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ABSTRACT

We present a new method to search for candidate z 2 2 Herschel 500 ym sources in the Great Observatories
Origins Deep Survey-North field using a Sso0 ym /824 um color deconfusion” technique. Potential high-z sources
are selected against low-redshift ones from their large 500 to 24 pm flux density ratios. By effectively reducing the
contribution from low-redshift populations to the observed 500 um emission, we are able to identify counterparts
to high-z 500 pum sources whose 24 pm fluxes are relatively faint. The recovery of known z 2 4 starbursts confirms
the efficiency of this approach in selecting high-z Herschel sources. The resulting sample consists of 34 dusty star-
forming galaxies at z > 2. The inferred infrared luminosities are in the range 1.5 x 10'°-1.8 x 10" L.,
corresponding to dust-obscured star formation rates (SFRs) of ~260-3100 M., yr~ ' for a Salpeter initial mass
function. Comparison with previous SCUBA 850 pm-selected galaxy samples shows that our method is more
efficient at selecting high-z dusty galaxies, with a median redshift of z = 3.07 4 0.83 and with 10 of the sources at
z 2 4. We find that at a fixed luminosity, the dust temperature is ~5 K cooler than that expected from the 7; — Lr
relation at z < 1, though different temperature selection effects should be taken into account. The radio-detected
subsample (excluding three strong active galactic nucleus) follows the far-infrared (far-IR)/radio correlation at
lower redshifts, and no evolution with redshift is observed out to z ~ 5, suggesting that the far-IR emission is star
formation dominated. The contribution of the high-z Herschel 500 um sources to the cosmic SFR density is
comparable to that of (sub)millimeter galaxy populations at z ~ 2.5 and at least 40% of the extinction-corrected
UV samples at z ~ 4. Further investigation into the nature of these high-z dusty galaxies will be crucial for our

doi:10.3847/0067-0049/222/1 /4

CrossMark

X. W. SHUI’Z, D. ELBAZI, N. BOURNE3, C. SCHREIBERI, T. WANG1’4, J. S. DUNL0P3, A. FONTANAS, R. LEITON(’, M. PANNELLA1’7,
K. OKUMURAI, M. J. MICHALOWSKI3, P. SANTINI , E. MERLIN® , F. BUITRAGO3, V. A. BRUCE3, R. AMORIN® , M. CASTELLANO® s

understanding of the star formation histories and the buildup of stellar mass at the earliest cosmic epochs.
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1. INTRODUCTION

Ultraluminous infrared galaxies (ULIRGs; with rest-frame
8-1000 pm luminosities in excess of 10'*L.) are among the
brightest far-infrared (far-IR) emitters in the universe (Sanders
& Mirabel 1996; Casey et al. 2014 and references therein). The
far-IR luminosities of ULIRGs are dominated by reprocessed
thermal dust emission due to star formation activity, corre-
sponding to a star formation rate (SFR) of >170 M. yr '.
Locally, these luminous, dusty star-forming galaxies are rare,
but they become more abundant with increasing redshift and
dominate the IR luminosity density of galaxies around z ~ 2
(Chapman et al. 2005; Lagache et al. 2005; Le Floc’h et al.
2009; Magnelli et al. 2009, 2013). The formation process of
ULIRG:sS is currently in dispute. While mergers are believed to
be a dominant process in local ULIRGs, studies have suggested
that the driver of star formation in ULIRGs at high redshift
(z 2 2) appears different (e.g., Dekel et al. 2009), with a
significant fraction being pure disks (e.g., Kartaltepe
et al. 2012; Targett et al. 2013). Reproducing the number
counts and extreme far-IR luminosities for this population,

especially those at the highest redshifts, can place tight
constraints on galaxy formation models (Baugh et al. 2005;
Swinbank et al. 2008; Coppin et al. 2009). Since a significant
fraction of cosmic star formation is likely hidden by dust (e.g.,
Chapman et al. 2005; Lagache et al. 2005; Barger et al. 2012;
Casey et al. 2012a, 2012b, 2014; Lutz 2014; Madau &
Dickinson 2014), understanding high-z far-IR luminous
galaxies is crucial in order to construct a complete picture of
galaxy evolution.

Observations at submillimeter (submm) and millimeter (mm)
wavelengths have identified a population of ULIRGs at high
redshift (e.g., Borys et al. 2003; Pope et al. 2005; Perera
et al. 2008; Michatowski et al. 2010a, 2010b; Wardlow et al.
2011; Yun et al. 2012; Casey et al. 2013; Roseboom et al.
2013), which benefits from a strong negative K-correction in
the (sub)mm. Follow-up studies of submm-selected galaxies
(SMGs) have shown that the bulk of SMGs is between z ~ 2-3
(e.g., Chapman et al. 2005), with less than ~30% being at
z >3 (Chapin et al. 2009; Biggs et al. 2011; Wardlow
et al. 2011; Michatowski et al. 2012). While radio identification
has been the common technique to precisely localize SMGs at
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other wavelengths for follow-up observations, a significant
number of them remain undetected even in the current deepest
radio observations (e.g., Barger et al. 2014; Swinbank et al.
2014), indicating that they are possibly at higher redshifts.
Interferometric submm imaging of SMGs has been used to
unambiguously identify counterparts in the optical /near-IR in a
relatively unbiased way, revealing a significant population of
SMGs at z 2 3 (e.g., Younger et al. 2007, 2009; Smol¢i¢
et al. 2012a, 2012b; Miettinen et al. 2015; Smolcié et al. 2015),
challenging the previously derived redshift distribution of
SMGs (see also Vieira et al. 2013). On the other hand, the
selection of SMGs is known to be severely biased against
galaxies with warmer dust temperatures (e.g., Chapman
et al. 2003, 2010; Casey et al. 2009; Magdis et al. 2010;
Magnelli et al. 2010). Therefore, the properties of thewhole
high-z ULIRG population, such as the redshift distribution,
luminosity and number density, are still not well characterized.

The Herschel Space Observatory (hereafter Herschel)
carried out observations in the far-IR bands up to 500 yum
and mapped much larger sky areas down to the confusion limit
than previous (sub)mm surveys. By sampling the peak of
heated dust emission for the first time, Herschel enables a direct
assessment of the far-IR spectral energy distribution (SED) of
SMGs (e.g., Magnelli et al. 2010, 2012, 2014; Huang
et al. 2014; Swinbank et al. 2014). It has provided unbiased
measurements of obscured SFR, dust temperature and dust
mass for a large number of star-forming galaxies up to z ~ 2
(e.g., Elbaz et al. 2010, 2011; Oliver et al. 2012; and references
therein).

It has also been shown that Herschel is efficient at detecting
galaxies at very high redshift when a well-characterized
selection is used (e.g., Pope & Chary 2010). For instance,
Riechers et al. (2013) pre-selected sources with red SPIRE
colors (i.e., S500 um/S350 um VErsus S350 um/S250 um), yielding a
sample of potential z > 4 sources, including one at z = 6.34,
the most distant known ULIRG to date. Nevertheless, the
requirement of Sso0 um > 8350 ym > S$250 ym means that such
selection is biased against some z > 4 dusty star-forming
galaxies with warm dust temperatures (Daddi et al. 2009b;
Capak et al. 2011; SmolCi¢ et al. 2015), and limited to the
brightest 500 um sources (230 mJy, Dowell et al. 2014).
Therefore, a more conservative and efficient way to select high-
7z ULIRG:s is required to better understand the properties of this
important population of dust obscured galaxies in the early
universe.

A challenge in studying the properties of high-z Herschel
sources has been the low resolution of the data, especially in
the SPIRE passbands (FWHM ~18”, 25", and 36" at 250, 350,
and 500 pm, respectively). Source confusion is a severe issue
in the Herschel data, which makes it difficult to identify the
correct counterparts and measure fluxes for individual
Herschel sources. The most common technique to deconvolve
the Herschel sources is the use of Spitzer-MIPS 24 pm data of
better resolution (~5”7) as the position priors to fit their fluxes
(e.g., Magnelli et al. 2009, 2013; Roseboom et al. 2010; Elbaz
et al. 2011; Leiton et al. 2015). This de-blending approach
assumes that all Herschel sources are detectable in the deep
24 ymimages, and thus introduces a bias against 24 um faint
galaxies which fall below the detection limit. Moreover, the
extraction of 24 ym catalogs usually requires IRAC source
positions as priors, which can introduce additional identifica-
tion biases. Magdis et al. (2011) have demonstrated that in the
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Great Observatories Origins Deep Survey (GOODS) fields,
about 2% of the PACS sources are missed in the MIPS-24 ym
catalog, most of which being at z ~ 1.3 and z ~ 0.4 with
strong silicate absorption features. There has been no
systematic study to address this issue for SPIRE sources,
though simulations suggest that statistically very few sources
would be missed when requiring a 24 ym prior (Leiton
et al. 2015).

Further problems arise when priors are too close for the
Herschel flux to be deconvolved: when two 24 yum priors are
closer than the FWHM /3 of any given Herschel band, the flux
is usually attributed to one or the other. Previous studies have
systematically favored the brightest of the two 24 pm counter-
parts (e.g., Magnelli et al. 2009, 2013). While such a choice is
generally justified for sources at low redshift, it can mis-
identify the counterpart of a very distant source which is faint at
24 pym but much brighter at Herschel wavelengths, especially
in the SPIRE 500 um band. For the same Herschel 500 ym
flux, a z = 3.5 galaxy can be a factor of ~40 fainter in the
24 pm band than a galaxy at z = 0.8 (e.g., Leiton et al. 2015).
Indeed, the recent study of Yan et al. (2014) has shown that the
brightest 24 ym source does not necessarily contribute
predominately to the far-IR emission seen in the SPIRE bands.
It is therefore important to investigate in detail the mis-
associated and/or missed population of luminous, high-z
Herschel sources which could play a significant role in the
star formation history in the early universe (Barger et al. 2012;
Casey et al. 2012b, 2014; Dowell et al. 2014).

In this paper, we have undertaken a systematic search for
high-z Herschel 500 um sources in the GOODS-North field,
which has the deepest SPIRE observations currently available,
using a map-based “‘color deconfusion” technique. We show that
our method, by constructing a Sso um/S24 4m ratio map, can
effectively extract high-z sources contributing to the 500 ym
emission. The resulting sample consists of 36 galaxies identified
atz ~ 2-4.6. In Section 2 we present the data and our method. In
Sections 3 and 4 we present and discuss the derived properties of
the galaxies, and we summarize the results in Section 5.
Throughout this paper, we adopt Hy = 70 kms~!Mpc ',
Om = 0.3, and )y = 0.7, and we use a Salpeter initial-mass
function (IMF).

2. DATA AND METHOD
2.1. Data

The data used in this paper come from the Herschel obser-
vations of GOODS-North field as a part of the GOODS-
Herschel program. The observations cover a total area of
10’ x 17" down to depths of 1.1, 2.7, 5.7, 7.2, and 9 mJy (30)
at 100, 160, 250, 350, and 500 pum, respectively. The SPIRE
images of GOODS-North are the deepest observations under-
taken by Herschel to date, while the PACS data are slightly
shallower than the central region of GOODS-South obtained in
GOODS-Herschel that was combined with the PEP survey in
Magnelli et al. (2013). A detailed description of the observa-
tions is given in Elbaz et al. (2011). We take advantage of these
deep Herschel observations, along with the deep Spitzer/
MIPS 24 pm observation of the GOODS-North field (PI: M.
Dickinson), to identify the best candidates of distant dusty star-
forming galaxies seen by Herschel. Other ancillary data are
used including Spirzer/IRAC at 3.6, 4.5, 5.8, and 8 um, VLA
at 1.4 GHz (50 ~ 20uJy, Morrison et al. 2010), SCUBA at
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Figure 1. Ss00 ;um/S24 4m flux ratio as a function of redshift for the GOODS-
Herschel (Elbaz et al. 2011) galaxies with “clean” 500 ;m measurements (gray
dots). Solid black line: main-sequence SED from Magdis et al. (2012). Dashed
black line: mean trend of the Chary & Elbaz (2001) SEDs that are
parameterized by the total IR luminosity. Shaded region: range of Sso ;m/
S>4 um ratios for CEO1 templates, with orange dotted—dashed line representing
the SED of the minimum IR luminosity (log(Lir /L) = 8.3) and blue dotted—
dashed line for the maximum IR luminosity (log(Lir/Ls) = 13.6). Black
dotted line shows the SED from the local starburst galaxy M82 that is out of the
range of CEO1 libraries at z < 3.2.

850 um (3.50 catalog, Pope et al. 2006; Wall et al. 2008),
SCUBA-2 at 850 um (40 catalog, Barger et al. 2014), and
AZTEC at 1.1 mm (3.80 catalog, Perera et al. 2008; Chapin
et al. 2009).

Photometric redshifts used in this paper are drawn from a K-
band selected multi-wavelength catalog in the GOODS-North
field, spanning 20 photometric bands from GALEX NUV to
IRAC 8 um. We refer the reader to Pannella et al. (2015) for a
more detailed description of the multi-wavelength data, catalog
production and photometric redshift estimation. This catalog
contains 14,828 galaxies, ~81% of which are brighter than the
5o limiting magnitude of K, = 24.5, and 3775 galaxies having
spectroscopic redshifts. By comparing to the spectroscopic
subsample, Pannella et al. found that the relative accuracy
[Az = (Zphot — Zspec)/(1 + Zspec)] of photometric redshifts
reaches ~3%, with less than 3% catastrophic outliers (e.g.,
objects with Az > 0.2). Based on the multi-wavelength
photometric catalog, stellar masses were determined with
FAST for each of K¢-detected sources (see Pannella et al. 2015
for more details).

2.2. Construction of the S50 ym/S24 um Ratio Map

In this section, we present our method to identify candidate
high-z dusty galaxies. The observed far-IR/24 ym colors of
individual galaxies are known to be correlated with redshift
(Leiton et al. 2015). The trend is strongest for the 500 pum/
24 ym color. In Figure 1, we show the evolution of the
500 pm/24 pm ratio as a function of redshift for the main-
sequence SED from Magdis et al. (2012; solid black line) and
the mean trend of the Chary & Elbaz (2001; CEO1) templates
(dashed black line). While the SEDs for galaxies at z > 4 are
poorly constrained, distant galaxies are characterized by large
500 m/24 pm ratios (e.g., Sso0 um/S24,m > 30 at z > 2).
These SEDs are globally in agreement with the observed
500 m/24 pm color distribution of the “clean” sources in the
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GOODS-North field (gray dots).'> We note that there exists a
population of low-luminosity galaxies below z ~ 2 with
relatively high Ssoo ;im/S24 ,m ratios, causing the large scatter
of the distribution. They might be cold galaxies with abnormal
low dust temperature of 10-20K (~25 per degree’, e.g.,
Rowan-Robinson et al. 2010). However, given the very small
area covered by GOODS-North, we estimated that the number
of such galaxies is low (~2) in the field. Some silicate-break
galaxies at z ~ 0.5 and z ~ 1.5 may contribute the elevated
8500 ;im/S24 um Tatios due to the shift of the silicate absorption
features into the MIPS /24 ;sm band at these redshifts, but their
fraction is relatively small (less than 10%, Magdis et al. 2011).
Alternatively, the large scatter could be partly attributed to the
catastrophic photometric redshift outliers, or chance associa-
tions of a high-z 500 ym galaxy with a lower redshift 24 ym
prior. These require further investigations.

Therefore, with the assumption that redshift dominates over
temperature evolution in producing the observed shift of the IR
SEDs, we are able to select distant galaxies against the low-
redshift ones based on their large 500-24 pm flux ratios. We
choose this color over the shorter SPIRE wavelengths because
the 500 ym band probes the peak of far-IR emission up to the
highest redshifts. However, due to the source blending issues, it
is difficult to unambiguously assign a measured 500 pum flux
density to a specific object seen in higher-resolution images.
A single 500 pm source is usually made of multiple 24 ym
counterparts that are not necessarily associated. Simulations
have shown that 500 ym flux densities can be systematically
overestimated due to source blending (Leiton et al. 2015).
Therefore, we do not simply search for targets using pre-
existing 500 yum photometric catalogs where flux measure-
ments might be highly uncertain, but use a map-based
technique keeping the information of the flux distribution in
the observed images.

Our search approach consists of building a 500 pm /
24 ymratio map, which relies on the deep Spitzer/MIPS
24 pm data. For the GOODS-North field of interest here, the
24 ym data reach fainter far-IR luminosities than the
Herschel bands up to redshift z ~ 3 (see Figure 4 in Elbaz
et al. 2011). To build our Ssoo ;im /Sa4 um Tatio map, we use the
real SPIRE 500 pm map that we divide by an image containing
all 24 ym detections down to 21 wpJy (at a level of 30, totally
2704 galaxies), which are distributed at their actual positions.
We do not use the real Spirzer-MIPS 24 um image because we
found that even after smearing the image to the 500 ym beam,
negative pixels due to noise fluctuations introduced fake
sources in the Sso0 ;;m/S24 um ratio map. In brief, we added
point sources using the 500 pm point-spread function (PSF) at
the positions 24 um sources under identical astrometric
projection as the 500 um map, scaling each PSF to the
24 pm flux, to build an image that matches the actual 500 ym
map in beam size and pixel scale. The astrometric accuracy of
the 500 um map is verified by stacking at the positions of 241
24 pm sources with S50 ,m in the range 10-35 mly in the field.
The stacked map has an offset from the center of the 24 um
counterparts of ~0.8 arcsec, which is small compared to the
7.2 arcsec pixel size of the 500 pm map. In order to take into
account the astrometry uncertainties of the Herschel data, a
random astrometric error of ~0”5 was introduced to the source

12 Clean galaxies are defined as sources with <1 neighbor of
Sheighbor > 0.58cenwal Within a distance of 20” (e.g., Elbaz et al. 2011), for
which blending effects are small.
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positions. Note that in this beam-smeared image, 24 ym flux
density for each source is kept, and the background is
dominated by the smeared faint sources populating the whole
image.

We then construct a 500 pm/24 pm ratio map by dividing
the actual 500 pmimage by the beam-smeared 24 pm map.
Since low-z galaxies are expected to have much lower Sso0 ;im /
S>4 um Tatios compared to high-z ones (Figure 1), this procedure
thus effectively reduces the contribution to the map from the
bulk of the low-redshift galaxy population, while considerably
boosting the signal from candidate distant sources.

In Figure 2, we show an example of a spectroscopically
confirmed z = 4.05 SMG (GN10, Daddi et al. 2009a) identified
in the Ssoo #m/524 um Tatio map (see Section 2.3.1), whose
500 pm flux was initially wrongly associated with a nearby
source at Zphot = 1.44 due to the strong source blending. It can
be seen from Figure 2 that GN10 is faint at 24 ym, and its
SPIRE emission particularly at 500 pm is heavily blended with
nearby sources, making it difficult to identify directly. In
contrast, the galaxy is unambiguously uncovered in the
Ss00 /,,m/ S>4 um Tatio map at a position coincident with its
24 ym counterpart. Note that the measured SPIRE 350 and
500 pgm flux in the public catalog (Elbaz et al. 2011) is
associated with the nearby zpnoe = 1.44 galaxy. However, as
shown in Figure 2 (lower panel), SED fittings using the whole
library of CEOl SED templates to the 24 ym to far-IR
photometry suggest that this source contributes to <20% of
the measured 500 ym flux. The use of the starburst SED
derived by Magdis et al. (2012) didn’t improve the fittings and
yielded similar results, strongly suggesting that the source is
likely incorrectly associated as the counterpart. Conversely, the
best-fitting SED model at the redshift of GN10 yields a much
better result (Ay? = 31.9), indicating that it should dominate
the measured 500 pm emission. This demonstrates the effec-
tiveness of our method for uncovering and selecting high-
7500 pm sources. The selection efficiency of our method will
be investigated in detail on simulated data (Section 2.3.1), and
a validation of the method using SCUBA?2 data is presented in
Section 2.3.3.

2.3. Object Identification in the S50 yum/S24 ym Map

Given that the S500 um/S24 ,m ratio is very sensitive to high-z
sources, we then perform a systematic search for candidates on
the ratio map using SExtractor (Bertin & Arnouts 1996). Since
the noise distribution is highly non-Gaussian in the final ratio
map, it is difficult to define a minimum signal-to-noise ratio
(S/N) requirement for source extraction. We therefore used
simulations to determine the minimum S/N threshold in order
to optimize the “purity” and completeness of the resulting
sample. Based on such simulations (see Section 2.3.1), we
adopted a minimum S/N of 2, corresponding to a minimum
8500 yum/S24 um 1atio of 20.4, where the noise fluctuation,
defined as “effective” noise, was estimated from the dispersion
of pixel distribution in the ratio map, P(D) plot, as shown in
Figure 3 (black curve). Note that this S/N requirement based
on simulations cannot be translated to a nominal flux detection
limit in a trivial way, but it is sufficient for our purpose of
identifying candidate high-z galaxies. A more detailed
description on the simulations and the detection efficiency will
be given in the next section.
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2.3.1. Selection Efficiency

For our sample to be robust and meaningful, we need to
determine the efficiency of our selection of z = 2 infrared-
luminous galaxies. To do this we perform Monte-Carlo
simulations by injecting fake sources into the actual maps.
The positions of injected sources are randomly distributed but
are chosen to avoid overlapping within known sources detected
in the ratio map (Section 2.3). In the simulations, we assumed a
mean Ss00 um/S24 ;m color evolution with redshift, as shown by
the dashed curve in Figure 1. The evolutionary trend is derived
by averaging the S50 um /S um color over a suite of CEOI
templates for a given redshift bin. As we will describe later, we
used mainly the CEOl library to fit the mid-to-far-IR
photometry and derive the integrated far-IR luminosities. The
CEO1 library comprises a total of 105 SEDs with a range of
dust temperatures and is widely used to characterize the far-IR
properties of ULIRGs (e.g., Magnelli et al. 2012; Swinbank
etal. 2014). The simulation samples a Ssoo ,m range from 5 mJy
to 30 mJy in nine steps and a redshift range 1.5 < z < 5 in six
steps. We estimated the efficiency of detection at a given flux
and redshift as the fraction of the injected sources that were
recovered in the ratio map, using the same selection procedure
as above."?

We carried out N, = 200 independent simulations for each
of the flux densities, each of which has N,. = 20 sources
injected. Ny was chosen to be small enough to avoid
overlapping between the simulated sources. The averaged
detection efficiency over the Ny, simulations forms the final
detection efficiency, which is displayed as a function of redshift
and S50 ,m in Figure 4. This figure shows that, as expected, the
recovery efficiency increases at high flux densities and
redshifts. For instance, for a Ssoo,m = 15mly (typical 3o
confusion limit, Nguyen et al. 2010) source at redshift z = 2,
the selection efficiency is ~45%, while it increases to =>80%
for z > 3 galaxies with the same flux. Above z = 3, the curves
of the detection rate as a function of flux evolve very similarly,
suggesting that our method is effective at selecting high-
redshift sources with a completeness of 2>50% for a
Ss00 ;m 2, 10 mJy source. Note that the detection efficiency
for each real source depends on the intrinsic SED, as well as the
possible presence of source blending.

Due to the contamination of bright nearby sources, which is
particularly strong in the SPIRE 500 um band, the selection
could introduce a bias against the areas where the projected
number density of 24 ym sources is higher. Our random
distribution of sources in the real 500 ym map allows for
checking the effect of the “local” confusion noise on source
detections. We find that the recovery rate decreases with the
increase of projected 24 um source density (Nneib).14 As shown
in Figure 4 (right), for a galaxy at z = 3 with Sso0 ;m = 10 mly,
the probability that the source with Ny, < 2 is detected in the
ratio map is ~60%, while it decreases to less than 40% in
regions where there are more than six 24 pum sources within a
radius of 20”. Correcting for such bias, the detection efficiency
would be higher. Visual inspection of source spatial distribu-
tion suggests that sources appear to be found in areas where the
projected 24 ym source density is relatively low. Note that

13 Sources are considered recovered if they are found within 2 pixels of the
injected position with a peak S/N above 20.

14 For a given galaxy of interest, the source density, Npeip, is defined as the
number of 24 ym sources within a 20” radius.
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Figure 2. Upper panel: multiwavelength image cutouts of a high-z source, GN10 (Daddi et al. 2009a), in our sample. Each cutout is 30” on a side. The white square
denotes the position of the 8 ym (24 um) source and the black circle indicates the beam FWHM (36”) at 500 um. In the ratio map it is evident that there is an excess
emission centered on GN10, which is detected with greater significance in the ratio map than in the 500 zm map. Middle panel: zoomed-out view of the 500 ym and
ratio image, with a size of 1.8 x 1.8 arcmin®. On the left, we also show the “beam-smoothed” 24 ;um image (Section 2.2) for comparison. Red cross marks the position
for a zphot = 1.44 galaxy close to GN10 (~5 arcsec separation), for which the SPIRE 350 and 500 pm flux is associated in the official Herschel catalog (Elbaz
et al. 2011). Lower panel: 24 ym and the Herschel photometry (red stars) for the zyn = 1.44 galaxy. Red dotted curve shows the best-fitting SED at zpho, = 1.4.
Black curve is the best-fitting SED to the far-IR photometry at the redshift of GN10 (zspec = 4.04). The SED fittings suggest that GN10 (instead of the nearby source)
dominates the far-IR emission at 350 and 500 ym. Details of the counterpart identifications to the Herschel 500 pm sources detected in the ratio map will be
presented in Section 2.3.
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Figure 3. P(D) plot for the Ss00,m/S24,m ratio map. The vertical dotted—
dashed lines correspond 1o and 20 of the dispersion. The red curve represents
the S500 um/S24 ;im ratio after removing all individually detected 500 pm sources
in the Herschel catalog used in Elbaz et al. (2011). This illustrates that the
false detections caused by map artifacts that would pass our selection threshold
are negligible (see Section 2.5).

sources which are significantly fainter than their close
neighbors in the SPIRE/500 um would not pass our S/N
selection. There are (rare) z = 4 ULIRGs detected at submm
and/or mm that are too faint to be detected in the SPIRE data,
such as the one at z = 5.2 (HDF850.1, Walter et al. 2012).
Such sources would not be selected by our method and hence
would be missing from our sample. In addition, our minimum
S/N requirement in detecting sources in the ratio map
discriminates against galaxies with M82-like SED unless they
are at z > 3 (Figure 1).

2.3.2. Counterpart Identification

We describe in this section the procedure used to attribute
shorter-wavelength counterparts to the Herschel 500 pym
sources detected in the Sso0 ;im /S24 um Tatio map. It is important
to note that the use of this ratio map, constructed from a list of
24 pm sources, does not preclude the identification of 500 pm
sources with no 24 ym counterparts. Such sources will
naturally emerge as objects with a high ratio. In the following,
we show how probabilities of association are determined for
potential 24 um counterparts. We also define a quantitative
threshold below which no 24 ym counterpart is considered
reliable, hence identifying 24 pm dropouts. Once a source was
detected in the ratio map, we searched for potential counter-
parts in the higher-resolution 24 ym image out to a radius of
15 arcsec from the Sso0 im/S24 um centroid. The search radius
was determined from our simulations (Section 2.3.1) where we
found that for more than 90% of sources, the extracted
positions are less than 15 arcsec from the input positions, i.e.,
the probability of missing potential counterparts is less than
10%."5 Note that at the extreme depth reached by the 24 ym
imaging reported here, the cumulative surface density of 24 ym
sources yields 1-8 sources per search area with a median of 3
sources. For larger radii, one will find more counterparts but the
probability of chance associations will also increase.

The primary method for identifying the most likely
counterparts to each 500 um source is “P-statistics” (Downes

!5 This search radius also represents a 20 positional uncertainty, with
o~ 0.6 x FWHM/(S/N) (Ivison et al. 2007), where FWHM = 36 arcsec,
for a detection in the 500 ;um map with S/N = 3.

SHU ET AL.

et al. 1986), by calculating the Poissonian probability of
sources in a high-resolution catalog (24 um and/or radio) that
lie within the search radius, 6. Given a potential counterpart
with flux density S in the high-resolution imaging, the
probability of finding at least one object within 6 of at least
that flux density is P = 1— exp (—7Tn(>5)02), where 1~ s) is the
surface density of sources above flux density S. P gives the
likelihood that a 500 pm source is associated with a counterpart
in a higher-resolution map by chance. The lower the P-value,
the less likely it is that the candidate is associated with a
500 pm source by chance, and the higher the probability of a
genuine match. However, as has been pointed out in the
literature (e.g., Yun et al. 2012), the often adopted high-
resolution 24 um or radio continuum data for the counterpart
identification may suffer from a systematic bias against high-z
sources. Since the main goal of the ratio map is to favor higher-
z sources which have statistically higher Ssoo um/S24 ;im Tatios,
we replace the surface density of 7~ s in the computation of P-
value by n(-; ~s) to take into account the redshift information.
For a given counterpart, n:, s is the surface density of
objects brighter than S which have redshifts above z. This
means that in a catalog that is cut at flux density S for a given
counterpart, we considered only those with redshifts above z in
calculating the probability of it being a chance association.

Unlike what happens at shorter wavelengths, the best
counterpart for a 500 ym detection is not the brightest 24 ym
prior but instead results from a combination of source
luminosity and redshift. To account for this, For a given
potential 24 ym counterpart, we do not use the number density
of sources above flux S at the 24 ym in calculating the
Poissonian probability of chance associations, but of 24 um
counterparts brighter than a “predicted” 500 ym flux density,
S;’({S‘Lm. This is obviously only possible in a field such as
GOODS-North with high-redshift completeness. To estimate
Sg’ggim for each 24 ym counterpart and then determine a
density criterion based on it, we assume a characteristic 500/
24 pm flux density ratio that depends on redshift following the
trend shown with a dashed line in Figure 1. Such a redshift
dependence of the 500/24 pm color represents the evolutionary
trend of mean Sso0 ;um/S24 .m ratio of CEO1 SEDs. Since high-
redshift 500 yum sources are expected to present a larger
S500 yim/S24 um Tatio and hence a higher probability of being
detected in the ratio map, this procedure will naturally select
the corresponding 24 pm sources as potential counterparts and
reduce the probability of chance associations with lower-
redshift sources. However, one has to treat this statistic with
caution, as we assumed that lower-z galaxies with abnormal IR
SEDs that would have similarly high Ssqq ,,m/Sz4 um Tatios are
rare (e.g., Rowan-Robinson et al. 2010). We will comment on
later in this paper, ~17% of identifications might be due to the
contaminations from some of the lower-z populations. Note
that using the observed 500 um flux to predict 24 pm flux is an
alternative way to identify counterparts, but maybe problematic
(regardless of the uncertainty in choosing IR SEDs), since
without a perfect knowledge of priors, the precise measure-
ments of the 500 um flux are impossible due to the effect of
blending, resulting in the predictions of 24 ym flux with high
uncertainty.

In order to define a threshold for our modified P-value
calculated for the 24 ym catalog, P§, um» that will correspond to
a realistic association probability, we use the realistic mock
Herschel data that are described in detail in Schreiber et al.
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Figure 4. Upper left: selection efficiency as a function of 500 pm flux density and redshift, assuming a mean CEO1 SED (Chary & Elbaz 2001). Note that using the
main-sequence SED from Magdis et al. (2012) in simulations yields similar results. For sources with z > 3, the selection functions appear very similar and the
recovery rate is >60% above 10 mJy. Upper right: selection efficiency as a function of source density for simulated galaxies at z = 3. The source density is defined as
the number of 24 pm sources within 20” radius. Lower left: number of expected false detections above a given detection threshold. Lower right: the detection rate of
contamination sources at z < 2 as a function of 500 pm flux for different redshift bins.

(2015). We construct a Ssoo Mm/S24 um map for the mock
Herschel data and detect candidate high-z sources using the
same procedure as we described above. In Figure 5 (upper), we
plot the P-statistics calculated using the formulation above,
against the redshifts for all input 24 ym sources within the
search radius (filled squares). We found that at a threshold of
P < 0.1, ~90% sources detected in the ratio map would have at
least one 24 pm counterpart at z 2 2 (red circles), and no
source below z ~ 1.5 has a P-value greater than 0.1. Figure 5
(lower) shows the distribution of the ratio of 500 ym flux of
candidate counterparts (P < 0.1) to the total 500 m flux of all
24 pm sources within the search radius. This ratio provides a
measure of the importance, in terms of 500 ym flux, of the
identifications. A ratio close to 1 indicates that the 500 ym
emission is dominated by a single (high-z) 24 ym counterpart.
Only ~14% (6/42) 500 um sources detected in the ratio map
have more than one 24 um galaxy with additional source(s)
contributing up to 50% of the total 500 ym flux, and five of
them in fact have multiple z 2 2 counterparts. Therefore ~86%
(36/42) of the 500 um sources have been associated with a
single z = 2 source, which is main contribution to the 500 pm
emission (>50%), suggesting a high efficiency of the
identifications.

In Figure 6, we plot the cumulative distribution of our
modified P-values when taking into account the redshift

information for all 24 ;sm counterparts within the search radius
(solid line). Also shown is the distribution of the traditional P-
values which were calculated using only the 24 ym flux, as
often adopted in literature (dotted line). Based on the resulted
Poisson probabilities, almost none of the associations would be
judged to be significant at >90% confidence (i.e., P < 0.1).
Using the predicted 500 pym flux instead (dashed line) would
result in slightly more sources with P < 0.1, but still not
statistically high enough to quantify the formal significance of
the identifications.

2.3.3. Validation of the Method with SCUBA2

In order to further test our method and its efficiency in
uncovering candidates of high-z Herschel 500 ym sources, we
build a Ssoo ;im/S24 .m Map using the data from the COSMOS
field for which we have a SCUBA-2 450 um image for direct
comparison. The higher resolution of SCUBA-2 (7”5 FWHM,
Geachetal. 2013) at450 pm, compared to 36" at 500 pm, offers a
unique opportunity to assess the reliability of the high-z 500 pm
sources identified using our Sso um/S>4 ;m method. Figure 7
shows the SCUBA-2 450 um image of the COSMOS
field (left). The corresponding Herschel 500 um image of
similar size is shown in the middle. On the right, we show the

Herschel 500 ym to Spitzer 24 ym flux ratio map, overlaid
with detected sources (red circles) using the same search
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Figure 5. Upper: P-values calculated as P = 1— exp (—mnf?), where n is n (>
S;gg‘i,m, >z) and 6 is the search radius of 15”, are plotted against redshifts for all
24 pm sources within the search radius (filled squares). Candidate counterparts
identified with P < 0.1 are shown in red circles. For sources with multiple
candidate counterparts (11/42), the one with the least P-value is plotted. The
S;’JS‘}N, is predicted 500 pm flux for each source (see Section 2.3.2). Lower: the
distribution of S50 um/total(S500 um), Where Sso ;im is the 500 zm flux density
of the counterpart identified with P < 0.1, and total (Ssp9 ;;m) is the summed
500 pm flux of all input 24 pm sources within the search radius. Here we used
the input Ssoo um of each source in the simulated map. Note that 36 out of 42
sources have one 24 yum galaxy contributing more than 50% of the total
500 pm flux (a majority contribution to the 500 um emission), suggesting a
high efficiency of the P-value in identifying the best counterpart. For the
remaining six objects with Ssog ,m/total(Ssp0 um) < 0.5, five have multiple
counterparts (P-values between 0.0027 and 0.0864). The summed 500 pm flux
density of those counterparts to the total(Sspo 4m) is greater than 0.5. The red
dashed vertical line represents Sso0 um/total(Sso0 um) = 0.5.

criteria as described in Section 2.1. It can be seen that many bright
500 pm sources in the actual map (middle) disappear in the
8500 pum /S24 um map. This is likely due to the fact that many of
them are dominated by low-z galaxies where the Ssog m/
S>4 um ratios are low. Conversely, while some sources appear
relatively faint and undetectable in the actual 500 ym map
(close to the confusion limit ~6mly), they are more
unambiguously seen in the ratio map (e.g., the last two
panels in Figure 9). These fainter 500 pm sources are in fact
clearly seen in the deeper SCUBA-2 450 um imaging
(rms ~ 2.5-4.0 mJy/beam) of COSMOS.

When compared to the field covered by the SCUBA-2
450 pm map, a total of 22 sources are detected in the ratio map,
and 18 of them have 450 ym counterparts within 15”. For the
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Figure 6. Cumulative distribution of P-values for all 24 ym counterparts
within the search radius. The solid lines shows the distribution of the modified
P-values when taking into account the redshift information. Also shown is the
distribution of P-values which were calculated using only the 24 ym flux, as
often adopted in literature (dotted line), and those using only the predicted
500 pm flux (dashed line).

remaining four sources without SCUBA-2 counterparts, three
are located close to the edge of the SCUBA-2 map where the
local noise level is relatively high (white circles in Figure 7).
We also checked the positional offsets between the sources
identified in the ratio map and the SCUBA-2 450 pm sources.
We found that the positional offsets for most sources are less
than 10”. Considering the SCUBA-2 beam size of ~7” which is
close to the pixel size of Herschel 500 um map (7”2), this
strongly suggests a physical association between the sources
detected in the ratio map and those in the SCUBA-2 map.

With the same P-statistics and cut (P < 0.1), we present in
Figure 8 the counterpart identifications to high-z 500 um
sources in the COSMOS field, where the higher resolution
SCUBA-2 450 ;m imaging allows for more precisely localiz-
ing the 24 ym counterparts. We found a similar trend of P-
value against redshift as in Figure 5. At a P-value cut of <0.1,
most, if not all, 500 ym sources detected in the ratio map have
at least one 24 ym counterpart at z = 2. Most high-z 500 ym
sources that we identified are also detected in the SCUBA-2
450 pm image with positions coincident with the 24 ym
counterpart, suggesting a low probability for chance associa-
tions. These results further support the reliability of our
approach for counterpart identification. We therefore adopt a
cut on the Poisson probabilities of P < 0.1 for the counterpart
identifications to our sample.

In Figure 9, we show examples of the identifications of two
relatively clean sources from our catalog where the blending
effect is small, as well as four sources in the COSMOS field.
Though they could also be identified in the original 500 pm
map, this demonstrates that the detection in the ratio map is
without any doubt coincident with a high-z source: one is
spectroscopically confirmed at z = 3.19 and another has a
photometric redshift at z = 4.15. Further support comes from
the comparison with the SCUBA2 data at the 450 pum, showing
that candidate high-z 500 um sources have been unambigu-
ously identified.

In order to considering alternative counterparts for the few
sources with no 24 ym counterpart, which may be an IRAC
source with a predicted 500 um flux density greater than the
one associated with the 24 um counterparts, we in fact
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Figure 7. SCUBA-2 450 pm image (left), Herschel 500 pm image (middle), and the Herschel 500 pm to Spitzer 24 pum ratio map (right). The data are taken from
observations of the COSMOS field. Sources that are detected in the ratio map are shown in red circles with a radius of 15”, while white shows those without
counterparts in the 450 ym map. Note that while many bright 500 yum sources disappear in the ratio map, there are few faint sources being more unambiguously
revealed in the ratio map. The SCUBA-2 450 pm data are taken from the SCUBA-2 Cosmology Legacy Survey (Geach et al. 2013).
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considered two extrapolations of Ssoo um, the one derived from
the observed 24 ym and the one derived from star formation
main-sequence relation (Column 8 in Table 1). The latter
approach is based on redshift and stellar mass measurements,
associating an SFR to each IRAC source using the main-
sequence relation (Schreiber et al. 2015). The SFR was
converted into a total IR luminosity using the Kennicutt
(1998) relation.'® We then assigned a favorable CEO1 SED to
each galaxy based on the IR luminosity to predict Ssop ym. We
used the UVIJ selection technique (Whitaker et al. 2012) to
isolated passive galaxies and excluded them from the counter-
part catalog. Although the main-sequence approach provides
only a lower limit to SFR and hence estimate of Ssq um, it will

16 We used a mass-dependent dust extinction, i.e., IR excess
IRX = log,((Lir/Luv), to decompose the SFR into a dust-obscured component
seen in the FIR and a dust-free component which emerges in the UV (e.g.,
Heinis et al. 2014).

help to discriminate against candidates of high-z passive
galaxies which are undetected at 24 ym. Note that 500 pm
detections that do not present 24 pm counterparts fulfilling the
P-value criterion will therefore be considered as 24 um
dropouts.

Using the above procedure, we have found at least one
24 pm counterpart for 28 (out of 36) sources detected in the
ratio map (Table 1). In eight cases where no such counterparts
can be found, we first proceed to search in the IRAC 3.6 um
catalog using the same radius and P-value cut. This results in
two further identifications in the IRAC band (GH500.01 and
GH500.15). For the remaining six sources, we used the radio
data for counterpart identifications. Out of a total of 36 sources,
seven have more than one potential 24 ym counterpart, and
seven are found to have additional counterpart(s) from the
IRAC identifications. Such multiple statistical associations
could be partly due to the source clustering at similar redshifts
(e.g., GH500.26, GH500.27). Therefore, a unique counterpart
is identifiable in about 60% of the cases, while two or more
candidates are present in others. For the latter case, we choose
the one(s) detected in the radio (if available) as the most
probable counterpart for further analysis (Table 2).'” Candidate
Spitzer and radio counterparts and their computed P-statistics'®
are given in Table 1.

We note that some bright silicate absorption galaxies at
7z~ 04 and z ~ 1.3 which have depressed 24 ym emission
(Magdis et al. 2011), may have elevated Ssoo ;m/S24 m ratios
meeting our selection criteria. By inspecting the photometric
redshift and far-IR SED, we found one such lower-z galaxy
(GH500.06) that may coincidently have a large Ssoo um /So4 pm
ratio and we excluded it from our sample. In addition, there are
five sources at redshifts less than 2 (GH500.03, GH500.11,
GH500.22, GH500.24, GH500.36), among which three are
spectroscopically confirmed at zgpee = 1.6, zZgpee = 1.76, and

17 For GH500.08, we choose the one of not being detected in the radio as best
counterpart (see Appendix A).

81 computing the P-statistics for the radio catalog, we used the nominal
method without taking into account the redshift information (e.g., Pope
et al. 2000).
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Figure 9. Examples of “clean” sources detected in the ratio map. Image cutouts from left to right: the 24 pm, the “beam-smoothed” 24 um (Section 2.2), the 500 pm,
the S500 ym/S24 ,um Tatio, and the radio 1.4 GHz map. In the lower four panels, we also show example sources in the COSMOS field where the SCUBA2-450 pm

image is available for direct comparison (last column).

Zspec = 0.8, and another two have photometric redshifts of
Zphot = 1.61 and zppe = 0.60, respectively. As we are mainly
interested in the z 2 2 population of Herschel 500 um
sources, we exclude them from the following analysis.

For the remaining 35 sources (including four with more than
one candidate counterpart), we provide the coordinates,
photometric redshift (or spectroscopic redshift if available),
mid-IR to radio flux densities, and the derived far-IR
8—1000 pum luminosity and dust temperature in Table 2. Their
distribution in the rest-frame (U — V) versus (V — J) color
digram is shown in Figure 10. It can be seen that most objects

10

(32/36, ~90%) can be classified as dusty starburst galaxies
(Whitaker et al. 2012), consistent with their high dust
attenuation of Ay ~ 2 mag inferred from the UV-MIR SED
fittings. We note that there are two sources (GH500.10a and
GH500.25) falling into the regime for quiescent galaxies.
However, both are significantly detected in the Herschel -
PACS 160 pum (~4—-6 mly, Table 2), suggesting the presence of
ongoing obscured star formation. The possibility of wrong
identifications seems low, as both are relatively isolated and
well detected in the 24 um and radio. Since the two sources
have relatively high photometric redshift at z = 4 where the



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 222:4 (29pp), 2016 January SHU ET AL.

Table 1
Identifications of Herschel 500 pm Sources in the GOODS-North Field

Name RA. decl. Zphot Zspec Dist. PS, yum PS5 um P 4GHy 836 um 858 yum

J2000) (J2000) (arcsec) (uly) (udy)

@) @ 3 “ (5) (6) O] ®) (©)) (10) a1
GH500.01* 12:35:39.50 62:13:11.9 4.24 2.9 0.0098 6.6 0.3 199 £ 14
GH500.02 12:35:39.54 62:12:43.8 3.03 0.9 0.057 0.047 75+£02 144 £ 1.1
GH500.03 12:35:53.12 62:10:37.2 1.53 1.60 9.7 0.081 0.079 0.13 915+ 03 100.8 £ 1.0
GH500.04 12:35:54.28 62:13:43.5 32 6.7 0.018 0.022 0.109 9.6 £0.1 18.0 £ 0.6
12:35:53.24 62:13:37.5 2.8 34 0.093 0.069 0.068 6.6 £0.2 9.5+ 0.5
GH500.05 12:36:05.68 62:08:38.4 321 8.6 0.053 0.085 45 +0.1 6.3 £0.5
GH500.06" 12:36:08.81 62:11:43.7 1.31 1.33 7.1 0.173 0.167 0.056 79.7 £ 0.4 64.2 £ 0.6
GH500.07" 12:36:08.60 62:14:35.37 2.15 6.1 0.228 0.212 0.086 5.1+£0.1 10.6 + 0.4
GH500.08 12:36:08.84 62:08:04.1 3.56 2.4 0.0087 0.0088 10.0 £ 0.2 23.8 £0.6
12:36:10.59 62:08:10.7 4.54 11.8 0.0033 0.033 0.04 25+£02 24+£06
GH500.09 12:36:16.11 62:15:13.7 2.70 2.57 1.4 0.028 0.118 0.05 10.5 £0.2 234 £ 0.6
GH500.10 12:36:16.51 62:07:03.0 3.07 6.7 0.0076 0.014 0.13 24.6 £ 0.6 44.1 £ 0.9
12:36:15.61 62:06:43.1 4.09 14.1 0.016 0.023 0.07 29 +£0.2 52+06
GH500.11 12:36:18.49 62:09:03.3 1.61 0.15 0.061 0.061 577 £0.2 56.8 £ 0.7
GH500.12 12:36:18.39 62:15:50.6 1.90 2.0 23 0.079 0.056 0.011 162 £ 0.2 313 £0.6
GH500.13 12:36:20.98 62:17:09.8 1.49 1.99 2.5 0.067 0.151 0.055 149 £ 0.1 235 +£03
12:36:21.27 62:17:08.2 2.32 091 0.205 0.075 0.010 13.8 £0.1 24.6 £ 04
GH500.14 12:36:22.66 62:16:29.7 1.92 2.47 7.2 0.024 0.266 0.03 199 £03 357 £0.9
12:36:22.07 62:16:15.9 4.63 7.4 0.0033 0.005 0.12 34+£02 11.2 £ 0.6
GH500.15* 12:36:27.19 62:06:05.4 4.4 7.2 0.014 0.11 1.9 £0.2 51+£07
GH500.16° 12:36:31.29 62:09:58.0 2.02 1.7 0.11 0.219 0.014 132 £0.2 209 £ 0.5
GH500.17° 12:36:32.65 62:06:21.1 291 9.1 0.226 0.13 3.6 +£0.1 9.5 +04
12:36:34.53 62:06:13.1 431 11.3 0.055 2.1+£02 25106
GH500.18 12:36:33.40 62:14:08.5 4.04 1.7 0.022 0.042 0.089 0.5+ 0.1 1.4 £0.5
GH500.19 12:36:44.03 62:19:38.4 341 6.9 0.035 0.029 0.123 2.3 £ 0.09 6.9 £ 1.1
GH500.20 12:36:46.07 62:14:48.9 2.67 2.6 0.062 0.121 0.02 79 £0.2 141 £ 0.5
GH500.21 12:37:00.26 62:09:09.9 2.13 12.5 0.077 0.075 0.004 22.1 £0.2 40.8 + 0.7
GH500.22 12:37:00.96 62:11:45.6 2.01 1.76 3.92 0.036 0.058 0.022 61.5 £0.2 795 £0.5
GH500.23 12:37:01.52 62:20:24.8 3.00 0.39 0.060 0.038 0.049 8.7+£0.2 17.4 £ 0.6
12:37:02.12 62:20:24.9 5.92 3.81 0.001 1.1 £0.2 1.2 £04
GH500.24* 12:37:01.10 62:21:09.6 0.79 0.8 7.9 0.87 0.316 0.005 239.8 £ 0.6 118.0 £ 1.2
GH500.25 12:37:02.55 62:13:02.3 4.44 22 0.003 0.007 0.12 3.9 £0.08 83+£03
12:37:02.90 62:13:07.0 4.49 7.5 0.039 1.5 £ 0.08 24+£03
GH500.26 12:37:07.21 62:14:08.2 2.45 2.48 1.1 0.048 0.059 0.12 17.6 £ 0.1 28.4 £ 0.6
12:37:07.58 62:14:09.5 5.1 2.48 39 0.149 0.018 0.10 24.1 £03 51.5+£0.8
GH500.27 12:37:11.81 62:22:12.3 4.16 4.04 8.6 0.0087 0.015 0.046 83 +£0.2 19.7 £ 1.0
12:37:09.73 62:22:02.3 4.10 4.04 9.1 0.022 0.014 0.139 75+03 16.8 £ 0.9
12:37:08.73 62:22:02.5 4.39 13.4 0.015 0.028 44 £0.2 35+04
12:37:08.78 62:22:01.8 4.19 4.04 14.7 0.021 0.025 0.014 4.0 £ 0.09 42 +04
12:37:09.42 62:22:14.5 1.65 1.63 11.4 0.187 0.049 0.127 572 £0.2 68.2 £ 0.9
GH500.28 12:37:11.37 62:13:31.0 1.79 1.99 1.6 0.043 0.056 0.02 54.8 £ 0.1 729 £ 0.6
GH500.29 12:37:12.05 62:12:12.0 2.86 291 7.3 0.076 0.046 0.10 9.2 £ 0.09 179 £ 0.5
12:37:14.29 62:12:08.5 22 3.15 9.3 0.013 0.063 175 £ 0.1 263 £ 0.5
GH500.30 12:37:13.86 62:18:26.3 4.15 2.1 0.010 0.011 0.003 4.4 £ 0.09 10.6 £ 0.6
GH500.31 12:37:28.08 62:19:20.2 432 23 0.0087 0.0033 0.11 77 +£04 162 £ 1.6
12:37:29.24 62:19:28.6 4.65 12.89 0.025 29 +£0.2 42403
GH500.32 12:37:28.11 62:14:21.82 3.32 5.06 0.047 0.071 1.8 £ 0.08 47+ 0.6
GH500.33 12:37:30.78 62:12:58.9 2.41 0.9 0.071 0.102 0.017 17.1 £ 0.9 177 £23
GH500.34 12:37:38.30 62:17:36.2 3.13 3.19 1.5 0.059 0.193 0.13 43 +£02 8.6 £0.8
12:37:39.37 62:17:35.0 433 7.69 0.023 41=£0.6 3.6 £0.9
GH500.35 12:38:00.27 62:16:21.2 2.4 4.6 0.085 0.045 144 £03 282 £0.7
12:38:00.84 62:16:11.8 2.19 6.5 0.094 0.051 40.0 £ 0.2 483 £ 0.8
12:37:58.82 62:16:11.7 1.98 10.6 0.096 0.119 10.2 £ 0.1 19.7 £0.5
GH500.36" 12:38:12.54 62:14:54.3 0.60 3.8 0.307 0.638 0.059 126.5 £+ 0.6 116.4 £ 2.7

Notes. Column (1): Name; (2) and (3): coordinates for the 24 m counterparts; (4): Photometric redshift; (5): Spectroscopic redshift from Barger et al. (2008), Daddi
et al. (2009a, 2009b), (6): Distance of the 24 pum counterparts from the center of source in the ratio map; (7); Probability P for random associations of
24 pm counterparts is calculated as P = 1 — exp[—7n6?], where n is the surface density of sources brighter than the predicted 500 ym flux, SSP({S‘L,,Z, and with
redshifts above z for a given counterpart of interest (see Section 2.3.2). (8): P-values for candidate counterparts from the IRAC 3.6 um catalog, which are calculated
similar to the 24 pum catalog, but using the main-sequence relation to predict 500 ym flux from stellar masses. (9): P-values for the radio 1.4 GHz catalog, but are
calculated using n(-s) (the surface density of sources brighter than radio flux S 4 gu,). Traditionally, a radio counterpart is considered to be robust with P < 0.05.
4 Counterpart(s) identified from the IRAC 3.6 um.

b Counterpart(s) identified based on the radio 1.4 GHz detection.
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Table 2
Observed Photometry for Herschel-selected Dust Obscured Star-forming Galaxies
Name R.A. decl. z 24 pm 100 pem 160 pm 250 pm 350 pm 500 pm 850 pum 1.1 mm 1.4 GHz LrR Taust
(udy) (mly) (mly) (mly) (mly) (mly) (mly) (mly) (udy) 10Lg K)

GH500.1 12:35:39.49 62:13:11.7 4.24 56 +£23 93 +2.1 149 £+ 3.9 6.1 27.8 £ 8.8
GH500.2 12:35:39.60 62:12:44.6 3.03 542 + 6.8 42+1.0 7.8 £2.1 10.7 £2.7 10.6 £+ 4.1 2.0 35 315 £45
GH500.4a 12:35:54.28 62:13:43.5 32 149.9 + 8.1 1.1 £0.3 28 +£09 127 £ 2.2 173 £ 2.3 12.6 + 3.9 <13.8 3.1+ 1.1 289 + 12.1 5.4 30.7 £ 4.8
GH500.4b 12:35:53.28 62:13:37.6 2.81 325 £6.6 33+£09 20.6 £ 2.2 232 +£23 15.6 £ 3.9 <6.4 39.8 £4.5 6.5 345 £ 8.1
GH500.5 12:36:05.68 62:08:38.5 32 37.47 £ 6.6 6.7 £2.1 102 £ 2.6 11.0 £ 3.9 <10.5 33 284 £9.9
GH500.7* 12:36:08.57 62:14:35.3 2.15 55.1 £ 6.7 3.1+£09 10.1 £2.2 119 + 2.4 9.7 + 3.4%b¢ 49 +23 24 +12 22,1 £7.1 1.51 238 £2.9
GH500.8 12:36:08.84 62:08:04.0 3.56 151.2 £ 8.2 . 35+ 1.0 93 +£2.1 102 £2.7 11.0 £ 4.0 <93 6.1 352+73
GH500.9 12:36:16.116 62:15:13.7 2.57° 322.5 £ 10. 57+ 4.1 12.0 + 4.1 284 £ 2.1 200 £ 24 162 £42 49 £0.7 29+ 1.1 358 £49 8.4 377 £ 1.6
GH500.10a 12:36:15.7 62:06:43.1 4.09 453 £ 6.7 42+1.0 93+£20 9.8 £28 115 £ 4.1 <8.7 435 +58 9.0 41.0 + 8.3
GH500.10b 12:36:16.51 62:07:03.0 3.07 302.4 £ 10 3.1 +4.1 21.6 £2.0 275 £2.8 172 £ 4.1 <12 26 + 4.7 8.5 33.8 £4.9
GH500.12 12:36:18.31 62:15:50.5 2.0° 314.5 £ 10. 43+£04 234 £ 1.1 428 £23 47.1 £ 2.1 23.6 £4.0 75+£09 1.9+ 1.1 164.4 £ 6.9 4.7 208 £1.2
GH500.13 12:36:20.96 62:17:10.0 1.99¢ 361.3 £ 10 398 +£ 04 153 +£ 1.0 21.6 £2.0 264 £2.6 13.7 £ 4.1 3.5+07 449 + 2.7 3.6 31.0 £ 1.7
GHS500.14a 12:36:22.66 62:16:29.70 2.47° 412.8 £ 11 39+ 04 123 £ 0.9 237 £2.0 212 £25 139 £ 42 <34 91.6 £9.9 5.8 333 £25
GH500.14b 12:36:22.10 62:16:15.9 4.63 504 + 6.8 83 +20 16.0 + 2.5 143 + 4.2 93+ 14 26.1 £ 6.1 11.2 33.7£35
GH500.15 12:36:27.23 62:06:05.7 4.4° 73 +£20 145+ 2.8 137 £ 4.2 9.5 +23 43+ 1.1 343 £59 10.0 352 £52
GHS500.16 12:36:31.23 62:09:57.7 2.02 209.4 £+ 8.3 49 +39 16.1 £ 1.0 25.6 £2.0 235 £2.7 148 £ 42 37+£08 141 £+ 6.1 3.7 326 £ 1.6
GH500.17 12:36:32.65 62:06:21.1 291 13.6 +£2.0 19.5 £ 2.7 17.5 + 3.200¢ <255 3.1+ 1.1 23.8 £43 5.1 305 £5.4
GH500.18 12:36:33.42 62:14:08.7 4.04¢ 30.4 £ 6.6 82+£22 143 +£ 2.7 132 £ 42 105 £ 1.6 54 +09 34.0 £ 4.0 8.1 29.1 £2.8
GH500.19 12:36:44.02 62:19:38.4 3.41 349 £6.5 11.9+2.0 147 £28 13.1 £ 4.1 5.66 £ 0.97 23+ 1.1 254 £29 6.5 31.0 £33
GH500.20 12:36:46.04 62:14:48.6 2.67 129.8 + 8.4 39+ 04 16.6 = 1.0 259 £ 2.0 249 £2.6 21.1 £ 4.1 54+05 109.6 £ 5.3 7.6 374 £ 1.5
GH500.21 12:37:00.26 62:09:09.9 2.13 2469 + 9.1 20+ 04 6.6 +£ 0.9 16.8 £ 1.9 16.6 £ 2.8 13.0 £ 4.2 35+08 3375 £43 2.7 344 £22
GH500.23 12:37:01.57 62:20:24.9 3.0 55.7 £ 6.6 3.1 +09 104 + 2.0 13.8 £2.8 7.7 + 3.9%be <8.1 48.1 £ 5.1 4.2 29.8 £6.3
GH500.25 12:37:02.55 62:13:02.3 4.44 79.0 £ 7.6 09+03 6.0 £ 0.9 11.9 £2.0 11.6 +£ 2.7 52+£27 32+£06 253 £4.0 10.7 50.8 £5.8
GH500.26 12:37:07.18 62:14:08.2 2.49¢ 2489 +£ 9.1 1.6 £ 04 8.6 £ 09 239 +£2.0 29.0 £24 247 + 4.1 7.6 £ 0.6 283 £ 4.2 52 297 £ 14
GH500.27a 12:37:11.89 62:22:11.8 4.05¢ 843 £78 6.1 £0.9 173 £ 1.9 30.1 £2.3 46.6 = 4.1 203 £ 2.1 10.7 £ 94 79.3 £ 13. 18.0 323£1.6
GH500.27b 12:37:09.73 62:22:02.5 4.055° 30.2 £ 6.6 29 +09 124 £ 2.0 152+ 24 182 £ 4.0 199 £+ 4.0 8.5 339 £5.5
GH500.27¢ 12:37:08.77 62:22:01.7 4.055°¢ 388 £6.5 145 £ 2.0 18.0 £2.4 182 £ 4.0 99 +23 1729 £ 9.0 10.2 365 £5.5
GH500.28 12:37:11.37 62:13:31.0 1.99¢ 748.0£15.9 11.3+0.6 349 £ 1.5 54.1 £28 493 £ 2.1 292 £39 7.7 £ 0.6 40+ 1.0 178.9+12.1 8.7 33.1 £0.9
GH500.29 12:37:12.04 62:12:11.7 2.91°¢ 515 +£6.7 1.0+03 3.6 £ 1.0 11.8 £2.0 10.0 &+ 2.6 6.5 + 4.0*° 4.6 +£0.7 20£1.0 31.7 £43 3.6 319 £33
GHS500.30 12:37:13.86 62:18:26.2 4.15 634+ 7.0 1.08 £ 0.4 35+ 1.0 10.6 £ 2.0 125 £2.8 7.3 £ 3.2%be 45+0.8 24 £ 1.1 627 £ 8 7.8 414 +£5.1
GH500.31 12:37:28.09 62:19:20.1 432 44.1 +£ 6.8 22+08 123 £2.0 13.8 £ 29 13.4 £ 42 <6.9 33.6 £54 10.1 36.7 £ 7.8
GHS500.32 12:37:28.11 62:14:21.82 3.32 343 £ 6.6 20+0.8 21.1 £2.0 21.7 £2.7 20.7 £ 4.0 <84 6.9 29.5 £ 3.8
GH500.33" 12:37:30.78 62:12:58.7 241 184 £7.7 49 £04 234 £ 1.1 523 +£23 55.0 £ 2.1 448 + 3.8 12.21 £ 0.77 41 +£1.1 114 £7 9.3 283 £ 0.9
GH500.34 12:37:38.15 62:17:37.1 3.19° 393 £6.6 9.6 £2.1 124 £ 28 7.3 £ 3.2%b¢ 47 +23 34+£10 26.0 £5.9 4.0 28.6 £ 5.8
GHS500.35 12:38:00.27 62:16:21.2 2.4 140.5 + 8.3 21+04 6.0+ 1.0 112 £2.1 127 £2.8 11.6 £ 3.6 <10.5 29 324 +£49
Notes.

? IR SED fittings are very poor, thus the inferred far-IR luminosity and dust temperature are highly uncertain. We did not consider the two sources in our analysis.

® Redshift from the far-IR SED fit. Although it is likely at high-z, we did not include this source in our analysis.

¢ Spectroscopic redshift from Barger et al. (2008), Daddi et al. (2009a, 2009b).
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Figure 10. Rest-frame (U — V) vs. (V — J) color diagram for all IRAC
sources within the search radii of 15” (gray dots). Red solid circles represent
secure Spitzer (radio)-identified 500 pum counterparts (Table 2 in the text), and
those satisfying IRAC color selection for SMGs are highlighted in blue (Biggs
et al. 2011).

UVIJ selection is still poorly explored (e.g., Straatman et al.
2014), whether they can be considered quenched remains
further investigations. Indeed, their specific = SFRs
(840 x 10 °yr ") are already >2x higher than the
SSFR = 5 x 10 ?yr~ ' of similarly massive star-forming
galaxies at z > 3 (Schreiber et al. 2015).

The Herschel/SPIRE fluxes are from the GOODS-
Herschel catalog (Elbaz et al. 2011), or derived from PSF
fitting using GALFIT (Peng et al. 2002) for cases where the
flux could be wrongly attributed to nearby 24 ym sources due
to blending, or is not measured in the catalog. A description of
the Herschel/SPIRE flux measurements is presented in
Appendix B. Note that due to the poor resolution of the
Herschel data, measuring reliable SPIRE flux densities for
individual galaxies, especially those at 500 um, is a challenging
task. The de-blending approach of using 24 ym data of better
resolution would be still affected by the degeneracy between
the positions of the sources and flux uncertainties attributed by
faint sources. Given the case of heavily blending, the SPIRE
flux measurements should be treated with some caution. The
thumbnail images for each identified source are presented in
Figure 20 in Appendix C. Among 14 sources that have two or
more candidate radio/24 ym counterparts, four (GH500.13,
GH500.26, GH500.28, GH500.35) have counterparts separated
by only ~5” or less. Three of these cases are treated as single
systems because the counterparts are consistent with being at
the same redshift and are assumed to be interacting galaxies.
These three sources are so closely separated that deblending the
Herschel/SPIRE flux is impossible, hence we report the
combined fluxes of the two counterparts in Table 2. For
GH500.35, we cannot assess whether the three counterpart
galaxies are interacting systems or spatially clustered, and we
assume that the source with the brightest 24 ym flux is the only
counterpart, which should be treated with caution.

2.3.4. Contaminants

We have visually inspected all sources which pass our S/N
cut in order to search for noise artifacts and blends of bright
sources. To check for false detections caused by map noise
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artifacts and/or from sources well below the nominal “flux”
detection limit, we run our search procedure on the Ssoo #m/
S>4 ym map by removing all individually detected 500 ym
sources in the catalog used in Elbaz et al. (2011). The P(D) plot
of the S500 um /S24 um Tatio map omitting all 500 m detections
in the existing catalog is shown in Figure 3 (red curve). It can
be seen that few pixels have values above our S/N cut of
Ss00 um/ So4 um = 20.4, suggesting that the contamination from
noise artifacts is negligible. Figure 4 (lower panel) shows the
number of spurious sources as a function of detection
threshold. As one would expect, the number of false detections
depends strongly on the chosen S/N threshold. At a 20 cut, the
result suggests that two detections will be spurious in our ratio
map, corresponding to a spurious source rate of ~6% (2/36).
Note that while increasing the S/N requirement would decrease
the number of false sources, it would also remove a fraction of
real but slightly fainter sources from the map. Therefore, we
adopt 20 as the detection S/N cut for sources in the ratio map
because it provides a good compromise between the catalog
size and source reliability.

The above estimate, however, provides only an lower limit
to the number of contaminants. As shown in Figure 1, the
diversity in IR SED of galaxies means that lower redshift
sources would have probabilities of being detected in the ratio
map if they have similarly high Ssoo ;m/S24 .m ratios, con-
taminating the selection of z 2 2 sources. We account for this
effect statistically by performing simulations to measure the
recovery rate for injected low-z sources of varying flux density,
using the similar procedure described in Section 2.3.1. For each
injected source we assumed an IR SED randomly selected from
the CEOI libraries to predict its 24 um flux density at a given
redshift. Note that we did not assume any peculiar IR SED for
injected sources to avoid bias in detections. Although very
“cold” galaxies have more chance of being detected, they are
expected rare given the small area covered by GOODS-North.
Since lower redshift sources are not expected to be detected in
our data except those with abnormal high S50 ;im /824 ,um Tatios,
any source recovered in the map would be considered as a
contaminant. The average recovery rate for low-z contaminants
as a function of flux density is shown in Figure 4 (lower right
panel). It can be seen that sources below z ~ 1.2 have a low
probability to be detected, but the detection rate increases with
redshift above z ~ 1.4 due to the increased fraction of sources
with higher Sso0 um/ S>4 um ratios. The low-z contaminants
become more significant at higher flux density, making them
non-negligible effect in selecting z 2 2 galaxies. In fact, such
low-z sources have been identified in the ratio map. As we
mentioned above, we found 6 out of 36 sources at z < 2
(~17%) that could be contaminants in our catalog, which is
consistent with the simulation result of ~20% detection rate at
~15mly, a median flux for catalog sources.

3. BASIC OBSERVED SOURCE PROPERTIES
3.1. Redshift Distribution

In this section, we present the redshift distribution for our
722 Herschel 500 um sources. To derive the redshift
distribution, we take spectroscopic redshifts if available, based
on optical and/or CO spectroscopic observations (Barger et al.
2008; Daddi et al. 2009a, 2009b), and otherwise photometric
redshifts based on a K,-selected multi-wavelength photometric
catalog (Pannella et al. 2015). Spectroscopic redshifts are
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Figure 11. Upper: the redshift distribution of the Ssop ;um/S24 ;m-selected
sources in the GOODS-North field (black line, normalized by the total). The
red dotted histogram is the redshift distribution of SCUBA 850 pm sources
from Chapman et al. (2005). For comparison, the blue dashed histogram shows
the distribution of spectroscopic redshifts for 2 < z < 5 SPIRE sources from
Casey et al. (2012b). The excess number of objects at 4.0 < z < 4.5 may be
due to cosmic variance and the presence of a high-redshift proto-cluster (Daddi
et al. 2009b). Lower: Sso0 um/S24 um flux ratio as a function of redshift. Black
curves are model SEDs of Arp220 (dashed), a main-sequence galaxy template
(solid) from Magdis et al. (2012), M82 (dotted—dashed) and Mrk231 (dotted).
The shaded region represents the range of the CEO1 models, and the blue solid
is its mean trend. The red dashed line is the median trend of z < 2 Herschel/
SPIRE sources from Casey et al. (2012a). Filled squares are z 2 2 sources
identified from the ratio map, with spectroscopically confirmed ones
highlighted by red circles. Large open squares denote galaxies whose
500 pm emission is less than 30.

available for 12 out of the 35 Herschel sources (33%) in the
sample. Note that the photo-z for one source (GH500.15) is not
available, as it is not detected in the K band. Although SED
fittings in the far-IR suggests it likely being at z = 4 (Section 4),
we exclude the source in the following analysis due to the
relatively poor constraint on the photo-z.

The redshift distribution for the 34 z = 2 Herschel sources
identified from the ratio map is shown in the upper panel of
Figure 11. For comparison, we also plot the redshift
distribution for SMGs (red) from Chapman et al. (2005). Each
distribution is normalized to the total number of sources in the
sample. The redshift distribution derived by Chapman et al.
(2005) is based on a sample of SMGs drawn from various
SCUBA /850 um surveys with radio counterparts targeted for
spectroscopic redshift follow-ups. It can be seen that the
distribution of our Sso0 um /So4 um-selected sample is in sharp
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contrast to that SCUBA /850 ym SMGs. The median redshift
for our sample is zmeq = 3.07, with a significant fraction of
sources (10/34, 29%) at z 2 4. The radio-identified SCUBA
SMGs have a lower median redshift of zn.q = 2.6 (considering
only sources at z 2 2), for which only 18% of the population is
at z> 3. Part of this difference could be due to the
identification bias in the sample of Chapman et al. The redshift
distribution of SCUBA SMGs includes only sources with
robust radio detections; the highest-redshift sources may fall
below the depth of radio data and are likely to be missed. On
the other hand, the sample considered here is confined to
500 pm sources significantly detected in the ratio map which
efficiently selects sources at the highest redshifts. Lower-
redshift submm sources are down-weighted in the ratio map in
an effort to obtain a homogenous sample of galaxies at 7 = 2 as
possible.

A recently published spectroscopic survey of Herschel/
SPIRE sources with optical counterparts determined from high-
resolution radio/24 pm imaging found a population of ULIRGs
at 2 < z < 5 (Casey et al. 2012b) and a median redshift of
Zmed = 3.38 (blue dashed line in Figure 11, upper). It should be
noted that this population is only a tail of spectroscopically
confirmed Herschel sources in their survey, with the majority
of them (~95%) being at z < 2 (Casey et al. 2012a). Though
the sample of z > 2 Herschel sources in Casey et al. (2012b)
is likely biased toward the optically bright population for which
spectroscopic identifications are made, the redshift distribution
appears similar to that derived from our sample. A Kolmo-
gorov—Smirnov test shows that the probability that both
samples are drawn from the same underlying parent distribu-
tion is 0.43. Note that while the Casey et al. (2012b) redshift
distribution is relatively flat from z = 2 to 5, our sample shows
a tentative excess at z = 4. This could be due to cosmic
variance, since our sample probes a small volume in a single
field, while the Casey et al. data cover several deep fields over a
much larger (25 times) sky area.' In fact, Daddi et al. (2009b)
have reported a proto-cluster structure at z = 4.05 in the
GOODS-North field (see their Figure 13) which includes three
CO-detected SMGs within ~25” at the same redshift.

Using a  Ss00 um/S24 um ratio  method, we find 10
Herschel 500 pum sources at z = 4 in the GOODS-North field,
corresponding to ~29% of the whole sample. Eight of these
z 2 4 candidates have Ssoo,m > 10mlJy. This suggests
significantly more ULIRGs at the highest-redshift end
compared to other surveys (e.g., Smolci¢ et al. 2012a and
references therein). This will enrich our understanding of
obscured star formation in the early universe. Excluding four
spectroscopically confirmed z > 4 sources at the same redshift
which are likely associated with a protocluster at z ~ 4.05
(Daddi et al. 2009a, 2009b), we can place a lower limit on the
surface density of z > 4 ULIRGs at >6/0.05 = 120 deg °.
This value is more than an order of magnitude higher than what
is expected in cosmological models (Baugh et al. 2005;
Swinbank et al. 2008; Coppin et al. 2009; Béthermin
et al. 2012). However, given the very small area covered by
GOODS-N and lack of the spectroscopic confirmation for most
candidates, these values should be taken with caution. A
complete view of the properties of the z >4 ULIRG
population will require a detailed submm follow-up and

19 Casey et al. (2012b) sample comes from a spectroscopic survey of bright
SPIRE sources (>10-12 mJy) in four HerMES legacy fields, including the
Lockman Hole, COSMOS, ELAIS-N1, and ECDFS (see their Table 1).
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robustly determined redshifts. Notably, recent ALMA follow-
up of a bright sample of lensed SMGs discovered with the SPT
yielded at least 10 spectroscopically confirmed sources at
z > 4 (Vieira et al. 2013; Weil} et al. 2013), challenging the
current models for galaxy formation and evolution.

In Figure 11 (lower panel), we show the measured
8500 um/S24 um ratio (Table 2) for each of our z 2 2 sources
as a function of redshift, along with the various model SED
predictions. The Sso ym/S24 ,m ratios of our galaxies are all
over 30, and are in good agreement with the dusty SEDs
allowed by current models, albeit with a large scatter. The large
8500 um/S24 um Tatios therefore support the expectation that
most sources, if not all, in our sample are indeed at z 2> 2. In
the next section, we will investigate the far-IR properties of
individual galaxies.

3.2. Infrared Luminosities and Dust Properties

To derive the far-IR emission and SED characteristics of the
sample, we fit the photometry with a library of galaxy
templates including CEO1 and the well-studied SEDs of the
local starburst M82, the ULIRG Arp220, and the dusty active
galactic nucleus (AGN) Mrk231. The SEDs for the latter three
local galaxies are taken from the SWIRE template library
(Polletta et al. 2007). Our library consists of a total of 108
templates with characteristic dust temperatures (7;) in the range
T; ~ 20-60 K. The SED fitting results are shown in Figure 21
in the appendix, and their infrared luminosities and dust
temperatures are given in Table 1.

We compute the infrared luminosity of each source by
integrating the best-fit SED between rest-frame 8 and
1000 pm . The luminosities for this sample range from
1.5 x 10"*-1.8 x 10" L., implying infrared SFRs of
~260-3100 M. yr ' with a Salpeter IMF. Note that the IR
luminosities can be determined to less than 50% accuracy when
excluding SPIRE 350 and 500 ;gm measurements for 60% of
sources where the data at longer wavelengths (>500 pm) are
available. This suggests that they are among the most extreme
star-forming galaxies seen in the early universe (e.g., Casey
et al. 2014 and references therein). Figure 12 shows the infrared
luminosity against redshift (filled red circles). The distribution
of the Casey et al. (2012b) spectroscopically confirmed sample
of 2 < z < 5 SPIRE sources is shown for comparison (open
circles). Our S50 ym /S um-selected population and the Casey
et al. (2012b) sample each probe different regions of parameter
space. Though the redshift distribution is similar (Section 3.1),
our sources are systematically lower in luminosity by
~0.1-0.5dex at a fixed redshift. While the Casey et al.
(2012b) z > 2 sample may not be representative of all
high-z 500 pm sources due to their selection of brighter objects
for spectroscopy follow-ups, our selection offers a unique
probe of intrinsically fainter objects, which is important
for a complete view of the properties of the z 22
Herschel population. Note that, as we mentioned above, it is
important to understand the different volumes probed for a
more meaningful comparison of the typical luminosities in the
two samples.

The dust temperature is derived using the code of Casey
(2012), which fits the far-IR photometry with an SED
consisting of a modified blackbody spectrum and a power-
law component in the mid-IR portion (<40 pm). The
combination of a graybody and a mid-IR power law takes into
account both galaxy-wide cold dust emission and smaller-scale
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Figure 12. Infrared luminosity (8-1000 pm) against redshift for the Ssoo ,um/
So4 m-selected z 2 2 ULIRGs (filled red circles) in the GOODS-North field.
The Herschel /SPIRE-selected, spectroscopically confirmed sources at
2 < z < 5 (open circles; Casey et al. 2012b) are overplotted for comparison.
The detection boundaries as a function of redshift for 7, = 30 K (blue dashed
line) and T,; = 40 K (green dashed line) are illustrated, assuming a flux limit of
9 mJy at 500 pm.

warm dust emission (e.g., Kovdcs et al. 2006; Casey 2012). To
reduce the number of free parameters, we fix the slope of the
mid-IR power law to o = 2 for sources which are not detected
in PACS. In addition, the emissivity index of the blackbody
spectrum on the Rayleigh—Jeans portion is fixed to = 1.5 (a
commonly chosen value of 3 in the literature, e.g., Chapman
et al. 2005; Pope et al. 2005; Younger et al. 2009), since we
have not enough data points at longer wavelengths (= 850 pm)
to constrain (3 in a meaningful way. However, we note that
there is very little change in the derived T, by fixing § within
the range of 1-2.

We present in Figure 13 the dust temperature against infrared
luminosity for the z 2 2 sources in our sample which have a
meaningful constraint on the dust temperature from the submm
and/or mm measurements. We include in the comparison the
measurements for SCUBA SMGs from Chapman et al. (2005)
as well as the z = 0—1 SPIRE galaxies from Symeonidis et al.
(2013), which appear to closely follow the relation that the dust
temperature increases with infrared luminosity, as observed in
the local IRAS 60 pum selected sample (e.g., Chapman
et al. 2003). To examine whether our high-z sample has
temperatures similar to those of local samples and at z < 1, we
divided our sample into two bins of Lz with roughly equal
numbers of sources: 12.2 < loglO(Lir/Ls) < 12.8 and
12.8 < loglO(Lr/Ls) < 13.4. The derived median tempera-
tures and luminosities are T; = 31.0 & 1.6 and 36.5 = 6.3 K
for Lig = 4.0 and 8.7 x 10"%L., respectively. As Figure 13
shows, at a fixed luminosity the high-z galaxies in our sample
tend to have cooler dust temperatures (67; ~ 5SK) compared to
that expected from the Ligr—T; relation of z = 0 — 1 SPIRE
galaxies (Symeonidis et al. 2013). This could be partially due
to the selection in the 500 um band, which is biased against the
warmer sources, even at these high redshifts.

By comparing the dust properties between local galaxies
(z < 0.1) observed with AKARI and galaxies in the redshift
range 0.1 < z < 2.8 selected by Herschel, Hwang et al. (2010)
found modest changes in the Lir—7; relation as a function of
redshift. Herschel-selected galaxies appear to be 2-5 K colder
than that of AKARI-selected local galaxies with similar
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Figure 13. Effective dust temperature (7,;) vs. total far-IR luminosity
(L1000 um), for z < 1 galaxies (blue line and diamonds: SPIRE sample of
Symeonidis et al. 2013; black crosses: SMG sample of Chapman et al. 2005),
z = 1-3 SMGs+Herschel galaxies (open squares, Magnelli et al. 2012), and
our z 2 2 Sso0 yim/S24 ym-selected sample (red filled diamonds). Colored
dashed lines: transposition of our detection limit of Sso0 ,m = 9 mJy for three
redshifts, z =2 (green), z =3 (red), and z = 4 (blue). Black dashed line:
extrapolation of the T,~Lir relation for z < 1 SPIRE sample of Symeonidis
et al. (2013).

luminosities. Such evolution of the Lir—7; relation with
redshift has also been reported by the studies of Rex et al.
(2010) and Chapin et al. (2011), and recently by Symeonidis
et al. (2013) and Swinbank et al. (2014) with a much larger
Herschel data set. The offset in the Lig—7; relation may imply
that high-z ULIRGs have a weaker average interstellar radiation
field than local analogs of a similar luminosity, which could be
due to a more extended distribution of dust and gas (e.g.,
Hwang et al. 2010). However, we note that dust temperatures
derived in this work and others in the literature suppose that the
emission-weighted sum of all the dust components could be
well fitted by a single modified blackbody model. In reality, the
far-IR emission of a galaxy results from the combination of a
series of blackbodies associated with a temperature distribution
depending on a number of factors, including dust emission
spectral index, dust grain distribution, and geometry (e.g.,
Casey 2012; Magnelli et al. 2012), that is often summarized by
an effective dust temperature associated with the peak emission
of the far-IR SED.

3.3. High-z Radio/far-IR Relation

For the 28 radio-detected sources, we measured the far-IR/
radio ratio, gy, to investigate the far-IR /radio correlation for
ULIRGs at z > 2. The tightness of the far-IR /radio relation is
very useful in many aspects in the study of galaxy evolution,
e.g., in estimates of the SFRs of dusty starbursts in the absence
of far-IR data (Condon 1992; Barger et al. 2012), and in the
search for radio-excess AGNs (Del Moro et al. 2013).
However, controversial results have been obtained in literature
studies on the evolution of such a relation. Recent studies based
on Herschel data claimed a redshift evolution of the correla-
tion (e.g., Ivison et al. 2010a; Magnelli et al. 2010, 2012, 2014;
Casey et al. 2012a, 2012b; Thomson et al. 2014). On the
contrary, Sargent et al. (2010) showed that by taking into
account the sample selection effect, the far-IR /radio relation is
roughly invariant up to redshift z = 1, and possibly up to
higher redshift (in agreement with Bourne et al. 2011; Barger
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Figure 14. Radio-to-far-IR correlation coefficient (g;g) as a function of far-IR
luminosity (left) and redshift (right). The solid and dashed lines represent the
median and 20 values for SPIRE sources from Ivison et al. (2010b). Good
agreement is seen with the Ivison et al. (2010b) results, and no significant
evolution with redshift is observed (right). The red line shows the moderate
redshift evolution of g oc (1 4 z)~%-94+003 gbtained by Ivison et al. (2010b) for
comparison.

et al. 2012; Pannella et al. 2015). Both results are inconsistent
with the theoretical prediction that this tight relationship should
break down at high redshift due to rapid Compton cooling of
the relativistic electrons (e.g., Condon 1992).

We use the ratio (gqz) of rest-frame 8-1000 pm flux to
1.4 GHz radio flux as defined in Ivison et al. (2010a). The rest-
frame radio power was computed assuming S, o r~® and a
radio spectral index of & = 0.8 (e.g., Thomson et al. 2014). For
these radio detected sources, the measured g ranges from 1.04
to 2.76 with a median value of 2.37. In Figure 14, we plot the
qir versus (left) their far-IR luminosities and (right) their
redshifts. Using the Herschel data in the GOODS North field,
Ivison et al. (2010b) performed a stacking analysis of
24 pm selected galaxies at z = 0-2, and found a median value
of g = 2.4 (solid line in Figure 14) and a scatter of 0.24
(dashed lines). Our z 2 2 galaxies have gz values in good
agreement with this range. Only three galaxies (GH500.21,
GHS500.27¢, and GH500.30) in Figure 14 lie off the far-IR/
radio correlation. This is likely due to the existence of a strong
AGN, which contributes significantly to the radio emission
hence lowers the g (e.g., Del Moro et al. 2013). This is
consistent with the observed excess of 24 ym emission in
GH500.30 (see Figure 21 in the appendix). We note that our
selection is not sensitive to high-z AGNs, which are expected to
be bright at 24 yum and thus have depressed Sso um/
S»4 um ratios unless they are extremely luminous in the far-IR.

Since the radio continuum of galaxies without strong AGNs
is predominantly produced by supernova remnants from young
stellar populations, our results suggest that the far-IR
luminosity for high-z Herschel sources is dominated by heated
dust emission due to star-forming process in massive galaxies,
with little contribution from old stars. Parameterizing the gz
evolution in the form g o< (1 + z)?, and excluding three
galaxies with a strong AGN contribution to the radio emission,
we find = 0.05 £ 0.05, which is consistent with no
evolution. For comparison, Ivison et al. (2010b) found a slight
evolution with v = —0.04 &+ 0.03 (red solid curve with dotted
+10 uncertainties). By extending to higher redshifts (out to
z = 4.6) than most other studies, our data suggest no evolution
of gig. This agrees with the recent finding by Pannella et al.
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Figure 15. Far-IR SED of a mis-identified z = 3.4 Herschel source GH500.19
(red squares). The best-fit CEO1 template at z = 3.4 is shown by the red line,
while the black dotted line is the best fit at zg,ec = 0.27 to all data points from
24 pm to radio. It is clear that the best-fit SED at zgpee = 0.27 (x> = 51.2) is
much poorer than that at z = 3.4 (x?> = 1.38). The Zspec = 0.27 source can only
have a significant contribution to the Herschel fluxes at shorter wavelengths
(black open circles).

(2015), who studied the far-IR /radio correlation up to z >~ 4 in
a stacking analysis of Herschel data for a mass-selected
sample of star-forming galaxies.

4. DISCUSSION

4.1. Misidentified High-redshift Sources
in the Herschel Catalog

The large beam sizes (FWHM ~ 20"—40") of the Herschel/
SPIRE images mean that obtaining robust multi-wavelength
identifications and photometry for SPIRE sources is challen-
ging. Herschel point source photometry is frequently per-
formed by flux extraction at positions of known 24 ym sources
or 1.4 GHz radio sources (e.g., Roseboom et al. 2010, 2012;
Elbaz et al. 2011), as these wavelengths have much better
resolution (~1”-5") and, like Herschel, are good tracers of star
formation activity (e.g., Ivison et al. 2010a). However, this is
particularly problematic for high-redshift sources that are faint
or undetected in 24 ym and radio surveys, resulting in
ambiguous and/or incorrect counterpart identifications (Rose-
boom et al. 2010; Yan et al. 2014).

Our map-based approach has the advantage of identifying
the correct counterparts to high-z Herschel sources which are
bright at 500 pm but relatively faint at 24 ym. When using
24 ym priors for a Herschel catalog, if the SPIRE beam
contains several blended 24 um sources that cannot be
deblended, the brightest 24 ym source is usually chosen as
the counterpart. This can lead to misidentifications for high-z
sources as we show in Figure 15 for the case of GH500.19.
Within the 500 ym beam, there are two closely separated
(<10") 24 um sources, one spectroscopically confirmed at
Zspec = 0.27 and another at zype = 3.41, both possibly
contributing to the Herschel flux. While the far-IR emission
is taken to be associated with the galaxy at zg,ec = 0.27, the far-
IR SED is inconsistent with the low-redshift solution. At
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Zspec = 0.27, the fit to the IR photometry has x* > 50 for all
the templates in the library, with a minimized Y2 = 51.2
(dotted line). In contrast, the best-fitting template at
Zphot = 3.41 yielded a much lower x2 = 1.38 (red solid line).
We therefore conclude that the zpnoy = 3.41 galaxy is likely to
be the true counterpart to the Herschel source, and the low-
redshift candidate at zgec = 0.27 is ruled out. Our method
correctly identified the zpho = 3.41 object as the counterpart,
while in this case the usual radio identification would favor the
low-redshift counterpart, which is the brightest radio source
within the Herschel beam.

By effectively reducing the confusion from low-z sources
using the map-based Ssop p,m/S24 .m Tatio, we have identified
three potential high-z 500 yum sources that are not detected at
24 pm, of which two are likely to be at z > 4. In Figure 16, we
present the images in the ground-based K band, IRAC 8 um,
MIPS 24 um, Herschel 500 pm, the Ssoo um/ 824 ym map, and
the VLA radio image. There is no 24 pum source within 5” of
the radio counterpart, while a galaxy is clearly detected by
Spitzer in all four IRAC bands. All three sources are relatively
faint in the K; band, and the extremely red colors of
K, — [3.6 pum] > 2, if due to the strong, redshifted Balmer/
4000 A break of an evolved stellar population, imply that they
are likely at z > 3. Indeed, the photometric redshift analysis
suggests that two of them are at z =29 and z =42
respectively. The remaining source, which is not seen at Kj
and shorter wavelengths, is a bright submm source (Pope et al.
2006; Perera et al. 2008; Barger et al. 2014). Since there is no
photometric redshift available for this galaxy, we fitted its far-
IR to radio photometry with a suite of CEOl templates, and
found a best-fit redshift of z = 4.4. The high redshifts of 24 ym
dropout Herschel sources which have properties very similar
to the well-studied SMG GNI10, if confirmed, would have
important implications for galaxy formation and evolution.

To summarize, among 36 unique z = 2 500 um sources
identified in this paper, we find five cases (~14%) where the
500 pm flux is incorrectly associated with a brighter 24 ym
prior in the official Herschel catalog. Three high-z 500 ym
sources that are not detected at 24 um are revealed in the
Ss00 ;zm/524 yummap (~8%, see Section 4.2). In three further
cases, the Herschel 500 pm flux in the catalog is probably
given to nearby sources due to strong source blending (~8%).
Therefore, using the deepest 24 and 500 um imaging in the
GOODS-N field, we estimate that at least 20% of z > 2 dust
obscured galaxies in our sample were mis-identified or missed
in the current catalog. This missing fraction of high-z ULIRGs
population should be taken into account in studies of starburst
galaxies in the early universe. Due to the small volume of the
GOODS-N field, it is important to apply our method to larger
survey fields with comparable depths (e.g., HerMES) to build a
statistically significant and more complete sample of z = 2
Herschel sources. However, detailed, high-resolution submm
interferometric follow-ups, e.g., with NOEMA or ALMA, are
required to unambiguously identify the correct SPIRE source
counterparts, and resolve their multiplicities.

While Herschel is highly sensitive to z ~ 1-2 galaxies
whose SED peaks in the far-IR, the long-wavelength submm
bands (such as 850 ym and 1 mm) are optimized for higher-
redshift galaxies. It is thus interesting to compare the
Herschel galaxies with submm sources detected by SCUBA
(for example). Among our 34 Herschel sources, 20 have been
previously reported as SMGs selected at 850 um (Pope et al.
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Figure 16. Cutout images for three 500 um sources which are not detected at 24 pm, from left to right: ground-based K, -band, IRAC/8 pm, MIPS /24 m, SPIRE/
500 pim, Ss00 um/S24 ume. and VLA 1.4 GHz. The smaller white square indicates the counterpart identified from the radio or IRAC. The dashed circle represents
the search radius of 15”, centered on the source position determined by SExtractor, while the solid circle indicates the beam FWHM of 500 ym with a radius of 18”.
The non-detections at 24 ym and the red colors (K—[3.6 pum] > 2) suggest that they are likely to be extremely dust-obscured galaxies at z 22 3. The images are

1 arcmin on a side.

2006; Wall et al. 2008), although three are outside of the
SCUBA coverage. Therefore, twelve of our sources are not
listed in the 850 ym catalog. In Figure 17, we show the
locations of sources with and without 850 um detections on the
8850 um—2 and Sgso ym—Lir planes. We find that there is a
correlation between Sgso ,m and Lig, although it is subject to
possible selection effects, as submm observations could be
biased against galaxies with warm dust temperatures and
therefore relatively faint 850 pm flux densities forthe same total
luminosity (e.g., Chapman et al. 2010).

Using the best-fitting dust SED, the predicted 850 pum flux
densities (open circles in the lower panel of Figure 17) for our
Herschel sample appear to be consistent with the Sgso ,m—Lir
relation. These sources have fitted SED dust temperatures in
the range of 30—40 K (Table 1), hence their non-detections in
850 pm cannot be simply attributed to the selection effect. In
fact, most galaxies that have not been detected in 850 pm lie at
the edge of the GOODS-North field where the local noise level
of the SCUBA map is relatively high (e.g., Pope et al. 2006).
The median noise value for the non-detections is 3.1 mly,
compared to 0.9 mJy for those detected by SCUBA in our
sample. As illustrated in Figure 17 (lower panel), most of the
non-detections could be due to the relatively low S/N given
their expected 850 ym flux densities. More sensitive submm
imaging of the GOODS-North field, e.g., from SCUBA-2
(Geach et al. 2013), may detect the 850 um emission in these
high-z Herschel sources and enable a more detailed study of
their dust properties.

4.2. Implications for Star Formation-rate Density (SFRD)

The SFRD represents the total star formation occurring per
unit comoving volume. The importance of ULIRGs to the
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buildup of stellar mass can be determined by comparing their
SFRD contribution to other galaxy populations (i.e., UV-
selected). This is particularly important for understanding the
role of dust obscuration at high redshifts. At lower redshifts
(z < 1), ULIRGs are rare and their contribution to the SFRD is
negligible. However, the importance of ULIRGs grows toward
z ~ 2, where they could contribute half of the total SFRD (e.g.,
Le Floc’h et al. 2005; Magnelli et al. 2013). At z = 2, the
contribution of ULIRGs to the SFRD is highly uncertain due to
their limited numbers (Chapman et al. 2005; Michatowski et al.
2010a; Wardlow et al. 2011). Our z 2 2 Herschel sample
therefore provides an important opportunity to investigate the
SFRD contribution from the high-z ULIRG population.

To estimate the contribution of our z 2> 2 Herschel sources
to the cosmic SFRD, we used the Kennicutt (1998) relation to
convert the far-IR (8—1000 pm) luminosity into a dust-obscured
SFR, assuming a non-evolving Salpeter IMF (Section 3.2). We
split the individual SFR measurements into two redshift bins:
1.9 < z<3.1and 3.1 < z < 4.7 with 18 sources in the former
and 16 in the latter. The SFRD in each redshift bin was
measured by dividing the SFR of each galaxy in that bin by the
comoving volume and summing them. We correct this number
by the ratio V /Vj,.x for each individual source, where V.  is
the maximum accessible volume within which a source could
reside and still be detectable by our survey. Vj.x is calculated
using the survey area of GOODS-North and the luminosity
detection limit which is determined by setting a flux limit of
9mly at 500 um (30 detection threshold, Elbaz et al. 2011).

We note that the SFRs of individual sources could be
affected by gravitational lensing, which would make the
observed IR luminosities artificially large, thus overestimate
the SFRs. The probability of lensing as a function of 500 um
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Figure 17. Submm flux densities as a function of redshift (upper panel) and far-
IR luminosity (lower panel). For sources not detected in SCUBA 850 pm, we
plot the 30 upper limits on flux (downward arrows) and IR SED-predicted
850 pm flux densities (open circles). Solid and dashed lines show the linear fit
(in log space) to the Sgso,m—Lir relation for the galaxies detected in the
submm. Dotted lines represent the Sgso ,m—Lir relation for a galaxy at z = 2,
with a single modified blackbody at 30 and 50 K, respectively.

flux density (see Wardlow et al. 2013, Figure 9) suggests that
galaxies with Ss09 < 80 mJy have a low probability of <1%
being lensed by a factor of >2. Wardlow et al. (2013) also
show that there is little dependence of the conditional
magnification probability on redshift at z > 2. Note that the
brightest source in our sample (GN500.19, also known as
GN20) has S50 = 46.6 mly, and only three sources are above
~30mlJy (see Table 1). For the median value of
Ss00 = 13.9 mJy for z 2 2 SPIRE sources in this sample, the
predicted lensed factor would be less than 2. Therefore, the
gravitational lensing effect (if there is any) would not change
significantly the Herschel source contribution to the SFRD.
Source clustering can boost the flux at the 500 um by ~20% on
average (Schreiber et al. 2015), but since such clustering only
affects sources at the same redshift, it does not change our
SFRD estimation for the given redshift bin.

The contribution of our sample to the SFRD is shown in
Figure 18 as black filled squares. We compare our results with
previous works based on the SMG samples of Chapman et al.
(2005, blue diamonds) and Wardlow et al. (2011, purple
triangles). Using our new technique to explore the dusty, high-
redshift star-forming galaxies seen by Herschel, we recover
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Figure 18. Estimated contribution of Ssg0 ;;m/S24 m-selected galaxies atz 2 2
(black filled squares) to the cosmic SFRD. The open squares are for the
spectroscopically confirmed subsample. The data points are shown at the
median redshift in each redshift bin, and error bars on SFRD are a combination
of 1o Poissonian error on the number of sources and the typical IR luminosity
error of ~0.15 dex. The black curve shows the UV-based SFRD from a
compilation by Madau & Dickinson (2014), while the red curve is its rescaling
by a factor of 0.4. The literature SFRD values for comparison are from
Chapman et al. (2005) 850 pm selected SMGs (blue diamonds), Wardlow et al.
(2011) 870 um selected SMGs (purple triangles), and Herschel-SPIRE
spectroscopically confirmed 2 < z < 5 sources (filled gray circles) from
Casey et al. (2012b). We observe an increase in the ULIRGs’ contribution to
the SFRD from z ~ 2.5 to z ~ 4, consistent with the trend seen in Casey et al.
(2012b), when taking into account the sources with less confident spectroscopic
redshifts in their sample (open circle). Note that Barger et al. (2012, 2014)
suggested that the SMG contribution to the SFRD at higher redshifts could be
higher when using a more unbiased and sensitive selection of the sample.

more of the obscured cosmic star formation as shown in
Figure 18. In particular, we observe an increase of the ULIRGs’
contribution to the SFRD from z ~ 2.5 to z~ 4 (filled
squares). Note that Casey et al. (2012b) found a similar
increase in the SFRD contribution from their z > 2 SPIRE-
selected galaxies (open circle in their Figure 9) when taking
into account the sources with less confident spectroscopic
redshifts in the bin 3.2 < z < 5.0. The results imply that
extremely dusty starbursts may contribute significantly to the
build-up of stellar mass in the early universe (about 40% of
extinction-corrected UV samples, e.g., Madau & Dickin-
son 2014).?° This result may be affected by cosmic variance
in the GOODS-North field where the number of high-z
ULIRGs is systematically high compared to other surveys
(Section 3.1). Conversely, if we consider only the spectro-
scopically confirmed subsample, the SFRD contribution of our
Herschel-selected ULIRGs (open squares) is similar to that of
SMGs, which peaks at z ~ 2.2. Future spectroscopic observa-
tions of the other candidates in our sample, in particular those
at z 2 4, are therefore required to more robustly constrain their
SFRD contribution, and to understand the importance of dust-
obscured star-forming activity in ULIRGS in the first few Gyr
of the universe.

5. CONCLUSIONS

In this paper we present a new, map-based method to select
candidate z > 2 ULIRGs using the Ssoo ym/S24 ym color. Our
approach offers a relatively unbiased search for ULIRGs at

20 Our SFRD is strictly a lower limit to the contribution from the overall
ULIRG population, since we have not corrected for incompleteness in the
sample.
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z 2 2, and recovers a fraction of 500 pm sources which would
otherwise be misidentified and/or missed due to incorrect
24 pm counterpart associations or non-detections at 24 um. We
provide a catalog of 34 z 2 2 dusty galaxies (all ULIRGS)
uniformly selected in the GOODS-North field, and the main
results are as follows.

1. From a combination of spectroscopic (comprising 34% of
the sample) and photometric redshifts, we found that our
Herschel-selected galaxies have a median redshift of
z=3.1 £ 0.8 and 10 of them are at z = 4. The redshift
distribution is different from that of the SCUBA 850 yim-
selected SMGs (S350 um = 5mly), but is consistent with
SPIRE-selected galaxies between 2 < z < 5 from the
spectroscopic survey of Casey et al. (2012b), though the
latter sample has IR luminosities systematically higher by
~0.6 dex on average. The observed Ssoo ;;m/S24 um colors
are in agreement with the dusty SEDs allowed for normal
low-z star-forming galaxies, albeit with a large scatter.

2. We observe a correlation between dust temperature and
infrared luminosity. The median far-IR luminosity is
Ligir = 6.5 x 102L,,, which corresponds to a median
SFR = 1100 M, yr ', with a range of 260-3100 M., yr
(assuming a Salpeter IMF). The median dust temperature
is T;=323+£52 K. In comparison with z <1
Herschel-selected galaxies from Symeonidis et al.
(2013), we find that at a fixed luminosity, our sample
has cooler dust temperatures than that extrapolated from
the Lig—Ty relation at z < 1, which may be attributed to
the more extended gas and dust distribution in the high-z
ULIRGS. The result could also be partially explained by
the selection at 500 um, even at these high redshifts,
which biases toward galaxies with colder dust tempera-
tures for a fixed luminosity.

3. The radio-detected subset of our sample (28/34, exclud-
ing three likely strong AGNs) follows the far-IR /radio
correlation from previous work (Ivison et al. 2010a,
2010b) with a median value of gz = 2.37. The result is
consistent with no evolution of the correlation with
redshift out to z ~ 5.

4. By splitting the sample into two redshift bins (1.9 < z < 3.1
and 3.1 < z < 4.7), we find that the contribution from
our sample to the overall SFRD at z ~ 2.5 is comparable
to 850 um selected SMGs and Herschel /SPIRE-selected
ULIRGs. However, in the higher-redshift bin (z ~ 4), the
SFRD contribution of our sample appears to be a factor
of 5-10 higher than that of SMGs, and is about 40% of
that of UV-selected star-forming galaxies. We caution
that this result may be affected by cosmic variance and
apparent overdensity of z ~ 4 ULIRGs in the GOODS-
North field. Future exploration of the z = 4 ULIRGs
population in larger survey fields and spectroscopic
follow-ups will be crucial to set more robust constraints
on their contribution to the cosmic SFRD.
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APPENDIX A
NOTES ON INDIVIDUAL SOURCES

Here we present detailed notes on individual Herschel
500 ym sources found in the Sso ,u,m/S24 um map. The
candidate counterparts in the higher-resolution bands are
identified with (modified) P-statistics (Section 2.3.2 and
Table 1).

GHS500.1: This is a single 500 pm source (Sso0 ym ~ 15 mJy)
revealed with the S50 um/S24 ;m method. There are two 24 ym
sources within the search radius of 15”, but niether has a
modified P-value less than 0.1. We therefore searched the
Spitzer /IRAC catalog for candidate counterparts and identified
an IRAC source with photometric redshift zpho = 4.24 as the
counterpart based on the P-statistics. The source is weakly
detected in the K, band, but appears relatively bright in the
Spitzer /IRAC bands, strongly suggesting that it is a candidate
high-z dusty star-forming galaxy.

GHS500.2: There is a single unambiguous 24 pm counterpart
with photometric redshift of zphoy = 3.03. There is a faint
1.2 mm source (GN 1200.38, Greve et al. 2008) 3 arcsec away
from the 24 um position. The source is not detected in the radio
or other submm bands.

GHS500.3: There are seven 24 pim sources within the search
radius, but P-statistics suggest that a zgec = 1.6 source is the
likely counterpart to the 500 um source that is detected in the
Ss00 #m/ S>4 um map. The source is also detected in the radio.

GH500.4: There are five 24 um sources within the search
radius, but only two of them, one at zphot = 3.2 and another at
Zphot = 2.81, have a modified P-value less than 0.1. While both
sources are detected in the radio, the one at zpo = 3.2 is also
identified as the counterpart to a 1.1 mm source (AzGN13,
Chapin et al. 2009). The Herschel flux in the official GOODS-
Herschel catalog (Elbaz et al. 2011) was given to a nearby
Zspec = 0.98 source. By fitting its far-IR photometry with a
suite of CEOl templates, we found that there is a significant
excess of SPIRE flux compared to that predicted from the best
template, suggesting that it is likely a wrong association.

GH500.5: There are four 24 yum sources within the search
radius, but only the one at zpho, = 3.2 has a high probability to
be associated with the 500 ym emission. The source is not
detected in the radio 1.4 GHz and other submm bands.

GHS500.6: There is no source in the 24 ym and IRAC 3.6 um
catalog with a modified P-value less than 0.1. Therefore, we
searched for a candidate counterpart in the radio 1.4 GHz
catalog. There are two radio sources within the search radius,
one at Zphor = 1.54 and another at zpho: = 1.33. Since the latter
has a much lower probability (P, 4gn, = 0.056) of being a
chance association, we consider it as the probable counterpart.
This source is also identified as the counterpart to the SCUBA
850 um emission (GNO2, Pope et al. 2006).
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GH500.7: Like GH500.6, there is no source in the 24 pym
and IRAC 3.6 um catalog with a modified P-value less than
0.1. The candidate counterpart is therefore identified from the
radio 1.4 GHz catalog with a photometric redshift zphot = 2.15.
The source is also identified as the counterpart to the SCUBA
source GN 23 by Pope et al. (2006). Nevertheless, we found
that the fit with zppee = 2.15 to the far-IR photometric data is
poor (x? = 12.5) and there is a significant excess of emission
above 250 um compared to the best-fit template. Allowing the
redshift to vary in the fit, we found a much better fit at z = 3.2
(x* = 0.49). Either its photometric redshift was wrong, or it
has extremely cold SED that was not included in the CEOl
libraries. The source is also listed in the SCUBA-2 catalog with
source name CDFN43, and the 1.1 mm catalog (ID AzGN24),
for which the same identification was proposed. Note that the

Herschel flux in the official GOODS-Herschel catalog was
assigned to a nearby z = 1.46 source, which may suggest
severe blending of Herschel flux from multiple counterparts.

GH500.8: There are three 24 ym sources within the search
radius, and two of them have low P-values, with one at
Zphot = 3.56 and another at zynoe = 4.54. Although the latter is
significantly detected at 1.4 GHz, it is further away from the
500 pm source centroid (~10"). Our careful flux decomposition
suggests that the source has little contribution to the 500 pm
emission (~15%). The strong radio emission is likely
associated with an AGN. We therefore considered the
Zphot = 3.56 as the most probable counterpart to the 500 ym
source (Ss500 um = 11 mly).

GH500.9: There are two heavily blended 24 ym sources
within the search radius, one has a spectroscopic redshift of
Zspec = 1.99 and the other has zgpe. = 2.578 (CDFN29, Barger
et al. 2014). The latter has a radio detection and a modified P-
value less than 0.1, thus was chosen as counterpart. Barger
et al. (2014) also identified it as the counterpart to the 850 pm
emission (CDFN29, also known as GN04). Since the blending
is an issue, there may be a large uncertainty in the 500 pym flux.

GH500.10: There are five 24 ym sources in the search
radius, but only two of them have a modified P-value less than
0.1. While both sources are also detected in the radio, neither is
detected in the other submm bands.

GH500.11: Like GH500.9, there are two heavily blended
24 pm sources within the search radius, one has a redshift of
Zphot = 1.99 and the other has zjpo = 1.61. The latter has a
modified P-value less than 0.1, thus was chosen as the
counterpart.

GH500.12: There are five 24 um sources within the search
radius, but only one of them has a modified P-value less than
0.1, with a spectroscopic redshift of zgec = 2.0. The source is
also identified as the counterpart to the SCUBA-2 850 um
emission based on its strong radio emission (CDFN14, Barger
et al. 2014). The source is also known as a submm source
850-9 (Barger et al. 2012) or GN 19 (Pope et al. 2006).

GH500.13: There are five 24 um sources within the search
radius, but only two of them are identified as candidate
counterparts based on the P-statistics, with one at zgpec = 1.99
and another at zpho = 2.32. Both sources are also detected in
the radio, but separated by only 2”7, with the latter (CDFN34,
Barger et al. 2014) being four times brighter than the former.
While the two sources cannot be resolved by SCUBA (GN7,
Pope et al. 2006), Barger et al. presented higher-resolution
SMA measurements, separating it into two distinct sources,
each with an 860 um flux of ~3.5 mJy. As it is impossible to
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deconvolve the Herschel flux, we report the total flux of
the two.

GH500.14: Like GHS500.13, there are five 24 ym sources
within the search radius, but only two of them are considered as
candidate counterparts. Both sources are detected in the radio,
with one being four times brighter than the other. The brighter
radio source has a spectroscopic redshift of 2.47, while the
fainter one has a photometric redshift of z = 4.63. Barger et al.
(2014) measured the SCUBA-2 850 ym flux of 5.2 £+ 0.7 mJy
for the fainter radio source (CDFN21, also known as GN9).
Because of their close separation (<10”), the SPIRE flux
density from the Herschel catalog is given to the Zgpec = 2.46,
brighter 24 pym counterpart.

GH500.15: This source is a 24 um dropout galaxy, but
detected in the AZTEC 1.1 mm Survey of the GOODS-N field
(AzGNOG6, Perera et al. 2008). It is also listed in the SCUBA-2
sample of 850 yzm sources (Name: CDFNS, Sgs0 ym = 9.09 mly,
Barger et al. 2014). This galaxy is not detected in the K or bluer
bands, but is detected in all four Spirzer/IRAC bands, suggesting
it is a possible candidate at z > 4. Using the 1.4 GHz to 850 m
flux ratio, Barger et al. estimated that the source has a millimetric
photometric redshift of 3.7. By fitting its far-IR to radio
photometry with a suite of CEO1 templates, we found a best-fit
redshift of z = 4.4 for the source.

GH500.16: This object has a single and clear radio
counterpart, and is also detected with SCUBA-2 at 850 ym
(Source ID: CDFN39).

GHS500.17: There is single 24 um source at Zgpe. = 1.22
within the search radius, but the probability of this source being
a chance alignment with the 500 yum emission is high. We
therefore searched for candidate counterparts in the IRAC
3.6 um catalog, and found a counterpart at zphoy = 4.31 based
on the P-statistics. By fitting the far-IR photometry with a
range of CEOl templates, we found that the fit with
Zypee = 1.22 is very poor (x> = 192), andthe predicted flux
based on the best-fitted SED suggests that the source
contributes no more than 10% to the measured 500 pm
emission. Therefore, the 24 ym dropout, at a redshift of
Zyphot = 4.31, is likely to be the dominant 500 ym emitter.

GHS500.18: This object is part of the Pope et al. (2006)
catalog (GN10) and Perera et al. (2008) catalog (AzGN3).
Similar to GN20, Daddi et al. (2009a) have identified that it has
a spectroscopic redshift of 4.042 from a CO emission line. The
source is also listed in the Greve et al. (2008) 1.2 mm catalog
and SCUBA-2 catalog. We note that the SPIRE flux densities
in the catalog are assigned to a nearby, brighter 24 um source at
Zspee = 1.45. By fitting the far-IR photometry with a range of
CEO1 templates, we find that the predicted 500 yum emission
for the z = 1.45 source is less than 20% of that reported in the
catalog, suggesting an incorrect association, and that most of
the 500 pm flux should be associated with GN10.

GHS500.19: There are three 24 ;im sources within the search
radius, but only one at zpho = 3.41 was identified as a
candidate counterpart based on the P-statistics. It is detected
in the AzTEC 1.1 mm imaging by Perera et al. 2008 (source
ID: AzGN28), but not in the SCUBA map. New SCUBA-2
imaging reveals that the source has an 850 um flux of
5.66 + 0.97mly (ID: CDFNI19, Barger et al. 2014). The
SPIRE fluxes in the catalog of Elbaz et al. (2011) were mis-
associated with a zge. = 0.27 galaxy, which is ~10” away
from the zppoe = 3.41 source.
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GH500.20: Like GH500.9, there are four heavily blended
24 pym sources within the search radius. Only one source at
Zphot = 2.67 was identified as the candidate counterpart based
on the P-statistics. This sources is also known as GN 12 in the
Pope et al. (2006) catalog and CDFN20 in the Barger et al.
(2014) catalog. Chapin et al. (2009) identified this source as the
counterpart to the 1.1 mm emission (AZTEC 8), though it is ~7
arcsec away from the 1.1 mm source centroid.

GH500.21: There are four 24 ym sources within the search
radius, two of which are detected in the radio. However, only
one object at zpnoe = 2.13 was chosen as a candidate counter-
part based on the modified P-statistics computed from the
24 pm catalog. This source is also identified as the counterpart
to the 850 um emission (CDFN44 and GN16, Barger
et al. 2014).

GH500.22: Like GH500.21, there are five 24 um sources
within the search radius, but only one (zphet = 2.01) is a
probable counterpart to the 500 um emission. This source is
also detected in the radio and at 850 ym (CDFN22 and GN17,
Barger et al. 2014).

GH500.23: Among three 24 ym sources, the one at
Zphot = 3.0 is identified as a candidate counterpart. There is
another IRAC 3.6 um source (zZphot = 3.9) separated by only
~4"  which possibly contributes to the 500 um emission,
although it is not detected in the 24 ym and radio maps.

GH500.24: There are two heavily blended 24 pym sources
within the search radius. Though both are detected in the radio
map, neither has a modified P-value less than 0.1 based on the
24 ym and IRAC 3.6 um catalog. We chose the brighter radio
source (Zgpec = 0.8) as the candidate counterpart.

GHS500.25: This source has a single and unambiguous
24 pm/radio identification, which is also associated with the
SCUBA 850 pm emission (GN18, Pope et al. 2006).

GHS500.26: This 500 pm source appears to have two 24 um/
radio counterparts to the 500 pm flux. Nevertheless, both
objects are confirmed to have a spectroscopic redshift of 2.484
(Pope et al. 2006), thus the 500 ym emission comes from two
interacting galaxies at the same redshift. While Barger et al.
(2014) identified a single counterpart to the 850 ym emission
(CDFN14), Pope et al. (2006) reported two radio identifications
to the SCUBA 850 pm emission (GN19).

GHS500.27: There are four 24 pm identifications to the 500
pm emission, three of them are also known as GN20, GN20a
and GN20b. They are associated with a z = 4.05 protocluster
in the GOODS-North field (Daddi et al. 2009b), and have
spectroscopic redshifts of 4.055 based on CO lines. They are
among the brightest submm sources detected with SCUBA.
There is another IRAC 3.6 yum source at a lower redshift
(Zspec = 1.63) likely contributing to the 500 pm emission,
though the probability of random association is relatively high
for the 24 ym catalog (P5; ,,,, = 0.187).

GH500.28: This object is a significant SCUBA source, GN
39, described in Wall et al. (2008), and has two radio
counterparts, both confirmed to lie at the same redshift
(z; = 1.996 and z, = 1.992, Barger et al. 2008). As the two
sources are separated by only ~6”, it is impossible to
deconvolve the SPIRE fluxes, and we report the total flux of
the two from the Herschel catalog.

GHS500.29: There are two spectroscopically confirmed
24 ym sources identified as candidate counterparts (one at
z = 3.2 and the other at z = 2.91). The z = 2.91 source has a
radio detection (hence the counterpart identification is secure),
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and is associated with a submm source at 850 um (CDFN27,
Barger et al. 2014) and 1.2mm (GN1200.29, Greve
et al. 2008). The z = 3.2 source is, however, not detected in
these (sub)mm bands, but shows a tentative detection in the
radio. Deeper radio imaging will help to confirm the
counterpart.

GH500.30: The source has a robust identification in the
24 ym and radio catalogs, with a photometric redshift of
Zphot = 4.15. Note that the source is very bright in the radio
(S14cH, = 626 pJy) with a strong radio excess (g < 1.5),
suggesting a significant contribution from an AGN. The source
was reported as an additional 850 ym source from the Pope
et al. (2006) sample with Sgso ,m = 8.8 mJy (Wall et al. 2008),
and was also detected at 1.1 mm (ID AzGN26, Perera et al.
2008), and 1.2 mm (GN 1200.6, Greve et al. 2008). However, it
was later reported in the SCUBA-2 catalog with an 850 pm flux
of 4.5 mJy (Name CDFN28, Barger et al. 2014).

GHS500.31: A robust and clean zphot = 4.3 galaxy identified
with a 24 ym/radio counterpart, which is, however, not
detected in any submm bands. Although the P-statistics for
the IRAC 3.6 um catalog revealed another candidate counter-
part at Zynoe = 4.6, the galaxy is not detected in the radio and is
far from the 500 pm source centroid, thus its contribution to the
500 pm emission is marginal.

GH500.32: There are seven heavily blended 24 ym sources
within the search radius, but only one at zph,: = 3.3 was
identified as a candidate counterpart based on the P-statistics.
The source is not detected in the radio and other submm bands.

GH500.33: The source has a robust and unambiguous
counterpart identification the 24 ym/radio. The galaxy does not
appear in the Pope et al. (2006) catalog (it is at the edge of
SCUBA coverage where the sensitivity is low). Barger et al.
(2014) reported the significant SCUBA-2 850 pm detection of
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Figure 20. Cutout images of Herschel 500 yim counterparts, from left to right: MIPS 24 pum, Herschel 500 pm, the Ssoo ;um/S24 ,m map, and the VLA 1.4 GHz. All
images are 60 arcsec on a side and the black dashed circle indicates the search radius of 15”. The smaller white squares are secure counterparts, while the dashed

squares represent tentative identifications (Table 1).

this source (ID: CDFN4) at z,po = 2.41, with flux of ~12 mly,
making it one of the brightest submm sources (>10 mJy) in
their catalog. This source also appears in the 1.1 mm catalog of
Perera et al. (2008), known as AzGNOS5.

GH500.34: The galaxy has a robust identification in the
radio and 24 ym with a spectroscopic redshift z = 3.19. It is
also detected at 850 um, as GN37 in the Pope et al. (2006)
catalog, and at 1.1 mm (ID AzGNO, Perera et al. 2008). Like
GH500.31, the P-statistics for the IRAC 3.6 um catalog
revealed another candidate at zp,o = 4.3, but it is not detected

23

in the radio. We chose the z = 3.19 source detected in both
24 pm and radio as the candidate counterpart.

GH500.35: There are three 24 ym sources identified as
candidate counterparts based on the P-statistics, but none of
them has a radio or submm detection. They are estimated to
have photometric redshifts of 2.4, 2.2, and 1.98, and may
contribute equally to the SPIRE flux. Therefore, we are unable
to obtain a unique and secure identification. However, by
inspecting the radio image (Morrison et al. 2010), we find a
tentative radio detection at the position of source at z = 2.4. As



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 222:4 (29pp), 2016 January

SHU ET AL.

Figure 20. (Continued.)

this source is closest to the peak of the S50 um/ S>4 um Map, we
consider it as the tentative counterpart of the 500 yum source.
Using deeper VLA interferometry, or mm interferometric
follow-up, it will be possible to further localize the 500 yum
emission.

GH500.36: The source is near the edge of the GOODS-N
region and has a photometric redshift of z = 0.6. However,
similar to GH500.7, the best fit with a suite of CEO1 library
templates underestimates the SPIRE 350 and 500 ym flux
significantly. Although allowing the redshift to vary yields a

24

better fit (sz > 10) at a redshift of 2.6, it is possible that the
source has an unusual IR SED, which is much colder than any
CEO1 templates.

APPENDIX B
NOTES ON HERSCHEL FLUX MEASUREMENTS

The Herschel flux measurements for the z 2 2 Ss00 um/
So4 um-selected ULIRGs are mainly from the photometry
catalog of Elbaz et al. (2011). However, as described in
Section 4.1, around 30% of our sources (including three 24 ym



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 222:4 (29pp), 2016 January

SHU ET AL.

,‘05 T T T T T T 105 T T T T T T 105 T T T T T T
H 2 H500.2 H500.4
104k GH500 $,$w\ Tdust = 27.8 K ] 10tk © Tdust = 31.5 K ] 10tk © < e, Tdust = 30.6 K ]
-, 2 . 2 = N 2
. x* = 1.03 % x? = 1.50 ; % x2 = 4.70
__ 10°F S Lr=6.04x10"L_d _ 10%} . Le=3.47x10"L,4 _ 10°F kN Le=5.41%x10"2L_,4
i , i "N Zpnot=4.24 é: , | Zppa=3.03 _3_ 2 % Zgnet=3.20
2 102k . 4 = 10%p ; \ 3 2 10°F E
| ; 3 Y .
%3 10k i 1 o 10k i > 1 o 10k i . F ]
: / \,\_, i \\'
10°F ! \ F 10%F | | ; 10°F ! F
. 180 . 185 . 165
£ oob 1 2 1o e G I S ]
SRR SRR . < 5590
“ 0.1 “ 0.1 © 0.1
10° 10" 102 10® 10* 10° 10° 10° 10" 102 10® 10* 10° 10° 10° 10" 102 10® 10* 10° 10°
Wavelength (um) Wavelength (um) Wavelength (um)
105 T T T T T T 105 T T T T T T 105 T T T T T T
GH500.4b GH500.5 GH500.7
10k s Tdust = 34.5 K ] 10tk . Tdust = 28.3 K ] 1otk Tdust = 23.8 K ]
Gmooh xXP =127 Fms x? = 0.56 x? = 12.5
__ 10%F /! % Le=6.52x10"2L,d _ 10°F W Le=3.30x10"2L_4d _ 10%kF Leg=1.51x10"2L_4
= L N Zphot=2-80 = ; '-\_\ Zphot=3.21 = ; . Zphot=2-15
= 10%F P N ) 4 2 10%f ; N i 3 10%F ; \ p
m= i ! R - (/); B ! m; i ‘\ &
10"k B ‘s -.‘\v_ e ] 10'F ST / Y 1 10'E ! R ]
i . B i T i .s;
10°F | . 1 10°F ! ! R 1 10°F ' 4
F i \ B i N . \
. 180 . 165 . 165
g ) g g °
A 1.0k 0o > 4 %) 1.0F < o = %) 1.0F 5 E
Y ° 5 5 >
“oon “vooon “oo0on
10° 10" 102 10® 10* 10° 10° 10° 10" 102 10® 10* 10° 10° 10° 10" 102 10® 10* 10° 10°
Wavelength (um) Wavelength (um) Wavelength (um)
105 T T T T T T 105 T T T T T T 105 T T T T T T
GH500.8 GH500.9 e GH500.10
10k Tdust = 35.2 K ] 10tk %, Tdust = 37.7 K ] 1otk o Tdust = 40.9 K ]
@ X = 3.17 ¥oo% x*=518 X* = 17.6
__ 10%F o Le=6.09x10"%L,d _ 10°F . Le=8.43x10"L,4 __ 10°F . Lr=8.98x10"L,,4
= . Zpnot=3.56 = i % Zgpec=2.57 = \ Zpnot=4.09
S 10%F 1 32 10%F i B 4+ 2 10°F K 4
o W o ST i A @ i @
10"k k 4 10"k i \ 3 10" F / « <
i H \ \
10°F | i 1 10°F \ 1 10°F ! 4
-1 : ! -1 " -1 !
3 180 ’ 3 180 3 180
o 1.0k R {1 v 1.0k 5 4 © 1.0F o0 :
3 5 ‘ 3
© 0.1 “ 0.1 © 0.1
10° 10" 10?2 10® 10* 10° 10° 10° 10" 102 10® 10* 10° 10° 10° 10" 102 10® 10* 10° 10°
Wavelength (um) Wavelength (um) Wavelength (um)
105 T T T T T T 105 T T = T T T T 105 T T T T T T
GH500. 10k, GH500. 12 GH500.13 o
104k o Tdust = 33.8 K | 104k #®  Tdust = 29.7 K | 104k % Tdust = 31.0 K ]
! Xt = 4.84 = . x* = 196. s w x* =135
10’k ' Le=8.50x10"L,d _ 10° / ‘T’ Le=4.70x10"L,d _ 10°} Y Le=3.57x10"2L,,4
%1‘ R . i % Zpnot=3-07 i\ ) ! "\ Zspec=2-00 i ) % Zepee=1.99
S 10%F T [ | 4 & 10%F . 4 & 10%F ) E
o i \y i I i ‘ L o B 3 ey E-)
10"k § i 3 3 10"k ! N , 10" kS ! e E
10%F C \ 4 100k ! " ] 10°F “ . ]
-1 ! \ -1 ! \ 1 Fi ! \
3 180 3 180 ‘ 3 180 ‘
g g © ¢ :
Q 10 o 1 ¢ 10F SR 1 ¢ 'of O s ae 4
© 0.1 “ 0.1 © 0.1
10° 10" 10?2 10® 10* 10° 10° 10° 10" 10% 10® 10* 10° 10° 10° 10" 10% 10® 10* 10° 10°

Wavelength (um)

Wavelength (um)

Wavelength (um)

Figure 21. Spectral energy distribution of our Ssog ;um/S24 m-identified z > 2 Herschel sources (open circles). Dotted lines represent the best-fit SED template to the
photometry. The modified blackbody emission which is used to fit the far-IR-to-submm data is shown by the red dashed line.

dropouts) have no measured 500 ym fluxes in the catalog. For
these objects, Herschel /SPIRE flux densities are derived from
PSF-fitting with GALFIT (Peng et al. 2002), using 24 ym prior
positions. We used a very similar source extraction and
photometry method to the one described in Elbaz et al. (2011),
but fitted a stamp image of size 1.5 x 1.5 arcmin” centered on
the source of interest for each of SPIRE bands. In brief, our
fittings were performed using an “iterative” approach. We fit
simultaneously all 24 ym priors above the 5o limit within each
of the 250, 350, and 500 pum stamps, but those with derived

25

Herschel fluxes much smaller than the associated flux errors
were removed from the prior list. The simultaneous fitting
was then repeated using the refined list of 24 ym priors until
no such low-signal-to-noise objects were left. Note that our
restriction of the 24 ym priors to the 5o limit would bias
against some fainter 24 um sources, especially those at high
redshift contributing to the SPIRE emission. We therefore
visually checked the residual image to check for residuals at
the positions of 24 ym sources which were excluded from
the original input list. If these were found, those objects
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Figure 21. (Continued.)

were added back into the prior list and the fit was re-
iterated. The flux density for each object was then found
from the best fit (x2/dof < 2). To assess the reliability of
our SPIRE photometry, we performed similar GALFIT
fitting to all z 2 2 Herschel 500 um sources identified in
this paper and compared the results to the catalog of Elbaz
et al. (2011), as shown Figure 19. Our measurements are in
good agreement with the catalog used in Elbaz et al. (2011),
except for high-redshift sources whose SPIRE photometry
may be significantly under-estimated in the catalog due to
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their fluxes being assigned to neighbors with brighter 24 ym
emission.

APPENDIX C
MULTIWAVELENGTH IMAGES OF HIGH-REDSHIFT
HERSCHEL SOURCES

In Figure 20, we show the cutout images for 35 z = 2
ULIRGS considered in our analysis, from left to right, MIPS
24 pm, herschel 500 pm, the S5 um/ 824 um map, and VLA 1.4
GHz. We mark the positions of secure counterparts as solid
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Figure 21. (Continued.)
white squares, and of tentative identifications as dashed in Section 2.3. Note that four 500 ym sources have more than
squares. Our procedure for counterpart identification is outlined one secure 24 ym counterpart.
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Figure 22. Left: cumulative distribution of P-values for all counterparts within the search area for our cataloged sources. The solid line shows the distribution for
24 pm counterparts, while the dotted and dashed line is for the counterparts at the IRAC 3.6 um and radio, respectively. Right: comparison between the P-values
calculated using the predicted Sso m starting from the 24 ym flux and that starting from the stellar masses (Schreiber et al. 2015). Gray dashed line is the one to one

relation.

APPENDIX D
INFRARED-TO-RADIO SEDS OF HIGH-REDSHIFT
HERSCHEL SOURCES

In Figure 21, we present the measured IR-to-radio photo-
metry and best-fitting SED for each of the 500 ym sources
presented in Table 2. We find that the majority of our 500 ym
sources are well represented by the best-fit SED templates, and
only seven ULIRGs display evidence of a radio excess above
the best-fit SED.

APPENDIX E
COMPARISON BETWEEN MIPS AND IRAC
IDENTIFICATIONS

In Figure 22 (left), we plot the cumulative distribution of
modified P-values for all 24 ym sources within the search
radius (solid line), and that for the IRAC 3.6 um counterparts
(dotted line). The later were calculated using the main-
sequence relation and a mass dependent dust extinction to
predict the 500 ym flux from their stellar masses (see the text
for details), in order to taking into account alternative
counterparts for a few sources with no 24 um counterpart
satisfying P < 0.1. Using only the 24 ym image for counter-
part identifications, we find 27 out of 36 sources detected in the
ratio map having counterparts with P < 0.1. A P-value cut at
0.1 corresponds to only 30% of the cumulative distribution of
P-values for the 24 yum catalog, and 7% for the IRAC catalog.
In comparison to the distribution of the traditional P-values for
the radio catalog (dashed line), it demonstrates that our
approach using 24 pm data can be useful for identifying secure
500 pm counterparts in the absence of the radio data, by
effectively reducing the number of foreground sources falling
into the search area by chance. Note that P-statistics for the
IRAC catalog that has a high source surface density (79/
arcmin?) is in agreement with the calculation starting with the
24 ym counterparts (Figure 22, right), albeit with a large
scatter.

Several studies have shown that high-redshift submm-
selected galaxies can be identified through their IR colors as
measured by IRAC (e.g., Pope et al. 2006; Yun et al. 2008). By
comparing with theoretical color tracks of dusty starbursts, Yun
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Figure 23. 3.6 and 5.8 ym color-flux diagram for IRAC sources falling into the
search area. The secure radio and MIPS-identified counterparts are shown with
red circles. The dotted line shows the region to select SMGs defined by Biggs
et al. (2011).

N
«

et al. (2008) proposed a dust-obscured young stellar population
as the origin of the red IRAC color. In Figure 23, we show the
3.6- and 5.8-um color-flux diagram for all IRAC sources within
the search radius (gray dots), with secure counterparts
identified with P-statistics highlighted in red circles (Table 2).
It is apparent that candidate high-z 500 ym sources in the
GOODS-North are typically redder than the field population.
Within the region that was defined to select SMG counterparts
(dotted line, Biggs et al. 2011), we recover 91% of the
cataloged sources in Table 2, further supporting the reliability
of our counterpart identifications.
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