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ABSTRACT

Establishing the stellar masses, and hence specific star-formation rates of submillimetre galaxies is crucial for determining the role
of such objects in the cosmic history of galaxy/star formation. However, there is as yet no consensus over the typical stellar masses
of submillimetre galaxies, as illustrated by the widely differing results reported from recent optical-infrared studies of submillimetre
galaxies with spectroscopic redshifts z ~ 2-3. Specifically, even for the same set of submillimetre galaxies, the reported average
stellar masses have ranged over an order of magnitude, from ~5 x 10'° M, to ~5 x 10'! M,,. Here we study how different methods
of analysis can lead to such widely varying results. We find that, contrary to recent claims in the literature, potential contamination
of IRAC 3-8 um photometry from hot dust associated with an active nucleus is not the origin of the published discrepancies in
derived stellar masses. Instead, we expose in detail how inferred stellar mass depends on assumptions made in the photometric fitting,
and quantify the individual and cumulative effects of different choices of initial mass function, different “brands” of evolutionary
synthesis models, and different forms of assumed star-formation history. We review current observational evidence for and against
these alternatives as well as clues from the hydrodynamical simulations, and conclude that, for the most justifiable choices of these
model inputs, the average stellar mass of luminous (Sgso > 5 mJy) submillimetre galaxies is ~2 x 10'! M, to within a factor ~2. We
also check and confirm that this number is perfectly reasonable in the light of the latest measurements of the dynamical masses of these
objects (22—6x 10'! M, from CO (1-0) observations), and the evolving stellar mass function of the overall galaxy population. Galaxy
stellar masses of this order imply that the average specific star-formation rate of submillimetre galaxies is comparable to that of other
star-forming galaxies at z > 2, at 2-3 Gyr~!. This supports the view that, while rare outliers may be found at any stellar mass, most
submillimetre galaxies simply form the top end of the “main-sequence” of star-forming galaxies at these redshifts. Conversely, this
argues strongly against the viewpoint, frequently simply asserted in the literature, that submillimetre galaxies are extreme pathological
objects, of little relevance in the cosmic history of star-formation.
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1. Introduction

The properties of galaxies selected at submillimetre wavelengths
(SMGs) have yet to be fully understood. In particular, there is
still no real consensus over their stellar masses. A robust mea-
surement of the stellar masses of SMGs is key to addressing a
number of important issues, including the evolution of the re-
lationship between galaxy and black-hole masses (Borys et al.
2005; Hainline et al. 2011, H11 thereafter), and the contribu-
tion of SMGs to the overall history of stellar mass assembly
(Michatowski et al. 2010a, M10 hereafter). Perhaps most im-
portantly, a proper understanding of the stellar masses of SMGs
is required to distinguish whether their massive dust-enshrouded
star-formation rates are fuelled primarily by mergers, or by cold
gas infall (Swinbank et al. 2008; Davé et al. 2010; Gonzalez et al.
2011; Narayanan et al. 2010b; Ricciardelli et al. 2010; Hayward
et al. 2011a,b, 2012). Unless the uncertainty in stellar masses
can be reduced, it is in essence impossible to tell whether SMGs
have specific star-formation rates (sSFR = SFR/M,) comparable
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to those of other star-forming galaxy populations at z > 2, or
whether they are extreme outliers from the “main-sequence” of
star-forming galaxies (Daddi et al. 2007; Noeske et al. 2007;
Gonzilez et al. 2010).

Most previous studies of the stellar masses of SMGs have
concluded in favour of values in the range ~10''-10'2 M,
(Borys et al. 2005; Dye et al. 2008). However, two recent studies
of ~70 SMGs with spectroscopic redshifts ~2—3 from Chapman
et al. (2005) have reached apparently very different conclu-
sions, highlighting the impact of alternative methods of anal-
ysis. Specifically, Michatowski et al. (2010a,b) found stellar
masses consistent with previous studies, with a median value
M, = 3.5 x 10" My (see also Hatsukade et al. 2010; Ikarashi
et al. 2011; Santini et al. 2010; Tamura et al. 2010), whereas
Hainline et al. (2011) have reported values, based on the same
SMGs, which are systematically lower by a factor of ~6 (me-
dian M, = 5-7 x 10'° M_; see also Wardlow et al. 2011).

The primary objective of this paper is to explore the origins
of this discrepancy, and to attempt to resolve it. More gener-
ally, however, we have taken this opportunity to expose in detail
how the derived stellar masses (and hence sSFRs) of SMGs de-
pend on different assumed forms of star-formation history, and
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different “brands” of evolutionary synthesis models. The use of a
sample of SMGs with spectroscopic redshifts is especially useful
for this purpose, since it is well known that, if only photometric
redshifts are available, the errors in derived stellar masses can be
dominated by the effect of uncertainties in zphor.

The structure of this paper is as follows. In Sect. 2 we delin-
eate the various factors and choices of analysis methods which
influence the stellar mass determinations and quantify their im-
pact on the final derived values. We also review recent evidence
that informs the preferred choice of, for example, initial mass
function (IMF) and evolutionary synthesis model, and conclude
that for most reasonable choices of such model inputs the de-
rived stellar masses in fact only differ by a factor ~2. In Sect. 3
we investigate the consistency of our re-derived stellar masses
with the latest measurements of the dynamical masses of these
objects, the evolving stellar mass function of the overall galaxy
population, and the predictions of theoretical simulations. We
discuss the implications of our results on the sSSFR of SMGs in
Sect. 4, and close with a summary of our conclusions in Sect. 5.
We use a cosmological model with Hy = 70kms~! Mpc~!,
Qp =0.7and Q,, = 0.3.

2. Determining the stellar masses of SMGs
2.1. Initial mass function

The choice of a particular IMF introduces a systematic un-
certainty of a factor of ~2 in the determination of the stellar
masses (M,) and star-formation rates (SFRs; Erb et al. 2006).
Specifically, the differences between the IMFs assumed by M 10
(Salpeter 1955) and H11 (Chabrier 2003) accounts for a factor of
1.8 in the difference between the quoted stellar mass estimates.

Both top-heavy and standard IMFs have been claimed to
reproduce the number counts of SMGs (Baugh et al. 2005;
Fontanot et al. 2007; Hayward et al. 2011b). This confusing sit-
uation is further exacerbated by the fact that different studies of
local ellipticals (arguably the likely present-day descendants of
SMGs) have yielded a wide range of preferred IMFs including
bottom-light (van Dokkum 2008), Kroupa (2001) (Gerhard et al.
2001; Cappellari et al. 2006), Salpeter (Grillo et al. 2009), and
even bottom-heavy (van Dokkum & Conroy 2010, 2011; see also
Thomson & Chary 2011).

Hence, since there is as yet no clear evidence that the IMF
of SMGs is systematically different from that of other galax-
ies, in this paper we assume the Chabrier (2003) IMF (unless
stated otherwise) to which all appropriate derived quantities are
converted if necessary (values derived using the Salpeter 1955
IMF are divided by 1.8). This IMF has been derived for the
Milky Way and represents an intermediate choice between the
top-heavy and the bottom-heavy IMFs. We also note that this
“Chabrier IMF” is essentially identical to the “Canonical IMF”
recently summarised by Weidner et al. (2011). While we argue
that this IMF is the natural choice on the basis of current evi-
dence, it must still be accepted that we must live with a funda-
mental uncertainty of ~X2 in stellar masses until the uncertainty
in the IMF in SMGs is resolved. However, we also note that the
derived sSFR is unaffected by this IMF uncertainty, making it a
particularly useful quantity for comparing the properties of dif-
ferent types of star-forming galaxies.

2.2. Evolutionary models and star-formation histories

It is well known that the choice of the evolutionary synthe-
sis model used to fit the optical-infrared photometry can affect
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Fig. 1. Spectral energy distribution (flux density vs. observed wave-
length) of SMMJ123606.85+621021.4 at the spectroscopic redshift
z = 2.509 fitted using the double-component star formation history
method of Cirasuolo et al. (2010, C10). Black circles denote the data,
red and blue curves are the SEDs of the old and young components,
respectively, and the green curve is the sum of these two components.
The older component dominates the near-IR light and the derived stel-
lar mass, whereas the young component delivers almost all rest-frame
ultraviolet flux density.

the derived stellar masses of any type of galaxy. The GRASIL
spectral energy distribution (SED) templates (Silva et al. 1998;
Iglesias-Paramo et al. 2007) used by M10 make use of the
Padova stellar tracks (Alongi et al. 1993; Bressan et al. 1993;
Bertelli et al. 1994; Fagotto et al. 1994a,b,c; Girardi et al. 1996,
2000). The input metallicity for GRASIL was calculated based
on the chemical evolution model in which individual stellar pop-
ulations are allowed to have metallicity between 0.2-5 Z;. The
mean (median) metallicity derived for SMGs is 0.8 Z; (0.6 Z,).

HI11 used Bruzual & Charlot (2003) models (which are also
based on the Padova library) and in addition explored the use of
the Maraston (2005) models. H11 assumed solar metallicity in
order to derive a typical mass-to-light ratio.

The stellar masses derived by H11 using Bruzual & Charlot
(2003) models are on average ~50% higher than those calcu-
lated using the Maraston (2005) models. This average difference
is at least in part a consequence of the higher contribution of
thermally pulsing asymptotic giant branch (TP-AGB) stars in
the Maraston (2005) models, which reduces the derived mass-
to-light ratio at rest-frame near-infrared wavelengths at stellar
population ages ~1 Gyr (a point discussed further below).

An apparently separate (but, it transpires, in fact connected)
cause of differing stellar mass estimates is the chosen parame-
terisation of the star-formation histories (SFHs) of the galaxies
in question. As noted by H11, due to their high redshift, and of-
ten rather red spectral-energy distributions, it is very difficult to
recover robust SFHs for SMGs from photometric data (cf. Dye
etal. 2008, 2010). This leads inevitably to difficulty in constrain-
ing galaxy ages and mass-to-light ratios.

In an attempt to account for this uncertainty, H11 explored
the use of two alternative single-component SFHs, adopting ei-
ther an instantaneous starburst or a continuous star-formation
history. H11 then averaged the two resulting estimates to pro-
duce the adopted stellar mass for each galaxy. In contrast, M10
assumed a two-component SFH consisting of a smooth Schmidt-
type law (SFR o M,,) with a recent starburst superimposed
commencing 50 Myr before the observed galaxy SED was emit-
ted, and with a mass in the range 0-9% of the infalling gas mass.

The assumption of a multi-component SFH generally nat-
urally leads to higher mass-to-light ratios and, in turn, higher
stellar masses than the use of a single-component model. This
is because, while the starburst component can account for the
ultraviolet (UV) emission (and the infrared emission from the
UV-heated dust), the second (older) component is then free to
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Fig. 2. Comparison of the stellar masses of SMGs as derived by M10, H11 and in the present work using the stellar population synthesis models of
Bruzual & Charlot (2003, fop) and Maraston (2005, bottom). The different symbols indicate the stellar masses derived by M10 (red circles), H11
(blue stars), and our new estimates based on the SED modelling method of Cirasuolo et al. (2010, C10) for three alternative forms of star formation
history: double component model (red squares), exponentially declining tau model (light blue triangles) and single burst (green pluses). All the
derived masses have been converted to the Chabrier (2003) IMF. Small symbols denote z < 0.5 SMGs. The M10 stellar masses are consistent with
our new estimates for the double-component models, whereas the H11 stellar masses are consistent with single component models, and are on
average a factor of ~2.5 smaller than the double-component estimates (see Table 1).

contribute more stars with higher mass-to-light ratios (see Fig. 1
and also Schael et al., in prep.). By contrast, the use of a single
instantaneous starburst model limits the age of the entire stellar
population to the young age of the starburst required to match
the UV emission (and thus the true stellar masses are inevitably
under-estimated), while in the continuous star-formation model
the current SFR is set by the UV emission and the total age is
then limited in order not to overshoot the optical and the near-
IR part of the spectrum (assuming the galaxy has always formed
stars at the same high rate).

In order to further clarify the impact of the choice of stel-
lar population synthesis models and star-formation histories on
the derived stellar masses we have revisited the SED fitting of
the Chapman et al. (2005) SMG sample. Specifically, we have
used the method presented in Cirasuolo et al. (2007, 2010),
based on the Hyperz package utilising both Bruzual & Charlot
(2003) and Maraston (2005) models and assuming three different
forms of SFH: an instantaneous burst of star-formation, an ex-
ponentially declining star-formation rate (so-called tau models),
and a double-component model composed of two instantaneous

bursts with different ages and (independent) dust attenuations
(an example is shown in Fig. 1 and all estimates are listed in
Table A.1). In the double-component model the age of the young
component was varied between 50 Myr and 1.5 Gyr, and the
old component was allowed to contribute 0—100% of the near-
IR emission while its age was varied over the range 1-6 Gyr.
Solar metallicity was assumed. These models were run using the
Chabrier IMF.

The results of this modelling are illustrated in Fig. 2 and
summarised in Table 1, where the mean and median values of M.
and sSFR (as well as ages and contributions of the older popu-
lation) for the SMGs are tabulated for the full range of different
stellar population synthesis models and star-formation histories
explored in M 10, H11 and the present work (it is not possible to
distinguish the models based on the goodness of fit). What is im-
mediately evident from this table is that the results are strongly
dependent on the assumed parameterisation of the star-formation
history (see also Bussmann et al. 2012), as is the impact of as-
suming different population synthesis models. In particular, it
is noteworthy that the Maraston (2005) models only result in

A85, page 3 of 13


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201016308&pdf_id=2

A&A 541, A85 (2012)

Table 1. Comparison of stellar masses and specific star formation rates of SMGs calculated using various methods, stellar population models and

star formation histories.

Fit® SSp? SFH¢ Mean M, Median M, Mean SSFR Median SSFR Ageyd Ageo® Fraco/
(log Mo) (log M) (Gyr™) (Gyr™h) (Gyr)  (Gyr)

M10 Padova  cont+burst  11.32 +0.05 1 1'3“8:82 2.86 +0.43 1.74j8:}£ 0.050 1.856 0.84

H11 BC03  1burst/const 10.87 £ 0.06 10.88j8:(]); 9.71 £ 1.99 4.603&33 0.820

H11 MO5 Iburst/const ~ 10.71 + 0.06 10.74f8:g§ 12.96 £2.17 6.853;83 0.860 e

C10 BCO03 double 11.44 +0.08 11.47f8:}(‘) 10.87 + 8.68 1.351’8%} 0.191 1.332 0.87

C10 BCO03 tau 11.16 £ 0.10 11.18f8:(1)§ 17.36 £ 11.98 2.5611):‘7)? 1.178

C10 BCO03 1burst 11.06 £ 0.10 11.02f8182 14.88 + 8.69 3.07f(1):}§ 0.246

C10 MO5 double 11.73 £ 0.06 11.72f8:(£ 1.25+0.19 0.67f8:ﬁ 0.075 1.777 0.66

C10 MO5 tau 10.46 + 0.13 10.78f81(1); 167.34 +47.42 5.16f8:;§ 0.767

C10 MO5 Iburst 11.24 £ 0.07 11.22+0-12 8.43 £4.57 1.90+042 0.198

-0.04

-0.43

Notes. The Chabrier (2003) IMF is assumed. Errors are standard deviations for the means and bootstrap 68% ranges for medians.  SED fitting
method presented in M10 (Michatowski et al. 2010a), H11 (Hainline et al. 2011), or C10 (Cirasuolo et al. 2010). ®’ Single stellar population
models being either Padova tracks, BCO3 (Bruzual & Charlot 2003) or M05 (Maraston 2005). © Assumed star formation history being either a
continous SFH with a burst (cont+burst), an average of the single burst and constant (1 burst/const), double burst (double), single burst (1 burst),
or exponentially declining (tau). Y Mean age of the younger stellar component. > Mean age of the older stellar component. ) Mean fractional

contribution to the total stellar mass of the older component.

significantly lower stellar masses (and hence substantially higher
sSFRs) than the Bruzual & Charlot (2003) models when a single-
component exponentially-declining tau-model SFH is assumed.
We investigated the origin of this effect, and found that, when
allowed only single-component tau models, the mean preferred
age of the Maraston (2005) model fits is ~0.8 Gyr (see Table 1),
which corresponds closely to the time at which the enhanced
TP-AGB star contribution in the Maraston (2005) models has
maximum impact. This result provides further evidence that the
combination of tau SFHs and the Maraston (2005) models is not
appropriate for SMGs.

Reassuringly, however, there is no significant difference be-
tween the masses derived with these two alternative models for
a single burst SFH. This is because, in order to reproduce the
star-forming nature of SMGs, the single burst fitting typically
results in much younger ages of ~0.2 Gyr, corresponding to the
time when the TP-AGB contribution is small and does not have
a significant influence on the derived stellar masses.

As expected (see above discussion of the M10 modelling
approach), the stellar masses obtained using the double com-
ponent SFH are systematically larger. Especially, the Maraston
(2005) models with the double SFH yield stellar masses higher
by ~1 dex than these derived assuming the tau SFHs with these
models.

In summary, the derived stellar masses depend primarily on
the assumed parameterisation of the SFH, and the different evo-
lutionary synthesis models only yield significantly different re-
sults if the single-component exponentially-declining SFH is
adopted (due primarily to the extreme behaviour of the Maraston
2005, models with this adopted parameterization of SFH). Since,
as we argue below, a model of a rapidly starforming galaxy in
which the SFR is assumed to have been even higher at all previ-
ous epochs is obviously physically unrealistic for SMGs, the pre-
ferred choice of evolutionary synthesis model is actually of less
importance in deriving the stellar masses of SMGs than might
have been supposed. Nevertheless, in the next section, we do, for
completeness, review the arguments for and against the choice of
the Maraston (2005) or Bruzual & Charlot (2003) models.

Of more significance is the fact that, as can be seen
from Table 1, our new two-component models using the
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Bruzual & Charlot (2003) models yield a value very similar to
that derived by M10 using a different form of two-component
model, and a different evolutionary synthesis model (albeit based
on the same stellar tracks as the Bruzual & Charlot 2003 mod-
els). Thus, consistent average stellar masses are produced by
models which allow recent and past SFR to be decoupled, re-
gardless of whether the earlier star-formation is parametrised as
a single burst or a more extended period of star formation. This
consistency is both reassuring and helpful given that, as we ar-
gue further below, a SFH history allowing potentially decoupled
recent and past star-formation activity is rather obviously appro-
priate for objects selected on the basis of recent very violent star
formation within an already metal enriched environment.

2.3. Choice of evolutionary synthesis model

Recent years have seen some vigorous debate over whether the
stronger TP-AGB contribution introduced into evolutionary syn-
thesis models by Maraston (2005) is justified by the data.

Some workers have argued for the superiority of the
Maraston (2005) models based on derived galaxy stellar masses
(van der Wel et al. 2006a,b), on derived photometric redshifts
(Maraston et al. 2006), on average broad-band SEDs (Maraston
et al. 2006; Cimatti et al. 2008), on optical and near-infrared
colours (MacArthur et al. 2010), and by comparison with semi-
analytical models (Henriques et al. 2011). Moreover, Zibetti
et al. (2009) have claimed that stellar mass determinations based
on i- and H-band luminosities are more consistent with each
other when long-lived TP-AGB stars are introduced.

However Eminian et al. (2008) showed that Maraston (2005)
models predict excessively red optical colours, and recently
Kriek et al. (2010) have found that the average spectral energy
distribution of post-starburst galaxies at 0.7 < z < 2.0 does not
appear to display the excess near-infrared flux predicted from the
TP-AGB contribution in the Maraston (2005) models. Indeed,
they demonstrate that the Bruzual & Charlot (2003) model pro-
vides a much better description of the the data, even at the age
when the TP-AGB contribution should be near maximum. In ad-
dition, Conroy & Gunn (2010, their Figs. 2 and 16) have found
that the Maraston (2005) models predict excessively red colours
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for post-starburst galaxies and for star clusters in the Magellanic
Clouds. Finally, Zibetti et al. (2012) did not find any strong
carbon feature of TP-AGB stars in the near-IR spectra of post-
starburst galaxies.

The work presented here cannot be used to definitively re-
solve this issue, but we note that the extreme outlying nature
of the tau-model Maraston (2005) results shown in Table 1 ar-
guably provides some further evidence against the plausibility
and appropriateness of the strong TP-AGB contribution adopted
in these models for tau SFHs. Moreover, we note that the
Maraston (2005) models with the double SFH yield the highest
median stellar masses for SMGs.

We also note that, confining the comparison to the use of the
Chabrier (2003) IMF and the Bruzual & Charlot (2003) models,
the median stellar mass of SMGs derived by M10 (M, = 2 X
10" M) is in fact only a factor of ~2.5 higher than that reported
by HI1 (M, = 7.6 x 10'° M,).

2.4. Choice of star-formation history

The key issue for stellar mass determination, therefore, appears
to be the choice of how to parameterize the SFH of SMGs.
Reassuringly, however, the results do not appear to be very
sensitive to precisely how this is parameterized, provided the
SFH allows past and “present” star-formation activity to be, at
least in principle, disconnected. This can be seen from the fact
that the different two-component models based on the Padova
tracks listed in Table 1 yield average stellar masses in the range
M, =2-3x 10" M.

It only therefore remains to consider if these two-component
models should be preferred to single-component burst or tau
models. In fact, at least for SMGs, this is a relatively straightfor-
ward argument, since both the single-burst and tau models both
enforce the condition that the star-formation rates in SMGs were
always higher at epochs earlier than that at which the object has
been selected due to its extreme star-formation rate. Indeed this
problem has already been discussed by several authors including
Maraston et al. (2010). They concluded that, for high-redshift
galaxies, the assumption of an exponentially decreasing SFH (as
well as constant SFH to some extent) leads to unrealistically low
ages and under-estimated stellar masses, because the SED fit is
completely dominated by young stars. In fact Maraston et al.
(2010) found an exponentially increasing SFH could provide
a much better description of data. Such SFHs are conceptually
similar to those used in M 10, with the SFR being highest close
to the epoch at which the observed galaxy SED was emitted,
and indeed there is growing evidence in favour of rising SFHs
in the wider population of galaxies studied at high redshift (e.g.
Finlator et al. 2011; Papovich et al. 2011).

The lack of either two-component models or rising SFHs in
the analysis of HI1 (or indeed Wardlow et al. 2011) can there-
fore explain all of the remaining discrepancy in the average stel-
lar masses reported by M10 and H11 since, as can be seen from
Table 1, the use of a double component SFH results in stellar
masses of SMGs being ~3 times larger than that deduced using
the single burst model and ~2 times larger than that derived us-
ing the tau models. This is also illustrated in Fig. 2, where the
masses derived assuming single-component SFHs (light blue tri-
angles and green plusses) are systematically lower than those
derived assuming the more realistic double-component SFHs
(red squares). This conclusion is consistent with the findings
of Schael et al. (in prep.)! who found that the stellar masses of

' See also Schael (2009).

the SHADES SMGs (Coppin et al. 2006) derived using a two-
component SFH are on average a factor of ~2-3 higher than
when derived using a single-component SFH.

2.5. Other model-fitting issues
2.5.1. Wavelength range

The wavelength range used in the SED model fitting could po-
tentially affect the resulting derived stellar masses. For com-
pleteness we therefore tested whether the difference in the SMG
stellar mass estimates derived by M10 and H11 is not, at least
in part, due to the fact that M 10 fitted the entire multi-frequency
dataset up to radio wavelengths, whereas H11 confined attention
to observed A < 8.0 um. To test this we simply repeated the anal-
ysis performed by M 10, but this time restricting the model fitting
to photometry at optical, near-infrared and IRAC wavelengths.
We obtained almost identical results with a median stellar mass
of ~1.7x 10" M, instead of ~1.9x 10'' M, and hence conclude
that the longer-wavelength data have no significant influence on
the derived stellar masses. This is reassuring and is easily ex-
plained since the emission at far-infrared wavelengths depends
only on the properties of the dust and of the younger stellar pop-
ulation that is heating the dust, and should be essentially unaf-
fected by the older stars which dominate the total stellar masses
of SMGs (M10).

2.5.2. AGN contamination

SMGs are believed to suffer only a minor (~10-30%) contami-
nation of their bolometric luminosities by active galactic nuclei
(AGNSs; Alexander et al. 2005, 2008; Menéndez-Delmestre et al.
2007, 2009; Valiante et al. 2007; Pope et al. 2008; Hainline et al.
2009; Murphy et al. 2009; Watabe et al. 2009, M10). Here we
consider whether the presence of AGNs in SMGs can signifi-
cantly influence the derivation of their typical stellar masses.

H11 reported that, for ~50% of SMGs, non-stellar (AGN)
power-law features contribute <10% in the rest-frame H-band,
whereas, for ~10% of SMGs, the contribution is >50%.
However, even for those objects which do appear to have a
significant AGN contribution at observed IRAC wavelengths,
it is not obvious that the stellar masses based on our full
multi-wavelength fitting will be significantly distorted, espe-
cially given the typically large (~20%) photometric errors gener-
ally assigned to IRAC data in the SED fitting process. In fact we
find that the stellar masses reported by H11 are consistent with
our estimates for single component models (Fig. 2 and Table 1),
without making any corrections for possible AGN contributions.
We therefore do not find any evidence to support the idea that
the lower stellar masses reported by H11 are due to the subtrac-
tion of an AGN component. Rather, as described above, it seems
clear that the lower stellar masses deduced by H11 arise, primar-
ily, from the adoption of a single-component SFH.

We also note that the presence of any power-law features in
the IRAC data should not have strongly affected the mass esti-
mates of M 10, simply because the SED fits were not forced to re-
produce the power-law features and, in fact, the best-fitting stel-
lar models tend to under-estimate the longer wavelength IRAC
data when the power-law component appears to be present (see
Fig. Al of M10). Moreover, we do not find any correlation
between the power-law fraction given by H11 and the stellar
masses or M./Lg derived by M10, which would be expected
if the power-law features were biasing the M 10 stellar mass es-
timates high.
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Table 2. Stellar, gas and dynamical masses of SMGs (in units of 10" M).

SMG M. ooy M.ci0)” M. 11y¢ Mgy M:iﬁlhco d ng(:l(lfo) ¢
SMMJ123549 44+621536.8 26667  0.6670¢  2.0970%  207+1.73  096+0449  2.30 +0.40
SMMJ123618.33+621550.5 278277 42723 076709 03540119 2184018 436+ 0.36
SMMJ123634.51+621241.0 254233 0717070 0877013 0254008 1124025 224051
SMMJ123707.21+621408.1  4.95%4% 1127012 1827032 1694141/ 2784105 220+ 0.60/
SMMJ131201.17+424208.1  127°121 6767 10203 1344050 9.50+238  19.01 £4.76
SMMJ163650.43+405734.5 20620 380778 145908 2564214/ 3504179  4.10+0.80/
SMMJ163658.19+410523.8 327320 81370 129903 20954246/ 140+088¢ 580 +0.40/
SMMJ163706.51+405313.8  4.52744 102371008 1.62702¢ 024+ 0.07" 3.40" 6.80
SMMIJ221735.15+001537.2 1.30+130 1.91+1%0 0.51%9% .30 +0.07" 2.80" 5.60°

—-0.65 -0.95

-0.06

Notes.  Michatowski et al. (2010a) with Chabrier (2003) IMF. ’ From this work using the method of C10 for Bruzual & Charlot (2003) models
and double SFH. © Hainline et al. (2011) for Bruzual & Charlot (2003) models. ” Dynamical mass from high exitation CO line. © Dynamical

mass from CO(1-0) line. ©” Ivison et al. (2011). @ Engel et al. (2010). ® Greve et al. (2005). ” Obtained by multiplying the M"'="“°

dyn by a factor

of 2, the average correction from high excitation lines to CO(1-0) derived for four SMGs with CO(1-0) data. Mass errors for M10 and C10 are

simply a factor of 2.

2.5.3. Lensing

If SMGs are lensed then the stellar masses derived by M 10 and
HI11 should be corrected down. At least some of the brightest
SMGs are thought to be lensed (Ivison et al. 1998; Downes &
Solomon 2003; Dunlop et al. 2004; Kneib et al. 2004; Motohara
et al. 2005; Wilson et al. 2008; Berciano Alba et al. 2010;
Knudsen et al. 2010; Negrello et al. 2010; Swinbank et al. 2010bj;
Vieira et al. 2010; Tamura et al. 2010; Hezaveh & Holder 2011;
Ikarashi et al. 2011). However, Lima et al. (2010, Fig. 2) found
that the number counts of SMGs with Sgso < 20 mJy do not re-
quire any lensing correction. Moreover, the modelling of Paciga
et al. (2009, Fig. 6) showed that only <10% of SMGs with
Sgs0 < 15 mly at z < 3 are magnified by a factor of >2. Hence,
the lensing correction for SMGs in the 850 um flux-density range
considered here is likely to be small on average.

3. Consistency tests for stellar masses
3.1. Dynamical masses

The estimates of the dynamical and H, gas masses from CO lines
detected for SMGs provide a consistency check on the stellar
mass estimates. Specifically, assuming that the extent of the CO-
emitting gas is the same as the extent of the stellar component,
the sum of the gas and stellar masses has to be less than the dy-
namical mass. Using this approach Engel et al. (2010) derived a
mean ratio (M, + Mg,s)/Mgyn = 2.1 for seven SMGs using the
stellar masses of M 10 (corrected to the Chabrier 2003 IMF) and
concluded that the stellar masses derived by M 10 are inconsis-
tent with their gas and dynamical masses. As explained below,
we do not find that this is the case.

There is, of course, some uncertainty and controversy over
the calculation of dynamical and molecular gas masses from
CO line observations (e.g. Genzel et al. 2003; Ivison et al. 2011).
Perhaps of most relevance for the present discussion is the fact
that Engel et al. (2010) used high excitation lines (CO J = 7-6,
6-5,4-3 and 3-2), which trace denser and hotter gas, very likely
confined to the more central regions of a galaxy. Therefore, the
derived dynamical masses could easily refer to regions smaller
than the extent of the stellar component, making it difficult to
compare them directly with the stellar masses. Indeed, based
on low excitation CO(1-0) lines Ivison et al. (2011) found
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dynamical masses higher by a factor ~2.4—4.1 for two out of
three SMGs, for which Engel et al. (2010) claimed a signifi-
cant discrepancy between stellar and dynamical mass (HDF 76
and N2 850.2; the third one was not observed by Ivison et al.).
Moreover, recently Riechers et al. (2011) found CO(1-0) sizes
~60-90% larger than that reported by Engel et al. (2010) for two
additional SMGs.

Interestingly, the mean CO half-light radius obtained by
Engel et al. (2010) of 2.4kpc is indeed 15-40% smaller than
the typical half-light radius of the near-infrared emission dom-
inated by the stellar component (2.8—-3.4 kpc; Swinbank et al.
2010a; Mosleh et al. 2011; Targett et al. 2011). Moreover, one
out of three SMGs for which Engel et al. (2010) claimed incon-
sistency with the M 10 stellar mass (N2 850.2) was observed by
Swinbank et al. (2010a) who measured the stellar extent to be
~3 times larger than the extent of the CO(7-6) found by Engel
et al. (2010). This reinforces the likelihood that the dynamical
masses of the problematic SMGs have been under-estimated, as
the stellar component is more extended than the high-excitation
gas.

This argument is supported by hydrodynamical simula-
tions of SMGs (Narayanan et al. 2009, 2010b; Hayward et al.
2011a,b), where only ~30% of the stellar mass is distributed over
the inner radius of 2.5 kpc, roughly the size over which Engel
et al. (2010) calculated dynamical masses. This correction to the
dynamical masses would be enough to remove the inconsistency
with the stellar masses of M 10, even though some simulations
predict that the usual conversions result in the dynamical masses
overpredicted by a factor of ~1.5-1.9 (Narayanan et al. 2009,
Fig. 10 and Eq. (6)).

In an attempt to overcome these systematics, and facilitate
a fairer comparison of dynamical and stellar masses, we fo-
cus here on the newly available CO (1-0) dynamical masses
which, as described above, appear to better trace the full extent
of the SMGs, yielding somewhat larger sizes and masses. Stellar,
gas and dynamical masses are available for 9 of the galaxies in
our sample, including two CO detections made by Greve et al.
(2005). These data? are presented in Table 2.

In the final column of this table we give the CO (1-0) dy-
namical mass as our best estimate of the dynamical mass of

2 Note that Engel et al. (2010) used the stellar masses reported initially
in Hainline (2008) whereas we quote the corrected values from H11.
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Fig. 3. Stellar mass (M,) versus dynamical mass (Myy,) estimated from
CO(1-0) (upper panel), and stellar+H, gas mass (M. + Mg,) versus
My, (Iower panel) for the 9 SMGs for which the necessary results have
been compiled in Table 2. The data points derived from the stellar mass
estimates of H11 are indicated by blue stars, those based on the stel-
lar mass estimates of M10 are indicated by red circles, while the new
double-component C10 values are indicated by red squares. In princi-
ple, only the area below the dotted line represents a consistent set of
galaxy properties with Mg, + M. < Mgy, but because of the typical
scatter (indicated by the error bars in the lower panel) and unknown in-
clinations, ~2-3 out of the 9 individual SMGs are in fact expected to
exceed this apparent threshold (see Sect. 3.1 for details). We see that,
contrary to the conclusion of Engel et al. (2010), there is no evidence
that the stellar masses derived by M10 using the Chabrier IMF are in
conflict with the dynamical mass estimates, even allowing for estimates
of the additional gas mass. Indeed, the average values of these ratios
favour the M10 stellar mass estimates as the most consistent with the
available data (see Sect. 3.1).

each galaxy. Where available (4 SMGs) this number has been
taken directly from the CO (1-0) observations performed by
Ivison et al. (2011), while for the remaining objects this num-
ber has been inferred from the higher-order CO-line dynamical
masses by multiplying them by the average correction factor for
the aforementioned 4 SMGs for which the dynamical masses

of Ivison et al. (2011) and Engel et al. (2010) can be directly
compared.

In Fig. 3 we then plot, for these 9 SMGs, M., and also Mg, +
M., as a function of Mgy, with the dynamical masses taken from
the final column in Table 2, and the stellar mass estimates from
H11,M10 and the present work (double-component C10 model)
indicated by the different symbols.

From Fig. 3 it can be seen that, within the errors, there is
no evidence that even the higher stellar mass determinations for
any object exceed the estimated dynamical mass. At first sight it
might seem that there could be more of a problem (for all mass
determinations) for M. + My, but this is not really the case,
both because of uncertainty in M, and because of the potential
effects of varying inclination angle on Mgy,. Specifically, while
the unknown inclination (i) of gas discs should not influence the
average (Mgas + M)/ Mgy, 1atio, if the real inclination of an indi-
vidual galaxy is lower than the assumed average, then its derived
My, is inevitably too low, which can make it appear to be incon-
sistent with the (orientation-independent) derived stellar mass.
To quantify this effect we considered 100000 galaxies with real
(Mgas + M.)/Mgyn = 1 (or 0.5) with inclinations distributed uni-

formly in three dimensions, i.e. with a mean (sin®i) = 2/3. We
found that the adoption of this mean value for all galaxies re-
sults in ~18% (9%) of them appearing to exceed the allowed
(Mgas + M.)/May, = 1 by a factor of > 2 and ~12% (7%) by a
factor of >3. Hence, in a sample of ~10 galaxies with random
unknown inclinations, we would expect 1-2 of them to signifi-
cantly exceed the allowed ratio, simply because of the unknown
inclination of any molecular disc in an individual object.

In summary, one should expect, given the effects of random
inclination and uncertainty in the measurement of M., M, and
Mayn, that a few galaxies should lie above the one-to-one rela-
tion indicated by the dotted line in Fig. 3, and it is the mean (or
median) value of the mass ratios which need to be considered
when reviewing the viability of the stellar masses. Working from
the numbers given in Table 2, for the ratio M. /Mgy, the mean
(median) values are 0.36 (0.24) for the H11 stellar masses, 0.80
(0.64) for M10, and 0.94 (0.78) for the new double-component
C10 values. Thus, adoption of the lower H11 stellar masses
would imply that only ~1/3 of the dynamical mass of a typical
SMG can be accounted for by M.. In contrast, the M10 and C10
results would imply that M, for a typical SMG is ~3/4 X Mgyy.
If the values of M, in Table 2 are taken at face value then this
latter scenario would appear to be more consistent with the data,
as for the ratio (M. + Mg,s)/Mgyn the mean (median) values are
0.71 (0.50) for the H11 stellar masses, 1.15 (1.07) for M10, and
1.09 (1.19) for the new double-component C10 values. This then
provides further evidence that the stellar mass estimates of H11
are a little too low, the new C10 double-component values are
perhaps a little high, and the M10 results appear to provide the
best description of the data.

We conclude that the latest estimates of the dynamical
masses of SMGs are in very good accord with the stellar masses
of SMGs estimated by M 10 with the Chabrier (2003) IMF.

3.2. Number density of massive galaxies

Another consistency check on the plausibility of the stellar-mass
estimates is to assess how the number density of SMGs com-
pares with the number density of galaxies in general in the
same implied stellar-mass range, at both lower and comparable
redshifts.
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Drory et al. (2004) reported the cumulative number density
of galaxies n(M, > 1.1 x 10" My) = 3.16-0.64 x 10~ Mpc~?
at redshifts z = 0.5—1.1 (their Fig. 6 and Table 3, after conver-
sion of their mass limit to the Chabrier 2003 IMF). Restricting
the analysis to the SMGs at z > 1.4, and using the comoving
volumes given by M 10 we obtain ngyg(M, > 1.1 X 10" M) =
7.0x107°Mpc~3 for the M, values of M10 and 3.8 x 107° Mpc 3
for the M., values of H11. Hence, even for the M 10 stellar mass
estimates the number density of SMGs is ~30 times lower than
that of massive galaxies at lower redshifts and therefore the num-
ber of massive SMGs is clearly not inconsistent with the number
density of massive galaxies at lower redshifts, even allowing for
arelatively modest and plausible duty cycle (see below). In addi-
tion, from the mass comparisons discussed in the previous sub-
section, further conversion of the observed molecular gas reser-
voir into stars, even if extremely efficient, can at most increase
the measured M 10 stellar masses by ~30-50% (or, equivalently,
the H11 masses by ~100%), and so this basic conclusion is not
seriously affected by potential further star formation.

The redshift range 1.4 < z < 3.6 corresponds to a time
interval of 2.7 Gyr. Given the typical gas reservoirs of Mg, =~
1 x 10" M, listed in Table 2 it can be seen that the typical gas
exhaustion timescale is ~200 Myr (assuming a typical SFR of
~500 M yr~!). If one further assumes that a typical SMG is
observed mid-way through its final violent star-forming peak,
then a reasonable estimate of the submillimetre luminous life-
time of an SMG is 400 Myr (see also Bouché et al. 2005).
This implies a duty-cycle number density correction factor of
~6-7 for the redshift interval in question. If one further factors
an incompleteness correction of a factor of ~3.5 as derived by
M10, then the implied true number density of potential SMGs
in this era is close to, but still less than the best estimate of
M, > 1.1 x 10" M., galaxies at z =~ 1.1. Hence, the conclusion
that the stellar masses of SMGs are typically M, ~ 2 x 10'' My
appears to be perfectly consistent with the number density of
massive galaxies at 7 =~ 1.

A similar conclusion can be reached comparing to the num-
ber density reported by Pozzetti et al. (2007, Fig. 11) and
Kajisawa et al. (2009, Fig. 16): n(M, > 6 x 10'° M) ~ 1073-
2 x 10™* Mpc™3 at z = 0-2, whereas the corresponding val-
ues for SMGs are nsmg(M. > 6 x 1019 M) = 8.7 x 107 and
5.6 % 107 Mpc=3.

Finally, we integrated the mass function at z = 3-3.5 given
by Caputi et al. (2011) for M, > 10'! M, galaxies, obtaining
7% 1076 Mpc~3. This rather narrow redshift interval corresponds
to an elapsed time of only 350 Myr, and so, following the above
arguments, the duty cycle correction should be ~unity. It is there-
fore perhaps unsurprising that this number density is rather sim-
ilar to the number density of SMGs.

3.3. Numerical simulations of SMGs

Figure 4 shows submillimetre flux density versus stellar mass
for a set of idealized hydrodynamic simulations of merging and
isolated disk galaxies, where 3-D radiative transfer has been per-
formed to calculate the submillimetre flux. The simulations are
similar to those described in Narayanan et al. (2009, 2010a,b);
see Hayward et al. (2011a,b) for a description of the differences.
Note that the plot simply shows tracks for different simulations.
No weighting by abundance has been applied, so only the range
spanned by the simulations, not typical values, can be read from
the plot.
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Fig. 4. Submillimetre flux densities as a function of the stellar masses
of SMGs. Solid lines represent the evolutionary tracks from the merger
hydrodynamic simulations (Narayanan et al. 2009, 2010a,b; Hayward
et al. 2011a,b) enclosed in the yellow shaded area, the big square rep-
resents the median stellar mass of 2 x 10'° M, for SMGs with Sgso >
5 mly in the semi-analytical models (Baugh et al. 2005; Swinbank et al.
2008; Gonzilez et al. 2011; Almeida et al. 2011), whereas the big cir-
cle corresponds to the median value derived by Davé et al. (2010) from
the cosmological hydrodynamic simulations. Other symbols represent
the observational data for SMGs with stellar masses from M10 (red
circles), H11 (blue stars) and our new estimates based on C10 and
double-component SFH (red squares). Small symbols indicate SMGs
at z < 0.5. According to the hydrodynamic simulations, many of the
stellar masses derived by H11 are too low to result in measurable sub-
millimetre flux, while the stellar masses derived by M 10 are consistent
with the hydrodynamic simulation predictions (within the observational
errors). Neither the H11, M10 or C10 stellar masses appear to agree, on
average, with the median stellar mass predicted by the semi-analytic
models.

We note that in order to reach Sgsom 2 5mly, these sim-
ulations require stellar mass to exceed M, =~ 1 x 10" My. As
can be seen from Fig. 4, the predicted stellar mass range is in
good agreement with the SMG stellar masses derived by M10.
We note that, in the cold infall model of SMGs, comparably high
stellar masses are also preferred (Davé et al. 2010, their Fig. 2).

On the other hand, the semi-analytical models of Baugh et al.
(2005), Swinbank et al. (2008), Gonzélez et al. (2011, Fig. 3) and
Almeida et al. (2011) predict significantly lower stellar masses
for SMGs, with a median M, =~ 2 x 10'° M, (indicated by the
square in Fig. 4). Such a value is lower even than the vast major-
ity of the stellar masses derived by H11, confirming the findings
of Swinbank et al. (2008) that the stellar masses of SMGs are
generally systematically under-predicted by this class of semi-
analytic model.

4. Specific star-formation rates

One important step towards locating SMGs within the general
framework of galaxy/star formation at high redshift is to estab-
lish whether, on average, they simply represent the most massive
extension of the normal star-forming galaxy population in the
young active Universe at z > 2 (as predicted by Davé et al. 2010,
in cosmological hydrodynamic simulations), or whether they are
extreme outliers in terms of specific star-formation rate (sSSFR).

To explore this we compare the properties of SMGs with
other galaxies at similar redshifts as presented by Daddi et al.
(2007, Fig. 17), Kajisawa et al. (2010, Fig. 2) and Rodighiero
etal. (2011, Fig. 1).
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Fig. 5. SFRs of SMGs as a function of stellar masses derived using the stellar population synthesis models of Bruzual & Charlot (2003, left) and
Maraston (2005, right). The symbols correspond to the stellar masses derived by M10 (red circles), H11 (blue stars) and our new estimates based
on the SED modelling method of Cirasuolo et al. (2010, C10) for three alternative forms of star formation history (SFH): double-component model
(red squares), exponentially-declining (tau) model (light blue triangles) and single burst (green pluses). The median values are shown as large
black symbols with 3o error bars. The “main-sequence” of star-forming galaxies at z ~ 2 is shown as a solid line (Daddi et al. 2007) and dotted line
(Rodighiero et al. 2011). The thick, coloured solid lines represent the “main-sequence” of Daddi et al. (2007) at z =~ 2 corrected for the systematic
difference in average stellar mass introduced by the self-consistent adoption of SFH to model SMGs in each panel (see Sect. 4 for details). All
results have been converted to the Chabrier (2003) IMF. Unless the exponentially declining (tau model) SFH with the Maraston (2005) models
are assumed, the SMGs are completely consistent with the high-mass end of this sequence. This agreement is essentially perfect for the M10 and
double-component models. The magenta star shows the position of an average SMG as plotted by Daddi et al. (2007). Clearly, regardless of the
assumed evolutionary stellar model or SFH, this supposed typical value of sSFR for SMGs is in fact unrepresentative of real SMGs.
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For the SMGs we adopt the SFRs derived by M10 from the
mid-far infrared emission. The comparison is shown in Fig. 5.
Here, for the nine different determinations of SMG masses con-
sidered in this paper, we plot SFR versus M. for all the individual
SMGs in the sample, and compare the results with the location of
the so-called “main-sequence” of star-forming galaxies at z ~ 2
(Daddi et al. 2007; Rodighiero et al. 2011).

In order to ensure that this comparison is fair and self-
consistent, we have also investigated how the choice of SFH
influences the location of this “main-sequence”. We assumed
that the SFR estimate is independent of the adopted SFH (as it
is usually derived from bolometric or monochromatic luminos-
ity), and derived the stellar masses of all galaxies the UDS field
in CANDELS (Grogin et al. 2011; Koekemoer et al. 2011) at
z = 1.5-3 and M, = 10°°-10"""% M, (Cirasuolo et al., in prep.)
using the same SED fitting method outlined in Sect. 2.2 for
double-burst, single-burst and tau SFHs. If we adopt the results
of the single-burst models for these galaxies, we obtained masses
consistently lower by 0.1 dex relative to those derived using the
tau models; in Fig. 5 (“1 burst” panels) this is indicated by the
position of the coloured thick line towards lower stellar masses.
On the other hand, as expected, the adoption of the double-burst
models yields higher stellar masses. However, this shift tran-
spires to be mass-dependent; at 10'° M, the double-burst SFH
produces stellar masses 0.3 dex higher than the tau SFH, whereas
this shift is only 0.1 dex at 10" My (resulting in steepening
of the thick line in the “double” panels). The latter is a signifi-
cantly smaller shift than the 0.3 dex difference found between the
double-burst and tau model stellar masses for SMGs (Table 1).

It is clear from this figure that, for almost all models the
SMGs lie essentially exactly on this “main-sequence”, within
the errors. It is also clear that, even for the lower mass deter-
minations, the average deviation from the “main-sequence” is
relatively modest. As expected (given Table 1 and the discus-
sion in Sect. 2.2), the offset is greatest for the exponentially-
decreasing tau SFH with the Maraston (2005) models, but even
then it can be seen that the majority of the SMGs are still actually
consistent with the “main-sequence”, and the formal ~3¢ offset
in average sSFR is in fact driven by a subset of extreme out-
liers. It can also be seen that none of the various determinations
of SMG stellar masses yields a sSFR for a typical SMG as ex-
treme as that claimed by Daddi et al. (2007). This discrepancy is
likely because their stellar mass estimates are based on dynam-
ical masses from high-excitation CO line observations (Tacconi
et al. 2006), which may bias the stellar mass estimates low, as
we explained in Sect. 3.1. Moreover, their use of infrared lu-
minosity of ~10'3 Ly, estimated from a single 850 um detection
(Greve et al. 2005; Tacconi et al. 2006), represents an overes-
timate, as revealed by recent Herschel studies (Magnelli et al.
2012; Roseboom et al. 2012, ~10'2°7127 L) making the SFR
estimate of Daddi et al. (2007) a factor of 2-3 too high.

To quantify the apparent consistency between the properties
of SMGs and other star-forming galaxies at comparable epochs
we report, in Table 1, the mean and median sSFRs for the SMGs
as derived from the various alternative models (as stated above
these values are IMF-independent). Again, with the possible ex-
ception of the Maraston (2005) tau-model, all the median values
are clearly consistent with the values of a few Gyr~! found by
Daddi et al. (2007) and Kajisawa et al. (2010). Hence, it would
appear that, while a few SMGs may be caught at unusually spec-
tacular moments, in general it seems hard to avoid the conclusion
that the SMG population is perfectly consistent with the high-
mass end of the general star-forming galaxy population at these
redshifts. Interestingly, it is only really the double-component
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models which yield mean and median values which are formally
consistent with each other, with the other models always produc-
ing a few extreme outliers with very low stellar masses. Thus,
the use of the most physically plausible star-formation histories
yields consistent and fairly well defined typical mean sSFR val-
ues for SMGs of 2—3 Gyr™!, in rather good agreement with the
height of the plateau in sSFR at z > 2 discussed by Gonzilez
et al. (2010).

5. Conclusions

We have explored the potential origins of systematic differences
in the stellar masses derived for SMGs, and have found that the
difference between the stellar-mass estimates of M10 and H11
can be explained by the combination of different assumed IMFs,
stellar population models and types of star formation histories.
The available evidence supports the use of the Chabrier IMF
(with the Salpeter IMF yielding excessive masses for several
SMGs). The choice of which stellar synthesis model to adopt
turns out to be relatively unimportant compared to the choice of
star formation history. The one exception to this is the combina-
tion of an exponentially declining star formation history with the
models of Maraston (2005), which produces radically different,
unrealistically low stellar masses, presumably due to the very
strong assumed TP-AGB contribution in these models.

For the same IMF and evolutionary synthesis model, the re-
maining difference between the average stellar mass estimates
of M10 and H11 can be accounted for by differences in adopted
star-formation history. Specifically, the two-component models
of M10 yield values ~3 times larger than the single-component
models utilised by H11. We have explored this issue in more
detail, by running further single-burst, tau-model and double-
component model fits using the method of C10 and using both
the Bruzual & Charlot (2003) and Maraston (2005) models.
We find that the models which allow past and “present” star-
formation activity to be disconnected yield very consistent av-
erage stellar masses in the range M, = 2-3 x 10'! My, regard-
less of precisely how this is parameterized. We argue, therefore,
that the main reason that authors such as H11 and Wardlow
et al. (2011) have concluded in favour of typical SMG stellar
masses M, < 1 x 10'! My, is that they have assumed models in
which the SFR in SMGs was always as high or higher prior to
the epoch at which the object has been selected on the basis of
its extreme star-formation activity. The more physically realis-
tic two-component models are supported by other evidence for
rising star-formation histories in star-forming galaxies at z > 2.

Considering potential orientation effects, and updated esti-
mates of dynamical masses, we find that even the higher stellar
mass estimates of M10 with the Chabrier IMF certainly cannot
be excluded with current CO line data, and indeed yield total
masses in good agreement with dynamical mass estimates. We
also argue that SMG stellar masses M, ~ 2 x 10'! M, appear to
be perfectly plausible given current measurements of the evolv-
ing mass function of the general galaxy population selected at
near-infrared and mid-infrared wavelengths.

We also show that the mass estimates of M10 are in good
agreement with the predictions of hydrodynamical merger mod-
els of SMGs and the cold inflow scenario, whereas those of H11
are closer to (but still not as low as) the much lower-mass pre-
dictions of certain semi-analytic models of galaxy formation.

Finally, we find that the inferred specific star-formation rates
of SMGs are perfectly consistent with those derived for other
star-forming galaxies at comparable redshifts, suggesting that
most SMGs simply represent the high-mass extension of the
“main-sequence” of star-forming galaxies at z > 2, and in
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general should not be considered as outliers in the stellar mass-
SFR relation.
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Appendix A: Table with all stellar mass estimates

Table A.1. Stellar masses of individual SMGs calculated using various methods, stellar population models and star formation histories.

M, (log Mo)
M10° H11° H11° C10¢ C10¢ C10/ C107 C10" C10
Padova  BCO3 MO05 BCO03 BCO03 BCO03 MO05 MO05 MO05

SMG z double single single 1burst tau 2burst 1burst tau 2burst

SMMIJ030226.17+000624.5  0.080  10.275 -99.000 -99.000  10.010 10.000  10.330 9.810 9.810 10.590
SMMJ030227.73+000653.5 1.408 10915  11.180 11.009 11.180 11.190  11.750  11.320 11.320 11.770
SMMJ030231.81+001031.3  1.316  10.205 9.080 9.209 9.330 9.740 10.050 9.550 9.690 10.120
SMMJ030236.15+000817.1  2.435 11.285  10.880 10.689 11.180 11.170  11.310  11.250 11.200 11.570
SMMJ030238.62+001106.3  0.276  8.525 10.790 10.639 8.220 8.520 9.020 8.520 7.200 9.480

SMMJ030244.82+000632.3  0.176  10.205 9.830 9.559 10.100 10.090  10.390 9.950 9.950 10.410
SMMIJ105151.69+572636.0  1.147  11.175  11.450 11.109 11.370 11.370  11.370  11.520 11.520 12.140
SMMIJ105155.47+572312.7  2.686  11.235 10.580 10.419 10.880 10.460 11.530 11.180 8.650 11.570
SMMIJ105158.02+571800.2 2239  11.675  11.480 11.259 11.320 11.340  11.320  11.600 11.260 12.020
SMMIJ105200.22+572420.2  0.689  10.945 9.870 9.759 9.870 9.440 9.870 10.170 7.630 11.140
SMMIJ105201.25+572445.7  2.148 11.115  10.470 10.349 11.020 11.040  11.020  11.020 10.220 11.540
SMMIJ105207.49+571904.0  2.689  11.655 11.010 10.879 11.190 11.230  11.460  11.050 11.050 11.510
SMMIJ105225.79+571906.4 2372 11.385  11.070 10.879 11.660 11.650  11.660  11.760 11.760 12.010
SMMIJ105227.58+572512.4  2.142  11.565 11.370 11.189 11.190 11.420 11.190 11.310 11.190 11.750
SMMIJ105227.77+572218.2 1956  11.445 9.820 9.609 -99.000 -99.000 11.190 -99.000 -99.000 -99.000
SMMIJ105230.73+572209.5 2.611 11.875 11.470 11.289 11.320 10.890  12.130  11.690 9.040 11.970
SMMIJ105238.19+571651.1  1.852  10.905  10.700 10.519 11.160 11460  11.680  11.410 11.210 11.480
SMMIJ105238.30+572435.8  3.036  11.975 11.450 11.289 11.180 10.820  11.180  11.500 9.000 11.820
SMMIJ123549.44+621536.8 2203  11.425  11.320 11.149 10.820 10.830  10.820  10.880 10.880 11.520
SMMJ123553.26+621337.7  2.098  11.075 10.650 10.489 10.640 11.290  11.500  10.950 10.770 11.310
SMMIJ123555.14+620901.7  1.875 11.505  11.230 11.069 11.260 11.740  12.090  11.550 11.150 11.900
SMMIJ123600.10+620253.5 2.710  11.285 -99.000 —99.000 9.440 9.300 9.440 9.720 9.000 12.150
SMMIJ123600.15+621047.2  1.994 11.385  10.470 10.249 11.140 11.520  11.650  11.410 11.630 11.840
SMMIJ123606.72+621550.7  2.416  11.195 10.450 10.369 11.010 11.500  11.650  11.330 10.810 11.720
SMMIJ123606.85+621021.4 2509 11.735  11.270 11.149 11.370 11.500  11.720  11.340 11.340 11.750
SMMIJ123616.15+621513.7 2578 11.715 10.760 10.799 11.280 10.860  11.280  11.580 9.040 12.050
SMMIJ123618.33+621550.5 1.865 11.445  10.880 10.659 10.770 11.340  11.630  11.090 10.900 11.430
SMMIJ123621.27+621708.4 1988  11.655 10.780 10.619 10.890 11.460 11.760  11.210 10.710 11.570
SMMIJ123622.65+621629.7 2.466 11.665  11.250 11.059 11.020 11.600  11.890  11.340 11.210 11.720
SMMJ123629.13+621045.8  1.013  11.445 11.030 10.909 10.870 11.150  11.500  11.140 10.810 11.530
SMMJ123632.61+620800.1  1.993 11.075  10.520 10.359 11.060 10.670  11.060  11.370 8.830 11.740
SMMIJ123634.51+621241.0  1.219  11.405 10.940 10.769 10.850 10.500  10.850  11.180 8.610 11.520
SMMIJ123635.59+621424.1  2.005 11.125  11.420 11.239 11.610 12.270  12.470  11.920 11.600 12.270
SMMIJ123636.75+621156.1  0.557  10.215 9.930 9.779 9.720 10.030  10.360  10.040 8.480 11.040
SMMIJ123651.76+621221.3  0.298  9.875  -99.000 —-99.000 9.430 9.590 9.940 9.510 8.650 10.230
SMMIJ123707.21+621408.1  2.484  11.695 11.260 11.139 11.050 11.090  11.050  11.370 10.570 11.750
SMMIJ123711.98+621325.7 1.992 11.035  10.610 10.419 10.560 11.150  11.420  10.880 10.560 11.230
SMMIJ123712.05+621212.3 2914 11.845 11.340 11.139 11.030 11.660  11.800  11.350 11.480 11.680
SMMIJ123716.01+620323.3  2.037 11.675 -99.000 -99.000 12.010 11.850  13.150  12.100 10.000 13.100
SMMIJ123721.87+621035.3  0.979 11.185 10.800 10.689 10.720 11.130  11.530  10.910 10.780 11.780
SMMIJ131201.17+424208.1  3.405 11.105  11.010 10.909 11.190 10.860  11.830  11.460 10.310 11.870
SMMJ131208.82+424129.1  1.544  11.245 10.980 10.809 10.770 10470  10.770  11.060 9.800 11.440
SMMIJ131212.69+424422.5 2.805 11.565  10.710 10.649 10.970 10.960  10.970  10.830 10.830 11.420
SMMIJ131215.27+423900.9  2.565  12.065 11.980 11.869 12.530 12.100  12.530  12.820 10.290 13.220
SMMIJ131222.35+423814.1  2.565 11.505  11.490 11.309 12.120 11.620  12.120  12.470 9.790 12.760
SMMIJ131225.20+424344.5 1.038  10.795 10.810 10.609 10.590 10.170  10.590  10.910 8.340 11.770
SMMIJ131225.73+423941.4  1.554 10.965  10.580 10.469 10.410 11.180  11.340  10.690 11.000 11.550
SMMJ131228.30+424454.8 2931 11.415 11.040 10.819 11.080 11.230  11.730  11.370 10.610 11.770
SMMIJ131231.07+424609.0  2.713  10.995 -99.000 -99.000  15.890 15.330  13.360  12.320 12.320 12.450
SMMIJ131232.31+423949.5 2320 11.765 10.180 10.089 12.180 12.450  12.800  12.460 12.200 12.720
SMMIJ131239.14+424155.7 2242 11.255 10.700 10.529 10.530 11.020  11.140  10.780 10.380 11.340
SMMJ141741.81+522823.0  1.150 11.755  11.770 11.619 11.890 11.460  11.890  12.200 10.990 12.560
SMMIJ141742.04+523025.7 0.661  10.865 10.750 10.569 10.660 10.230  10.660  10.960 8.410 11.420
SMMIJ141750.50+523101.0  2.128  10.845  10.010 9.829 9.900 10.360  10.940  10.010 9.610 11.040
SMMJ141800.40+512820.3 1.913  12.185 11.160 10.999 12.450 13.620 12450  12.740 11.790 12.740
SMMIJ141802.87+523011.1  2.127  10.725  10.260 10.069 10.260 10.460  10.810  10.440 10.440 10.960
SMMJ141809.00+522803.8  2.712  11.975 11.770 11.479 11.370 11.930  12.050  11.540 12.090 12.140
SMMIJ141813.54+522923.4  3.484 11.055  10.360 10.499 10.440 11.100  11.110  10.460 10.850 11.160
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Table A.1. continued.

M., (log M)

M10* H11? H11° C104 C10¢ C10/ C107 C10" C10
Padova  BCO3 MO05 BC03  BCO3  BCO03 MO05 MO05 MO05
SMG Z double single single 1burst tau 2burst  1burst tau 2burst
SMMJ163627.94+405811.2  3.180 10.985  10.580 10249 10420 10.760 11.090 10.590 10.730  11.120
SMMIJ163631.47+405546.9  2.283 11.435  10.830 10.699  10.860 10.420 10.860 11.180  8.610  11.660
SMMJ163639.01+405635.9  1.495 10.975  10.700 10.539  11.210 10330 11.210 11.220  8.510  11.520
SMMIJ163650.43+405734.5 2.378 11.315  11.160 10939  11.580 11.590 11.580 11.720 11.720 12.180
SMMJ163658.19+410523.8 2454 11.515  11.110 10959  11.050 11.750 11.910 11.350 11.700 11.760
SMMIJ163658.78+405728.1  1.190  11.235  10.990 10.839  10.800 10.380 10.800 11.110  8.960  11.480
SMMJ163704.34+410530.3  0.840  10.595 9.940 9.759 9980  9.950 10.540 10.210 9.410  10.620
SMMIJ163706.51+405313.8  2.374 11.655  11.210 11.079 11460 11.230 12.010 11.670 10.530 12.090
SMMJ221724.69+001242.1  0.510 11.055 -99.000 -99.000 10.580 10.150 11.680 10.890  8.340  11.900
SMMIJ221725.97+001238.9  3.094 11.705 -99.000 -99.000 10.860 11.480 11.470 11.170 11.380 11.510
SMMJ221733.02+000906.0  0.926  11.385 -99.000 —99.000 12.000 12.000 12.000 12.100 12.090 11.760
SMMIJ221733.12+001120.2  0.652 11.075  10.700 10.579 10420 10.550 10.420 10.740 10.140 11.680
SMMJ221733.91+001352.1  2.555 11.715  11.160 10959  11.200 11.520 11.860 11.490 11.090 11.890
SMMIJ221735.15+001537.2  3.098 11.115  10.710 10459  10.620 11.050 11.280 10.900 10.970 11.280
SMMJ221735.84+001558.9  3.089 11.155  10.860 10.689  10.930 11.350 11.720 11.220 11.070  11.600
SMMIJ221737.39+001025.1  2.614 11.315 -99.000 -99.000 10.960 11.470 11.370 11.010 11.410 11.490
SMMJ221804.42+002154.4 2517 11.035  10.920 10.739  10.800 10.450 11.470 11.080 10.230  11.500
SMMIJ221806.77+001245.7  3.623  11.315  11.010 10.839  11.330 11.730 11.990 11.600 11.570 12.140

Notes. The Chabrier (2003) IMF is assumed. —99 indicates the lack of an estimate for a given SMG. @ Stellar mass derived by M10.  Stellar
mass derived by H11 with BCO3 models. © Stellar mass derived by H11 with M05 models. ” Stellar mass derived as in C10 with BC03 models
and single-burst SFH. © Stellar mass derived as in C10 with BC03 models and tau SFH. ¢ Stellar mass derived as in C10 with BC03 models
and double-burst SFH. @ Stellar mass derived as in C10 with MO5 models and single-burst SFH. ? Stellar mass derived as in C10 with MO05
models and tau SFH. ©’ Stellar mass derived as in C10 with MO5 models and double-burst SFH. References: M10 (Michatowski et al. 2010a); H11
(Hainline et al. 2011); C10 (Cirasuolo et al. 2010); BC03 (Bruzual & Charlot 2003); M05 (Maraston 2005).
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