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Herschel reveals the obscured star formation in HiZELS Hoa emitters
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ABSTRACT

We describe the far-infrared (far-IR; rest-frame 8—1000-pm) properties of a sample of 443 Hor-
selected star-forming galaxies in the Cosmic Evolution Survey (COSMOS) and Ultra Deep
Survey (UDS) fields detected by the High-redshift Emission Line Survey (HiZELS) imaging
survey. Sources are identified using narrow-band filters in combination with broad-band pho-
tometry to uniformly select Ho (and [O 1] if available) emitters in a narrow redshift slice at
z = 1.47 £ 0.02. We use a stacking approach in Spitzer-MIPS mid-IR, Herschel-PACS/SPIRE
far-IR [from the PACS Evolutionary Prove (PEP) and Herschel Multi-tiered Extragalactic
Survey (HerMES)] and AzZTEC mm-wave images to describe their typical far-IR properties.
We find that HiZELS galaxies with observed Ha luminosities of L(Ha)s =~ 1081791 L
(~10417-%27 erg s7!) have bolometric far-IR luminosities of typical luminous IR galax-
ies, L(8—1000 pum) & 10'41%0% L. Combining the Hor and far-IR luminosities, we derive
median star formation rates (SFRs) of SFRy, prr = 32 £ 5 M yr~! and Ha extinctions
of Ay, = 1.0 = 0.2 mag. Perhaps surprisingly, little difference is seen in typical HiZELS
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extinction levels compared to local star-forming galaxies. We confirm previous empirical
stellar mass (M,) to Ay, relations and the little or no evolution up to z = 1.47. For HiZELS
galaxies (or similar samples) we provide an empirical parametrization of the SFR as a function
of rest-frame (u — z) colours and 3.6-um photometry — a useful proxy to aid in the absence of
far-IR detections in high-z galaxies. We find that the observed Ho luminosity is a dominant
SFR tracer when rest-frame (# — z) colours are <0.9 mag or when Spitzer-3.6-pum photometry
is fainter than 22 mag (Vega) or when stellar masses are lower than 10°7 M. We do not
find any correlation between the [O 11]/Ha and far-IR luminosity, suggesting that this emission
line ratio does not trace the extinction of the most obscured star-forming regions, especially
in massive galaxies where these dominate. The luminosity-limited HiZELS sample tends to
lie above of the so-called main sequence for star-forming galaxies, especially at low stellar
masses, indicating high star formation efficiencies in these galaxies. This work has implica-
tions for SFR indicators and suggests that obscured star formation is linked to the assembly of
stellar mass, with deeper potential wells in massive galaxies providing dense, heavily obscured
environments in which stars can form rapidly.

Key words: galaxies: high-redshift — galaxies: starburst— galaxies: star formation — galaxies:

statistics —infrared: galaxies —submillimetre: galaxies.

1 INTRODUCTION

Historically, the classical star formation rate (SFR) indicator has
been He (A = 656.3 nm) luminosity — a well-calibrated probe
of instantaneous emission from massive, young stars (<20 Myr
and >8 M@; e.g. Kennicutt 1998). To extrapolate the observed
starlight from O and B stars to the total SFR requires careful con-
sideration of the initial mass function (IMF) of the stellar population
and the amount of extinction (scattering and absorption by dust) suf-
fered by the starlight. Discrepancies of up to ~30 per cent can be
found amongst previously published Ha-based SFR calibrations,
due mainly to the use of different models of stellar evolution and
stellar atmospheres.

Of all the assumptions required to convert observed quantities
into SFRs, the main limitation is the sensitivity of Ho flux to
extinction [Ay,, where the intrinsic Ho luminosity is defined as
L(Ha)ing = L(Hat)ops x 10%4412], The observed line fluxes repre-
sent only a fraction of the intrinsic emission, with typical values
of Ay, found to be ~0.8-1.1 mag in optically selected samples
(Niklas, Klein & Wielebinski 1997; Sobral et al. 2012). In general,
when the level of extinction is low or moderate, Ay, < 3 mag,
the difference between the observed Balmer decrement (Ha/Hp;
e.g. see Calzetti 2001) and the theoretical expectation (2.86 for
Case B recombination: electron temperature 7, = 10* K and den-
sity n, = 10% cm~3; Brocklehurst 1971; Kennicutt 1998) can be used
to determine the amount of extinction (assuming a model for the
wavelength-dependence of the attenuation; e.g. Fischera & Dopita
2005) as this Ha/Hp ratio scales directly with the total ionizing flux
of the embedded stars. Unfortunately, the combination of extinction
and increasing redshift make detection of Hydrogen lines difficult
(especially for HB, Aist = 486.1 nm). Indeed, to study star forma-
tion processes via conventional means at high redshift is a major
challenge (e.g. Dominguez et al. 2013; Stott et al. 2013).

A way to measure the SFR at high redshift is by considering that
the UV/optical photons that are absorbed by the surrounding media
are re-emitted in the far-infrared (far-IR) waveband (e.g. Heinis
etal. 2013), meaning that far-IR observables can be used as a tracer
of the obscured SFR and/or the amount of extinction in a galaxy.
For example, if all the starlight is absorbed then the system works
as a calorimeter and the far-IR becomes the ideal tracer of SFR

(Lacki, Thompson & Quataert 2010). This measure includes those
contributions from heavily obscured star formation and those from
old stellar populations (e.g. Salim et al. 2009). These far-IR SFR
estimates have an intimate relationship with the level of extinction
suffered by the starlight. We stress that we think of extinction as
an average quantity measured towards all star-forming regions of a
galaxy, and it therefore presents several other intricate dependences,
e.g. on geometry, luminosity, mass, environment, radiation fields,
etc. (e.g. Dutton, van den Bosch & Dekel 2010).

A previous study in the local Universe, (z) ~ 0.08, by Garn & Best
(2010), using data from the Sloan Digital Sky Survey (SDSS; York
et al. 2000), showed that one of the strongest parameters correlating
with the level of extinction in galaxies is stellar mass, M, (see also
Brinchmann et al. 2004; Gilbank et al. 2010; Wuyts et al. 2011).
These studies suggest that the level of extinction produced by the
material in and surrounding their star-forming regions increase as
the galaxies built up their stellar mass. Using Ha- and H-band
selected galaxies, Sobral et al. (2012) and Hilton et al. (2012) find
that this behaviour seems to hold even at z &~ 1.5-3. On the other
hand, various studies have shown that mass plays a key role in
driving the amount of star formation (e.g. at z ~ 1.5; see Daddi
et al. 2007; Elbaz et al. 2007; Noeske et al. 2007; Pannella et al.
2009), where the SFR is found to be roughly linearly correlated
to the stellar mass and defines a typical value for the specific star
formation rate (sSSFR = SFR/M.,), where more violent star formation
is seen in more massive galaxies.

Using data from the Herschel Space Observatory' (Pilbratt et al.
2010), Elbaz et al. (2011) propose, somewhat controversially, the
existence of two modes of star formation: ‘normal’ galaxies which
lie in a well-defined parameter space (the ‘main sequence’) defined
in a plot of sSFR versus redshift, and ‘starburst’ galaxies which
present an excess in sSFR related to an increment of efficiency in
compact star-forming regions probably triggered by the merger of
two or more galaxies (e.g. Daddi et al. 2010). The controversy comes
from the fact that these results are sensitive to the way by which

! Herschel is an ESA space observatory with science instruments provided
by the European-led Principal Investigator consortia and with important
participation from NASA.
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Table 1. Broad-band data used in this work. Noise (rms) values are obtained from the pixel fluctuation seen
in the whole area used for stacking, including the normalization n found between fitted peaks and catalogued
fluxes (see Section 3.1.5). Note that these values are slightly different with respect to published ones. The ref-
erences for each of the catalogues and images are as follows: UDS: 24 um, from the Spitzer UKIDSS UDS
[SpUDS; data version delivery S18.7 from the NASA/IPAC Infrared Science Archive (http://irsa.ipac.caltech.edu/
data/SPITZER/docs/spitzermission/observingprograms)]; 70 pm, from the Spitzer Wide-area Infrared Extra-
galactic Survey (Surace et al. 2005, data version delivery DR3-S11 retrieved from the NASA/IPAC Infrared
Science Archive); Herschel PACS 100- and 160-pum data from the HerMES survey [UDS deep level-3 field;
reduced as in Ibar et al. (2010) but using an improved cosmic ray removal]; SPIRE 250-, 350- and 500-pum
maps (SMAP_v4.2; Levenson et al. 2010) and catalogues (SCAT_SXT_iDR1; Smith et al. 2012) retrieved from
the Herschel Database in Marseille (HeDaM; http://hedam.oamp.fr/HerMES/index.php) of the HerMES survey;
AZzTEC 1100-pum data taken at JCMT (Austermann et al. 2010). COSMOS: 24 and 70 um, from the Spitzer
coverage of the COSMOS field [S-COSMOS; GO24+GO03a+GO3b Delivery v1 from the NASA/IPAC Infrared
Science Archive (http://irsa.ipac.caltech.edu/Missions/spitzer.html); Sanders et al. 2007; Le Floc’h et al. 2009;
Frayer et al. 2009]; PACS 100 and 160 pum from the PEP survey; SPIRE 250, 350 and 500 um from HerMES
(SMAP_v4.2 and SCAT_SXT_iDR1 from HeDaM); AZTEC 1100-um data taken at ASTE (Scott et al. 2008).

Telescope/ Central A FWHM Pixel size rms [UDS] rms [COSMOS]
detector (pm) (arcsec) (arcsec) (mJy beam™!) (mJy beam™!)

Spitzer-MIPS 24 6.0 1.2 0.025 0.022
Spitzer-MIPS 70 18.2 4.0 3.7 2.8
Herschel-PACS 100 7.03 2.0 2.1 1.9
Herschel-PACS 160 11.55 3.0 4.7 4.3
Herschel-SPIRE 250 18.15 6.0 5.5 4.5
Herschel-SPIRE 350 25.15 8.33 6.3 53
Herschel-SPIRE 500 36.30 12.0 7.1 5.8
JCMT-AZTEC 1100 18.0 3.0 1.4

ASTE-AzTEC 1100 30.0 3.0 14

‘star-forming galaxies’ are selected (Karim et al. 2011; Sobral et al.
2011) as the sSFR can change as more passive galaxies satisty the
applied selection criteria (Cirasuolo et al., in preparation).

To explore the intimate relationship between SFR, M, and Ay,,
we make use of ~2 deg? image by the High-redshift Emission Line
Survey? (HiZELS; Geach et al. 2008; Sobral et al. 2009, 2013) in
the Cosmic Evolution Survey (COSMOS; ~1.45 square degree;
Scoville 2007) and the United Kingdom Infrared Telescope
(UKIRT) Infrared Deep Sky Survey (UKIDSS; Lawrence et al.
2007) Ultra Deep Survey (UDS, ~ 0.67 square degree; Almaini
et al., in preparation) fields. We extract a large and unique sample
of relatively low-luminosity [L(Ho)gps ~ 10477427 erg s7'] star-
forming galaxies, using a tuned narrow-band-filter technique to
pick up large numbers of simultaneous Ho and [O 1] (if available)
emitters (alleviating the need for spectroscopic redshifts) at a well-
defined z = 1.47 redshift (Sobral et al. 2012).

Taking advantage of the plethora of multiwavelength coverage in
the UDS and COSMOS fields, we describe the far-IR (rest-frame
8-1000-um) properties of the HiZELS sample using data taken by
Spitzer Multiband Imaging Photometer (MIPS; Rieke et al. 2004)
at 24 and 70 wm; Herschel Photodetector Array Camera and Spec-
trometer (PACS; Poglitsch et al. 2010) at 100 and 160 pum as part
of the PACS Evolutionary Probe (PEP; Lutz et al. 2011) survey;
Herschel Spectral and Photometric Imaging Receiver (SPIRE; Grif-
fin et al. 2010) at 250, 350 and 500 pum as part of the Herschel
Multitiered Extragalactic Survey (HerMES?; Oliver et al. 2012);
and the Astronomical Thermal Emission Camera (AzTEC; Wilson
et al. 2008) at 1100 um while mounted at the James Clerk Maxwell

2For more details on the survey, progress and data release, see
http://www.roe.ac.uk/ifa/HiZELS
3 http://hermes.sussex.ac.uk

Telescope (JCMT) and at the Atacama Submillimeter Telescope
Experiment (ASTE) — more details about these data are given in
Table 1. Similar works were done for a sample at z = 2.23 by
Geach et al. (2008) using Spitzer at 70 and 160 pm, achieving up-
per limits near the peak of the Spectral Energy Distribution (SED),
and at z = 0.84 using 24-um imaging (Garn et al. 2010).

Direct He measurements, in combination with Spitzer, Herschel
and AzTEC imaging provide an ideal framework for a detailed
description of the star formation activity at z = 1.47 (near the peak
of cosmic star formation history, where most of the galaxy mass
was assembled; e.g. Dickinson et al. 2003), and its dependences
on parameters such as luminosity, stellar mass, [O n]/He ratio and
rest-frame colours. We mainly make use of a recent parametrization
of the SFR (Kennicutt et al. 2009) based on a linear combination
of the observed Ha and bolometric far-IR (rest-frame 8-1000-pm)
luminosities. This estimate is suitable for both far-IR- and optically
selected star-forming galaxies.

In this paper, the sample is described in Section 2 and our anal-
ysis of the stacked far-IR measurements is explained in Section 3.
The results are discussed in Section 4 and our conclusions are sum-
marized in Section 5. Throughout the text, we adopt a Salpeter
IMF (Salpeter 1955) and estimate the contribution from the ther-
mally pulsing asymptotic giant branch (TP-AGB; e.g. Trujillo et al.
2007) in our derived stellar masses. We use a A cold dark matter
cosmology with Hy = 70 km s~! Mpc™!, @y = 0.3 and Q, = 0.7.

2 THE SAMPLE OF He EMITTERS AT z = 1.47

HiZELS uses narrow-band filters to detect He emission at a variety
of redshifts, up to z = 2.23 (Sobral et al. 2013). Given the nature of
the Ho emission, HiZELS selects only young star-forming galaxies
and AGN. Distinguishing between Ho and any other emission lines
at other redshift is a critical step. Double-matched narrow-band
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Figure 1. Left: measured narrow-band Ha and [O 11] fluxes for sources in the UDS and COSMOS fields. The dashed rectangle shows the region used to show
the consistency of stacked signals from both fields (see Fig. 2, left). Right: distribution of observed He luminosities (corrected for [N 11] contamination but not
for extinction). The black (thick solid), blue (dot—dashed) and red (solid) lines: the merged, UDS and COSMOS samples, respectively. The black dotted line
shows the identified AGN distribution as described in Section 2.1. The shaded area corresponds to the bright end of the source distribution used to calibrate the
Kennicutt et al. (2009) SFR correlations in the local Universe (Moustakas et al. 2006).

surveys detecting strong emission lines offer a good way of mitigat-
ing this problem (e.g. Sobral et al. 2012). For star-forming galaxies
at z ~ 1.5 we make use of the fact that the Ho line is detectable in
the H band while the [O 1]-372.7-nm emission can be observed at
the red end of the 7z’ band. As shown in Sobral et al. (2012), by com-
bining deep broad-band photometry with tuned double-narrow-band
imaging — where the NB921 narrow-band filter on Subaru/Suprime-
Cam detects [O 11] and the NBy filter on UKIRT/Wide Field Camera
detects Ho at the same redshift —it is possible to conduct an effective
survey of line-emitting sources at z = 1.47.

We extract HiZELS samples from Sobral et al. (2012, 2013)
which provide uniform Ho coverage across the UDS, reaching an
average effective flux limit (30°) of Sy, ~# 9 x 1077 erg s~! cm~2,
while the matched Subaru ([O1]) narrow-band survey reaches an
effective flux of Sjom ~ 9 x 1078 erg s~! cm~2. The depth of
the NB921 imaging provides counterparts for all Ho emitters in the
UDS and therefore allows a clean selection of the Ha sample. In
COSMOS, the Ha narrow-band imaging was intentionally designed
to obtain a ‘wedding cake’ survey (i.e. deeper than UDS in small
regions), while the [O 1] imaging has relatively uniform coverage,
resulting in a large number of COSMOS Ho emitters without an
[O ] detection (~50 per cent). For a cleaner selection of Ho emitters
and no other emission line objects, we make use of the available
broad-band photometry in these fields. As described in Sobral et al.
(2012), we use colour—colour criteria (a method similar to the BzK
diagnostic; Daddi et al. 2004) in a B — R versus i — K diagram to first
remove low-redshift contaminants, and then in i — z versus z — K
to remove the high-redshift emitters (e.g. [O 1] and HB). From all
Ha candidates, these colour—colour criteria and the matched [O 11]
detection remove ~ 50 per cent of the candidates, resulting in a tight
redshift distribution (Az = 0.02) as evidenced by the small number
of sources with available spectroscopic redshifts (~5 per cent of the
sample). The total number of Ho emitters identified by HiZELS at
z=1.47 +£0.02 is 188 in UDS and 325 in COSMOS fields.

Sobral et al. (2013) estimate that after applying the mentioned
colour—colour criteria to a sample which does not present NB921—
[O 1] detections, the level of contamination of emitting galaxies at
different redshifts is of the order of ~ 15 percent. Some of these
contaminants could come from HB, [Om] or [O1] at z = 2.2 and
3.3, or possibly from galaxies at z < 1 over a wide range of possible
emission lines. Given that ~50 per cent of COSMOS galaxies lack
[O ] detections due to no data being available, or because it is too

shallow, we expect that the overall contamination in the COSMOS
sample should be of the order of ~7.5 per cent, i.e. ~5 per cent in the
full UDS+COSMOS sample. We do not expect these contaminants
to distribute in well-defined redshifts, so their contribution to the
stacks is unknown. We assume that a possible contamination of
5 per cent will not be sufficient to significantly modify the median
stacks of our analysis.

In Fig. 1 we show the observed Ho luminosity distribution
[L(Het)ops, not corrected for extinction] for the HiZELS samples.
Values of L(Ha)ons have been corrected by removing the flux es-
timated to be contributed by the adjacent [Nu] doublet at 654.8
and 658.3 nm, following Villar et al. (2008), as presented in
Sobral et al. (2012). Based on a recent estimation of the point
spread function (PSF) in the narrow-band images, the Ha and [O 1]
photometry increases by ~30 percent with respect to those pre-
sented in Sobral et al. (2012, 2013). This is an aperture correction
factor introduced to take into account the flux missed at >2 arcsec
radius. The observed luminosity distribution can be roughly char-
acterized by L(Hot)ps = 102202 erg 57!, ie. to an equivalent
SFRu, &~ 32 Mg yr~! (Kennicutt 1998), assuming an average
extinction of 1 mag for the He luminosities. We note that these
observed luminosities are within the range of those which define
the SFR correlations in the local Universe (see Fig. 1; Kennicutt
et al. 2009, using sources from Moustakas, Kennicutt & Tremonti
2006), although we are inevitably biased against extreme extinction
(undetected at Ho; Ay, 2 3) and towards galaxies with high SFR

~

and young stellar populations.

2.1 Removing AGN from the sample

We have deliberately chosen a conservative approach to account
for AGN contamination. We have removed all sources previously
catalogued at X-ray wavelengths (Ueda et al. 2008; Cappelluti et al.
2009) as this ~2 keV emission at z = 1.47 is expected to be pro-
duced via inverse Compton scattering by a compact and highly ion-
ized region surrounding an AGN. We might remove some sources
presenting powerful thermal X-ray emission, although this should
not affect our analysis as only six and three sources are X-ray emit-
ters in the UDS and COSMOS fields, respectively. We have also
used available 1.4-GHz images (Schinnerer et al. 2010; Arumugam
et al., in preparation) to identify synchrotron emission produced
by an AGN. Assuming a typical SFRy, ~ 32 Mg yr™' for the
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HiZELS population (based on Ay, = 1) and the validity of the far-
IR/radio correlation at high redshift (Ibar et al. 2008; Ivison et al.
2010a), we remove all sources having 1.4-GHz flux densities larger
than 150 pJy given that their expected radio luminosities would
put them >4¢ away from the far-IR/radio correlation. In addition,
similar to Garn et al. (2010) we use template SEDs of star-forming
galaxies and AGN to fit the multiwavelength broad-band photome-
try available for our sources (see Section 3.6). All those best fitted
as AGN are identified with red rest-frame mid-IR colours. We av-
erage the observed Spitzer-3.6- and 4.5-um fluxes to estimate the
rest-frame 1.6-pum flux density, and the 5.8- and 8.0-pm fluxes for
the 2.8-um rest-frame flux density. All SED-fitted AGN, the bulk
of the X-ray sources and those sources spectroscopically classified
as AGN using the Baldwin, Phillips and Terlevich diagram (Stott
et al. 2013, Sobral et al., in preparation) are identified to have a
rest-frame flux density ratio 2.8 pm/1.6 um > 1. We apply this
simple threshold to remove further potential AGN from the sample.
Note that this near-IR criterion is the same that makes Lacy et al.
(2004) and Stern et al. (2005) methods work, but we optimize it
for z = 1.47 galaxies in order to minimize the errors in the Spitzer
Infrared Array Camera (IRAC) photometry.

These criteria (X-ray/radio/mid-IR) identify a total of 30 (6/9/22)
and 40 (3/5/35) potential AGN in the UDS and COSMOS fields,
respectively. Some of them are identified by more than one criterion.
Our final star-forming galaxy sample consist of 443 sources (158 in
UDS and 285 in COSMOS) at a well-defined redshift, z = 1.47.

3 THE FAR-IR PROPERTIES OF HIZELS
GALAXIES

We describe the far-IR properties of the HIZELS sample by tak-
ing advantage of the plethora of multiwavelength coverage in the
UDS and COSMOS fields. We note, however, that out of 443 se-
lected star-forming galaxies, only 10 (2 per cent) of them have cata-
logued Herschel/SPIRE-250-pum sources (Smith et al. 2012) within
2 arcsec — the most sensitive band near the peak of the far-IR SED.
They all have S>50,.m < 40 mJy at a significance of S50 and there
is no particular trend for 250-pm fluxes with observed Ho luminos-
ity. In contrast, within the possible AGN population there are five
detections (out of 70, i.e. 7 per cent) at 250 pm suggesting typically
brighter far-IR luminosities for this population. These small number
of detections, however, are not sufficient to provide a robust view
to the HiZELS population as a whole.

In this paper, we use a stacking analysis to tackle the far-IR
properties of the Ho galaxies. Stacking is a statistical method which
consists of cutting out a significant number of map regions centred
at the position of known sources (e.g. see details at Kurczynski &
Gawiser 2010; Béthermin et al. 2012b; Heinis et al. 2013). When
all these maps are averaged together (pixel by pixel), signals at the
image’s centre can emerge from the noise. These signals represent
averaged (or median) properties for the stacked population. The
reliability of this approach highly depends on the common nature
of the parent population, where statistical quantities are robust.

3.1 Stacking and flux density measurements

In this work, all images we use for stacking (at 24, 70, 100, 160,
250, 350, 500 and 1100 wm) have resolutions (full width at half-
maximum, FWHM) much larger than the subarcsec astrometric un-
certainties of the HiZELS sample (~0.25 arcsec), so for simplicity
we confidently assume that the resulting stacked signals are ‘point
like’. Images do not cover exactly the same sky area (see Table 1),

Table 2. The percentage of HiZELS galaxies (from a total
of 158 in UDS and 285 in COSMOS) presenting imaging
coverage at different wavelengths. Almost all images pro-
vide more than 90 per cent coverage, with the exemption of
both AzTEC images which miss ~20 per cent of the sources,
and the deep Herschel-PACS UDS map which only covers
40 per cent of the sample (see PACS errors in Fig. 2).

A UDS COSMOS
(pum) Cov (per cent) Cov (per cent)
24 94 100
70 100 100
100 39 97
160 39 97
250 100 100
350 100 100
500 100 100
1100 79 78

so these differences imply that sources outside the coverage, or in
noisy regions, are flagged differently for each map. The percentages
of stacked sources per image are shown in Table 2.

We use arbitrary 91 pixel x 91 pixel x N (where N is the number
of stacked sources) data cubes for each waveband. Maps extracted
from the images (S;) are centred at the closest map pixel to the source
position. The data cubes are then collapsed by taking the median
signal in each map pixel yielding simple 91 x 91-pixel > images
for each waveband. We prefer a median stack as this minimizes
the effect produced by outliers (e.g. by nearby bright galaxies) in
the map-pixel distributions. In most cases, especially at 24, 250
and 350 um, a clear signal appears at the image centre (results are
shown in Table 4).

In each of the stacked maps, we remove the median sky back-
ground level (Byc). This level is estimated using a Monte Carlo
simulation (100 realizations following the same approach to create
the stacks) randomizing the source positions within 5 arcmin from
their original locations. This background subtraction is found to be
essential in order to properly co-add stacked signals coming from
different fields (see equation 1).

3.1.1 Spitzer stacks

In Spitzer images (see Table 1), we use a 2D-Gaussian fit (IDL routine
MPFIT2PEAK; Markwardt et al. 2009) to extract the central stacked
peaks. The fit is performed using the following constraints: the peak
must be close to the central position (ARA, ADec. < FWHM/2);
the sky level is fixed at zero (since the background has already
been subtracted); the width (FWHM) is fixed at the appropriate one
for a point source (as given in Table 1). From these Gaussian fits
we extract the peak value. Note that Spitzer images are in units of
Mly sr™!, so this peak value needs a conversion factor to obtain
the integrated flux density (see Section 3.1.5). In particular, we
have arbitrarily increased (by three times) the uncertainty of the
24-um data point, to account for the highly varied mid-IR spectra
of star-forming galaxies at z = 1.47.

3.1.2 Herschel-PACS stacks

For Herschel-PACS images from PEP and HerMES surveys, we
extract fluxes using aperture photometry with a radius of 10 and
15 arcsec at 100 and 160 pm, respectively. Aperture photometry
is preferred in PACS mainly due to the uncertainties on the peak
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of the PSF (introduced by the telemetry of the Herschel telescope
and by the asymmetry seen along the scan directions). We have
divided the COSMOS-PEP images by factors of 1.151 and 1.174
at 100 and 160 pm, respectively, in order to match the calibration
products used to create the UDS-HerMES image (a change from
responsivity FM,5 to FM,6 within the Herschel Interactive Process-
ing Environment). This translates into an aperture correction of the
order of 30 percent at those aperture radii. PACS images are in
units of Jy pixel™!, so we simply use the IDL routine APER to in-
tegrate fluxes, not performing background subtraction as this has
been already removed.

3.1.3 Herschel-SPIRE stacks

Following the same recipe used to extract stacked Spirzer fluxes, we
measure integrated flux densities by simply measuring the peak in
the Gaussian fits. This is valid given that Herschel-SPIRE HerMES
images (at 250, 350 and 500 um) are in Jy beam™' units and we
are assuming ‘point-like’ stacks. Details about these images can be
found in Levenson et al. (2010).

3.1.4 AZTEC stacks

Given that AzZTEC images come from different telescopes, the co-
addition of these stacked images needs to include a Gaussian con-
volution of the JCMT image (FWHM 18 arcsec; Austermann et al.
2010) to match the ASTE resolution (30 arcsec; Scott et al. 2008).
Similar to Herschel-SPIRE, these maps are in Jy beam™' units, so
integrated flux densities are measured by the peak of a Gaussian fit
(same constraints as those used for Spitzer stacks).

3.1.5 Empirical calibration

To account for possible biases introduced by the way we measure
stacked flux densities, we use the released catalogues from each im-
age to find the median and scatter (3¢ clipped) of the ratio between
catalogued flux densities (between 5 and 100) and fitted Gaussian
peaks (aperture photometry for the PACS case). We call this ratio
n = Sprr/Scar.- We note that for Herschel and AzZTEC images, n
is within 15 per cent from unity, although for Spitzer images 7 is
the value to convert ster-radians to beams. We apply these normal-
ization factors to the extracted flux densities in order to make the
calibration of each stacked data point dependent on the released cat-
alogues from each of the different images (see Table 1). In the cases
when we merge the UDS and COSMOS fields, we use the average
correction found between both fields (usually within 10 per cent of
each other).

In summary, for a given number of UDS (Nyps) and COSMOS
(Ncosmos) sources, the calibrated flux density measured from their
co-added stacked signals can be expressed as

where MED stands for the median over all the cut-out map signals
Si, Bumc corresponds to the Monte Carlo simulated sky background
obtained by randomizing the positions around the source sample
for each field, and U stands for the co-addition of signals coming
from different fields. We find that the detection significance (fitted
peak over local pixel rms) of each stacked data point ranges at
<150, where the 24-, 250- and 350-pum bands provide the clearest
detections.
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Errors in our measurements are estimated using the same Monte
Carlo simulations (100 realizations) to obtain the averaged pixel rms
noise for Spitzer, Herschel-SPIRE and AZTEC stacks, and the av-
eraged uncertainty using random aperture photometry on Herschel-
PACS stacks. We assume a conservative 10 per cent absolute cal-
ibration uncertainty (added in quadrature) for all IR bands (e.g.
Stansberry et al. 2006; Austermann et al. 2010; Swinyard et al.
2010). Finally for consistency, we normalize our estimated uncer-
tainties using the 7 ratio.

3.1.6 Clustering effects

The clustering of galaxies can induce a bias on stacking measure-
ments (Béthermin et al. 2010, 2012b; Kurczynski & Gawiser 2010;
Heinis et al. 2013). Béthermin et al. (2012b) estimated that for
24-um-selected samples, the level of clustering could increase the
stacked peak flux measurements in the order of 7, 10 and 20 per cent
at 250, 350 and 500 um, respectively. This effect is larger in lower
resolution images and it is seen as wings around the stacked signals.
These wings reflect the effect produced by the excess of probabil-
ity to find sources around another one. Béthermin et al. (2012b)
showed that the shape of this wing is the autocorrelation func-
tion (w(f) = AcpB ") convolved by the PSF. The amplitude of
this signal thus depends on the mean flux of the clustered pop-
ulation and the amplitude of clustering. A preliminary view to
the angular correlation function of HiZELS galaxies at z = 1.47
(~150-300 sources deg~2) shows it is well behaved with a power
law (Bcr = —0.8 and Acg ~ 10-20 with no clear evidence for a
steeper correlation function at smaller scales) suggesting that these
galaxies reside in relatively typical dark matter haloes of ~10''—
10> My (see e.g. Sobral et al. 2010; Geach et al. 2012) — similar
(or slightly lower) to the ones expected to host 24-pum sources
(Béthermin, Doré & Lagache 2012a; Wang et al. 2013).

In this work, we have neglected the effect of clustering due to
three main reasons: (1) Béthermin etal. (2012b) estimated clustering
effects using mean stacks while we use median ones. This implies
that we considerably reduce the contribution of objects to clustering
signal, while contribution of sources below the confusion limit stays
the same; (2) Ha-selected galaxies have stellar masses which are
typically lower than far-IR-selected ones (see Section 4.2), hence
the effect of clustering is expected to be lower. Actually, we do not
see any clear excess of ‘wing’ emission in our Herschel stacked
images; (3) the effect that clustering has in stacked SPIRE flux
densities using 24-pum-selected galaxies is roughly in the range of
the global uncertainties in our work.

3.2 SED fitting

We parametrize the stacked SEDs using a modified blackbody
(MBB) spectrum in the Rayleigh—Jeans regime, but truncated to
a power law in the mid-IR (Wein side). The measured bolometric
far-IR luminosities, L(8—1000 um), are obtained by integrating the
SED in rest-frame frequencies between v; = 0.3 THz (1000 pm)
and v, = 37.5 THz (8 um),

vy /(142)

L(8—1000 pm) = 47 D} (2) S, dv, M
vy /(142)

where the flux density per unit frequency is parametrized as
MBB(v) it v,

S,(v) = A x
MBB(v,) x pmid-IR —if p > p,
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Figure 2. The stacked far-IR flux densities obtained for different HIZELS samples at z = 1.47. Photometry points come from Spitzer (24 and 70 um), Herschel
(100, 160, 250, 350 and 500 um) and AzZTEC (1100 um) images (see Table 1 for references). The dashed lines show the expected median SED value based
on Monte Carlo realizations repeating the SED fits by varying the photometry using the errors for each data point (see Section 3.1). Derived parameters are
provided in the inset values (see also Table 5) while the plotted shaded areas represent the 68-per cent confidence levels. Left: the stacked far-IR SED for the
HiZELS samples with detected S(Ha) > 6 x 10~17 erg sl em™2 and S((Ou]) > 1.3 x 10717 erg s~ em™2 in the UDS (top) and COSMOS (bottom) panels.
Right: the large panel shows the stacked SED for the full HIZELS sample, compared to two star-forming galaxies: M82 (a local starburst galaxy with an SED
obtained from a fit to the observed photometry presented by Silva et al. 1998) and the Cosmic Eyelash (a gravitationally lensed galaxy at z = 2.3 — Ivison et al.
2010b), both normalized to arbitrary values. At wavelengths longward of 10 pum, the stacked SED can be approximated by the superposition of three MBB
functions with temperatures of 135, 56 and 24 K (using = 2.0), and luminosity contributions of 3.5, 16.3 and 80.2 per cent, respectively.

and

V_’Hrﬂ
MBB(v) =

exp[ (1+z)} -1
Here, g is the dust emissivity index (e.g. Seki & Yamamoto 1980;
Dunne et al. 2011) modulating the Planck function to cover a wider

range of dust temperatures (fixed to 8 = 2), and v, is obtained
numerically at

leg]()(MBB)
dlog,,(v)

(V2) = Omig—1r

to match the slope of the Planck function and the power law
at ~100-200 pm. Examples of SED fits applied to our stacked
signals are shown in Fig. 2.

In our estimates, we assume the redshift is fixed at z = 1.47
[luminosity distance, Dy (z) = 10641 Mpc], and parameters 4 and
k refer to Planck and Boltzmann constants, respectively. To fit the
observed stacks we have three free parameters in our model: A (the
normalization of the fits), Ty, (as in the MBB function) and o jq_1r
(the slope in the mid-IR). The best fit for each parameter is obtained
by minimizing x2. All quoted errors correspond to the 68 per cent
confidence levels obtained using an end-to-end Monte Carlo (100

realizations) fit to the SED using perturbed photometry based on
the estimated errors of each stack (assuming Gaussianity).

3.2.1 Robustness of the SED fit approach

Our SED fits parametrize the mid-IR range assuming a simple spec-
tral slope, which is not physically well motivated, but at least it does
not bias the derived far-IR luminosities. We demonstrate this by us-
ing stacked signals coming from different parent HiZELS samples,
then fitting them alternating between 8 and opig_ g as fixed and
free parameters. Comparing both outputs, we find that far-IR lumi-
nosities and dust temperatures are not biased by this assumption.
The main reason we preferred to fix g, rather than oy;g_1r, is due
to the low signal-to-noise ratio in the AzZTEC 1100-um stacks. This
1100-pm data point provides the main constraint on 8, but it is
usually only an upper limit. In our initial analysis we used 8 = 1.5,
but we found that this produced SED fits which in several cases
violated the AzZTEC 1100-pum upper limits, and gave rise to dust
temperatures ~5 K (~1¢) higher than those obtained when fixing
Omid—ir = 2.0 with 8 as a free parameter (see discussion of the

Taus—P relation by Shetty et al. 2009 and Smith et al., in prepara-
tion).
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To test the robustness of our SED routine, we used a different
fitting approach involving ~7000 SED library models (Siebenmor-
gen & Kriigel 2007) to reproduce the far-IR photometry via a x>
minimization (Symeonidis et al. 2009, 2011). We find that our de-
rived far-IR luminosities are systematically 10 per cent lower with
respect to this other method. This offset is, however, within the
1o errors. The difference is mostly seen in the mid-IR part of the
spectrum. The SED libraries include prominent polycyclic aromatic
hydrocarbon (PAH) features and a systematic excess of warm dust
emission at Apg ~ 20 pm, compared to our simple mid-IR power
law. This demonstrates the uncertainties introduced by the SED fits
and the actual capabilities for precisely measuring luminosities in
this work. On the other hand, in terms of dust temperatures we find
that our fits (using B = 2) and the library SED fits are in good
agreement with no clear systematic.

3.3 The star formation rate and Ha extinction

Our study provides a unique opportunity to directly measure the
typical SFR of the HiZELS sample. There is no unbiased SFR
indicator and it is well documented that the use of inconsistent
extinction corrections and SED assumptions are the primary source
for the large scatter seen by different estimators (Wijesinghe et al.
2011), especially at high redshifts (e.g. Hopkins & Beacom 2006).
As described in Section 2, a key advantage of our HiZELS sample is
that it does not differ significantly from the intrinsic luminosities of
the local star-forming galaxies used to calibrate the SFR indicators
(see Fig. 1). Indeed, the conditions defined by Kennicutt et al. (2009)
in section 6.2 of their paper are fully satisfied by the HiZELS sample.
Hence, assuming no cosmic evolution of the parameters controlling
the SFR (e.g. the IMF) and the absence of AGN contamination in
the Ho luminosities, we can confidently assume that (Kennicutt
1998)

SFRM@ yr ') = 7.9 x 107* x L(Ha)y, ergs™', )

where L(Ha)y, is the intrinsic He luminosity (corrected for dust
attenuation). This is the canonical definition for the SFR, as-
suming solar abundances and a simple power-law slope for the
IMF, dN /dm o« m~23% (Salpeter 1955), integrated between 0.1 and
100 M. A way to estimate the extinction for deriving L(Ha )iy is
by combining the measured Hee and far-IR luminosities as follows:

L(Hy)ine = L(H®)obs + apr x L(8—1000 um) ergs', A3)

i.e. the far-IR luminosity carries the information for the amount
of dust extinction, where apr = (2.5 £ 0.6) x 10~ (Kennicutt
et al. 2009). Equation (3) can be understood as the balance of
the contributions from unobscured and obscured emission to the
total SFR in a galaxy, and apr determines the ratio at which the
components are comparable. The ratio between the two components
can be used to trace the averaged extinction for the sample,
L(8—1000 pm))

“

AHo =25x1 1
He(MAg) X ogm( + apr L(Ha)op,

a measure which is expected to be less sensitive to possible ageing
effects given that attenuation decreases with increasing stellar age
(Kennicutt et al. 2009). As a reference, the typical Ho extinction
for optically selected star-forming galaxies in the local (e.g. Garn
& Best 2010) and high-redshift (e.g. Garn et al. 2010; Sobral et al.
2012; Stott et al. 2013) Universe is Ay, ~ 1 mag.

Note that since our study uses stacked signals (median proper-
ties), we treat equations (2)—(4) in terms of probability distributions
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using Monte Carlo simulations, bootstrapping the error for the me-
dian value of the He distribution (Fig. 1) and the measured stacked
far-IR flux errors.

3.4 The global far-IR properties of the star-forming
HiZELS population

In the left-hand panel of Fig. 2, we compare the stacked far-IR fluxes
of all those UDS and COSMOS HiZELS galaxies with narrow-
band He and [O11] detections (see Fig. 1). Both samples produce
consistent far-IR fluxes to within the uncertainties, suggesting that
we can merge them to increase the overall sample size and to allow
an alternative sample selection to investigate the far-IR properties
as a function of different observed physical parameters. The stacked
fluxes obtained from the merged full sample are shown in Fig. 2
and derived parameters presented in Tables 4 and 5.

The observed SEDs peak roughly at 280 pm (rest
frame ~113 pm) corresponding to a dust temperature, 7y, ~ 24 K.
As noted in Section 3.2.1, this value increases to ~30K when
B = 1.5 is used. The assumption of a simple mid-IR power law
is useful to mitigate the larger uncertainties at shorter wavelengths
(especially on Spitzer-70-pum and PACS-100-/160-pum photometry),
where we usually find oig—1r = 2, e.g. similar to that observed in
MB82. We find that the use of a MBB is essential to fit the stacked
SED. This makes perfect sense since the stacked fluxes include
the MBB emission from each independent galaxy as well as the
broadening introduced by stacking Ho emitters with different dust
temperatures (the expected z = 1.47 £ 0.02 distribution has a neg-
ligible effect compared to these two effects). In our SED fits, this
broadening is basically modulated by 8 and opig—ir. Alternatively,
in Fig. 2 we show that the typical HIZELS SED (at A > 10 um) can
be approximated by the composition of three MBB functions with
Taust = 24, 56 and 135 K (using B = 2.0), contributing in 80.2, 16.3
and 3.5 per cent to the total far-IR luminosity.

The derived median far-IR luminosity for the whole merged sam-
+0.04

ple is L(8—1000 um) = 10"+ %006 L@, i.e. our Ho emitters are
typically luminous infrared galaxies (LIRGs) at z = 1.47. The ratio
between the far-IR and the observed Ha luminosities is ~1000:2,
similar to the apr factor from equation (3). This implies that these
two components (unobscured and obscured) have comparable con-
tributions to the total SFR. Using equation (4), we derive a median
Apne = 1.0 £ 0.2 mag, in good agreement with typical values seen in
local and high-z star-forming galaxies (Garn & Best 2010; Sobral
et al. 2012; Stott et al. 2013).

Given that our sample has been primarily selected by its Ho
power, we cannot assume HiZELS galaxies work as calorimeters
(Lacki et al. 2010). Indeed, this is the main reason we prefer the
use of a combination of Ha and far-IR luminosities to derive total
SFRs (Kennicutt et al. 2009), rather than Ha or far-IR luminosi-
ties alone (Kennicutt 1998). In Table 3, we present the different
methods used to compare SFR estimates in this work. For example,
assuming a simple Ay, = 1 to get the intrinsic Hoe luminosity, the
SFRy, Ay, =1 is roughly within 1.4-3 times of that derived using
SFRgr or SFRy4 . stacks. This simple comparison reinforces the
fact that a non-negligible fraction of the starlight has escaped from
these galaxies. We find that the SFRR are typically 1.5 times larger
than those expected from SFRy, pr (Section 4.1). In particular, we
note that the use of the 24-pum flux density as an SFR indicator at
z = 1.47 is relatively uncertain compared to SFRgr. This is due to
the combination of being estimated using a single photometry point
and due to the large uncertainty induced by the Silicate absorption
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Table 3. Different methods to measure the median SFR for the whole population of HiZELS galaxies at z = 1.47 (443
sources). He and far-IR luminosities are in erg s~ while output values are in Mg yr~!. Our preferred SFR parametrization
is in bold at the top of the list, SFRyq, FIr (see Section 4.1; Kennicutt et al. 2009). The five equations (SFRyg, Ay, ) refer
to the canonical SFR definition (see equation 2) provided by Kennicutt (1998) using different parametrization for Ho
extinction (scatter of ~0.3 mag) — taken from Garn & Best (2010) and Sobral et al. (2012) (see bottom of table). Values
for M, are given in M) (note the 1.21 factor is to match our assumed Salpeter IMF and TP-AGB component, see
Section 3.6) and rest-frame u—z colour in Vega magnitudes. SFRgjr is defined in Kennicutt (1998) and solely uses the
far-IR luminosity to derive the rate of star formation. SFRo4 . is defined by Rieke et al. (2009) in which we have
derived Ay4 = 0.54 and B4 = 1.80 by interpolating their table 1 at z = 1.47 (see equation 14 of their paper). Note that
47’[Di X 824 um 18 in units of Jy cm?, where Dy is the luminosity distance and Sp4 ;,m the flux density at 24 um.

Method

SFR M yr™ 1
SFRuy FIR =7.9x10"*x [L(Hat)obs+arir x L(8-1000 pm)] =32%£5
SFRHg, Ay =0 =7.9 x 107*2 x L(Hat)ops =13.1£03
SFRHq, Ay =1 =7.9 x 107* x L(Ha)gps x 104 =31.9+08
SFRHg, Ay (Om/Hey = 7.9 x 10742 x L(Hat)gps x 1004 AHe[O11/Ha) =289+ 14
SFRHa, Ape (M, =7.9 x 107* x L(Hat)gps x 1004 AHe(M:) =24.840.7
SFRHa, Apg (l—thes) = 7-9 X 107%2 x L(Hat)gps x 1004 AHel1=lres) =229+06
SFRER =45 x 107* x L(8-1000 pm) =447
SFR4 — 10A2+B2a x [l0g(47D} XS24 i) =53] —90 + 18
where
Ane([O1]/Ha) =—430X* — 11.30X> — 7.39 X% — 2.94 X + 0.31 using X = logjo([O1]/Ha)
An (M) =—0.09X> +0.11X> +0.77X + 0.91

Ang ([t — Z]rest)

= —0.092X> + 0.671 X — 0.952X + 0.875

using X = log,o(M,/10'%/1.21)
l]Sil’lg X= (u - Z)rest

band at 9.8 um, PAH line emissions and possible AGN power-law
components redshifted into the 24-pum band.

3.5 The AGN population

In Section 2.1, we explained the conservative method we have used
to clean the HiZELS sample of possible AGN contamination. Note
that this method might have classified some powerful star-forming
galaxies as AGN. Using our X-ray/mid-IR/radio criteria we have
identified a total of 70 possible AGN within our HiZELS sample.
Using the same stacking approach explained above, we show in

Fig. 3 the typical far-IR SED for the HiZELS galaxies classified as
AGN. We compare the full stacked star-forming sample (presented
in Fig. 2, right) with respect to that of the AGN population, find-
ing that the typical far-IR luminosities for AGN are slightly higher
(~10M1-56 =008, ) There is evidence for warmer dust tempera-

tures (ATgus ~ 7K) with respect to the star-forming galaxies. It

is interesting to see that AGN do not dominate the mid-IR part of
the stacked SEDs — even though we would expect some mid-IR
emission coming from the central torus-like region surrounding the
AGN, introducing an excess at 24 um (9.7 pum, rest frame).

As a sanity check, we performed the same analysis, leaving the
identified AGN in the sample. We find that there is no significant
variation of the results presented in Figs 5 and 6, and all general
tracks are maintained within a fraction of the 1o errors.

We conclude that given the number of identified AGN is small
with respect to the whole sample (~15 per cent), possible biases
introduced in median stacked signals are minimized unless AGN

are the dominant population. There is no evidence suggesting such
scenario.

3.6 Dependency of SFR on Ha luminosity and stellar mass

InFig. 5, we explore far-IR-derived quantities in order to understand
the mechanisms controlling the star formation activity of HiZELS at
z = 1.47. We present how the far-IR luminosity L(8—1000 pm), the
dust temperature, the derived SFRy, rir (see Table 3) and the Ho
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Figure 3. Stacked SED for all possible AGN (grey shaded region), includ-
ing radio-loud, X-ray-detected and mid-IR identified ones (see Section 2.1
for details). The derived far-IR properties for the AGN sample are inset at
the top-left. The stacked AGN SED is compared to the one obtained from
all HiZELS star-forming galaxies (red line filled; presented in Fig. 2, right).

extinction (equation 4) correlate with the observed (and intrinsic)
Ho luminosity and stellar mass. We are able to create three bins
for each parameter, with sufficiently large and similar number of
sources in each bin to define the SED accurately. We find a relatively
mild dependency for far-IR luminosity on observed L(Ha), and
stellar mass, but a significant linear slope (at So significance) on
intrinsic L(He). The SED-fitting uncertainties hide any trends in
dust temperature, 74,5, but values are in rough agreement with
previous Herschel-selected samples which are assumed to be mostly
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3228  E. Ibar et al.

Table 5. The derived far-IR properties found for the different selection criteria (‘Ref.” are same as in Table 4) presented throughout
this HiZELS study. The median and the 68 per cent distribution of the observed He luminosity is presented in the second column.
The fitting procedure used to extract the far-IR properties is explained in Section 3.2.

Ref. logio[L(Ha)ops] log[L(8—1000 pm)/L¢ ] SFRHe, FIR AHe Taust Omid—IR
(68 per cent distribution) Mg yrh (mag) (&)
1 42237018 11.487007 36.2+8% 11793 2342 1.9793
2 4220703 11.487008 36.2773 11793 2313 2.1+08
3 2.2+ 11.41100 321434 10102 247! 1.9+03
4 41,9970 11.39709% 25,9138 1.3%02 2413 2.0703
5 42.1870% 11451005 3.2 L1553 2445 21703
6 42,3503 11.397906 36.2138 0.8703 2813 2.0%03
1 202128 136751 287728 w200
8 4218701 11537008 37.7473 12403 2373 23704
9 4230101 11554006 423778 11793 2713 20403
10 42.057012 1127913 18.749 0.8703 298 2.0108
1 42267098 11,2540 27.9439 07192 2474 22104
12 42.34101¢ 11.691004 53.91%° 1.2%03 241 17403
13 42.0479% 11.317549 244153 11793 2616 2.0704
14 4224798 11407005 32,9138 0.9703 2513 2.0703
15 42.387013 11.54790 44.9177 0.9793 2412 1.8703
16 42237012 1187518 25.1743 0.6763 2873 22703
17 4222013 11.514004 37.4+69 11102 26+! 1.9+04
18 4222701 11.597904 42.6754 13792 237 1.8702
19 42.18+022 11.46+007 338471 1102 2874 20106
20 42211013 11.597007 42,6783 13792 25+ 2.2+04
21 42,1477 11.39790 29.7%%3 11793 2515 2.0%903
22 42.23701¢ 10.987915 20.813¢ 0.5792 2211 2.0108
23 42227016 11.4070% 32.0M%9 1.0793 29+ 2.0104
24 42,1971 11707004 49,97 )04 15793 23 1.8793
25 42.201015 1177168 56,9413 16553 237 18503
26 42,2270 11417907 324139 1.0702 2613 2.0%90%
27 42201913 10.640%; 163479 0.2257 2713 187503
28 42.20%021 11.567097 40.2188 12792 314 2.2+04

dominated by obscured star formation (e.g. Amblard et al. 2010;
Hwang et al. 2010). SFRy, rr increases as a function of all three
parameters, with L(Ha ), showing the strongest dependence (a4.5¢
significance in linear slope). We find an anticorrelation between Ho
extinction and Ho luminosity, expected given the form of equation
(4). Extinction increases at large stellar masses in agreement with
the trend seen by Garn & Best (2010) (see Fig. 5 bottom-right panel).
As with Ty, we do not find any strong correlation for aya—ir. All
the stacked fluxes and derived parameters are presented in Tables 4
and 5.

3.6.1 Stellar masses

Stellar masses are derived via SED-fitting routines using the method
described by Sobral et al. (2011), making use of the UV to Spitzer-
IRAC near-IR photometry available in the COSMOS and UDS fields
(see Fig. 4). We have included the TP-AGB contribution (Bruzual
2007 templates) as it has a significant effect for young stellar pop-
ulations at z & 1.5, compared to masses derived with previous
Bruzual & Charlot (2003) SED libraries (~1.5 times lower values).

To be consistent, the previously published HiZELS stellar masses
(Sobral et al. 2011) are divided by a factor of 0.55 to change from
a Chabrier (2003) IMF to a Salpeter IMF. Based on the sensi-
tivity of the broad-band photometry, we find that we are unable to
confidently constrain stellar masses lower than 1093 M@, which de-
fines our lower mass limit for this particular analysis. By excluding
sources with M, < 10°° Mg and poor x? fits to the optical/near-IR
SEDs, we remove ~25 per cent of the full sample. Note that this
cut in the sample is only performed to explore correlations as a
function of stellar mass, not in the other analyses. The low stellar
mass population tend to be biased towards the highest star formation
efficiencies (see Fig. 8) — a population which might not be the most
representative one.

The distribution of intrinsic Ha luminosities (using
Ape([u — zZ]iest); see different parametrizations in Table 3) versus
stellar masses can be seen in Fig. 4. We see a large scatter between
these two parameters (a Pearson’s product moment correlation of
0.23 giving a 5 per cent probability of correlation), probably due to
the relatively narrow range of luminosities and the large uncertain-
ties associated with the Ho extinction corrections (AAp, =~ 0.3 mag
in scatter; Sobral et al. 2012).
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Figure 4. The distribution of intrinsic Hoe luminosities versus SED-fitted
stellar masses (see Section 3.6). L(Ha)in are obtained using the recipe pro-
vided by Sobral et al. (2012) which parametrize Ay, as a function of the
observed rest-frame u—z colour (see Table 3). The typical error is shown
at the bottom right of the figure. The solid blue/red lines define the mini-
mum/maximum reliable range used for stacking. The dashed blue/red lines
define the bins presented in Fig. 5.

3.7 Exploring other dependences

Given the difficulty of detecting HB at high-z (e.g. Stott et al. 2013),
various parametrizations were created by Sobral et al. (2012) —
based on SDSS data — to describe the Ho extinction at z ~ 1.5. In
this section, we explore the parametrization of Ay, as a function of
the [O n]/Hua ratio, rest-frame u — z colour and observed 3.6-pum
magnitudes (see Fig. 6). By looking at the significance of the linear
fit’s slopes shown in Fig. 6, we find that the far-IR luminosity is
not traced by the [O n]/He ratio, but depends strongly on intrinsic
rest-frame (4 — z) colour and observed 3.6-um photometry (rest
frame ~ K band).

[O 1] is a collisionally excited doublet (A1372.6, 372.9 nm) used
as an SFR tracer for intermediate-redshift star-forming galaxies
(e.g. Hayashi et al. 2013). It is sensitive to the abundance and the
ionization state of the gas, and its luminosity is less directly coupled
to the radiation fields from H 11 regions than Ho. Empirical evidence
has shown a typical observed ratio of L([O 11])/L(Ha) = 0.23 in mas-
sive galaxies (Hopkins et al. 2003). Sobral et al. (2012) proposed
that this ratio could be used to parametrize the Balmer decrement
(i.e. as a tracer of extinction), as they found that both parameters
correlate after removing metallicity dependencies in a carefully se-
lected SDSS galaxy sample. In Fig. 6, we show that this ratio does
not have any clear correlation with our far-IR-derived parameters.
This result might be explained by the fact that the Ay, ([On]/Hor)
parametrization induces a significantly broader extinction-corrected
logio[L(He)ip] histogram distribution (shown in the middle pan-
els of Fig. 5). We suggest that this optical line ratio is a poor
tracer of the far-IR luminosity and/or Ho extinction, but only sen-
sitive to a relatively small number of unobscured star-forming re-
gions, missing a significant fraction of the obscured star-forming
clouds.

Far-IR properties of Ha emitters at z = 1.47
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We have also looked at the correlation between Ay, and galaxy
colour (e.g. Sobral et al. 2012), finding a relatively strong depen-
dence in rest-frame (4 — z).s colour (linear slope at 40 signifi-
cance). This correlation suggests that red colours in a sample of
young star-forming galaxies (Ho detected) are evidence of sys-
tems suffering large extinctions. We find that our trend agrees with
Sobral et al.’s previous Ap,([# — z]wst) parametrization, although
we see a higher level of extinction in redder colours. This sug-
gests the appearance of a heavily obscured component not ac-
counted by the previous optical measurements but revealed in the
far-IR.

Finally, we explored how the far-IR luminosity depends on ob-
served Spitzer-3.6-um magnitudes. The observed 3.6 um corre-
sponds roughly to the rest-frame K band at z = 1.47, hence a proxy
for the stellar mass of the galaxy. The K band versus Ay, correlation
is found to be slightly stronger than on stellar mass, suggesting this
Spitzer band traces the old stellar populations but also some of the
recent ‘young’ star-forming population.

4 DISCUSSION

4.1 SFR indicators

In this work, it is of major importance to use the best SFR estima-
tor available in the literature. We note that HiZELS galaxies were
selected by their He emission (in the rest-frame R band), so by
definition considerable starlight must have escaped from these star-
forming galaxies. This implies that HIZELS galaxies do not work
as calorimeters (Lacki et al. 2010). Indeed, we have shown that
SFRy, Ay, =0 (the Ho-derived SFR not corrected by extinction) is
roughly within a factor of 3 to 4 to the far-IR-derived SFRs, clearly
pointing out the importance of using a combination of Ho and far-
IR measurements to obtain the total SFR (see also Iglesias-Paramo
et al. 2006; Wijesinghe et al. 2011).

We find that our sample has a typical
L(Hot)obs/L(8—1000 pm) ~ 2/1000 ratio (similar to
amr = 2.5 x 1073, see equation 3). Considering also the
fact that HiZELS Ho luminosities are similar (although at
z = 1.47) to those used by Kennicutt et al. (2009) to determine the
local SFR calibrations, we propose that the combination of Ho and
far-IR luminosities (SFRy,, pir; Kennicutt et al. 2009) provides the
most reliable SFR estimate for our particular study.

The HiZELS population at z = 1.47 is composed in its majority of
LIRGs with SFRy, prr =32+ 5 Mg yr~!. They present typical Ho
extinctions (Ay, = 1.0 & 0.2 mag) which are similar to those seen in
local star-forming galaxies (i.e. in galaxies with lower SFRs). These
results demonstrate the little evolution of the global Ha extinction
properties previously seen by Sobral et al. (2012) and Stott et al.
(2013) in HiZELS galaxies at z = 1.47.

4.1.1 An alternative SFR estimator

In the case when L(Ho)ops < apr L(8—1000 pwm) (see equation 3),
the far-IR represents the dominant contribution to the SFR. In the
literature, the transition from a dominant unobscured to a dominant
obscured SFR component has usually been presented as a function
of far-IR luminosity, using He (e.g. Villar et al. 2011), far-IR (e.g.
Roseboom et al. 2012) or ultraviolet (e.g. Buat et al. 2010) samples.
These correlations present large scatter but they all agree that the
brighter the far-IR, the more dominant it becomes as a tracer of
SFR.
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Figure 5. Plots showing (from top to bottom) the bolometric far-IR emission (8—1000 pm), the fitted dust temperature, the SFRyq, pir (see Table 3) and the
measured Ho extinction using equation (4) as a function of (from left to right) observed L(Hw), intrinsic L(He) (using the recipes provided in Table 3) and
stellar mass (see Section 3.6). The histograms show the parameter distribution for the stacked population divided in three bins as defined by the vertical dashed
lines. The coloured histograms in the middle panels show the L(Ha )iy distributions using three different extinction corrections (following the same colours
as the legend in the top-middle panel). The bottom-right panel includes the Apy (M) parametrization described in Garn & Best (2010) (see Table 3). Derived
quantities and errors (1o enclosing 68 per cent) are based on an end-to-end Monte Carlo realization of the fitting SED routine using the uncertainties measured
in each of the stacked signals (Section 3.2), including the uncertainty in apr from equation (3). These data points are presented in Table 5. The dotted lines
show simple linear fits to the derived data points, y(x) = a + b X x, where best-fitting parameters are inset at the top left of each figure and errors are lo
uncertainty estimates for the returned parameters (obtained using LINFIT routine in IDL).

Making use of the dependences shown in Figs 5 and 6, we provide
an empirical SFR estimate which can be used to alleviate the lack
of far-IR measurements. We portray this idea in Fig. 7, where we
show the ratio ® = L(Ha)obs/[L(Hot)obs + apr L(8—1000 um)] as
a function of three different parameters. Note that ¢ ranges from
0 to 1 and traces the ratio between unobscured (observed He) and
total (far-IR & Ha) SFR. We see that the observed Ho luminosity
dominates (>50percent) the total SFR when galaxies have low
stellar masses (S10%% M), or blue colours ([u — Z]res < 0.9), or
Spitzer-3.6-pum photometry fainter than 22 mag (Vega). For HIZELS
at z = 1.47 (or similar population), we parametrize the SFR as
follows:

L(Hot)obs
SFRyy 0 = 7.9 x 10742 %, )

where @ is obtained empirically by a linear fit,
log,,[®]=A+ B x X. ©6)

Note that & should be lower than unity and preferentially
higher than 0.15 (see Fig. 7). We find A = 0.03 + 0.16 and
B = —0.35 £ 0.15 if X is the rest-frame (# — z) colour or
A = —-55 % 16 and B = 0.236 + 0.071 if X is the observed
Spitzer-3.6-um magnitude. The bottom figure shows a weaker cor-
relation as a function of stellar masses, although it indicates that
sources with measured M, have, in general, an SFR dominated by
the far-IR emission.

As noted before, these empirical relations can be used to provide
a better proxy for the SFR when far-IR estimates are absent for
high-z Ho-emitting galaxies. This is especially useful for galax-
ies presenting high stellar masses, given that the far-IR luminosity
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Figure 6. As Fig. 5, but this time showing the derived properties as a function of the log;o[L([On])/L(Ha)] luminosity ratio, rest-frame [u — z]res colour
and observed Spitzer-3.6-um photometry. In the bottom figures, we compare our results with the Ay, parametrizations presented by Sobral et al. (2012). We
conclude that L([O n1])/L(Ha) does not correlate with the Ho extinction (defined in equation 3) as predicted by Sobral et al. (2012) using Balmer decrements.
Significant correlations are found in terms of the simple observables, (¢ — z)rest and 3.6 pm, which can be used to parametrize the obscured star formation in
these Ho emitters (see equation 6). In particular, the bottom-middle panel suggests the appearance of a highly extinguished component in red galaxies which

is not totally evidenced by optical studies (e.g. Sobral et al. 2012).

dominates over the observed Ha as a tracer of the SFR. We re-
mind that these equations are only valid for the range of parame-
ters discussed in this work, so extrapolations should be taken with
caution.

4.1.2 A discrepancy in previous SFR tracers

We note that in the case when the far-IR emission is by far the dom-
inant SFR tracer, the parametrizations from the literature (SFRpr
and SFRy, rr, see Table 3) do not agree. Indeed, the following
ratio does not converge to unity when L(Ha)gps — 0:

SFRugrk 7.9 x 10 2[L(H&)gps + 2.5 x 1073 L(8—1000 pm)]
SFRpr 4.5 x 10~ L(8—1000 pm)

= 0.44.

This is not related to the assumed IMF, as both estimates use
Salpeter. The 0.44 factor tells us that, if the SFRy, pr calibration

is correct, then the equation for the far-IR-only calibration assumes
that there is a typical additional contribution of 2.27 times more star
formation associated with an unobscured component not traced by
the far-IR. The accuracy of this assumption will clearly depend on
the nature of the population being studied. To recalibrate the SFR
estimators is beyond the scope of this paper, although we stress the
need to use the most suitable SFR tracer, based on the similarity
to the parent population used to define the correlations in the local
Universe.

4.2 Stellar masses and the far-IR power

Garn & Best (2010), using SDSS sources at (z) =~ 0.08, showed
that low-mass star-forming galaxies tend to have less extinction
(less obscured star formation activity) than more massive ones (see
bottom-right panel in Fig. 5). Naively speaking, it is expected that
as galaxies build up their stellar masses, they can provide deeper
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Figure 7. The figures show the parameter ®, which defines the dominant
SFR component — the observed Ho or L(8-1000 pm) luminosity — as a
function of rest-frame (u — z) colour, observed Spitzer-3.6-pum magnitude
and stellar mass. This parametrization is presented in Section 4.1.1 and can
be used to aid the common lack of the obscured (or unobscured) SFR tracers
in high-z galaxies. The inset values at the top of each figure correspond to a
simple linear fit, log;o(®) = A + B x X, as presented in equation (6).

potential wells which could then help retain their enriched gas (feed-
back from star formation activity) and provide dense environments
where colossal numbers of stars can rapidly form. Under this as-
sumption, we would expect that massive galaxies would tend to
have higher metallicities that can facilitate the creation of a signif-
icant amount of dust which cannot escape from the galaxy system,
implying typically higher optical depths around star-forming re-
gions. This might be a fundamental reason to explain the increasing
component of heavily extinguished star formation in more massive
galaxies.

We find that the Ap,(M,) relation presented by Garn & Best
(2010) seems to have little or no evolution up to z = 1.47, a result
that confirms previous analyses by Sobral et al. (2012) and Stott
et al. (2013). This put important constraints on the cosmic evolution
of the dust properties up to z = 1.47, and suggests that the metal
enrichment and the dust covering factors do not evolve significantly
as a function of redshift. We stress that this correlation is proved
using galaxies with M, > 10°5 M, so a vast number of galaxies
are excluded in this particular analysis — especially those biased
towards high sSFRs. Actually, HiZELS galaxies that do have stellar
mass estimates are on average more far-IR luminous than the others.
We show this behaviour in Fig. 7, where we present the parameter
@, which shows the dominant SFR tracer (observed Ho or far-IR
luminosity), as a function of rest-frame (u — z) colour, 3.6 um
and M,. We observe that @ is always <0.5, i.e. those galaxies
with available stellar mass estimates are in general dominated by
obscured star formation rather than unextinguished Ho.

It is important to note that stellar masses are derived from an SED
fit to the rest-frame UV to near-IR photometry, taking into account
five main assumptions: metallicity, age, IMF, reddening and star
formation history (see Section 3.6). The correlation between this
SED-derived SFR and the one derived using the far-IR luminosity
is known to present a large scatter (Buat et al. 2010; Wijesinghe et al.
2011), so stellar masses should be used with caution, especially for
the most obscured galaxies where the UV could be underestimating
the more heavily obscured star-forming regions (see da Cunha,
Charlot & Elbaz 2008). We have tried to minimize this bias by
introducing an SED coverage right up to the rest-frame near-IR
bands to make the SED fit not critically dependent upon rest-frame
UV colour (i.e. minimizing changes in the mass-to-light ratio).

The significance of the linear fit’s slopes shown in Figs 5 and 6
suggests that Ay, has a slightly stronger correlation with Spitzer-
3.6-pm magnitude than with stellar mass (Figs 5 and 6). This is
likely to be because, although the Spitzer-3.6-pum magnitude can be
used as a broad stellar mass estimator, it also has some sensitivity
to young stars from recent star formation.

4.3 HiZELS on the main sequence

In Fig. 8, we compare the sSFR using three different methods: based
on the SFR derived from using a combination of He and far-IR lumi-
nosity (Kennicutt et al. 2009); based on that derived using the far-IR
only (Kennicutt 1998); and based on the optically derived SFR using
Apq(M.,) (see definitions in Table 3). We find that roughly all sSSFR
estimates agree, and our preferred SFRy,, pr estimate unsurpris-
ingly lies between the other two predictions. All estimators broadly
agree within the errors, although slight discrepancies tend to appear
at large stellar masses where the far-IR becomes the dominant SFR
tracer. These results suggest that assuming a constant SFR, HiZELS
galaxies with lower stellar masses (M, ~ 10°7 M@) are five times
more efficient in doubling their stellar mass than more massive
ones (M, ~10'%7 M), in other words, the characteristic time that
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Figure 8. The sSFR (SFR/M,) for the HiZELS sample at z = 1.47 as a
function of stellar mass. The thick black and red symbols show the derived
SSFR using SFRye, Fir and SFRpR, respectively (see Table 3). The symbols
in light grey are the sSFR derived using intrinsic Ho luminosities counting
for extinction using a parametrization of Ap, as a function of M, (Garn
& Best 2010, see definition in Table 3). Error bars show the 68 per cent
confidence levels. The shaded line filled region shows the ‘main sequence’
defined in Elbaz et al. (2011) at z = 1.5, corrected by a 0.15 dex factor in
stellar mass in order to account for the TP-AGB component not included in
Elbaz et al.’s analysis (see Section 4.2).

HiZELS galaxies take to double their stellar mass is T &~ 1/5 Gyr
and ~1 Gyr at low and high M,, respectively.

The expected sSFR for a ‘normal’ star-forming galaxy at z ~ 1.5
on the main sequence is 1.47)% Gyr~'. Note that to be consistent
with our analyses, we have decreased the Elbaz et al. (2011) stel-
lar masses by 0.15 dex in order to take into account the TP-AGB
component (see Section 3.6). This ‘typical’ sSFR is slightly lower
than the typical value measured for the HiZELS sample (see Fig. 8).
As such, the HiZELS sample would be classed as galaxies with a
‘starburstiness’ value of Rgs = sSFR/sSFRys(z) ~ 2 at z = 1.47.
We note that at this redshift, the range in stellar population is nar-
rower and the Ho contribution from stars that are not related to star
formation is likely to be negligible (e.g. Buat et al. 2010).

Taking a look at the characteristic break of the Ho luminosity
function at z ~ 1.47, L}, = 10%594033 erg s~! (Sobral et al. 2012),
we can confidently say that the HIZELS survey is not identifying the
most extreme and rare galaxies, although Li;, galaxies (which dom-
inate the SFR density) tend to fall in the starburst regime under the
Elbaz et al. (2011) definition. As starburst galaxies are only a small
fraction in Elbaz et al.’s studies, this might suggest that typical Ho
emitters (usually not heavily obscured compared to a far-IR selected
sample; Ay, < 2) are not included in their work due to selection
effects. As most of the HiZELS galaxies have similar properties
to the ‘normal’ ones which define the local Kennicutt et al. (2009)
SFR relations (i.e. allowing reliable SFR estimates), we suggest the
main sequence might be only valid for those star-forming galaxies
which are preferentially obscured (far-IR selected). It suggests that
we cannot easily compare our results with previous studies which
declare ‘star-forming’ galaxies to be simply those detected in the
far-1R.

It is important to highlight the systematic deviation from the so-
called main sequence for star-forming galaxies (Elbaz et al. 2011)
at low stellar masses. This is mostly due to a selection effect intro-
duced by the detectability of Ho in the HiZELS survey. Basically,
Fig. 8 does not include the faint He population composed by a

Far-IR properties of Hx emitters at 7 = 1.47 3233

large number of low-mass dwarf galaxies, and in lower number
those which are heavily obscured. The most ‘starbusty’ ones are
selected in this work (especially at small stellar masses), implying
that HiZELS is only sensitive to ‘main-sequence’ galaxies at high
stellar masses (M, 2 10'** M@)).

~

5 CONCLUSIONS

This work provides for the first time a detailed statistical descrip-
tion of the far-IR SED for a uniform sample of 443 Ha-selected
star-forming galaxies at z = 1.47. The sources are selected from
the HiZELS coverage in the UDS and COSMOS fields, and the
measured far-IR properties are obtained from Spitzer (24, 70 um),
Herschel (100, 160, 250, 350 and 500 pm) and AzTEC (1100 um)
images.

We find that the sample of HiZELS galaxies (after removing pos-
sible AGN) have a median far-IR luminosity of L(8—1000 pm) =
10"415006 L@, i.e. they are typical LIRGs at z = 1.47 presenting
SFRuy, rir = 32 + 5 Mg yr~!. Our results have been possible to
achieve thanks to a stacking analysis given that these galaxies are
generally beneath the noise levels of present far-IR images. In par-
ticular, only 2 per cent of the sample is directly detected by Herschel
at 250 um, a population composed by massive and heavily obscured
galaxies with far-IR luminosities of ~10'*! L.

We measure a typical Ho extinction of Ay, = 1.0 & 0.2 mag for
the full HiZELS sample at z = 1.47, in excellent agreement with
typical extinctions seen locally (Garn & Best 2010) and at high-z
(Sobral et al. 2012; Stott et al. 2013). We find little or no evolution
up to z = 1.47 for the correlation between stellar mass and Ha ex-
tinction proposed by Garn & Best (2010). These results suggest that
the dust properties do not change considerably within this redshift
range, giving important constraints on the cosmic evolution of the
dust covering factors and the properties of metallicity enrichment.

We find that HiZELS galaxies tend to deviate from the ‘main
sequence’ for star-forming galaxies. This is mostly due to a selection
effect given that only the most starbusty ones are above the Ha
threshold, especially at low stellar masses. We find that the inclusion
of far-IR data to obtain better SFR estimates becomes especially
important at high stellar masses.

Our large Hoe sample has allowed us to explore a large part
of parameter space. In particular, we are able to find a clear cor-
relation between the far-IR luminosity on rest-frame u—z colour
and Spitzer-3.6-um fluxes. We find that in HiZELS galaxies pre-
senting red optical (4 — )t < 0.9 colours or faint 3.6-pum fluxes
(2 22 mag, Vega), the observed Hor luminosity becomes the domi-
nant SFR tracer (rather than far-IR luminosity). We use these depen-
dences to propose a recipe to precisely estimate the SFR in cases
where far-IR data are absent in these high-redshift galaxies (see
equation 5). This alternative parametrization is valid for samples
with L(Hat)ops/L(8—1000 um) ~ 2/1000, i.e. when both obscured
and unobscured components have similar contributions to the total
SFR.
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