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ABSTRACT

We use deep observations taken with the Photodetector Array Camera and Spectrometer (PACS), on board the Herschel satellite as part of the
PACS evolutionary probe (PEP) guaranteed project along with submm ground-based observations to measure the dust mass of a sample of high-z
submillimeter galaxies (SMGs). We investigate their dust content relative to their stellar and gas masses, and compare them with local star-forming
galaxies. High-z SMGs are dust rich, i.e. they have higher dust-to-stellar mass ratios compared to local spiral galaxies (by a factor of 30) and also
compared to local ultraluminous infrared galaxies (ULIRGs, by a factor of 6). This indicates that the large masses of gas typically hosted in SMGs
have already been highly enriched with metals and dust. Indeed, for those SMGs whose gas mass is measured, we infer dust-to-gas ratios similar
or higher than local spirals and ULIRGs. However, similarly to other strongly star-forming galaxies in the local Universe and at high-z, SMGs are
characterized by gas metalicities lower (by a factor of a few) than local spirals, as inferred from their optical nebular lines, which are generally
ascribed to infall of metal-poor gas. This is in contrast with the large dust content inferred from the far-IR and submm data. In short, the metalicity
inferred from the dust mass is much higher (by more than an order of magnitude) than that inferred from the optical nebular lines. We discuss the
possible explanations of this discrepancy and the possible implications for the investigation of the metalicity evolution at high-z.
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1. Introduction
Understanding the evolution of the dust properties and the dust
content of galaxies through the cosmic epochs is crucial for constraining galaxy evolutionary scenarios. The amount of dust has
important implications for the star formation (SF). Dust allows
the formation of low-mass stars in low-metalicity environments
while it inhibits the formation of massive stars, hence aﬀects the
IMF (e.g. Omukai et al. 2005). Dust greatly enhances the formation of many molecules whose transitions provide the main
cooling mechanism for molecular clouds to form stars. Hence
dust is one of the pre-requisites for enhanced SF. Dust also affects the detectability of high-z galaxies: dust extinction reduces
the detectability of high-z galaxies in the rest-frame UV-optical
bands, while dust thermal emission allows the detection of highz galaxies at mm/far-IR wavelengths. The dust content can also
be used as a proxy of the metalicity of the ISM, because refractory elements in the ISM are mostly depleted into dust grains.
The ESA Herschel Space Observatory (Pilbratt et al. 2010)
oﬀers the possibility to investigate the dust emission in high-z
star-forming galaxies and in particular to measure their dust
content by modeling the far-IR to submm spectral energy distribution (SED). We here present a first investigation of dust
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mass evolution by focusing on a sample of high-z submillimeter galaxies (SMGs). They are very luminous (∼1013 L ) (e.g.,
Hughes et al. 1998; Pope et al. 2006), high redshift (z ∼ 1−3.5)
(Chapman et al. 2005; Pope et al. 2006), gas rich and compact,
massive galaxies (Greve et al. 2005; Tacconi et al. 2008). Their
star formation rates (SFR) are exceptionally high (∼103 M yr−1 )
and are thought to contribute significantly to the cosmic SF at
z ∼ 2–3 (Chapman et al. 2005). Thanks to their high luminosities
they provide an excellent laboratory to investigate the evolution
of dust in high-z galaxies. To measure their dust content we use
data taken with PACS (Poglitsch et al. 2010) as part of the PACS
evolutionary probe guaranteed time key program combined with
ground-based mm and submm data. By comparing the inferred
dust masses with other properties of the SMGs, and with local
galaxies, we infer important information on the physics of these
high-z systems. We adopt the Λ-CDM concordance cosmological model (H0 = 70 km s−1 Mpc−1 , Ω M = 0.3 and ΩΛ = 0.7).

2. Sample and data analysis
We used deep 100 and 160 μm PACS GTO observations of
the field GOODS-N and of the lensing cluster Abell2218.
Observations, data reduction and source extraction are described
in detail in Berta et al. (2010). As mentioned above, we used
a subset of PACS sources with submm detections taken from
the literature. The SMG sample and counterparts association are
described in Magnelli et al. (2010). The sample is restricted
to sources with secure redshifts (all spectroscopic, except for
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three sources with good photo-z) derived from robust multiwavelength associations. A few SMGs in the GOODS-N field
have two optical, and eventually PACS, counterparts at the same
redshift. For these we considered the total system of the two
galaxies, which are likely interacting (Pope et al. 2006), by summing their IR fluxes and stellar masses. We excluded three galaxies (GN19, GN19b, GN30) with only two photometric points
at λ > 100 μm because their SED could not be properly constrained. Finally, we excluded a galaxy (azt23) with a peculiar
SED, suspected to be dominated by a powerful AGN even at farIR wavelengths. We ended up with 12 SMGs in GOODS-N and 5
in Abell2218, three of the latter are diﬀerent images of the same
lensed galaxy. All our galaxies have PACS (100 and 160 μm)
and SCUBA 850 μm photometry, and nine also have SCUBA
450 μm and/or AzTEC 1.1mm and/or MAMBO 1.2 mm detections. Redshifts range from 0.5 to 4, with a median value of 2.
Both to expand the sample and to check that our dust masses
are not subject to systematics associated with the specific set of
data, we also included six SMG galaxies observed by Kovács
et al. (2006) at 350 μm with SharcII, which have at least two
additional (sub)mm photometric points, and one MIPS (both 70
and 160 μm) detected SMG from the Yan et al. (2010) sample,
with also a MAMBO 1.2 mm observation.
Dust masses were derived by fitting and normalizing the
100 μm-to-(sub)mm photometry to the SED library generated
by GRASIL (Silva et al. 1998). This is a chemospectrophotometric code that uses realistic and physically grounded stellar
and dust distributions and geometries and performs the full radiative transfer calculations, eventually providing the complete
SED of various galaxy models. Recently, GRASIL has been convolved with models of dust evolution in galaxies (Calura et al.
2008; Schurer et al. 2009). The model carefully takes into account the diﬀerent emissivities of diﬀerent populations of dust
grains, which also depend on their size, composition, and temperature. This eﬀectively results in an average emissivity index
β ≈ 2, consistent with various previous studies (Silva et al. 1998;
Draine & Li 2007; Clements et al. 2010). The dust masses inferred by us broadly agree with those obtained by Michałowski
et al. (2010a), who also use GRASIL, although the lack of data
at 24 μm < λ < 850 μm in most objects prevents them from
tightly constraining the far-IR bump.
The inferred dust mass is compared with the stellar mass, gas
mass, and gas metalicity as inferred for a subset of the objects in
our total sample by ancillary data presented in the Appendix. We
also compared the dust properties of SMGs with those of local
star-forming galaxies, both spirals and ULIRGs, whose properties are reported in the Appendix. Here we only mention that
the methods to derive the dust mass, stellar mass, gas mass, and
metalicity are the same for all samples, so that their comparison
is done in a fully consistent way.

3. Results and discussion
Figure 1 shows the stellar mass vs the dust mass for high-z
SMGs (black circles), local ULIRGs (blue squares) and local
spirals (red triangles). The dust masses estimated for local spirals nicely agree with those obtained through the very detailed
analysis of Draine et al. (2007) of the same sample. Most of
them also agree fairly well with the evolutionary pattern for
spiral galaxies predicted by the model of Calura et al. (2008)
(cyan solid line). The dust masses were compared with those
obtained by the more common assumption of a single temperature dust distribution. Assuming an emissivity index β = 2
(for consistency with GRASIL) and a single, absolute average
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Fig. 1. Stellar mass versus dust mass. Blue squares show local ULIRGs,
red triangles refer to local spirals, while black circles correspond to
high-z SMGs. Large gray, magenta and green circles mark respectively
photo-z, the triple image in Abell2218 and blended SMG systems.
Median 1σ error bars for the diﬀerent samples (same color code) are
shown on the left. The solid cyan and dashed (dot-dashed) orange lines
show the predictions of Calura et al. (2008) model for spirals and protoellipticals with mass of 1011 (1012 ) M .

emissivity of dust at 125 μm of 2.64 (Dunne et al. 2003) or
1.87 m2 kg−1 (Li & Draine 2001), dust masses are on average
0.3 or 0.15 dex, respectively, lower than those inferred through
GRASIL (100 μm flux not used in the fitting as in Magnelli et al.
2010). Independently of the adopted method, there are clear,
systematic diﬀerences in terms of dust content for the diﬀerent samples. The orange dashed and dot-dashed lines in Fig. 1
show the expected evolution of proto-ellipticals (Calura et al.
2008) with diﬀerent mass. These models predict a larger dust
content during the active phase of elliptical formation compared
to normal spirals. Nonetheless, they can hardly reproduce the
large Mdust /Mstar observed in most SMGs. The dust-to-star excess in SMGs emerges more clearly in Fig. 2a, which shows
the distribution of Mdust /Mstar for the diﬀerent samples. Local
ULIRGs have a larger dust content than spirals for a given stellar mass, with Mdust /Mstar a factor of ∼4 higher on average. This
result is in contrast with Clements et al. (2010), who claimed
that the dust content in ULIRGs can be simply explained with
the combination of two spirals (the diﬀerent result probably
arises because Clements et al. use only K-band photometry as a
proxy of the stellar mass, while we perform the full SED fitting).
Submillimeter galaxies are much more extreme: their Mdust /Mstar
is on average higher by a factor of ∼30 than in local spirals, and
by a factor of ∼6 than in local ULIRGs. This large dust content
is diﬃcult to account for with the galaxy evolutionary model of
Calura et al. (2008).
High-z SMGs are known to be very gas rich, with gas
fractions approaching 50% (Tacconi et al. 2008). The high
Mdust /Mstar values suggest that the large gas masses hosted by
SMGs have already been highly enriched with metals and dust;
i.e. the excess of dust mass in SMGs is not a consequence
of SF episodes following recent inflows of metal-poor gas accreted during mergers (in contrast with the expectation of some
models, Montuori et al. 2010). This can be tested by measuring the dust-to-gas ratio for those SMGs with CO millimetric data. By assuming the same CO-to-H2 conversion fac2
tor α = 4.3 M (K km s−1 pc )−1 for all samples (typically
applied to normal spirals) the resulting distribution of Mdust /MH2
is shown in Fig. 2b, similar for the three samples. If one
adopts for ULIRGs and SMGs the conversion factor α ∼
1 M (K km s−1 pc2 )−1 (thought to be more appropriate for these
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Fig. 2. Panels a), b), d): Mdust /Mstar , Mdust /MH2 and Mdust /MZ,gas distributions, respectively, for high-z SMGs (black hatched), local spirals
(SINGS, red open) and local ULIRGs (blue shaded). MH2 is computed
adopting α = 4.3. Adopting α = 1 moves the black and blue histograms by the amount indicated by the arrows. Panel c): metal abundances for the sample of high-z SMGs of Swinbank et al. (2004) (black
hatched histogram) and that of local ULIRGs of Rupke et al. (2008)
(blue shaded histogram). Submillimeter galaxies in common with our
sample are marked by arrows. The red solid and green dashed lines
show the metalicity distribution for local spirals (SDSS) and z ∼ 2.2
star-forming galaxies (Mannucci et al. 2010), respectively, with stellar
masses similar to those of our SMGs.

classes of objects, Solomon & Vanden Bout 2005; Tacconi et al.
2008), then ULIRGs and SMGs have Mdust /MH2 significantly
larger than local spirals, as indicated by the arrows. It is not possible to infer the total gas mass for SMGs by including the fraction of HI, because this is not observed; but similarly to local
ULIRGs, the bulk of the gas is probably in the molecular phase
(Sanders & Mirabel 1996) in contrast to spirals, which may have
a considerable fraction of gas in the atomic phase. As a consequence, by including MHI to obtain the dust-to-total gas ratio, the
resulting Mdust /Mgas distribution of ULIRGs and SMGs would
be further skewed towards higher values relative to spirals. A
dust-to-gas ratio higher than in spirals has also been observed
in the central (dense) region of local luminous infrared galaxies (LIRGs) (Wilson et al. 2008). It can possibly be ascribed
to enhanced dust production by SNe and by the first generation
of AGB stars in young stellar systems (e.g. Michałowski et al.
2010b), and/or to higher accretion of metals on dust grains in
these dense environments. In either cases, the finding that the
dust-to-gas ratio in SMGs is not lower than in local spirals supports the interpretation of their “dust richness” (relative to the
stellar mass) in terms of “gas richness”, possibly along with a
higher Mdust /MH2 . Summarizing, the high dust content observed
in SMGs mirrors their high gas content, the latter with a dust-togas ratio similar or higher than normal spiral galaxies.
The latter result is in contrast with the low gas metalicity observed in SMGs though. Indeed, based on their optical nebular
lines SMGs have metalicities similar or lower than other strongly
star-forming systems, such as ULIRGs in the local Universe
(Rupke et al. 2008), as well as Lyman break galaxies (LBGs),
BzKs (see Daddi et al. 2004) and ULIRGs at high redshift (Erb
et al. 2006; Mannucci et al. 2010; Caputi et al. 2008), which in
turn are lower than local, moderately star-forming spirals with
the same stellar mass. This is illustrated in Fig. 2c, where the
metalicity distribution of diﬀerent classes of objects was measured with the same method (based on optical nebular lines) and

Fig. 3. Dust-to-gas ratio versus metalicity. The black and blue symbols
show high-z SMGs and local ULIRGs, respectively, by assuming diﬀerent conversion factors as indicated by the legend. Red triangles refer to
local spirals. The green dotted line shows the trend expected by Eq. (1).
The solid cyan and dashed (dot-dashed) orange lines show the evolutionary tracks predicted by the model of Calura et al. (2008) for spirals
and proto-ellipticals with mass of 1011 (1012 ) M .

adopting the same metalicity scale as discussed in the Appendix,
and within similar stellar mass interval (M ∼ 1011 M ). For
the SMGs we exploited the sample with rest-frame optical spectroscopy given in Swinbank et al. (2004), which unfortunately
overlaps with our sample only for three objects (marked with
black arrows). That galaxies with enhanced star formation are
characterized by lower metalicity has been noted by various authors (Kewley & Ellison 2008; Rupke et al. 2008; Caputi et al.
2008). Recently Mannucci et al. (2010) showed that the anticorrelation between metalicity and SFR actually accounts for most
of the evolution of the mass-metalicity relation at high redshift:
high-z galaxies (at least up to z ∼ 2.5) appear more metal-poor
simply because characterized by higher SFRs as a consequence
of selection eﬀects. This anticorrelation between SFR and metalicity is ascribed to inflow of metal-poor gas that boosts SF in
galaxies. However, the inferred “low” gas metalicities in SMGs
are in striking contrast with the high dust content inferred from
their far-IR emission.
In Fig. 3 we further investigate this discrepancy by comparing the dust-to-gas ratio with the gas metalicity. Red triangles are
all local galaxies for which the complete required information is
available; most of the upper limits are due to the lack of detection or of data for the molecular gas. The dotted line shows the
trend expected by assuming that the dust content scales linearly
with metalicity following the relation (Draine et al. 2007)
Mdust /Mgas ≈ 0.01 × (O/H)/(O/H)MW .

(1)

Actually, Draine et al. (2007) and Hunt et al. (2005) have shown
(on a wider sample) that the relation traced by real galaxies is
much steeper than expected by Eq. (1), as also hinted by the
(much smaller) subset of local spirals/dwarfs shown in Fig. 3.
Local ULIRGs (blue symbols) tend to have higher dust-to-gas
ratios for a given metalicity, the deviation depending on whether
the assumed CO-to-H2 conversion factor is α = 1 (open squares)
or α = 4.3 (crosses). In the case of SMGs (black symbols) there
are only two objects for which the complete required information is available (whose gas metalicity is actually an upper limit),
shown both in the case of α = 1 (solid squares) and α = 4.3
(solid circles). However, it is clear that their dust content is far
higher than expected from their metalicity. The HI mass is not
included for ULIRGs and SMGs, but the eﬀect is very small
(0.1 dex, Sanders & Mirabel 1996). The orange and cyan tracks
in Fig. 3 show the expected evolution of the dust content and
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metalicity as predicted by Calura et al. (2008) for ellipticals and
spirals, where it is evident that the large discrepancy observed
in SMGs cannot be accounted for by models. In short, in SMGs
the mass of metals inferred from the dust content is much larger
than the mass of metals inferred from the gas phase.
To further quantify this discrepancy, in Fig. 2d we show the
distribution of Mdust /MZ,gas , where MZ,gas is the mass of metals in
the gas phase (i.e. Z × Mgas ). We assumed for all objects a conversion factor α = 4.3, the arrows showing the eﬀect of using
α = 1 for ULIRGs and SMGs. Clearly in SMGs Mdust /MZ,gas
is over one order of magnitude higher than in spirals and well
above unity. Local ULIRGs share a similar problem, but not as
extreme as SMGs. When computing MZ,gas , we assume the same
metal abundance for the neutral and ionized gas phases. This
can be false, as the former may be characterized by lower (by
a factor of ∼7, Lebouteiller et al. 2009) abundances than the
latter. However, this eﬀect does not change our results. Indeed,
dwarf low-metalicity galaxies (see Appendix), where most of
the gas is in the atomic phase, would move towards higher values of Mdust /MZ,gas by 0.85 dex, while normal spiral galaxies,
whose atomic gas fraction is around 50%, would only move by
0.24 dex. The ratio Mdust /MZ,gas in spiral galaxies and dwarfs
would still be lower than in SMGs, where the bulk of the gas is
expected to be in the molecular phase (as discussed above).
There are some possible scenarios that could explain this
puzzling result. One possibility is that dust masses are erroneously estimated because the dust properties in SMGs are very
diﬀerent from those assumed in our models. The average dust
emissivity may be higher. However, this diﬀerence would have
to be quite dramatic, because the dust masses are oﬀ by more
than an order of magnitude with respect to those expected by the
metalicities. In ULIRGs (extreme starbursts) the emissivity inferred by Clements et al. (2010) is similar to that assumed here.
Another possibility is that as mentioned above the high density in SMGs favors the growth of dust out of metals in the
ISM, which also decreases the eﬀective metalicity in the gas
phase. However, the standard dust depletion factors in the diffuse ISM are already high, with most metals already locked into
dust. Hence, for a given metalicity the dust mass cannot grow by
more than a factor of about two through this mechanism.
Finally, the disagreement between the dust content and the
gas metalicity can be caused by dust obscuration. Likely, the
bulk of the gas in SMGs is metal rich. The associated dust richness and the compact configuration make most of the ISM optically thick at visual wavelengths. As a consequence, the optical nebular lines used to infer the gas metalicity only probe
the outer parts of the star-forming regions, which are probably
more metal-poor. Paradoxically, the higher metalicity of these
dense systems and their associated high dust content may produce the apparent eﬀect of metal-poorness when observed at optical wavelengths. This scenario is supported by the findings of
Santini et al. (2009), who showed that luminous IR galaxies have
higher mid-IR-based SFR estimates compared to those obtained
by correcting the optical-UV light.
If confirmed, the latter two scenarios would not support the
current interpretation of the low metalicity observed in ULIRGs
and SMGs in terms of inflow of metal-poor gas boosting the star
formation (e.g. Montuori et al. 2010). More generally, if the discrepancy between gas and dust metal mass also applies to other
populations of high-z starburst galaxies (e.g. BzKs and LBGs)
this would prompt a general revision of the interpretation of the
apparently low metalicities observed in high-z systems.
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Appendix A: Ancillary data
Here we first describe the ancillary data used for SMGs (stellar
mass, gas mass and metalicity) and afterwards the local samples
used for comparison.
A.1. Submillimeter galaxies

Stellar masses of SMGs are computed by fitting the opticalto-near-IR photometry compiled by the PEP Team to synthetic
models, which is fully described in Fontana et al. (2006), fixing
the redshifts to those of the SMGs. For consistency with the theoretical models of Calura et al. (2008) with which we compare
our results, we adopt a Scalo IMF, which implies stellar masses
higher than those calculated assuming a Salpeter IMF by a factor 1.15.
When possible, we obtained information on the gas mass.
For the SMG sample we were able to find CO millimetric data
for 12 galaxies (the three measurements of the triple image of the
lensed galaxy in Abell2218 are counted once) (Bothwell et al.
2010; Kneib et al. 2005; Daddi et al. 2009; Greve et al. 2005;
Knudsen et al. 2009). To derive the molecular gas masses we
followed the prescriptions given in the associated references, but
we normalized them to the same CO-to-H2 conversion factor. In
particular we show the results assuming (conservatively) a CO2
to-H2 conversion factor α = 4.3 M (K km s−1 pc )−1 , which applies to normal spirals; but we also show the eﬀect of assuming
2
α = 1 M (K km s−1 pc )−1 , which is thought to be more appropriate for ULIRGs and SMGs (Solomon et al. 1997; Tacconi
et al. 2008).
We inferred the gas metalicities through the optical nebular
line emission by using the strong-line methods. Within this context, and especially when comparing diﬀerent samples, it is most
important to use consistent (inter-)calibrations and, if possible,
use the same diagnostic emission line ratios. Here we adopted
the calibrations obtained by Nagao et al. (2006) and refined by
Maiolino et al. (2008), who inter-calibrate all strong line diagnostics to the same scale. For the SMGs we used as metalicity
diagnostic the ratio [NII]/Hα given in Swinbank et al. (2004).
An AGN may easily aﬀect the nebular line ratios and make
them deviate from the metalicity calibration for star-forming
galaxies. For this reason we removed targets classified as AGNs
in Swinbank et al. (2004). We also removed one object with
[NII]/Hα = 0.65, because such a high ratio is only observed in
AGNs or shocked regions. In total, we obtain gas metalicities for
a sample of 10 SMGs, three of which also belong to our SMG
sample with dust masses. The [NII]/Hα ratio of these objects
may still be aﬀected by an unrecognized AGN, but this would
make our results conservative, because the contribution by an
unrecognized AGN would make the gas metalicity apparently
higher than its actual value.
A.2. Local galaxies

To compare the dust content in high redshift SMGs with normal and actively star-forming galaxies in the local Universe, we
assembled two sets of data:
– a sample of 26 local spirals out of the SINGS sample
(Kennicutt et al. 2003; Dale et al. 2007; Draine et al. 2007)
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with full multi-wavelength photometry and also with submm
data for a proper dust mass measurement;
– a sample of 24 local ULIRGs taken from the Clements
et al. (2010) sample with at least three submm photometric points. Optical and near-IR fluxes needed to compute the
stellar mass of these galaxies where collected from public
archives.
Stellar masses were inferred by the same method and IMF as
SMGs.
For the local spirals, we took the HI and H2 mass estimates
from Kennicutt et al. (2003), while for the ULIRGs we collected H2 mass estimates from Sanders et al. (1988), Sanders
et al. (1991), Solomon et al. (1997), Evans et al. (2002) and
Papadopoulos et al. (2010). Here we also assumed a CO-to-H2
2
conversion factor α = 4.3 M (K km s−1 pc )−1 , but for ULIRGs
2
we also show the eﬀect of assuming α = 1 M (K km s−1 pc )−1 .
Concerning the gas metalicity in the local spiral sample,
there are only a few objects (six after removing possible AGNdominated galaxies) out of the SINGS sample with submm data
that also have integrated spectroscopy (Moustakas & Kennicutt
2007; Kennicutt 1992), which could be used to infer the gas metalicity with the same strong line method and calibration scale
adopted for SMGs. For these objects we also exploited the diagnostics involving [OII]3727, [OIII]5007 and Hβ, which help to
better constrain the metalicity along with [NII]/Hα, while they
are still fully consistent with the global inter-calibrations presented in Maiolino et al. (2008). Draine et al. (2007) uses the
metalicities for a more extended set of SINGS galaxies, but by
adopting diﬀerent calibrations, which therefore cannot be used
for direct comparison with the SMGs. To expand the sample of
objects with dust masses and metalicity (especially in the lowmetalicity range), we included nine dwarf and spiral galaxies
of the SINGS sample without submm photometry (Draine et al.
2007). There the Mdust estimates were taken from Draine et al.
(2007) (whose dust masses are consistent with ours for the objects in common, as discussed in the text), and their integrated
emission line fluxes, which were required to place them in the
same metalicity scale as SMGs and ULIRGs, were collected
from Moustakas & Kennicutt (2007), Miller & Hodge (1996)
and Miller (1996).
For the ULIRGs we collected spectroscopic data from Rupke
et al. (2008). We removed galaxies classified as AGNs based on
the diagnostic diagrams.
In order to have a more comprehensive statistic (only 6 out
of the 26 local spirals from the SINGS sample have integrated
spectroscopy which can be used to compute their metal abundance), the metalicity distribution of local spirals shown by the
red, solid line in Fig. 2c is obtained from the large SDSS sample
presented in Kewley & Ellison (2008) in the same mass range
as SMGs and ULIRGs, with the same metalicity calibrations
and scale used in Maiolino et al. (2008), i.e. consistent with the
other samples. The metalicity distribution of LBGs and BzKs
at z ∼ 2.2 (with log M ∼ 10.6 M ) is taken from Mannucci
et al. (2010), who adopt the same scale and calibrations as
Maiolino et al. (2008).

