the emission lines). For
simplicity, Charlot & Fall (2000) adopt τ̂ BC

λ ∝ λ−0.7 by analogy with
τ̂ ISM
λ . We adopt here a slightly steeper dependence, τ̂ BC

λ ∝ λ−1.3

(equation 3), which corresponds to the middle range of the optical
properties of dust grains between the Milky Way, the Large and the
Small Magellanic Clouds (see section 4 of Charlot & Fall 2000).
This choice is motivated by the fact that giant molecular clouds can
be assimilated to foreground shells when attenuating the light from
newly born stars. In this case, the effective absorption curve should
reflect the actual optical properties of dust grains. We emphasize
that the dependence of τ̂ BC

λ on wavelength has a negligible influence
on the emergent UV and optical continuum radiation. It affects
mainly the attenuation of emission lines in galaxies with large
τ̂ BC

V / τ̂ ISM
V and hence small µ (Section 3.4.2 below; see also Wild

et al. 2007).
The fraction of stellar radiation absorbed by dust in the stellar

birth clouds and in the ambient ISM is reradiated in the infrared.
We write the total luminosity absorbed and reradiated by dust as the
sum

L tot
d (t) = L BC

d (t) + L ISM
d (t), (5)

where

L BC
d (t) =

∫ ∞

0
dλ

(
1 − e−τ̂BC

λ

) ∫ t0

0
dt ′ψ(t − t ′)Sλ(t ′) (6)

is the total infrared luminosity contributed by dust in the birth
clouds, and

L ISM
d (t) =

∫ ∞

0
dλ

(
1 − e−τ̂ ISM

λ

) ∫ t

t0

dt ′ψ(t − t ′)Sλ(t ′) (7)

is the total infrared luminosity contributed by dust in the ambient
ISM. For some purposes, it is also convenient to define the fraction
of the total infrared luminosity contributed by the dust in the ambient
ISM:

f µ (t) ≡ L ISM
d (t)/L tot

d (t). (8)

This depends on the total effective V-band absorption optical depth
of the dust, τ̂V , the fraction µ of this contributed by dust in the
ambient ISM, and the star formation history (and IMF) determining
the relative proportion of young and old stars in the galaxy.

2.2 Infrared emission of the dust

We now present a simple but physically motivated prescription
to compute the spectral distribution of the energy reradiated by
dust in the infrared (i.e. the distribution in wavelength of L BC

d and
L ISM

d ). By construction, the infrared emission computed in this
way can be related to the emission at shorter wavelengths using
equations (1)–(7) above.

2.2.1 Components of infrared emission

The infrared emission from galaxies is generally attributed to three
main constituents of interstellar dust: PAHs, which produce strong
emission features at wavelengths between 3 and 20 µm; ‘very small
grains’ (with sizes typically less than 0.01 µm), which are stochas-
tically heated to high temperatures by the absorption of single UV
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our model to compute the SED of the infrared emission from dust.
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stars. The main effect of this prescription is to improve the pre-
dicted near-infrared colours of intermediate-age stellar populations
(Bruzual 2007; see also Charlot & Bruzual, in preparation). In all
applications throughout this paper, we adopt the Galactic disc IMF
of Chabrier (2003).

We compute the attenuation of starlight by dust using the simple,
angle-averaged model of Charlot & Fall (2000). This accounts for
the fact that stars are born in dense molecular clouds, which dissipate
typically on a time-scale t0 ∼ 107 yr. Thus the emission from
stars younger than t0 is more attenuated than that from older stars.
Following Charlot & Fall (2000), we express the luminosity per unit
wavelength emerging at time t from a galaxy as

Lλ(t) =
∫ t

0
dt ′ψ(t − t ′) Sλ(t ′) e−τ̂λ(t ′), (1)

where ψ(t − t′) is the star formation rate at time t − t′, Sλ(t′) is the
luminosity per unit wavelength per unit mass emitted by a stellar
generation of age t′ and τ̂λ(t ′) is the ‘effective’ absorption optical
depth of the dust seen by stars of age t′ (i.e. averaged over photons
emitted in all directions by stars in all locations within the galaxy).
The time dependence of τ̂λ reflects the different attenuation affecting
young and old stars in galaxies:

τ̂λ(t ′) =
{

τ̂ BC
λ + τ̂ ISM

λ for t ′ ≤ t0,

τ̂ ISM
λ for t ′ > t0.

(2)

Here τ̂ BC
λ is the effective absorption optical depth of the dust in

stellar birth clouds and τ̂ ISM
λ is that in the ambient ISM. We also

adopt the prescription of Charlot & Fall (2000) to compute the
emergent luminosities LHα(t) and LHβ (t) of the Hα (λ = 6563 Å)
and Hβ (λ = 4861 Å) Balmer lines of hydrogen produced by stars in
the birth clouds. This assumes case B recombination and includes
the possible absorption of ionizing photons by dust before they
ionize hydrogen.

The shape of the effective absorption curve depends on the com-
bination of the optical properties and spatial distribution of the dust.
We adopt the following dependence of τ̂ BC

λ and τ̂ ISM
λ on wavelength:

τ̂ BC
λ = (1 − µ)τ̂V (λ/5500 Å)−1.3, (3)

τ̂ ISM
λ = µτ̂V (λ/5500 Å)−0.7, (4)

where τ̂V is the total effective V-band absorption optical depth
of the dust seen by young stars inside birth clouds, and µ =
τ̂ ISM
V /(τ̂ BC

V + τ̂ ISM
V ) is the fraction of this contributed by dust in the

ambient ISM. The dependence of τ̂ ISM
λ on λ−0.7 is well constrained

by the observed relation between ratio of far-infrared to UV lu-
minosity and UV spectral slope for nearby starburst galaxies (see
Charlot & Fall 2000). The dependence of τ̂ BC

λ on wavelength is less
constrained by these observations, because stellar birth clouds tend
to be optically thick, and hence, stars in these clouds contribute very
little to the emergent radiation (except in the emission lines). For
simplicity, Charlot & Fall (2000) adopt τ̂ BC

λ ∝ λ−0.7 by analogy with
τ̂ ISM
λ . We adopt here a slightly steeper dependence, τ̂ BC

λ ∝ λ−1.3

(equation 3), which corresponds to the middle range of the optical
properties of dust grains between the Milky Way, the Large and the
Small Magellanic Clouds (see section 4 of Charlot & Fall 2000).
This choice is motivated by the fact that giant molecular clouds can
be assimilated to foreground shells when attenuating the light from
newly born stars. In this case, the effective absorption curve should
reflect the actual optical properties of dust grains. We emphasize
that the dependence of τ̂ BC

λ on wavelength has a negligible influence
on the emergent UV and optical continuum radiation. It affects
mainly the attenuation of emission lines in galaxies with large
τ̂ BC
V /τ̂ ISM

V and hence small µ (Section 3.4.2 below; see also Wild
et al. 2007).

The fraction of stellar radiation absorbed by dust in the stellar
birth clouds and in the ambient ISM is reradiated in the infrared.
We write the total luminosity absorbed and reradiated by dust as the
sum

L tot
d (t) = LBC

d (t) + L ISM
d (t), (5)

where

LBC
d (t) =

∫ ∞

0
dλ

(
1 − e−τ̂BC

λ

) ∫ t0

0
dt ′ψ(t − t ′)Sλ(t ′) (6)

is the total infrared luminosity contributed by dust in the birth
clouds, and

L ISM
d (t) =

∫ ∞

0
dλ

(
1 − e−τ̂ ISM

λ

) ∫ t

t0

dt ′ψ(t − t ′)Sλ(t ′) (7)

is the total infrared luminosity contributed by dust in the ambient
ISM. For some purposes, it is also convenient to define the fraction
of the total infrared luminosity contributed by the dust in the ambient
ISM:

fµ(t) ≡ L ISM
d (t)/L tot

d (t). (8)

This depends on the total effective V-band absorption optical depth
of the dust, τ̂V , the fraction µ of this contributed by dust in the
ambient ISM, and the star formation history (and IMF) determining
the relative proportion of young and old stars in the galaxy.

2.2 Infrared emission of the dust

We now present a simple but physically motivated prescription
to compute the spectral distribution of the energy reradiated by
dust in the infrared (i.e. the distribution in wavelength of L BC

d and
L ISM

d ). By construction, the infrared emission computed in this
way can be related to the emission at shorter wavelengths using
equations (1)–(7) above.

2.2.1 Components of infrared emission

The infrared emission from galaxies is generally attributed to three
main constituents of interstellar dust: PAHs, which produce strong
emission features at wavelengths between 3 and 20 µm; ‘very small
grains’ (with sizes typically less than 0.01 µm), which are stochas-
tically heated to high temperatures by the absorption of single UV

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 388, 1595–1617
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Fig. 10.— Stacked constraints on the infrared excess in z = 2-3
galaxies versus the UV -continuum slope β. These results are shown
for higher- and lower-mass subsamples (> 109.75 M⊙ and < 109.75

M⊙) of z = 2-3 galaxies (red and green solid circles and downward
arrows, respectively) and were obtained by stacking the ALMA
1.2mm observations of individual sources over the ASPECS region
(excluding the one source XDFU-2397246112 with an AGN, but
not excluding any other sources). Upper limits and errorbars are
2σ and 1σ, respectively. The smaller solid circles and downward
arrows indicate a > 2σ measurement of the infrared excess and 2σ
upper limits on this excess. The purpose of the smaller points is to
show the constraints that can be derived from individual sources
before stacking. The very large red circle and downward-pointing
green arrow gives the value and 2σ upper limit, respectively, on
IRX based on all >109.75 M⊙ and <109.75 M⊙ z = 2-3 sources
from ASPECS plotted at the weighted value of β contributing the
most signal to this measurement of IRX. The solid lines show the
nominal IRX-β relation one would derive based on the Calzetti and
SMC dust laws. The shaded red and light green regions indicate
the 68% and 95% confidence intervals we can derive on the IRX-
β relationship on the basis of our results for sources with stellar
masses of > 109.75 M⊙ and < 109.75 M⊙, respectively. If the
dust temperature increases towards high redshift as indicated by
Bethermin et al. (2015), the upper bound on these regions would
be given by the dotted red and green regions. Our results are
consistent with the IR emission from high-mass (> 109.75 M⊙)
z ∼ 2-3 galaxies exhibiting an SMC IRX-β relation. However,
for lower-mass (< 109.75 M⊙) galaxies, our results suggest lower
infrared excesses, less even than expected for an SMC dust law.

(assuming LIR ∝ LUV ) and the inverse square of the
noise [in µJy], i.e., (LUV /σ(f1.2mm))2.27

The implied constraints on IRX as a function of stellar
mass are presented in Figure 8, Table 5, and Table 12
from Appendix D for both our z = 2-3 and z = 4-10
samples. Significantly enough, the only mass bin where
we find a detection is for >109.75 M⊙ galaxies at z = 2-3.
This is not surprising since 6 of the 11 sources that com-
pose this mass bin show tentative individual detections

27 This weighting factor is just equal to the inverse square of
the expected noise in a measurement of the infrared excess (noting
that LIR ∝ f1.2mm and that the fractional uncertainty in LUV
is negligible relative to that in LIR for all sources considered in
this study). We remark that photometric redshift errors should
also have an impact on the uncertainties in LIR/LUV and hence
impact the weighting, but such uncertainties are small, given our
stacks do not generally yield detections.

(!2σ) in our ALMA observations. All the other masss
bins are consistent with the infrared excess showing an
approximate 2σ upper limit of IRX∼0.4 for <109.75 M⊙

galaxies.
Making use of the collective constraints across our z ∼

2-10 sample, we find an approximate 2σ upper limit on
the infrared excess of 0.4 for lower-mass (< 109.75 M⊙)
galaxies. This suggests that dust emission from faint
UV-selected sources is typically small.
In our stacking experiments, we also compute a con-

straint on the flux at 1.2mm relative to the flux in the
UV -continuum. For these results, sources are weighted
according to the square of their UV -continuum fluxes
and inversely according to the noise in the ALMA 1.2mm
observations. Making use of all sources in our z ∼ 2-3
and z ∼ 4-10, < 109.75 M⊙ samples, we find a 2σ upper
limit of 20 and 44, respectively, on the ratio of fluxes at
1.2mm and in the UV -continuum.
The impact of this result is illustrated in Figure 9,

by comparing current constraints against several possible
SED templates at z ∼ 2-3 and z ∼ 4-10. The result
provides information on the overall shape of the spectral
energy distribution that is independent of the assumed
SED template.

3.3.2. IRX versus β

Next we subdivide our z = 2-10 samples in terms of
their UV -continuum slopes. Given evidence that the in-
frared excess depends significantly on β at z ∼ 0 (M99)
and also at z ∼ 2 (Reddy et al. 2006, 2010; Daddi et
al. 2007; Pannella et al. 2009), we want to quantify this
dependence in our own sample. We split our results by
stellar mass (i.e., < 109.75 M⊙ and > 109.75 M⊙) moti-
vated by the results of the previous section.
We examine the IRX-β relation for z = 2-3 sources

with > 109.75 M⊙ in Figure 10, Table 5, and Table 13
from Appendix D using three different bins in β. The
only source from the present ASPECS sample that shows
a prominent X-ray detection (XDFU-2397246112) is ex-
cluded. Stacks of the ALMA continuum images at the
positions of the sources are provided in Figure 11, after
excluding those sources detected at >4σ.
Given the small sample size, it is difficult to compute

accurate uncertainties on the IRX-β relationship at z ∼
2-3, but the large red solid circles give our best estimates.
The present constraints appear most consistent with an
SMC IRX-β relationship.
We formalize this analysis by calculating the region

of the IRX-β plane preferred at 68% confidence. For
this, we compare the derived IRX-β relationship with
what would be predicted based on dust laws with various
slopes dAUV /dβ (where IRX = 100.4(dAUV /dβ)(β+2.23) −

1). The result we obtain for dAUV /dβ is 1.26+0.27
−0.36

(1.26+0.49
−0.91 at 95% confidence) and is presented in Fig-

ure 10 as a light-red shaded region. It is most consistent
with an SMC dust law (where dAUV /dβ ∼ 1.1).
We also quantify the IRX-β relationship for the lower-

mass sources at z = 2-3 and present the stack results
in Figure 10 as 2σ upper limits (downward green ar-
rows) and also in Table 13 from Appendix D. The limits
are much lower than the constraints we obtained for the
highest-mass galaxies considered here and indicate that
the IRX-β relationship depends on the stellar mass of
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Fig. 11.— Stacked 1.2mm-continuum images (9”×9”) for z = 2-3 and z = 4-10 galaxies falling in different bins of UV -continuum slope
β. All sources that are individually detected at ≥ 4σ are not included in the presented stack results. Only the most massive (> 109.75 M⊙)
sources are included in our z = 2-3 stacks, while our z = 4-10 stacks include sources over the full mass range (due to the small number of
sources with > 109.75 M⊙). In the stacks, sources are weighted according to the expected 1.2mm-continuum flux (assuming LIR ∝ LUV )
and according to the inverse square of the noise. The 3 individually-detected sources (at >4σ) are not included in the presented stack
results.

Fig. 12.— Stacked constrants on the infrared excess in z = 4-
10 galaxies versus β. Similar to Figure 10 but for galaxies in the
redshift range z = 4-10. We only present results for the lower-
mass subsample, as we find only 2 > 109.75 M⊙ galaxies over the
1 arcmin2 ASPECS region and those 2 sources are not detected.
Our stack results (indicated by the larger downward-pointing ar-
rows which express the 2σ upper limits) strongly suggest that the
infrared excess for the typical lower-mass < 109.75 M⊙ galaxy is
low, even below that expected for an SMC dust law. The very
large downward pointing arrow is as in Figure 10, but for z = 4-
10 galaxies. The light-green-shaded region gives our derived con-
straints (95% confidence intervals) on the IRX-β relationship for
z = 4-10 galaxies with all but the highest stellar masses (< 109.75

M⊙). The dotted green line indicates the upper bound on this
region, if the dust temperature is much higher at z = 4-10 than at
z ∼ 1.5 (i.e., 44-50 K as suggested by the results of Bethermin et
al. 2015).

the sources. As with our higher mass sample, we use
the stacked constraints to constrain the IRX-β relation
(shown with the light-green-shaded region in Figure 10),
finding dAUV /dβ to <1.22 at 95% confidence.
We also derive constraints on the IRX-β relationship

for our z = 4-10 sample. This sample only contain 2
galaxies with stellar masses in excess of 109.75 M⊙ – nei-
ther of which are detected in our ALMA observations –
so we do not consider a higher-mass subsample of galax-
ies. The image stamps showing the stack results are pre-

TABLE 6
Present constraints on the IRX-β

relationship

Sample Mass Range dAUV /dβ

Current Determinations
z ∼ 2-3 > 109.75 M⊙ 1.26+0.27

−0.36
z ∼ 2-3 < 109.75 M⊙ <1.22a

z ∼ 4-10 < 109.75 M⊙ <0.97a,b

Canonical IRX-β Relations
Meurer / Calzetti 1.99

SMC ∼1.10
a Upper limits are 2σ.
b Upper limit is corrected for the ex-
pected noise in the derived β values.

sented in Figure 11, while the infrared excess derived
from these stack results are presented in Table 13 from
Appendix D and in Figure 12. As in Figure 10, we deter-
mine the implications of these constraints for the IRX-β
relationship and present the result in Figure 12 using
a green-shaded contour. The 2σ upper limit we derive
for dAUV /dβ is 0.87. Again, our derived constraints on
dAUV /dβ suggests that dust emission from lower-mass
< 109.75 M⊙ galaxies is generally quite small.
Uncertainties in the measured UV -continuum slopes β

also have an impact on these results, as scatter towards
redder colors could cause us to include intrinsically blue
sources in the reddest β bins. Since sources with the red-
dest colors are expected to have these colors due to dust
extinction, these bins have significantly more leverage in
determining the value for dAUV /dβ we derive. Noise has
a particularly significant impact on the β’s derived from
the highest redshift sources in our samples, i.e., particu-
larly at z = 7-8.
To determine the impact of noise on the values we de-

rive for dAUV /dβ, we perturbed the best-estimate β val-
ues for individual sources by our uncertainty estimates
on each β determination, rebinned the sources as for our
fiducial results, and then rederived the dAUV /dβ for the
perturbed data set. We repeated this process 10× and
we found that the 2σ upper limit on dAUV /dβ decreased
on average by 0.1 for our low-mass, z = 4-10 sample, but
did not have a noticeable impact on the dAUV /dβ value
we derived for our z = 2-3 sample.
We therefore correct the 1σ upper limit we derive on

dAUV /dβ by 0.0 and 0.1 for our low-mass z = 2-3 and
z = 4-10 samples, respectively. This translates into 2σ
upper limits on dAUV /dβ of 1.22 and 0.97 for our low-

Bouwens+2016

330 Lyman-break galaxies at z~2-10; 
From extrapolating local IRX-β relation (assuming Td=35 K), 
expected 35 detections with ALMA; found 6 detections.

Dust evolution at high redshift?
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Figure 8. The contamination by the emission lines in the broad band WFC3-F140 as a function of the equivalent widths measured in the WFC3 grism
spectra (left-hand side) and as a function of stellar mass (right-hand side). Crosses represent galaxies with measured Hα and [S II] in the redshift range
0.83 < z < 1.38 (which corresponds to where the two lines contaminate the WFC3-F140 broad band). Circles represent galaxies with measured Hβ and
[O III] in the redshift range 1.47 < z < 2.20. The points are color-coded in specific star formation rate [log(ψS/Gyr−1)]. On the left-hand side, the grey
lines show the same relation using the best-fit model equivalent widths instead of the observations. On the right-hand side, grey marks represent median and
16-to-84 percentiles of the contamination in bins (≃ 0.5 dex wide) of stellar mass for Hα and [S II] (squares) and for Hβ and [O III] (filled circles). For
this particular sample, the contamination of the emission lines in the broad-band WFC3-F140 filter increases from ≃ 0.01 to ≃ 0.5 dex as the stellar mass
decreases.

the results at all redshifts. This shows that the P12 library, com-
bined with 3D-HST data, recovers the known star-formation main
sequence, contrary to the result obtained using the basic library.

We can now use the emission-line sample to explore if the
main sequence is narrower when including emission-line EWs in
the fits compared to photometry alone. Figure 10 shows the SFR
as a function of stellar mass in the same redshift ranges as Fig-
ure 9 when fitting the photometry alone (left-hand panels) and the
photometry+emission-line EWs simultaneously (right-hand pan-
els). Already fitting the photometry alone the scatter is, to some
extent, reduced (≃ 0.5 dex) compared to what we see in Figure 9
for the photometric sample (right-hand side). The average uncer-
tainty on the SFR in the emission-line sample (which includes only
galaxies with well-detected emission lines) is slightly smaller than
that in the photometric sample, and so is the scatter in the relation
between stellar mass and SFR. When we also fit the emission-line
EWs, the uncertainty on the star formation rate is again reduced
(see Section 4.2) and the main sequence becomes tighter at all red-
shifts (with a scatter ≃ 0.4 dex).

6 SUMMARY AND CONCLUSIONS

How well we can extract the physical properties of galaxies from
multi-wavelength observations depends essentially on the assump-
tions in the spectral models we use to interpret the observations,
and on the quality/quantity of the available data. In this paper, we

have investigated how estimates of stellar mass, star formation rate
and dust optical depth are affected by both the use of different
spectral model libraries and the simultaneous use of photometric
and spectroscopic data as opposed to photometric data alone. To
do this, we compile a sample of 1048 GOODS-South galaxies at
0.7 < z < 2.8 from the 3D-HST survey, which provides accurate
photometry from the rest-frame ultraviolet to the near-infrared and
WFC3 grism spectroscopy sampling the rest-frame optical emis-
sion of our galaxies.

We found that widely-used exponentially-declining tau-
modelsdescribing the star formation histories of galaxies are not
suitable to reproduce the observed colours of medium-redshift
galaxies. Such models fail to reach low-enough stellar mass-to-
light ratios and thus cause an over-estimation of the stellar mass and
an under-estimation of the star formation rate in the redshift range
we explore. A more sophisticated library of galaxy star formation
histories, based on the semi-analytic post-treatment of a large cos-
mological simulation, succeeds in reproducing the colours of the
observed galaxies and allows us to extract meaningful estimates of
the physical parameters.

Neglecting the nebular emission when fitting broad-band pho-
tometry leads to an over-estimation of the star formation rate, while
it does not strongly affect the estimates of stellar mass in galax-
ies with M > 109M⊙. The bias would certainly be stronger on
both physical parameters for lower-mass galaxies characterized by

c⃝ 0000 RAS, MNRAS 000, 000–000

contamination by nebular emission 
can be important even at 
‘moderate’ redshifts!

Pacifici, da Cunha+2015; also e.g. de Barros+2014
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Figure 2. Optical-NIR color-color diagrams comparing the two observed samples with the three model libraries. The photometric sample and the emission-
line sample (including galaxies with at least one emission line detected with S/N> 5 in equivalent width) are represented by gray filled circles and black
crosses, respectively; open circles indicate objects for which the error in at least one of the two colors is larger than 0.2 dex. The contours show the three
model libraries: ‘basic library’ (left-hand column, orange), computed with exponentially-declining SFHs, fixed metallicity, simple dust attenuation and no
nebular emission lines (Section 3.1.1); ‘P12 without emission lines’ (middle column, green), computed with physically-motivated star formation and chemical
enrichment histories, and sophisticated dust attenuation modelling (Section 3.1.2); ‘P12’ (right-hand column, blue), same as previous, but including nebular
emission lines (Section 3.1.3). In each panel, the three contours mark 50%, 16% and 2% of the maximum density. While the basic models span only a limited
range in color-color space, our most sophisticated model library (P12) can cover the datasets at all redshifts.

library without emission lines can cover reasonably well the bulk
of the observations at all redshifts, which shows the importance of
extending the SFH and dust attenuation parameter spaces (in par-
ticular compared to the basic library). Few observed galaxies fall
outside the contours of this model library, most likely because of
the contamination by the emission lines in the WFC3 bands. The
P12 library, which accounts for the contamination by the emission
lines in the broad bands, spans a very wide range in color-color
space compared to the other two libraries. This library allows us to

cover reasonably well the observed colours, with the exception of
some fairly red galaxies with large photometric errors.

Although the emission-line sample includes only galaxies
with detectable emission lines, it is not biased towards the strongest
starbursts. Due to the selection in equivalent-width S/N, it includes
also those massive galaxies with good signal-to-noise of the con-
tinuum and relatively faint emission lines. The global properties of
the two sample are thus quite similar.
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of the observations at all redshifts, which shows the importance of
extending the SFH and dust attenuation parameter spaces (in par-
ticular compared to the basic library). Few observed galaxies fall
outside the contours of this model library, most likely because of
the contamination by the emission lines in the WFC3 bands. The
P12 library, which accounts for the contamination by the emission
lines in the broad bands, spans a very wide range in color-color
space compared to the other two libraries. This library allows us to

cover reasonably well the observed colours, with the exception of
some fairly red galaxies with large photometric errors.

Although the emission-line sample includes only galaxies
with detectable emission lines, it is not biased towards the strongest
starbursts. Due to the selection in equivalent-width S/N, it includes
also those massive galaxies with good signal-to-noise of the con-
tinuum and relatively faint emission lines. The global properties of
the two sample are thus quite similar.
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Figure 2. Results of applying MAGPHYS to the synthetic integrated photometry for the isolated disc simulation. Each panel shows the evolution of a MAGPHYS

parameter versus simulation snapshot time t in Gyr. The coloured lines indicate median likelihood values inferred from MAGPHYS, and different colours denote
different viewing angles (in order of angle number as specified in Table 1, red, blue, orange, light blue, pink, purple, and yellow). The shaded regions represent
the median of the symmetrized 16th and 84th percentiles of the cumulative frequency distribution about the median of each set of parameters averaged over the
seven viewing angles. When possible (not all MAGPHYS parameters correspond to physical parameters of the simulations), the true values from the simulation
are plotted as a solid green line (in panels b–g). The panels are as follows: (a) χ2 value for the best-fitting SED, where the dashed line indicates the threshold
for an acceptable fit from Smith et al. (2012); (b) V-band attenuation (AV); (c) stellar mass; (d) total luminosity of the dust emission; (e) dust mass; (f) sSFR;
(g) SFR; (h) fraction of luminosity absorbed by the diffuse ISM in MAGPHYS (f SFH

µ ); (i) total V-band optical depth in MAGPHYS (τV); (j) V-band optical depth of
the diffuse ISM in MAGPHYS (τV,ISM); (k) cold-dust temperature parameter of MAGPHYS (T ISM

C ); and (l) warm-dust temperature parameter of MAGPHYS (T BC
W ). In

the last two panels, the dotted lines represent the limits imposed by the assumed priors. Most parameters are recovered well; see the text for details.

agree well at early times, the true SFR is increasingly overestimated
as the simulation progresses; the overestimate can be as much as
∼0.2 dex.

subresolution star formation prescription. Consequently, the SFR value for
the simulations corresponds to an average over a shorter time-scale (i.e. less
than the maximum time step, 5 Myr) than the MAGPHYS values. If the SFR
varies significantly on 10–100 Myr time-scales, this difference could lead to
discrepancies between the MAGPHYS and simulation values even if MAGPHYS

recovers the SFH exactly. However, for most times in the simulations, this
effect is minor.

The dust mass13 (panel e) is systematically underestimated by
∼0.2–0.3 dex. This underestimation is at least partially due to the
assumption in the simulations that the cold phase of the subres-
olution ISM has a negligible volume filling factor and thus does
not absorb photons. Consequently, dust contained in the cold phase

13 The dust emissivities assumed by the two codes differ: in MAGPHYS,
the emissivity is normalized by κ850 µm = 0.77 g−1 cm2 (Dunne et al.
2000), whereas the MW dust model used in the simulations has κ850 µm =
0.38 g−1 cm2. Consequently, we multiply the dust masses output by MAGPHYS

by 2 to account for this difference.
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Figure 2. Results of applying MAGPHYS to the synthetic integrated photometry for the isolated disc simulation. Each panel shows the evolution of a MAGPHYS

parameter versus simulation snapshot time t in Gyr. The coloured lines indicate median likelihood values inferred from MAGPHYS, and different colours denote
different viewing angles (in order of angle number as specified in Table 1, red, blue, orange, light blue, pink, purple, and yellow). The shaded regions represent
the median of the symmetrized 16th and 84th percentiles of the cumulative frequency distribution about the median of each set of parameters averaged over the
seven viewing angles. When possible (not all MAGPHYS parameters correspond to physical parameters of the simulations), the true values from the simulation
are plotted as a solid green line (in panels b–g). The panels are as follows: (a) χ2 value for the best-fitting SED, where the dashed line indicates the threshold
for an acceptable fit from Smith et al. (2012); (b) V-band attenuation (AV); (c) stellar mass; (d) total luminosity of the dust emission; (e) dust mass; (f) sSFR;
(g) SFR; (h) fraction of luminosity absorbed by the diffuse ISM in MAGPHYS (f SFH

µ ); (i) total V-band optical depth in MAGPHYS (τV); (j) V-band optical depth of
the diffuse ISM in MAGPHYS (τV,ISM); (k) cold-dust temperature parameter of MAGPHYS (T ISM

C ); and (l) warm-dust temperature parameter of MAGPHYS (T BC
W ). In

the last two panels, the dotted lines represent the limits imposed by the assumed priors. Most parameters are recovered well; see the text for details.
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olution ISM has a negligible volume filling factor and thus does
not absorb photons. Consequently, dust contained in the cold phase
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2000), whereas the MW dust model used in the simulations has κ850 µm =
0.38 g−1 cm2. Consequently, we multiply the dust masses output by MAGPHYS
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colours/shade: 
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Testing MAGPHYS with hydro+RT simulations

MAGPHYS recovers the 
physical parameters well 
for different viewing 
angles with smooth time 
step variation. 😊



Ongoing upgrade: modelling the AGN contribution



Ongoing upgrade: modelling the AGN contribution

da Cunha, Juneau+, in prep.

dusty torus emission

energy balance + excess 
mid-IR help constrain the 
AGN contamination 

corrected stellar mass, SFR



A challenge: 
measuring the properties of dusty star-forming 
galaxies (ALESS SMGs) 

da Cunha + 2015
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Table 6. Best-fitting model model parameter values for the final six candidate high-redshift objects. The values for the physical parameters,

and the value of minimum χ2 is given for both the putative high-redshift (low AV ) and the moderate-redshift (high AV ) solution in each

case. The locations of these solutions on the AV –z plane are illustrated in Fig. 5.

Source RA (J2000) Dec. (J2000) zest (1σ range) Model type χ2 Age AV Mass

(h m s) (◦ ′ ′′) (Gyr−1) (1011 M⊙)

1865 03 32 12.87 −27 46 40.9 5.02 (4.87–5.17) Burst 8.82 0.56 0.0 6.0

1.75 (1.55–1.95) Burst 5.20 0.13 3.6 0.9

2336 03 32 25.25 −27 52 30.3 6.22 (6.07–6.45) Burst 12.73 0.56 0.0 16.6

2.20 (1.85–2.35) Burst 4.80 0.13 3.6 2.0

2507 03 32 19.67 −27 46 02.0 4.87 (4.72–5.10) Burst 2.20 0.57 0.8 11.2

1.85 (1.55–2.30) τ = 15 Gyr 2.43 0.20 4.8 0.8

2958 03 32 42.08 −27 41 41.3 6.07 (4.95–6.30) Burst 1.49 0.63 0.2 15.8

2.05 (1.75–2.40) Burst 3.03 0.18 4.6 1.9

3048 03 32 19.57 −27 41 39.9 4.87 (4.72–5.10) Burst 5.83 0.31 1.2 5.9

2.45 (2.10–2.80) τ = 0.3 Gyr 2.39 0.07 3.6 0.4

3088 03 32 39.13 −27 51 05.0 6.00 (5.85–6.37) Burst 14.14 0.40 0.0 2.8

1.90 (1.65–2.00) Burst 12.46 0.20 2.8 0.6

Figure 5. Likelihood contours illustrating the location of acceptable fits on the AV –z plane for the six objects in our GOODS-South sample with putative

redshifts z > 4. Allowing for large values of extinction, it can be seen that, for all six objects, alternative solutions exist at z ≃ 2. Contours are shown at intervals

of $χ2 = 1, 4, and 9 above the minimum value of χ2. The best-fitting values of the model parameters for both the high-redshift and the low-redshift solutions

are given in Table 6.

mid-IR wavelengths strongly supports the lower redshift dusty solu-

tions for these objects (we note that HUDF-JD2 was also detected at

24 µm; Mobasher et al. 2005). Thirdly, our own re-analysis of

HUDF-JD2, and the discrepancy between the GOODS-MUSIC red-

shift estimates and our own results for several of these putative

high-redshift galaxies, serves to demonstrate just how sensitive any

conclusion in favour of z > 4 can be to the treatment of marginal

and non-detections in the optical wavebands. As demonstrated by

Fig. 1, this is a much less serious issue for young/blue high-redshift

candidates for which an acceptable lower-redshift dust-obscured

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 376, 1054–1064
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 SFH is usually unknown 

 redshift, age, dust and 
metallicity have very similar 
effect on the broad-band 
SEDs

Degeneracies in optical SEDs: dusty galaxies
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Figure 5. Likelihood contours illustrating the location of acceptable fits on the AV –z plane for the six objects in our GOODS-South sample with putative

redshifts z > 4. Allowing for large values of extinction, it can be seen that, for all six objects, alternative solutions exist at z ≃ 2. Contours are shown at intervals
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mid-IR wavelengths strongly supports the lower redshift dusty solu-

tions for these objects (we note that HUDF-JD2 was also detected at

24 µm; Mobasher et al. 2005). Thirdly, our own re-analysis of

HUDF-JD2, and the discrepancy between the GOODS-MUSIC red-

shift estimates and our own results for several of these putative

high-redshift galaxies, serves to demonstrate just how sensitive any

conclusion in favour of z > 4 can be to the treatment of marginal

and non-detections in the optical wavebands. As demonstrated by

Fig. 1, this is a much less serious issue for young/blue high-redshift

candidates for which an acceptable lower-redshift dust-obscured
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Degeneracies in optical SEDs: dusty galaxies



Simpson+14 (Hyper-z fit)

ALESS009.1: MAGPHYS fit

Example SED fit: ALESS009.1

The Astrophysical Journal, 788:125 (43pp), 2014 June 20 Simpson et al.

Figure 14. Photometry and best-fit spectral energy distribution for all 96 ALESS SMGs we consider in this study. Data points and errors are observed photometry, and
arrows indicate 3! detection limits. Although we present the photometry for all sources, only redshifts derived from !4 photometric detections are considered in our
results. In the inset panel in each plot we show the " 2 distribution as a function of redshift and indicate the best-fit photometric redshift with a solid line. The hatched
region shows the uncertainty on the derived redshift. Secondary redshifts are returned by hyperz when a secondary minimum has a >10% probability of being true,
based on the reduced " 2, and where appropriate these are indicated with a green dashed line.
(A color version of this figure is available in the online journal.)

25

Hyper-z fit (Simpson+2014)

da Cunha + 2015



ALESS009.1: parameter likelihood distributions



Optical only

ALESS009.1: parameter likelihood distributions



Optical only

IR/radio only

ALESS009.1: parameter likelihood distributions



 redshift distribution consistent with previous estimates 
 optically-faint SMGs tend to have higher redshifts and dust attenuation 

Stacked likelihood distributions



 redshift distribution consistent with previous estimates 
 optically-faint SMGs tend to have higher redshifts and dust attenuation 

Stacked likelihood distributions



…are they extreme starbursts or just the high-mass end of the main 
sequence of star formation?

Are the ALESS SMGs on the ‘main sequence’?



…are they extreme starbursts or just the high-mass end of the main 
sequence of star formation?

49% significantly above the main sequence. 27% significantly above the main sequence.

Our results suggest that SMGs may not be a uniform galaxy population 
(as suggested by e.g. Hayward+2011,2012).

Are the ALESS SMGs on the ‘main sequence’?



The effect of the CMB in (sub-)mm 
high-z observations



Effect of the CMB in (sub-)mm observations

ALMA

cool dust

~ 18 K



Effect of the CMB on continuum dust emission
1. Extra heating by the CMB da Cunha+2013



Effect of the CMB on continuum dust emission
1. Extra heating by the CMB

F obs against CMB

⌫
F intrinsic

⌫
= 1� B⌫(T

CMB

)
B⌫(T

dust

)

ALMA 1

ALMA 10

2. CMB is a strong background at high z

da Cunha+2013



Extra heating by the CMB: increase in excitation temperature of the gas 

Fraction of intrinsic flux of each line that is observed against the CMB:

SJ
�/(1+z)

[obs. against CMB]

SJ
�/(1+z)

[intrinsic]

= 1� B� [T
CMB

(z)]

B� [T J
exc

]

(see also e.g. Combes+1999, Papadopoulos+2000, Obreschkow+2009)

Effect of the CMB on CO line emission



Spectral models for cosmic noon & beyond

 Evolution of young stellar populations 
   Rotation & multiplicity affect the UV emission of low metallicity massive stars 
   TP-AGB stars - not as near-IR bright as previously thought 

 Star formation histories 
    We need to do better than tau-models at high redshift 

 Nebular emission 
    Include self-consistently in the SEDs (photo-ionization models) 
    Important to interpret spectra & contamination of broad-band photometry 

 Dust attenuation & dust infrared emission 
    Model dust attenuation and emission self-consistently 
    Dust evolution at high redshift? Need flexible prescriptions. 

 Modern fitting techniques 
    Bayesian fitting to account for degeneracies, marginalise over nuisance 
parameters, explore parameter space, etc.


