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ABSTRACT

Using the IRAM NOrthern Extended Millimeter Array (NOEMA), we conducted a program to measure redshifts for 13 bright galaxies
detected in the Herschel Astrophysical Large Area Survey with S500,m > 80mly. We report reliable spectroscopic redshifts for 12
individual sources, which are derived from scans of the 3 and 2 mm bands, covering up to 31 GHz in each band, and are based on
the detection of at least two emission lines. The spectroscopic redshifts are in the range 2.08 < z < 4.05 with a median value of
z = 2.9 + 0.6. The sources are unresolved or barely resolved on scales of 10kpc. In one field, two galaxies with different redshifts
were detected. In two cases the sources are found to be binary galaxies with projected distances of ~140kpc. The linewidths of the
sources are large, with a mean value for the full width at half maximum of 700 + 300 km s~! and a median of 800 kms~'. We analyze
the nature of the sources with currently available ancillary data to determine if they are lensed or hyper-luminous (Lgg > 10" L)
galaxies. We also present a reanalysis of the spectral energy distributions including the continuum flux densities measured at 3 and
2 mm to derive the overall properties of the sources. Future prospects based on these efficient measurements of redshifts of high-z
galaxies using NOEMA are outlined, including a comprehensive survey of all the brightest Herschel galaxies.
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* The reduced datacubes and the extracted spectra are only available at the CDS via anonymous ftp to cdsarc.u-strasbg. fr (130.79.
128.5) or via http://cdsarc.u-strasbg. fr/viz-bin/cat/J/A+A/635/A7
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1. Introduction

Some of the most vigorous star formation activity occurred in
submillimeter galaxies (SMGs) and other populations of dusty
star-forming galaxies (DSFGs) in the early universe (see, e.g.,
reviews in Blain et al. 2002; Casey et al. 2014), whose rest-frame
8—1000 um luminosities (Lir) exceed a few 10'% L,. Their exact
nature is still debated (e.g., Narayanan et al. 2015), although many
of them are probably mergers (e.g., Tacconi et al. 2008). Com-
pared to local ultra-luminous infrared galaxies, SMGs are more
luminous and several orders of magnitude more numerous. With a
median redshift of z ~ 2.5 (e.g., Danielson et al. 2017), SMGs are
most commonly found around the z ~ 2—3 peak of the cosmic star
formation rate density (Madau & Dickinson 2014), and therefore
play a critical role in the history of cosmic star formation as the
locus of the physical processes driving the most extreme phases
of galaxy formation and evolution.

The SPIRE instrument (Griffin et al. 2010) on the Herschel
Space Observatory (Pilbratt et al. 2010) has increased the
number of known SMGs from hundreds to hundreds of thou-
sands through the Herschel Astrophysical Terahertz Large Area
Survey (H-ATLAS; Eales et al. 2010), covering an area of
616 deg?; the Herschel Multi-tiered Extragalactic Survey (Her-
MES; Oliver et al. 2012), covering an area of 430 deg?; and the
Herschel Stripe 82 Survey (HerS; Viero et al. 2014) covering
an area of 81deg®. As shown by Negrello et al. (2010), the
surface density of unlensed sources tends to zero around flux
densities 500 ,m ~ 100 mJy, and most objects that are detectable
above this threshold are gravitationally magnified by foreground
galaxies. The South Pole Telescope (SPT) cosmological survey,
covering an area of 2500 deg?, also revealed a significant pop-
ulation of strongly gravitationally lensed, high-redshift DSFGs
(Vieira et al. 2010; Spilker et al. 2016). These and other large-
area surveys, like the all-sky Planck-HFI, have therefore enabled
the detection of numerous DSFGs that are among the brightest
in the sky, including large fractions of the rare high-redshift
strongly lensed systems (Negrello et al. 2010, 2017; Wardlow
et al. 2013; Bussmann et al. 2013, 2015; Planck Collaboration
Int. XXVII 2015; Spilker et al. 2016; Nayyeri et al. 2016; Bakx
et al. 2018) and hyper-luminous infrared galaxies (HyLIRGs)
with Lgr > 103 L, (see, e.g., Ivison et al. 2013; Fu et al. 2013;
Oteo et al. 2016; Riechers et al. 2017).

Exploiting this richness of data presents us with a tremen-
dous task. In particular, precise spectroscopic measurements of
the redshifts of individual sources are essential to derive their
nature and physical properties, and to reveal their clustering char-
acteristics, while photometric redshifts are only indicative of a
redshift range (Casey et al. 2012; Ivison et al. 2016). Conven-
tional optical and near-infrared spectroscopy using large ground-
based telescopes is possible for sources with precise positions
available through their faint radio emission, but misses the dusti-
est bright objects and most of the highest redshift (z > 3)
sources, which lack radio counterparts (Chapman et al. 2005).
Moreover, in the case of sources that are gravitationally ampli-
fied, the optical spectra detect, in most cases, the foreground
lensing galaxies rather than the lensed objects. (Sub)millimeter
spectroscopy typically searches for CO emission lines, which are
unhindered by dust extinction and can be related unambiguously
to the (sub)millimeter source. It therefore offers a far better alter-
native to the imprecise photometric method for deriving secure
values for the redshifts.

The spectroscopic method has only recently become com-
petitive with the increased bandwidths of the receivers operat-
ing at millimeter and submillimeter facilities. Its power to reli-
ably measure redshifts was first demonstrated in the case of a few
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SMGs detected by the Submillimetre Common-User Bolometer
Array (SCUBA) in the continuum (Smail et al. 1997; Hughes
et al. 1998). Their redshifts could only be determined more than
a decade later, after various unsuccessful attempts, using the new
broadband receivers that became available at the IRAM 30 m tele-
scope (e.g., SMMJ14009+0252: Weil et al. 2009) at the Plateau
de Bure interferometer (e.g., HDF.850.1: Walter et al. 2012) and
at the Green Bank Telescope (GBT) for various SMGs (e.g.,
Swinbank et al. 2010; Harris et al. 2010). Subsequent broadband
observations with the Zpectrometer on the GBT (Harris et al.
2012), with Z-Spec on the Caltech Submillimeter Observatory
(Lupu et al. 2012), with the Combined Array for Research
in Millimeter-wave Astronomy (CARMA; Riechers 2011), and
recently with EMIR at the IRAM 30 m telescope and VEGAS at
the Green Bank Telescope (GBT; Bakx et al., in prep.) enabled the
measurement of tens of redshifts for very bright sources selected
from the Herschel wide surveys.

Using the Atacama Large Millimeter Array (ALMA), Weif3
et al. (2013) presented the first redshift survey for 23 strongly
lensed DSFGs selected from the SPT survey. This work was fol-
lowed by further ALMA observations yielding reliable measure-
ments for redshifts of an additional 15 DSFGs from the SPT
sample (Strandet et al. 2016). We note that the SPT-selected
galaxies are at significantly higher redshifts (a median of z ~ 3.9)
than the Herschel-selected galaxies (mostly 2 < z < 3 for the
sources peaking in the 350 um band), due to the difference in the
frequency bands used in these surveys (see Sect. 4.1). In paral-
lel, a number of bright Herschel sources were observed by our
team, with IRAM and other facilities including ALMA, yield-
ing secure redshifts for about 50 sources (see references in Bakx
et al. 2018; Nayyeri et al. 2016; Bussmann et al. 2013).

The new NOEMA correlator, with its ability to process a
total instantaneous bandwidth of 31 GHz in two frequency set-
tings, alleviates one of the main problems related to the mea-
surement of redshifts of dust-obscured galaxies, namely the large
overheads that are currently required in spectral-scan mode. We
present here the results of a Pilot Program, whose aim was mea-
suring redshifts for 13 bright SMGs (with Sspoum > 80mly)
selected from the H-ATLAS survey by performing 3 and 2 mm
spectral scans. For 85% of these H-ATLAS sources we obtain
reliable redshifts based on the detection of CO emission lines
at both 3 and 2 mm, demonstrating that NOEMA is able to effi-
ciently measure redshifts of bright SMGs by scanning the 3 and
2mm bands. This Pilot Program lays the ground work for a
larger ongoing NOEMA program (z-GAL) that will derive spec-
troscopic redshifts for all the northern and equatorial bright z > 2
galaxies selected from the Herschel surveys (H-ATLAS, Her-
MES, and HerS) for which no reliable redshifts measurements
are available.

The structure of the paper is as follows. In Sect. 2 we
describe the sample selection, the observations, and the data
reduction. In Sect. 3 we present the main results including the
redshift determination, the spectral properties of the sources and
their nature, and the properties of the continuum emission. In
Sect. 4 we compare the spectroscopic and photometric redshifts,
reassess the spectral energy distributions of the targets taking
into account the continuum flux densities at 3 and 2 mm, derive
dust temperatures and infrared luminosities, discuss the widths
of the CO emission lines, present the general properties of the
sources (including CO luminosities and gas masses), and discuss
the nature of each source, categorizing the lensed and hyper-
luminous galaxies. Finally, in Sect. 5 we summarize the main
conclusions and outline future prospects.
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Table 1. Sample.

Source name Zphot Herschel flux density SCUBA-2 flux density
HerBS H-ATLAS S 250 um S350 um S 500 um S 850 um
(mly) (mJy)
HerBS-34 J133413.8+260458 2.35 136.1+54 161.0+5.5 126.5+6.8 34057
HerBS-43 J132419.0+320752 3.08 84.4+49 116.0+£5.2 1154+6.3 37.0«5.1
HerBS-44 J133255.8+342208 1.83 164.3+5.8 186.8 +5.8 1149+7.2 253+4.5
HerBS-54 J131540.6+262322 2.95 94.0+5.7 116.1 +6.1 108.6 +7.1 44.7+4.6
HerBS-58 J130333.1+244643 2.53 99.0+5.5 111.5+59 104.5+7.1 30.5+£5.0
HerBS-70 J130140.2+292918 2.08 119.6 +5.8 136.8 +5.8 100.0+7.1 219+5.5
HerBS-79 J131434.1+335219 2.36 103.4+5.6 115.3+6.0 979+17.3 28.5+5.0
HerBS-89 J131611.5+281219 3.53 71.8+5.7 103.4+5.7 95.7+7.0 52.8+4.3
HerBS-95 J134342.5+263919 3.20 61.9+5.7 101.3+5.7 94.7+7.6 27.4+6.2
HerBS-113 J131211.5+323837 2.77 80.7+5.9 103.4+6.0 92.0+7.0 32.0£52
HerBS-154  J132258.2+325050 2.63 79.1+5.6 87.9+59 85.6+7.2 28.8+4.2
HerBS-173 J131804.7+325016 2.38 73.3+5.6 92.7+6.0 83.3+7.2 18.8+4.3
HerBS-204  J132909.5+300957 3.61 579+5.5 95.3+6.1 80.1+7.1 40.0+6.6

Notes. The source names and Herschel flux densities are from Bakx et al. (2018). The SCUBA-2 flux densities and photometric redshifts (zpho)
have been updated from that paper based on a revision of the SCUBA-2 flux densities (see text); further details are provided in Bakx et al.

(in prep.).

Throughout this paper we adopt a spatially flat ACDM cos-
mology with Hy = 67.4kms™! Mpc™! and Qy = 0.315 (Planck
Collaboration VI 2018).

2. Sample selection and observations

2.1. Sample selection

The 13 sources of the Pilot Program were selected from the Her-
schel Bright Sources (HerBS) sample, which contains the 209
galaxies detected in the H-ATLAS survey with S 509 ,,m > 80 mJy
and photometric redshifts zpnoe > 2 (Bakx et al. 2018). Most of
these galaxies have been observed at 850 um using SCUBA-2, and
only 22 sources have spectroscopic redshifts (see references in
Bakx et al. 2018). We note that the SCUBA-2 flux densities orig-
inally reported in Bakx et al. (2018) have recently been revised
using the method described in Ivison et al. (2016) and Duivenvo-
orden et al. (2018), together with the estimated photometric red-
shifts, as explained in an Erratum to that paper (Bakx et al., in
prep.). The SCUBA-2 flux densities and the photometric redshifts
Zphot listed in Table 1 are the revised values.

The selected galaxies are located in the largest wide field
observed by Herschel in the northern sky, in the vicinity of the
North Galactic Pole (NGP). Measuring 15 x 10deg? and cen-
tered on [RA = 13", Dec =29 deg], the declination of the NGP
field is optimal for NOEMA observations, and its size allowed
us to group sources during the observations, minimizing per-
source overheads (see Sect. 2.2). The NGP field contains 49
high-z sources with S 500 ,m > 80 mJy; from this list, we extracted
13 sources for which no spectroscopic redshift measurements
were available. Six have S 500,m > 100 mJy, completing the red-
shift determination for sources with Ss500,m > 100mly (in the
NGP field) at zphot > 2. The selected galaxies are therefore
in the range 2 < zZpnoe < 3, with flux densities in the range
80mly < S500m < 130mly (Table 1) and apparent far-infrared
luminosities in excess of 10'3 Ly, (see Sect. 3 and Table 6).

2.2. Observations

We used NOEMA to observe the 13 selected bright SMGs (see
Table 1) in the NGP field and derive their redshifts by scanning

the 3 and 2 mm bands to search for at least two emission lines.
The observations were carried out under projects W17DM and
S18CR (PI: A.Omont) in the 3 mm band with nine antennas,
between April 18 and 24, 2018, and on August 6 and 7, 2019,
and in the 2 mm band with eight and nine antennas, between
May 24 and October 23, 2018. Observing conditions were on
average excellent with an atmospheric phase stability of typi-
cally 10—-40deg rms and 2—5 mm of precipitable water vapor.
The correlator was operated in the low-resolution mode to pro-
vide spectral channels with a nominal resolution of 2 MHz. The
observation log is presented in Table 2.

The NOEMA antennas are equipped with 2SB receivers
that cover a spectral window of 7.744 GHz in each sideband
and polarization. Since the two sidebands are separated by
7.744 GHz, two frequency settings are necessary to span a con-
tiguous spectral window of 31 GHz. At 3 mm, we adjusted the
spectral survey to cover a frequency range from 84.385 to
115.361 GHz (Table 1). At 2mm, we then selected two fre-
quency windows that covered as well as possible the candidate
redshifts allowed by the emission lines detected at 3 mm (see
Table 2). The wide spectral coverage of the NOEMA correlator
ensures that a scan of both the 3 and 2 mm spectral windows
can detect for every z < 4 source at least one CO emission
line, between '>CO (3-2) and '>CO (6-5), in each band, with the
exception of a few redshift gaps. The gaps most relevant to the
present observations are at 3mm for 1.733 < z < 1.997, and
at 2mm for 1.668 < z < 1.835. (Fig. 1). The redshift range
1.733 < z < 1.835 was not covered by any of the 3 and 2 mm set-
tings. The spectral coverage of these observations also includes
the [CI] CP,—>Py) fine-structure line (492 GHz rest-frame) and,
for sources at z > 3.65, the water para-H,O (2,,-2;) tran-
sition (752 GHz rest-frame), both of which were detected in
the sources selected for this study (see Sect. 3.1 and Table 4).
Based on the redshift range of the sources, other lines of abun-
dant molecules are expected within the frequency range that
was surveyed, such as HCO*, HCN, or CN (see, e.g., Spilker
et al. 2014); however, no further emission line, in addition to
the atomic carbon and water lines, was detected at the current
sensitivity of the observations. Exploring both the 3 and 2 mm
spectral bands is therefore a prerequisite for detecting at least
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Fig. 1. Spectral coverage of the 2CO (solid black) and [CI] (dashed gray) emission lines as a function of redshift in the 3 and 2 mm atmospheric
windows in the frequency ranges 84—115 GHz and 130—163 GHz. The bottom colored boxes show the LSB and USB frequency settings (red and
green, respectively) (see Table 2). The 2 mm frequency windows were selected to optimally cover the range of spectroscopic redshifts predicted by
the 3 mm observations. The dark blue zones identify the redshift ranges where at least two emission lines are detected at 3 or 2 mm with the current
settings, while the light blue zones indicate the redshift ranges where only one line is present. This wide frequency range enables the detection of
at least one emission line in each band, except for a few small redshifts gaps (see Sect. 2 for details).

two CO emission lines in 2 < z < 4 Herschel-selected bright
galaxies, such as those selected for the Pilot Program, and deriv-
ing reliable spectroscopic redshifts.

All observations were carried out in track-sharing mode by
cyclically switching between galaxies within a track, as was pos-
sible due to the proximity of the sources. Two different con-
figurations (C and D) of the array were used, yielding angular
resolutions between 1772 and 3’/5 at 2 mm, and 1”77 and ~6" at
3 mm. Observations were started by observing all 13 sources in
one track in the lower 3 mm frequency setting. Galaxies that did
not show a robust line detection were then observed again in the
upper 3 mm frequency setting. For every line detection, the most
probable redshift was estimated taking into account the photo-
metric redshift. The galaxies were subsequently observed in one
of the two 2 mm frequency settings, and when the line was not
detected, observed again in the second setting. One example of
the frequency settings in the 3 and 2 mm bands is shown in Fig. 2
for the source HerBS-89a.

For all the sources, the phase and amplitude calibrator was
1328+307 and the flux calibrators MWC349 and LkHa101. The
data were calibrated, averaged in polarization, mapped, and ana-
lyzed in the GILDAS software package. The absolute flux cali-
bration was estimated to be accurate to within 10%. Source posi-
tions are provided with an accuracy of 0”72 (Table 3).

3. Results

In the 13 fields observed in the Pilot Program, we detected 12
individual sources both in the continuum and in at least two lines
at 3 and 2 mm. We searched for sources in each field up to a dis-
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tance of 1.5x the half width at half maximum of the 3 and 2 mm
primary beams. Sensitivity was the main limitation to search-
ing beyond this area. A source is claimed to be detected if it is
detected with at least 50 in two emission lines, and if the posi-
tions of the peaks of the corresponding velocity integrated line
maps are coincident within the relative astrometric uncertainties
of the data. Figures 3—-6 present a representative 2 mm contin-
uum image and the spectra of the two strongest emission lines
for each of the sources that were detected in two or more lines,
and for which reliable redshifts were derived.

The fields in Figs. 3-5 all show sources that lack compan-
ions. In two of the fields a second source is detected within the
primary beam. In the case of HerBS-43 the second galaxy, which
is seen in both the continuum and CO emission lines, is at a dif-
ferent redshift; in the case of HerBS-89 a nearby galaxy is only
detected in the 2 mm continuum, and is probably unrelated (see
Sect. 3.1). Figure 6 displays the sources HerBS-70 and HerBS-
95, which are two binary galaxies with separations of ~16—17".
Additional emission lines detected in some of these sources are
displayed in Fig. 7. Finally, two sources, HerBS-173 and HerBS-
204, were detected in the 3 mm continuum with low signal-to-
noise ratio, and in the case of HerBS-204 in a strong emission
line (see Fig. 9); neither of these sources was observed at 2 mm.

The coordinates of the 2mm continuum emission peaks
are given in Table 3 together with information on the contin-
uum flux densities of the sources. Table 4 lists all the emission
lines that were detected with their line fluxes and widths and
the derived spectroscopic redshifts (zspec). In total, taking into
account the companions, we provide continuum fluxes for 18
sources (Table 3) and derive spectroscopic redshifts for 14 of them
(Table 4).
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Table 2. Observation log.

Freq. setting 1 (Apr 18) 1 (Aug 6/Aug 7) 2 (Apr 21/Apr 24) 3 (May 24) 4 (Sep 8/Oct 19-23) Total
LSB-range 84.385-92.129 GHz 84.385-92.129 GHz 92.129-99.873GHz  129.680-137.424 GHz 139.293-147.037GHz  t4ps (min)
USB-range 99.873-107.617GHz ~ 99.873-107.617GHz  107.617-115.361 GHz 145.168—-152.912GHz 154.781-162.525 GHz
Configuration 9C oD 9C 8D 9D (Sep 8), 9C

fobs> BL, Bu (") fobs> BL, Bu () fobs> BL, Bu () fobs, BL, Bu () fobs, BL, Bu (")
HerBS-34 11.7,22x2.1,1.8x 1.6 6.0,24x%2.1,2.1x1.8 89.1,1.4x1.3,13%x1.2  106.8
HerBS-43 11.7,2.1x1.9,1.8x 1.6 11.7,2.1x1.8,1.9%x 1.5 4.4,3.7%x3.0,3.3x2.8 27.8
HerBS-44 11.7,2.1x1.9,1.8%x 1.5 4.3,3.6%x2.8,3.2%x2.5 16.0
HerBS-54 11.7,2.3x2.0,1.8% 1.6 5.1,4.0%x3.2,40x%x3.2 16.7
HerBS-58 11.7,22x1.9,1.7x 1.7 17.7,2.1x2.0,2.0x 1.5 5.1,42%x3.4,3.8%x3.0 58.5,1.5%x1.3,1.3x1.2 92.9
HerBS-70 11.7,2.1x1.9,1.8x 1.6 49.7,6.9%x4.9,58x%x4.0 5.1,3.8x3.3,34%x3.0 89.0,1.5%x1.3,1.3x1.2 105.7
HerBS-79 11.7,2.1x1.9,1.8%x 1.6 184,2.1x1.8,1.8x1.5 4.3,3.6x3.0,3.2%x2.7 34.4
HerBS-89 11.7,2.1x19,1.8x 1.6 11.7,2.4%x1.8,2.0x 1.5 5.1,39%x34,3.5%x3.0 59.3,1.5x1.3,1.3x1.2 87.7
HerBS-95 11.7,22x1.9,1.8%x 1.5 17.7,2.1x1.8,1.9%x 1.5 5.1,3.9%3.2,35%x29 88.5,14x13,1.3x1.2 1229
HerBS-113 11.7,2.1x19,1.8x 1.6 17.7,22x1.8,1.9x 1.5 5.1,3.6%x3.5,3.3x3.2 344
HerBS-154 11.7,2.1x1.9,1.7x 1.7 5.1,3.6x3.5,32%x3.1 89.0,1.5%x1.3,1.3x1.2 105.7
HerBS-173 11.7,2.1x19,1.8x 1.6 17.7,2.2x1.8,1.8x 1.5 293
HerBS-204 11.7,2.1x1.9,1.7x 1.6 45.6,52%x4.0,42%x32 17.7,22%x1.8,1.9x1.5 75.0

Notes. . is the effective on-source integration time for the nine-element NOEMA array; a multiplicative factor of 1.6 should be used to estimate
the total telescope time (i.e., including overheads). By, and By are the synthesized beams at the center frequencies of the LSB and USB sidebands
using natural weighting. HerBS-70 was observed on Aug 6 and 7, 2019 with the phase reference position placed midway (13:01:39.83 +29:29:20.8,
J2000) between HerBS-70E and HerBS-70W. Observations of HerBS-204, made on Aug 6 and 7, 2019, were merged with data obtained on Apr

18, 2018.
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Fig. 2. Spectral setup and frequency coverage of the frequency settings
in the NOEMA 3 and 2 mm bands for HerBS-89a (see Table 2). The four
settings are shown in different colors. The '2CO emission lines detected
in HerBS-89a are identified and the solid line is a fit to the underlying
dust continuum (see Sect. 3.1 for details on the source).

3.1. Individual sources

In this section we provide a detailed description for each source
that was observed in the Pilot Program.

— HerBS-34 is a strong continuum source with a flux density of
S1so6Hz = 3.75 = 0.04 mJy that is resolved by the ~1”/3 beam
with an estimated size of 0”77 + 0’1 (Fig. 3 upper panel). The
12C0 (3-2) and double-peaked (5—4) emission lines are strong,
with widths of ~360kms™', showing an extended structure with
an estimated size that is comparable to that of the continuum
emission. The derived redshift is zgpee = 2.6637.

— The field of view of HerBS-43 reveals two sources located
symmetrically with respect to the phase tracking center that are
separated by ~7”/7 (Fig. 3 middle panel):

— The stronger source (HerBS-43a) is located to the west and
has a flux density of S 496, = 2.6 + 0.3 mly. The '>CO (4-3)
and (5-4) are very broad (FWHM ~ 1070kms~") and double-
peaked. The derived redshift is zgpee = 3.2121. The emission
in both the line and continuum is unresolved within the 3 mm
1”78 x 1”/6 beam.

— The second source to the east (HerBS-43b) is weaker, with
S1496Hz, = 1.7 £ 0.3 mly, and is also unresolved. The profile of
the '2CO (4-3), (5-4), and (6-5) emission lines (the last line is
shown in Fig. 7) is distinct from that of HerBS-43a, also double-
peaked but slightly narrower (800kms™!). The derived redshift
is different from HerBS-43a, with zgpee = 4.0543. The galaxies
HerBS-43a and b are hence unrelated.

— HerBS-44 displays a well-defined 2mm continuum with
St1a9caz; = 1.7 £ 0.3mly, and strong broad (~520kms™1)
emission lines of '2CO (3-2) and (5-4), yielding a redshift of
Zspee = 2.9268 (Fig. 3 bottom panel). The source is resolved
in the 'CO(3-2) emission line with an estimated size of
171 + 0772,

— HerBS-54 shows a weak 2mm continuum with a flux den-
sity of S 1346n, = 1.6 = 0.2mlJy (Fig. 4 top panel). The '>CO
(3-2) and (4-3) emission lines are very broad (~1020kms™"),
and the spectroscopic redshift is zgec = 2.4417. The source is
resolved in the '2CO (3-2) line with a size of 1774 + 0’3 and a
velocity gradient along a position angle of ~150 deg (Fig. 8).

— HerBS-58 shows slightly extended continuum emission with
a flux density of Sisogy, = 1.71 = 0.05mJy. The emission
lines of '2CO (3-2) and [CI] *P,—Py) (Fig. 4 middle panel) are
clearly detected. The 12CO (4-3) line is also detected, but shows
a lower signal-to-noise ratio (see Table 4); its spectral profile
is not shown here, as the line is located at the intersection of
two correlator basebands. The lines are double-peaked and very
broad with widths of ~970kms~'. The redshift of HerBS-58
iS Zgpee = 2.0842 (Fig. 4 middle panel). The line emission is
resolved with a size of 1”76, and shows a hint of a velocity gradi-
ent in the east—west direction (Fig. 8). The possibility of a binary
system cannot be disregarded for this particular object.

— HerBS-70 is a binary system in which both sources are at
the same redshift and have a large separation of ~16”5 (Fig. 6
upper panel). The eastern source (HerBS-70E) has a 2 mm con-
tinuum flux density of S 159 gu, = 0.94+0.04 mJy and is resolved
with a size of 0.5”. The source to the west (HerBS-70W)
is weaker, with a primary beam corrected flux density of
Sisocuz = 0.18 £ 0.06 mJy. The source HerBS-70E has strong
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Table 3. Observed continuum positions and flux densities.

Source RA Dec S, (mly)
(J2000) 158.6GHz 149.0GHz 1432GHz 133.5GHz 111.5GHz 103.7GHz 96.0 GHz 88.3GHz

HerBS-34 13:34:13.87  26:04:57.5 3.75+0.04 - 2.61+£0.03 - 0.65+0.12 0.79+0.06 0.47+0.09 0.37+0.06
HerBS-43a 13:24:18.79  32:07:54.4 - 2.6+0.3 - 1.6+0.2 0.63+0.08 049+0.06 0.29+0.04 0.12+0.06
HerBS-43b 13:24:19.24  32:07:49.2 - 1.7+£0.3 - 1.2+0.2 0.74+0.08 0.29+0.06 0.31+0.04 0.25+0.06
HerBS-44 13:32:55.85 34:22:08.4 - 1.7+0.3 - 1.5+0.2 - 0.35+0.07 - 0.22 +£0.06
HerBS-54 13:15:40.72  26:23:19.6 - 1.7+£0.3 - 1.6+0.2 - 0.45+0.07 - 0.23 £0.06
HerBS-58 13:03:33.17 24:46:42.3 1.71+0.05 1.0+0.3 1.19+£0.04 0.7+0.2 0.37+0.07 0.25+0.07 0.22+0.05 0.18+0.06
HerBS-70E 13:01:40.33  29:29:16.2 0.94+0.04 0.9+0.3 0.60 +0.06 0.6+0.2 - 0.25+£0.07 - 0.22 £0.06
HerBS-70W 13:01:39.31  29:29:25.2 0.18 +£0.06 <0.8 0.16 £0.06 <0.7 - <0.4 - <0.2
HerBS-79 13:14:34:08  33:52:20.1 - 0.8+0.3 - <0.7 0.30+0.06 0.22+0.06 0.16+0.04 0.13+0.05

HerBS-89a 13:16:11.52  28:12:17.7  4.56+0.05 34+03 3.02£0.04 2202 1.10+£0.08 0.83+£0.05 0.56+0.06 0.44+0.06
HerBS-89b 13:16:11.93  28:12:16.7  0.24 +0.05 <0.1 - - - - - -

HerBS-95E 13:43:42.73  26:39:18.0 1.52+0.04 1.1+£0.3 1.07+0.03 0.6+02 030+£0.06 0.16+0.07 0.13+£0.04 0.10+0.06
HerBS-95W 13:43:41.55  26:39:22.7 2.28+0.08 2.1+0.4 1.34+0.06 07+03 027+0.09 0.18+0.08 0.12+0.05 0.14+0.07

HerBS-113 13:12:11.35  32:38:37.8 - 1.4+0.3 - 08+02  0.75+0.06 - 0.46 +0.04 -
HerBS-154 13:22:58.11  32:50:51.7 1.92+0.04 1.6+0.3 1.39+0.03 09=+0.2 - 0.25+0.06 - 0.13+0.06
HerBS-173 13:18:04.15  32:50:15.9 - - - - 0.19+0.16 029+0.12 0.22+0.10 0.33+0.12
HerBS-204E  13:29:09.74  30:09:57.5 - - - - <0.1 <0.1 0.10+0.03 <0.1
HerBS-204W  13:29:09.21  30:09:58.7 - - - - <0.1 <0.1 0.13+0.03 <0.1

Notes. Positions are derived from the 2 mm continuum peaks, with the exception of HerBS-173 and HerBS-204, whose positions are derived from
the stacked 3 mm continuum peaks (see Sect. 3.1 for further details). The width of each of the sidebands is 7.744 GHz, and their frequency ranges
are provided in Table 2. The considerably longer integration times in Frequency Setting 4 resulted in better sensitivities in the corresponding 2 mm
sidebands. See Sect. 3.1 for the continuum flux densities of the sources HerBS-204 and HerBS-173. For HerBS-70W and HerBS-95W, the flux
densities and upper limits were corrected for primary beam attenuation.

Table 4. Summary of emission line properties and spectroscopic redshifts.

Source Zspec AV (kms™!) Line flux (Jy km s7h

2c0(3-2) 2C04-3) '2CO(5-4) '2CO(6-5) [CI1(CP1—Py) Hr0(211-202)
HerBS-34  2.6637(2) 330+10 2.8+04 - 84+0.8 - - -
HerBS-43a  3.2121(1) 1070+90 - 55+0.8 6.7+0.8 - - -
HerBS-43b  4.0543(7) 800+ 50 - 17£03 15+03 48+09 <0.7 <29
HerBS-44  2.9268(2) 520+50  4.9+05 - 125+1.2 - -
HerBS-54  2.4417(3) 1020190 43+04 85+08 - - - -
HerBS-58  2.0842(1) 970+50 53+10 52+15 - - 47+0.5 -
HerBS-70E  23077(4) 770+50  1.8+0.5 3.4+03 - - 3.5+0.7 -
HerBS-70W 23115(1) 140+20  1.7+03  2.0+03 - - <2.9 -
HerBS-79  2.0782(8) 870+70  4.1+08 55+05 - - - -
HerBS-89a 2.9497(1) 1080+60  4.0+0.6 - 8.4+0.8 - - -
HerBS-95E 2.9718(3) 870+50  1.0x0.1 - 3.6+0.3 - - -
HerBS-95W 2.9729(2) 540+30  2.4+04 - 35+03 - - -
HerBS-113  2.7870(8) 900+200 6.1+12 - 135+1.4 - <2.7 -
HerBS-154  3.7070(5)  310+40 - - - 7.6+0.7 13+04 15+03
HerBS-204 - 400 + 80 - - - - - -

Notes. The uncertainties in the spectroscopic redshifts, zg.c, given in brackets, correspond to the last decimal derived from Gaussian fits to the
line profiles. AV values are the mean linewidths (FWHM) weighted by the peak intensities of the detected CO transitions. The linewidths of
double-peaked profiles were estimated as AV = Aw + As by fitting two Gaussians of identical width Aw and separation As. Linewidths and their
uncertainties are rounded to the closest multiples of 10kms™'. For the sources that remain undetected in the [CI] P,—°Py) and H,0 (2;1—2¢,)
transitions, we provide upper limits to the line fluxes. The upper limits are based on 30, VAVAv, where Av and o, are the width in velocity and
rms noise of a spectral channel, respectively. In the case of HerBS-70W and HerBS-95W, the line fluxes and the upper limits were corrected for
the primary beam attenuation. See Sect. 3.1 for a discussion of the possible identification of the emission line detected in HerBS-204.

double-peaked asymmetrical emission lines of '>CO (3-2) and 0.8 + 0.3mly). The very broad (~870kms~') emission lines
(4-3) with widths of ~770kms~!. In contrast, HerBS-70W dis- of '2CO (3-2) and (4-3) display similar double-peaked profiles,
plays significantly narrower (~140kms~') single-peaked emis- with the red component being about three times more intense
sion lines, suggesting a face-on inclination. Both sources are at  than the blue one (Fig. 4 bottom panel). The derived redshift is
the same redshift with zg,ec = 2.31, implying a projected distance  zepee = 2.0782. The source is resolved in the 12C0O (3-2) emis-

of ~140kpc between HerBS-70E and HerBS-70W. sion line with an estimated size of 1’/1 + 0”/2.
— HerBS-79 shows a weak 2mm continuum that is barely — HerBS-89 is a system composed of two objects, of which
detected at the sensitivity of the current observations (S 49y, = HerBS-89a is the strongest 2mm continuum source in the
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sample, with a flux density of S 159 gu, = 4.56 +0.05 mJy (Fig. 5
top panel). The 2mm continuum emission is resolved by the
173 x 1’2 beam, with an extension of 0”79 + 0”1. The '2CO
(3-2) and (5-4) emission lines are also the broadest in the sam-
ple (~1080km s~1), displaying a double-peaked profile. The red-
shift of HerBS-89a is zgpee = 2.9497. The CO line emission
is also extended and displays an east-west velocity gradient
(Fig. 8). Follow-up observations with NOEMA at higher fre-
quency, with an angular resolution of 0”3, reveal a nearly com-
plete Einstein ring in the 1 mm dust continuum and the '2CO
(9-8) and para-H,O (20,—1;;) line emission, showing that
HerBS-89a is gravitationally lensed (Berta et al., in prep.). To
the east of HerBS-89a is a weak unresolved source (HerBS-89b)
with a flux density of Sisogn, = 0.24 = 0.05mly. Although
there is no corresponding source in the SDSS catalogue at that
position, its authenticity is confirmed by the higher frequency
measurements (Berta et al., in prep.). Further observations are
needed to constrain the properties of HerBS-89b.

13"34™1 4%

HerBS—43a

CONT @ 159 GHz

Fig. 3. Continuum images at 2mm

and spectra from the 2mm (top) and
3mm (bottom) bands for the Herschel
bright galaxies HerBS-34, HerBS-43,
and HerBS-44. The source name, the
continuum frequency, and the derived

spectroscopic redshift are indicated
along the top of each panel. The emis-
sion lines are identified in the upper
left corner of each spectrum. The spec-
tra are displayed with the continuum

13"32756%0

00

0 20
Velocity (km/s)

and each emission line is centered at
the zero velocity corresponding to its
rest frequency. Fits to the continuum
8 and the emission line profiles are shown
as dotted and solid red lines, respec-
tively. Continuum contours are plotted
starting at 30 in steps of 50 and lo
for HerBS-34 [42] and HerBS-43 [284],
respectively, and 20 in steps of 1o for
HerBS-44 [283], where the numbers in
brackets are the 10 noise levels for each
source in uJybeam™!. In the case of
HerBS-43, the panels showing the emis-
sion lines on the left correspond to the
source HerBS-43b, whereas the panels
to the right show the spectra of HerBS-
43a. The synthesized beam is shown in
the lower left corner of each continuum
image.

CONT @ 149 GHz
; =

5575

— HerBS-95 is another binary system in which both sources are
at the same redshift with a separation of ~16”74 (Fig. 6 lower
panel). The eastern source (HerBS-95E) exhibits a continuum
flux density at 2mm of S s9gu, = 1.52 = 0.04 mJy and a size
of 0”5, whereas the western source (HerBS-95W) has a primary
beam corrected flux density of S 159, = 2.28 + 0.08 mJy. Both
sources show strong emission lines of '>CO (3-2) and (5-4),
with linewidths of 870 and 540kms~' for HerBS-95E and W,
respectively. The lines are at nearly the same frequencies, indi-
cating that both galaxies are at a redshift of zgpee = 2.97. At
this redshift the projected distance between the two galaxies is
~140kpc.

— HerBS-113 has a weak 2 mm continuum with a flux density
of Siscu, = 1.4 £ 0.3mly (Fig. 5 middle panel). The 2co
(3-2) and (5—4) emission lines are well detected, displaying broad
profiles with widths of ~900kms~'. Both emission lines are
resolved with an elongation along a position angle of 20 deg over
aregion of ~1"2 (Fig. 8). The derived redshift is zgpec = 2.7870.
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—HerBS-154 is a compact source with a size of 1’2 in continuum
and line emission (Fig. 5 bottom panel). The source is robustly
detected in the continuum with S 149GH, = 1.92 + 0.04 mJy, and
in the lines of '>CO (6-5) and H,0 (2;-2¢,), and in [CI] (*P;—
3Py) (shown in Fig. 7), although with lower signal-to-noise ratio.
The spectral profiles, which are single-peaked with linewidths of
~300kms™!, yield a redshift of zgec = 3.7070.

— The sources HerBS-173 and HerBS-204 have the weakest
500 um flux densities in the Pilot Program sample (Table 3).

— HerBS-173 was tentatively detected in the individual 3 mm
sidebands. Stacking these sidebands results in a 3 mm flux den-
sity of SioogH, = 0.22 + 0.03 mJy. However, no emission line
was detected at 3 mm and no 2 mm observations were performed.
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Fig. 4. Continuum images at 2mm
(right) and spectra from the 2mm
(top) and 3 mm (bottom) bands of the
Herschel bright galaxies HerBS-54,
HerBS-58, and HerBS-79. Continuum
contours are plotted starting at 20 in
steps of lo for HerBS-54 [232], 30
in steps of 20~ for HerBS-58 [52], and
20 in steps of 1o for HerBS-79 [297],
where the numbers in brackets are the
local noise levels o for each source in
uJybeam™". See caption of Fig. 3 for fur-
ther details.
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Hereafter, we adopt the photometric redshift z,no = 2.38 (see
Table 1).

— In the case of HerBS-204, stacking the line-free part of the
3 mm spectra observed on Aug 6 and 7, 2019, in both sidebands
(LSB and USB), reveals a complex source with two continuum
emission peaks (HerBS-204E and HerBS-204W) separated by
~7" (Fig. 9) and with fluxes of S9sgn, = 0.10 = 0.03 mJy and
Soscu, = 0.13 = 0.03 mly, respectively. In addition, a strong
emission line is detected at 102.584 GHz with a linewidth of
~400km s~! and an integrated line flux of 3.9 Jy km s~! (Table 4).
Like the continuum emission, the line emission is extended with
two emission peaks separated by 6’8 along a position angle
of ~18deg. Both the continuum and line emission peaks show
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excellent spatial coincidence. Based on the photometric redshift
of Zphot = 3.61, this emission line could correspond either to the
12C0O (4-3) transition, in which case the source would be at a
spectroscopic redshift of zgec = 3.49, or to the '*CO (3-2) tran-
sition, in which case zspec = 2.37. The higher value (zgpec = 3.49)
would imply a dust temperature of 40 K, which is at the high end
of the dust temperatures found for all the other sources of the Pilot
Program. This suggests the value of zy,.. = 2.37, for which the
estimated dust temperature is 29 K, is the more likely redshift (see
Table 5 and footnote). However, further observations are needed
to detect a second CO transition and derive a reliable spectro-
scopic redshift for this source. Based on the photometric redshift
and the potential range in the spectroscopic redshift, the projected

in uJy beam™'. See caption of Fig. 3 for
further details.

| | |
58%0

separation between the two emission peaks corresponds to a lin-
ear distance of ~60 kpc, suggesting that HerBS-204 is a merging
system or a gravitationally lensed galaxy rather than an edge-on
disk (cf. Emonts et al. 2018).

3.2. Spectroscopic redshifts and emission line properties

For all of the above sources (except HerBS-204 and HerBS-
173), we detect at least two emission lines, mostly from '2CO
ranging from the (3—2) to the (6-5) transition (Table 4). The
CO emission lines are all relatively strong, resulting in signal-
to-noise ratios > 5, providing therefore the necessary quality
to derive precise and reliable redshifts, as well as significant
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Fig. 6. Continuum images at 2 mm (center) and spectra (left and right panels) from the 3 and 2 mm bands for the Herschel bright galaxies with a
second source in the field at the same redshift: HerBS-70 at z = 2.31 (top panel) and HerBS-95 at z = 2.97 (bottom panel) (see text for details).
The primary beam at 50% is shown with a dashed circle. The panels showing the emission lines on the left correspond to the (a) sources near the
phase centers, whereas the panels to the right show the spectra of the (b) companion sources to the west. Continuum contours are plotted starting
at 30 in steps of 50 for both HerBS-70 [40] and HerBS-95 [43], where the numbers in brackets are the local noise levels o for each source in
uJybeam™". The spectra are primary beam corrected (see caption of Fig. 3 for further details).
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Fig. 7. Other emission lines detected in the sources displayed in
Figs. 3-6. From top to bottom: HerBS-43b in '>CO (6-5); HerBS-58
in 12CO (4-3); HerBS-70E and HerBS-154 in [CI] (P,—Py). The fitted
profiles are centered in velocity on the spectroscopic redshifts listed in
Table 4.
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information about properties of the molecular gas such as mor-
phology, dynamics, and physical conditions. In addition to the
CO emission lines, the atomic carbon fine-structure line [CI]
(®°P;—Py) is detected in three sources, HerBS-58 (Fig. 4),
and HerBS-70E and HerBS-154 (Fig. 7). For HerBS-154 we
detected the para-H,O (21—2(,) transition (see Fig. 5).

It is noteworthy that for the majority of the bright Herschel
galaxies observed in the Pilot Program, the widths of the emis-
sion lines are large. The derived linewidths are found to be
150kms™! < AV < 1100 km s~! with most (53%) of the sources
having linewidths in excess of 800kms™' (see Table 4 and
Fig. 10 showing the distribution of the CO emission linewidths,
and further discussion in Sect. 4.4).

3.3. Continuum

In addition to the emission lines, the continuum flux den-
sities of the sources have been extracted from up to eight
available polarization-averaged 7.744 GHz wide sidebands, cen-
tered, depending on receiver configuration, on the following
frequencies: 88.3, 96.0, 103.7, 111.5, 133.5, 143.2, 149.0, and
158.6 GHz (see Tables 2 and 3). All the sources in the Pilot Pro-
gram detected in at least two emission lines are also detected
in the continuum in at least four sidebands, with three in all
eight sidebands (one of which, HerBS-95, being double). The
NOEMA continuum flux densities together with the Herschel
and SCUBA-2 data are displayed in Fig. 12 for HerBS-58
and HerBS-89a. The NOEMA continuum measurements are
summarized in Table 3, where the quoted flux density uncer-
tainties account for both the noise level in the maps and the
uncertainty in the absolute flux calibration scale (see Sect. 3). In
Table 3, upper limits are given for sources where the continuum
is detected with a signal-to-noise ratio <4.
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4. Discussion

In this section we describe the derived properties of the high-z
bright Herschel galaxies studied in the Pilot Program.

4.1. Spectroscopic redshifts

The availability of at least two emission lines in the 3 and
2 mm spectral bands allowed us to derive precise redshifts for
85% of the bright high-z Herschel galaxies studied here. The

! The synthesized beams are shown in the
09° lower left corners.

Pilot Program has demonstrated that using the new correlator on
NOEMA, unbiased redshift surveys can be performed efficiently
using on average 100 minutes of telescope time per source,
including overheads. The derived spectroscopic redshifts, zgpec,
for the 14 galaxies (including the binary sources) in which two
or more emission lines are detected are listed in Table 4. The
redshift distribution of the Pilot Program sample is displayed in
Fig. 11. The redshifts are found to lie between 2.08 < Zgpec <
4.05, with a median redshift of z = 2.86 + 0.56 and a tail in the
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Table S. Infrared luminosities, dust masses, dust temperatures, and spectral emissivity indices.

Source pLMBB) (10" Lo)  p L(DLO7) (10" Lo) i1 Maust(MBB)  Tause(MBB) 1. Mgus(DLOT) B
50-1000 um 8—1000 um (10" My) (K) (10'° M)

HerBS-34 24.8+0.6 40.6+2.4 1.00+£0.07 33.0+£1.2 1.16 £0.07 1.87+0.08
HerBS-43a 19.8+0.8 33.4+4.1 0.53+0.05 34.6+1.7 0.69+0.04 1.91+0.11
HerBS-43b 10.0+£1.3 15.0£2.0 0.58+£0.12 29.1+5.1 0.45+£0.04 2.21+0.39
HerBS-44 33.1+£0.7 108.1+7.8 0.49£0.05 348+1.4 0.70£0.04 226+0.11
HerBS-54 14.9+0.6 23.6+1.6 1.33+0.16 26.7+1.6 1.25+0.12 2.15+0.16
HerBS-58 104+0.4 17.7+£1.3 0.98 £0.09 241+1.3 0.83+£0.06 2.36+0.15
HerBS-70E 12.6 £0.6 40.5+5.2 0.42+0.04 263+1.5 0.37+£0.02 2.62+0.14
HerBS-70W 3.0+£0.5 87+4.2 0.10+0.04 31.5+9.9 0.09+0.02 243+0.53
HerBS-79 10.5+04 18.1+1.2 0.81+0.14 240+1.5 0.83+0.18 2.52+0.19
HerBS-89a 19.3+£0.8 29.0+1.5 1.40+£0.09 27.6+14 1.35+£0.06 2.08+0.11
HerBS-95E 7.8+0.7 11.4+1.9 0.53+0.07 272+3.6 0.50 +0.05 222+0.33
HerBS-95W 10.9+0.8 16.1+£1.8 1.00+£0.09 242+2.1 0.77£0.04 246+0.24
HerBS-113 18.9+0.8 29.6£2.8 0.57+£0.07 31.8+1.9 0.72+£0.06 2.11+£0.15
HerBS-154 257+1.1 81.3+7.3 0.38+0.03 38.2+23 0.46 +£0.03 2.10+0.14
HerBS-173 10.9+0.5 185+14 0.62+0.11 258+1.5 0.51+£0.04 244 +£0.15
HerBS-204 99+0.4 164+1.0 0.85+0.15 21.6+£0.9 0.45+0.04 2.96+0.09

Notes. The infrared luminosities and dust masses are not corrected for amplification (yy is the magnification factor). Regarding the sources that
are double, appropriate corrections were applied to estimate the flux densities of each source at 250, 350, and 500 um (see text for details). For the
sources HerBS-204 and HerBS-173, we used the stacked continuum data (see Sect. 3.1). In the case of HerBS-204, we adopt a redshift zgpe. = 2.37,
as the higher value (zgpe. = 3.49) yields a dust temperature of 40 K, which is slightly higher than the values derived for the other sources in this
sample (see Sect. 3.1). The MBB luminosities, dust masses, and temperatures include the effects of the CMB (see Sect. 4.2). The quoted errors on

the SED-fitting derived quantities are 10

distribution to z > 3. In Fig. 11, we added the redshifts of the
12 H-ATLAS galaxies that were studied by Harris et al. (2012);
these sources, which are peaking at 350 um, like the ones stud-
ied here, show a similar distribution to the Pilot Program sample,
albeit with a slightly lower median redshift of z = 2.47 = 0.11.

Considering the galaxies with redshifts detected by the SPT
(Strandet et al. 2016; Weil} et al. 2013), we find that the red-
shift distributions of the H-ATLAS and SPT-selected galaxies
are clearly different (Fig. 11). The SPT galaxies show a flat dis-
tribution between z = 2.5 and z = 5.0, the major fraction of the
sample being at z > 3 with a median redshift of z = 3.9+0.4. The
SPT galaxies were selected from a survey performed at a longer
wavelength than H-ATLAS; even though the spectroscopic red-
shift survey of the H-ATLAS galaxies is still not complete, the
difference in redshifts between the SPT and H-ATLAS selected
galaxies is significant, and is consistent with expectations for
the selected wavelengths of the surveys (see, e.g., Strandet et al.
2016; Béthermin et al. 2015, and references therein). The sys-
tematic study of the galaxies selected from the Herschel and
SPT surveys thus offers the opportunity to gather critical comple-
mentary information on galaxy populations at different epochs
of cosmic evolution, with Herschel-selected sources probing the
peak of star formation activity around 2 < z < 3, while the SPT-
selected galaxies provide crucial information on star formation
at earlier epochs.

4.2. Comparison to photometric redshifts

The spectroscopically derived redshifts significantly differ in
many cases from the estimates based on the available photomet-
ric data. Deriving redshifts using submillimeter spectral energy
distributions (SEDs) of galaxies with known redshifts and dust
temperatures as templates indeed is uncertain (e.g., Jin et al.
2019). This is particularly true when using SPIRE data alone
because the 250, 350, and 500 um bands are close to the peak
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of the observed SED for 2 < z < 4 galaxies. Bakx et al. (2018)
built an SED template based on the SPIRE and SCUBA-2 data
for a sample of bright H-ATLAS galaxies with available mea-
surements of Zgec and a two-temperature modified blackbody
(MBB) model. This template was then used to derive zpho; values
for the entire H-ATLAS sample of the Herschel-bright galax-
ies (see revised values in Bakx et al., in prep.). The zppo values
derived for the sources of this Pilot Program are listed in Table 1.

Not counting HerBS-43, the values for z,p, are on average
consistent within 20% of the zge. value, and for two sources,
HerBS-95 and HerBS-113, in agreement within 10%. The poor
accuracy and reliability of redshifts derived from (sub)millimeter
continuum photometry is due to the degeneracy between temper-
ature, 3, and redshift, and to the absence of well-defined features
in the SEDs. The derived values of the redshifts based on con-
tinuum measurements alone is therefore indicative and, in any
case, never precise enough to follow up efficiently with targeted
observations of molecular or atomic gas.

4.3. Spectral energy distribution: infrared luminosity and dust
properties

Combining the photometric data from SPIRE (Eales et al. 2010)
and SCUBA-2 (Bakx et al. 2018, as revised in Bakx et al., in
prep.) with the NOEMA continuum measurements, we assem-
bled the SEDs of all the sources observed in the Pilot Program
(see below for the cases where the sources are double). Although
PACS data from the H-ATLAS survey are also available, their
usefulness is limited as many of the detections are tentative with
signal-to-noise ratio <3. We have therefore plotted the PACS flux
densities, when available, on the SEDs, without including them
in the SED analysis (see Fig. 12). The resulting SEDs cover the
observed wavelength range from 250 um to ~3 mm, and include
sources with a minimum of 7 data points and sources with a
maximum of 12.
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Table 6. Physical properties of the galaxies.

Source HLLeo o) My,  pLler gL Mast
(10"Kkms'pc?) (10'°My) (102 Ly) (100 My)
HerBS-34 20.3+2.9 162+23 248+0.6 1.00+0.07
HerBS-43a 38.7+5.6 309+4.4 19.8+0.8 0.53+0.05
HerBS-43b 17.4+3.0 13.9+24 100+13 0.58+0.12
HerBS-44 41.6+4.2 333+33 33.1+0.7 0.49+0.05
HerBS-54 269+2.5 215+2.0 149+0.6 1.33+0.16
HerBS-58 252+4.7 20.1+3.7 104+0.4 0.98+0.09
HerBS-70E 102+28 82+23 126+0.6 042+0.04
HerBS-70W 9.7+1.7 7713 3.0+05 0.10+0.04
HerBS-79 194+38 155+3.0 10.5+04 0.81+0.14
HerBS-89a 344+52 27.5+4.1 193+0.8 1.40+0.09
HerBS-95E 183+15 147+12 7.8+0.7 0.53+0.07
HerBS-95W 209+3.4 16.7+2.7 10.9+0.8 1.00+0.09
HerBS-113 172+3.1 13.7+2.5 189+0.8 0.57+0.07
HerBS-154 58.5+5.4 46.8+4.3 257+1.1 0.38+0.03

Notes. None of the properties in this table has been corrected for
gravitational magnification (u is the magnification factor). The table
assumes no differential lensing between the CO and dust emission. The
infrared luminosities and dust masses are those derived using the MBB
approach (see Table 5). The gas masses are estimated using Eq. (2); see
Sect. 4.5 and the footnote of Table 5 for details.

In order to derive the infrared luminosities, dust masses, and
temperatures of the sources, we modeled their SEDs using two
different approaches: (i) a single-temperature MBB, following
Berta et al. (2016), and (ii) the Draine & Li (2007, hereafter
DLO07) dust models.

In the first case, the far-infrared SED of a galaxy is modeled
as the emergent luminosity from a given dust mass Mgys:

L, ~ Mausiky By (T aust), (1

where B,(Tqust) is the Planck function, T4y the dust tempera-
ture, and k, = ko (v/vp)’ the mass absorption coefficient of dust
at rest frequency v. For «,, we adopt the values from Draine
(2003), as revised from Li & Draine (2001). Ideally, the cho-
sen reference (rest-frame) frequency vy should be covered by
the observed data. We refer to Berta et al. (2016) and Bianchi
(2013) for a thorough discussion about the proper use of «, and
assumptions on 3.

For the MBB fit, we limit the observed data to a rest-frame
wavelength Ae > 50um in order to avoid biases towards
warmer temperatures. From the MBB modeling, we determine
the dust temperature, dust mass, and spectral emissivity index
B for each source under the assumption that the dust emission
is optically thin. The effects of the cosmic microwave back-
ground (CMB) discussed in da Cunha et al. (2013) were taken
into account in the derivation of the galaxies’ intrinsic dust prop-
erties (see also Jin et al. 2019).

In the DLO7 case, interstellar dust is described as a mix-
ture of carbonaceous and amorphous silicate grains, whose size
distributions are chosen to mimic different observed extinction
laws. The result of the DLO7 fit is an estimate of the dust mass
and infrared luminosity; see Draine & Li (2001, 2007), Li &
Draine (2001), and Berta et al. (2016) for a detailed description
of the model and its implementation.

For both models, best-fit solutions are found in two ways:
through y? minimization and through 1000 Monte Carlo (MC)
realizations for each source. Uncertainties are computed based
on Ay? or as the dispersion of all MC realizations, respectively.
The two approaches lead to comparable results.
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Fig. 10. Distribution of the full width at half maximum (FWHM) for the
bright Herschel galaxies detected in '>CO described in this paper (solid
red histogram) compared to the FWHM of high-z galaxies reported in
Bothwell et al. (2013) (cyan right-hatched) and Harris et al. (2012) (blue
left-hatched).
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Fig. 11. Spectroscopic redshift distribution for the 12 bright Herschel
H-ATLAS galaxies of the Pilot Program sample detected in at least two
emission lines red filled histogram, (see Table 4). Shown are also the
12 H-ATLAS galaxies with reliable redshifts from Harris et al. (2012)
added to the Pilot Program sample (blue left-hatched histogram) and the
redshift distribution of the 38 SPT-selected galaxies from Strandet et al.
(2016) (green right-hatched histogram).

Figure 12 shows two examples of SED fits, and Table 5 sum-
marizes our findings, comparing the results of the MBB and
DL07 models. For each source, the SED fits and the derived
properties are based on the available SPIRE, SCUBA-2, and
NOEMA flux densities.

For the fields where two sources were detected within the
NOEMA primary beam in the continuum and in at least two
emission lines (namely HerBS-43, HerBS-70, and HerBS-95),
the Herschel (even at 250 um) and SCUBA-2 data do not provide
enough information to separate the contributions of each compo-
nent. To disentangle the flux densities, we therefore adopted the
following methods. First, for the binary sources (HerBS-70 and
HerBS-95) where the two components have the same redshift,
we split the Herschel and SCUBA-2 flux densities using the
average flux density ratio of the highest-frequency continuum
measurements in the NOEMA data (see Table 3). For HerBS-
70, using the average ratio of the flux densities at 158.6 and
149.0 GHz shows that HerBS-70E dominates with a contribu-
tion of 82% to the total flux density; for HerBS-95, the average
ratio of the flux densities of the two components at 158.6, 149.0,
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(z = 2.084) and HerBS-89a (z = 2.950). The data include SPIRE (black

dots, from Bakx et al. 2018), the revised SCUBA-2 photometry (blue dot, see Bakx et al., in prep.), and the 3 and 2 mm continuum flux densities
(red dots) extracted from the NOEMA data (Table 3). In the case of HerBS-58, the PACS data point, which is available, is shown as an open
square, although it was not used to fit the SED. The figure also shows the best-fitting MBB model including (red dashed) and not including (red
dotted) the effect from the CMB on the dust continuum, and the best fit to the DLLO7 model (blue dashed); see text for details.

143.2, and 133.5 GHz indicates that HerBS-95E contributes 41%
to the Herschel and SCUBA-2 flux densities. In the case of
HerBS-43, which consists of two objects at redshift z = 3.212
(HerBS-43a) and z = 4.054 (HerBS-43b), we assumed a similar
MBB spectrum for the two components, with a dust tempera-
ture equal to the average temperature of the whole Pilot Program
sample from the MBB fits (Tgust = 30 K; see Table 5) and a dust
emissivity index equal to that of the tabulated «, (8 = 2.08; see
Li & Draine 2001; Draine & Li 2007; Berta et al. 2016). Tak-
ing the two redshift values into account, we thus derive relative
contributions of HerBS43a to the SPIRE flux densities of 85%,
78%, and 70% at 250, 350, and 500 um, respectively.

The comparison between the values of Mg, derived from the
two SED models (see Table 5) illustrates the relative uncertain-
ties on the dust mass and the models’ main parameters that can
be achieved with the current data. Thanks to the wide wavelength
coverage, from ~50 to ~1000 um in the rest frame, Mg,y can be
constrained for the majority of the sources to a 20—30% uncer-
tainty (307), using both the MBB and DLO7 models. The T4y and
[ are in general estimated to better than 10%, and their averages
are determined to Tgu =29 £ 5K and 8=2.3+0.3. It is worth
noting that the Pilot Program sample is statistically too small
and the dust temperatures measured too low (T4,s < 60 K) to lift
the degeneracy with the spectral emissivity index S. The differ-
ence between the two model estimates is a known effect (e.g.,
Berta et al. 2016), which is mainly due to the fact that the MBB
model is a simplification of reality and that the DLO7 approach
includes more dust components. Here we adopt the MBB results
for our subsequent analysis of the sources’ properties.

4.4. Widths and profiles of the CO emission lines

As noted previously, the distribution of the widths of the CO
emission lines of the bright Herschel sources described in
this work is remarkable for the number of sources display-
ing broad lines. The distribution of CO linewidths is shown
in Fig. 10, where it is compared to the high-z SMG samples
studied by Bothwell et al. (2013) and Harris et al. (2012). The
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mean value for the CO FWHM of the Pilot Program sample
is 700 + 300km s~ with a median of 800kms™!, compared to
510 + 80kms~! for the unlensed SMGs from Bothwell et al.
(2013), and 525 + 80kms~! for the lensed Herschel-selected
galaxies from Harris et al. (2012).

The line profiles of the Pilot Program sources are also
remarkable, as 8 out of 13 sources display asymmetrical or
double-peaked profiles with separations between the peaks of up
to ~500kms~!, indicating either the presence of kinematically
distinct components suggestive of merger systems, or rotating
disc-like components. Higher angular resolution observations
are needed to further explore the nature of these sources.

4.5. CO luminosities and the L'co1-0) Vs AV relationship

The CO line emission traces the kinematics of the potential well
in which a galaxy’s molecular gas lies, and can therefore pro-
vide a measure of the dynamical mass of the galaxy, modulo
any inclination or dispersion effects. From the integrated '2CO
line intensity, it is possible to derive the '>CO luminosity of the
source, L&O(I_O), which is related to the mass of the gas reservoir,
My,, through

@

where « is a conversion factor in units of Mg (Kkms™! pcz)’l.
In this paper we adopt a value of @ = 0.8 suggested by measure-
ments for SMGs and quasar hosts (e.g., Carilli & Walter 2013).
We compute the CO luminosities of the sources (in K kms™! pc?)
using the standard relation given by Solomon & Vanden Bout
(2005),

Lo =325% 107 Sco AV s DE (1 +2)7), (3)
where Sco AV is the velocity-integrated CO line flux in
Jykms™!, vco the rest frequency of the CO emission line in
GHz, and Dy, the luminosity distance in Mpc in our adopted cos-
mology. All the CO luminosities reported in this paper are in
L&O(l_o); for the sources of the Pilot Program, we used the low-
est available J — (J — 1) transition and corrected for excitation

_ ’
My, = aLco_g)
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The dashed line shows the best-fitting power-law fit derived from the data for the unlensed SMGs, L’CO( o) = 10°>* x AV? (e. g., Bothwell et al.

2013; Zavala et al. 2015).

adopting the median brightness temperature ratios for the SMGs
in Table 4 of Bothwell et al. (2013), which are compatible with
the values listed in Carilli & Walter (2013), and applying similar
corrections where needed for sources taken from the literature
(see Fig. 13). Future measurements of the low-lying CO transi-
tions will allow us to anchor the spectral line energy distribution
for each of sources discussed in this paper and to derive pre-
cise values for L, . To homogenize the different cosmolo-
gies used in the various papers, we systematically recalculated
all Lcou ~0) values for the cosmology adopted in this study.

Figure 13 displays the relation between the apparent CO
luminosities, Lco<1 oy’ and the width (AV) of the CO emission
lines for the sources presented in this work and a compilation
of high-z lensed and unlensed SMGs, as well as local ULIRGs
from the literature (see figure caption for details and references).
This relationship has already been presented and discussed in
previous studies (e.g., Harris et al. 2012; Bothwell et al. 2013;
Carilli & Walter 2013; Aravena et al. 2016; Yang et al. 2017,
Dannerbauer et al. 2017; Isbell et al. 2018). Figure 13 includes
CO measurements of ~160 galaxies in total; it should be noted
that none of the gravitationally lensed sources in this plot was
corrected for lensing magnification.

The most obvious feature in this figure is the clear dichotomy
between the sources that are strongly lensed and the unlensed

or weakly lensed galaxies; the lensing magnification boosts the
apparent CO luminosity and lifts the lensed sources above the
roughly quadratic relationship between L ;_ and AV that is
observed for the unlensed sources. This trend was first pointed
out by Harris et al. (2012). The usefulness of this effect for mea-
suring the lensing magnification has been debated in the liter-
ature, and the consensus is that deriving exact values for the
magnification factors based on unresolved CO data is unreliable
(e.g., Aravena et al. 2016).

Notwithstanding this caution, the separation between
strongly lensed and unlensed or weakly lensed sources is clearly
present in the Li,,  versus AV relationship and, in prin-
ciple, could be used to distinguish sources that are strongly
lensed from intrinsically hyper-luminous sources. Interestingly,
the sources in the Pilot Program are located in the upper part
of the relationship indicating that several of the Pilot Program
sources are strongly lensed, and that more than half of the
sources are HyLIRGs located along or close to the quadratic
relationship for the unlensed sources, akin to the hyper-luminous
binary source HATLAS J084933 discussed in Ivison et al. (2013)
and the hyper-luminous high-redshift galaxy HXMMO1 stud-
ied by Fu et al. (2013); see identifications in Fig. 13. The pro-
portion of these HyLIRGs is remarkable in this small sample
selected as infrared-bright Herschel galaxies. However, more

A7, page 15 of 17


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936988&pdf_id=13

A&A 635, A7 (2020)

detailed observations are needed to verify whether these sources
are lensed or not, and to derive their intrinsic properties. For
instance, the source HerBS-89a is lensed, and a detailed discus-
sion of its properties will be provided in Berta et al. (in prep.).

Finally, we explored the consistency of the H, masses
derived independently from the 12CO and [CI](?P,-Py) emis-
sion lines for the three sources where both lines were observed,
namely HerBS-58, HerBS-70E, and HerBS-154. First, we esti-
mated the neutral carbon masses by using Eq. (1) in Weill
et al. (2005), assuming a [CI] excitation temperature equal to
the derived dust temperature (see Table 5). Adopting an atomic
carbon abundance of X[CI]/X[H,] of 8.4x 10~ (Walter et al.
2011), we derived the H, masses of HerBS-58, HerBS-70E, and
HerBS-154 to be 14.2, 12.4, and 10.6 x 10'° M, respectively.
The comparison between the H, mass derived from the CO and
the [CI] emission lines suggests that in the case of HerBS-70E
the scaling of the high-J CO line luminosity to the equivalent
J =1-0 luminosity is most likely missing a significant fraction
of subthermally excited gas, but that in the case of the two other
sources the gas masses estimated via the two methods are con-
sistent within a factor of 2. However, observations of the [CI]
and lower-J CO emission lines of a larger and statistically repre-
sentative sample of SMGs are needed for a more accurate com-
parison between the two methods.

5. Conclusion

We reported the results of a Pilot Program using NOEMA to
measure reliable redshifts for a sample of 13 bright Herschel
sources. The main goal of this project was to demonstrate the
ability to efficiently derive redshifts and global properties of
high-z galaxies using the new correlator and broad bandwidth
receivers on NOEMA. The observations described here show
that the main goal of this project were successfully reached.
Of the 13 H-ATLAS selected sources, 11 sources were detected
with good signal-to-noise ratios in the continuum and in at least
two emission lines at 3 and 2 mm, with three sources showing
an additional source in the field of view, allowing us to establish
accurate redshifts and providing useful additional information on
the nature and the properties of these galaxies. On average, about
100 min of total telescope time were needed per source in this
Pilot Program to detect at least two emission lines in the selected
2 < z < 4 bright Herschel galaxies, demonstrating the feasibil-
ity and efficiency of the redshift measurements using NOEMA
and opening the possibility of carrying out more complete spec-
troscopic redshift surveys of larger samples of Herschel-selected
galaxies.

The main conclusions of this paper are as follows:

— Precise spectroscopic redshifts (zgpec) Were established for 12
galaxies (including two binary systems) based on the detec-
tion of at least two emission lines, mostly from '?CO ranging
from the (3-2) to the (6—5) transition. In addition, we also
report for three sources the detection of the emission line
of the atomic carbon fine-structure line [CI] °P,—*Py), and
in one source the detection of water in the para-H,O (21;—
2(2) transition. The derived spectroscopic redshifts are in the
range 2.08 < z < 4.05 with a median value of z = 2.9 + 0.6
and a tail in the distribution to z > 3.

— Combining the available continuum flux densities from
Herschel-SPIRE, SCUBA-2, and the 3 and 2 mm NOEMA
data, we assembled the SEDs of the sources and derived their
infrared luminosities, dust masses, and temperatures.

— The values derived for the photometric redshifts (zpnot)
depend on the adopted photometry and the available SED
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coverage used in the analysis. The photometric redshifts
are only indicative and are on average, for the sources
studied in this paper, within 20% of the zge. values we
measured.

— Many emission lines have broad widths between 150 and
1100kms™!, with a mean value for the CO FWHM of
700 +300kms~!' and a median of 800kms~'. About 60%
of the sources display double-peaked profiles indicative of
merger systems and/or rotating disks.

— The majority of our targets are individual sources, and are
unresolved or barely resolved on scales of 10kpc. In one
case, HerBS-43, there is a companion in the field, but at
another redshift and hence unrelated, and in the case of
HerBS-89 there is a weak 2 mm continuum source, HerBS-
89b, that remains undetected in line emission. Two sources
(HerBS-95 and HerBS-70) are double, and in both cases the
components are at the same redshift with projected separa-
tion of ~140 kpc.

— Based on the location of the sources studied in this paper on

the Lé:o<1—0) versus AV relationship, we conclude that several

sources are gravitationally amplified, and that a large frac-
tion (including the two binaries) are hyper-luminous infrared
galaxies (HyLIRGs). Precise measurements of the amplifi-
cation factors and the derivation of the properties of these
sources will require higher resolution follow-up observa-
tions in the submillimeter, and at optical-near-infrared wave-
lengths to study the characteristics of the foreground ampli-
fying galaxy.

The observations presented in this study have enabled the first
systematic measurement of redshifts of high-z galaxies using
NOEMA. Measurements of a larger and complete sample of
galaxies selected from the Herschel surveys will provide a useful
database for exploring in detail the properties of these sources
and, using follow-up observations, the properties of the lens-
ing systems in the case of gravitational amplification. Building
upon the success of the Pilot Program, we started a comprehen-
sive redshift survey of a sample of 125 of the brightest (S 500 m >
80mly) galaxies from the Herschel surveys. The results of this
ongoing survey will be reported in a forthcoming series of
papers. This extended sample will provide, together with other
already available redshift measurements, a sizeable and homo-
geneous sample of about ~200 bright Herschel selected galaxies
with reliable redshifts, which will allow us to increase the num-
ber of known lensed galaxies at the peak of cosmic evolution,
to provide the largest known sample of HyLIRGs, and to find
additional rare objects.
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