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ABSTRACT

We use the combined GALFORM semi-analytical model of galaxy formation and GRASIL spec-
trophotometric code to investigate the properties of galaxies selected via their submillimetre
(submm) emission. The fiducial model we use has previously been shown to fit the proper-
ties of local Ultra-Luminous Infrared Galaxies, as well as the number counts of faint submm
galaxies. Here, we test the model in more detail by comparing the SEDs and stellar, dynamical,
gas and halo masses of submm galaxies against observational data. We precisely mimic the
submm and radio selection function of the observations and show that the predicted far-infrared
properties of model galaxies with S850 > 5 mJy and S1.4 > 30 μJy are in good agreement with
observations. Although the dust emission model does not assume a single dust temperature,
the far-infrared SEDs are well described by single component modified blackbody spectrum
with characteristic temperature 32 ± 5 K, in good agreement with observations. We also find
evidence that the observations may have uncovered evolution in the far-infrared–radio relation
in ULIRGs out to z ∼ 2. We show that the predicted redshift distribution of submm galaxies
provides a reasonable fit to the observational data with a median redshift z = 2.0. The radio-
selected subset of submm galaxies are predicted to make up approximately 75 per cent of the
population and peak at z = 1.7, in a reasonable agreement with the observed radio detected
fraction and redshift distribution. However, the predicted K band and mid-infrared (3–8 μm)
flux densities of the submm galaxies [and Lyman-Break Galaxies (LBGs)] are up to a factor of
10× fainter than observed. We show that including the stellar thermally pulsating asymptotic
giant branch phase in the stellar population models does not make up for this deficit. This
discrepancy may indicate that the stellar masses of the submm galaxies in the model are too
low: M� ∼ 1010 M�, while observations suggest more massive systems, M� � 1011 M�.
However, if the predicted K- and 3–8-μm extinctions in the model could be dramatically
reduced, then this would reduce, but not eliminate, this discrepancy. Finally, we discuss the
potential modifications to the models which may improve the fit to the observational data,
as well as the new observational tests which will be made possible with the arrival of new
facilities, such as Submillimetre Common-User Bolometer Array2.

Key words: galaxies: evolution – galaxies: formation – galaxies: high-redshift –
submillimetre.

1 IN T RO D U C T I O N

The discovery, a decade ago, of a population of faint submm-
selected galaxies (SMGs) revolutionized our view of the cosmic

�E-mail: a.m.swinbank@durham.ac.uk

star formation history of the Universe (Smail, Ivison & Blain 1997;
Barger et al. 1998; Hughes et al. 1998). These galaxies (origi-
nally discovered with the SCUBA instrument at 850 μm) appear to
be high-redshift galaxies with star formation rates (SFRs) exceed-
ing 1000 M� yr−1 (Ivison et al. 2000; Smail et al. 2002). These
Ultra-Luminous Infrared Galaxies (ULIRGs) peak around z ∼ 2
(Chapman et al. 2003, 2005, hereafter C05) and show a thousand
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fold increase in their abundance between z = 0 and 2. If this far-
infrared emission arises solely from star formation with a standard
(‘solar neighborhood’) initial mass function (IMF), then they could
potentially dominate the star formation activity in the early Uni-
verse, dwarfing the contribution of galaxies selected in the rest-
frame ultraviolet (UV). The apparent intensity of these starbursts,
the resulting high metallicity, along with their large dynamical
masses, high gas fractions and inferred strong clustering (Blain
et al. 2004b; Swinbank et al. 2004; Greve et al. 2005; Swinbank
et al. 2006; Tacconi et al. 2006, 2008) are all suggestive of a close
link to the formation phase of the most massive spheroids and black
holes (Lilly et al. 1999; Smail et al. 2002; Alexander et al. 2003;
Genzel et al. 2003; Webb et al. 2003; Smail et al. 2004; Alexander
et al. 2005; Swinbank et al. 2006).

Reproducing the submm galaxy population has been a major chal-
lenge for theoretical models (Granato et al. 2000; Baugh et al. 2005,
hereafter B05). In part, this is because (quite reasonably) many of
the recipes and constraints used to develop the models are based
on the formation and evolution of ‘normal’ galaxies rather than the
extreme populations. Hence, these models have had difficulty repro-
ducing extremely luminous galaxies with sufficient cool dust at high
redshift without overpredicting the abundance of bright galaxies in
the local Universe. Initial attempts to match the basic properties of
submm galaxies (whilst maintaining the match to the present-day
K-band luminosity function and IRAS 60 μm luminosity function)
underpredicted the 850 μm counts by a factor of 30× (B05) despite
� cold dark matter (�CDM) producing enough baryons in massive
haloes at z ∼ 2 to match the observations of gas masses in submm
galaxies (Genzel et al. 2003; Greve et al. 2005).

One solution to this problem was to alter the IMF: Blain et al.
(1999) suggested that a Salpeter IMF (Salpeter 1955) with a low-
mass threshold of 3 M� was required in far-infrared luminous
galaxies around z ∼ 2 since the implied SFR for a Salpeter IMF
integrated to the canonical value of 0.07 M� would overpredict
the integrated stellar density at z = 0. Invoking a top-heavy (or
‘flat’) IMF in the semi-analytic framework has been shown to pro-
vide a much improved fit to the submm galaxy counts and redshift
distribution as well as the Lyman-break galaxy luminosity function
whilst still maintaining a good fit to the properties of the present-day
galaxy populations (B05). In this model, a standard IMF is adopted
in quiescently star-forming galaxies, whilst the star formation
induced by galaxy mergers produces stars with a flat IMF:
dn/dln(m) = m−x with x = 0 (compared to a Salpeter IMF which
has x = 1.35; Salpeter 1955). With a larger proportion of high-mass
stars, the energy radiated in the UV per unit mass of stars produced
is increased, thus increasing the amount of radiation to heat the dust.
Moreover, the flat IMF produces a higher yield of metals from type
II supernovae, thus increasing the dust content of the galaxy and
boosting the luminosity in the submm waveband.

This assumption of a flat IMF in bursts is controversial and so
it is essential to explore the predictions of this model in more de-
tail. In particular, the model can be (i) tested against the grow-
ing observational multiwavelength data on submm galaxies to test
whether the choice of parameters is suitable and (ii) provide use-
ful constraints on observational data, in particular for understand-
ing possible selection biases. For example, since much of what is
known about submm galaxies is based on the radio-detected sub-
sample, one outstanding issue is how much this radio selection
(which does not benefit from the negative K-correction experienced
in the submm waveband) has affected the conclusions being drawn
about SMGs. Are the radio-undetected fraction of SMGs at ei-
ther significantly higher redshift (Younger et al. 2007) or do they

instead have far-infrared colours which represent much colder
systems (C05)?

In Section 2, we describe the basic properties of the galaxy for-
mation model we employ, but refer the reader to Cole et al. (2000),
Benson et al. (2002, 2003), B05 and Lacey et al. (2008) for a detailed
description. In Section 3, we test the predicted far-infrared proper-
ties of SMGs against the available observational data. In Section 4,
we discuss the masses and evolution of model SMGs compared to
those estimated from observational data and in Section 5 we give
our conclusions and future prospects for constraining the properties
of submm galaxies both theoretically and observationally. We use
a flat, �CDM cosmology with �m = 0.3, σ 8 = 0.93 and H0 =
100 h km s−1 Mpc−1 with h = 0.7.

2 TH E MO D EL

The galaxy formation model which we employ is the one described
in detail in B05 and Lacey et al. (2008). The model is based on the
semi-analytic code of Cole et al. (2000) with important revisions
described in Benson et al. (2002, 2003) and is reviewed extensively
in Baugh (2006). In summary, the formation, assembly and evolu-
tion of galaxies are calculated using a background cosmology in
which the dark matter structure grows hierarchically. The physical
ingredients considered in the model include: (i) the formation of
dark matter haloes through mergers and accretion of material. (ii)
The collapse of baryons into the gravitational potential wells of
dark matter haloes. (iii) The radiative cooling of gas that is shock
heated during infall into the dark halo. (iv) The formation of a
rotationally supported disc of cold gas. (v) The formation of stars
from the cold gas. (vi) The injection of energy into the interstellar
medium, through supernova explosions or the accretion of material
on to a supermassive black hole. (vii) The chemical evolution of
the interstellar medium, stars and the hot gas. (viii) The merger
of galaxies following the merger of their host dark matter haloes,
due to dynamical friction. (ix) The formation of spheroids during
mergers due to the rearrangement of pre-existing stars (i.e. the disc
and bulge of the progenitor galaxies) and the formation of stars
in a burst. (x) The construction of a star formation history and a
composite stellar population for each galaxy.

The spectral energy distribution (SED) from this composite stellar
population is calculated using the spectrophotometric model GRASIL

(Silva et al. 1998). GRASIL computes the emission from both the stars
and dust in a galaxy, based on the star formation, metal-enrichment
history and the sizes as predicted by the semi-analytical model
(Granato et al. 2000). GRASIL includes radiative transfer through a
two-phase dust medium, with a diffuse component and giant molec-
ular clouds and a distribution of dust grain sizes. We note that GRASIL

does not assume a single dust temperature for the galaxy. Stars are
assumed to form inside the clouds and then gradually migrate out.
The output from GRASIL is the galaxy SED from the far-UV to radio
wavelengths.

2.1 Radio emission and the far-infrared–radio correlation

In addition to the submm/far-infrared emission from dust, the radio
emission is also included in the model following Bressan, Silva
& Granato (2002). The radio emission is produced by (i) thermal
bremsstrahlung from HII regions and (ii) synchrotron radiation pow-
ered by acceleration of relativistic electrons in supernova remnants.
In local galaxies, there is a strong correlation between non-thermal
radio and far-infrared emission, holding over five decades of lumi-
nosity (e.g. Helou, Soifer & Rowan-Robinson 1985; Yun, Reddy
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& Condon 2001; Vlahakis, Eales & Dunne 2007). The standard
explanation of this relationship is that both the far-infrared and
the bulk of the radio emission are caused by high-mass (� 5 M�)
stars. These stars both heat the dust (which then emits far-infrared
emission) and at the end of their lives explode as supernovae (see
e.g. Condon 1992 and references therein), producing the relativistic
electrons responsible for synchrotron radiation. The strength of this
synchrotron emission depends not only on the number density of
relativistic electrons, but also on the strength of the magnetic field.
The rate of energy input into the relativistic electrons depends on the
assumed low-mass cut-off for type II supernova production, which
is usually taken as 8 M� (Bressan et al. 2002).

In the model galaxies, both the thermal and non-thermal contri-
butions to the radio emission are calculated. The thermal compo-
nent of the radio emission is estimated from the stellar emission
essentially without free parameters, assuming that all ionizing pho-
tons are absorbed by gas within the galaxy, and is proportional to
the instantaneous ionizing luminosity of the stars. The synchrotron
(non-thermal) radio emission is assumed to be proportional to the
instantaneous type II supernova rate, but its calculation involves
two empirical parameters, which are essentially the efficiency with
which the supernova explosion energy is converted into energy
of relativistic electrons, and the power-law index of the injection
energy spectrum of these relativistic electrons, which determines
the spectral index of the synchrotron emission. It is assumed that
the radiative lifetime of the relativistic electrons is short enough that
the total synchrotron luminosity is always equal to the instantaneous
energy injection rate from supernovae. Bressan et al. (2002) esti-
mate both of these parameters from observations of local galaxies;
in particular, the efficiency factor was chosen based on the obser-
vations of the Milky Way galaxy. They found that this choice also
reproduced the observed ratio of radio to far-infrared emission for
normal spirals. In this model, the ratios between the far-infrared
and radio luminosities and the instantaneous SFR all approach con-
stant values if the SFR varies only on time-scales �100 Myr (as in
normal spirals). However, due to the different lifetimes of the stars
powering the far-infrared, thermal and non-thermal radio emission,
there are time lags between the corresponding luminosities and the
formation of the stars involved, and so these ratios vary if the SFR
changes on time-scales �100 Myr, as is the case in starbursts. This
is discussed in detail in Bressan et al. (2002), and has consequences
for the results in this paper.

In Fig. 1, we show the far-infrared–radio (60 μm versus 1.4 GHz)
correlation for local star-forming galaxies and overlay the model
predictions for galaxies at z < 0.1. This shows that the model re-
produces the form of the observed far-infrared–radio correlation at
lower luminosities. However, at higher luminosities the predicted
radio–far-infrared relation lies below that observed (Helou et al.
1985; Yun et al. 2001; Vlahakis et al. 2007), by a factor of 3.2 ±
0.2×, assuming the Bressan et al. (2002) normalization of the ra-
dio emission using the Milky Way. As we are interested in the
evolution of SMGs, which have ULIRG-like luminosities (Lbol >

1012 L�) and appear likewise to be dusty starbursts, it seems appro-
priate to renormalize the non-thermal radio emission in the model
so that it matches the properties of high-luminosity IRAS-selected
samples at z = 0. This seems likely to produce the most realistic
estimates for the radio luminosities of SMGs, in the framework of
the present galaxy formation model. Physically, this renormaliza-
tion corresponds to assuming a higher efficiency for conversion of
supernova blastwave energy into energy of relativistic electrons in
starbursts as compared to normal spirals, which might result from
the higher densities or magnetic fields in starbursts. In this paper,

Figure 1. Far-infrared–radio correlation for galaxies in the GRASIL model
compared to the SCUBA Local Galaxy Survey and IRAS 2 Jy survey from
Yun et al. (2001) and Vlahakis et al. (2007). The shaded area denotes the
approximate 60 μm and radio luminosities encompassing the ULIRGs from
Sanders et al. (2003). The model (z < 0.1) predictions are overlaid for both
the original radio luminosities (open circles) and after the renormalization
factor 3.2× has been applied to the radio flux densities (filled circles).
We adopt this renormalization of the model to ensure that it reproduces
the far-infrared and radio properties of local galaxies with luminosities
comparable to those observed for high-redshift SMGs – giving us a reliable
local benchmark.

we have therefore multiplied the non-thermal radio luminosities
from GRASIL by a factor of 3.2, as shown in Fig. 1. We note that this
renormalization might not be needed at z = 0 in a galaxy forma-
tion model which predicts significantly different burst time-scales
in ULIRGs. Indeed, Bressan et al. (2002) reproduced the SED of
the ULIRG Arp220, including its radio emission, using their stan-
dard synchrotron normalization, but treating the burst time-scale as
a free parameter. However, in our galaxy formation model, the burst
time-scales are already fixed by other considerations.

In what follows, we parametrize the relative strength of the
far-infrared and radio emission using qL, defined as qL =
log{Lbol/[(4.52 THz) L1.4 GHz]}, where Lbol is the total dust lumi-
nosity and L1.4 GHz is the rest-frame radio luminosity. The latter is
calculated from the observed 1.4 GHz flux S1.4 using L1.4 GHz =
4πD2

LS1.4(1+z)α−1, where the spectral index, α, has a typical value
of 0.7 for non-thermal sources; Condon 1992). For local ULIRGs,
qL is measured to be qL = 2.34 ± 0.01 with σqL

= 0.10 (e.g. Yun
et al. 2001). As described above, we have normalized the radio
emission of z < 0.1 model ULIRGs so that by construction they
have qL = 2.34. The model predicts a dispersion σqL

= 0.11. We
stress that this renormalization ensures that our model agrees with
observations of the radio and far-infrared emission of galaxies in
the luminosity range appropriate for SMGs in the local Universe.
However, the model also predicts evolution in these quantities. For
an exponentially declining SFR with a top-heavy IMF, the radio
flux density will plateau shortly after the initial burst since the su-
pernovae are produced from stars with mass �8 M� which have
lifetimes of approximately 50 Myr. In contrast, the far-infrared lu-
minosity will continue to increase for longer as dust is produced and
then heated by new generations of stars extending down to lower
masses �5 M�. As a result, the value of qL is not constant for
bursts, but depends both on the SFR time-scale and the age at which
the burst is observed (Bressan et al. 2002). The average qL in bursts
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therefore depends both on redshift and on how the galaxy sample is
selected. For model ULIRGs at z = 2 (which overlap substantially
with SMGs), we find qL = 2.19 ± 0.05 and σqL

= 0.26. Moreover,
the e-folding time-scale for star formation in model ULIRGs more
than halves between z = 0 and 2 (τ eff = 300+250

−150 Myr at z = 0
compared to 130+150

−60 Myr at z = 2). In addition, the median age of
the burst in model ULIRGs at z = 2 is much shorter than at z = 0
(8+50

−6 compared to 50+400
−40 Myr). The young ages of the high-redshift

model ULIRGs, combined with the time lag between the onset of
the burst and the production of the first supernova, thus results in
an evolution in the far-infrared–radio relation for these luminous
galaxies. We will return to this point when studying the radio and
far-infrared properties of SMGs later.

3 A NA LY SIS

3.1 Simulating submm catalogues

To test the GALFORM/GRASIL model, we need to compare its predic-
tions to the detailed multiwavelength properties of high-redshift
submm galaxies. To achieve this, we have to focus on the sam-
ples with reliable galaxy identification (which has so far relied on
high-resolution radio imaging), and follow-up spectroscopy to pro-
vide precise and unambiguous redshifts. By far, the largest and
most secure redshift survey of submm galaxies comes from C05
who surveyed a total area of approximately 0.25 deg2 across seven
fields, securing spectroscopic redshifts for 73 submm galaxies with
850 μm flux densities ≥5 μJy and radio counterparts with flux den-
sities S1.4 ≥ 30 μJy. This comprises the primary comparison sample
for our analysis.

The C05 survey relies on radio identification as the only secure
method to pinpoint the counterparts of large samples of the submm
emitting galaxies. This is because the large beam size [∼15 arcsec
for the James Clerk Maxwell Telescope (JCMT) at 850 μm] con-
spires with the large number of possible counterparts making it
impossible to identify the galaxy responsible for the far-infrared
emission with 850 μm imaging alone; (Ivison et al. 1998, 2000;
Smail et al. 2000; Ivison et al. 2002, 2005, 2007). Using the deepest
radio imaging currently available (σ ∼ 5–10 μJy), this radio selec-
tion identifies ∼65–80 per cent of the bright (S850 > 5 mJy) submm
galaxies (Ivison et al. 2005, 2007), but potentially introduces bi-
ases when extrapolating the properties of radio-identified submm
galaxies to the whole population. We investigate the effect of this
bias in the model by defining two classes of submm galaxy: first, all
submm galaxies with S850 > 5 mJy are called SMGs; secondly, we
define the subset of this population which are detectable in the radio
(with S850 > 5 mJy and S1.4 > 30 μJy) as radio-identified submm
galaxies or rSMGs.

In order to simulate observational submm catalogues, we must
model the measurement noise. In particular, since most submm
catalogues are cut at a threshold around 3.5–4σ , submm maps suf-
fer from flux boosting in which the flux limit of low significance
sources can be increased above the survey signal-to-noise ratio due
to (i) confusion (the contribution of fainter sources within the large
beams) and (ii) to the inclusion of low-significance sources which
are boosted above the survey signal-to-noise ratio due to the coin-
cidence alignment with positive noise spikes. In order to properly
compare the observations with the models, we therefore convolve
the model submm and radio flux densities with a typical 1σ noise
of σ 850 = 1.5 mJy (e.g. Scott et al. 2002; Coppin et al. 2007) and
σ 1.4 = 5–10 μJy, respectively (e.g. Ivison et al. 2002, 2007), thus
allowing a like-for-like comparison with observations. This mea-

Figure 2. The cumulative number counts per deg2 at 850 μm as a function
of submm flux density. The model predictions are shown for SMGs and
rSMGs, respectively. We also plot the observational results from various
surveys with SCUBA on the JCMT (Smail et al. 2002; Cowie, Barger &
Kneib 2002; Coppin et al. 2006). Above 5 mJy, the model suggests that the
surface density of submm galaxies with radio flux densities above 30 μJy
is 75 per cent. This agrees well with the observed radio-detected fraction
of S850 >5, S1.4 > 30 μJy submm galaxies of 65–80 per cent (Ivison et al.
2005, 2007).

surement noise is assumed in all the following sections and analysis,
and is included in all of the estimates which we give for average
masses and luminosities of model galaxies.

3.2 Number counts, redshift distribution and space density

of SMGs

In Fig. 2, we show the predicted cumulative source counts as a
function of 850 μm flux density compared to the observations de-
rived from a number of different surveys with SCUBA. The fiducial
model of B05 agrees well with the observations down to the deep-
est flux density limits, with the model counts above 0.1 mJy being
dominated by ongoing merger-driven bursts at high redshift, as these
authors demonstrated.

To determine the effect of the radio-preselection on the number
counts, we also show the cumulative source counts for galaxies
which also have radio flux densities S1.4 > 30 μJy. At a characteristic
850 μm flux density limit of 5 mJy of C05, the model suggests that
the radio-detected fraction is ∼75 per cent, consistent with the
fraction typically found in submm surveys (65–80 per cent) (Ivison
et al. 2005, 2007).

The redshift distribution of the radio-identified SMGs (rSMGs)
from C05 (crudely corrected for spectroscopic incompleteness due
to the redshift desert) is well fit by a Gaussian profile with a median
redshift z = 2.0 and σz = 0.7. Using a simple model to account
for radio incompleteness, C05 estimate the underlying redshift dis-
tribution of SMGs to peak at z = 2.2 with a 1σ width of σz =
1.3.

In Fig. 3, we show the redshift distribution of SMGs and rSMGs in
the fiducial model of B05 compared to the observations. The model
SMGs have a median redshift of 〈z〉 = 2.0 with σz = 1.0. How-
ever, as Fig. 3 also shows, the radio-identified subset peaks at 〈z〉 =
1.7 with σz = 0.8. Although there is a reasonable overlap between
the model and observations, the model SMGs and rSMGs both ap-
pear to peak at slightly lower redshift than inferred observationally

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 391, 420–434



424 A. M. Swinbank et al.

Figure 3. The predicted redshift distribution of model SMGs and rSMGs.
Left-hand side: N(z) for galaxies selected at both submm and radio wave-
lengths. The median redshift in the model rSMGs is z = 1.7 with σz =
0.8. We overplot the redshift distribution of rSMGs from C05 (corrected for
spectroscopic incompleteness in the redshift desert). Right-hand panel: N(z)
for a pure submm-selected sample of galaxies with 850 μm flux densities
greater than 5 mJy, peaking at z = 2.0 with σz = 1.0. Again we overplot the
redshift distribution from C05, corrected for spectroscopic incompleteness
and radio incompleteness using a simple model for the evolution of the
radio luminosity function. In both the panels, the redshift distribution for
the model galaxies is slightly shallower than the observations suggest (by
�z ∼ 0.2–0.3), although since the field-to-field variance in the observations
is �z ∼ 0.25, we conclude that (within the observational uncertainties) the
redshift distributions are in good agreement.

(�z ∼ 0.2–0.3 in both the cases). We note that the field-to-field
variation between the seven subfields in the C05 sample is �z ∼
0.25. This may be a simple reflection of the fact that SMGs are
highly clustered (Blain et al. 2004b), and so we expect that the
redshift distribution from C05 is likely to be uncertain by at least
this amount due to cosmic variance. Therefore, we conclude that
the model and observations are in good agreement.

It is also worth noting that Clements et al. (2008) derive a median
redshift z ∼ 1.5 using photometric redshifts (rising to z ∼ 1.9 when
including the far-infrared photometry) for a similar sample of radio
and mid-infrared-identified SMGs from the SHADES submm sur-
vey. However, as Clements et al. (2008) note, there are large errors
on photometric redshifts for submm galaxies (�z ∼ 0.5–1), espe-
cially for the sources with the faintest counterparts. Nevertheless,
their results are also consistent with the model redshift distributions
for the rSMGs.

Using the number counts and redshift distribution, we can also
compare the space densities. The observed space density of rSMGs
from C05 indicates that between z = 0.9 and 3.5 the volume density
should be ∼8.0 × 10−6 Mpc−3. In comparison, the predicted space
density for model rSMGs in the same redshift interval is 1.1 ± 0.1 ×
10−5 Mpc−3, slightly higher but consistent with the observations.
In Fig. 4, we show the space densities over the redshift interval
z = 0.9–3.5 for the model SMGs compared to the SMGs in the C05
sample. To interpret this data as a cumulative luminosity function,
we also convert the number counts and 850 μm flux densities to
approximate space densities and bolometric luminosities assuming
a median redshift z = 2.0.

3.3 Far-infrared spectral properties

Constraining the far-infrared SED of submm galaxies is a key obser-
vational goal since the thermal emission from cold dust dominates
the bolometric luminosity of these galaxies (L8–1000 μm � 0.95 Lbol).
Submm photometry (at wavelengths other than 850 μm) can be
used to constrain the SED, measuring the apparent temperature

Figure 4. The cumulative number counts per deg2 at 850 μm for galaxies
between z = 0.9 and 3.5. The model predictions including all redshifts are
shown by the solid line. We also show the expected counts for radio flux
density cuts of S1.4 = 0 and 30 μJy, respectively, only considering galaxies
in the range z = 0.9–3.5. These are compared to the observational counts
for SMGs from the C05 redshift survey which are radio selected with S1.4

�30 μJy, and also in the range z = 0.9–3.5. The right-hand axis denotes
the approximate space density in physical units, whilst the top axis denotes
the approximate bolometric luminosity for galaxies at z = 2.0 given their
submm flux density.

of the dust, and infer their far-infrared luminosity and thus SFR
(assuming an IMF). These diagnostics also allow these galaxies
to be placed in the context of other populations of high-redshift
star-forming galaxies and active galactic nuclei (AGN).

To test how well the SEDs predicted by the model galaxies repro-
duce the dust emission spectra of SMGs, we compare the predicted
far-infrared colours with existing observational data.

3.3.1 1200/850 μm colours

First, we compare the 850 μm flux density ratio with longer wave-
length photometry. In particular, it has been claimed that the
mm/submm flux density ratio is sensitive to redshift above z =
3 (Eales et al. 2003; Greve et al. 2004; Ivison et al. 2005). We
therefore compare the far-infrared photometry predicted by the
model SMGs and rSMGs with recent observational constraints from
Greve et al. (2008) who surveyed the GOODS-N region at 1200 μm
with the Max–Planck bolometer array (MAMBO). For an 850-μm-
selected sample, the model galaxies have a median 850/1200 μm
flux density ratio of S850/S1200 = 2.4 ± 0.2 between z = 1.5–3, and
S850/S1200 = 2.2 ± 0.2 for a 1200-μm-selected sample with
σ 1200 = 0.7 mJy over the same redshift range (we note that the
error bars denote the 17 and 84 percentile range, which corresponds
to the 1σ scatter for a Gaussian distribution). Both the 850- and
1200-μm-selected samples show very little evolution in colour over
the redshift range z = 0.5–5 and are in good agreement with obser-
vational constraints (Fig. 5).

3.3.2 350/850 μm colours

A better test of the far-infrared properties comes from shorter wave-
lengths (at z = 2, a blackbody with a characteristic temperature
of Td = 35 K peaks at an observed wavelength of ∼300 μm).
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Figure 5. Predicted submm and radio flux density ratios for submm galax-
ies as a function of redshift. Top panel: S850/S1.4 colours of submm galaxies
in the C05 sample compared to model SMGs and rSMGs. We plot individual
galaxies in the C05 sample and show the median values in redshift intervals
of �z = 0.5. We also plot the predictions for model SMGs and rSMGs.
The error bars indicate the typical 67 percentile of the model predictions,
and, for clarity are shown on alternate points. The model rSMGs have a
systematically larger (∼ 1.26 ± 0.24×) S850/S1.4 flux density ratio than ob-
servations suggest over the redshift range z = 1–4. Middle panel: S350/S850

colours as a function of redshift for model SMGs and rSMGs. The compar-
ison sample is taken from observations at 350 μm from Kovács et al. (2006)
and Coppin et al. (2008) which have good (>3σ ) detections at 350 μm.
Within the observational errors, the model SMGs are in good agreement
with observations (which suffer from both low number statistics and low
signal-to-noise detections). To show the redshift trend in the observational
data more clearly, we bin the data into two redshift bins (z < 2 and z > 2)
(solid squares). Bottom panel: S850/S1200 colours as a function of redshift
for model SMGs and rSMGs compared to observations of the GOODS-N
regions by Greve et al. (2008). The solid lines denote the evolution for an
850-μm-selected sample, whilst the dotted line represents the evolution for
a 2.5-mJy selected sample at 1200 μm with σ 1200 = 0.7 mJy. Both the model
SMGs, rSMGs and 1200-μm-selected model SMGs show remarkably little
evolution with redshift from z = 0.5–5.

Prior to the launch of Herschel, the most promising route to con-
strain shorter wavelengths in the far-infrared is 350- and 450-μm
photometry where the atmospheric transmission allows the brightest
SMGs to be detected in good conditions.

In Fig. 5, we compare the predicted S350/S850 colours with ob-
servational constraints. At z ∼ 2, the median flux density ratio for
model SMGs is S350/S850 = 2.5 ± 2.0. For comparison, Kovács
et al. (2006) and Coppin et al. (2008) study a total of 27 SMGs at
350 μm which have secure redshifts. These SMGs have a median
flux density ratio S350/S850 = 4.0+4.5

−2.2 (this value includes upper lim-
its for 350 μm flux densities on three non-detections). Since the data
at 350 and 450 μm suffer from both low number statistics and low
signal-to-noise ratio detections, we bin the data into two redshift
bins, z < 2 and z ≥ 2. As this figure shows the model predictions
seem broadly consistent with the observational data. There is a hint
(< 1.5σ ) that the model photometry and data have opposite trends
with redshift, but firm conclusions cannot be drawn with the current
observational data. However, we stress that this potentially power-
ful test will be significantly improved with observations of larger
samples at higher signal-to-noise ratio from upcoming surveys with
SCUBA2 and Herschel. In the meantime, we note that the model
predicts an evolution in the S350/S850 flux density ratio for the SMGs
and rSMGs is well described by S350/S850 = −0.6 + 11.6 × (1 +
z)−1.15.

A more useful comparison of the observational and model SEDs
can be made by comparing the bolometric luminosities estimated
from fits to both real and model photometries. To do this, we fit
the 350- and 850-μm photometry with a modified blackbody of
the form Lν ∝ Bν(Td)νβ , where Bν is the Planck function eval-
uated at the emitted frequency ν, and β = 1.5 (Dunne, Eales &
Edmunds 2003; Coppin et al. 2008). The result of this fit is a char-
acteristic dust emission temperature Td for each galaxy, and also
an estimate of its bolometric dust luminosity Lbol. Kovács et al.
(2006) (see also more recently Coppin et al. 2008) demonstrate that
submm galaxies have characteristic temperatures consistent with
local starbursts (T ∼ 35 K), but are at least an order of magnitude
more luminous in Lbol. We can apply the same fitting procedure
to the 350- and 850-μm photometry for all our model SMGs. In
this way, we find a median characteristic emission temperature for
both model SMGs and rSMGs of Td = 32 ± 5 K. (Note that sim-
ply a characteristic temperature, since GRASIL does not assume a
single dust temperature even within a single galaxy.) We also find
that the single modified blackbody fit (with β = 1.5) yields an esti-
mated bolometric luminosity which on average is 0.94 ± 0.25 of the
true model value (integrated between rest-frame 8 and 1000 μm).
We find that the median bolometric luminosity for model SMGs is
2.0 ± 1.5 × 1012 M�. Hence, it appears that the far-infrared SEDs
of model SMGs are broadly similar to what is inferred from the
observations.

With the bolometric luminosities of the model SMGs in hand, we
can also investigate how the SFRs compare to those inferred obser-
vationally. The main difference in the SFRs comes from the adoption
of the flat IMF in bursts. This results in a much lower SFR per unit
bolometric luminosity for SMGs (which are dominated by merger
induced bursts). We find that the relation between bolometric lumi-
nosity and instantaneous SFR is SFR (0.15–125 M�)(M� yr−1) =
1.01 × 10−44 Lbol(erg s−1) which means that an average model SMG
with Lbol = 2 × 1012 L� has a SFR of SFR = 77 M� yr−1 compared
to a typically observationally derived value of SFR (0.1–100 M�)
= 4.5 × 10−44 L8−1000 μm(erg s−1) using the Kennicutt (1998) cali-
bration for a Salpeter IMF.
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3.4 Radio properties

Although the 1.4 GHz radio emission is used to identify the galaxy
responsible for the submm emission, the submm/radio flux den-
sity ratio has also been used as a diagnostic of both temperature
and redshift (Carilli & Yun 1999). However, since the far-infrared
colours scale with (1 + z)/Td, redshifting a fixed SED template has
the same effect as changing the temperature at a fixed redshift, and
so without the knowledge of the temperature, far-infrared colours
cannot be unambiguously used to derive redshifts. Indeed, with a
secure redshift for a submm galaxy, the effects of radio identifica-
tion become apparent: a canonical 5 mJy radio-identified SMG at
z = 2.4 with a 50 μJy radio counterpart has a characteristic dust
temperature of 32 K. An increase or decrease in the dust tempera-
ture of just 10 K has a dramatic (factor of 10×) effect on the submm
and radio flux densities and therefore target selection: as the tem-
perature increases for a fixed luminosity, the hotter SEDs mean
that the 850 μm flux density falls below the detection threshold of
5 mJy. Similarly, the coolest SMGs at z = 2.4 would have lower ra-
dio flux densities making an SMG undetectable in the radio (Blain
et al. 2004b; Blain, Barnard & Chapman 2003; Chapman et al.
2004).

In Fig. 5, we compare the predicted S850/S1.4 flux density ratio.
Both the observations and model galaxies show strong evolution
with redshift (a result of strong K-corrections and evolution). The
model SMGs have a median flux density ratio S850/S1.4 = 150+130

−85 at
z ∼ 2–3, and so a model SMG with S850 = 5 mJy has S1.4 = 30 μJy.
In the model, the S850/S1.4 for model SMGs evolves as S850/S1.4 =
−200 + 196 × (1 + z)0.53.

Whilst the model SMGs appear to reproduce the general evo-
lutionary trend shown by the observations, over the redshift range
z = 0.5–3.5 they also have a S850/S1.4 flux density ratio which is
systematically too high compared to the observations, 1.26 ± 0.24×
(where the error is a bootstrap estimate), despite matching the z <

0.1 far-infrared–radio correlation for ULIRGs. For the model
rSMGs, we derive 〈qL〉 = 2.19 ± 0.08 with σqL

= 0.20 – and
we find that the radio and submm flux selection do not influence
this value. In terms of the observations, Kovács et al. (2006) exam-
ine the far-infrared–radio correlation for 15 high-redshift SMGs at
z ∼ 2 and derive 〈qL〉 = 2.14 ± 0.07 with an intrinsic spread
σq ∼ 0.12. Compared to ultraluminous far-infrared galaxies at z =
0, which have qL = 2.34+0.11

−0.10 (see Section 2.1), we see that the model
predicts a similar level of evolution to that seen in the observations.
More importantly, the fact that qL does not change for the model
SMGs when we include the observational biases suggests that the
low value of qL found by Kovács et al. (2006) is not a result of
sample selection. Instead, it appears that the Kovács et al. (2006)
result reflects real evolution in the far-infrared–radio correlation.
Whether this results from the same starburst age-related evolution
found in the model, or from other processes, such as modest con-
tributions to the observed radio flux densities from AGN activity,
requires further observational work.

3.5 Rest-frame UV properties

With precise positions and redshifts available for the rSMGs in C05,
this sample has also been an important basis for more detailed study
of the morphologies, stellar populations and stellar/dynamical and
halo mass (e.g. Smail et al. 2004; Swinbank et al. 2004; Borys et al.
2005; C05; Greve et al. 2005; Swinbank et al. 2005; Pope et al.
2006; Swinbank et al. 2006; Tacconi et al. 2006). These studies rely
on a combination of high-resolution imaging with Hubble Space

Telescope HST, as well as multiband photometry and spectroscopy
from optical, near- and mid-infrared wavelengths. In particular, the
stellar populations have been probed using optical, near- and mid-
infrared colours to constrain the stellar SED from the rest-frame
UV to near-infrared.

The next step in our comparison is therefore to examine the
stellar populations and masses of model SMGs. We start by com-
paring the predicted B- and R-band magnitudes of SMGs to those
from C05. At the median redshift of the C05 sample, the observed
B- and R-bands sample the rest-frame UV, which is very sensitive
to the instantaneous SFR, as well as the level of dust extinction.
For model SMGs in the redshift range z = 0.9–3.5, the mean B-
and R-band magnitudes are BAB = 24.0 ± 1.3 and RAB = 23.9+2.0

−1.0.
In comparison, the SMGs from C05 have BAB = 24.8 ± 1.2, RAB

= 24.3 ± 2.0, slightly fainter and redder than the models predict
but with significant overlap [just considering the median (B − R)
colours, we note that an additional obscuration of E(B − V) = 0.2
in the model galaxies would make the model B − R colours agree
with observations]. The model SMGs have significant overlap in
their observed optical colours with BX/BM galaxies: 45 per cent
of model SMGs have colours consistent with BX galaxies, whilst
another 10 per cent have colours consistent with BM galaxies. This
mix of BX/BM is comparable to the observational constraints from
C05.

3.6 Rest-frame optical properties

If we turn to longer wavelengths, we can better test the rest-frame
optical properties of galaxies predicted by the models against the
observations. In Fig. 6, we compare the predicted K-band magni-
tudes of model SMGs with the photometry from Smail et al. (2004).
Since the stellar population models do not include emission-line
components, we have corrected the observed K-band photometry
for galaxies between z = 1.8 and 2.8 (where the strongest optical
emission line seen in SMGs, Hα, falls in K) for the Hα line emission
assuming the median Hα equivalent width of EWrest(Hα) = 75 ±
25 Å measured in SMGs (Swinbank et al. 2004). The correction to
the K-band photometry is �10 per cent. In contrast to the optical
bands, as Fig. 6 shows, the K-band magnitudes of observed SMGs
are brighter at a given 850 μm flux density than all but the brightest
model SMGs. However, this plot hides the redshift evolution of the
K-band magnitude and so a more useful comparison comes from
the evolution of K-band flux as a function of redshift. As Fig. 6
also shows, at z ∼ 2, the median observed K-band magnitude for
SMGs is Kv = 20.0 ± 0.3, which is approximately two magnitudes
brighter than the model prediction of Kv = 22.0 ± 0.9 (for both
model SMGs and rSMGs).

3.7 Rest-frame near-infrared properties

However, at z ∼ 2, the observed K-band samples the rest-frame
V band which is dominated by young stellar populations. So this
comparison is still sensitive to the precise geometry and degree
of any dust obscuration – where the models may lack sufficient
detail. A more robust test of the predicted photometry from model
galaxies comes from a comparison in the rest-frame K band where
the effects of dust extinction are much reduced. The rest-frame
near-infrared can also provide a better estimate of the mass of the
stellar population. At z ∼ 2, the rest-frame K band is redshifted
to ∼ 6μm, and as such the Spitzer Space Telescope has provided
a unique insight into the stellar masses of far-infrared luminous
galaxies.
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Figure 6. Predicted observed K-band magnitude distribution as a function of redshift and 850 μm flux density for model SMGs and rSMGs compared to the
observations (median values are plotted for the models). The error bars map the central 67 per cent of the distribution from GRASIL and are shown on alternate
points for clarity. Both plots show that the predicted photometry of model SMGs underestimates that measured from observations by ∼2 mag (∼ 6×).

Figure 7. Predictions for the 5.8 μm flux density of model SMGs as a function of 850 μm flux density and redshift. In both the panels, we show the trend of the
predicted photometry from GRASIL and the changes which occur when the star formation histories assume the stellar population synthesis from Maraston (1998)
which include a full treatment of TP-AGB stars. The comparison sample comprises SMGs with (secure) spectroscopic redshifts from Hainline (2007), Egami
et al. (2004) and Pope et al. (2006). Both plots show that the predicted 5.8 μm flux density for model SMGs is systematically lower than the observations (by
a factor of 10×), and we suggest that this deficit is due to the lower-than-expected stellar mass for model SMGs (M� ∼ 1010 M� whilst observations suggest
more massive systems, M� ∼ 1011 M�).

In particular, Borys et al. (2005) (see also Alexander et al. 2008)
estimated rest-frame 2.2 μm luminosities for a sample of spectro-
scopically confirmed SMGs in the GOODS-N region from broad-
band photometry covering UBVRIzJK + 3.6/4.5/5.8/8 μm which
spans the rest-frame UV, optical and near-infrared at the redshifts of
their sample, z = 0.6–2.9. They derive MK = −26.8 ± 0.4 from their
sample of 10 galaxies at z > 1.5. They then estimate a light-to-mass
ratio for the stellar population of LK/ M = 3.2 using the Starburst99
model (Leitherer et al. 1999) based on an assumed mean age of
200 Myr and a Miller–Scalo IMF (Miller & Scalo 1979) and so
infer a typical stellar mass of log (M�) = 2.5+3.8

−2.5 × 1011 M�. Borys
et al. (2005) estimate that the dust extinction in the rest-frame K
band is only ∼0.2 mag for their galaxies, and so do not correct for
it in their stellar mass estimates. In comparison, our model SMGs
have median stellar masses M� ∼ 2.1+3.0

−1.0 × 1010 M�, up to an order
of magnitude lower than inferred by Borys et al. (2005) (we note
that the stellar masses quoted here from both observations and the
models include the mass of living stars plus remnants).

However, since deriving the stellar mass is sensitive to the mass-
to-light ratio (which depends on the assumed IMF, as well as the

age of the stellar population and the dust extinction), a more robust
comparison is to simply compare the observed mid-infrared flux
densities. In Fig. 7, we compare the predicted 5.8 μm flux density
with observations compiled from deep Spitzer surveys (Egami et al.
2004; Pope et al. 2006; Hainline 2007). For z = 2–3, observations
suggest a median 5.8-μm flux density of 35 ± 8 μJy. In compari-
son, the model SMGs have 5.8-μm flux density of 3.6+8.0

−2.4 μJy, thus
underpredicting the 5.8-μm flux density by a factor of ∼10×. Thus,
the low rest-frame K-band fluxes in the models compared to ob-
servations seem to point to the same conclusion about the stellar
masses in the model being too low.

We note that the rest-frame stellar mass-to-light ratio for the
model SMGs (including dust extinction) is LK/ M = 4.8 ± 2.9. This
is not greatly dissimilar to the value used by Borys et al. (2005), but
given the different IMFs, stellar ages and dust extinctions assumed,
this apparent consistency may be somewhat fortuitous.

This effect of the predicted 5.8-μm fluxes being lower than ob-
served values is not only limited to the model SMGs. We also use
the model to select Lyman-Break Galaxies which have also had ex-
tensive mid-infrared follow-up. The median 5.8-μm flux density of
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72 spectroscopically confirmed LBGs between z = 1.5 and 3 from
Shapley et al. (2005) is S5.8 = 2+0.5

−1.5 μJy (including non-detections).
In contrast, the median 5.8-μm flux density for model LBGs se-
lected using the same colour cuts and redshift distribution is S5.8 =
0.4+0.3

−0.2 μJy, approximately a factor of 4× lower than observations
suggest.

Are the low K-band and 5.8-μm flux densities for model SMGs
an effect of the stellar population models rather than an effect of the
stellar masses (i.e. is there some way that the models can produce
more rest-frame K-band light for the same stellar mass)?

One potential route to reconciling the models with observations
is to introduce a full treatment of the thermally pulsating asymptotic
giant branch (TP-AGB) phase into the stellar populations. Recent
stellar population synthesis modelling by Maraston et al. (2006)
has shown that TP-AGB stars in post-starburst galaxies can con-
tribute significantly to the rest-frame K-band luminosity on �200–
1000 Myr time-scales. Indeed, the predicted stellar light-to-mass
ratio at 250 Myr for a single stellar population is LK/M ∼ 6–8
(Maraston 1998; Maraston et al. 2006). This acts to reduce the
observationally estimated stellar mass by a factor of up to 3× if
the luminosity-weighted stellar populations in the SMGs are domi-
nated by stars with ages of �200–1000 Myr. However, since submm
galaxies are likely to be sustained bursts, the dominant stellar pop-
ulation is likely much younger, and the mass-to-light ratio evolves
as a function of the burst age. We note that the median age of a burst
in a submm galaxy in the models is 55+250

−30 Myr (where age denotes
the time elapsed since the beginning of the burst). To test the likely
effect on the GRASIL luminosities, we take the existing star formation
histories and construct the composite stellar population using the
Maraston (1998) stellar population models. We use a flat IMF (x =
0) in bursts and standard IMF in the quiescent mode, as in our fidu-
cial model. The predicted K-band and 5.8-μm flux densities are not
significantly effected: the observed K-band flux density increases
by ∼40 per cent at z = 2 whilst the 5.8-μm flux density increases
by only ∼20 per cent on average (Fig. 7). This suggests a median
5.8-μm flux density for model SMGs of ∼4 μJy for the Maraston
stellar population models compared to 3 μJy for the Padova models
at z = 2–3, still a factor of 8–10× lower than that inferred observa-
tionally. Thus, although the TP-AGB phase may have a small effect
in the SED modelling, for extended bursts this phase is unlikely to
account for the low K-band and 5.8-μm luminosities predicted for
model SMGs.

Another possibility to reconcile the models would be to reduce
the burst lifetimes such that the rest-frame near-infrared light be-
comes dominated by TP-AGB stars. For short bursts (i.e. <10 Myr),
the younger luminosity-weighted age for the stellar population in
the SMGs results in a much higher light-to-mass ratio, with LK/M =
20–50 at 15–30 Myr (Maraston et al. 2006). However, these shorter
bursts are effectively ruled out since the amount of energy required
to heat the dust in the submm phase remains fixed, shorter burst du-
rations result in hotter dust temperatures and therefore the 850-μm
submm counts are not matched. This leads us to conclude that the
deficit of stellar mass is a real effect and cannot be easily explained
by either the introduction of the TP-AGB phase into the stellar pop-
ulation models or by dramatically reducing the burst lifetime. We
return to this in Section 5.

One other potential contributor to the low-predicted mid-infrared
fluxes is the effect of dust extinction in the model. Model SMGs at
z ∼ 2 typically have extinctions of 4 mag in the observed R band,
2.4 mag in the observed K band and 1.6 mag at observer frame
5.8 μm. This means that the unextincted 5.8 μm flux would be 4×
larger than the extincted value. If the 5.8 μm dust extinction could

be drastically reduced in the model SMGs, while still retaining a
large enough extinction in the rest-frame UV to cause most of the
UV luminosity to be reprocessed by dust, then this could remove
some of the discrepancy between predicted and observed 5.8-μm
fluxes for SMGs, although a significant offset, �2, would remain.
However, we note that there is support for these high extinctions
in the K band, at least for the emission-line gas. Indeed, studies of
the Balmer decrement in SMGs suggest extinctions of order Av =
2.9 ± 0.5 (Takata et al. 2006). We do not explore this possibility
further here, but defer this to a future paper.

Finally, we note that while AGN are ubiquitous in SMGs, their
typical contribution to the bolometric emission is �10 per cent
(Alexander et al. 2005; Menéndez-Delmestre et al. 2007; Alexander
et al. 2008) suggesting that any contamination to the rest-frame
2.2 μm flux from AGN activity is minimal and unlikely to affect the
observed stellar masses. Indeed, as Borys et al. (2005) point out, the
shape of the spectral energy distribution is well described by a stellar
model and remove from their analysis the small number of galaxies
for which AGN potentially dominate the rest-frame near-infrared.

4 MASSES A ND EVOLUTI ON O F SMGs

4.1 Kinematics and dynamical masses

Deriving dynamical masses for high-redshift galaxies relies on mea-
suring rotation curves and/or line widths and sizes for the line emit-
ting regions. The most reliable line width estimates for submm
galaxies come from resolved dynamics traced through millimetric
CO emission (Greve et al. 2005; Tacconi et al. 2006, 2008) and neb-
ular emission (such as Hα; Swinbank et al. 2004, 2006). Converting
these line widths into dynamical masses is particularly problematic
at high redshift since the sizes of the galaxies are poorly constrained,
even with HST resolution. We therefore begin by comparing the line
widths of the model and observed SMGs. Based on the observations
of approximately 30 SMGs, σ Hα = 170 ± 30 and σ CO = 200 ±
45 km s−1 have been derived (Swinbank et al. 2004; Greve et al.
2005; Tacconi et al. 2006, 2008). For the model galaxies, the veloc-
ity dispersions and sizes are calculated assuming (i) conservation
of angular momentum during the collapse of the dark matter halo
and baryons and (ii) the size of a stellar spheroid remnant produced
by mergers or disc instabilities is determined by virial equilibrium
and energy conservation (see Cole et al. 2000 for a detailed dis-
cussion). Discs are assumed to have an exponential surface density
profile with half-mass radius rdisc, whilst the spheroid follows an
r1/4 law in projection with half-mass radius (in 3D) rbulge. The mass
distribution in the halo and the length-scale of the disc and bulge
are assumed to adjust adiabatically in response to each other: for
the disc, the total angular momentum is conserved whilst for the
spheroid rVc(r) is conserved at rbulge. For each galaxy, this results
in a size and velocity dispersion for the spheroid and a size and
rotational velocity for the disc have been tested against observa-
tions by Cole et al. (2000) for local discs and Almeida, Baugh &
Lacey (2007) for local spheroids.

For both model SMGs and rSMGs, we find σ 1D = 160 ±
30 km s−1 which is in good agreement with the observational con-
straints. In order to constrain dynamical masses, we also need to
include the sizes. However, observationally these are poorly con-
strained, and usually are taken to be 4–8 kpc (which is approxi-
mately the size seen in HST observations and in resolved spec-
troscopic imaging). Using simple dynamical models, observations
suggest dynamical masses of the order of ∼2–5 × 1011 M� within
4–8 kpc (Swinbank et al. 2006).
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Figure 8. Velocity offset versus spatial offset for the multiple components
within submm galaxies from IFU, longslit or CO observations (Tecza et al.
2004; Greve et al. 2005; Swinbank et al. 2004, 2006; Tacconi et al. 2006,
2008). We plot the average radius and velocity of the disc for SMGs and
rSMGs from GALFORM showing that the predicted dynamical masses of SMGs
are in reasonable agreement with those inferred observationally. We also
show the median halo circular velocity and radius for model SMGs (210 ±
30 km s−1 and 110 ± 20 kpc, respectively) at the edge of the plot.

Since GALFORM predicts the size and rotational velocity (or veloc-
ity dispersion) of the bulge and disc, it is also possible to crudely
compare the predicted dynamical masses. In Fig. 8, we show the
variation of projected 1D velocity with spatial scale for submm
galaxies which show multiple components in their spatially resolved
spectra, either from millimetric CO spectroscopy, Integral Field
Spectroscopy or longslit observations (Tecza et al. 2004; Swinbank
et al. 2004; Greve et al. 2005; Swinbank et al. 2006; Tacconi et al.
2006, 2008) and overlay the predicted trend of rotational veloc-
ity versus size for model SMGs. Although it is clearly difficult to
compare the velocity offsets between merging components and the
rotational velocity of discs, since the predictions for model SMGs
lie within the scatter of the observations, this suggests that the model
and observational dynamical masses are in reasonable agreement
(moreover, in an ideal system the expected difference between the
velocity offset between merging components and the rotational ve-
locity of a disc is a factor of ∼2×). However, this comparison would
benefit from improvements in both the observations and theoretical
predictions (e.g. laser guide star adaptive optics integral field spec-
troscopy would trace the line emitting regions on subkpc regions)
coupled with a theoretical study of the distribution of detectable
emission-line gas within dusty, merging systems at high redshift
(e.g. from a direct numerical simulation; Okamoto et al. 2005).

4.2 Gas masses

At its most basic level, the star formation in SMGs is fuelled from
the reservoirs of cold H2 gas in these systems. Observations of emis-
sion from CO rotational transitions are the primary means of tracing
(dipole-less) molecular hydrogen, H2. The conversion between CO
line luminosity and total cold gas mass is usually expressed via
Mgas/L′

CO = α M� (K km s−1 pc2)−1. The standard Milky Way ra-
tio is M(H2 + He)/L′

CO = 4.6 M� (K km s−1 pc2)−1. However, in
the extreme environment near the centre of an ultraluminous galaxy,
where the CO emission originates from an intercloud medium that
is essentially volume filling, rather than from clouds bound by self-

gravity, the CO luminosity traces the molecular mass as a whole.
Extensive high-resolution CO mapping of local (z < 0.1) ULIRGs
has been used to trace their gas reservoir sizes and dynamics to
derive an approximate ratio of MH2+He/L

′
CO ∼ 0.8 (Downes &

Solomon 1998; Solomon & Vanden Bout 2005). Adopting this
value to convert the CO emission-line luminosities of high-redshift
submm galaxies suggests gas masses 3.0 ± 1.6 × 1010 M� within
the central 2 kpc (Greve et al. 2005; Tacconi et al. 2006, 2008).
Note that if α > 1 and assuming random orientations then the H2

gas mass would exceed the dynamical mass on average.
In the model SMGs, the median gas mass Mgas = 3.4+2.7

−1.7 ×
1010 M�. A direct comparison of the gas masses of observed SMGs
with those in the models is difficult due to the uncertainty in the
conversion between CO(3–2) and CO(1–0) line luminosity as well
as the conversion between L′

CO and Mgas (Hainline et al. 2006).
Nevertheless, we can at least test what the value of α would be
given the predicted gas masses and observed line luminosities. The
median line luminosity of >5 mJy SMGs from Greve et al. (2005)
and Tacconi et al. (2006) (including non-detections) is L′

CO = 3 ±
1 × 1010 K km s−1 pc−2. Assuming the gas mass of model SMGs
and rSMGs of Mgas = 3.4+2.7

−1.7 × 1010 M� and using α = Mgas/L′
CO,

we would require α = 1.1+1.0
−0.6 ( K km s−1 pc−2)−1 to reproduce the

observed L′
CO, which is in good agreement with the value used

to observationally infer gas masses from CO line luminosities in
similarly active systems.

4.3 Halo masses

The clustering of submm galaxies encodes important information
on the underlying dark matter distribution (as well as the distribu-
tion of SMGs within and between the haloes). A measurement of
clustering therefore provides key constraints on models of galaxy
formation. Although clustering measurements for SMGs are ten-
tative, Blain et al. (2004b) showed the potential of using precise
spectroscopic redshifts to detect clustering in modest-sized sam-
ples, deriving a crude constraint on their clustering length of r0 =
9.8 ± 3.0 Mpc (Fig. 9). Using the Millennium Simulation, Almeida
et al. (in preparation) predict that the correlation function of model
SMGs from the same model used here is close to a power law of the
form ξ = (r/ro)γ over more than three decades in separation, with
γ = −1.94 ± 0.05 and a correlation length ro = 8.8 ± 0.3 Mpc, in
excellent agreement with observations.

In Fig. 9, we show the clustering lengths of haloes of mass
log(Mh/M�) = 11, 12, 13 measured from the Millennium Sim-
ulation for the evolution of the dark matter in the �CDM model
(Springel et al. 2005). For a clustering length of 9.8 ± 3.0 Mpc,
the corresponding halo mass is predicted to be Mh = 3.1+5.7

−1.9 ×
1012 M� (Gao, Springel & White 2005). This compares to the pre-
dicted halo mass for the model SMGs of Mhalo = 3.6+5.5

−1.5 × 1012 M�.
These results confirm the high masses of the SMG host haloes in
the model. Moreover, the close similarity between the halo masses
predicted from their clustering and the actual halo masses of the
model SMGs implies that any ‘merger bias’ has only a weak effect
on their clustering (Percival et al. 2003).

4.4 Comparison to other galaxy populations

The GALFORM model allows us to compare the SMGs and rSMGs
with other high-redshift populations. In this section, we briefly dis-
cuss the properties of radio-unidentified SMGs, as well as optically
faint radio galaxies (OFRGs) which have been proposed to have a
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Figure 9. Comoving correlation length for SMGs from Blain et al. (2004b)
compared to model SMGs, as well as in contrast to other populations of
low- and high-redshift galaxies (Bahcall & Soneira 1983; McCarthy et al.
2001; Croom et al. 2001; Adelberger & Steidel 2000; Willmer, da Costa &
Pellegrini 1998; Overzier et al. 2003). The dashed lines show the expected
correlation length of dark matter haloes as a function of mass and redshift,
as measured from the Millennium Simulation (Gao et al. 2005). A clustering
length of r0 = 9.8 ± 3.0 Mpc corresponds to a halo mass of Mh = 3.1+5.7

−1.9 ×
1012 M�. This mass is close to that directly predicted for the model SMGs,
suggesting that any merger bias is low in our model.

similar redshift distribution and bolometric luminosities as radio-
detected submm galaxies but with comparatively higher dust tem-
peratures (Blain et al. 2004a; Chapman et al. 2004) as opposed to
cooler temperatures (or higher redshifts) for the radio-undetected
SMGs.

To investigate the properties of the model radio-undetected SMGs
and their relation to the model SMGs, we select model galaxies with
S850 > 5 mJy and S1.4 < 30 μJy. These have a median redshift of
〈z〉 = 2.4, σz = 0.5, peaking at somewhat higher redshift than
the model SMGs (〈z〉 = 2.0). The bolometric luminosities of the
model radio-undetected SMGs are comparable to the model SMGs
(Lbol = 1.6+0.8

−1.0 × 1012 L�) with characteristic dust temperatures
slightly colder than model SMGs (Td = 28 ± 8 K). This supports
the suggestion of C05 that the radio-undetected SMGs are likely to
represent the cold wing of the distribution of dust temperatures, but
with a similar bolometric luminosity to the radio-detected SMGs.
As noted before, this results in a modest bias against the highest
redshift SMGs radio-identified samples.

The halo, stellar and gas masses of this population are Mhalo =
2.5+7.5

−0.8 × 1012, M� = 1.5+1.7
−0.9 × 1010 and Mgas = 3.4+1.0

−1.5 × 1010 M�,
respectively. Thus, the properties of the model radio-undetected
SMGs significantly overlap those of model SMGs, with the main
difference arising in their dust temperatures, where the model radio-
undetected SMGs have marginally colder dust temperatures and
similar bolometric luminosities, resulting in a slightly higher red-
shift distribution compared to model rSMGs.

Similarly, we investigate the properties of the model OFRGs: we
define OFRGs as having S850 < 3 mJy, S1.4 > 30 μJy and IAB > 22.5
to be consistent with Chapman et al. (2004). We find that the model
OFRGs have a much lower mean redshift than the model SMGs,
with 〈z〉 = 1.2, σz = 0.6. Since these galaxies are selected via
their radio flux density, their 850 μm/1.4 GHz flux density is lower
than the model SMGs with S850/S1.4 = 17+5

−6 at z = 1 compared to
model SMGs with S850/S1.4 = 50+50

−30 at the same redshift. The halo,

stellar and gas masses of OFRGs are 8+16
−5 × 1011, 4+5

−3 × 109 and
1.5+0.4

−0.5 × 1010 M�, respectively, and bolometric luminosities of the
order of 6.5 ± 1.5 × 1011 L�, approximately 3–5× lower than the
SMGs.

To relate the properties of model SMGs, radio-undetected SMGs
and OFRGs in Fig 10, we show the predicted 850 μm/1.4 GHz flux
density ratio as a function of 1.4 GHz (rest-frame) radio luminosity,
split into four redshift bins (z ≤ 1.5, z = 2, z = 2.5 and z ≥ 3). For
comparison, we overlay the SMGs from C05. We also show along
the top axis the approximate bolometric dust luminosity correspond-
ing to the radio luminosity, computed using the far-infrared–radio
correlation defined by the model SMGs (which has the form log
(Lbol/L�) = −14.40 ± 0.15 + 1.12 ± 0.02L1.4).

As expected, at z < 1.5–2, the model radio-undetected SMGs are
cooler with lower bolometric luminosities (lower dust temperatures
and lower bolometric luminosities combine to give the same appar-
ent submm flux density as model SMGs). In contrast, at z > 2.5
the radio flux density limit cuts into the typical dust temperatures
of model SMGs, and so typical model SMGs (which would have
been identified at lower redshift) are no longer selected, leaving
just the tail of model SMGs with the highest dust temperatures.
The observations also show three very low redshift, cold sources
(4 per cent of the C05 sample) which are missed in the models.
These might arise due to misidentifications (e.g. two radio sources
within the beam or an unrelated radio source and a radio undetected
SMG within the beam). It is also possible that the model is missing
a component of extended cool ULIRG emission (so called cirrus
galaxies; e.g. Efstathiou & Rowan-Robinson 2003). We also note
that there are a few high-redshift sources with low S850/S1.4 flux
density ratios and high bolometric luminosities, indicating possible
contamination from AGN in some of the higher redshift sources (or
an additional radio component which is not included in the models).

Fig. 10 also shows that the model OFRGs are predicted to have
higher dust temperatures than model SMGs, and a range of bolo-
metric luminosities from Lbol ∼ 1011–12.5 L�.

Finally, we also use the model to test what fraction of high-
redshift ULIRGs is identified as SMGs. Selecting galaxies with
bolometric luminosities comparable to SMGs (>2 × 1012 L�), we
find that the model SMGs comprise ∼50 and ∼40 per cent of the
ULIRG population at z = 1.5–2.0 and 2.5–3.5, respectively.

4.5 Comparison between the z ∼ 4 and 2 SMG populations

The negative K-correction experienced at 850 μm potentially allows
very high redshift (up to z ∼ 8) galaxies to be detected in the submm
(Blain & Longair 1996). The properties of the first submm galaxies
(z � 4) and those at z ∼ 2 may be very different as the Universe
doubles its age over this period. For this reason, we have compared
and contrasted the predicted properties of the most distant submm
galaxies, at z � 4, with the more typical systems at z ∼ 2.

In Fig. 11, we split the population into two redshift bins (z = 1–3
and z ≥ 3.5) and compare the halo, stellar and gas mass functions.
The model SMGs at z ≥ 3.5 have typical halo, stellar and gas masses
2.5 × 1012, 1.0 × 1010 and 5 × 1010 M�, respectively. Thus, the
z = 1–3 counterparts have halo and stellar masses which are a factor
of 1.25 and 2× larger, respectively, with the gas reservoirs a factor
of ∼2× smaller. The bolometric luminosities of the z = 1–3 and z ≥
3.5 model SMGs are Lbol = 1.8+1.5

−1.0 × 1012 and 2.8+2.2
−1.3 × 1012 L�,

respectively. Thus, the lower redshift model SMGs appear to have
slightly lower (∼1.5×) bolometric luminosities, although there is
significant overlap. This luminosity evolution supports that claimed
trend first noted by Ivison et al. (2002) using deep radio and submm
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Figure 10. Radio (1.4 GHz) luminosity versus far-infrared/radio flux density ratio as a function of redshift for model SMGs, radio undetected SMGs (ruSMGs)
and OFRGs compared to SMGs from C05. For clarity, we split the data into four redshift bins. We also show the approximate corresponding bolometric
luminosity, computed using the far-infrared–radio correlation defined by the model SMGs. We also show the approximate characteristic temperature. The plot
shows that at a fixed luminosity, the model radio undetected SMGs have systematically lower temperatures than the model SMGs at each redshift. We also
note that (by selection) the model OFRGs have systematically higher temperatures at a fixed luminosity compared to the SMGs at all redshifts.

Figure 11. Cumulative mass functions for the halo, dynamical, stellar and
gas masses for model SMGs split between at z ∼ 2 compared to those at z
∼ 4. The figure shows that the z ∼ 2 model SMGs are more ubiquitous by a
factor of ∼6× compared to those at z ∼ 4, but their halo, dynamical, stellar
and gas masses are only a factor of ∼20–40 per cent larger suggesting that
the SMG phase occurs in similar types of galaxy at both the epochs.

imaging. We also note that at z = 4 the radio-detected fraction of
SMGs is ∼30 per cent, which is much lower than at z = 2 where
the radio-detected fraction of SMGs is ∼95 per cent.

Overall, these facts suggest that the z > 3.5 model SMGs are
physically quite similar to model SMGs at z = 1–3. Since there is
significant overlap in their properties, the rapid evolution in the red-
shift distribution and space densities of model SMGs between z ∼ 2
and 4 seems at first sight puzzling: the negative K-correction means
that far-infrared luminous galaxies do not get fainter at 850 μm as
their redshift increases. The explanation of their rapid evolution lies

in the hierarchical buildup of structure in the dark matter. The halo
masses of model SMGs are similar at both epochs (> 1012 M�), yet
the co-moving space density of >1012 M� haloes at z ∼ 4 is five
times less than at z ∼ 2. This evolution in the halo number density
accounts for most of the change in the number density of model
SMGs over this redshift range, although other factors also enter,
such as the fraction of haloes undergoing major mergers (Lacey &
Cole 1993), and the fraction of baryons contained in the form of
cool gas.

5 D ISCUSSION

Our fiducial model has previously been shown to fit the properties
of local IRAS galaxies, as well as the number counts of faint submm
galaxies. Here, we have compared the SEDs, dynamical and halo
masses of submm galaxies against observational data, showing good
agreement with the values measured or inferred from observations.
However, the largest discrepancy between the observations and the
predictions from the model arises in the observed K-band and mid-
infrared photometry. Although we find that in the model SMGs
the recent starburst dominates the K band and mid-infrared flux
densities, contributing ∼70 per cent at 5.8 μm and ∼80 per cent
in the K band, we find that the K-band fluxes of model SMGs are
underpredicted by a factor of ∼ 6× compared to the observations,
whilst the 5.8 μm fluxes (which corresponds to rest-frame K band
at z ∼ 2) are underpredicted by a factor of ∼ 10×. This discrepancy
is not limited to the model SMGs, but also applies to other model
populations. For example, selecting Lyman-Break Galaxies (using
ugr colours to select ubiquitous star-forming galaxies at z ∼ 3), we
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find that the model LBGs at z = 2–3.5 have 5.8 μm flux densities
a factor of ∼4× lower than inferred from observations. We show
that including a full treatment of the TP-AGB phase in the stellar
population modelling (Maraston 1998) cannot make up for this
deficit for any plausible star formation history, since this increases
the 5.8 μm flux densities by only ∼20 per cent on average. We also
note that within the halo hosting the model SMG, 80–90 per cent
of the stellar mass is associated with the model SMG itself, thus
including more of the stellar mass from satellites would have little
effect on the integrated light.

The low K-band and mid-infrared flux densities are a concern for
this model, since this is a key indication of the stellar mass and dust
reddening. The obvious interpretation is that the stellar masses of
the model SMGs (Mstar ∼ 2 × 1010 M�) are too low. However, in
the model SMGs the total stellar mass formed in the current burst
is �10 per cent of the total stellar mass at the epoch of observation
(typically 1–4 × 109 M� built in a period of 55+250

−30 Myr which is
the median age of the burst in a model SMG). Furthermore, the
total stellar mass formed in all of the previous bursts contributes
less than 10 per cent of the total stellar mass of the model SMG
at the epoch of observation. This means that the burst mode is re-
sponsible for forming less than �20 per cent of the total stellar
mass in model SMGs. Since the current burst dominates the lumi-
nosity, the rest-frame K-band light-to-mass ratio for the existing-
and burst-stellar populations in the model SMGs is very different,
with LK/M = 1.5+5.0

−0.6 and LK/M = 14.5 ± 9.5 for the existing- and
burst-stellar population, respectively. Since the current burst is pre-
dicted to dominate the rest-frame K-band luminosity, even though it
contains only ∼10 per cent of the stellar mass one solutions would
be to boost the mass in the current burst by a factor of ∼10. How-
ever, if everything else in the model was left unchanged, this would
result in an increase in bolometric luminosity by the same factor.
However, since the bolometric dust luminosities of SMGs already
agree with observations in the current model, this will violate the
850 μm counts.

Our current model assumes a very flat IMF in bursts, with slope
x = 0, so one could consider changing this slope. Would steepening
the IMF slope to something closer to the Salpeter value x = 1.35
(so producing relatively more lower mass stars), while at the same
time increasing the total burst mass, allow the model to increase the
K-band luminosity while keeping the bolometric dust luminosity
equal to observed values? To test this, we examine the ratio of the
K-band-to-bolometric luminosities for both a top-heavy and
Salpeter IMF in bursts, but find that this only weakly depends on the
IMF slope from x = 0 to 1.5, presumably because both luminosities
are dominated by massive stars at these young ages. Thus, changing
the IMF slope does not seem enough to boost the K-band luminosity
by a factor of 10× for a fixed bolometric luminosity.

One other potential avenue to increase the predicted near-infrared
fluxes in the model SMGs is to alter the dust extinction. As expected,
the model SMGs have high dust extinctions, even in the rest-frame
K band, where the extinction is typically about 1.6 mag. Therefore,
if extinction law could be altered in the model to greatly lower the
extinction in the rest-frame K band, while keeping the extinction
high in the rest-frame UV, then the rest-frame K-band luminosities
could be boosted by a factor of ∼4× while keeping the dust bolo-
metric luminosities the same. This would go some way towards
resolving the problem with the predicted 5.8 μm flux densities be-
ing too low. However, we note that there is support for these high
extinctions in the K band, at least for the emission-line gas. Indeed,
studies of the Balmer decrement in SMGs suggest Av = 2.9 ± 0.5,
thus removing all of the dust extinction in the observed K band may

violate observations constraints. We do not explore this possibility
further here, but defer this to a future paper.

Alternatively, is it possible to increase the stellar mass by con-
densing more gas into stars both prior to and during the submm
phase thus boosting the observed K-band and 5.8-μm luminosi-
ties? In order to prevent the overcooling of baryons into stars (and
therefore match the present-day K-band luminosity function), the
feedback prescription in the B05 model is particularly efficient, with
an instantaneous feedback rate, β = Ṁej/SFR = 1.1–2.0 (between
z = 1 and 3), where Ṁej is the gas ejection rate. When recycling
from dying stars is included this factor is even more extreme, es-
pecially for a top-heavy IMF. In this case, the recycled fraction is
R = 0.9, thus only 10 per cent of the newly formed stellar mass
ends up in long-lived stars and remnants (thus, the ratio of mass
ejection rate to formation rate of long-lived stars is 10–20× during
an SMG burst). This efficient feedback results in 55–65 per cent of
the baryonic mass in the hot phase for a model SMG at the epoch of
observation, with a hot-gas mass of Mhot ∼ 8 × 1010 M� and a total
baryonic mass of Mbary ∼ 1.5 × 1011 M�. Thus, if the feedback
could be reduced, and a substantial fraction of the mass contained
within both the cold and hot gas reservoirs could be condensed into
stars either prior or during the burst, the result would be an increase
in stellar mass of a factor of ∼6×. This has the obvious drawback
that there would be no gas available for future star formation (unless
the halo accretes gas from a merger).

The most promising route to explaining both the near- and far-
infrared luminosities in submm galaxies may lie in combining pre-
scriptions in the B05 model with those in Bower et al. (2006) which
uses AGN feedback to quench gas cooling in high-mass haloes and
thus prevent the formation of too many very high mass galaxies
by the present day, rather than relying on very strong supernova
feedback, as in the B05 model. In the Bower et al. (2006) model,
high-mass galaxies form earlier than in the B05 model, so the stellar
mass function at high redshift has more high-mass galaxies (though
both have very similar stellar mass functions at z = 0), and this gives
better agreement with the observed evolution of the rest-frame K-
band luminosity function than for B05. However, the Bower et al.
(2006) model in its standard form with a single solar neighborhood
IMF underpredicts the submm counts by a factor of ∼20×. We
have investigated modifying the Bower et al. (2006) by introducing
a top-heavy IMF in bursts, as in the B05 model. We find that we
can obtain a comparably good fit to the 850 μm counts as the B05
model, but the same model then predicts a present-day K-band lu-
minosity function which is too bright by about 1 mag at the bright
end. However, we have not explored the full parameter space of
models combining AGN feedback with a top-heavy IMF, and so it
may be that a model can be found which explains both the number
counts and rest-frame K-band luminosities of the SMGs, while also
being consistent with the observed K-band luminosity function at
different redshifts. We will investigate this in more detail in a future
paper.

6 C O N C L U S I O N S

In this paper, we have used the GALFORM semi-analytic model for
galaxy formation together with the GRASIL spectrophotometric code
to investigate in detail the properties of submm galaxies in the
model of B05. We mimic the observational selection in our model
catalogue and identify galaxies both via their 850 μm and 1.4 GHz
(radio) emission. We find that the rSMGs are predicted to make
up approximately 75 per cent of the whole population. This is in
good agreement with the fraction found in observational surveys
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(e.g. Ivison et al. 2005, 2007). The main difference between the
radio-identified and radio-unidentified submm galaxies is the char-
acteristic dust temperature, where the radio-undetected SMGs are
∼10 per cent cooler. This results in model SMGs having a median
redshift of z = 2.0 whilst model rSMGs (which include a radio flux
density threshold S1.4 > 30 μJy) have a median redshift of z = 1.7.

We show that the far-infrared colours of model rSMGs are consis-
tent with observational data. Fitting the 350 and 850 μm photometry,
we show that the model far-infrared SEDs are well described by sin-
gle component modified (β = 1.5) blackbodies with temperature of
32 ± 5 K (although GRASIL does not assume a single dust temperature
either within or between galaxies). Integrating the model SED and
the blackbody fit, the inferred and true bolometric luminosities for
the model SEDs also agree, with the single modified blackbody fit
recovering an average of 0.94 ± 0.25 of the bolometric luminosity.
However, the median 850 μm/1.4 GHz flux density ratio for SMGs
predicted by the model is systematically lower than that observed
by a factor of ∼1.26 ± 0.24×, even after the model has been nor-
malized to match the far-infrared–radio correlation for ULIRGs at
z = 0. This could be due to evolution in the far-infrared–radio cor-
relation, or due to modest contributions to the observed radio flux
density from AGN.

We show that the predicted velocity dispersions are in good
agreements with observations, with σ 1D ∼ 160 km s−1 for the
model SMGs, compared to observational constraints of σ = 170–
200 km s−1 inferred from the kinematics of the redshifted Hα and
CO emission. We also show that the predicted gas masses are agree
well with those derived from observations using α = 0.8. Turning
to the halo masses, we find that the model SMGs reside in haloes
with masses of Mhalo ∼ 1012.4 M�, and a correlation length of ro =
8.8 ± 0.3 Mpc, in excellent agreement with the tentative observa-
tional estimate of ro = 9.8 ± 3.0 Mpc from Blain et al. (2004b). We
find no evidence for a significant merger bias in the clustering of
SMGs in the model.

However, we find that the predicted K-band and mid-infrared
(5.8 μm) flux densities of the model SMGs are up to a factor of 10×
fainter than observed. We discuss the possible reasons for this. The
stellar masses of the model SMGs, M� ∼ 1010 M�, are a factor of
10× smaller compared to observational estimates based on the same
mid-infrared data (M� � 1011 M�), but the observational estimates
are very sensitive to the assumed IMF, burst age and dust extinction.
The simplest explanation for this discrepancy in the near- and mid-
infrared fluxes is that it is due to the stellar masses being too low in
the model. However, other factors may be contributing, for example
in the model SMGs, the dust extinction is quite large even at 5.8 μm,
resulting in a 4× reduction in the observed flux. If the rest-frame
visible and near-infrared dust extinctions in the model SMGs were
removed, this would improve (but not eliminate) this discrepancy
(an offset of a factor of 2× would remain). However, we note that
there is support for these high extinctions in the K band, at least for
the emission-line gas. We also discuss possible routes for increasing
the near-infrared luminosities and stellar masses, both within the
context of the current (B05) model, which assumes a top-heavy
IMF in bursts, and using the prescriptions described in Bower et al.
(2006), which uses AGN feedback to prevent too many baryons
cooling in massive haloes but assumes a normal IMF throughout.
The Bower et al. (2006) model predicts more high-mass galaxies at
high redshift, and a K-band luminosity function in better agreement
with observations at high redshift, but underpredicts the submm
counts by a factor of 20. We will discuss the properties of submm
galaxies in models which combine features from the B05 and Bower
et al. (2006) models in a future paper.

We also investigate the evolution of the submm galaxy population
in the B05 model by comparing the halo and stellar masses for
model SMGs at z = 1–3 to those at z > 3.5. The z > 3.5 SMG
population are predicted to make up approximately 2 per cent of
the total SMG population (with the z > 4 rSMGs contributing
approximately 0.5 per cent of the total population). Nevertheless,
we find only a mild increase in the halo and stellar masses between
z ∼ 4 and 2, and therefore attribute the strong evolution seen in the
redshift distribution primarily to the evolution in the space density
of massive haloes hosting SMGs.

As well as the need for the models to provide a better match
to observations, a number of upcoming surveys and facilities will
provide valuable observational constraints which can be used to fur-
ther test them. In particular, deep SCUBA2 surveys will probe both
450 and 850 μm, providing much tighter constraints on the SEDs
of galaxies with bolometric luminosities a factor of 10× lower
than currently achievable. When combined with the results from
Herschel (which will probe 60–670 μm), the temperatures, bolo-
metric luminosities and dust masses of SMGs will be constrained
with much higher accuracy than currently possible from the sparse
and low signal-to-noise 350 and 850 μm photometry alone. Inter-
estingly, the model predicts that there is a significant tail of faint
450-μm-selected galaxies at high redshift (Lacey et al., in prepara-
tion). Selecting galaxies with S450 > 2.5 mJy (the expected 5σ flux
density limit for SCUBA2), the model suggests that there should be
≥8000, 850 and 150 galaxies selected at 450 μm per deg2 at z > 2,
4 and 5, respectively (∼50, 5 and 1 per cent of the total population,
respectively), suggesting that the fainter confusion limit at 450 μm
may provide the most efficient route to get an unbiased census for
the far-infrared-selected galaxies at the highest redshifts, providing
insights into the physical processes of star formation occurring at
the peak epoch of galaxy formation, z ∼ 2.
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Overzier R. A., Röttgering H. J. A., Rengelink R. B., Wilman R. J., 2003,

A&A, 405, 53
Percival W. J., Scott D., Peacock J. A., Dunlop J. S., 2003, MNRAS, 338,

L31
Pope A. et al., 2006, MNRAS, 370, 1185
Salpeter E. E., 1955, ApJ, 121, 161
Sanders D. B., Mazzarella J. M., Kim D.-C., Surace J. A., Soifer B. T., 2003,

AJ, 126, 1607
Scott S. E. et al., 2002, MNRAS, 331, 817
Shapley A. E., Steidel C. C., Erb D. K., Reddy N. A., Adelberger K. L.,

Pettini M., Barmby P., Huang J., 2005, ApJ, 626, 698
Silva L., Granato G. L., Bressan A., Danese L., 1998, ApJ, 509, 103
Smail I., Ivison R. J., Blain A. W., 1997, ApJ, 490, L5
Smail I., Ivison R. J., Owen F. N., Blain A. W., Kneib J.-P., 2000, ApJ, 528,

612
Smail I., Ivison R. J., Blain A. W., Kneib J.-P., 2002, MNRAS, 331, 495
Smail I., Chapman S. C., Blain A. W., Ivison R. J., 2004, ApJ, 616, 71
Solomon P. M., Vanden Bout P. A., 2005, ARA&A, 43, 677
Springel V. et al., 2005, Nat, 435, 629
Swinbank A. M., Smail I., Chapman S. C., Blain A. W., Ivison R. J., Keel

W. C., 2004, ApJ, 617, 64
Swinbank A. M. et al., 2005, MNRAS, 359, 401
Swinbank A. M., Chapman S. C., Smail I., Lindner C., Borys C., Blain

A. W., Ivison R. J., Lewis G. F., 2006, MNRAS, 371, 465
Tacconi L. J. et al., 2006, ApJ, 640, 228
Tacconi L. J. et al., 2008, ApJ, 680, 246
Takata T., Sekiguchi K., Smail I., Chapman S. C., Geach J. E., Swinbank

A. M., Blain A., Ivison R. J., 2006, ApJ, 651, 713
Tecza M. et al., 2004, ApJ, 605, L109
Vlahakis C., Eales S., Dunne L., 2007, MNRAS, 379, 1042
Webb T. M. A., Lilly S. J., Clements D. L., Eales S., Yun M., Brodwin M.,

Dunne L., Gear W. K., 2003, ApJ, 597, 680
Willmer C. N. A., da Costa L. N., Pellegrini P. S., 1998, AJ, 115, 869
Younger J. D. et al., 2007, ApJ, 671, 1531
Yun M. S., Reddy N. A., Condon J. J., 2001, ApJ, 554, 803

This paper has been typeset from a TEX/LATEX file prepared by the author.

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 391, 420–434


