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ABSTRACT

Recent Spitzer/InfraRed Array Camera (IRAC) photometric observations have revealed that
rest-frame optical emission lines contribute significantly to the broad-band fluxes of high-
redshift galaxies. Specifically, in the narrow redshift range z ~ 5.1-5.4 the [3.6]-[4.5] colour
is expected to be very red, due to contamination of the 4.5 um band by the dominant He line,
while the 3.6 pum filter is free of nebular emission lines. We take advantage of new reductions of
deep Spitzer/IRAC imaging over the Great Observatories Origins Deep Survey-North+South
fields (Labbé et al. 2015) to obtain a clean measurement of the mean Ho equivalent width
(EW) from the [3.6]-[4.5] colour in the redshift range z = 5.1-5.4. The selected sources either
have measured spectroscopic redshifts (13 sources) or lie very confidently in the redshift range
z = 5.1-5.4 based on the photometric redshift likelihood intervals (11 sources). Our zpho =
5.1-5.4 sample and zspe. = 5.10-5.40 spectroscopic sample have a mean [3.6]-[4.5] colour
of 0.31 £ 0.05 and 0.35 £ 0.07 mag, implying a rest-frame EW (Ho+[N u]+[S 11]) of 665 +
53 and 707 & 74 A, respectively, for sources in these samples. These values are consistent
albeit slightly higher than derived by Stark et al. at z ~ 4, suggesting an evolution to higher
values of the He+[Nu]+[S u] EW at z > 2. Using the 3.6 um band, which is free of emission
line contamination, we perform robust spectral energy distribution fitting and find a median
specific star formation rate of sSSFR = 1772 Gyr~!, 7%} x higher than at z ~ 2. We find no
strong correlation (<20) between the Hoe+[N u]+[S 1] EW and the stellar mass of sources.
Before the advent of JWST, improvements in these results will come through an expansion of
current spectroscopic samples and deeper Spitzer/IRAC measurements.
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1 INTRODUCTION

In recent years, large multiwavelength photometric surveys con-
ducted with the Hubble and Spitzer Space Telescopes have enabled
us to study the properties of galaxies over cosmic time. Synthetic
stellar population modelling of broad-band spectral energy distri-
butions (SEDs) has led to the determination of various physical
properties (e.g. stellar mass, star formation rate — SFR, age, dust
extinction) of these galaxies (Eyles et al. 2005; Yan et al. 2006;
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Bouwens et al. 2009, 2012; Stark et al. 2009; Gonzélez et al. 2010;
Finkelstein et al. 2012; Oesch et al. 2013; Castellano et al. 2014;
de Barros, Schaerer & Stark 2014; Salmon et al. 2015). Of all
derived quantities, stellar masses are particularly robust in stellar
population fits. Small changes in the age of the stellar popula-
tions, metallicity or other parameters have no significant effect on
the estimated masses (e.g. Finlator, Davé & Oppenheimer 2007;
Yabe et al. 2009).

Considerable progress has been made in refining current charac-
terization of galaxies from the observations. Even so, the measure-
ments of the specific star formation rate (sSFR, the SFR divided
by the stellar mass) have presented a puzzle to the theoretical un-
derstanding of the build-up of mass in galaxies (e.g. Bouché et al.
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2010; Weinmann, Neistein & Dekel 2011). Several past studies had
indicated that the sSFR of sources with fixed stellar mass shows no
evidence for significant evolution between z >~ 2 and ~ 7 (Stark
et al. 2009; Gonzilez et al. 2010). This result was in apparent dis-
agreement with semi-analytic models predicting a strong increase
in the specific inflow rate (i.e. inflow rate divided by halo mass) of
baryons with redshift (Neistein & Dekel 2008).

Subsequent work has strongly suggested that the sSFR of galax-
ies is somewhat higher at z > 2 than it is at z ~ 2 (e.g. Schaerer
& de Barros 2010; Stark et al. 2013; Gonzalez et al. 2014; Salmon
et al. 2015). The change in the inferred sSFR evolution with cos-
mic time was the result of improved observational constraints and
a more sophisticated treatment of those constraints. One example
of this is in a consideration of dust extinction in computing the
sSFRs at z > 2. While it was not possible to account for the impact
of dust extinction in initial work (e.g. Gonzdlez et al. 2010) due
to large uncertainties on the UV colours of z > 2 galaxies, later
work (Bouwens et al. (2012) was able to make use of new measure-
ments of the UV continuum slopes to account for the impact of dust
extinction, assuming that the direct relation between far-infrared
excess and the UV continuum slope of local star-bursting galaxies
(e.g. Meurer, Heckman & Calzetti 1999) holds for high-redshift
UV selected galaxies, thus finding ~2 x larger sSFRs at z > 4.
This suggested a 2 x evolution relative to the z ~ 2 value (Reddy
et al. 2012b), but still leaving the sSFR at z > 4 approximately
constant.

Even more important has been the increasing awareness of the
impact of rest-frame optical nebular emission lines (e.g. Her, [O 1],
[O1]) on the broad-band fluxes (e.g. Schaerer & de Barros 2009,
2010; Schenker et al. 2013). At high redshifts, these emission lines
are shifted into the infrared, contaminating the InfraRed Array Cam-
era (IRAC) measurements of the stellar continuum. Inferred stellar
masses from fitting of stellar population models will then be over-
estimated, resulting in an underestimate of the sSFR.

Since these strong rest-frame optical lines are inaccessible to
spectroscopy beyond z ~ 2-3, the strength of the nebular emission
lines has been estimated from the contamination of the Spirzer/IRAC
3.6 and 4.5 pm bands for galaxies at z > 3. Shim et al. (2011)
show that galaxies in the range 3.8 < z < 5.0 are considerably
brighter at 3.6 um than expected from the stellar continuum alone
and argue that this excess is due to strong He line emission. Stark
et al. (2013) derive an Ho equivalent width (EW) distribution by
comparing the [3.6]-[4.5] colour of spectroscopically confirmed
galaxies in the redshift range 3.8 < z < 5.0, where the Ho line
lies in the 3.6 um band, with an uncontaminated control sample
at 3.1 < z < 3.6. The results indicate a possible trend towards
higher He EWs at higher redshifts, which is extremely important
for estimating the sSFR at z > 5 (see also Labbé et al. 2013; de
Barros et al. 2014; Smit et al. 2014, 2015a). Independent evidence
for high-EW nebular lines having a large impact on the broad-band
fluxes of z > 3 galaxies was obtained from early near-infrared,
multi-object spectroscopic campaigns (e.g. Schenker et al. 2013;
Holden et al. 2016).

The highest redshift window providing us a largely clean mea-
surement of the Ho EW is the redshift range z ~ 5.10-5.40. Here,
the flux excess due to the redshifted nebular emission lines gives
rise to significantly redder [3.6]—[4.5] colours over this range, mak-
ing it possible to quantify the EW of Ho at z > 5.1 in a similar way
to that possible in the redshift range z = 3.8-5.0. By examining
the [3.6]-[4.5] colour of galaxies from the Bouwens et al. (2015)
catalogue (see Section 3.1) over the Great Observatories Origins
Deep Survey (GOODS)-North and South fields (Giavalisco et al.
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2004) in this highest redshift window z ~ 5.1-5.4 where Ho can be
cleanly measured,! we can derive approximate constraints on the
Ho flux and EW at the highest redshift currently accessible at rea-
sonable S/N with current facilities. This allows us to obtain better
constraints on the evolution of the mean He EW and sSFR as a
function of redshift.

This paper is structured as follows. In Section 2, we describe
the observational data sets and our photometric selection of sources
in the narrow redshift range. In Section 3, we examine our se-
lected sample of galaxies. We describe the assumptions made in
deriving the EWs and sSFRs. Finally, in Section 4, we discuss our
results and give a summary. We refer to the Hubble Space Tele-
scope (HST) FA35W, F606W, F175W, F814W, F850LP, F105W,
F]ZSW, and F160W bands as B435, V()()(,, i775, 1314, 28505 Y105, J125
and Heo, respectively. For consistency with previous work, we
adopt the concordance model with ,, = 0.3, Q5 = 0.7 and H, =
70kms~! Mpc~!. Throughout, we assume a Salpeter (1955) initial
mass function (IMF) between 0.1 and 100 M. All magnitudes are
quoted in the AB photometric system (Oke & Gunn 1983).

2 OBSERVATIONS

2.1 Data

In order to select sources in the redshift range z ~ 5.1-5.4, we
make use of the deep optical/Advanced Camera for Surveys (ACS)
and near-infrared/ WFC3/IR observations over the GOODS-North
and GOODS-South fields from three significant HST programmes:
GOODS, ERS (Early Release Science; Windhorst et al. 2011), and
CANDELS (Cosmic Assembly Near-infrared Deep Extragalactic
Legacy Survey; Grogin et al. 2011; Koekemoer et al. 2011). The
moderately deep regions over the CANDELS GOODS-North and
South reach a 50 depth of ~ 27.5 mag in the Y5, J125 and Hgp
filters with the HST and cover ~ 100 arcmin’. The deep regions
over the CANDELS GOODS-North and South reach a 5o depth
of ~ 28.5 in the Yi¢s, J125 and H,60 bands, covering ~ 125 arcmin?
(Groginetal. 2011). HST observations with the ACS are available in
the Bass, Vioe, i775, I314 and zgso bands, up to ~ 29 mag at 5o in Igj4
(Bouwens et al. 2015). Over the northern ~40 arcmin® section of
GOODS South (Windhorst et al. 2011), deep near-IR observations
are available (~28 mag at 50) in the Yog, J125, and H ;o bands and
also in the Byss, Vigos, i775 and zgso bands with ACS. The observations
are point spread function (PSF) matched to the Hj¢) band before
measuring the colours in scalable Kron (1980) apertures.

Essential to the analysis, we take advantage of the 3.6 and 4.5 um
IRAC observations from the Spitzer Space Telescope. Spitzer/IRAC
data is from the original GOODS programme, the Spitzer Extented
Deep Survey (SEDS; Ashby et al. 2013), the Spitzer Very Deep Sur-
vey (S-CANDELS; Ashby et al. 2015) Exploration Science Project,
the IUDF10 programme (Labbé et al. 2015), and other programmes
(suchas PID10076, PI: Oesch). The Spitzer/IRAC reductions we uti-
lize were generated by Labbé et al. (2015) and feature a 1.8 arcsec-
diameter full width at half-maximum for the PSF.

Deblending neighbouring galaxies in the IRAC observations and
PSF corrections are performed using the MOPHONGO software (Labbé
et al. 2010a,b, 2013, 2015). HST F160W images are used as a
high resolution prior to construct a model for the contaminating

VAtz 2 5.5, constraints on the H o EWs are also possible from Spitzer/IRAC
observations, but would need to rely on the stacking the fluxes of z 2 5.5
galaxies in the much less sensitive 5.8 pm band.
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Figure 1. Left-hand panel: model SED (blue) and the HST flux measurements (black dots) for one of the sources in our selection fitted with the photometric
redshift code Eazy (Brammer, van Dokkum & Coppi 2008). Displayed in the upper-left corner: the cumulative probability distribution P(z) to find the galaxies
at a certain redshift. We only use candidates with P(5.1 < z < 5.4) > 0.85. The Spitzer/IRAC bands are not included in the fitting to prevent bias in the
[3.6]-[4.5] colours. Right-hand panel: photometric redshift as determined by EAzy against spectroscopic redshift for the sources in Vanzella et al. (2009, blue
points) and Stark et al. (2013, red squares). At z < 5, EAZY seems to overestimate the redshift by Az/(1 + z) ~ 0.02, while the redshift is underestimated by
Az/(1 + z) 2 0.03 for z 2 6.0. Though we need a far larger sample to confirm the presence of such an offset, the redshift window that we are considering is

seemingly the least affected.

sources, while leaving the normalization of the sources as a free
parameter. The fluxes of all sources in a radius of 13 arcsec are then
simultaneously fit to best match the IRAC image. Beyond a radius
of 13 arcsec the faint wings of the PSF used for convolving the
high-resolution image contributes negligible flux, see Labbé et al.
(2015), and therefore objects beyond this radius will not affect our
final photometry. Photometry is then performed within a 2.0 arcsec
diameter aperture. The deep IRAC imaging from S-CANDELS
reaches ~26.8 mag at 5¢ in the 3.6 um band.

For z = 5.1-5.4 sources not included in the photometric cata-
logues of Bouwens et al. (2015 : due to their being located in areas
of the GOODS fields without B35 or Yy9g/Y;¢s-band observations),
we made use of the HST photometry from the 3D-HST GOODS-
North or GOODS-South catalogues (Skelton et al. 2014). This is
relevant for 5 z = 5.1-5.4 galaxies in our final sample. We refer to
Skelton et al. (2014) for a detailed description.

2.2 Photometric redshift selection

The Lyman-break selection criteria applied for sources at z ~ 5 is
as follows:

(Voos — i775 > 1.2) A (2850 — Higo < 1.3) A
(Voos — i775 > 0.8 (2850 — Hig0) + 1.2),

where A denotes the AND symbol. For non-detections, the 1o upper
limit is taken as the flux in the dropout band. The aforementioned
criteria enable to select sources in the range z ~ 4.5-5.5. There-
fore, a high-redshift boundary is set by excluding sources which
satisfy the selection criteria for z ~ 6 selection (e.g. Bouwens et al.
2015a). Contamination from sources at lower redshifts is reduced
by requiring that the z ~ 5 sources have a non-detection (< 2¢) in
the Byss band. Furthermore, we exclude point sources by requiring
the SEXTRACTOR stellarity index to be less than 0.9 (where 0 and 1
correspond to extended and point sources, respectively). Utilizing
these selection criteria results in an initial V-drop sample of 1567
sources (Bouwens et al. 2015).

MNRAS 461, 3886-3895 (2016)

In order to be able to measure the He EW for z > 5 galaxies,
it is easiest to only make use of galaxies in the narrow redshift
window z = 5.10-5.40. We therefore use photometric redshifts
to identify a subsample of galaxies in this window. The photo-
metric redshifts for our sample are determined using the EAzy
photometric redshift code (Brammer et al. 2008), which compares
photometric data with synthetic photometry of galaxies for various
template spectra and redshift ranges. The best-fitting redshift is then
derived from a statistical analysis of the differences between both
data sets. The aforementioned eight HST bands (B43s, Veos, 1775, 1314,
2850, Y10s»> J125, Hi60) are used to derive the best-fitting photmetric
redshifts. The IRAC photometry is excluded from this fitting to
avoid introducing any bias in the measured [3.6]-[4.5] colour. This
reduces the sample size to 393 sources.

Fig. 1 shows an example output of EAzy for a source at z ~ 5.2
and a comparison of our estimated EAzy photometric redshifts for a
sample of z = 4-6 spectroscopically confirmed sources from Stark
et al. (2010: see Stark et al., in preparation) and Vanzella et al.
(2009) over the GOODS North and South fields. The scatter around
the one-to-one relation is Az/(1 + z) = 0.036, which provides
confidence that we can select sources in the narrow redshift range
z=15.1-54.

We select very bright sources with the requirements that
S/N(Hi60) > 7 A S(H160)/N(3.6 pm) > 3 A S(H,60)/N(4.5 pm) > 3,
where S/N is the signal-to-noise ratio. Our selection of sources
based on their measured flux in the H ¢4y band and measured noise in
the Spitzer/IRAC bands allows us to include sources in our analysis
which we would expect to show up prominently in the Spitzer/IRAC
bands. Basing the selection on the measured flux in the Spirzer/IRAC
bands would bias our measurement of the colours. We also discard
41 sources for which the contamination by nearby objects is higher
than 200 nJy or sources with a poor IRAC deblending (x> parameter
less than 0.2), reducing the sample to 101 bright sources.

Finally, we require that the Eazy redshift probability distribution
prefers aredshift in the range z = 5.1-5.4 at >85 per cent, providing
a sample with 11 sources in the redshift range z ~ 5.1-5.4 presented

2202 49qWanoN 9| Uo 1sanB Aq | /G809Z/988E/¥/| 9/2I01E/SEIUW/WO0d"dNO"D1WapED.//:SA)IY WO PapEOjuMOd



Ho EW at z ~ 5 from IRAC colours 3889

Table 1. Our selections of sources with a high probability of lying in the redshift range 5.1 <z < 5.4 from the photometry.*
[3.6] [3.6]-[4.5] Ho+[Nu]+[Su] sSFR logioM

D RA Dec. ot (mag) (mag) EW (A) Gyr™) M) Mg,
GNDV-7133823953  12:37:13.38  62:12:39.5 52401 260£02 05+03 672 £ 505 3050 8847017 —213+0.1
GNDV-7128013231  12:37:12.80  62:11:32.3  53+£02 253£0.1  0.1£02 190 + 254 1772 9247039 208+ 0.1
GNDV-7033233179¢  12:37:03.32  62:13:31.8  53+£0.1 259£0.1 04£02 719 £ 368 248 8.93T010 208+ 0.1
GNDV-6302234526  12:36:30.22  62:13:453 52401 253£0.1 03=£0.1 385+ 170 1t 9387058 —20.6+0.1
GNDV-6285841077  12:36:28.58  62:14:10.8  53+£0.1 262£0.1 02£02 557 £ 449 2017 8767032 207+ 0.1
GNWV-6514085687  12:36:51.40  62:08:56.9  53+£0.1 247+£0.1 0.0%0.1 25+ 167 1] 10127098 —20.6 £ 0.1
GNWV-6121502518  12:36:12.15  62:10:252  534£0.1 258+£02 04+03 917 £ 573 6, 929708 —208+0.1
GNWV-6095211615  12:36:09.52  62:11:162  5240.1 250+0.1 04+0.1 913 +£274 19715 9247027 —21.6£0.1
GNDV-3756634257  12:37:05.66  62:13:42.6  53+£0.1 253£0.1  0.1£0.1 274 + 180 26T 9.55T0%  —21.2+0.1
GNDV-6325033158  12:36:32.50  62:13:31.6  53+£0.1 258+0.1 04+0.1 882 £ 262 9t 879702 —209+0.1
GSDV-2332672480  03:32:33.26  —27:47:24.8 53+£0.1 248+0.1 0.6+0.1 1480 + 110 17 10.06700¢  —20.6 £ 0.1

Notes. “To identify those sources with the highest probability of lying in the redshift range z = 5.10-5.40, sources are required to have P(5.1 <z <5.4) > 0.85.
bUncertainties indicate the 68 per cent confidence interval.
“The estimated EW for individual sources is derived by comparing the 4.5 pm flux with that derived from rast (excluding the 4.5 pm flux from the fits).

4The zg50 band magnitude is used to derive the intrinsic UV luminosity.

“Spectroscopically confirmed to be at z = 5.21 (Stark et al., in preparation).

in Table 1. We show an example of a photometric redshift selected
source in Fig. 1

2.3 Spectroscopic redshift selection

In addition to making use of sources very likely to lie in the redshift
range 7 = 5.1-5.4 using our photometry for the sources and the
redshift likelihood distributions we derive, we can also make use of
sources known to lie in the redshift range z = 5.1-5.4 from available
spectroscopy (Stark et al., in preparation). Using spectroscopic red-
shifts, we can be even more certain that the sources we are using lie
in the narrow redshift range z = 5.10-5.40 required for our desired
measurement of the Ho flux.

One potential drawback to the inclusion of such sources in the
present study is that we might be working with a biased sample,
given that essentially all of the spectroscopic redshift measure-
ments we utilize come from Ly, and it is not clear a priori that
the study of such a sample might bias the mean Ho EW we mea-
sure to higher values. Fortunately, as we show in a separate study
(Smit et al. 2015b), the mean Ha+[N u]4+[S 1] EW measured for
both photometric-redshift and spectroscopic samples are essentially
identical.

Cross-correlating the source catalogues of Bouwens et al. (2015)
and Skelton et al. (2014) with the spectroscopic catalogue of Stark
et al. (in preparation) and Vanzella et al. (2009), we identified 13
z = 5.10-5.40 galaxies that we can use for our study, with only one
source overlapping with our photometric selection (see Table 2).

The small overlap between our spectroscopic-redshift-selected
sample and our photometric-redshift-selected sample is not a con-
cern and is due to the challenge in isolating sources in the narrow
redshift interval z = 5.1-5.4 based on their photometry. While
we observe the excellent overall agreement between the photomet-
ric redshifts we derive for sources and their spectroscopic redshifts
(Fig. 1), only one source in our spectroscopic-redshift selected sam-
ple (Table 2) have estimated redshifts which lie at the centre of the
redshift interval z = 5.1-5.4 and which are sufficiently narrow such
that 85 per cent of the redshift likelihood lies between z = 5.1 and
5.4. Based on the information in Table 2, it should be obvious that

at least 10 sources from our spectroscopic sample would miss our
photometric selection.

As in our photometric redshift selection (Section 2.2), we ex-
clude sources where flux from neighbouring sources significantly
contaminate the photometric apertures for our z = 5.10-5.40 sam-
ple (three sources). 10 of the sources in the desired redshift range
were from Stark et al. (in preparation) redshift compilation, while
three came from the Vanzella et al. (2009) compilation.

We will make use of sources from both our high-quality photo-
metric redshift sample and spectroscopic sample for the analyses
that follows.

3 RESULTS

Using the selection discussed in Sections 2.2 and 2.3, we have
isolated a sample of 24 galaxies that have redshifts in the narrow
redshift range z ~ 5.1-5.4 at high confidence. In this section, we
will discuss the IRAC [3.6]-[4.5] colours of these galaxies and com-
pare them with the IRAC colours of a spectroscopically confirmed
sample of z ~ 4.5 galaxies.

3.1 Mean [3.6]-[4.5] colour for z = 5.1-5.4 Galaxies

Our selection of galaxies in the redshift range z ~ 5.1-5.4 allows us
to solve for the rest-frame EW of the nebular emission lines using
the [3.6]—-[4.5] colour. Assuming F, ~ constant (i.e. F; o A72), we
approximate the observed flux F), o in the IRAC filters, for a given
EW, by

Fu,obs = Fv,continuum X XEw

EWo,; - (1 +2) - R(Aops,)
(”l%i Ao | RO/ ) W

where F,_continuum 18 the stellar continuum flux and Aoy ; is the ob-
served wavelength of the nebular emission lines (Smit et al. 2014).
R(A) denotes the response curve of the filter. We use all nebular
emission lines tabulated in Anders & Fritze-v. Alvensleben (2003)
and the hydrogen Balmer lines for the modelling of the [3.6]-[4.5]
colour. We fix the line intensities relative to HB according to the
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Table 2. Sample of spectroscopically confirmed sources in the redshift range 5.1 <z < 5.4.4

[3.6]-[4.5] Hoa+[Nu]+[Su] sSFR logijoM

ID RA Dec. z‘s‘peC zghm (mag) (mag) EW (A) (Gyr™ Mp) Myv

GNDV-6554953313  12:36:55.49  62:15:33.1  5.19 49+0.1 2554+02 06+02 1579 +359 1015 9.0970%3 —21.3+0.1
GNDV-7033233179  12:37:03.32  62:13:31.8 521 53+0.0 259401 04402 719 + 368 2478, 8931019 —208+0.1
GNDV-7027322916  12:37:02.73  62:12:29.2 523 55+0.1 25440.1 05+0.1 1000 + 257 37002 921109 —20.6 +0.1
GNDV-6375223629  12:36:37.52  62:12:36.3 518 54+0.1 257402 0.0+03 <4194 2110 862103 —200+0.1
GNDV-6553954912  12:36:55.39  62:15:49.1  5.19 51402 27.1+£04 08+£04 2568+ 1561 77 8297037 —19.8+0.1
GNWV-7347782930  12:37:34.77  62:18:29.3 532 52+02 263+£02 0.6+03 1344 + 666 3t 890709 —199+0.1
ERSV-2213040511  03:32:21.30  —27:40:51.2 529 53+0.0 255401 05+02 1075 + 394 18%10 9.1 —20.9 £ 0.1
GSWV-2454254386  03:32:4543  —27:54:38.6 538 54+0.0 244401 02%0.1 289 +75 5479 896102  —21.6+0.1
GND6418¢ 12:36:18.19  62:1021.9 528 5.6+0.1 237£0.1 03=+0.1 309 =+ 88 24T 9997020 21,6+ 0.1
GND33928 12:37:36.87  62:18:55.9 535 52£0.1 258+0.1 0.1£02 <2224 1917 9.09707 204 £ 0.1
GND29175 12:37:3145  62:17:083 525 53+02 262£0.1 03£04 666 £ 929 37 928703 —19.9£0.1
GND12038 12:36:2649  62:12:07.4 520 52£04 258+0.1 0.0£02 254 + 384 10792 9.11705) 203 +0.1
GS48361¢ 03:32:16.55 —27:41:032 525 55+02 258£0.1 03£02 668 £ 370 675 932701 —207+0.1

Notes. “The spectroscopic redshifts are obtained by cross-correlating the Bouwens et al. (2015) and Skelton et al. (2014) catalogues with the spectroscopic

catalogue of Stark et al. (in preparation) and Vanzella et al. (2009).
bUncertainties indicate the 68 per cent confidence interval.

“The estimated EW for individual sources is derived by comparing the 4.5 pum flux with that derived from rast (excluding the 4.5 pm flux from the fits).

dWe give the error in the Ha-+[N u]-+-[S 1] EW as a 1o upper limit when the inferred value is negative.

“Spectroscopic redshift measurement is based on the identification of a probable absorption line and hence less confident than the other spectroscopic redshift
measurements included in this table (Stark et al. 2015, in preparation; Vanzella et al. 2009).

values in Anders & Fritze-v. Alvensleben (2003) for subsolar metal-
licity 0.2 Z and assuming case B recombination. The observed
[3.6]-[4.5] colour can then be modelled by

[3.6]—[4.5] = ([3.6]—[4.5Dcontinuum — 2.510gy, (?) . @
4.5

Fig. 2 illustrates the contamination by nebular emission lines in
the photometric filters as a function of redshift. The top panel shows
the redshift ranges where the dominant emission lines, Ho, HS,
[Om]AA4959, 5007, [N 1], and [S ] fall in the IRAC 3.6 and 4.5 um
passbands. The lower panel shows the expected [3.6]-[4.5] colour
in the presence of nebular line emission. We generate two galaxy
SEDs from the Binary Population and Spectral Synthesis (BPASS;
Eldridge & Stanway 2012) models with a constant star formation
history, but different ages and dust content and we evolve these
templates through cosmic time to illustrate the predicted [3.6]-[4.5]
colour. Galaxies are expected to become quite red in the redshift
range z = 5.1-5.4, due to contamination of the 4.5 pm flux by the
He line and no strong nebular emission line contamination in the
3.6 wm band.

The selected galaxies in the redshift range z ~ 5.1-5.4 allow us
to deduce the EW of the nebular emission lines in z = 5 objects
from the fluxes in the 3.6 and 4.5 pm bands. We observe a mean
[3.6]-[4.5] colour of 0.31 &£ 0.05 mag for the selected sources in our
photometric-redshift sample and a mean [3.6]-[4.5] colour of 0.35
=+ 0.07 mag for sources in our spectroscopic sample. In both cases,
we estimate the uncertainty here through bootstrap resampling.

We estimate the [3.6]—[4.5] continuum colour by contrasting the
mean [3.6]-[4.5] colours observed for z =4.4-5.0 spectroscopically
confirmed sources from Vanzella et al. (2009), Shim et al. (2011),
and Stark et al. (2013), i.e. —0.32 £ 0.03 mag, with the mean [3.6]-
[4.5] colours observed for our selected z ~ 5.1-5.4 sample and
attribute any differences in the [3.6]—[4.5] colours to the impact of
flux from the Ha + [N 1] + [S 1] lines. Averaging over the colours
of the two spectroscopic samples, we estimate a colour for the stellar
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continuum of [3.6]—[4.5] of 0.00 £ 0.04 mag. Here, we assume that
any reddening in the continuum will in the mean affect the z = 4.4—
5.0 sources in a similar way as our z = 5.1-5.4 sources, given that
the two samples are close in cosmic time. While see Fig. 3 for an
illustration of the differences between the two samples.

The typically red [3.6]-[4.5] colours observed for many sources
inour z = 5.1-5.4 sample, are distinctly different from the predicted
colours of low metallicity sources at z > 5.4 such as shown in
Fig. 2. Indeed, typical z ~ 6 galaxy samples show blue [3.6]—
[4.5] colours of ~— 0.4 mag (Gonzélez et al. 2012; Salmon et al.
2015). These results suggest that the IRAC [3.6]-[4.5] colour may
provide significant leverage in terms of identifying galaxies that
specifically lie in the narrow redshift range z ~ 5.1-5.4. This method
has previously been explored at z ~ 7-8 by Smit et al. (2015a) and
Roberts-Borsani et al. (2016) based on the impact of [O 1] on the
IRAC fluxes at these high redshifts.

3.2 Mean Ha+[N11]+[S 11] EW of z ~ 5 Galaxies

By comparing the mean [3.6]-[4.5] colour of our z = 5.10-5.40
sample with the mean [3.6]-[4.5] colour of our z = 4.4-5.0 sample,
we find an overall colour difference of 0.68+0.08 mag relative to our
z = 5.1-5.4 photometric sample and 0.69+0.09 mag relative to our
z=>5.1-5.4 spectroscopic sample. Comparing the colour difference,
we observe with that predicted based on simple model spectra with
an He EW of 595 A and line ratios set by the Anders & Fritze-
v. Alvensleben (2003) model (dotted line in Fig. 2), we infer an
approximate He EW of 557 + 44 A for our z = 5.1-5.4 photometric
sample and 592 & 62 A for our z = 5.1-5.4 spectroscopic sample.

Given that flux in the [Nu] and [Su] lines would add to the
colour difference observed between our z = 4.4-5.0 and 5.1-5.4
samples and cannot be determined separately, it is best to quote a
constraint on the mean EW of Hae+[N u]+[S 11]. Anders & Fritze-
v. Alvensleben (2003) predict a contribution of 6.8 per cent from
[N 1] and 9.5 per cent from [S u]. This is in good agreement with an

2202 49qWanoN 9| Uo 1sanB Aq | /G809Z/988E/¥/| 9/2I01E/SEIUW/WO0d"dNO"D1WapED.//:SA)IY WO PapEOjuMOd



B Ho + [NII]
| mm Hg + [OI] i
[3,6] e EEEEEEEEEH
[4.5] } ——
2 N T T T
[ —-—Const. SFH, log(age)=9.0, Av=1.0
- — Const. SFH, log(age)=6.7, Av=0.6
—
0
<
e
|
—
(€]
N
e

4.0 4.5 5.0 5.5 6.0
Photometric Redshift

Figure 2. Nebular emission line contamination in the 3.6 and 4.5 pm pho-
tometric filters. Top panel: the redshift ranges over which the dominant
nebular emission lines, He, HB, [O 1], [Nu], and [S 1], contribute to the
3.6 and 4.5 um flux measurements. Lower panel: the predicted [3.6]-[4.5]
colour due to various nebular emission lines as a function of redshift. The
solid black circles indicate sources that are selected in the redshift range
Zphot = 5.1-5.4, where Ha lies in the 4.5 um filter, while 3.6 pum is devoid
of strong nebular emission. Their observed [3.6]-[4.5] colours are primar-
ily very red. The open circles are the colours for the spectroscopic sample
found in Vanzella et al. (2009), which we use to estimate a stellar continuum
colour of ~ 0.00 mag. The dashed and dot—dashed lines indicate two dif-
ferent models from the stellar population synthesis code BPASS (Eldridge
& Stanway 2012). While a galaxy with modest emission lines (rest-frame
Ho+[N 1]+[S 1] EW~190 A) and significant reddening (dot—dashed line;
age =10 yr, Ay = 1.0) can reproduce the z ~ 5.2 galaxy colours, the
model does not reproduce the z < 5 galaxy colours. A young galaxy with
strong emission lines (rest-frame Ha+[N u]+[S 1] EW~580 A) and lower
dust content reproduces both galaxy colour distributions at z < 5 and ~5.2
(dashed line; age =10%7 yr, Ay = 0.6).

observed ratio of [N 1u]/Ha of 0.05-0.09 in z ~ 2.3 galaxies with
stellar masses in the range log(M, /M) = 9.15-9.94 by Sanders
etal. (2015). If we correct for this, the mean EW in Ho+[N 1]+[S 1]
is 665 % 53 A for our photometric sample and 707 & 74 A for our
spectroscopic sample. Here, we have assumed Ay jines = Av stars
such as derived by Erb et al. (2006), Reddy et al. (2010) and Shivaei
et al. (2015) for z ~ 2 galaxies. A larger ratio of dust reddening for
the nebular lines with respect to stellar light such as assumed by
Calzetti et al. (2000) would result in higher derived EWs.

We can also derive Ha+[N 11]4[S ] EWs for individual sources
in our photometric and spectroscopic z = 5.1-5.4 samples. In com-
puting the EWs for individual sources, we use FAST to fit the ob-
served SEDs of individual sources excluding the 4.5 um band which
is contaminated by Ho emission. Then, by comparing the observed
4.5 pm flux with the expected 4.5 um flux (without including
emission lines in the Fast modelling), we derive EWs for indi-
vidual sources. The results are presented in Tables 1 and 2. The
mean Hoe+[N 11]+[S ] EW we derive for our photometric sample is
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Figure 3. [3.6]-[4.5] colour distribution for sources in our z = 5.1-5.4
primary selection (red histogram) and z = 4.4-5.0 control sample (blue
histogram: Appendix A). Sources where Ho+4-[N1] is in the [3.6] band
uniformly have moderately blue colours, whereas sources with Ho+[N 11]
in the [4.5] band uniformly have moderately red colours. The impact of
the He+[N 11] emission lines on the IRAC [3.6]-[4.5] colour is quite clear.
Deriving the He+[N u]+[S 1] EW by contrasting the observed [3.6]-[4.5]
colour of sources in the two samples should produce a very robust result.

638 + 118 A, while we find 855 & 179 A for our spectroscopic
sample. If we follow the model results from Anders & Fritze-v.
Alvensleben (2003) and suppose that 16.3 per cent of the 4.5 pm
excess derives from [N 1] and [S 1], the excesses we derive suggest
Ho EWs of 534 4 99 and 715 + 150 A, respectively.

Fig. 4 shows several values for the He + [N 1] + [S 1] EWs with
redshift from the literature. The black line gives the evolution of the
Ha + [N 1] 4 [S 1] derived by Fumagalli et al. (2012) for galaxies
with masses M ~ 10'°-10'° M), which we extrapolate to higher
redshifts and lower masses (see also Sobral et al. 2014). Keeping in
mind that the EW(Ha + [N 1] + [S 11]) as function of the redshift is
higher for sources with lower stellar masses our result is consistent
with the extrapolation from Fumagalli et al. (2012) and the high
EWs derived by Shim et al. (2011), Stark et al. (2013) and Schenker
et al. (2013).

Uncertainties in the photometric redshifts for our z = 5.10-
5.40 sample can lead to a systematic underestimate of the
Ho+[Nu]+[S n] flux, if it causes us to include sources which lie
outside the desired range. For z < 5.1 sources, the 3.6 um band
will be contaminated by Ha + [N 1] + [S 11] emission. Meanwhile,
for z > 5.4 sources, HB + [Om] emission will contribute to the
3.6 um band. In both cases, the [3.6]-[4.5] colour will be much
bluer, causing us to infer a substantially lower EW for that source,
than is truly present.

3.3 Specific star formation rates

A clean measurement of the stellar continuum emission is essen-
tial for deriving the sSFR. In our target redshift range, the flux in
the 3.6 um band can be used for this purpose, while the 4.5 pm
band is contaminated by emission lines and should be left out in
stellar population modelling. We derive the mean sSFR for our
selected sources using similar method as described in Stark et al.
(2013). We derive stellar masses using the modelling code Fast
(Kriek et al. 2009), which fits stellar population synthesis templates
from Bruzual & Charlot (2003) to broad-band photometry. For con-
sistency, we assume a Salpeter (1955) IMF with 0.1-100 M), a
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Figure 4. Ho+[N n]+[S u] EWs as function of redshift derived from the mean [3.6]-[4.5] colour of our source selection. Several estimates from the literature
are indicated for reference (Erb et al. 2006; Shim et al. 2011; Fumagalli et al. 2012; Schenker et al. 2013; Stark et al. 2013). The upper and lower EW
determination for Stark et al. (2013) excludes and does not exclude the contaminated IRAC band in deriving the stellar continuum required to derive the EW
for the Hae+[N 11]+[S 11] line. We assume line ratios as listed by Anders & Fritze-v. Alvensleben (2003) and that the stellar continuum of our z = 5.10-5.40
sample has a [3.6]-[4.5] colour of 0.00 +0.04 mag. Redder [3.6]-[4.5] colours will therefore be due to the emission lines contaminating the 4.5 pum flux. The
measured Ho+[N 11]+[S 1] EW shown here represents the weighted mean of our EW estimates from our photometric and spectroscopic z = 5.1-5.4 samples
(i.e. 684451 A) and is higher than values derived at lower redshifts, suggesting stronger line emission at z ~ 5. The evolution of He+[N u]+[S 1] EW for the
indicated stellar mass range found by Fumagalli et al. (2012) is extrapolated (given by the dashed line) and is consistent with our inferred Ho+[N u]4-[S 1] EW.

subsolar metallicity Z = 0.2 Z, and dust attenuation from Calzetti
etal. (2000). The ages range from 10 Myr to the age of the Universe
at the redshift of the source. The star formation history is assumed
to be constant and the dust content is varied between Ay = 0 and
3 mag. Given the sensitivity of our inferred SFRs to the fundamental
degeneracy between dust and age in fitting to the observed photom-
etry (i.e. where either dust or age can be effective in fitting to the
redder UV slopes or ~3600 A breaks), we derive SFRs directly
from the UV continuum, using the Kennicutt (1998) relation and
fixing the dust extinction using the relationship from Meurer et al.
(1999) between Ay and the UV-continuum slope 8. We remark that
in adopting this approach, our procedure we utilize slightly different
assumptions for deriving SFRs and stellar masses and therefore our
approach includes a slight internal tension. Fortunately, stellar mass
is a parameter that is fairly robust against the degeneracy between
age and dust mentioned above and therefore we can reliably use
these stellar mass measurements. From this method, we derive a
median sSFR of 17f§ Gyr~! (individual sSFR estimates are listed
in Tables 1 and 2).

We also explore the use of an Small Magellanic Cloud dust-law,
which might seem more appropriate for Lyman-break galaxies at
z ~ 5-6 based on recent ALMA results by Capak et al. (2015).
We fit rFasT models as above with a Noll et al. (2009) dust law
with parameters E, = 0.01 and § = —0.42 and find an sSFR of
~13 Gyr .

It is useful to compare the median sSFR estimates we find here,
17J_r§ and 13 Gyr~!, with previous estimates. This represents a
73 x increase in sSFR compared to the 2.4 Gyr~! value found
at z ~ 2 (Reddy et al. 2012a), supporting a significant evolution
in the sSFR. The typical stellar mass for galaxies in our z = 5.1—
5.4 selection is ~10° M@, so we will make our comparison with
previous measures at this stellar mass. Both Stark et al. (2013) and
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Gonzilez et al. (2014) find that the typical galaxy with this stellar
mass has a UV luminosity Myy of —20 mag. Accounting for a
factor of ~2 mean dust attenuation at this luminosity (as implied
by the Bouwens et al. 2014 § ~ —1.9 results), the equivalent sSSFR
is ~11 Gyr~!. Somewhat similarly, Salmon et al. (2015) derive an
sSFR of ~8f§ Gyr~!, which is again somewhat lower than we find
here.

All things being equal, we would expect the sSFR estimates we
derive here to be more accurate than previous estimates, given our
precise knowledge of the redshifts and hence the position of nebular
emission lines within galaxies. The impact of the lines on the mass
and sSFR estimates could be as large as a factor of ~1.5, allowing
for an approximate reconciliation of the present sSFR estimates with
that from previous work. However, the present sample of z ~5.1-5.4
galaxies is still quite small, and therefore expansion of the present
sample would certainly be helpful for improving our sSFR estimate.

3.4 Possible dependence of the EW of Ho+[N IT]+[S 11] on the
stellar mass

By fitting to the photometry of all passbands uncontaminated by
the strong Hae+[N u]+[S u] nebular emission lines, we can estimate
stellar masses for sources in our z = 5.1-5.4 samples, as described
in the previous section. As these sources are distributed over a wide
range of stellar mass, i.e. 10%°-10'"* M), we can go beyond a
simple determination of the mean Ho+[Nu]+4[S1u] EW for z ~ 5
galaxies and look at whether there is a dependence on stellar mass.

Any significant dependence on stellar mass would be notewor-
thy, as it could point to a significant mass or scale dependence to
the star formation histories of galaxies. While such a scale depen-
dence could be expected if there are significant feedback effects at
early times (e.g. Bowler et al. 2014; Bouwens et al. 2015), many
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Figure 5. The estimated Hoe+[Nu]4+[Su] EW from the 4.5 um excess versus the estimated stellar mass (red squares with 1o error bars). The mean
Ho+[Nu]+[S 1] EW we estimate for sources with an estimated stellar mass > 10%- Mo is 522 4 279 A (blue diamond), while the mean Ha—+[N 11]+[S 1]

EW we estimate for sources with an estimated stellar mass < 10%

Mg is 773 £ 136 A (green triangle). The present results provide no strong evidence for

a correlation between the inferred Ho+[N n1]+[S 1] EWs and the stellar mass. However, we emphasize that this may change as the samples and dynamical

masses become larger.

simulations (e.g. Finlator, Oppenheimer & Davé 2011) predict that
galaxies build up their stellar mass in a relatively self-similar man-
ner, independent on the overall stellar mass.

We examine the evidence for such a correlation between the
Ha+[Nu]+[Su] EW and the stellar mass in Fig. 5, plotting the
Ha+[Nu]+[Su] EWs we estimate for individual sources against
the stellar masses we estimate for the same sources. Also shown
on this figure is the average He EW, we measure for galaxies with
estimated stellar masses <10°° Mg (773 £ 136 A) and for those
with estimated stellar masses >10" M (522 & 279 A).

At face value, these results do not provide any strong evidence
(<20) for a correlation between the Ho EW and the stellar mass.
While it is possible that a slight correlation might be expected (i.e.
since massive galaxies would be the first to experience a slowing in
their growth rate due to feedback-type effects), no strong trend is ev-
ident. A similar conclusion can be drawn by fitting Hoe+[N t]+[S 11]
EWs versus stellar mass relation to a straight line. Our results in
Fig. 5 are in broad agreement with literature studies using SED
fitting techniques (e.g. Schaerer, de Barros & Sklias 2013).

4 DISCUSSION AND SUMMARY

In this paper, we derive the He+[N 1]4-[S 1] EW and the sSFR by
selecting galaxies at z ~ 5.1-5.4. In doing so, we make use of the
highest redshift window allowing for a clean measurement of both
the He flux and the stellar continuum. Reliable estimates of the
stellar mass and sSFR require a clean measurement of the stellar
continuum. At z = 5.4-6.6, rest-frame optical flux information on
galaxies — as derived from the Spirzer/IRAC data — can be quite
ambiguous to interpret, due to a significant contribution from neb-
ular emission lines (Ho, HB, [O 1], [N 1], [Su]) in both sensitive
Spitzer/IRAC channels (i.e. [3.6] and [4.5]), and at z > 6.6, the Ha
line redshifts out of the [4.5] channel.

Observing galaxies in the z = 5.1-5.4 redshift interval is useful
as a contrast and for interpreting the observations of galaxies in the

redshift interval z = 3.8-5.0. In both intervals, the Spitzer/IRAC
fluxes are expected to be dominated by a stellar continuum con-
tribution and a contribution from Ho. However, the Ho line will
contribute to the measured flux in a different Spitzer/IRAC band at
z = 5.1-5.4 ([4.5]) than at z = 3.8-5.0 ([3.6]), so the colours of
galaxies in the two samples can be contrasted and used to set strong
constraints on the rest-frame EW of Ha.

In our utilization of the z = 5.1-5.4 redshift interval to study
the He EW and sSFR, we have selected 11 bright sources over
the CANDLES GOODS-North and GOODS-South fields satisfy-
ing the criteria S(H60)/N(3.6 um) > 3, S(Hj60)/N(4.5 um) > 3,
(Veos — i775s > 1.2), (zgs50 — Hieo < 1.3), (Veos — i775 > 0.8
(z850 — Higp) + 1.2), and S/N(B435) < 2. The candidates are re-
quired to have > 85 percent probability of lying in the redshift
range z ~ 5.1-5.4. We have supplemented this sample with 13
z = 5.10-5.40 sources from the spectroscopic redshift sample of
Vanzella et al. (2009) and Stark et al. (in preparation).

We find a mean rest-frame EW(Ha+[N 11]4[S 11]) of 665 + 53 A
for our photometric sample and 707 + 74 A for our spectroscopic
sample based on the mean [3.6]-[4.5] colours of these samples.
Assuming that 84 per cent of the Ho+[N 11]+[S 1] line flux is He,
we further derive an Hae EW of ~ 557+44 and 592 462 A for our
photometric and spectroscopic sample, respectively. Our estimate
is consistent with the (14-z)'® power law derived for a strong line-
emitter model by Fumagalli et al. (2012).

Our selection at z ~ 5 has a median sSFR of ~ 17*2 Gyr~". This
represents a 73 x increase in sSFR compared to the 2.4 Gyr™!
value found at z ~ 2 (Reddy et al. 2012a), supporting a significant
evolution in the sSFR. Our estimate is in agreement with the theo-
retical model of Neistein & Dekel (2008), matching the increasing
specific inflow rate of baryonic particles.

We emphasize the He+[Nu]+[Su] EWs and sSFR we derive
here for our photometric sample is effectively a lower limit on the
true value, as the inclusion of any sources in our photometric selec-
tion outside the desired redshift range due to photometric redshift
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uncertainties would result in a bluer mean [3.6]-[4.5] colour and
higher redshift optical flux for the average source.

We also take advantage of the stellar population modelling
we do of individual sources in our sample and the range of
estimated masses to look at a possible correlation between the
Ha+[Nu]+[Su] EW of sources in our selection and their stellar
masses. We find no strong evidence (<20 ) for there being a correla-
tion between the EW of He+ [N 11]4[S 1] EWs and the stellar mass.
However, we caution that our sample sizes and dynamic range are
limited, and so a correlation may be evident when examining large
sample sizes or a wider dynamic range.

More accurate results would require spectroscopic redshifts for
a larger number of sources. Though our target redshift range al-
lows for a relatively clean measurement, constructing large samples
of z ~ 5.1-5.4 galaxies is challenging due to the narrow redshift
window we are considering. We expect significant progress in the
future as a result of future samples with the MUSE spectrograph
(Bacon et al. 2015). Furthermore, ultradeep Spitzer/IRAC data over
the GOODS-North and GOODS-South fields will become available
through the GOODS Re-ionization Era wide-Area Treasury from
Spitzer (GREATS, PI: Labbé) programme (2014).
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APPENDIX A: z =4.4-5.0 REFERENCE
SAMPLE

In order to estimate the mean stellar continuum colour [3.6]-[4.5]
for z ~ 5 (Section 3.1), we make use of a spectroscopic selection
of sources at z = 4.4-5.0 from Vanzella et al. (2009), Shim et al.
(2011), and Stark et al. (2013). We obtain a sample of 30 z = 4.4—
5.0 sources by cross-correlating the source catalogues of Bouwens
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Table Al. Our reference sample of spectroscopically confirmed sources in the redshift range z ~ 4.4-5.0. The sources are obtained by matching the
spectroscopic redshift sample listed in Vanzella et al. (2009) with the Bouwens et al. (2015) catalogue. Source IDs are as in the Bouwens et al. (2015), Shim
etal. (2011), or Stark et al. (2013) catalogues.

1D RA Dec. Zspec [3.6] [3.6]-[4.5]
GSWV-2426242897 03:32:42.62 —27:54:28.97 4.400 240+£0.1 —-0.5+0.1
GSDV-2228872758 03:32:22.88 —27:47:27.58 4.440 23.8+£0.1 —-0.3£0.1
GSDV-2229762901 03:32:22.97 —27:46:29.01 4.500 233+£0.1 —04£0.1
ERSV-2285605575 03:32:28.56 —27:40:55.75 4.597 246 +£0.1 —-0.2+£02
GSDV-2169812296 03:32:16.98 —27:51:22.96 4.600 240+£0.1 —04£0.1
GSWV-2475822816 03:32:47.58 —27:52:28.16 4.758 252 +£0.1 —-0.7£0.2
GSDV-2435391920 03:32:43.53 —27:49:19.20 4.763 25.0+£0.1 —0.6 £ 0.1
GSDV-2401153550 03:32:40.11 —27:45:35.50 4.773 246 £0.1 —-0.3£0.1
GSDV-2219353310 03:32:21.93 —27:45:33.10 4.788 246 +£0.1 —-0.2+0.1
ERSV-2052630041 03:32:05.26 —27:43:00.41 4.801 245+£0.1 —-0.2£0.1
GSDV-2426693897 03:32:42.66 —27:49:38.97 4.831 25.6£0.1 —-02+02
S33166 03:32:58.38 —27:53:39.58 4.40 248 £0.1 —-03+£02
N12138 12:36:42.25 62:15:23.25 4414 233+£0.1 —-0.2£0.1
N23791 12:37:20.58 62:11:06.11 4.421 23.7+£0.1 —0.6 £ 0.1
S$31908 03:32:54.04 —27:50:00.81 443 24.7+£0.1 —04£0.1
N13279 12:36:46.16 62:07:01.83 4.444 24.1£0.1 —-0.4£0.1
N24628 12:37:23.57 62:20:38.72 4.502 244 +£0.1 —0.6 £0.2
N28987 12:37:19.69 62:15:42.46 4.53 246 £0.1 —0.1 £0.1
N12849 12:36:44.68 62:11:50.62 4.580 232+£0.1 —-0.2+0.1
N31130 12:37:57.51 62:17:19.10 4.680 232+£0.1 —-0.4£0.1
56294 03:32:14.50 —27:49:32.69 4.74 248 £0.1 —-0.2+0.1
$32900 03:32:57.17 —27:51:45.01 4.76 24.1 £0.1 —-0.5£0.1
S1745 03:32:05.26 —27:43:00.42 4.80 246 £0.1 —0.1 £0.1
S3792 03:32:10.03 —27:41:32.65 4.81 24.1£0.1 —-0.3£0.1
51669 03:32:05.08 —27:46:56.52 4.82 22.7+£0.1 —-0.2£0.1
N23039 12:37:18.07 62:16:41.72 4.822 26.1 £0.1 —-03+03
N6738 12:36:23.56 62:15:20.30 4.889 252 +£0.1 —-0.2+£0.2
N6333 12:36:21.94 62:15:17.12 4.890 239+£0.1 —-02£0.1
520041 03:32:33.48 —27:50:30.00 4.90 239+0.1 —0.1 £0.1
S23745 03:32:44.07 —27:42:27.43 4.923 243 +£0.1 —-0.5+0.1

et al. (2015) and Skelton et al. (2014) with the spectroscopic cat-
alogue of Shim et al. (2011), Stark et al. (2013) and Vanzella
et al. (2009). As in Section 2.3, we exclude any sources which
are reported to have detected X-ray counterparts or AGN emission
lines by Shim et al. (2011), Vanzella et al. (2009) and Stark et al.
(2013). The excluded sources including those with the following
coordinates (03:32:29.29, —27:56:19.5; 03:32:44.11, —27:54:52.5;

12:36:42.05, 62:13:31.7; 03:32:33.77, —27:52:23.7). We tabulate
the measured [3.6]-[4.5] colours and coordinates of the sources we

utilize in Table A1.
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