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Chapter 3

ALMA as a Redshift Machine:
Using [CII] to Efficiently Confirm
Galaxies in the Epoch of Reion-
ization

The [CH]i58,m line has long been proposed as a promising line to spec-
troscopically confirm galaxies in the epoch of reionization. In this paper
we present the results of new ALMA observations spectral scanning for
[CII] in six particularly luminous Lyman Break Galaxies at z ~ 7. The six
sources were drawn from a sample of bright z ~ 7 galaxies identified us-
ing the wide-area optical, near-IR, and Spitzer /IRAC data over the COS-
MOS/UltraVISTA field and were targeted on the basis of tight constraints
on their redshifts from their IRAC [3.6]-[4.5] colors. We detect significant
(> 90) [CII] lines in three of our six targets (50%) co-spatial with the rest-
UV emission from the ground/space-based near-IR imaging. The lumi-
nosities of the [CII] lines lie in the range 5.6 to 8.8 x 108 L, consistent with
the local [CII]-SFR relation. Meanwhile, their [CII]/L;p ~ 1 —3 x 1073
ratios are slightly elevated compared to local (U)LIRGS. This could be
due to lower dust-to-gas or dust-to-metal ratios. We also find that our
sources display a large kinematic diversity, with one source showing signs
of rotation, one source a likely major merger and one dispersion domi-
nated source that might contain a bright star-forming clump. Our results
highlight the effectiveness of spectral scans with ALMA in spectroscopi-
cally confirming luminous galaxies in the epoch of reionization, something
that is being be applied on a significantly larger sample in the on-going
REBELS large program.

Schouws, Bouwens, Smit, Hodge, Stefanon, Witstok,
Hilhorst, Labbé, Algera, Boogaard, Maseda, Oesch,
Rottgering, and van der Werf

ApJ, 954, 103 (2023)
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3.1 INTRODUCTION

Exploring the build-up of galaxies in the z > 6.5 universe just a few
hundred million years after the Big Bang is a key frontier in extragalactic
astronomy. Though 100s of UV-bright galaxy candidates at redshifts z >
6.5 (e.g., McLure et al. 2013; Bouwens et al. 2015; Finkelstein et al. 2015;
Ishigaki et al. 2018; Bouwens et al. 2021; Harikane et al. 2021) are known,
characterization of their physical properties has been difficult. Deriving
these properties from optical and near-IR photometry is complicated by
uncertainties in the redshifts (e.g., Bouwens et al. 2022; Robertson 2021),
dust extinction (e.g., Fudamoto et al. 2020; Schouws et al. 2022; Bowler
et al. 2021), and rest-frame optical nebular emission line properties (e.g.,
Smit et al. 2015; Endsley et al. 2021; Stefanon et al. 2022) of z > 6 galaxies.

Fortunately, with ALMA, it is possible to make great progress on the
characterization of galaxies at z > 6 (e.g.,, Hodge & da Cunha 2020;
Robertson 2021). The [CII]158um line is especially interesting as it is
the strongest cooling line of warm gas (T’ < 10* K) in galaxies. This line
has already been detected in a significant number of galaxies out to z ~ 7-8
(e.g., Walter et al. 2009; Wagg et al. 2010; Riechers et al. 2014; Willott
et al. 2015; Capak et al. 2015; Maiolino et al. 2015; Pentericci et al. 2016;
Knudsen et al. 2016; Bradac et al. 2017; Smit et al. 2018; Matthee et al.
2017, 2019; Harikane et al. 2020; Carniani et al. 2020; Le Fevre et al. 2020;
Béthermin et al. 2020; Venemans et al. 2020; Fudamoto et al. 2021). In ad-
dition to the immediate utility of [CII] to spectroscopically confirm galaxies
in the reionization era and obtain a precise measurement of their redshift,
the strength of this line makes it one of the prime features for studying the
kinematics of high-z galaxies (e.g., Smit et al. 2018; Hashimoto et al. 2019;
Jones et al. 2021). Dynamical masses are particularly interesting in that
they give some handle on the masses of galaxies, which can be challenging
to do from the photometry alone (e.g., Schaerer & de Barros 2009).

Despite the great utility of [CII] and the huge interest from the commu-
nity, only a modest number of z > 6.2 galaxies had been found to show
[CII] emission in the first six years of ALMA operations (e.g., Maiolino
et al. 2015; Pentericci et al. 2016; Bradac et al. 2017; Matthee et al. 2017;
Smit et al. 2018; Carniani et al. 2018; Hashimoto et al. 2019). Additionally,
even in cases where the [CII] line was detected, only modest luminosities
were found, i.e., LicrS 2x10% Lo. One potentially important factor in
the limited success of earlier probes for [CII] at z > 6 may have been the
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almost exclusive targeting of sources with redshifts from the Lya emis-
sion line. At lower redshifts at least, Lya emission seems to be much
more prevalent in lower mass galaxies than it is in higher mass galaxies
(e.g., Stark et al. 2010). Additionally, Ly« emitters have been found to be
systematically low in their [CII] luminosity-to-SFR ratios (Harikane et al.
2018; Matthee et al. 2019). Both factors would have caused early ALMA
observations to miss those galaxies with the brightest [CII] lines.

In a cycle 4 pilot, Smit et al. (2018) demonstrated the effectiveness of
spectral scans for the [CII] line in z > 6 galaxies which are particularly
luminous and which also have well constrained photometric redshifts. One
aspect of the z ~ 7 galaxies from Smit et al. (2018) that allowed for partic-
ularly tight constraints on their redshifts were the high EWs of their strong
[OIIT]+HpS emission lines in the Spitzer/IRAC bands. This is due to the
particular sensitivity of the Spitzer/IRAC [3.6]—[4.5] colors to redshift of
galaxies for high-EW [OIII]4+HS emitters (Smit et al. 2015). Remarkably,
despite just ~1 hour of observations becoming available on these targets,
the results were nevertheless striking, with 6-8¢ [CII] lines found in two
targeted sources, with redshifts z = 6.8075 and z = 6.8540. Additionally,
the [CII] luminosities of the two sources were relatively high, being brighter
in [CII] than all ALMA non-QSO targets by factors of ~2-20.

Encouraged by the high efficiency of the Smit et al. (2018) spectral scan
results, we successfully proposed for similar observations for 6 other lu-
minous z ~ 7 galaxies (2018.1.00085.S: PI Schouws) to add to the results
available from the Smit et al. (2018) program and further refine the spec-
tral scan strategy. The purpose of this paper is to present results from
this second pilot. Results from this pilot program and an earlier program
from Smit et al. (2018) served as the motivation for the Reionization Era
Bright Emission Line Survey (REBELS) ALMA large program (Bouwens
et al. 2022) in cycle 7. The REBELS program significantly expanded the
strategy employed in these pilot programs to a much larger set of targets,
while extending the scan strategy to even higher redshift.

The paper is structured as follows. In §2, we detail the selection of
targets for this second pilot program, while also describing the set up and
reduction of our spectral scan observations. In §3, we describe the [CII]
line search and present our new [CII] detections. We place our detections
on the [CII]-SFR relation and examine the [CII]/L;g of our sources. We
conclude the Section by examining their kinematics. In §4, we discuss the
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prospect of deploying the described spectral scan observations to a much
larger set of z > 6 galaxies. Finally in §5, we summarize our conclusions.

Throughout this paper we assume a standard cosmology with Hy = 70
km s~! Mpc™!, Q,, = 0.3 and Qp = 0.7. Magnitudes are presented in
the AB system (Oke & Gunn 1983). For star formation rates and stellar
masses we adopt a Chabrier IMF (Chabrier 2003). Error-bars indicate the
68% confidence interval unless specified otherwise.

3.2 HIGH-REDSHIFT TARGETS AND ALMA
OBSERVATIONS

3.2.1 UltraVISTA Search Field and Photometry

Our source selection is based on ultradeep near-infrared imaging over
the COSMOS field (Scoville et al. 2007) from the third data release (DR3)
of UltraVISTA (McCracken et al. 2012). UltraVISTA provides imaging
covering 1.4 square degrees (McCracken et al. 2012) in the Y, J, H and
Ks filters to ~24-25 mag (50), with DR3 achieving fainter limits over 0.7
square degrees in 4 ultradeep strips. The DR3 contains all data taken
between December 2009 and July 2014 and reaches Y = 26.2, J = 26.0,
H = 258, K = 25.5 mag (50 in 1.2"”-diameter apertures). The nominal
depth we measure in the Y, J, H, and Ks bands for the UltraVISTA DR3
release is ~0.1-0.2 mag, ~0.6 mag, ~0.8 mag, and ~0.2 mag, respectively,
deeper than in UltraVISTA DR2 release.

The optical data we use consists of CFHT/Omegacam in g, r, i, z (Er-
ben et al. 2009) from the Canada-France-Hawaii Legacy Survey (CFHTLS)
and Subaru/SuprimeCam in Bj+V j+g+r+i+z imaging (Taniguchi et al.
2007). This analysis uses Spitzer/IRAC 3.6pum and 4.5um observations
from S-COSMOS (Sanders et al. 2007), the Spitzer Extended Deep Survey
(SEDS: Ashby et al. 2013), the Spitzer-Cosmic Assembly Near-Infrared
Deep Extragalactic Survey (S-CANDELS: Ashby et al. 2015), Spitzer
Large Area Survey with Hyper-Suprime-Cam (SPLASH, PI: Peter Capak),
and the Spitzer Matching survey of the UltraVISTA ultra-deep Stripes
(SMUVS, PI: K. Caputi: Ashby et al. 2018). Compared to the original
S-COSMOS IRAC data, SPLASH provides a large improvement in depth
over nearly the whole UltraVISTA area, covering the central 1.2 square
degree COSMOS field to 25.5 mag (AB) at 3.6 and 4.5um. SEDS and
S-CANDELS cover smaller areas to even deeper limits. We also make use
of data from SMUVS, which provides substantially deeper Spitzer/IRAC
data over the deep UltraVISTA stripes.
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Source catalogs were constructed using SExtractor v2.19.5 (Bertin &
Arnouts 1996), run in dual image mode, with source detection performed
on the square root of a x? image (Szalay et al. 1999) generated from the
UltraVISTA YJHK, images. In creating our initial catalog of z ~ 7 can-
didate galaxies, we started from simply-constructed catalogs derived from
the ground-based observations. Prior to our photometric measurements,
images were first convolved to the J-band point-spread function (PSF) and
carefully registered against the detection image (mean RMS~0.05"). Color
measurements were made in small Kron (1980) like apertures (SExtractor
AUTO and Kron factor 1.2) with typical radius ~0.35-0.50").

We also consider color measurements made in fixed 1.2”-diameter aper-
tures when refining our selection of z ~ 7 candidate galaxies. For the
latter color measurements, flux from a source and its nearby neighbors
(12" x12" region) is carefully modeled; and then flux from the neighbors is
subtracted before the aperture photometry is performed. Our careful mod-
eling of the light from neighboring sources improves the overall robustness
of our final candidate list to source confusion. Total magnitudes are de-
rived by correcting the fluxes measured in 1.2"”-diameter apertures for the
light lying outside a 1.2”-diameter aperture. The relevant correction fac-
tors are estimated on a source-by-source basis based on the spatial profile
of each source and the relevant PSF-correction kernel. Photometry on the
Spitzer /IRAC (Fazio et al. 2004) observations is more involved due to the
much lower resolution FWHM = 1.7” compared to the ground-based data
(FWHM = 0.7”). The lower resolution results in source blending where
light from foreground sources contaminates measurements of the sources of
interest. These issues can largely be overcome by modeling and subtract-
ing the contaminating light using the higher spatial resolution near-IR
images as a prior. Measurements of the flux in the Spitzer/TIRAC obser-
vations were performed with the mophongo software (Labbé et al. 2006,
2010a,b, 2013, 2015). The positions and surface brightness distributions of
the sources in the coadded JHKSs image are assumed to appropriate mod-
els and, after PSF matching to the IRAC observations, these models are
simultaneously fit to the IRAC image leaving only their normalization as
a free parameter. Subsequently, light from all neighbors is subtracted, and
flux densities were measured in 2” diameter circular apertures. The IRAC
fluxes are corrected to total for missing light outside the aperture using
the model profile for the individual sources. The procedure employed here

71



LI I N B O Y
1 @ Smit+2017 Sources ]
|- [l ALMA Scon Targets m
[ A Literoture [CH] .
- A Other Bright Targels

~ 0‘5 __

Te] B
= f ]
| 0 ]
~ .
(o] n
M [ m
-1 r .
Cov v b Lo bds Ly o 17

55 6 6.5 7 7.5
Redshift

Figure 3.1. Measured [3.6]—[4.5] colors for the bright z ~ 7 galaxy candidates we have
identified within UltraVISTA. The [3.6]—[4.5] color is largely driven by how high the
EWs of the emission lines ([OIII]+HfA, Ha) that fall in the [3.6] and [4.5] bands are,
with the blue colors at z ~ 6.6-6.9 driven by the [OIII]+Hg lines falling in the [3.6]
band, and at z > 7 the [OIII]4+H} lines falling in the [4.5] band. The most promising
z ~ 7 follow-up targets are indicated by the red squares and correspond to the brightest
H < 25 mag sources over COSMOS and show red or blue [3.6]—[4.5] colors, significantly
narrowing the width of the redshift likelihood distribution over which [CII] searches
are required. The filled magenta circles show the [3.6]—[4.5] colors measured for the
two z ~ 7 galaxies with [CII] detections reported in Smit et al. (2018), while the solid
orange triangles are for sources with [CII] detections in the literature (Matthee et al.
2017; Pentericci et al. 2016; Hashimoto et al. 2019). The blue triangles correspond to
those bright (H < 24.5 mag) z ~ 7 galaxies from Appendix A where the redshift is less
well constrained based on the [3.6]—[4.5] colors (UVISTA-Z-002, 003, 004, 005, 008).
The cyan shaded region shows the expected [3.6]—[4.5] colors for star-forming galaxies
vs. redshift assuming a rest-frame equivalent width for [OIII]+Hg in the range 400Ato
2000A.

is very similar to those of other studies (e.g., Skelton et al. 2014; Galametz
et al. 2013; Guo et al. 2013; Stefanon et al. 2017; Weaver et al. 2022).

3.2.2 Bright z ~ 7 Selection

In effort to identify a robust set of z ~ 7 galaxies from the wide-area
UltraVISTA data set for follow-up with ALMA, we require sources to be
detected at >60, combining the flux in J, H, Ks, [3.6], and [4.5]-band im-
ages (coadding the S/N’s in quadrature). The combined UltraVISTA +
IRAC detection and SNR requirements exclude spurious sources due to

72



noise, detector artifacts, and diffraction features. We construct a prelim-
inary catalog of candidate z ~ 7 galaxies using those sources that show
an apparent Lyman break due to absorption of UV photons by neutral
hydrogen in the IGM blueward of the redshifted Ly« line. This break is
measured using simple color criteria. At z > 6.2, the z-band flux is signif-
icantly impacted by this absorption of rest-UV photons, while at z > 7.1,
the Y-band flux is impacted. The following criteria were applied:

(z=Y >05)A (Y — K <0.7)

where A is the logical AND operator. In case of a non-detection, the z or
Y-band flux in these relations is replaced by the equivalent 1o upper limit.

It is worth emphasizing that our final sample of z > 6 bright galaxies
shows little dependence on the specific limits chosen here. For each candi-
date source the redshift probability distribution P(z) is then determined us-
ing the EAZY photometric redshift software (Brammer et al. 2008), which
fits a linear combination of galaxy spectral templates to the observed spec-
tral energy distribution (SED).

The template set used here is the standard EAZY v1.0 template set,
augmented with templates from the Galaxy Evolutionary Synthesis Mod-
els (GALEV: Kotulla et al. 2009) which include nebular continuum and
emission lines. The implementation of nebular lines follow the prescription
of Anders & Fritze-v. Alvensleben (2003), assuming 0.2 Zg, metallicity and
a large rest-frame EW of Ha = 1300A. These extreme EW reproduce the
observed [3.6]—[4.5] colors for many spectroscopically confirmed z ~ 7-9
galaxies (e.g., Ono et al. 2012; Finkelstein et al. 2013; Oesch et al. 2015;
Zitrin et al. 2015; Roberts-Borsani et al. 2016; Stark et al. 2017). A flat
prior on the redshift is assumed.

To maximize the robustness of candidates selected for our z ~ 7 samples,
we require the integrated probability beyond z = 6 to be >70%. The use
of a redshift likelihood distribution P(z) is very effective in rejecting faint
low-redshift galaxies with a strong Balmer/4000A break and fairly blue
colors redward of the break.

The available optical observations are used to reject other low redshift
sources and Galactic stars by imposing x2,; < 4. X2 is defined as x2,, =
YiSGN(f;)(fi/0:)? where f; is the flux in band i in a consistent aperture,
o; is the uncertainty in this flux, and SGN(Jf;) is equal to 1 if f; > 0
and —1if f; < 0. Xgpt is calculated in both 0.8”-diameter apertures and in
scaled elliptical apertures. Xgpt is effective in excluding z = 1-3 low-redshift
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Table 3.1. Main parameters of the ALMA observations used for this study.

RedshifeT

- =

Source iA ppe  Beamwidth® Im:,graz’on PWV of the Spectral Scan

Name (arcsec) (1]:;‘:) (mm) Percentage of p(z)%

(GHz)

UVISTA-Z-001 10:00:43.36 02:37:51.3 1.47'/x1.21"/ 39.31 3.3  228.62 - 239.37 (z = 6.94-7.31) (71%)
UVISTA-Z-007 09:58:46.21 02:28:45.8 1.40"/ x1.19"/ 32.76 1.9 240.28 - 251.02 (2 = 6.57-6.91) (82%)
UVISTA-Z-009 10:01:52.30 02:25:42.3 1.38"/x1.20"/ 32.76 1.9 240.28 - 251.02 (z = 6.57-6.91) (65%)
UVISTA-Z-010 10:00:28.12 01:47:54.5 1.44’/x1.18"/ 39.31 3.3 228.62 - 239.37 (z = 6.94-7.31) (90%)
UVISTA-Z-013 09:59:19.35 02:46:41.3 1.45"/x1.18"/ 39.31 3.3 228.62 - 239.37 (z = 6.94-7.31) (99%)
UVISTA-Z-019 10:00:29.89 01:46:46.4 1.39"/ x1.18"/ 32.76 1.9 240.28 - 251.02 (= = 6.57-6.91) (95%)

Note— # Beamsize for the naturally weighted moment-0 images. P Corresponds to the average on-source integration

time for the two tunings. ¢ Average precipitable water vapour during the observations. 9 Percentage of the redshift
probability distribution that is covered by the spectral scan.

star-forming galaxies where the Lyman break color selection is satisfied by
strong line emission contributing to one of the broad bands (e.g. van der
Wel et al. 2011; Atek et al. 2011). Sources which show a 20 detection in the
available ground-based imaging bands (weighting the flux in the different
bands according to the inverse square uncertainty in f,) are also excluded
as potentially corresponding to lower-redshift contaminants. Finally, to
minimize contamination by low-mass stars, we fit the observed SEDs of
candidate z ~ 7 galaxies both with EAZY and with stellar templates
from the SpecX prism library (Burgasser et al. 2004). Sources which are
significantly better fit (Ax? > 1) by stellar SED models are excluded.
The SED templates for lower mass stars are extended to 5um using the
known J — [3.6] or J — [4.5] colors of these spectral types (Patten et al.
2006; Kirkpatrick et al. 2011) and the nominal spectral types of stars from
the SpecX library. The approach we utilize is identical to the SED-fitting
approach employed by Bouwens et al. (2015) for excluding low-mass stars
from the CANDELS fields. Combined, these selection requirements result
in very low expected contamination rates.

Using the above selection criteria, we select 32 z ~ 7 potential candidates
for spectral scans over a 1.2 square degrees area in the UltraVISTA field.
The sources have an H-band magnitude ranging from 23.8 mag to 25.7
mag and redshifts 6.6 to 7.1. We include a list of the sources we select in
Table 3.3 from Appendix A.

3.2.3 Target Selection for the ALMA Observations

In an effort to further demonstrate the potential of spectral scans with
ALMA to characterize massive star-forming galaxies at z ~ 7, we elected
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to target six sources from the z ~ 7 galaxy sample constructed in the
previous Section (and which is presented in Appendix A).

We focused on those galaxies which are brightest in the rest-frame UV
and have the tightest constraints on their photometric redshifts. UV-
bright galaxies are particularly useful to target since those sources have
the highest apparent SFRs and should contain particularly luminous [CII]
lines, assuming the De Looze et al. (2014) relation holds out to z > 6 as
Schaerer et al. (2020) find. If there is an additional contribution from ob-
scured star formation, the luminosity of [CII] should be further enhanced.

Additionally, it is useful to target sources with tight constraints on their
redshifts from photometry to minimize the number of spectral scan win-
dows that need to be utilized. For this purpose, a useful set of sources to
target are those with particularly strong constraints on their photomet-
ric redshifts from their Spitzer /IRAC colors. One particularly interesting
opportunity exists for sources where the broad-band Lyman-break places
sources around a redshift z ~ 7, as Smit et al. (2015) and Smit et al.
(2018) have already demonstrated. This is due to the fact that at z ~ 7,
the Spitzer /IRAC color can reduce the width of the redshift likelihood
window for a source by as much as a factor of 2. Due to the dramatic
impact the [OIII]+H} lines have on the [3.6]—[4.5] colors for star-forming
galaxies at z ~ 7, the Spitzer /TRAC color places robust constraints on
the redshift of a source. For sources with a robustly red Spitzer /IRAC
[3.6]—[4.5] color, we can eliminate the z < 7 solution, while for sources
with a robustly blue Spitzer /IRAC [3.6]—[4.5] color, we can eliminate the
z > 7 solution.

Following from these arguments, the best targets for the detection of
luminous [CII] line emission at z > 6 are those sources (1) which are
bright (H < 25), (2) have photometric Lyman breaks around z ~ 7, and
(3) have robustly red or blue colors (|[3.6]—[4.5]] —1o > 0.0). We highlight
these sources in a Spitzer/TIRAC [3.6]—[4.5] color vs. redshift diagram in
Figure 3.1 as the large red squares.

The [OIII]+HS equivalent widths derived from the IRAC colours of our
selected sources are shown in table 3.2. Because of the color requirement,
the average EW of our sources (1155A) is significantly higher than the
median EW (759fﬂ§ A) of the population of luminous z ~ 7 derived by
Endsley et al. (2021).

It should be noted that red rest-frame optical colours could also be
driven by strong Balmer breaks resulting from the presence of older stellar
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Figure 3.2. (Top) Full spectral scans as observed for the six galaxies targeted in this
study. The targets are divided in two samples of three galaxies which were observed
with different ALMA tunings. For both samples the ALMA tunings are shown above
or below the spectral scans. We detect an emission line for 3 targets, indicated with
a red line below the location of the emission line in the scans. For clarity, the spectra
are binned combining 5 spectral channels. (Bottom) Photometric redshift probability
distributions for the galaxies targeted in this study (on the same scale as the spectral
scans). Galaxies for which an emission line is detected are indicated with an asterisks.
The two samples with different ALMA tunings are distinguished with blue and green
colors.

populations (Hashimoto et al. 2018; Roberts-Borsani et al. 2020; Strait
et al. 2020). However, the presence of a possible Balmer break (rest-frame
3646A) starts impacting the observed IRAC color from z > 7.6 after it
moves into the 3.6um channel. Because our galaxies have photometric red-
shifts below this, we will assume that observed IRAC colours are driven
by [OIII]4+H/ emission.

3.2.4 ALMA Observations and Data Reduction

A summary of the ALMA data collected for this second pilot program
is presented in Table 3.1. ALMA observations were obtained over a con-
tiguous 10.75 GHz range (2 tunings) to scan for [CII] line. For the three
targets with photometric redshifts z < 7, the redshift range z = 6.57 to
6.91 was scanned (240.28 to 251.02 GHz). For the targets with photomet-
ric redshifts z 2 7, the redshift range z = 6.94 to 7.31 was scanned (228.62
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Table 3.2. Results - UV and ALMA derived properties of the galaxies targeted in this study.

Gurce Ty Tog M=1 EW OIITHBT LR ey TlC11] FWHMY
Zphot Zspec . i1 S
Name (aresec) Mg (A) (101 L) (Jy km/s) (108Lg) (km/s)
T0.05 Fo.1 F0.09 442 2.1
UVISTA-Z-001 7'0070.06 7.0599(3) 2,970.1 9.5870.’35 100472'06 5.072-1 0.574+0.08 6.7 + 1.2 256 + 27
UVISTA-2-007 6.727519 6.7496(5) 1.5702 9.5770:3% 7614339 < 2.2¢  0.51£0.09 5.6 + 1.4 301 + 42
y 1007 102 10.32 +677 d
UVISTA-Z-009 6»86;3_89 - 1-6;8'5 9.40;8.53 1012;’?2g < 2.4 - <1.6 -
: : ; d
UVISTA-Z-010 7.0618.8Z - 1,1<18.Z 8.881%.%9‘5 1706£4%%1 < 2.1 - <1.7 -
) g : .03 36 d
UVISTA-Z-013 7.02_8‘89 - 1.4;8.% 10,72;0011{;0 1821_%%812 <f629 - <1.9 -
. +0.05 ; . i X
UVISTA-2-019 6.8070-0% 6.7534(2) 1.070-1 0517019 628122 27709 0.80£0.06 8.8 £ 0.9 184 + 15

NoTE t UV-Luminosities and stellar masses are taken from Schouws et al. (2022) and were derived using the method-
ology described in Stefanon et al. (2019), assuming a metallicity of 0.2 Z), a constant star formation history and a

Calzetti et al. (2000) dust law. ¥ [OIIT]4+HB equivalent widths are taken from Bouwens et al. (2022) and Stefanon
et al. (2022, in prep). @ Total infrared luminosity integrated from 8-1000um assuming a modified black body SED
with a dust temperature of 50 K and a dust emissivity index Bgy54=1.6 after correcting for CMB effects (we refer

to Schouws et al. 2022, for details). P Observed FWHM of the [CII] emission line as measured in the 1d spectrum.
¢ UVISTA-Z-007 shows dust continuum emission at a level of 2.50 (corresponding to Lyp ~ 1.8 x 1011 Lg), but we

use the 30 upper limit on the luminosity for the remainder of our analysis to be conservative. d These non-detections
are either caused by a [CII] luminosity below our detection limit or because their redshift falls outside of the range
scanned in this study (see table 3.1). Denoted is the average limiting luminosity over the scanned redshift range
(<5.20, assuming 350km/s FWHM?), but atmospheric absorption can increase this limiting luminosity with a factor
~2x, see Figure 3.7.

2The limiting luminosity scales with the square root of FWHM, i.e. broader lines are more
difficult to detect. We have verified that the assumed FWHM does not significantly impact the
results presented in this paper.

to 239.37 GHz). This observing set-up utilizing the same scan windows for
multiple targets was chosen to enable a significant reduction in calibration
overheads from ALMA by targeting multiple sources in the same science
goal. The scan windows utilized are presented in Figure 3.2, along with the
redshift likelihood distribution inferred from our photometry. These scan
windows cover between 71% to 99% of the estimated redshift likelihood dis-
tribution (Table 3.1). The required integration times for the observations
were set assuming a similar [CII] luminosity and line width for sources as
in pilot program observations of Smit et al. (2018), i.e., ~4x10% L and
200 km/s for the FWHM of [CII]. To detect this line at >50, we required
achieving a sensitivity of 300 uJy per 66 km/s channel. To achieve this
sensivitity, we require ~ 33 to 39 minutes of integration time with ALMA.

The ALMA data were reduced and calibrated using CASA version 5.4.1
following the standard ALMA pipeline procedures. To reduce the data-
size of the visibility measurement set, we averaged the data in bins of 30
seconds after carefully calculating that this bin-size does not impact our
data through time-average smearing (e.g. Thompson, Moran & Swenson
2017). We then performed initial imaging of the full data-cube using the
TCLEAN task with natural weighting. We clean to a depth of 3o per channel
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Figure 3.3. Overview of the galaxies detected in [CII] in this study. (left panel) 1d
extracted spectra of the [CII] line (blue) and a Gaussian fit (red) for UVISTA-Z-001
(top), UVISTA-Z-007 (middle) and UVISTA-Z-019 (bottom). (right panels) The spatial
distribution of the [CII] line emission (blue contours) relative to rest-UV images of the
sources from HST (F140W: background image) and dust continuum emission (orange
contours). Contours correspond to 2, 3, 4, and 5x the noise level. The dust continuum
is significantly detected in UVISTA-Z-001 and UVISTA-Z-019 and marginally detected
in UVISTA-Z-007 (at 2.50) (see also Schouws et al. 2022, for an extensive discussion of
the continuum properties of these galaxies).

and use automasking' to identify regions that contain emission. This initial
data-cube was used to do an inital search for [CII] line candidates, details
of our line-search procedure are described in the next Section.

If a significant emission line candidate is identified, we use the line prop-
erties to carefully mask the channels containing line emission to produce a
continuum subtracted visibility data-set using the UvCONTSUB task. This
continuum subtracted measurement set is then used to re-image the full
data cube, after which we repeat the line search and verify that the same
line candidates are obtained.

For each emission line candidate we produce an initial moment-0 image,
including channels that fall within 2x the initial FWHM estimate of the
line candidate?. Using this moment-0 map, we produce a 1d spectrum
where we include all pixel-spectra that correspond to > 3¢ emission in
the moment-0 map and we weigh the contribution of each pixel-spectrum
by their signal-to-noise level. We then fit a Gaussian line model to this
spectrum to extract the central frequency and the FWHM. Next, using this
updated estimate for the FWHM, we update the moment-0 image and its
associated signal-to-noise weighted 1d spectrum. We perform this 10 times

1 For the automasking we use the recommended settings for the 12-meter array with compact
baselines from the CASA automasking guide: . We verified that the automasking identifies the
same emission regions that we would have selected when masking by hand.

2 Collapsing over all channels that fall within 2x the FWHM captures ~98% of the flux for
lines with a Gaussian line-profile.
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and note that it converges to a stable solution within a few iterations. The
line parameters that we derive with this method are also used to carefully

exclude line emission from the continuum imaging used in Schouws et al.
(2022).

3.3 RESULTS
3.3.1 [CII] Line Search

We performed a systematic search for emission line candidates using
the MF3D line search algorithm (Pavesi et al. 2018). MF3D finds line
candidates using Gaussian template matching, which accounts for both
spectrally and spatially extended emission lines. We used MF3D with 10
frequency templates with line-widths ranging from 50 to 600 km/s and 10
spatial templates ranging from 0 to 4.5 arcseconds. To be considered a
reliable detection, we require line candidates to be within 1.5” of the rest-
frame UV position of our sources and have SNR>5.2¢0. This criterion was
found to result in >95% purity (Schouws et al. in prep.)?.

We require this high purity because our sources lack a prior spectroscopic
redshift. A correct determination of the spectroscopic redshift is of partic-
ular importance for potential follow-up studies looking at other emission
lines, which would be misguided if the spectroscopic redshift turns out to
be incorrect. This strict signal to noise limit however comes at the cost of
completeness, missing potential lines that are (just) below the detection
limit.

Based on this search, we find reliable emission lines for UVISTA-Z-001
at 12.80 at 235.80 GHz, for UVISTA-Z-007 at 9.40 at 245.24 GHz and
for UVISTA-Z-019 at 18.30 at 245.12 GHz. The other datacubes did not
contain any line candidates that meet the SNR requirements discussed
above. For these non-detections, it is possible that their [CII] luminosity
falls below our detection limit (~ 2x10%Le,), see Figure 3.7) or their redshift
falls outside of the range scanned in this study. The results of the line-
search are summarized in Figure 3.2, which shows the layout of the full
spectral scan and corresponding P(z)’s for all six sources in this study.

For the sources that are not detected in this study, we note that UVISTA-
7-009 has been detected just outside the scan-rage presented in this paper

3 With a 95% purity we mean that for every 20 detected lines above the SNR threshold, at
most one of the line candidates is actually a random noise feature. This threshold is directly
derived from the noise statistics of the observed datacubes by comparing the occurrence of
negative and positive features at different SNR values (e.g. Béthermin et al. 2020).
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at z=6.984 in the REBELS survey (Bouwens et al. 2022, Schouws et al. in
prep.). The remaining two non-detections (UVISTA-Z-010 and UVISTA-
Z-013) are the sources with the highest [OIII]+Hf equivalent widths (see
Table 3.2). Their high [OIII|+HB EWs indicate that these galaxies have
a high ionization parameter, which could reduce the abundance of singly
ionized carbon to more highly ionized states (e.g. Ferrara et al. 2019). How-
ever, studies of [CII] emission from dwarf galaxies in the local universe show
that the covering fraction of PDRs and the fraction of [CII] emission from
neutral regions increases with ionization parameter (Cormier et al. 2019).
Further studies are necessary to explore this for the objects presented in
this paper.

For the detected sources we show the contours from the [CII] and dust
continuum emission compared to the rest-frame UV morphology and their
1d spectra in Figure 3.3. The rest-frame UV images are in the F140W band
at 1.39um and are from GO-13793 (UVISTA-Z-001, PI:Bowler: Bowler
et al. 2017) and GO-16506 (UVISTA-Z-007, UVISTA-Z-019, PI: Witstok;
Witstok et al. 2022, in prep). For a detailed description of the procedure
we used to produce the moment-0 images and 1d spectra we refer to Section
3.2.4. For the non-detections only ground-based rest-frame UV imaging is
available (available in Figure 12 in Schouws et al. (2022) or Figure Al in
Inami et al. (2022).

We measure the integrated flux of the [CII] emission lines from the
moment-0 images by fitting the data with a 1-component Gaussian model
using the IMFIT task. The resulting flux measurements are shown in Table
3.2. We double-check the measurements from IMFIT with UVMULTIFIT
(Marti-Vidal et al. 2014), which we use to fit a Gaussian model in the (u,v)-
plane instead of the image-plane. We reassuringly find that both methods
produce results consistent within their errorbars. Finally, we convert these
[CII] fluxes to luminosities following Solomon et al. (1992) and Carilli et al.
(2013):

Licrn/Le = 1.04 x S,Av X vgps x D3 (1)

with S, Av the integrated flux density in mJy km/s, v,s the observing
frequency and Dy, the luminosity distance.

3.3.2 The [CII]-SFR Relation

The large luminosity and favourable atmospheric opacity of [CII] enable
detection up to very high redshifts. Local galaxies studies have found a
tight correlation between the [CII] luminosity and SFR (De Looze et al.
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Figure 3.4. [CII]-SFR relation for the galaxies in this study (solid blue stars). Our
results are consistent with the results from De Looze et al. (2014) for local HII/Starburst
galaxies within the scatter (solid black line and grey shaded region). For context we
show results from previous z>6.5 detections and non-detections (from the compilation
by Matthee et al. 2019) (green data-points and upper-limits). We also show some fits
to the Licry)-SFR relation from the literature for observations (Schaerer et al. 2020;
Harikane et al. 2020), semi-analytic models (Lagache et al. 2018, at z = 7), and zoom-in
simulations by Olsen et al. (2017) and Vallini et al. (2015) (with Z = 0.2Z). All SFRs
have been scaled to a Chabrier IMF (Chabrier 2003) and IR luminosities are calculated
assuming a modified black body curve with T'= 50K and B4 = 1.6 (as described in
Schouws et al. 2022).

2011, 2014; Kapala et al. 2014; Cormier et al. 2015; Herrera-Camus et al.
2015; Diaz-Santos et al. 2017), [CII] has therefore been proposed as an
efficient and unbiased probe of the SFR at high redshift.

In past few years, this correlation between SFR and Ljcr; has been
observed out to z ~ 8 with an increasing number of detections and upper-
limits. Of particular note are the results from the ALPINE large program,
which finds little to no evolution in the [CII]-SFR relation in a large sample
of normal galaxies at 4.4 < z < 5.9 (Schaerer et al. 2020). At even higher
redshifts the current samples are less uniform, but still seem to be con-
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Figure 3.5. Ratio of the observed [CII] luminosity Licy) to the IR luminosity Lir as a
function of L for our small z ~ 7 galaxy sample (solid blue stars, 1o uncertainties). IR
luminosities Lrr are estimated assuming a modified blackbody SED with dust tempera-
ture 50K and an emissivity index S4 of 1.6. With the grey arrows in the top-right corner
we show the effect of changing the assumed dust temperature by £10K. For context, we
also show results from the z = 0 GOALS sample (Diaz-Santos et al. 2013, 2017, grey
circles), the z ~ 4-6 ALPINE sample (Le Fevre et al. 2020; Béthermin et al. 2020; Faisst
et al. 2020, yellow squares), and other results from the literature (green circles). Lower
limits on L[CH]/LIR and upper limits on Lrr are 30. On the right vertical axis, the
ratio of integration times required to detect [CII]i5s at 5o to the time required to detect
sources in the dust continuum at 3o is indicated. Our new measurements show slightly
higher L[C”]/LIR ratios than the z = 0 GOALS results at a given L;r and appear to
be qualitatively very similar to the z ~ 4-6 results obtained by ALPINE.

sistent with the local relation, albeit with a larger scatter (e.g., Carniani
et al. 2018; Matthee et al. 2019).

Nevertheless, there has been an increasing number of observations of
galaxies that fall well below the local relations (e.g., Ota et al. 2014;
Matthee et al. 2019; Laporte et al. 2019; Bakx et al. 2020; Binggeli et al.
2021; Uzgil et al. 2021; Rybak et al. 2021; Jolly et al. 2021). Currently, it
is not clear what is the driver of this deficit in [CII] luminosity for some
high redshift galaxies.
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Figure 3.6. (left three panels) Low-resolution [CII] kinematics of our sources overlaid
on the rest-UV imaging with the [CII] and dust continuum contours, as in Figure 3.3.
The velocity gradients for all sources are shown on the same scale, starting at —60
km/s (blue) to 60 km/s (red). (rightmost panel) Zoom-in on the central pixel-spectra
of UVISTA-Z-019. The spectrum consists of a narrow component (FWHM ~ 70km/s)
responsible for ~ 20% of the total flux and a broad component (FWHM ~ 220km/s)
that accounts for ~ 80% of the total flux.

We show the position of our sources on the [CII]-SFR relation in Figure
3.4, and find that the galaxies targeted in this study are also consistent with
the local relation from De Looze et al. (2014) within the expected scatter.
The three sources where [CII] remains undetected are not shown on this
Figure, since it is unclear whether the [CII] line is below our detection
threshold (i.e., Licry < 2 x 108Le) or whether the true redshift is outside
the range of our spectral scan. Because these sources have SFRs between
15 and 25 Mgyr~' our detection limit falls within the scatter of the local
relation (De Looze et al. (2014)). From this Figure, it is clear that most of
the z > 6.5 galaxies with SFR> 20Mgyr~! are consistent with the local
relation, while at lower SFRs a significant fraction of currently observed
galaxies seems to fall below the relation.

3.3.3 [CII] vs. FIR

It has been found that [CII] can account for up to ~ 1% of the total
infrared luminosity of galaxies, however it has also been found that this
fraction decreases by ~ 2 orders of magnitude with increasing L;g, lead-
ing to a [CII]-deficit in luminous galaxies (e.g., Genzel & Cesarsky 2000;
Malhotra et al. 2001; Hodge & da Cunha 2020). Specifically, observed
[CII]/FIR ratios range from ~10~2 for normal z~0 galaxies to ~10~* for
the most luminous objects, with a large scatter (e.g., Diaz-Santos et al.
2013).

The reason for this observed [CII]-deficit remains a topic of discussion in
the literature, with a large range of possible explanations including opti-
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cally thick [CII] emission, effects from AGN, changes in the IMF, thermal
saturation of [CII], positive dust grain charging and dust-dominated HII
region opacities (e.g., Casey et al. 2014; Smith et al. 2016; Ferrara et al.
2019; Rybak et al. 2019; Hodge & da Cunha 2020).

The galaxies in this study have far infrared luminosities of Lyp = 1 —
5 x 10" Lo*, which puts them in the Luminous Infrared Galaxy (LIRG)
classification. Comparing their infrared to their [CII] luminosity we find
ratios of [CII]/L;gr ~ 1 —3 x 1073 (see Figure 3.5). Compared to local
(U)LIRGS from the GOALS survey (Diaz-Santos et al. 2013, 2017), we
find that our galaxies are less deficient in [CII] by a factor ~0.3 dex. This
result has a minor dependence on the assumed dust temperature as shown
with the grey arrows on Figure 3.5. When assuming higher or lower dust
temperatures the data-points move mostly parallel to the trend. Only for
substantially higher dust temperatures (2 70K) would our measurements
be consistent with the local results.

Our measured [CII]/FIR ratios are consistent with other studies at high
redshifts, which also find that high redshift galaxies tend to be less [CII]
deficient (e.g., Capak et al. 2015; Schaerer et al. 2020). A possible ex-
planation for this lack of [CII]-deficit in high redshift galaxies could be
different dust conditions. Specifically, a lower dust-to-gas ratio at a fixed
far infrared luminosity could increase the [CII] luminosity with respect to
the infrared (Capak et al. 2015).

3.3.4 [CII] Kinematics

Due to its high intrinsic luminosity, [CII] is an efficient tracer of the kine-
matics of high redshift galaxies (e.g., Neeleman et al. 2019). To investigate
the kinematics of our sources, we derive the velocity maps of our galaxies
by fitting Gaussians to the pixel-spectra in our cube, including all pixels for
which the uncertainty on the velocity is less than 50 km/s. The resulting
velocity fields are shown in Figure 3.6. Despite the low (~1.3", see Table
3.1) resolution of our observations, some of our sources show significant
velocity gradients.

In particular, we find that both UVISTA-Z-001 and UVISTA-Z-
007 display a significant velocity gradient, with velocity amplitudes of
Vamp sin(i) = 108735 km/s and vgmpsin(i) = 11975 km/s respectively®.

4 To calculate the far infrared luminosities we assume a modified black body dust-SED with
T = 50K and 8 = 1.6, see Schouws et al. (2022) for details.

5 We derive vamp sin(i) by fitting a rotating thin disk model to the 3D datacube using forward
modeling with our kinematics fitting code SKITTER (Schouws et al., in prep.). The maximum
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If we compare the observed rotational velocities assuming no correction
for inclination (i = 0, hence vops = Vamyp sin(é)) to the total line-width of
the 1d spectrum (oups) (see Table 3.2 and Figure 3.6), we find that the
Uobs/Tobs Are 1.01’8:2 and O.9f8:g respectively. This would mean that both
sources should most likely be classified as rotation dominated (defined
as Vops/0ops > 0.8 as utilized in e.g. Forster-Schreiber et al. 2009). This
calculation does not assume a correction for the inclination of the system,
which would increase vops/0ops- The observed velocity gradient could how-
ever also be caused by close mergers. At the current resolution, rotating
disks are indistinguishable from mergers (e.g. Jones et al. 2021, Schouws
et al., in prep).

In particular, we find indications that UVISTA-Z-007 could be a merger.
The HST F140W imaging (Witstok et al. in prep.) shows clearly that this
source consists of two distinct components (see Figure 3.3). The observed
velocity gradient is in the same direction as the two UV components (as
shown in Figure 3.6), making it likely that the observed velocity gradient
in the [CII] is in fact due to the merger of these two components.

The HST F140W imaging of UVISTA-Z-001 also consists of 2 compo-
nents with consistent photometric redshifts (Bowler et al. 2017). However,
for this source the observed velocity gradient is perpendicular to the direc-
tion of the two components. Moreover, it seems that the [CII] emission,
as well as the dust continuum emission primary originate from the north-
ern most component. This is despite the similarity of their rest-frame UV
properties (Bowler et al. 2017). The reason for this discrepancy between
the FIR properties of both components will require more detailed obser-
vations.

For UVISTA-Z-019 we do not observe a significant velocity gradient and
constrain the maximum rotation velocity to vampsin(i) < 50 km/s, imply-
ing that this system is either dominated by dispersion or a face-on system
(i = 0). A more detailed look at the pixel-spectra within the cube in-
dicates that in the central part of this source, the [CII] emission seems
to break down into two distinct components (rightmost panel on Figure
3.6), consisting of a narrow component (FWHM ~ 70 km/s) responsible
for ~ 20% of the total flux and a broad component (FWHM ~ 220 km/s)
that accounts for ~ 80% of the total flux.

velocities on the kinematics maps shown in Figure 3.6 are lower than the actual vamp sin(i) due
to beam-smearing effects.

85



This interesting spectral feature could be caused by several processes,
such as the effect of an outflow. However, this would imply that the ma-
jority of the [CII] luminosity originates from the outflow and that the
emission from the galaxy would have a very narrow FWHM, implying a
low dynamical mass, lower than the stellar mass (Mgy, ~ 9 X 108 My°
versus M, ~ 3 x 10° My). An alternative explanation for the spectral
feature could be a minor-merger, where the narrow component originates
from an in-falling galaxy. However, this would mean that the LOS veloc-
ity is rather small at only AV ~ 50 km/s, despite this likely being one
of the final stages of the merger. Indeed, HST morphology tentatively
shows two close components separated by ~1.5 kpe (see also Figure 3.3).
Finally, the kinematics could also be evidence for a bright clump of intense
star formation within a larger system, indicating the complex structure of
high redshift sources (e.g., Kohandel et al. 2019, 2020). Hence an alterna-
tive interpretation of the clumps in HST imaging could be the presence of
multiple star-forming regions in a larger system. Higher spatial resolution
ALMA observations or deep rest-frame optical observations with JWST
would be invaluable to definitively distinguish between these scenarios.

3.4 THE EFFICIENCY OF SPECTRAL SCANS AND
FUTURE PROSPECTS

In this study we have obtained redshifts for three galaxies without a prior
spectrocopic redshift. In particular by targeting UV-luminous galaxies
with high SFRs, the [CII] lines we detect are also luminous. In Figure 3.7
we show that the [CII] emission of our sources could have been detected
at >50 in only ~ 20 minute integrations per tuning with ALMAT.

Our sources benefit from very tight constraints on the photometric red-
shift due to the large break in the IRAC colors (see Figure 3.1), which
enables us to cover a significant fraction of the P(z) with only 2 tunings.
For sources that lack this additional constraint, 3 or 4 tunings would be
necessary to cover the P(z) appropriately. Nevertheless, this would still
mean that galaxies like the ones targeted in this study could be spectro-
scopically confirmed in less than < 1.5 hours per source.

6 We derive dynamical masses following Wang et al. (2013): % = 1.94x% 105~(%)2-

Tklzf where FW HM is the full width half maximum of the [CII] line in km/s and /5 the [CII]

half light radius in kpc. Because the narrow [CII] component is unresolved, we assume a size of
r1/2 ~1 kpc (consistent with Bowler et al. 2017).

7 Based on the ALMA sensitivity calculator: https://almascience.eso.org/proposing/sensitivity-
calculator and the ALMA Cycle 8 Technical Handbook:
https://almascience.nrao.edu/documents-and-ggpls/cycle8 /alma-technical-handbook
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Figure 3.7. In this study we have presented a method to identify and efficiently spec-
troscopically confirm the redshifts of luminous [CII] emitting galaxies (solid (this study)
and open (Smit et al. 2018) red stars). We compare the derived luminosities of our
sources to the literature (grey datapoints and upper-limits). The present compilation is
from Matthee et al. (2019) and Bakx et al. (2020). The newly discovered lines are more
luminous than most previous detections. The luminosities of those sources without [CI]]
detections are less clear, but for those sources where our scans cover the full likelihood
distribution, it is likely that the lines are fainter and more in line with the typical sources.
For context we show the expected limiting luminosities (for a 5.20 detection and 350
km/s FWHM) that can be achieved with ALMA with 20, 60 and 180 minute integra-
tions (red dashed lines) and find that our targets could have been detected in as little as
20 minutes per scan-window. We also indicate the achieved depth of our observations
(30-40 minutes) with the solid blue lines. This demonstrates the great potential to use
ALMA for spectral scans to obtain spectroscopic redshifts of UV-luminous galaxies in
the epoch of reionization.

It should be noted though that for sources with a lower SFR (and hence
lower [CII] luminosities), spectral scanning becomes expensive quickly. A
spectral scan targeting an L, galaxy (SFRyy ~ 8Mg/yr at z = 7) would
cost ~ 12 hours on source adopting the De Looze et al. (2014) Licp-SFR
relation. Therefore, to study the [CII] emission from L < L, galaxies,
either targeting lensed galaxies for spectral scans or following-up galax-
ies with a prior spectroscopic redshift (e.g. from JWST or ground-based
Lyman-«) remain the most suitable options.
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One significant advantage of using a spectral scan strategy is the time
spent integrating in regions of the spectra not containing prominent ISM
cooling lines. These integrations allow us to probe continuum emission
from our targets. This is important — since the continuum is much harder
to detect than [CII], as one can see from the [CII]/L;p ratios of our sources.
This is illustrated in Figure 3.5 (right vertical axis), on which we show the
ratio of the integration time needed to detect the dust continuum versus
the [CII] line. We find that it is necessary to integrate up to ~ 20x
longer to obtain a 30 detection of the dust continuum. This means that
the time spent observing tunings that do not contain a spectral line is not
wasted, but contributes to the necessary sensitivity to detect the faint dust
continuum.

Based on the results presented in this paper and Smit et al. (2018), we
proposed and were awarded the time to apply the spectral scan method to
a significantly larger sample of galaxies, covering a much larger range in
galaxy properties and redshift. The result was the on-going Reionization
Era Bright Emission Line Survey (REBELS) large program, in which we
pursue spectral scans for [CII] or [OIII] in a sample of 40 z > 6.5 galaxies
(Bouwens et al. 2022).

3.5 SUMMARY

In this paper we present the results of new ALMA spectral scan obser-
vations targeting [CII] in a small sample of six luminous Lyman Break
Galaxies at z ~ 7. The targeted sources were identified from deep, wide-
area near-IR, optical, and Spitzer /TIRAC observations and are particularly
luminous. The targeted sources also feature tight constraints on their red-
shifts leveraging the abrupt changes that occur in the IRAC colour around
z ~ 7 (where strong line emission from [OIII]4+H/ shifts from the [3.6]
to [4.5] band). This improves the efficiency of the spectral scans by ~2x
based on a small number of tunings required to cover the inferred P(z).
The present results build on the exciting results from Smit et al. (2018),
who previously demonstrated the potential of spectral scans for [CII] with
just two sources.

Our main results are summarized below:

e We detect (> 90) [CII] lines for three of the six galaxies we target
with our spectral scans (shown in Figure 3.2). The [CII] lines are

strong with luminosities between 5.6 x 108L¢ and 8.8 x 10%Ls. We
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also observe that the [CII], dust and rest-frame UV emission are well
aligned within the resolution of our observation (see Figure 3.3).

e Placing our new detections on the [CII]-SFR relation shows that our
sources are consistent with the local relation from De Looze et al.
(2014) (for HII/starburst galaxies) (shown in Figure 3.4), and we find
slightly higher [CII]/L;r ~ 1—3x 1073 compared to local (U)LIRGS
(see Figure 3.5), which is consistent with previous studies of high
redshift galaxies.

e Although our observations are taken at a relatively low resolution
(~1.3"), we find that our sources display a broad spectrum of kine-
matic diversity. One of our sources seems to be rotation dominated,
one source is most likely a major merger and one source is dominated
by dispersion. We also find possible kinematic evidence for a bright
star forming clump within the dispersion dominated source (see Fig-
ure 3.6). However, higher resolution observations are necessary to
confirm our interpretation of the kinematics of our sources.

e We discuss the lack of evolution of the [CII]-SFR relation found for
luminous high redshift galaxies by reviewing the literature on the
physical effects that drive the [CII] emission in high redshift galaxies.
While one would naively expect a trend towards lower [CII]/SFR
values with redshift based on the higher ionization parameter, lower
metallicities and higher densities of high redshift galaxies, this is not
observed. We speculate that a lower dust-to-gas or dust-to-metal
ratio, which increases the [CII] emission, could compensate for those
effects.

These new results illustrate the tremendous potential spectral scans with
ALMA have for characterizing luminous galaxies in the epoch of reioniza-
tion (see Figure 3.7), including deriving spectroscopic redshifts for sources,
and probing the kinematics and dynamical masses of sources, as well as
the dust continuum (Schouws et al. 2022). Results from this data set
showed the potential (§3.4) and were important in successfully proposing
for the REBELS large program in cycle 7 (Bouwens et al. 2022). Future
studies (Schouws et al. 2022, in prep) will significantly add to the current
science using that considerable data set.

89



ACKNOWLEDGEMENTS

We are greatly appreciative to our ALMA program coordinator Daniel
Harsono for support with our ALMA program. This paper makes use of
the following ALMA data: ADS/JAO.ALMA 2018.1.00085.S. ALMA is
a partnership of ESO (representing its member states), NSF (USA) and
NINS (Japan), together with NRC (Canada), MOST and ASIAA (Tai-
wan), and KASI (Republic of Korea), in cooperation with the Republic
of Chile. The Joint ALMA Observatory is operated by ESO, AUI/NRAO
and NAQJ. Sander Schouws and Rychard Bouwens acknowledge support
from TOP grant TOP1.16.057 and a NOVA (Nederlandse Onderzoekschool
Voor Astronomie) 5 grant. JH acknowledges support of the VIDI research
programme with project number 639.042.611, which is (partly) financed by
the Netherlands Organisation for Scientific Research (NWO). HSBA ac-
knowledges support from the NAOJ ALMA Scientific Research Grant Code
2021-19A. JW and RS acknowledge support from the ERC Advanced Grant
695671, "QUENCH”, and the Fondation MERAC. RS acknowledges sup-
port from an STFC Ernest Rutherford Fellowship (ST/S004831/1). The
PI acknowledges assistance from Allegro, the European ALMA Regional
Center node in the Netherlands.

90



APPENDIX

A. BRIGHT SAMPLE OF Z ~ 7 GALAXIES USED FOR
SELECTING OUR SIX FOLLOW-UP TARGETS
For completeness, we provide the coordinates, magnitudes, [3.6]—[4.5]
colors, and photometric redshifts for the full selection of bright z ~ 7
candidate galaxies we identified (§3.2.2) within the UltraVISTA field in
Table 3.3.
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Table 3.3. Candidate z ~ 7 galaxies in the UltraVISTA DR3 observations

1D R.A. Dec map® [3.6]-[4.5] zp;wtb zspec  References®
Current Selection of Bright Candidate z ~ 7 Galaxies

UVISTA-Z-001 10:00:43.361 2:37:51.33 23.8+0.1 0.3+0.2 7.007055 7.060% 2]
UVISTA-Z-002° 10:02:06.469 2:13:24.18 24.1£0.1 —0.2+0.1 6.7415 55 [1,10]
UVISTA-Z-003¢ 10:02:06.701 2:34:21.42 24.24+0.1 —0.1£0.1 6.8810 58

UVISTA-Z-004¢ 10:01:36.850 2:37:49.10 24.3+0.1 0.0+0.1 6.841059 (2,10]
UVISTA-Z-005° 10:01:58.501 2:33:08.22 24.3£0.1 —0.4+0.1 6.611510 [1,10]
UVISTA-Z-006 10:01:40.688 1:54:52.37 24.4+0.1 0.5+0.2 7.097055 7.152* 2,9]
UVISTA-Z-007 09:58:46.214 2:28:45.75 24.440.1 —0.4+0.2 6.7275-10  7.7507
UVISTA-Z-008 09:58:39.762 2:15:03.27 24.4£0.1 0.1+0.2 6.4415 53

UVISTA-Z-009¢ 10:01:52.304 2:25:42.27 24.5+0.1 —0.3£0.2 6.8670 57 2]
UVISTA-Z-010 10:00:28.121 1:47:54.47 24.5+0.1 0.640.2 7.067057 2]
UVISTA-Z-011° 10:00:42.125 2:01:57.10 24.6£0.1 —0.1+0.1 6.5515-53 (2,10]
UVISTA-Z-013° 09:59:19.353 2:46:41.31 24.8+£0.2 0.4+0.1 7.0270%3 [10]
UVISTA-Z-014 09:57:35.723 1:44:56.40 24.8£0.1 -4 7134073

UVISTA-Z-015 10:00:23.772 2:20:36.98 24.8+0.1 0.8+0.1 7.07700% 7.154** [2,3,4,5,6,7]
UVISTA-Z-016 10:01:54.562 2:47:35.79 24.940.2 —1.1£0.9 6.771024

UVISTA-Z-017 10:00:30.188 2:15:59.71 24.940.1 —1.3+0.2 6.78705% 6.854*** [1,2,3,4,8,10]
UVISTA-Z-018° 10:02:03.811 2:13:25.06 25.0£0.2 —0.6+0.3 6.811512 2]
UVISTA-Z-019 10:00:29.892 1:46:46.37 25.04£0.2 —0.5+0.1 6.8075-35  7.753"
UVISTA-Z-020 10:01:57.140 2:33:48.76 25.0+£0.2 —0.640.3 6.737013

UVISTA-Z-021 09:57:36.994 2:05:11.28 25.1£0.2 —0.3+0.3 6.7315 15 [10]
UVISTA-Z-022 09:59:13.206 2:21:52.51 25.1+0.2 —0.1£0.6 6.52701%

UVISTA-Z-023 09:58:45.961 2:39:05.94 25.140.2 —3.447.3 6.767013

—0.13
UVISTA-Z-024 09:59:04.558 2:11:38.10 25.240.2 —0.8+0.4 6.8975 15
UVISTA-Z-025 09:58:49.216 1:39:09.70 25.3+0.3 —1.6£0.6 6.7070 13 [10]
UVISTA-Z-026 10:02:05.967 2:06:46.13 25.3£0.2 —1.4+0.4 6.7410 50 [10]
UVISTA-Z-027 09:59:22.426 2:31:19.45 25.3+0.2 0.1£0.7 6.69701] [10]
UVISTA-Z-028 10:00:54.819 1:50:05.28 25.3+0.2 —0.1£0.2 6.6710 15 [10]
UVISTA-Z-029 10:00:41.097 2:29:31.13 25.3+0.2 —0.140.1 6.72F018

UVISTA-Z-030 10:02:22.458 2:04:45.72 25.3£0.3 —0.1£0.2 6.6115 12
UVISTA-Z-031 09:59:01.407 2:28:02.13 25.4+0.2 —0.9+0.4 6.6170 37
UVISTA-Z-032 10:00:22.482 1:45:32.62 25.4+0.2 —1.0+£0.4 6.7110 7}

NoTE— ® UVISTA H-band magnitude. P 68% confidence intervals derived by EAzY using
the SED template set presented in §3.2.2. © References: [1] Tilvi et al. (2013), [2] Bowler
et al. (2014); Bowler et al. (2017), [3] Bouwens et al. (2015), [4] Smit et al. (2015), [5]
Roberts-Borsani et al. (2016), [6] Pentericci et al. (2016), [7] Stark et al. (2017), [8] Smit
et al. (2018), [9] Hashimoto et al. (2019), [10] Endsley et al. (2021). 9 This source fell out-
side the footprint of the IRAC mosaics used for the source selection in this manuscript. ©
These sources are targeted in the REBELS program (Bouwens et al. 2022). T This pa-
per (ADS/JAO.ALMA 2018.1.00085.S). ™ Detected in dust continuum, [CII] and [OIII] by
Hashimoto et al. (2019) (ADS/JAO.ALMA 2016.1.00954.S) and dust continuum by Bowler
et al. (2018) (ADS/JAOQ.ALMA 2015.1.00540.S) (Big Three Dragons/ B14-65666). ™~ Detected
in [CII] by Pentericci et al. (2016) (ADS/JAO.ALMA 2015.1.01105.S) and Lyman-a by Stark
et al. (2017). ™ Detected in [CII] by Smit et al. (2018) (ADS/JAO.ALMA 2015.1.01111.S).
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