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INTRODUCTION

ABSTRACT

We characterise the stellar masses and star formation rates in a sample of ~40,000
spectroscopically confirmed UV luminous galaxies at 0.3<z<1.0 selected from within
the WiggleZ Dark Energy Survey. In particular, we match this UV bright population to
wide-field infrared surveys such as the near infrared (NIR) UKIDSS Large Area Survey
(LAS) and the mid infrared WISE All-Sky Survey. We find that ~30 per cent of the
UV-luminous WiggleZ galaxies, corresponding to the brightest and reddest subset, are
detected at >50 in the UKIDSS-LAS at all redshifts. An even more luminous subset of
15 per cent are also detected in the WISE 3.4 and 4.6um bands. In addition, 22 of the
WiggleZ galaxies are extremely luminous at 12 and 22um and have colours consistent
with being star formation dominated. We compute stellar masses for this very large
sample of extremely blue galaxies and quantify the sensitivity of the stellar mass esti-
mates to various assumptions made during the SED fitting. The median stellar masses
are log10(M,/Mg)=9.6+0.7, 10.2£0.5 and 10.4+0.4 for the IR-undetected, UKIDSS
detected and UKIDSS+ WISE detected galaxies respectively. We demonstrate that
the inclusion of NIR photometry can lead to tighter constraints on the stellar masses
by bringing down the upper bound on the stellar mass estimate. The mass estimates
are found to be most sensitive to the inclusion of secondary bursts of star formation
as well as changes in the stellar population synthesis models, both of which can lead
to median discrepancies of the order of 0.3 dex in the stellar masses. We conclude that
even for these extremely blue galaxies, different SED fitting codes therefore produce
extremely robust stellar mass estimates. We find however, that the best-fit M/Lg
is significantly lower than that predicted by simple optical colour-based estimators
for many of the WiggleZ galaxies. The simple colour-based estimator over-predicts
M/Lg by ~0.4 dex on average. The effect is more pronounced for bluer galaxies with
younger best-fit ages. The WiggleZ galaxies have star formation rates of 3-10 Moyr—!
and mostly lie at the upper end of the main sequence of star-forming galaxies at these
redshifts. Their rest-frame UV luminosities and stellar masses are comparable to both
local compact UV-luminous galaxies as well as Lyman break galaxies at z ~ 2—3. The
stellar masses from this paper will be made publicly available with the next WiggleZ
data release.

Key words: galaxies: stellar content, galaxies: formation, galaxies: evolution

ways. The most luminous starbursts at these epochs are of-
ten selected at long wavelengths such as the far infrared

In recent years, large area spectroscopic surveys of both pas-
sive galaxies such as the Luminous Red Galaxy (LRG) pop-
ulation, as well as emission line galaxies (ELGs), have been
successfully used to place accurate constraints on cosmo-
logical models (e.g. Blake et all m, m; Percival et al
[2010; [Blake et all [2011; [Reid et all M) At the same
time, deeper, smaller area spectroscopic surveys such as
DEEP2 and VVDS as well as multi-wavelength photomet-

ric surveys such as COMBO-17 (Bell et _al ., CFHTLS
(Arnouts et all 2007) and COSMOS 2009),

have enabled detailed studies of galaxy formation and evo-
lution and constraints on the global properties such as the
spectral energy distributions (SEDs), ages, stellar masses
and star formation histories (SFHs) of galaxies out to z~2.
The advent of very large area photometric surveys at multi-
ple wavelengths now offers us the possibility of constraining
the global properties of the large spectroscopic samples that
have been assembled for cosmology. Although the large area
surveys are by their nature very shallow, they contain huge
numbers of galaxies at z<1, therefore enabling a statistically
robust census of galaxy properties at these redshifts.

Star-forming galaxies at the main epoch of galaxy for-
mation at z~1-3 have been selected in many different

and submillimeter (e g [Smlﬁ;ﬁulﬂ bwmum
) while more modest star-forming galaxles have been
targeted using optical colour-cuts such as the Lyman break
selection (e.g. [Pettini et all [2001), the BM/BX method
(Adelberger et all 2004; [Steidel et al! [2004) and the BzK
technique ) The availability of UV data
from the Galary Evolution Explorer (GALEX) has also al-
lowed comprehensive studies of UV-luminous galaxies both
in the local Universe (Heckman et al] M) and at higher
redshifts (Burgarella et al! 2006; Haberzett] et all2011)).

In this work, we study the physical properties of a pop-
ulation of UV-luminous emission line galaxies selected from
within the WiggleZ Dark Energy Survey
). Although primarily designed as a cosmology survey
targeting blue emission line galaxies at intermediate red-
shifts of z~0.7, the dataset contains ~215,000 spectroscop-
ically confirmed highly star-forming galaxies that form a
very large statistical sample that can also be exploited for
galaxy evolution studies (e.g. [Wisnioski et. all[2011, Jurek et
al. in preparation). In particular, the redshift range of the
WiggleZ survey coupled with the UV selection means this
sample is particularly useful for bridging the gap between
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analogously selected local galaxies and UV-luminous galax-
ies at z=1. While the large sample size makes targeted multi-
wavelength follow-up of the majority of WiggleZ galaxies un-
feasible, one can use existing multi-wavelength photometric
datasets to better characterise this population.

Identifying synergies between existing multi-wavelength
photometric surveys and large redshift surveys like WiggleZ,
is important for several reasons. Firstly, spectroscopic sam-
ples such as the WiggleZ sample serve as important calibra-
tion sets for large photometric surveys. As an example, the
ongoing Dark Energy Survey (DES) will detect 300 million
galaxies out to z~2 and will overlap the all-sky near infrared
(NIR) VISTA Hemisphere Survey (VHS). The combination
of optical and NIR data will allow photometric redshifts
and SED fit parameters to be constrained for a very large
number of galaxies out to z~2 dBﬁnﬁL]_lﬂj‘u 120_08) Colour
selected spectroscopic samples like WiggleZ may be used
as training sets but will by their nature be incomplete in
certain regions of parameter space sampled by flux-limited
photometric surveys such as DES and VHS. Quantifying this
incompleteness in terms of the physical properties of the
galaxies - i.e. understanding the types of galaxies that con-
stitute currently available spectroscopic samples, is a useful
exercise in order to better calibrate redshifts from photomet-
ric surveys. Next generation spectroscopic surveys like Big
BOSS (Schlegel et. all [2011), 4MOST (de Jong et. all [2012)
and DESpec (Abdalla et alll2012), will in turn use the pho-

tometric surveys as the basis for target selection. Once again,
understanding the physical properties of existing spectro-
scopically confirmed galaxies within these surveys, will help
to design colour selection algorithms for new populations in
the future.

In this work, we characterise the stellar masses and
star formation histories of a large sample of ~40,000 galax-
ies at 0.3< z <1.0, corresponding to a single field in the
WiggleZ survey, and focus in particular on the subset of
~12,000 of these galaxies that are also matched to the NIR
UKIDSS Large Area Survey (ULAS). The advantage of long-
wavelength data in the infrared is that it is less sensitive to
the dust extinction in galaxies than the UV and optical.
This, combined with the fact that older, more massive stars
are brighter in the infrared, means that the infrared data is
expected to give a more unbiased estimate of the total stel-
lar mass in galaxies than the UV /optical (Im m;
m ). Recent studies have however claimed
that the NIR actually leads to poorer stellar mass esti-
mates for a sample of intermediate redshift galaxies from the
Galaxy and Mass Assembly (GAMA) survey
). This worsening in the stellar mass estimates is at-
tributed to uncertainties in the stellar population synthesis
models at these wavelengths and/or uncertainties in cali-
brating the photometry between the optical and NIR sur-
veys. The role of NIR photometry in constraining the stellar
masses of galaxies therefore still remains open to debate.

The stellar mass estimates themselves are useful for cos-
mology given that the clustering strengths of galaxy sam-
ples split by stellar mass are expected to be different - (e.g.

). Our aim in the current work is therefore
also to test the robustness of stellar mass estimates from
SED fitting codes, to various assumptions made during the
fitting process. The WiggleZ galaxies are selected to be ex-

tremely blue galaxies (Drinkwater et. al!l2010), and as such,
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represent a sample where SED fitting is likely to be the most
problematic. By testing SED fitting codes on this sample,
we can be reasonably confident that the codes can be ap-
plied to older, redder and more massive galaxies, which are
likely to have less complex star formation histories.
Throughout this paper we assume a flat ACDM cos-
mology with h=0.7. All magnitudes are on the AB sys-
tem where the UKIDSS photometry has been converted
to the AB system using the conversions in
(2006): Y=+0.633, J=+0.937, H=+1.376 and K=-+1.897.
The Vega to AB conversions in the WISE bands are as-
sumed to be W1=+2.683, W2=+3.319, W3=+45.242 and

W4=+6.404 (Cutri et all 2013).

2 DATA

We begin by describing the spectroscopic and photometric
catalogues that are used in this work.

2.1 Wiggle-Z Dark Energy Survey

Spectroscopic data for the UV luminous emission line
galaxies is taken from the WiggleZ Dark Energy Survey
(Drinkwater et QIHM). The survey has assembled reliable
redshifts for 219,682 galaxies in seven different fields. The
spectroscopic targets are selected using ultraviolet data from
the GALEX satellite (Martin et al] M) and optical data
from the Sloan Digital Sky Survey (SDSS) in the north
(Adelman-McCarthy et al] M) and the Canada France
Hawaii Telescope Red Sequence Cluster Survey in the south
). A series of magnitude and colour cuts
are applied to the data to preferentially select star-forming
galaxies with bright emission lines which are then targetted
using the AAOmega spectrograph on the Anglo-Australian
Telescope ) Full details of the spectro-
scopic target selection can be found in
) but results in a complicated selection function over
the total survey area. This selection function is computed
in (m) where the different sources of incom-
pleteness are fully detailed. We note in particular that the
complicated colour selection of WiggleZ targets means the
sample is incomplete in some regions of redshift, stellar mass
and star formation rate parameter space.

In this paper, we work with the WiggleZ data in the
15hr field only with 209<RA<231 and —3.2<DEC<7.2 in
order to ensure overlap with currently available infrared
datasets from UKIDSS and WISE. This field contains 46,144
galaxies in total down to a flux limit of NUV<22.8. All pho-
tometric catalogues from the WiggleZ survey contain the de-
reddened galaxy magnitudes and this sample only contains
sources with redshift quality between 3 and 5 which corre-
sponds to reliable redshift estimates. We select only galaxies
at 0.3<z<1.0 for this study which constitutes the bulk of the
WiggleZ population. At higher redshifts, the quality of the
redshift estimate becomes increasingly unreliable and many
of the z > 1 sources with reliable redshift measurements are
AGN. Although these AGN may contain emission related
to star formation, the SED fitting codes used in this work
do not allow us to disentangle the contributions of the two.
We are primarily interested in the star-formation dominated
WiggleZ galaxies in this work and so we restrict our redshift
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Figure 1. Observed r-band magnitude versus (g — r) colour for
all WiggleZ galaxies in the 15hr field at 0.3< z <1.0, compared
to star-forming galaxies from the DEEP2 survey and Luminous
Red Galaxies from the BOSS survey, both at similar redshifts to
WiggleZ. The contours represent the density of points computed
using a kernel density estimator over a grid traversing the pa-
rameter space covered by the samples. The WiggleZ galaxies are
brighter than the DEEP2 sample but slightly bluer than these
DEEP2 galaxies which represent normal star-forming galaxies at
these redshifts.

range to a regime where the AGN make up an insignifi-
cant proportion of the population. Our final sample of Wig-
gleZ galaxies therefore totals 39,701 sources at 0.3<z<1.0.
The WiggleZ magnitudes used throughout this paper corre-
spond to the de-reddened model magnitudes from SDSS and
GALEX. The WiggleZ galaxies are typically ~5o detections
in the GALEX NUV band and >100 detections in the SDSS
r-band.

In order to better illustrate the types of galaxies se-
lected using the WiggleZ colour cuts, in Figure [[l we show
the observed colour-magnitude distribution of the WiggleZ
galaxies. This is compared to ~19,000 galaxies from the
DEEP2 survey Data Release 4 (Newman et al! [2019) over
the same redshift range. These DEEP2 galaxies represent
typical star-forming galaxies at these redshifts. We also com-
pare the distribution to ~180,000 Luminous Red Galaxies
(LRGs) over the same redshift range selected from within
the SDSS BOSS survey (Maraston et alll2019). As expected,
the WiggleZ galaxies are considerably bluer and fainter than
the LRGs that make up the red sequence at these redshifts.
However, despite the brighter flux limit of WiggleZ com-
pared to DEEP2, at a fixed r-band magnitude, the WiggleZ
selection targets sources that are also bluer than the typ-
ical blue cloud galaxies that make up the DEEP2 sample.
In other words, the WiggleZ selection is isolating the most
extreme end of the blue galaxy population at any given lu-
minosity.

Having described the properties of the WiggleZ sam-
ple, we now move on to considering synergies between this
sample and wide-field infrared (IR) imaging surveys.

2.2 UKIDSS Large Area Survey
The UKIDSS Large Area Survey (Lawrence et all [2007) is

the current largest NIR survey and has obtained imaging
over ~3200 deg® of the northern sky in the Y,J,H and
K bands. The survey is being carried out using the Wide
Field Camera (WFCAM) on the 3.8m UK infrared Tele-
scope (UKIRT). UKIDSS, which began in 2005, is the suc-
cessor to the Two Micron All Sky Survey (2MASS) and is the
NIR counterpart to the Sloan Digital Sky Survey (SDSS).
We use Data Release 9 of the UKIDSS LAS (ULASDRY)
in this work, which reaches nominal 50 depths of Y'=20.8,
J=20.5, H=20.2 and K=20.1. Throughout this work, we
use the Petrosian magnitudes in the UKIDSS catalogues as
the UKIDSS catalogues do not include model magnitudes.
These Petrosian magnitudes serve as a reasonable estimate
of the total NIR flux of the galaxy. Differences between the
SDSS Petrosian magnitudes and SDSS model magnitudes of
galaxies are of the order of 15 per cent (Banerji et al“&ﬂj).
We match the WiggleZ galaxies in the 15hr field to
UKIDSS using a matching radius of 2”. The median sep-
aration between the WiggleZ and UKIDSS sources is ~0.3".
11,919 of the original 39,701 galaxies are detected at >50 in
at least one of the UKIDSS bands corresponding to 30 per
cent of the WiggleZ sample. The redshift distribution for this
UKIDSS detected sub-sample is very similar to that of the
entire population at 0.3< z <1.0 with a peak at z~0.7. The
UKIDSS sub-sample is compared to those WiggleZ galaxies
not matched to a NIR source in Figure We find, as ex-
pected that the fraction of very blue galaxies detected in the
NIR is very low and increases as we go to redder colours.
The UKIDSS detected galaxies are also brighter than those
that are undetected. The median r-band magnitude of the
UKIDSS detected galaxies is 21.0 versus 21.8 for the galax-
ies undetected in UKIDSS. The median (g —r) colour is also
0.2 magnitudes redder for the UKIDSS detected galaxies.

2.3 Wide-Field Infrared Survey Explorer

The Wide-Field Infrared Survey Explorer (WISE;
[Wright et_all lZQld) has conducted an all-sky survey in
four passbands - 3.4, 4.6, 12 and 22pum with 50 depths
of >19.1, >18.8, >16.4 and >14.5. By its nature, WISE
contains many different populations of astrophysical sources
including planetary debris disks, populations of cool low-
mass stars and ultraluminous infrared galaxies and active
galactic nuclei. Although it is very shallow at 12 and 22um,
the 3.4 and 4.6um depths are reasonably well-matched to
the UKIDSS-LAS so it is interesting to ask what fraction of
very blue star-forming galaxies such as the WiggleZ sample,
are detected at these wavelengths in a relatively shallow
all-sky IR survey.

We match our sample of 39,701 WiggleZ galaxies at
0.3<z<1.0 to the WISE All-Sky Release using a matching
radius of 4”. The angular resolution at 3.4 and 4.6um is
~6". We select only those galaxies that are detected at
S/N>5 at 3.4pm and S/N>3 at 4.6pum and have WISE
colours of [3.4,m —4.6,m] <0.8, consistent with these galax-
ies not having a significant AGN component
). At the WISE wavelengths, the presence of an AGN
can significantly affect the galaxy colours and the SED fit-
ting codes used in this work do not allow us to fit for this
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AGN component. The median separation between the WISE
and WiggleZ sources is ~0.5"” and as expected, larger than
that between the UKIDSS and WiggleZ sources. Note that
using a smaller matching radius of 2" rather than 4, de-
creases the number of galaxies by only ~10% and does not
affect any of our results. We use the WISE magnitudes ob-
tained from profile fitting as detailed in [Cutri et all (Im)7
which mitigates the effects of source confusion and source
blending which can be significant at the typical fluxes of
our sample. At the redshifts of the WiggleZ sample, we
note that most of the galaxies appear unresolved in the
WISE images. More than 90% of the WISE matches are
also in UKIDSS. Visual inspection of those that are not
shows them to mostly be blended sources where two nearby
sources that are resolved separately in the UKIDSS im-
ages, are blended together in WISE. The remaining WISE
only identifications correspond to small patches of sky with
no UKIDSS coverage. We therefore only restrict our WISE
sample to those sources that are also present in UKIDSS.
The WISE+UKIDSS sub-sample contains 6117 galaxies at
0.3< z < 1.0. Their colour-magnitude distribution can also
be seen in Figure The WISE sample is brighter and
slightly redder than the UKIDSS sample and corresponds
to the brightest and reddest end of the WiggleZ popula-
tion. The median r-band magnitude for the WISE detected
galaxies is 20.7 and these galaxies are 0.05 magnitudes red-
der on average than the UKIDSS detected galaxies. Once
again we find very little dependence of the matched fraction
on the source redshift with the WISE sample also peaking
at z~0.7.

We also note that, despite the very shallow flux limit in
the WISE 12 and 22pm band, there are 78 WiggleZ galax-
ies that are detected at >5c0 at these longer wavelengths.
Thirty-seven of these also have [3.4,m —4.6,m] <0.8, consis-
tent with these galaxies not having a significant AGN com-
ponent. A further sub-sample of 24 of these satisfy the more
conservative colour cut of [3.4,m —4.6,m] <0.7
) and can reasonably be assumed to be star-formation
dominated. We characterise the SEDs of these UV-luminous
mid-IR bright sources in Section The remaining Wig-
gleZ galaxies with mid infrared emission can reasonably be
thought to be AGN dominated and are not considered fur-
ther in this work.

3 SPECTRAL ENERGY DISTRIBUTION
(SED) FITTING

A key aim of this work is to derive SED fit parameters and in
particular stellar masses, for the various sub-samples of UV-
luminous galaxies from WiggleZ and to test the robustness
of these parameters to assumptions made during the fitting
process. In particular, we would like to test how these various
assumptions affect the stellar mass estimates as a function
of the UV-luminosity. We therefore begin by describing the
various SED fitting codes that are used in this work and
highlight similarities and differences between them.

© 0000 RAS, MNRAS 000, 000-000
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Figure 2. Observed-frame (g — 7) colour magnitude diagram of
infrared detected and infrared undetected WiggleZ galaxies show-
ing that the UKIDSS-LAS and WISE detected sub-samples con-
stitute the brighter, redder end of the WiggleZ population. The
greyscale represents the density of points. The redshift distribu-
tions for all three samples are very similar and peak at z = 0.7.

3.1 Fitting and Analysis of Spectral Templates
(FAST)

The FAST code is fully described in [Kriek et all M) and
is designed to fit a range of different stellar population mod-
els to fluxes of galaxies in the optical and NIR bands. It has
been succesfully applied to infer the global properties of NIR
selected samples of galaxies out to z~2 in the NEWFIRM
medium band survey (Kriek et all M) Currently FAST
allows fitting of both[Bruzual & Charlotl (2003) - BC03 here-
after - and (M) models at a range of metallici-

ties and using different initial mass functions (IMFs) and
single component star formation histories (SFH) such as
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exponentially decaying SFHs, delayed exponentially decay-
ing SFHs and truncated SFHs. The BC03 models can be
used in conjunction with the [Silmmj (IL(EE) or glhabrigﬂ
M) IMF, while the Maraston model libraries are con-

structed using both the [Salpeter (1955) and [Kroupal (2001)

IMFs. Interstellar dust extinction is accounted for using the
Calzetti et all (2000) extinction law and is allowed to vary
over a range of Ay .

The advantage of FAST is that once a grid of model
fluxes has been computed, the SED fitting is relatively quick
as the code uses a Monte Carlo sampling of the model pa-
rameter space to determine the best-fit parameters for each
observed galaxy. This Monte Carlo sampling also allows
FAST to calibrate the confidence intervals for each SED
fit parameter that is estimated. Errors on the SED fit pa-
rameters are calibrated using 100 Monte Carlo simulations.
Therefore, the code provides realistic errors on the SED fit
parameters that take into account both the uncertainties in
the broadband fluxes used for the fitting as well as the un-
certainties in the SED models via the use of a template error
function (Brammer et al“ﬂﬂ). These errors along with the
reduced x? metric output by the code, can be used to assess
the quality of the fits for different choices of input parame-
ters.

FAST is readily applicable to the large sample sizes cur-

rently being assembled in cosmological volume surveys due
to the speed with which it computes the best-fit SEDs. It
does not however currently allow the inclusion of episodic
bursts of star formation and the galaxy templates included
do not contain emission lines which may be important for
our sample of UV luminous galaxies. FAST also does not
include inverse-T or exponentially increasing star-formation
histories which may be more representative of actively star-
forming galaxies @Aam@tgnﬁ&l] [2Qld) Finally, we note
that the SED models used by FAST do not account for
dust emission in the rest-frame infrared and assume that the
SEDs of the galaxies over the rest-frame wavelength range
probed by our data, are dominated by starlight. Recent stud-
ies have however noted the presence of excess emission at
near infrared wavelengths that cannot be accounted for sim-
ply by the stellar continuum. This excess emission is best
modelled as an additional greybody component with a tem-
perature of between 750K and 1200K (e.g.
). Some studies have found that the emission corre-
lates with star formation and have therefore attributed it
to emission from circumstellar disks around massive stars
(Mentuch et al] m, M) However, as noted in these
studies, this excess dust emission above the stellar con-
tinuum only starts to contribute at rest-frame wavelengths
above ~2um.

3.2 MAGPHYS
The MAGPHYS code (da_Cunha et all 2008, 2011) is de-

signed to consistently treat the combined UV, optical and
infrared emission from galaxies. In this code, any attenu-
ation of starlight by dust at bluer wavelengths appears as
reprocessed thermal emission in the infrared where the dust
is treated in a physically consistent way between the differ-
ent wavelengths. The code uses the updated @)
model SEDs which include a new prescription for the TP-
AGB stars to better reproduce the NIR colours of interme-

diate age stellar populations. An advantage over FAST is
that the code also allows for random bursts of star forma-
tion to be added to the simple exponentially decaying SFH
with bursts occurring with equal probability at all times
since the formation redshift. The burst probability is set so
that up to 50% of the galaxies in the model library have
experienced a burst within the last 2 Gyr. The fraction of
stellar mass formed in the burst ranges between 0.03 and
4x that formed through continuous star formation with a
characteristic timescale 7. A consequence of the facility to
incorporate more complex star formation histories as well
as the facility to compute the IR emission in the galaxies in
a self consistent way, is that the code is also slower. MAG-
PHYS compares the observed photometry of galaxies to a
total of ~661 million models and the priors imposed on the
parameters are deliberately not overly restrictive so as to en-
sure that the entire multi-dimensional observational space is
reasonably well sampled. However this very large parameter
space also means that the code is not as easily applicable to
very large samples of galaxies such as the one in this paper.
As the main advantage of this code over the others, is
in the consistent modelling of the UV to infrared emission in
galaxies, we only use MAGPHYS to characterise the prop-
erties of the small subset of WiggleZ galaxies that are bright
at 12 and 22um as well as to carry out independent checks
on some of our results obtained using the other codes, using
smaller random sub-samples of the WiggleZ galaxies.

3.3 KGO04 Code

We also use a non-public code developed by one of us (KG)
in the Perl Data Languag, which has been used in several
papers (e.g. |Glazebrook et al“lm; Baldry et al“ﬂﬂ). ‘We
will refer to this code as the ‘KG04 code’. This code uses the
PEGASE.2 SPS models (Ei -Volmerangd 1997,
) and incorporates two-component star-formation histo-
ries with a primary (long term) SFH plus a burst component.
The primary component is represented by an exponentially
decaying burst (with values 7 = 0.1,0.2,0.5,1,2,4, 8,500
Gyr;é and the burst component is represented as a rapid
exponential SFH of 7 = 100 Myr. The burst is allowed to
occur over the full range of a galaxy SFH and is allowed
to contribute a range of final stellar mass ratios from zero
up to twice the long-SFH mass (evaluated at 13 Gyr). One
important difference from the MAGPHYS code (see Section
B2) is that the burst fraction and times are not random but
distributed across a full grid range. Dust is allowed to vary
over a range of Ay with a Calzetti law, metallicity is held
fixed with time in the PEGASE.2 models but is allowed to
vary in the fitting. Nebular emission lines can optionally be
included although we note that the line ratios are held fixed
in the models (Fioc & Rocca-Volmerangd [1999).

In a similar fashion to FAST the computation is sped
up by pre-computing grids of model photometry values at
each redshift of interest, and mass values and errors of a par-
ticular galaxy are then determined by a fast minumum-y?
lookup of the photometry with a Monte-Carlo realisations
of the errors. The final mass and error values are the mean

L http://pdl.perl.org
2 7 = 500Gyr is intended to approximate constant SFR models.
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and standard deviation of five Monte-Carlo realisations. The
grids in the various parameters are stepped in a pseudo-
logarithmic fashion because of (i) the optimisation of the
sampling of each parameter with respect to physical varia-
tions and (ii) the constrained values of certain parameters
such as the fixed metallicity values of the PEGASE.2 mod-
els. A total of 2,427,480 possible model SEDs are considered
for each galaxy in the fitting (with some being automati-
cally excluded by the age of the Universe at a given red-
shift constraint). Normally the code has been used with the
Baldry & Glazebroold (2003) IMF (BGO3 hereafter), how-
ever it can be adapted to any IMF as is done in this paper.

Stellar masses are the masses locked up in luminous
stars at the best fit time but exclude mass contributions
from non-luminous stellar remnants: white dwarfs, neutron
stars and black holes.

4 RESULT OF SED FITTING

In this section, we test the robustness of stellar mass esti-
mates for the WiggleZ galaxies to various assumptions made
during the SED fitting procedure and consider in particu-
lar the dependence of the mass estimates on the rest-frame
FUV luminosity.

4.1 The Effect of Photometric Bands

We begin by assessing the role of infrared photometry in con-
straining the stellar masses of the WiggleZ galaxies. There
are several reasons why infrared data is expected to help
in constraining the total stellar mass of a galaxy. Firstly,
the rest-frame NIR is less sensitive to dust extinction than
the UV and optical and therefore provides a more unbiased
view of stars in galaxies. Secondly, the most massive evolved
stars (i.e. those that persist on Gyr timescales) in galaxies
are preferentially redder and emit strongly in NIR wave-
lengths so the infrared light provides a better representa-
tion of the high-mass end of the stellar mass function which
will contribute significantly to the total stellar mass. The
UV /optical wavebands are dominated by light from young
luminous short-lived stars which contribute significantly less
to the total stellar mass. Finally, and particularly relevant
for our sample, in spectroscopic surveys covering a wide
redshift range, the availability of additional photometry at
longer wavelengths allows us to sample the same rest-frame
portion of the galaxy SED at high redshifts as sampled by
the UV and optical filters at low redshifts. For these reasons,
rest-frame NIR mass-to-light ratios have often been used to
derlve robust stellar masses for galaxies

). Although it is true that stellar popula—
tion synthesm (SPS) models suffer from larger uncertainties
in modelling the rest-frame NIR SEDs of galaxies, it is im-
portant to quantify the effect these uncertainties have on
the stellar masses and how these trade off with the inclusion
of additional data points in the fitting procedure.

We wuse the FAST code to derive stellar masses
for a) the 27,305 WiggleZ galaxies unmatched to wide-
field IR surveys (FUV,NUV,ugriz photometry), b) the
11,919 WiggleZ galaxies at 0.3<z<1.0 that are also de-
tected at >50 in at least one of the UKIDSS bands
(FUV,NUV,ugrizY JHK photometry) and c) the 6117
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galaxies in the same redshift range that are also detected
in WISE (FUV,NUV,ugrizY JHK, W1, W2 photometry).
About a quarter of the 11,919 UKIDSS matched galaxies
are detected in all four UKIDSS bands - Y, J, H, K. In some
cases, data is missing from one or more of the UKIDSS bands
due to the fact that there are regions of sky that haven’t
been imaged in all four bands. However, ~20% of the galax-
ies are only detected in the Y-band on account of being very
blue and fall below the S/N threshold used to construct the
UKIDSS catalogues in the redder UKIDSS bands. For this
subset, it is also interesting to assess the effect of using the
low S/N fluxes in the red bands in the SED fits versus ig-
noring the galaxy photometry in these bands.

In all cases we assume BC03 SPS models, an exponen-
tially decaying star formation history (SFH) with 7 ranging
from 0.01 to 30Gyr - the latter representing constant star
formation - a grid of metallicities with 0.001<Z<0.05 and
a (@) IMF. Dust extinction is allowed to vary
over 0<Ay <2. We will test how some of these parameter
choices can affect the stellar mass estimates, later in this
section.

4.1.1 Differences in IR undetected, UKIDSS detected and
UKIDSS+WISE detected sub-samples

In Figure[3 we plot the stellar mass distributions for the IR-
missed, UKIDSS and UKIDSS+ WISE samples as a function
of the FUV absolute magnitude. The FFUV absolute magni-
tude used throughout this paper is derived by k-correcting
the observed NUV magnitude for each galaxy using a Ly-
man Break Galaxy (LBG) template reddened by Ay =0.14
mags. This LBG template produces a very good match to
the average observed (NUV — r) colours of the WiggleZ
galaxies (Blake et al ). Some of the WiggleZ galaxies,
particularly those detected in the IR, are redder than this
template, but our best-fit SEDs only begin to diverge from
the LBG template at rest-frame wavelengths of A >2000A.
The FUV luminosity is found to be relatively insensitive to
the choice of template and we find that differences in the
FUV luminosity computed using this LBG template ver-
sus the individual best-fit SEDs, are at most ~10%. As we
will be deriving stellar masses and SED fit parameters us-
ing a range of different inputs, when considering how these
fit parameters change as a function of rest-frame galaxy lu-
minosity or colour, it is important to ensure that the rest-
frame quantity used does not depend critically on the form
of the best-fit SED. For this reason, the FFUV luminosity
is used throughout this paper. Also, for ease of computa-
tion, the single LBG template is used to derive the FUV
k-corrections and we have checked that using the individual
SEDs instead does not affect any of our conclusions.

We find that the IR detected WiggleZ galaxies have
a fairly tight distribution in stellar mass while the less lu-
minous galaxies that are unmatched to wide-field IR sur-
veys, span a much larger range in stellar mass and have
in general lower stellar masses and larger errors on the in-
dividual stellar mass estimates. The median stellar masses
are logio(M./Mg)=9.6+0.7, 10.2£0.5 and 10.4+0.4 for the
IR missed, UKIDSS matched and UKIDSS+ WISE matched
sub-samples respectively. It is important to clarify the mean-
ing of the various errors on the stellar masses quoted
throughout this paper. The quoted errors on the median
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masses, refer to the standard deviation for the entire sam-
ple. The median 1o errors on the individual mass estimates,
derived using Monte Carlo simulations, is typically slightly
smaller - ~0.3-0.4 dex. The error on deriving this median on
the other hand, assuming Gaussian statistics, is extremely
small given our large sample size (<0.01 dex). From hereon,
the errors on the median reflect the standard deviation of
the sample, but we will also refer to the 1o errors computed
from the Monte Carlo simulations as a means of assessing
the accuracy of the stellar mass estimates.

We also note that the IR undetected galaxies seem to
have a bimodal distribution in the stellar mass - Mpyyv plane
with a cloud of galaxies with similar stellar masses and FUV
luminosities to the IR-detected galaxies, and a separate
cloud of fainter, lower stellar mass galaxies. There is a clear
separation between these two populations at a stellar mass
of logio(M« /Mg )~ 9.7. The lower stellar mass galaxies are
predominantly at lower redshifts whereas at higher redshifts,
the WiggleZ colour cuts seem to select more massive galax-
ies. We note however that the IR detected population, which
is predominantly more massive than logio(M./Mg)~ 9.7,
contains galaxies over the entire redshift range of the Wig-
gleZ survey. Using the IR detected galaxies, we check that
excluding the IR data from the SED fitting, does not repro-
duce this observed bimodality. We find therefore that at the
high redshift end of the WiggleZ sample, there is a signifi-
cant population of massive galaxies that are undetected in
wide-field NIR surveys, whereas at the low redshift end of
the sample, those galaxies that are undetected in the NIR,
are predominantly fainter and have lower stellar masses. We
note further that this bimodality is also somewhat mirrored
in the observed colour-magnitude diagram in Figure 2] where
we see that some of the WiggleZ galaxies that are undetected
in the NIR surveys, are just as red in terms of their optical
colours as the NIR detected galaxies.

Reliable age constraints are difficult to obtain from
these SED fits. For single component star formation his-
tories used in the FAST code, the age refers to the age of
the galaxy since the onset of star formation, and ranges from
~250 Myr for the IR-undetected population, with typical 1o
errors of 2-3 Gyr on these age estimates, versus ~400-1000
Myr +£1.5 Gyr for the IR detected galaxies. The age is very
degenerate with the dust extinction with both parameters
having a similar effect on the observed colours of galaxies.
The UKIDSS and WISE detected galaxies are found to have
higher Ay by ~ 0.4 magnitudes, compared to the galaxies
not detected in the infrared. However, the typical 1o errors
on these Ay estimates are ~0.6 magnitudes so the age and
dust extinctions are not particularly well constrained.

4.1.2  How does the IR data change the stellar masses?

Are these discrepancies between the stellar masses of the IR
undetected and detected population, due to differences in
the physical properties of these galaxies? Or do they simply
result from including different photometric bands in the fits
for the two samples? In order to assess this, we compute
masses for the 11,919 galaxies matched to UKIDSS, but ex-
cluding the NIR data from the SED fitting - i.e. we want to
look at the effect of using only the UV /optical photometry
in the SED fits for the exact same galaxies. The 1o errors on
the stellar mass estimates, derived using FAST, are plotted
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Figure 3. Stellar mass as a function of FUV absolute magni-
tude for the WiggleZ galaxies not detected in wide-field IR sur-
veys (top), those detected in UKIDSS out to 2.2um (middle), and
those detected in both UKIDSS and WISE out to 4.6um (bot-
tom). The greyscale represents the density of points in each panel.
The galaxies detected in the IR have a much tighter stellar mass
distribution compared to the bluer galaxies missed in wide-field
IR surveys. They are also clearly more massive. In each panel, we
show the best-fit straight line through these points as the solid
line to guide the eye and the best-fit lines for the other panels
are shown as the dashed lines for comparison. For the top panel
of galaxies undetected in the IR, we have fit two separate best-fit
lines to the two clouds of galaxies at logig(Mx«/Mg)< 9.7 (blue
line) and logio(M«/Mg)> 9.7 (cyan line).

as a function of the stellar mass in the bottom two panels of
Figure @ both when including and excluding the NIR data
from the SED fits for the subset of 11,919 galaxies.
Figure[d clearly demonstrates that the stellar masses are
better constrained with considerably smaller 1o errors when
we include the NIR data in the SED fits in the FAST code.
For the 11,919 UKIDSS detected galaxies, the median stellar
mass is logio(M./Mg)=10.240.5 when the UKIDSS data is
included in the fitting versus logio (M. /M@ )=10.4£0.6 when
the UKIDSS data is excluded. Once again we note that these
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errors refer to the total standard deviation for the sample
and that the error on the medians are considerably smaller,
making these differences in the two mass estimates highly
statistically significant. As the removal of NIR photometry
from the SED fits only serves to make the median mass
of the NIR detected population even larger, we conclude
that the difference in mass seen between the NIR detected
and undetected galaxies in Section 1.1} is real and not
an artefact of including different bands in the SED fitting.
The NIR detected WiggleZ galaxies are therefore on average
more massive than those not detected in the infrared.

We now turn our attention to considering whether the
addition of the NIR has indeed led to better constraints
on our stellar masses as suggested by Figure @l Recently,
Taylor et all (2011) have argued that including near infrared
data from the UKIDSS-LAS when SED fitting to galaxies in
the GAMA survey, results in stellar mass estimates that are
highly discrepant between the optical and optical+NIR fit
cases. They find that the optical+NIR derived masses are
inconsistent with the optical only masses at the >30 level for
~25% of the GAMA galaxies. They conclude that the NIR
can therefore not be used to provide reliable stellar mass
constraints for their dataset. We conduct a similar test in
the case of our WiggleZ galaxies using the FAST outputs for
our stellar masses. Taking into account the formal 1o errors
on the individual mass estimates derived using the Monte
Carlo simulations, we look at the fraction of galaxies where
the masses from the optical and optical+NIR runs, are con-
sistent within these 1o errors. We find that this is true in
>70% of the galaxies indicating that although there is a
systematic shift in the median mass towards lower masses
when including the NIR data, the masses thus obtained are
still consistent with the larger errorbars derived using the
UV and optical data only. The fraction of galaxies with
>30 discrepant mass estimates between the optical and op-
tical+-NIR fits, is only ~4% in the case of the FAST outputs
compared to the ~25% reported in [Taylor et all (2011) for
the GAMA galaxies. We therefore find that the NIR data
does help better constrain the SED models for the majority
of the WiggleZ galaxies.

Can the differences between our conclusions and those
of[Taylor et all (2011), be explained by FAST’s use of a tem-
plate error function to model uncertainties in stellar popula-
tion synthesis models over certain wavelength ranges? This
template error function is lowest in the rest-frame optical
and increases both at rest-UV wavelengths due to the effects
of varying dust extinction, and in the NIR due to uncertain-
ties in the stellar isochrones ) We recom-
pute stellar masses for the UKIDSS detected galaxies with
and without the near infrared data, but this time turning
off the template error function within FAST. The template
error function increases the photometric uncertainties at
A > 10000A (Brammer et alll2008) and therefore the result-
ing errors on the masses. Once again, we find that the stellar
masses are more tightly constrained with the inclusion of
the NIR data. The fraction of galaxies with >3c discrepant
mass estimates between the optical and optical4+NIR fits
now goes up to ~6%, still considerably smaller than the
25% reported by [Taylor et all QZQLIJ) Our improved stellar
mass constraints with the NIR data, are primarily driven
by the fact that the 1o upper bound on the stellar mass
is brought down by 0.4-0.5 dex with the inclusion of the
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NIR photometry. The lower bound on the stellar mass com-
puted using the Monte Carlo simulations, however remains
unchanged. The NIR photometry therefore helps to rule out
very large stellar masses for the majority of WiggleZ galax-
ies and thereby tightens the stellar mass estimates. We also
check that using fewer Monte Carlo simulations to calibrate
the error estimates, leads to larger discrepancies (~6% of
galaxies with inconsistent masses at the >30 level) between
the optical and optical+NIR mass estimates. This is to be
expected given that as we decrease the number of Monte
Carlo simulations, the errors also become less reliable.

We check our results using the KG04 code used in con-
junction with the PEGASE.2 SPS models. The KG04 code
makes different assumptions regarding the priors on the in-
put parameters for the SED fits and a key motivation of the
current work is to test the robustness of stellar mass esti-
mates to these differences in SED fitting codes. In contrast
to the results obtained using FAST, we find little difference
in both the median stellar mass estimate and the 1o error
on it with and without the addition of the NIR photome-
try. We use the KG04 code with both single component star
formation histories and the addition of secondary bursts on
top of the smooth underlying SFH. In both cases, the me-
dian stellar mass remains unchanged on addition of the NIR
data, as does the typical 1o error. More than 80% of galax-
ies now have stellar masses that are consistent between the
optical and optical+NIR SED fits within the 1o errors. Less
than 2% have stellar masses that are discrepant at the >30
level.

Our study has therefore illustrated two key points. The
effect that the NIR data has in constraining the stellar
masses of galaxies, depends on the assumptions made in the
model being fit. Hence, we get slightly different results with
the FAST and the KG04 code although it is important to
stress that with the NIR photometry included, the median
masses produced by the two codes are very similar. Secondly,
it is important to have well calibrated errors on the stellar
masses that take into account both the error on the photom-
etry as well as the error in the templates in the NIR. If we
do not include the template error function within FAST the
discrepancy between the optical and optical+NIR computed
masses increases. Similarly, we found that if we use a smaller
number of Monte Carlo simulations to calibrate the errors,
the discrepancy once again increases. We conclude that the
NIR data can for some models lead to tighter constraints
on the stellar masses, and find no evidence for widely dis-
crepant stellar masses computed using the optical only and
optical+NIR data with either the FAST or KG04 code.

4.1.8  Effect of adding in low signal-to-noise fluzes

There are a significant number of blue galaxies in WiggleZ
that are detected in the UKIDSS Y-band but are faint and
at low S/N in the redder UKIDSS bands. In these cases,
we have so far ignored the JH K photometry from UKIDSS
in the SED fitting. We now assess whether including these
low S/N flux measurements results in any improvement in
the SED fits and any difference to the inferred fit parame-
ters. In order to do so, we select a subset of ~1000 galaxies
that are detected in the Y-band but undetected in H and
K. We perform forced photometry on these galaxies in the
H and K-bands using fixed apertures centred on the Wig-
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Figure 4. The distribution of 1o error on the stellar mass esti-
mates as a function of stellar mass, computed using FAST, for the
sample of 11,919 WiggleZ galaxies matched to UKIDSS when us-
ing different photometric bands in the SED fitting. The greyscale
represents the density of points in each panel while the points
with error bars represent the median and standard deviations of
the samples. The 1o errors are systematically larger when the NIR
data is excluded from the fits (bottom panel) confirming that the
inclusion of this data where available, provides better constraints
on the stellar masses (middle panel). The stellar masses too are
over-estimated when the NIR data is excluded from the fits. The
GALEX UV-bands however make little difference to the inferred
median stellar mass and errors (top and middle panels) although
there is evidence for a cloud of galaxies where the stellar masses
are more poorly constrained without the UV data. This cloud of
galaxies is seen to migrate from the top left of the top panel to
the bottom right of the middle panel in the figure.

gleZ positions. The fluxes and errors are measured in several
different apertures and using the high S/N detections, we
find that a 4" aperture provides a reasonable match to the
UKIDSS catalogue Petrosian magnitudes of the galaxies. At
low signal-to-noise however, a larger aperture often results
in more noisy photometry so we choose the aperture flux
estimate with the highest signal-to-noise ratio to represent
the total flux from the galaxy. These aperture sizes range
from 2 to 5”. The median S/N is ~3 in both the H and K-
bands. Stellar masses are then calculated using FAST but
now including the results from the forced photometry in the
H and K bands. In ~60% of the galaxies, we find an im-
provement in the lo stellar mass errors by a factor of ~2,
when including the forced photometry fluxes. However, the
inferred stellar masses themselves change only by ~0.01 dex.
In ~5% of the galaxies, the inclusion of the forced photome-
try fluxes considerably worsens the SED fits. These galaxies
are, as expected, typically < lo detections in the H and
K-band images, and the inclusion of these very noisy fluxes
worsens the quality of the fits. We conclude that using low
signal-to-noise aperture fluxes versus ignoring the photom-
etry in these bands, does not materially change the stellar
mass estimates for the majority of the galaxies although it
can help to reduce the errors on the individual stellar mass
estimates.

4.1.4 How does the UV data change the stellar masses?

We also consider the effect of removing the GALEX UV pho-
tometry from the SED fits for the 11,919 galaxies matched
to UKIDSS. The corresponding stellar masses and errors
computed using FAST and the BC03 models, are plotted in
the top panel of Figure @l We find that the median stellar
mass goes down by only ~0.02 dex versus when the GALEX
photometry is included (middle panel of Figure H), and the
median error on this stellar mass remains unchanged. More
than 80% of the galaxies have stellar masses that are consis-
tent within the 1o errors when considering the outputs with
and without the UV photometry.

However, we find in Figure [ that there is a cloud of
galaxies where the removal of the GALEX photometry ac-
tually leads to larger errors on the stellar mass estimates.
We investigate this cloud of galaxies in more detail. Without
the UV photometry, the best-fit SEDs suggest that these are
young, highly star-forming galaxies with significant amounts
of dust extinction. However, when the UV photometry is in-
cluded, the best-fit SEDs suggest that these galaxies are on
average more massive, significantly older and less dusty and
with significantly lower star formation rates than inferred
from SED fits without the UV data. In Figure[] these galax-
ies migrate from the top left portion of the top panel, to-
wards the bottom right portion of the middle panel. The UV
photometry is dominated by light from instantaneous star
formation rather than reflecting the total underlying stellar
mass. In most galaxies, it therefore provides little constraint
on the total stellar mass. However, we see that for some of
the WiggleZ galaxies, the lack of UV photometry can lead
to an over-estimate of the dust extinction and star forma-
tion rate and an under-estimate of the age of the galaxy.
As a consequence of the SEDs being fit by younger stellar
populations, the total stellar mass is also under-estimated
without the UV data, in these galaxies.
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We also consider the effect of the UV photometry on the
27,305 fainter, bluer galaxies that are undetected in the IR
and therefore where NIR photometry is no longer included
in the SED fitting. Once again, there is little effect on the
median stellar mass, which goes down by 0.01 dex on re-
moving the GALEX bands from the fits, and the median 1o
errors remain unchanged. Almost 90% of galaxies now have
stellar masses that are consistent within the 1o errors when
considering the outputs with and without the UV photome-
try. These 27,305 galaxies have no NIR data and in the case
of these galaxies, we find no evidence for a separate cloud of
galaxies where the lack of UV photometry leads to poorer
constraints.

4.2 Effect of Stellar Population Synthesis Models

We now consider the effect of different SPS models on the
stellar mass estimates with all other parameters in the SED
fitting held constant. We use a Salpeter IMF and a set of sim-
ple single component exponentially decaying SFHs. FAST
allows fitting of both the BC03 and ) mod-
els to the multi-wavelength data. While the latter includes
a prescription for TP-AGB stars, the BC03 models do not.
The contribution of TP-AGB stars to the NIR colours of
galaxies is still widely debated with local galaxies showing
significant dependences of the colours on this component

(Eminian et al] M) while the contribution in higher red-
shift galaxies is deemed to be less significant
M) TP-AGB stars are only expected to affect the NIR
colours of intermediate age (~1Gyr) stellar populations. We
also derive stellar masses using the KG04 code and a set of
PEGASE.2 SEDs, in which nebular emission lines can be
turned on or off in order to consider their effect on the stel-
lar masses. Note that although the KG04 code incorporates
the facility to include secondary bursts of star formation,
for this particular test, only single component SFHs are al-
lowed so as to allow direct comparison with the results from
FAST where secondary bursts cannot be included. Having
already demonstrated that the NIR data can help in better
constraining the stellar masses for FAST, and that it does
not materially change the stellar masses for the KG04 code,
we use the UV, optical and NIR photometry in the SED fits
in all cases where the NIR is available. We keep the SFH
and IMF fixed so the effect of the different models on the
stellar mass estimates can be isolated.

For the NIR detected population, we find the reduced
x? values and 1o errors on the stellar masses to be very sim-
ilar for the BC0O3 and Maraston models. However, the me-
dian stellar mass is ~0.2 dex lower when using the Maraston
models. For the bluer subset of galaxies undetected in the
NIR, the average difference between the Maraston and BC03
derived stellar masses now falls to ~0.1 dex. Figure Bl shows
the distribution of stellar mass as a function of Mgy for
both WiggleZ galaxies detected and undetected in the NIR
for each of the different SPS models studied. Changing from
the BC03 models to the Maraston models primarily affects
the red cloud of galaxies detected in the IR. This is expected
given that we infer older ages for these IR detected galaxies
suggesting that they have slightly more evolved stellar pop-
ulations where TP-AGB stars may become more important.

Before considering the differences between the
BC03/Maraston and PEGASE.2 models, we first assess the
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effect that nebular emission lines have on the stellar masses,
by computing these masses with the nebular emission
switched on and off in the PEGASE models. We find that
turning off the nebular emission in the models increases
the stellar masses as expected by raising the best-fit stellar
continuum. However, the median increase in the stellar
masses due to lack of nebular emission in the models, is only
~0.01/0.02 dex for those galaxies detected in the IR and
those that are undetected respectively. The WiggleZ galax-
ies are selected to have strong emission lines in order to aid
the acquisition of redshifts for cosmology
). However, even in these strong emitters, the impact
of including nebular emission in the models on the stellar
masses, appears to be negligible for the majority of the
galaxies and smaller than the offsets typically seen in
high redshift LBGs (e.g. lde Barros et all [2013; [Stark et all
). We note however, that the prescription for nebular
emission in the PEGASE.2 SEDs, is relatively simple and
does not for example allow for variations in the line ratios.
There are of course WiggleZ galaxies where the emission
lines make a significant contribution to the broadband flux,
and where the inclusion of nebular emission in the models,
results in a more significant offset to the stellar mass. Some
example SED fits of galaxies with strong nebular emission
can be found in Appendix A. However, on average, the
effect of including emission lines in the models, on the
stellar masses, is found to be very small.

Having demonstrated that the inclusion of nebular
emission lines in the SPS models, appears to have little im-
pact on the median stellar masses of the WiggleZ galax-
ies, we now look at the differences in stellar mass between
the PEGASE.2 models and the Maraston and BC03 mod-
els. The results can be seen in Figure Bl We find that the
PEGASE.2 models always produce stellar masses that are
higher than those derived by the BC03 and Maraston mod-
els. These masses are higher by ~0.1 (0.2) dex with respect
to BCO3 (Maraston) for the galaxies detected in the IR,
and ~0.2 (0.3) dex with respect to BC03 (Maraston) for the
bluer galaxies undetected in the IR. We have ruled out neb-
ular emission as the cause for these mass differences, and
shown that the presence of emission lines would decrease
rather than increase the stellar masses computed with the
PEGASE models. These differences, which seem to be ac-
centuated at faint FFUV luminosities, must therefore result
from differences in the input stellar libraries in each of the
models and the fact that these stellar libraries traverse dif-
ferent regions in physical parameter space. We note that
restricting the PEGASE models to solar metallicity only,
produces slightly more consistent stellar masses between PE-
GASE and BCO03 by reducing the PEGASE produced stellar
masses by ~0.1 dex.

Unlike the stellar masses which are reasonably well con-
strained, the best-fit ages are once again more poorly con-
strained and show significant deviations between the models.
Nebular emission is found to produce younger ages and the
PEGASE.2 models generally produce higher median ages
than BC03 and Maraston. However, we emphasise that the
uncertainties on these age estimates are considerable.
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Figure 5. Stellar mass versus Mpyy for the WiggleZ galaxies undetected in the IR (blue dashed) and those detected in the IR (red
solid) for three different choices of SPS models. Contours represent the density of points computed using a kernel density estimator,
over a grid traversing the parameter space shown. The stellar masses are lowest for the Maraston models which include TP-AGB stars,
followed by BC03 and then PEGASE, which produces the largest masses. The discrepancy between PEGASE and BC03/Maraston, is
largest at faint Mgy and particularly noticeable for the blue cloud of IR undetected galaxies. The discrepancy between BC03 and
Maraston on the other hand affects more the IR detected, bright M rrry galaxies that populate the top left corner of the panels.

4.3 Effect of Different Initial Mass Functions

The form of the stellar initial mass function assumed dur-
ing SED fitting, can have a significant effect on the inferred
stellar masses of galaxies. In this section, we systematically
quantify the difference in stellar masses using different IMF's
but assuming the same SPS models, photometric filters and
star formation histories. We use the subset of 11,919 Wig-
gleZ galaxies matched to UKIDSS, for the comparison. We
change the IMF choice in both FAST and KG04 while keep-
ing the rest of the input parameters fixed, in order to quan-
tify the resulting change in the median stellar masses of the
WiggleZ galaxies.

Firstly, using FAST with the BC03 models and expo-
nentially decaying SFHs, we find that the median difference
between the Salpeter and Chabrier IMF's is ~0.24 dex. The
Chabrier IMF has the same power-law slope as Salpeter at
the high-mass end but turns over at M<1Mg.

FAST is also used with the Maraston models and expo-
nentially decaying SF'Hs to look at differences in stellar mass
between the Salpeter andm M) IMF. The Kroupa
IMF predicts stellar masses that are on average ~0.20 dex
lower than Salpeter. It too has the same power-law slope as
Salpeter at the high-mass end but turns over at M< 0.8Mg.
These differences in stellar mass due to the IMF, show little
dependence on the FUV luminosity or galaxy colour.

Finally, we use the KG04 code with PEGASE mod-
els and multi-component SFHs, to look at the difference
between the Salpeter, Kroupa, BG03 and Chabrier IMFs
and to check if these differences are enhanced or reduced
when additional bursts of star formation are allowed. The
BGO03 IMF has a shallower slope than Salpeter at the high-
mass end and turns over at M<0.5Mg. It, results in stellar
masses that are on average 0.24 dex lower than Salpeter

12004). The stellar masses obtained with
the BG03 and Chabrier IMFs are remarkably similar with a
median difference of <0.001 dex between them. The Kroupa
IMF results in stellar masses that are ~0.1 dex higher than
those produced by BG03 and Chabrier.

The simple power-law form of the Salpeter IMF is
known to overestimate the number of low-mass stars in
galaxies and therefore the stellar mass

12006; [Ferreras et all[2008) and more recent analytical forms

of the IMF such as those considered in this work, have, by
design a more realistic break in the IMF at low masses and
therefore predict lower stellar masses on average. We find
that the Kroupa IMF results in stellar masses that are ~0.1—
0.2 dex lower than Salpeter while the BG03 and Chabrier
IMF's produce very similar stellar masses that are ~0.24 dex
lower than Salpeter and up to 0.1 dex lower than Kroupa.

4.4 Effect of Different Star Formation Histories
4.4.1 Single Component Star Formation Histories

In order to study the dependence of the stellar mass esti-
mates on the assumed SFH, we begin by using FAST to fit
BC03 models with three different star formation histories to
the photometric data. These correspond to a simple expo-
nentially decaying SFH, a truncated SFH which corresponds
to constant star formation between topset and tonset+7, and a
delayed exponentially decaying star formation history with
SFR~ t exp(-t/7). We note that the FAST code used for
the stellar mass estimates currently does not incorporate
the ability to include exponentially increasing or inverted-7
models which have recently been argued to provide a bet-
ter description of the extinction and star formation rates
inferred from rest-frame UV data alone for galaxies at z>1
(Maraston et all 2010).

In Figure[6 we show the distribution of stellar masses for
the 11,919 UKIDSS detected WiggleZ galaxies as a function
of Mryyv for each of the three SFHs. We find that with a
large sample of spectroscopically confirmed galaxies such as
ours, the stellar mass is insensitive to the choice of star for-
mation history for simple single component SFHs. However,
as might be expected for these very blue emission-line galax-
ies, the truncated SFH produces relatively poor reduced-y?
values as it is typically invoked to describe the SFHs of more
passive systems such as quiescent and post-starburst galax-
ies (Daddi et all[2004; Kriek et all[2010).

Although the stellar masses are insensitive to the choice
of SFH, the ages and dust extinctions, which are in general
more poorly constrained, show significant variations as the
SFH is changed and are not particularly well constrained.

(© 0000 RAS, MNRAS 000, 000-000
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Figure 6. Stellar mass distribution as a function of Mpgy, for
the IR detected WiggleZ galaxies, computed with various different
prescriptions for single component SFHs. The contours represent
the density of points estimated using a kernel density estimator
over a grid covering the parameter space shown. The stellar mass
is seen to be insensitive to the choice of star formation history for
single component SFHs.

4.4.2 Addition of Bursts

Although the stellar mass is found to be insensitive to the
assumed star formation history for a single component SFH,
it is interesting to quantify the effect of more complex SFHs
on the mass estimates. FAST does not allow for addition of
random bursts of star formation on top of the single com-
ponent star formation history. In order to assess the effect
of these bursts on the stellar masses, we use the KG04 code
with the PEGASE.2 SEDs including nebular emission and
assuming a BG03 IMF. As demonstrated in Section 3] the
choice of IMF has little effect on the stellar masses for IMF's
with realistic breaks at low masses. We examine the impact
of starbursts on the stellar masses, both for the IR detected
subset of 11,919 galaxies as well as the bluer 27,305 galaxies
that are undetected in wide-field IR surveys.

The results are shown in Figure[llwhere we plot the stel-
lar masses as a function of Mgy for both subsets of galax-
ies with and without additional bursts of star formation. We
find that the addition of bursts of star formation leads to
an increase in the stellar masses in both cases. This increase
is more pronounced for those galaxies not detected in the
IR where the addition of bursts adds ~0.3 dex to the stellar
masses, versus 0.1 dex for galaxies detected in the IR. For
both subsamples, the increase in stellar mass on inclusion of
bursts is also more pronounced at higher FFUV luminosities.
This is because the secondary bursts essentially “hide” the
more massive evolved stellar populations by dominating the
UV-light.

We check these results using the MAGPHYS code,
which makes different assumptions in the implementation
of the secondary burst as discussed in detail in Section
As previously stated, MAGPHYS is not readily applica-
ble to the large sample sizes assembled here, but, unlike
FAST, it does include additional bursts of star formation.
We therefore compare the FAST and MAGPHYS derived
stellar masses for a randomly selected sub-sample of 800
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Figure 8. Difference in stellar mass obtained using the KG04
code and PEGASE models on inclusion of bursts, versus the burst
mass fraction for all 39,701 WiggleZ galaxies. The greyscale de-
notes the density of points. The median burst fraction is ~1 per
cent and the inclusion of the bursts in the SED models, adds
~0.1-0.3 dex of stellar mass on average to the galaxies.

WiggleZ galaxies that are also detected in UKIDSS and
a similar sub-sample of WiggleZ galaxies not detected in
UKIDSS. We find that the mean difference in stellar mass
between FAST and MAGPHYS is 0.1 dex for the UKIDSS
detected galaxies and 0.25 dex for the UKIDSS undetected
galaxies, consistent with the results derived using the KG04
code due to the effect of bursts.

In Figure[8 we plot the difference in stellar mass on in-
clusion of bursts versus the burst mass fraction derived using
KGO04 for all ~40,000 WiggleZ galaxies. Most of the galaxies
have typical burst fractions of ~1% - i.e. the mass produced
in the secondary burst is just 1% of that produced through
continuous star formation. However Figure [§ clearly shows
that the difference in stellar mass between the burst and no
burst SED fits, is not particularly well correlated with the
burst fraction. This demonstrates that allowing secondary
bursts in the SED fits, does not just change the total stellar
mass of the galaxy but also results in best-fit SEDs with
different properties - age, Ay, 7 - compared to when bursts
are not included in the SED fits.

For multi-component SFHs, the ages output are the
mass-weighted ages of the different stellar populations so a
direct comparison to the ages produced by fitting single com-
ponent SFHs, cannot be made. The median mass weighted
ages are ~2—3 Gyr. The addition of secondary bursts there-
fore produces older galaxies than when these bursts are not
included. This is because the underlying primary stellar pop-
ulation being hidden by the current burst is also older than
when the bursts are not included.

We also consider the variation of the best-fit dust ex-
tinction parameter Ay with FUV luminosity and stellar
mass. We consider the outputs from the KG04 code includ-
ing both nebular emission as well as secondary bursts of star
formation. Although these dust extinctions are typically not
very well constrained with median 1o errors of ~0.2 mags,
we can nevertheless assess whether there is any evidence for
a trend in best fit Ay with the FUV luminosity or stel-
lar mass. Figure [0 shows the median best-fit Ay in bins
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Figure 7. Stellar mass distribution as a function of FUV absolute magnitude for WiggleZ galaxies detected and undetected in infrared
surveys. The greyscale denotes the density of points while the individual points with error bars represent the median and standard
deviations of the samples. Stellar masses are calculated using the KG04 code, PEGASE SEDs, assuming a BG03 IMF and with additional
bursts of star formation turned on or off. Additional bursts of star formation add ~0.1 dex in stellar mass to galaxies detected in the
NIR and ~0.3 dex of stellar mass in galaxies undetected in the NIR. The effect is more pronounced at brighter F'UV luminosities.

of Lryy and stellar mass for all ~40,000 WiggleZ galaxies
with the shaded regions representing the 1o errors from the
SED fits. Despite the large errors, we find a strong trend
with stellar mass with the most massive galaxies also be-
ing fit to have larger dust extinction values. The trend with
FUYV luminosity is less strong but there is some evidence
for WiggleZ galaxies with lower FFUV luminosities also hav-
ing higher best-fit Ay . These trends are confirmed from the
outputs derived using the FAST code which includes only
single component SEFHs and no nebular emission lines in the
SPS models. Recently, [Buat et all (IE) observed a simi-
lar trend in dust attenuation using Herschel data to analyse
a sample of intermediate redshift galaxies in the GOODS
field. [Heinis et all (2019) too find a slight increase in dust
attenuation at low FUV luminosities although the trend is
essentially flat at Lryyv > 10'%Le, once again consistent
with our data in Figure[dl However, given the biased colour
selection of WiggleZ targets and the considerable uncertain-
ties and degeneracies involved in accurately constraining Ay
from SED fits to the available broadband photometry for
this sample, we caution against over interpretation of these
observed trends.

4.5 Summary & K-Band Mass-to-Light Ratios

We have quantified the sensitivity of stellar mass estimates
for the very blue population of WiggleZ galaxies at 0.3 <
z < 1.0 to changes in various input parameters and assump-
tions made during the SED fitting. In particular, we have
looked at how the median stellar masses of this large sample
are affected by changes to the input photometry, choice of
SPS model, choice of IMF and choice of star formation his-
tory. The SPS models and the addition of secondary bursts
result in the biggest changes to the median stellar masses -
of the order of 0.3 dex for these very blue galaxies. Table [Tl
summarises the results of the various SED fits carried out
in this Section and provides median stellar masses for dif-
ferent subsamples of the WiggleZ population output using
different codes and different input parameters to the SED
fitting. A key result of this paper is that the stellar masses
seem to be relatively robust to changes in the various input
parameters to the SED fitting as well as the choice of SED
fitting code.

(© 0000 RAS, MNRAS 000, 000-000
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Figure 9. Median best-fit dust extinction parameter Ay derived using the KG04 code with the PEGASE.2 SPS models, as a function of
FUV luminosity and stellar mass for all ~40,000 WiggleZ galaxies. The points represent the median values in bins of Ly and stellar
mass with the shaded regions denoting the 1o errors on Ay from the SED fitting. Despite the large errors, we note a trend of increasing
dust extinction with increasing stellar mass and decreasing L gy in this sample.
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Table 1. Summary of median stellar masses of WiggleZ galaxies computed using different SED fitting codes and when changing different input parameters in the SED fitting.

Code Ngal Filters SPS Model ~ Nebular Lines SFH IMF <logio(M«/Mg)>
FAST 27,305 GALEX, ugriz BCO03 No Exp decaying Chabrier 9.6+£0.7
FAST 27,305 ugriz BCo03 No Exp decaying Chabrier 9.5+0.6
FAST 11,919 GALEX,ugrizY JHK BCO03 No Exp decaying Chabrier 10.2+0.5
FAST 11,919 ugrizY JHK BCO03 No Exp decaying Chabrier 10.2+0.4
FAST 11,919 GALEX,ugriz BCO03 No Exp decaying Chabrier 10.440.6
FAST 6117 GALEX ugrizY JHK ,3.4,4.6um BCO03 No Exp decaying Chabrier 10.4+0.5
FAST 11,919 GALEX,ugrizY JHK BCO03 No Exp decaying Salpeter 10.440.6
FAST 11,919 GALEX,ugrizY JHK Maraston No Exp decaying Salpeter 10.3£0.6
KG04 11,919 GALEX,ugrizY JHK PEGASE Yes Exp decaying Salpeter 10.5+£0.4
KG04 11,919 GALEX, ugriz PEGASE Yes Exp decaying Salpeter 10.5+0.4
KG04 11,919 GALEX,ugrizY JHK PEGASE No Exp decaying Salpeter 10.5£0.4
KG04 27,305 GALEX,ugriz PEGASE Yes Exp decaying Salpeter 10.0+£0.6
KG04 27,305 GALEX,ugriz PEGASE No Exp decaying Salpeter 10.040.6
FAST 27,305 GALEX, ugriz BCO03 No Exp decaying Salpeter 9.8+0.7
FAST 27,305 GALEX,ugriz Maraston No Exp decaying Salpeter 9.7+£0.7
KG04 27,305 GALEX, ugriz PEGASE No Exp decaying Salpeter 10.0+0.6
FAST 11,919 GALEX,ugrizY JHK BCO03 No Delayed Exp Chabrier 10.2+0.5
FAST 11,919 GALEX,ugrizY JHK BCO03 No Truncated Chabrier 10.2+0.5
KG04 11,919 GALEX,ugrizY JHK PEGASE Yes Exp decaying + Burst BGO03 10.44+0.4
KG04 27,305 GALEX,ugriz PEGASE Yes Exp decaying + Burst BGO03 10.0+£0.7
KG04 11,919 GALEX,ugrizY JHK PEGASE Yes Exp decaying + Burst Kroupa 10.5+£0.4
KG04 11,919 GALEX,ugrizY JHK PEGASE Yes Exp decaying + Burst  Chabrier 10.4+0.4
KG04 11,919 GALEX,ugrizY JHK PEGASE Yes Exp decaying + Burst  Salpeter 10.7£0.4
FAST 11,919 GALEX,ugrizY JHK Maraston No Exp decaying Kroupa 10.0+£0.5
MAGPHYS 24 GALEX,ugrizY JHK ,3.4,4.6,12,22m CBO07 No Exp decaying + Burst  Chabrier 10.8£0.3
MAGPHYS 800 GALEX,ugrizY JHK CBO07 No Exp decaying + Burst  Chabrier 10.4+0.5
MAGPHYS 800 GALEX,ugriz CBO07 No Exp decaying + Burst  Chabrier 9.940.7
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We have also demonstrated that the near infra-red data
can, for some codes and choice of priors, significantly reduce
the 1o errors on the stellar masses by tightening the upper
bound on the stellar mass estimate. We find no evidence
that the near infra-red data actually worsens the quality
of the SED fits for the WiggleZ galaxies with any of the
codes. As previously mentioned, rest-frame near infra-red
mass-to-light ratios have been used for some time to esti-
mate the total stellar masses of galaxies. These mass-to-light
ratios are significantly less dependent on galaxy colour than
similar ratios derived at shorter wavelengths. Empirical re-
lations of the dependence of stellar mass-to-light ratios on
galaxy colour, have been derived by [Bell et all M) and
are widely used in the literature. We therefore now com-
pare this empirical relation in the near infrared K-band to
the equivalent mass-to-light ratios derived from our SED
fits for our sample of almost 12,000 WiggleZ galaxies that
are detected in UKIDSS. Note that at the median redshift
of our sample, the rest-frame K-band is not sampled by
the UKIDSS data. However, the availability of the UKIDSS
photometry allows us to sample more of the galaxy SED
than is sampled by the optical, making the extrapolation to
the rest-frame K-band more secure. We consider the out-
puts from the KG04 code including secondary bursts of star
formation and nebular emission lines in the SPS models.

Figure shows the rest-frame K-band mass-to-light
ratio computed from the best-fit SEDs, as a function of the
(g —r) colour for those WiggleZ galaxies with UKIDSS NIR
photometry. Note, that the rest-frame K-band luminosity is
calculated here using the best-fit SED for each galaxy and
not the LBG template used to calculate the rest-frame FUV
luminosity. The rest-frame K-band luminosity depends more
critically on the exact choice of SED used to derive it. The

) colour-based estimator is also shown with
an appropriate offset to match the IMF used in our SED fits.
Although these mass-to-light ratios are computed using the
KGO04 code which does not include a prescription for dust
emission in the NIR, we find in Table [T that the KG04 de-
rived stellar masses and MAGPHY'S derived stellar masses
are very similar. As MAGPHYS does include a prescription
for dust emission in the NIR, we conclude that this emission
has negligible impact on our calculated stellar masses and
mass-to-light ratios. We find that even with the inclusion
of secondary bursts, the stellar mass-to-light ratios derived
from the SEDs, are lower than predicted by the colour-based
estimator. The simple colour-based estimator over predicts
the mass-to-light ratio by ~0.4 dex on average compared to
the more sophisticated SED fitting approach in the case of
these WiggleZ galaxies. Almost 75% of the WiggleZ galaxies
have K-band mass-to-light ratios that are formally inconsis-
tent with the simple colour-based estimator after taking into
account the errors on M/Lk from the SED fitting. As seen
in Figure [I0] this is particularly true for the younger, bluer
galaxies. For the oldest and reddest WiggleZ galaxies with
ages 27Gyr, the SED derived M/Lg and the colour-based
estimator, agree reasonably well. As expected, the WiggleZ
colour cuts select very few massive red galaxies that would
populate the top right corner of Figure
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Figure 10. Stellar mass-to-light ratio in the rest-frame K-band
as a function of the observed (g — r) colour, derived from SED
fits using the KG04 code and including both secondary bursts of
star formation and nebular emission in the models. The points
are colour-coded according to the best-fit age of the galaxy. The
dashed line shows the empirical colour-based estimator of the
M/Lg from ). This simple colour-based estima-
tor over-predicts the mass-to-light ratio, particularly for younger,
bluer galaxies.

5 MID-INFRARED LUMINOUS WIGGLEZ
GALAXIES

Before discussing the results of our SED fitting and stellar
mass estimates within the broader context of galaxy evolu-
tion, we briefly digress to look at the properties of the very
small subset of WiggleZ galaxies that are found to be ex-
tremely luminous at 12 and 22um. There are 78 galaxies at
0.3< z < 1.0 out of the total sample of 39,701, that are
detected at >50 in WISE at 12 and 22um. In Figure [I1]
we plot their colours in the [3.4—4.6]um versus [4.6—12],m
plane, taken from figure 12 of [Wri QZQld) We find
unsurprisingly, that the mid infrared emission can be ac-
counted for by the presence of an AGN in the majority of
these galaxies with the WISE colours of the galaxies over-
lapping the QSO and Obscured AGN loci of

). In order to select those galaxies where the AGN
contamination should be less significant, we apply a conser-
vative cut of [3.4—4.6]um < 0.7 ), which is
also shown in Figure[IIl This leaves us with only 24 galaxies
which may reasonably be assumed to be star-forming and
lie in the starburst/LIRG regime of the colour-colour plane.
We visually inspect the WISE images for these 24 galaxies
and eliminate two which lie in the halos of bright sources in
the WISE data.

We fit the SEDs of the remaining 22 mid-IR bright
star-formation dominated WiggleZ galaxies using the MAG-
PHYS code which provides a consistent treatment of the
UV, optical and IR emission in star-forming galaxies. Some
example SED fits can be seen in Figure and encompass
the range in properties seen in this small sample. In almost
all cases, we find that the models under-predict the GALEX
UV fluxes of these galaxies and a UV excess is seen in the
observed photometry relative to the models. This could be
due to the effect of the Lya line on the GALEX fluxes of
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Figure 11. The location of our WiggleZ mid-IR bright galax-
ies in the [3.4—4.6],m versus [4.6—12],,m colour-colour plane of

M) The WiggleZ galaxies are shown as the red
circles. While most are found to be mid-IR bright on account of
some AGN contamination, we isolate a population of 24 galaxies
with [3.4—4.6],m < 0.7 that lie below the solid horizontal line in
the figure and can reasonably be assumed to be star-formation
dominated.

the galaxies or patchy dust extinction due to which some of
the UV-light still remains unobscured.

The median stellar mass of these mid-IR bright WiggleZ
galaxies is logio(M./Mg)=10.8+0.6 inferred from SED fits
from the UV through to the mid IR, and they typically
have star formation rates in excess of 100Mgyr~ ' and large
dust extinction values. Their distribution in terms of redshift
and observed UV-to-optical colours however, is the same as
the rest of the WiggleZ sample. We conclude that a small
fraction of the UV luminous WiggleZ galaxies at z ~0.7 are
also infrared luminous with SEDs consistent with young,
dusty starbursts where some of the young stellar population
is still unobscured in the UV. This is consistent with what
is found for the z ~ 1 Lyman Break Galaxy population
some of which are also seen to be luminous in the Spitzer
MIPS 24um band (Burgarella et al![2007). In Appendix B,
we provide the positions, redshifts and WISE fluxes of these
22 mid infra-red luminous WiggleZ galaxies along with the
best-fit stellar masses and star formation rates derived using
MAGPHYS.

6 DISCUSSION

Having constrained the stellar masses of a large sample of
UV-luminous galaxies at 0.3 < z < 1.0 and quantified the
sensitivity of these mass estimates to assumptions made dur-
ing the SED fitting process, we can now compare the stellar
masses and SED fit parameters to other well-studied galaxy
populations in order to place the WiggleZ galaxies within
a global picture of galaxy evolution. Our study has concen-
trated on galaxies that populate the most extreme end of
the blue-cloud and, as such, represent a sample where simple
SED models are not likely to provide a good representation
of the galaxy physics. Despite this, we have shown the stel-
lar masses to be extremely robust to different assumptions
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Figure 12. Best-fit SEDs from MAGPHY'S for some of the Wig-
gleZ galaxies that are very luminous at 12 and 22um. The plots
show both the reddened and unreddened SEDs demonstrating
that the galaxies have significant amounts of dust. Residuals from
the reddened SED fits are plotted at the bottom of each panel.
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made during the SED fitting with the median masses show-
ing at most ~0.3 dex variation due to differences in the SPS
models and/or inclusion of additional bursts of star forma-
tion. Although the constraints on the star formation rates
from the SED fitting are less robust with typical errors of
>1 dex, the power of a large statistical sample such as ours
is that the inferred median properties of the galaxies can
reasonably be taken to provide a good representation of the
sample as a whole.

The median star formation rate derived using single
component star formation histories and FAST is between 3
10Meyr~?! regardless of the SPS model used and the number
of photometric bands used in the SED fitting. The KG04
code gives a median star formation rate of ~5 Mgyr™!,
which increases to only 5.3 Muyr~! when secondary bursts
are included. Finally, the subset of 1600 galaxies for which
we compute best-fit SED parameters using MAGPHYS
(Section LA2)) also has a median star formation rate of 6—
TMg yr—! consistent with the results from the other SED
fitting codes.

In Figure we plot the distribution of stellar masses
and star formation rates for all ~40,000 WiggleZ galax-
ies from this study. Spectroscopically confirmed Luminous
Red Galaxies over the same redshift range represent a con-
trasting population of extremely red galaxies for compari-
son to the extremely blue WiggleZ galaxies. Stellar masses
have been estimated for large samples of these selected
from the 2SLAQ (Banerji et al![2010) and SDSS-III-BOSS
(Maraston et al] M) surveys. For comparison to the Wig-
gleZ population, we choose LRGs from BOSS that are fit to
have ongoing star formation (~40 per cent of the full BOSS
LRG sample from [Maraston et al![2012) and also show the
location of these in the M,—SFR plane in Figure It is
interesting to ask whether the very blue UV-luminous Wig-
gleZ galaxies are the intermediate redshift analogues of the
more distant Lyman Break and BX-selected galaxies at z~2
(Adelberger et alll2004;Shapley et all[2003; [Erb et alll2006;
[Haberzettl et alll2011) as well as local UV-luminous galaxies
(UVLGs).[Heckman et. al! (2005) find that local UVLGs can
be divided into large UVLGs and compact UVLGs. While
the more massive large UVLGs have specific star formation
rates (sSFR) sufficient to build their stellar mass over the
Hubble time and therefore represent the most massive tail of
star-forming disk galaxies like those in SDSS, the less mas-
sive compact UVLGs have higher sSFRs and are typically
observed in a starbursting phase. The local UVLGs have
typical FUV luminosities of ~3x10°Ls while the higher
redshift LBGs are slightly more luminous at FUV wave-
lengths with typical FUV luminosities of ~6x10'°Le. Our
sample of WiggleZ galaxies has a median FUV luminosity
of ~3x10'°L¢ but at redshifts below 0.4, the median FUV
luminosity is only ~9x10°Le whereas at z > 0.8 it is typ-
ically ~7x10'°L. The low redshift WiggleZ galaxies are
therefore less luminous than local UVLGs while the higher
redshift WiggleZ galaxies have comparable FUV luminosi-
ties to LBGs. How do the rest of their properties compare
to the UVLG and LBG samples?

In Figure [[3 we also plot the average stellar masses
and SFRs of UVLGs taken from [Heckman et _al! (2005) and
z~2 LBGs taken from [Heckman et all (2005); Shapley et al!
(2005); [Haberzettl et al! (2011) for comparison to the Wig-
gleZ sample. These LBGs were selected either using GALEX
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(Haberzettl et all 12011) or the optical colour-selection:
BX/BM technique (Shapley et all [2005). The GALEX se-
lected population is less biased against star-forming galax-
ies with older stellar populations. Figure [[3] also shows the
evolving ‘main-sequence’ of star-forming galaxies taken from

[Elbaz et all (2007) at z = 0,[Noeske et all (2007) at z = 0.65

roughly correspondlng to the median redshift of our Wig-
gleZ sample, and [Daddi et all QZQ_O_H at z = 2. At higher
redshifts, the main sequence systematically shifts to higher
star formation rates for a given stellar mass, reflecting that
high-redshift galaxies were more active than those in the
local Universe. While it is difficult to empirically constrain
any M.—SFR relation from our WiggleZ sample, which is
highly incomplete in many regions of this parameter space,
we can nevertheless ask where the WiggleZ galaxies lie rel-
ative to the already derived M.—SFR relations from pre-
vious works. We have already noted that large UVLGs lie
on the main sequence at z = 0 while the compact UVLGs
show excess star formation relative to this main sequence.
Similarly, the BX/BM LBGs also lie on the z = 2 main se-
quence and therefore represent normal star-forming galaxies
at these redshifts, while the GALEX selected LBGs show
excess star formation relative to the z = 2 main sequence.
Figure [I3] shows that the WiggleZ galaxies represent a het-
erogenous population with most lying at the upper end of
the z = 0.65 main sequence, but also a cloud of galaxies
above this main sequence, that are typically observed in a
bursting phase (see also Jurek et al., in preparation). Al-
though the scatter seen in Figure is dominated by the
scatter in the determination of the SFR from the SED fit-
ting, there is evidence from those galaxies where the SFR is
relatively well constrained, that WiggleZ galaxies with bluer
optical (g — r) colours predominantly lie above the main se-
quence. At a redshift of z = 0.7, a typical galaxy of 10'°°Mg
would need to be forming stars at a rate of ~1.4Mgyr~! in
order to build up it’s entire stellar mass through constant
star formation over the age of the Universe. Most of the
WiggleZ galaxies have star formation rates that are higher
than this.

We also note that the stellar masses of the Wig-
gleZ galaxies are comparable to the local GALEX selected
UVLGs, as well as the well-studied high-redshift LBG popu-
lation. In Section 4.2] we found that the WiggleZ galaxies
show a trend of increasing dust attenuation with increas-
ing stellar mass and decreasing F'UV luminosity as also ob-
served in higher redshift UV-luminous galaxies. These Wig-
gleZ galaxies may therefore reasonably be thought to repre-
sent the intermediate redshift analogues of the local UVLG
and LBG populations.

We note by contrast that the star-forming LRGs at sim-
ilar redshifts lie well away from the main-sequence and have
star formation rates that are more than an order of magni-
tude lower than the main-sequence of star-forming galaxies.
This is consistent with these massive red galaxies having
undergone the bulk of their stellar mass assembly at ear-
lier epochs, when they presumably also experienced much
higher levels of star formation.
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Figure 13. Stellar mass versus star formation rate for all ~40,000 WiggleZ galaxies (left) as well as Luminous Red Galaxies (LRGs)

in the BOSS survey with ongoing star formation (right;

). The greyscale represents the density of points in this

plane. These distributions are compared to the average properties of local UV-luminous galaxies (Heckman et al ) as well as the

z ~ 2 Lyman break galaxy population

; [Haberzettl et all M) Dashed lines show the evolving main-sequence of

star-forming galaxies at different redshifts (Noeske et al]; Elbaz et al]; Daddi et al]). The WiggleZ galaxies mostly lie at

the upper end of the main-sequence at z ~ 0.7 with some clearly observed in a starburst phase. The LRGs on the other hand lie well

below the main sequence.

7 CONCLUSION

We have conducted a detailed study of the stellar masses
of a large sample of ~40,000 UV-luminous spectroscopically
confirmed galaxies at 0.3<z<1.0 selected within the WiggleZ
survey. Around 30 per cent of the sample are matched to the
wide-field NIR UKIDSS Large Area Survey and around 15
per cent are additionally detected at 3.4 and 4.6um in the
all-sky WISE survey. The IR detected population represents
the redder, more luminous and more massive end of the
WiggleZ population with stellar masses that are on average
0.6 dex larger for the UKIDSS detected galaxies and 0.8
dex larger for the WISE detected galaxies. However, at the
high redshift end of the WiggleZ sample at z > 0.7, there is
evidence for a cloud of IR undetected galaxies that are just
as massive and just as red in terms of their optical colours,
as the IR detected galaxies. In addition, we find a small
sample of 22 galaxies which are also extremely luminous
at 12 and 22pm with SEDs consistent with dusty starburst
galaxies where some of the younger stellar population is still
unobscured in the UV.

As the WiggleZ galaxies represent the most extreme
end of the blue cloud population at these redshifts, where
SED fitting is likely to be the most problematic, we quantify
the sensitivity of our stellar mass estimates to assumptions
made during the SED fitting process. In particular we find
that:

e The effect that the NIR photometry has in constrain-
ing the stellar masses, depends on the priors assumed in
the SED fitting. With the SED fitting code, FAST used in
conjunction with the BC03 and Maraston models, we find
that the stellar mass constraints are improved on addition
of the NIR photometry as this allows us to tighten the up-
per bound on the stellar mass estimates. With the KG04
code and the PEGASE.2 SPS models, we find that the NIR
data makes little difference to the stellar masses and their
corresponding errors. Regardless of the choice of SED fit-

ting code, the optical and optical4+NIR derived masses are
consistent within the 1o errors for >68% of the galaxies as
expected. With the inclusion of NIR photometry, the mass
estimates from both FAST and KG04 agree very well.

e The addition of UV photometry from GALFEX makes
very little difference to both the median stellar masses and
the median 1o errors on these stellar masses, even for these
extremely blue WiggleZ galaxies selected in the UV. How-
ever, there is a small population of IR-detected WiggleZ
galaxies where the lack of UV photometry leads to best-fit
SEDs with considerably higher star formation rates, dust ex-
tinctions and younger ages than when the UV photometry
is included in the fitting. A consequence of fitting younger
stellar populations without the UV data, is that the stellar
masses of these galaxies are also under-estimated without
the UV.

e The choice of SPS model can affect the stellar mass
estimates by ~0.3 dex. The Maraston models which include
TP-AGB stars result in stellar masses that are ~0.1-0.2 dex
lower than those inferred using the BC03 models with the
differences largest for the more FUV luminous subset of
WiggleZ galaxies, which are typically older. The PEGASE.2
models produce stellar masses that are 0.2(0.3) dex higher
than BCO3 (Maraston). The effect is more pronounced for
galaxies with fainter F'UV luminosities.

e The inclusion of nebular emission in the SED models,
lowers the stellar masses by only ~0.02 dex on average. This
offset is smaller than that seen in the case of high redshift
LBGs.

e The choice of IMF can affect the stellar mass by up
to 0.3 dex. The Salpeter IMF produces the largest stellar
masses. The Kroupa IMF results in stellar masses that are
~0.1-0.2 dex lower than Salpeter depending on the SPS
model being fit. The BG03 and Chabrier IMF's produce very
similar stellar masses with a median difference of <0.001
dex between them. These masses are ~0.24 dex lower than
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those derived using the Salpeter IMF and ~0.1 dex lower
than those derived using the Kroupa IMF.

e For single component SFHs, the stellar masses are in-
sensitive to the choice of star formation history although
we find as expected that the truncated SFH does not pro-
vide good x? values for these actively star-forming galax-
ies. The addition of bursts of star formation on top of the
smooth underlying SFH however, results in stellar masses
that are up to 0.3 dex larger. The effect is more pronounced
at higher FUV luminosities where secondary bursts can ef-
fectively hide an older, more massive and more evolved stel-
lar population. When bursts are allowed, the typical burst
fraction is estimated to be ~1 per cent of the total stellar
mass in these galaxies.

e Although the dust extinction parameter, Ay is not as
well constrained as the stellar mass, we note a trend of in-
creasing dust attenuation with increasing stellar mass and
decreasing FFUV luminosity in these galaxies. These trends
are consistent with what has been found in higher redshift
UV-luminous galaxies.

e We compare our best-fit rest-frame K-band mass-to-
light ratios from the SED fits to the predictions from
simple optical colour based estimators such as those of

M) We find that the colour-based estimator
over-predicts the mass-to-light ratio for ~75% of the Wig-
gleZ galaxies where the results from this estimator and the
SED fits are formally inconsistent given the 1o errors. The
median difference in M/Lx between the simple colour-based
estimator, and the more sophisticated SED fitting approach,
is ~0.4 dex. The inconsistencies are most pronounced for the
bluer WiggleZ galaxies with young best-fit ages and galaxies
with ages 27Gyr generally have M/Lg consistent with the
colour-based estimator.

We conclude that our stellar mass estimates have typ-
ical dispersions of ~0.1-0.3 dex as a result of changes in
the input parameters of the SED fitting and they are there-
fore extremely robust to these changes even for these ex-
tremely blue galaxies. While the star formation rates have
much poorer constraints from the photometric data, the ad-
vantage of a large sample such as ours is that the median
values inferred from the SED fits, should provide a reason-
able representation of the average properties of the WiggleZ
sample as a whole. We find that the WiggleZ galaxies have
star formation rates of ~3-10Mgyr~" and these estimates
are consistent between the different SED fitting codes tested
in this work. Although these star formation rate estimates
have very large errors for individual galaxies, we compare the
distribution of the WiggleZ galaxies in the M,—SFR plane to
other well-studied samples such as Luminous Red Galaxies
over the same redshift range, local UV-luminous galaxies,
and more distant Lyman Break Galaxies. We find that the
WiggleZ population, on average lies at the upper end of the
main-sequence of star-forming galaxies at z ~ 0.7. However,
there is evidence for some of the bluer galaxies lying well
above the main sequence and therefore being observed in
a starburst phase (Jurek et al., in preparation). The stel-
lar masses of our WiggleZ galaxies are comparable to both
z ~ 2 LBGs and compact UV-luminous galaxies in the lo-
cal Universe suggesting that this population can be taken to
represent a reasonable intermediate redshift analogue that
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straddles the redshift space between the well studied local
UVLG and distant LBG populations.

We conclude that the combination of current cosmolog-
ical volume spectroscopic surveys and wide-field photomet-
ric surveys, provides a promising route for constraining the
physical properties of very large, statistically robust samples
of intermediate redshift galaxies. Understanding the prop-
erties of these z~1 galaxies is essential for bridging the gap
between the local and high redshift Universe, as well as de-
vising effective target selection criteria for the next genera-
tion of wide-field spectroscopic surveys.

The stellar masses in this paper will be made publicly
available with the next WiggleZ data release.
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APPENDIX A: EXAMPLE SED FITS

For illustrative purposes, we present some examples of the
SED fits for the WiggleZ galaxies derived using the KG04
code with multi-component SFHs and the PEGASE.2 SPS
models including nebular emission. These example SEDs
have specifically been chosen to encompass the full range
in properties of our sample in terms of redshift, colour, stel-
lar mass and age and also include some examples of poorly
fit SEDs.

APPENDIX B: MID-INFRARED LUMINOUS
WIGGLEZ GALAXIES

We presented a small sample of mid infrared luminous Wig-
gleZ galaxies detected at 12 and 22um in WISE. Based on
the WISE colours, these galaxies do not seem to have a
significant AGN component and can be considered to be
star-formation dominated. Here we provide a table of the
positions, redshifts and WISE fluxes for these 22 galaxies in
Table B1. The best-fit stellar mass and star formation rate
derived using MAGPHYS are also given in the same Table.
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Figure A1l. Example SED fits encompassing the full range of properties in our sample and showing some examples of galaxies that are
poorly fit as well. These fits are derived using the KG04 code and the PEGASE.2 SPS models and including nebular emission lines.
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Table B1. Summary of WISE fluxes, best-fit stellar mass and star formation rates derived using MAGPHY'S for the 22 mid infrared luminous WiggleZ galaxies detected at 12 and

22pm in WISE, and where the colours rule out a significant AGN component.

Name Redshift RA DEC 3.4pm (mJy) 4.6um (mJy) 12um (mJy) 22um (mJy) logio(M./Mg) SFR(Meyr—!)
w2 0.532  14:34:53.298  —02:29:10.75  0.219+0.008  0.21740.012  1.044+0.091  6.41540.739 10.8707 1207250
w3 0.647  14:10:26.451  —02:04:01.30  0.12040.006  0.11840.012  1.20840.105  4.365+0.631 10.470-5 1507500
wi 0.681  14:28:03.843 —01:15:08.36  0.250+0.009  0.186+0.013  1.93440.103  4.34940.745 105150 22012,
w5 0.428  15:06:56.064 +01:13:17.75  0.232+0.008  0.243+0.013  1.27140.091  4.71640.725 1.1te! 1307520
w6 0.876  14:58:28.703  +01:18:48.49  0.194+0.007  0.188+0.011  0.923+0.084  3.68840.642 105158 21012,
w7 0.719  14:22:16.253  +01:23:38.10  0.1924+0.008  0.161£0.012  1.181+0.091  3.644-0.654 11.0799 1200779,
w8 0.446  14:25:03.516  +01:37:20.61  0.234+0.008  0.246+0.013  1.42740.092  8.00240.752 111489 190100
w9 0.738  14:41:34.600  +02:30:08.30  0.240+0.009  0.157+0.011  0.5734+0.083  4.15340.673 10701 270150
w10 0.821  14:40:47.785  +03:26:21.70  0.236+0.008  0.1840.011  1.10940.090  4.09640.694 10.9704 700759,
wll 1102 15:11:46.032  403:28:52.61  0.19740.008  0.191+0.011  1.025+0.085  4.254-0.682 113790 1950750
wl2 0.503  14:33:32.807  +03:36:10.61  0.130£0.006  0.109+0.010  0.869+0.086  4.41440.772 107103 14130
w13 0.771  14:49:30.259  +03:36:26.17  0.178+0.007  0.187+0.013  1.57640.094  4.89040.761 11.2+5-1 320750,
wl4 0.490  14:07:12.577  +03:37:05.23  0.100+£0.006  0.097+0.011  0.688+0.091  5.34540.684 10.1+54 100+20
wl5 0.602  14:55:33.146  +03:37:17.67  0.209+0.008  0.147+0.011  0.970+0.086  4.08940.678 105159 140170
w16 0.530  14:35:04.809  +03:50:16.73  0.221+0.008  0.190+0.012  1.102+0.089  6.74840.684 110159 1607 590
wil7 0.749  14:53:38.175  +04:34:20.93  0.157+0.007  0.138+0.011  1.167+0.085  4.13140.677 10.915-2 450755,
w18 0.507  15:11:58.404  +04:56:23.95  0.24140.008  0.248+0.012  1.60840.086  3.50640.594 10.870-0 0.0270601
w19 0.670  14:40:37.878  +05:06:37.37  0.164+0.007  0.165+0.011  0.9424+0.088  4.35740.670 106155 44073,
w21 0.726  14:21:01.776  +05:22:17.11  0.154+0.006  0.123+£0.011  0.70040.083  2.93540.560 10.370-3 1407130
w22 0.827  14:06:00.312  +05:49:07.65  0.075+0.005  0.068+0.011  0.760+0.087  3.86940.663 10.870-3 16073,
w23 0.559  14:09:51.618  +05:51:04.54  0.160+0.007  0.161+0.011  0.668+0.084  4.52140.675 11.2+52 90+9,
w24 0.844  14:59:15.761  +06:17:19.93  0.462+0.012  0.358+0.014  1.84240.092  7.75540.707 114701 10507539
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