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ABSTRACT

We present a study of the [C II] 158µm line and underlying far-infrared (FIR) continuum emission of 27
quasar host galaxies at z ∼ 6, traced by the Atacama Large Millimeter/submiilimeter Array at a spatial res-
olution of ∼1 physical kpc. The [C II] emission in the bright, central regions of the quasars have sizes of
1.0–4.8 kpc. The dust continuum emission is typically more compact than [C II]. We find that 13/27 quasars
(approximately one-half) have companion galaxies in the field, at projected separations of 3–90 kpc. The posi-
tion of dust emission and the Gaia-corrected positions of the central accreting black holes are cospatial (typical
offsets .0.′′1). This suggests that the central black holes are located at the bottom of the gravitational wells
of the dark matter halos in which the z > 6 quasar hosts reside. Some outliers with offsets ∼500 pc can be
linked to disturbed morphologies, most likely due to ongoing or recent mergers. We find no correlation be-
tween the central brightness of the FIR emission and the bolometric luminosity of the accreting black hole. The
FIR-derived star-formation rate densities (SFRDs) in the host galaxies peak at the galaxies’ centers, at typical
values between 100 and 1000M� yr−1 kpc−2. These values are below the Eddington limit for star formation,
but similar to those found in local ultraluminous infrared gaalxies. The SFRDs drop toward larger radii by an
order of magnitude. Likewise, the [C II]/FIR luminosity ratios of the quasar hosts are lowest in their centers
(few ×10−4) and increase by a factor of a few toward the galaxies’ outskirts, consistent with resolved studies
of lower-redshift sources.

Keywords: cosmology: observations — quasars: general — galaxies: high-redshift — galaxies: star formation

1. INTRODUCTION

Luminous quasars at high redshift, z & 6, are extreme as-
trophysical objects. Accretion onto their central supermas-
sive black holes with masses exceeding 109M� (e.g., De
Rosa et al. 2014; Mazzucchelli et al. 2017; Shen et al. 2019)
results in extremely bright emission in the rest-frame ultra-
violet bands (absolute magnitudes up to MUV > −29; see,
e.g., Wu et al. 2015). This means that even the most dis-
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tant quasars currently known at z = 7.5 (Bañados et al.
2018; Yang et al. 2020) can be detected with a 4 m class near-
infrared telescope in a few minutes.

Similarly, it has been demonstrated that the galaxies that
harbor the central supermassive black holes can also be very
luminous in the rest-frame far-infrared (FIR). The [C II]
emission line, one of the main coolants of the interstellar
medium (ISM), and the underlying dust continuum emis-
sion can be detected with state-of-the-art millimeter facil-
ities, such as the Atacama Large Millimeter/submillimeter
Array (ALMA) and the NOrthern Extended Millimeter Ar-
ray (NOEMA), in less than an hour (e.g., Decarli et al. 2018;
Yang et al. 2019). The global [C II] and dust properties of the
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host galaxies of a large sample of luminous z ∼ 6 quasars
with central black holes with masses & 109M� were re-
cently presented in Decarli et al. (2018) and Venemans et al.
(2018). In general, the [C II] emission in these quasar host
galaxies has a luminosity in the range 109 − 1010 L�, from
which Decarli et al. (2018) infer star-formation rates (SFRs)
of ∼200–2000M� yr−1. Based on the detection of the dust
emission, Venemans et al. (2018) derived FIR luminosities
of LFIR> 1012 L� for the majority of quasar hosts and high
dust masses of 107 − 109M�. The host galaxies of distant
quasars thus provide a unique opportunity to study the for-
mation and build-up of massive galaxies in the early universe
in detail.

One of the surprising results of the FIR imaging of dis-
tant quasar host galaxies was the discovery of massive, gas-
rich companion galaxies within 60 kpc and 600 km s−1 of the
quasar (Wang et al. 2011; Decarli et al. 2017; Willott et al.
2017; Neeleman et al. 2019; Venemans et al. 2019). Simi-
lar gas-rich galaxies have been discovered around luminous
quasars at slightly lower redshift, z ∼ 5 (e.g., Trakhtenbrot
et al. 2017; Nguyen et al. 2020). The fraction of quasars
that show at least one nearby galaxy at a similar redshift is
at least 15%–30% (Decarli et al. 2017; Nguyen et al. 2020),
indicating that major mergers might play a significant role
in triggering these luminous quasars, in contrast to (some)
studies at lower redshifts (z ∼ 2, e.g., Marian et al. 2019).
However, signatures of ongoing or recent merging events in
high-redshift quasar host galaxies have been rarely observed
(e.g., Bañados et al. 2019; Decarli et al. 2019; Venemans
et al. 2019), mostly due to the limited spatial resolution of
the FIR observations.

So far, millimeter facilities have observed a small sam-
ple of quasar host galaxies at high-enough spatial resolu-
tion to resolve the emission of the quasar host galaxies.
Despite the small number of targets, there appears to be a
surprising variety in the morphology of gas and dust emis-
sion (e.g., Walter et al. 2009; Shao et al. 2017; Neeleman
et al. 2019; Venemans et al. 2017a, 2019). Some objects
show very compact (<1.5 kpc) dispersion-dominated emis-
sion, with implied high central gas densities and star forma-
tion surface densities (e.g., Venemans et al. 2017a; Neeleman
et al. 2019). Others show more extended disk-like, rotation-
dominated [C II] emission, distributed over many kpc2 (e.g.,
Wang et al. 2013; Shao et al. 2017; Pensabene et al. 2020).
In other cases, the [C II] emission does not show ordered ro-
tation, but rather a very disturbed morphology, possibly due
to interaction with nearby galaxies (e.g., Decarli et al. 2019;
Venemans et al. 2019). These vastly different morphologies
and gas kinematics could provide insights into early black
hole growth (i.e., is the accretion onto the central black hole
related to whether or not the gas kinematics are disturbed in
the central region of the host galaxy?).

We therefore initiated a comprehensive study of z ∼
6 quasar host galaxies using all available high-spatial-
resolution FIR observations to probe the gas and dust on
scales of ∼1 kpc. The main goals of this study are to (1)
determine the morphology, size, and kinematics of the [C II]-
emitting region and of the continuum emission in order to dif-
ferentiate between different merger states and to constrain the
dynamical mass of quasar hosts; (2) resolve the FIR surface
density on kiloparsec scales to determine whether the central
active galactic nucleus (AGN) plays a role in the heating of
the dust; and (3) accurately measure the profile and extent of
the [C II] emission to explore the presence of possible gas
infall or outflows.

These goals will be addressed in three parallel papers. In
this paper, the first of the series, we will outline the sample
and present new and archival high-spatial-resolution ALMA
observations of z ∼ 6 quasar host galaxies. We will dis-
cuss the global properties of the sample, study the size and
morphology of the gas and dust emission, and examine the
environment. In another paper of the series, Novak et al.
(2020) investigate the presence of large-scale spatial features
in the [C II] and dust emission and constrain the broad spec-
tral features in the [C II] emission line to look for evidence
of gas outflows. In a third paper, Neeleman M. et al. (2020,
in preparation) analyze the kinematics of the [C II] emission
in the quasar hosts and constrain the dynamical mass of the
galaxies. They further investigate the relation between the
dynamical mass of the quasar host galaxies and the mass of
the central black hole.

This paper is organized as follows. In Section 2, we in-
troduce the sample of high-redshift quasar host galaxies an-
alyzed in this paper (Section 2.1) and provide the details of
the observations and reduction (Section 2.2). In Section 3 we
present our main results, from the spectra (Section 3.1), the
moment-zero maps (Section 3.2), and from the search for line
emitters in the field (Section 3.3). Our results are discussed
in Section 4, followed by a summary in Section 5.

We adopt a concordance cosmology with ΩM = 0.3,
ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1, which is consistent
with the recent measurements of Planck (Planck Collabora-
tion et al. 2016). In this cosmology at a redshift of 6.0 (7.0),
1′′ corresponds to 5.7 (5.2) kpc. Star-formation rates are
computed using the Kroupa & Weidner (2003) initial mass
function.

2. OBSERVATIONS

2.1. Sample

The sample presented in this paper consists of all quasars
at z > 5.7 for which high spatial resolution (here defined as a
spatial resolution better than ∼0.′′35, or .2 kpc) was obtained
with ALMA up to the end of Cycle 6 (2019 September). In
total, 27 quasars were found to have sufficiently high spatial



ALMA KPC [C II] AND DUST CONTINUUM IMAGING OF 27 z ∼ 6 QUASARS 3

Table 1. Characteristics of the z > 5.7 Quasar Sample and the ALMA Observations.

Name R.A. (ICRS)a Decl. (ICRS)a ∆R.A.×∆Decl.a Project ID ton−source
b nant

c Beamd rms per 30 MHz

(min.) (mJy beam−1)

P007+04 00h28m06.s568 +04◦57′25.′′39 0.′′04× 0.′′05 2017.1.01301.S 29 44 0.′′26×0.′′22 0.25
P009–10 00h38m56.s519 –10◦25′53.′′97 0.′′04× 0.′′04 2017.1.01301.S 26 44 0.′′32×0.′′22 0.54
J0100+2802 01h00m13.s025 +28◦02′25.′′80 0.′′03× 0.′′02 2015.1.00692.S 72 44 0.′′24×0.′′12 0.18

J0109–3047 01h09m53.s136 –30◦47′26.′′30 0.′′02× 0.′′05
2013.1.00273.S 36 40

0.′′20×0.′′17 0.20
2015.1.00399.S 32 41

J0129–0035 01h29m58.s515 –00◦35′39.′′81 0.′′03× 0.′′03 2012.1.00240.S 76 37–41 0.′′22×0.′′16 0.22
J025–33 01h42m43.s720 –33◦27′45.′′61 0.′′06× 0.′′10 2017.1.01301.S 24 44 0.′′24×0.′′21 0.27
P036+03 02h26m01.s873 +03◦02′59.′′24 0.′′04× 0.′′03 2015.1.00399.S 75 41–42 0.′′15×0.′′12 0.18

J0305–3150 03h05m16.s918 –31◦50′55.′′85 0.′′01× 0.′′04
2013.1.00273.S 16 34

0.′′18×0.′′15 0.26
2015.1.00399.S 38 44

P065–26 04h21m38.s050 –26◦57′15.′′72 0.′′05× 0.′′06 2017.1.01301.S 25 47 0.′′29×0.′′21 0.32
J0842+1218 08h42m29.s438 +12◦18′50.′′47 0.′′03× 0.′′02 2016.1.00544.S 54 42 0.′′27×0.′′23 0.28
J1044–0125 10h44m33.s040 –01◦25′02.′′08 0.′′01× 0.′′01 2012.1.00240.S 76 34–35 0.′′22×0.′′16 0.39
J1048–0109 10h48m19.s077 –01◦09′40.′′42 0.′′02× 0.′′01 2017.1.01301.S 26 43 0.′′27×0.′′23 0.24
P167–13 11h10m33.s963 –13◦29′45.′′73 0.′′07× 0.′′04 2016.1.00544.S 43 47 0.′′33×0.′′22 0.20
J1120+0641 11h20m01.s463 +06◦41′23.′′79 0.′′02× 0.′′03 2012.1.00882.S 161 38–47 0.′′24×0.′′23 0.13
P183+05 12h12m26.s969 +05◦05′33.′′49 0.′′05× 0.′′02 2016.1.00544.S 47 39 0.′′27×0.′′24 0.32
J1306+0356 13h06m08.s259 +03◦56′26.′′19 0.′′02× 0.′′02 2017.1.01301.S 28 43 0.′′25×0.′′24 0.45
J1319+0950 13h19m11.s291 +09◦50′51.′′49 0.′′02× 0.′′01 2012.1.00240.S 50 34 0.′′27×0.′′21 0.29
J1342+0928 13h42m08.s100 +09◦28′38.′′36 0.′′17× 0.′′10 2017.1.00396.S 114 43 0.′′20×0.′′15 0.13
P231–20 15h26m37.s844 –20◦50′00.′′88 0.′′08× 0.′′08 2016.1.00544.S 43 44 0.′′21×0.′′12 0.21
P308–21 20h32m09.s996 –21◦14′02.′′38 0.′′08× 0.′′08 2016.A.00018.S 56 44–45 0.′′28×0.′′22 0.17
J2054–0005 20h54m06.s496 –00◦05′14.′′57 0.′′10× 0.′′10 2018.1.00908.S 85 46 0.′′15×0.′′11 0.28
J2100–1715 21h00m54.s698 –17◦15′22.′′00 0.′′06× 0.′′06 2017.1.01301.S 25 45 0.′′24×0.′′20 0.38
P323+12 21h32m33.s178 +12◦17′55.′′07 0.′′02× 0.′′05 2018.1.00908.S 43 49 0.′′12×0.′′09 0.29
J2318–3113 23h18m18.s369 –31◦13′46.′′42 0.′′06× 0.′′04 2017.1.01301.S 24 45 0.′′25×0.′′22 0.33
J2318–3029 23h18m33.s099 –30◦29′33.′′58 0.′′04× 0.′′03 2018.1.00908.S 40 48 0.′′10×0.′′10 0.20
J2348–3054 23h48m33.s352 –30◦54′10.′′35 0.′′07× 0.′′09 2015.1.00399.S 52 44 0.′′18×0.′′14 0.25
P359–06 23h56m32.s452 –06◦22′59.′′31 0.′′08× 0.′′04 2017.1.01301.S 26 44 0.′′25×0.′′21 0.27

aOptical/near-infrared quasar position and uncertainty (see Section 2.3 for details).
bOn-source integration time.
cNumber of antennas.
dBeam size measured in the integrated [C II] maps.

resolution ALMA imaging. Note that this sample of z ∼ 6

quasars is different from the one presented in Decarli et al.
(2018) and Venemans et al. (2018), despite containing the
same number of objects. The quasars and the details of the
observations are listed in Table 1. In Appendix A we describe
some individual objects in more detail. The coordinates in
the table represent the position of the optical/near-infrared
point source (the active galactic nucleus); see Section 2.3 be-
low for the details. All quasars in our sample have previ-

ously been detected in the redshifted [C II] emission and far-
infrared continuum, mostly in low-resolution imaging (with
beam sizes &0.′′7; e.g., Decarli et al. 2018). In Figure 2.2
we show the redshift and [C II] luminosity distribution of our
sample.

2.2. ALMA Observations and Data Reduction

The ALMA data presented in this paper were obtained
as part of several projects observed between Cycle 1 and
Cycle 6. The project IDs are 2012.1.00240.S (PI: R.
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Figure 1. [C II] luminosity as a function of redshift for the quasars
in our sample (red stars) and for all known z > 5.7 quasars from the
literature (black squares). The observations presented here targeted
the brighter quasar hosts known at these redshifts. Our sample con-
tains 47% of all quasars at z > 5.7 with a [C II] detection and 68%
of those with L[CII]> 109 L�.

Wang), 2012.1.00882.S (PI: B. Venemans), 2013.1.00273.S
(PI: B. Venemans), 2015.1.00399.S (PI: B. Venemans),
2015.1.00692.S (PI: X. Fan), 2016.1.00544 (PI: E.
Bañados), 2016.A.00018.S (PI: R. Decarli), 2017.1.00396.S
(PI: E. Bañados), 2017.1.01301.S (PI: F. Walter), and
2018.1.00908.S (PI: F. Walter); see Table 1. The observa-
tions were carried out between 2013 July 5 and 2019 Septem-
ber 24. The on-source integration time for each dataset
ranged from 16 to 161 min, and the spatial resolution varies
from 0.′′1 to 0.′′33. The number of antennas was 34 to 49 (see
Table 1 for details). The beam size listed in Table 1 is that
in the [C II] maps, created with ROBUST=0.5 weighting (see
below).

The setup of the observations differed slightly from source
to source, but for most sources two overlapping sidebands
(SPWs), of 1.875 GHz wide each, were used to cover the
redshifted [C II] line (rest frequency of 1900.54 GHz). The
frequency coverage around the [C II] line in these cases
was about 3.3 GHz, which corresponds to ∼3600 km s−1 at
z = 6. Two other bandpasses of 1.875 GHz each were placed
∼15 GHz away, probing only continuum emission.

The data were reduced following the standard reduction
steps using the Common Astronomy Software Applications
package (CASA; McMullin et al. 2007). The calibration of
the data was performed using the standard pipeline, with a
few exceptions. For details on the data reduction and cali-
bration, we refer to the accompanying paper by Novak et al.
(2020). The reduced measurement sets were subsequently
imaged using the CASA task TCLEAN using Briggs weight-

ing with the robust parameter set to ROBUST=0.5. This value
optimizes both signal-to-noise ratio (S/N) and spatial resolu-
tion. For all cubes and maps, we cleaned down to 2σ with σ
being the rms noise. For each quasar, we created the several
datasets produced by the following procedure:

1. We first created two data cubes for each quasar field
with a channel width of 30 MHz (corresponding to 32–
40 km s−1, depending on the redshift of the source),
one covering the two bandpasses around the [C II]
line and one covering the bandpasses ∼15 GHz away
from the line. For J0109–3047 and J0305–3150 we
created three data cubes as the continuum bandpasses
were placed differently in Cycle 2 and Cycle 3 (Ta-
ble 1), resulting in a total number of 56 data cubes.
The data cube containing the [C II] emission line was
subsequently used to extract the total spectrum of the
quasar host galaxy (see Section 3.1). In all 56 data
cubes, we searched for emission line galaxies in the
field (see Section 3.3). The rms in the bandpasses con-
taining the redshifted [C II] line ranged from 0.13 to
0.54 mJy beam−1 per 30 MHz channel (Table 2.1).

2. We subtracted the continuum in uv space using the task
UVCONTSUB with the polynomial order of the fit set
to FITORDER=1. The continuum was defined as all
channels in two bandpasses surrounding the [C II] line
that were at least 1.25×FWHM of the [C II] line away
from the peak of the line.

3. From the continuum-subtracted measurement sets, we
created [C II] data cubes to analyze the kinematics
of the emission line (discussed in Neeleman M. et al
2020, in preparation).

4. [C II] intensity maps were created by averaging the
channels 1.2×FWHM around the peak of the [C II]
line. This width results in the highest S/N [C II] map
if the emission line is Gaussian (and the noise is con-
stant); see Novak et al. (2020). The line flux in such a
map is ∼84% of the total flux. The maps are presented
in Section 3.2.

5. We created maps of the continuum emission by set-
ting the deconvolver in TCLEAN to MTMFS (multiterm
multifrequency synthesis) with the number of Taylor
coefficients set to two and the redshifted frequency of
the [C II] line as reference frequency. The continuum
in this step was defined as all channels in all four band-
passes that were at least 1.25×FWHM away from the
peak of the [C II] line. This procedure creates contin-
uum maps at the frequency of the [C II] emission line
by fitting a second-order polynomial to the continuum
channels.
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Figure 2. [C II] spectra of the 27 quasars in our sample, based on the two bandpasses encompassing the [C II] emission line. The spectra were
extracted using aperture photometry with residual scaling (discussed in detail in Novak et al. 2019, 2020). The solid red line represents the
Gaussian+continuum fit to the spectra (tabulated in Table 2).
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2.3. Optical/Near-infrared Coordinates

To compare the location of the accreting black hole (the
quasar) to that of the host galaxy as traced by ALMA, we re-
quired accurate positions of the optical/near-infrared quasar
on the same reference frame as the ALMA observations. The
optical or near-infrared positions of the quasars were taken
from catalogs of large surveys such as the Pan-STARRS1
survey (Chambers et al. 2016) and the near-infrared VIKING
survey (Edge et al. 2013). We corrected the position of stars
within 2′ of the quasar in the optical/near-infrared catalogs
that had a match in the Gaia DR2 catalog (Gaia Collabora-
tion et al. 2018). To compute the uncertainty of these as-
trometrically corrected positions, we calculated the standard
deviation of the offsets between the corrected and Gaia posi-
tion of stars close to the quasar. The resulting uncertainties
in the astrometry range from 0.′′01 to 0.′′15. The optical/near-
infrared positions and the uncertainties are listed in Table 1.
It should be noted that the position and uncertainties in the
table do not account for systematic offsets that are due to dif-
ferential chromatic refraction (see, e.g., Kaczmarczik et al.
2009). Because the refractive index of air is dependent on
the wavelength, the difference in color of the quasars with
respect to those of the stars used for the astrometric calibra-
tion could result in a systematic positional offset, especially
if a quasar has been observed at high airmass. We will dis-
cuss this effect in Section 4.1.

3. RESULTS

3.1. [C II] Spectra

To obtain a total spectrum of each quasar host galaxy, we
extracted spectra in the [C II]+continuum data cubes. As our
sources are all resolved at the spatial resolution of our obser-
vations, the emission could be extended over multiple beams.
To obtain a full spectrum of a resolved source, we extracted
spectra in an aperture while taking both clean and uncleaned
(residual) components into account by applying the residual
scale method. This method is described in detail in Novak
et al. (2019, 2020). The apertures used for the extraction
were chosen manually after visual inspection and had radii
between 0.′′4 and 1.′′5, depending on the extent of the source
(see Figure 3). The spectra for our 27 sources are shown in
Figure 2.

We fitted a single Gaussian with a constant continuum to
each of the extracted spectra. The fits are shown with red
lines in Figure 2. The best-fit parameters are subsequently
used to derive the properties of the [C II] line and FIR con-
tinuum in the quasar host. The measured [C II] redshift, line
flux, line width, equivalent width, and continuum flux den-
sity are listed in Table 2. The equivalent width of the [C II]
emission was computed via

EW[CII]/µm = 1000
F[CII]

S1900 GHz

λ[CII],0

c
, (1)

with F[CII] being the observed [C II] flux in Jy km s−1,
S1900 GHz the observed continuum flux density at a rest-
frame frequency of 1900 GHz in mJy, and λ[CII],0 the
rest wavelength of the [C II] emission line of λ[CII],0 =

157.74µm. The [C II] luminosities were derived from the
measured line fluxes using

L[CII]/L� = 1.04 × 10−3 ν[CII],obs F[CII]D
2
L, (2)

with ν[CII],obs being the observed frequency of the [C II] line
in GHz, and DL the luminosity distance in Mpc.

To estimate the far-infrared luminosity, LFIR, of the quasar
host galaxies, we need to assume a function form of the dust
spectral energy distribution (SED) and integrate the emission
between the rest-frame wavelengths of 42.5 and 122.5µm
(e.g., Helou et al. 1988). Following the literature, we assume
that the dust SED can be described by a modified blackbody
with a dust temperature of Td = 47 K and an emissivity index
of β = 1.6 (e.g., Beelen et al. 2006; Leipski et al. 2014;
Venemans et al. 2018). Under these assumptions, the FIR
luminosity can be derived from the continuum flux density
using the following equation:

LFIR/L� = 3.86 × 103 S1900 GHz

fCMB(z)

D2
L

1 + z
, (3)

with fCMB being the fraction of the continuum flux density
measured against the cosmic microwave background (CMB;
see da Cunha et al. 2013, for a detailed review of this effect),
given by

fCMB = 1 −
Bν,[CII],0(TCMB(z)

Bν,[CII],0(Td = 47K))
, (4)

withBν,[CII],0 being the Planck function at the rest frequency
of the [C II] line (ν[CII],0 = 1900.54 GHz), and TCMB(z) the
temperature of the CMB at redshift z. We here ignore the
dust heating by the CMB, which has a negligible effect on
the derived FIR luminosity (<1%) for our assumed dust tem-
perature. The systematic uncertainty on the FIR luminosity
due to the unknown shape of the dust SED is a factor of ∼2–3
(see Venemans et al. 2018, for an extended discussion).

Under the assumption that the dust is heated by star forma-
tion, we integrate the dust spectral energy distribution be-
tween the rest-frame wavelengths of 8 and 1000µm (e.g.,
Kennicutt & Evans 2012) to obtain the total infrared lumi-
nosity LTIR and convert LTIR to an SFR. Adopting a modi-
fied blackbody with the canonical Td = 47 K and β = 1.6 to
describe the dust SED, we find the correspondence between
LFIR and LTIR is LTIR = 1.41×LFIR. If we subsequently
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Table 2. Results from Spectral Fitting of the Total [C II] Spectra Shown in Figure 2.

Name z[CII] F[CII] FWHM[CII] S1900GHz EW[CII] L[CII] LFIR L[CII]/LFIR

(Jy km s−1) (km s−1) (mJy) (µm) (109 L�) (1012 L�) (10−3)

P007+04 6.0015±0.0002 1.67±0.10 370±22 2.33±0.06 0.38±0.02 1.58±0.09 4.52±0.11 0.35±0.02
P009–10 6.0040±0.0003 9.60±0.70 437±33 3.66±0.36 1.38±0.17 9.07±0.66 7.13±0.69 1.27±0.15
J0100+2802 6.3269±0.0002 3.69±0.17 405±20 1.37±0.09 1.42±0.11 3.76±0.17 2.92±0.18 1.29±0.10
J0109–3047 6.7904±0.0003 1.65±0.14 354±34 0.52±0.08 1.67±0.29 1.87±0.16 1.26±0.19 1.49±0.26
J0129–0035 5.7788±0.0001 2.15±0.08 206±9 2.61±0.06 0.43±0.02 1.92±0.07 4.76±0.11 0.40±0.02
J025–33 6.3373±0.0002 5.53±0.21 370±16 2.49±0.11 1.17±0.07 5.65±0.22 5.31±0.24 1.06±0.06
P036+03 6.5405±0.0001 3.16±0.09 237±7 2.55±0.05 0.65±0.02 3.38±0.09 5.77±0.12 0.59±0.02
J0305–3150a 6.6139±0.0002 5.43±0.33 225±15 5.34±0.19 0.53±0.04 5.90±0.36 12.30±0.44 0.48±0.03
P065–26 6.1871±0.0003 1.74±0.17 289±31 1.37±0.11 0.67±0.09 1.71±0.17 2.80±0.23 0.61±0.08
J0842+1218 6.0754±0.0005 0.78±0.10 378±52 0.68±0.06 0.61±0.09 0.75±0.10 1.34±0.11 0.56±0.09
J1044–0125 5.7846±0.0005 1.83±0.23 454±60 3.00±0.12 0.32±0.04 1.64±0.21 5.48±0.22 0.30±0.04
J1048–0109 6.6759±0.0002 1.92±0.14 299±24 2.79±0.08 0.36±0.03 2.11±0.15 6.54±0.19 0.32±0.03
P167–13 6.5144±0.0003 5.27±0.25 519±25 0.89±0.12 3.11±0.44 5.60±0.27 2.00±0.27 2.80±0.40
J1120+0641 7.0848±0.0004 1.01±0.09 416±39 0.64±0.05 0.83±0.10 1.21±0.11 1.66±0.12 0.73±0.08
P183+05 6.4386±0.0002 6.84±0.31 397±19 4.79±0.16 0.75±0.04 7.15±0.32 10.53±0.36 0.68±0.04
J1306+0356 6.0330±0.0002 1.18±0.11 246±26 0.74±0.08 0.83±0.12 1.12±0.11 1.46±0.16 0.77±0.11
J1319+0950 6.1347±0.0005 4.14±0.43 532±57 5.13±0.22 0.42±0.05 4.03±0.42 10.36±0.44 0.39±0.04
J1342+0928 7.5400±0.0003 1.00±0.07 353±27 0.34±0.04 1.57±0.20 1.32±0.09 0.99±0.10 1.34±0.17
P231–20 6.5869±0.0004 3.26±0.28 393±35 4.37±0.15 0.39±0.04 3.53±0.30 9.99±0.34 0.35±0.03
P308–21 6.2355±0.0003 3.37±0.19 541±32 1.18±0.08 1.50±0.13 3.37±0.19 2.45±0.16 1.37±0.12
J2054–0005 6.0389±0.0001 3.23±0.14 236±12 3.15±0.10 0.54±0.03 3.08±0.14 6.20±0.19 0.50±0.03
J2100–1715 6.0807±0.0004 1.37±0.14 361±41 0.56±0.08 1.27±0.22 1.31±0.14 1.12±0.16 1.17±0.20
P323+12 6.5872±0.0004 1.34±0.17 271±38 0.23±0.12 3.04±1.58 1.45±0.19 0.53±0.27 2.74±1.42
J2318–3113 6.4429±0.0003 1.52±0.14 344±34 0.36±0.08 2.21±0.50 1.59±0.14 0.79±0.17 2.00±0.46
J2318–3029 6.1456±0.0002 2.27±0.12 293±17 3.11±0.07 0.38±0.02 2.22±0.12 6.29±0.14 0.35±0.02
J2348–3054 6.9007±0.0005 1.53±0.16 457±49 2.28±0.07 0.35±0.04 1.77±0.18 5.66±0.18 0.31±0.03
P359–06 6.1719±0.0002 2.66±0.13 341±18 0.79±0.07 1.78±0.19 2.62±0.13 1.60±0.15 1.63±0.17

aValues taken from Venemans et al. (2019).

apply the local relation between LTIR and SFR from Murphy
et al. (2011), we compute the SFR from LFIR using

SFR /M� yr−1 = 2.1 × 10−10 LFIR. (5)

The [C II] luminosities of the quasar hosts in our sample
range from L[CII] = 7.5 × 108 L� to L[CII] = 9.1 × 109 L�,
with a mean of 3.0 × 109 L�. This is slightly brighter than
the average [C II] line luminosity of all z ∼ 6 quasars studied
so far (2.4 × 109 L�; see Figure 2.2).

3.2. 2D Maps and Size Measurements

In Figure 3 we show the map of the continuum emission,
the continuum-subtracted [C II] map (created by averaging
over 1.2×FWHM[CII] around the redshifted [C II] line), and
the EW[CII] map. The [C II]/FIR luminosity ratio will be
discussed in Section 4.3.

We measured the extent of the sources in both the [C II]
and continuum map by fitting a 2D Gaussian to the sources
using the CASA task IMFIT. The results are listed in Ta-
ble 3. All of the quasars are resolved in our [C II] maps,
with deconvolved sizes ranging from 0.′′18×0.′′10 from the
most compact quasar host galaxy to 0.′′85×0.′′70 for the most
extended quasar host. In physical units, these sizes corre-
spond to ∼1.0–4.8 kpc. We stress that these size measure-
ments only concern the bright, central emission and do not
take extended low-surface-brightness emission into account.
The extended emission will be described in an accompany-
ing paper (Novak et al. 2020). In the continuum maps, three
quasars (J0842+1218, J2100–1715, and P323+12) are not re-
solved as their measured sizes are consistent with the beam
size.
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Figure 3. Maps of the continuum, [C II], and [C II] rest-frame equivalent width for the 27 quasars in our sample. The axes are in arcsec. The
contours start at 3σ and increase in powers of

√
2. The cross indicates the position of the optical/near-infrared quasar (Table 1). The dashed

line represents the aperture in which the total [C II] spectrum was extracted, as shown in Figure 2.

The sizes of the [C II] and continuum emission are shown
in Figure 4. As reported previously for quasar hosts (e.g.,
Wang et al. 2013; Willott et al. 2013; Venemans et al. 2016)
and for high-redshift star-forming galaxies (e.g., Capak et al.
2015; Gullberg et al. 2018; Rybak et al. 2019, 2020), the
continuum emission is more centrally concentrated than the
[C II] emission. As already shown in Venemans et al. (2019)
and further discussed in Novak et al. (2020), this does not

mean that the [C II] emission is more extended than the con-
tinuum emission when considering faint emission: the size
over which both [C II] and continuum emission can be traced
is approximately equal (see Novak et al. 2020). The different
radial profile of the line and continuum emission has an ef-
fect on the [C II]/FIR luminosity ratio, which we discuss in
Section 4.3.
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Figure 3. Continued.

The quasar host galaxies have a range of different mor-
phologies. Although some of the sources show regular
morphologies, others clearly show substructure. Six of
the quasars have already-published companion galaxies de-
tected in [C II]. Most notably, Decarli et al. (2017) reported
bright [C II]-emitting galaxies near four z ∼ 6 quasars:
J0842+1218 and J2100–1715 have a companion galaxy sev-
eral arcseconds (up to 50 kpc) away from the quasar, while
P231–20 has a more nearby companion galaxy and P308–
21 is merging with a satellite galaxy (see also Decarli et al.

2019). Willott et al. (2017) reported a neighboring galaxy
∼1′′ away from quasar P167–13. This companion was
confirmed by Neeleman et al. (2019) using higher-spatial-
resolution observations. They also presented a new compan-
ion to J1306+0356. Venemans et al. (2019) reported three
[C II] emitters in the field of J0305–3150, of which two
were within 1′′ of the quasar. Besides P308–21, J1342+0942
also has a morphology consistent with undergoing a merger
(Bañados et al. 2019).
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Figure 3. Continued.

We visually inspected all maps for nearby galaxies or dis-
turbed [C II] morphologies. We also performed an automated
search for companion galaxies in the field (see Section 3.3).
From the maps, we identify a close companion to the quasar
J1319+0950, which has not been reported before. Despite
the fact that caution is warranted when identifying substruc-
ture in low- or even moderate-S/N interferometric data (e.g.,
Hodge et al. 2016), we found several sources, in particular
P009–10, P065–26, and J2318–3113, that seem to have an
irregular [C II] morphology (see also Neeleman M. et al.
2020, in preparation). This indicates that a significant frac-
tion of the z ∼ 6 quasar host galaxies are interacting with
close companions or have disturbed morphologies.

3.3. Line Emitters in the Field

To identify potential new companion galaxies, we searched
a total of 56 original (i.e., not continuum-subtracted) data

cubes for galaxies with an emission line. The number of data
cubes was two to three per quasar field, one covering the two
bandpasses around the redshifted [C II] emission line of the
quasar and one or two covering the continuum bandpasses
(see Section 2.2). We followed a procedure that is similar
to that described in González-López et al. (2019) but with a
few differences. We searched the cubes by channel for pixels
reaching an S/N threshold of 3. To avoid including the same
source multiple times, we remove candidates within 0.′′5 and
1000 km s−1 of the highest-S/N candidates. To search for
broader lines, we convolved the data cubes along the fre-
quency axis with a Gaussian kernel with a standard deviation
increasing incrementally by 30 MHz up to 400 MHz (approx-
imately 500 km s−1). We combined the results of each con-
volution and again removed sources within the distance and
frequency thresholds (0.′′5 and 1000 km s−1, respectively) to
avoid double counting the same line candidates.
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Table 3. [C II] and Continuum Size Measurements from IMFIT.

Name [C II] Size [C II] Decl. Size [C II] Dec. Size Cont. Size Cont. Dec. Size Cont. Dec. Size

(kpc2) (kpc2)

P007+04 0.′′33×0.′′32 0.′′24×0.′′21 1.4×1.2 0.′′28×0.′′26 0.′′13×0.′′11 0.7×0.6
P009–10 0.′′87×0.′′68 0.′′84×0.′′60 4.8×3.4 0.′′84×0.′′48 0.′′80×0.′′35 4.6×2.0
J0100+2802 0.′′54×0.′′42 0.′′52×0.′′36 2.9×2.0 0.′′51×0.′′30 0.′′47×0.′′24 2.6×1.3
J0109–3047 0.′′35×0.′′26 0.′′29×0.′′19 1.6×1.0 0.′′24×0.′′21 0.′′15×0.′′13 0.8×0.7
J0129–0035 0.′′37×0.′′33 0.′′32×0.′′27 1.9×1.6 0.′′29×0.′′22 0.′′20×0.′′16 1.2×1.0
J025–33 0.′′50×0.′′38 0.′′44×0.′′32 2.5×1.7 0.′′36×0.′′30 0.′′27×0.′′19 1.5×1.1
P036+03 0.′′45×0.′′32 0.′′43×0.′′29 2.4×1.6 0.′′23×0.′′21 0.′′19×0.′′16 1.0×0.8
J0305–3150 0.′′54×0.′′51 0.′′52×0.′′48 2.8×2.6 0.′′36×0.′′32 0.′′32×0.′′28 1.7×1.5
P065–26 0.′′90×0.′′73 0.′′85×0.′′70 4.8×3.9 0.′′36×0.′′29 0.′′21×0.′′18 1.2×1.0
J0842+1218 0.′′40×0.′′33 0.′′32×0.′′20 1.8×1.1 0.′′31×0.′′27 <0.′′28×0.′′23 <1.6×1.3
J1044–0125 0.′′43×0.′′32 0.′′37×0.′′27 2.2×1.6 0.′′27×0.′′22 0.′′18×0.′′14 1.1×0.8
J1048–0109 0.′′43×0.′′36 0.′′37×0.′′24 2.0×1.3 0.′′33×0.′′33 0.′′23×0.′′19 1.2×1.0
P167–13 0.′′85×0.′′44 0.′′79×0.′′37 4.3×2.0 0.′′57×0.′′32 0.′′48×0.′′22 2.6×1.2
J1120+0641 0.′′41×0.′′38 0.′′33×0.′′30 1.7×1.5 0.′′33×0.′′26 0.′′21×0.′′11 1.1×0.6
P183+05 0.′′71×0.′′61 0.′′66×0.′′55 3.6×3.0 0.′′51×0.′′43 0.′′45×0.′′35 2.4×1.9
J1306+0356 0.′′49×0.′′38 0.′′42×0.′′29 2.4×1.7 0.′′38×0.′′30 0.′′28×0.′′18 1.6×1.0
J1319+0950 0.′′57×0.′′49 0.′′52×0.′′41 3.0×2.3 0.′′47×0.′′41 0.′′39×0.′′33 2.2×1.8
J1342+0928 0.′′81×0.′′45 0.′′80×0.′′40 4.0×2.0 0.′′53×0.′′31 0.′′51×0.′′25 2.5×1.2
P231–20 0.′′31×0.′′20 0.′′24×0.′′16 1.3×0.8 0.′′24×0.′′15 0.′′11×0.′′09 0.6×0.5
P308–21 0.′′77×0.′′52 0.′′73×0.′′44 4.1×2.4 0.′′99×0.′′44 0.′′96×0.′′34 5.4×1.9
J2054–0005 0.′′32×0.′′24 0.′′29×0.′′19 1.7×1.1 0.′′20×0.′′19 0.′′16×0.′′13 0.9×0.7
J2100–1715 0.′′43×0.′′33 0.′′36×0.′′25 2.0×1.4 0.′′45×0.′′21 <0.′′25×0.′′21 <1.4×1.2
P323+12 0.′′61×0.′′26 0.′′59×0.′′24 3.2×1.3 0.′′15×0.′′10 <0.′′12×0.′′10 <0.7×0.5
J2318–3113 0.′′91×0.′′48 0.′′87×0.′′42 4.8×2.3 1.′′04×0.′′33 1.′′00×0.′′22 5.5×1.2
J2318–3029 0.′′27×0.′′22 0.′′25×0.′′20 1.4×1.1 0.′′18×0.′′15 0.′′14×0.′′12 0.8×0.7
J2348–3054 0.′′26×0.′′18 0.′′18×0.′′10 1.0×0.5 0.′′19×0.′′18 0.′′13×0.′′07 0.7×0.4
P359–06 0.′′52×0.′′39 0.′′47×0.′′30 2.6×1.7 0.′′45×0.′′38 0.′′40×0.′′28 2.2×1.6

To assign fidelity estimates to our list of candidates, we
first repeated the line search process except we inverted the
cube, searching for the brightest negative peaks at various
line widths. For each line width, we binned the detected pos-
itive and negative candidates by S/N ratio and computed the
fidelity:

f = 1 −
nnegative,i

npositive, i
, (6)

where nnegative,i and npositive,i are the numbers of negative and
positive candidates in an S/N bin i. For our search, we only
considered candidates with a fidelity ≥ 0.8.

The line search code yielded a total of 403 (305) candidate
line emitters with a fidelity above 0.8 (0.9) in 56 data cubes.
We visually inspected all candidates and discarded the ones
that were dominated by continuum emission or extended line
emission from the quasar (136 sources) or by imaging arti-

facts such as side lobes (54 sources). We fitted the spectra
of the remaining 213 candidates with a Gaussian profile. We
rejected 50 candidates with a line width of .50 km s−1 (i.e.
a single channel of emission), as these are likely to be noise.
We subsequently created channel maps both centered on and
away from the line emission (see Appendix B for details)
and removed 136 objects for which the imaging showed is-
sues, such as the emission falling on top of severe striping.
This left 27 candidate line emitters (of which 26 had fidelity
>0.9).

We confirmed 10 previously detected emission line sources
(Decarli et al. 2017; Willott et al. 2017; Neeleman et al. 2019;
Venemans et al. 2019) and present 17 new candidate line
emitters. The properties of all emission line candidates are
listed in Table 4. We further discuss the candidates that are
likely associated with the quasars in Section 4.4.
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Table 4. Properties of candidate line emitters found in the quasar fields.

Name R.A. (ICRS) Decl. (ICRS) νcenter F FWHM Scont S/N Fidelity

GHz Jy km s−1 km s−1 mJy

J0100+2802C1 01h00m14.s04 +28◦02′17.′′4 259.49±0.03 0.80±0.13 435±78 <0.19 5.9 0.91
P036+03C1 02h26m00.s80 +03◦03′02.′′4 254.78±0.01 0.37±0.07 103±23 <0.19 5.9 1.00
P036+03C2 02h26m01.s74 +03◦02′53.′′5 268.79±0.01 0.04±0.01 114±28 <0.03 5.5 0.85
J0305–3150C1a 03h05m16.s39 –31◦50′55.′′0 249.82±0.04 1.14±0.29 489±132 0.66±0.13 6.0 0.96
J0305–3150C2a 03h05m16.s87 –31◦50′55.′′3 249.73±0.01 0.21±0.03 121±22 0.16±0.03 7.2 1.00
J0305–3150C3a 03h05m16.s96 –31◦50′55.′′8 249.42±0.03 0.66±0.09 559±80 0.54±0.04 9.3 1.00
J0305–3150C4 03h05m17.s19 –31◦50′50.′′8 252.30±0.04 0.13±0.06 207±103 0.46±0.04 5.9 0.94

J0842+1218C1b 08h42m28.s97 +12◦18′55.′′0 269.00±0.01 1.81±0.13 331±26 <0.22 18.9 1.00
J0842+1218C2c 08h42m29.s67 +12◦18′46.′′3 269.04±0.02 0.43±0.09 268±62 <0.17 7.5 1.00
J1044–0125C1 10h44m32.s86 –01◦24′51.′′9 294.19±0.01 0.30±0.06 143±34 <0.17 5.7 1.00

P167–13C1d 11h10m34.s04 –13◦29′46.′′3 253.02±0.01 1.26±0.08 445±30 0.17±0.04 18.8 1.00
P183+05C1 12h12m26.s32 +05◦05′29.′′6 255.61±0.04 0.41±0.12 373±121 0.37±0.06 5.7 0.92
P183+05C2 12h12m28.s07 +05◦05′34.′′6 240.75±0.01 0.27±0.06 155±35 <0.13 5.8 1.00
J1306+0356C1c 13h06m08.s33 +03◦56′26.′′2 270.19±0.01 1.29±0.15 200±26 0.35±0.12 11.3 1.00
J1319+0950C1 13h19m11.s65 +09◦50′38.′′2 269.50±0.05 0.91±0.22 490±127 <0.28 5.9 0.95
J1319+0950C2 13h19m11.s87 +09◦50′44.′′3 266.02±0.02 0.35±0.08 218±55 0.19±0.05 5.6 0.90
J1342+0928C1 13h42m08.s24 +09◦28′43.′′4 222.70±0.02 0.10±0.03 222±75 <0.06 5.8 1.00
J1342+0928C2 13h42m08.s65 +09◦28′44.′′2 238.84±0.04 0.69±0.16 475±117 1.76±0.07 24.3 1.00
P231–20C1 15h26m37.s11 –20◦49′59.′′4 251.86±0.01 0.19±0.04 145±38 <0.11 6.0 0.96
P231–20C2 15h26m37.s62 –20◦49′58.′′6 235.04±0.01 0.12±0.02 209±45 <0.05 6.2 1.00

P231–20C3b 15h26m37.s87 –20◦50′02.′′3 250.38±0.01 2.81±0.22 497±41 1.52±0.10 34.0 1.00
P231–20C4c 15h26m37.s97 –20◦50′02.′′5 250.38±0.03 0.25±0.05 334±77 0.10±0.03 6.1 1.00
J2054–0005C1 20h54m07.s01 –00◦05′25.′′7 270.03±0.01 0.55±0.15 106±32 <0.46 5.8 0.92

J2100–1715C1b 21h00m55.s45 –17◦15′22.′′1 268.42±0.03 8.09±1.07 600±80 3.66±0.46 15.4 1.00
J2318–3113C1 23h18m18.s72 –31◦13′49.′′9 256.50±0.01 0.09±0.02 102±26 <0.06 5.7 1.00
J2318–3113C2 23h18m19.s36 –31◦13′48.′′9 254.85±0.01 0.17±0.05 111±35 <0.13 5.6 0.99
J2318–3029C1 23h18m33.s36 –30◦29′44.′′5 266.84±0.04 0.93±0.21 427±104 <0.33 6.0 0.91

aPreviously known companion, published in Venemans et al. (2019).
b Previously known companion, published in Decarli et al. (2017).
cPreviously known companion, published in Neeleman et al. (2019).
dPreviously known companion, published in Willott et al. (2017).

4. DISCUSSION

4.1. Quasar Location

It is typically assumed that the supermassive black hole of
a quasar host galaxy is located at the very center of the grav-
itational potential of a given dark matter halo. The gaseous
component (that partly fuels the supermassive black hole) is
also located toward this gravitational center. This is also seen
in simulations, where the central regions of dark matter ha-
los are those where the infalling gas accumulates. The exact
position of the black hole is typically put in ‘by hand’ at the

bottom of the potential well in most simulations (e.g., Wein-
berger et al. 2017), although not all (e.g., Bartlett et al. 2020).
It is therefore interesting to see if the gas (and dust) seen in
the quasar hosts are indeed cospatial and centered on the su-
permassive black hole. With accurate quasar positions now
available through matching to the Gaia DR2 catalog, leading
to positional accuracies of <0.′′15 (Section 2.3), and <0.′′3
imaging of the [C II] line and dust continuum, we now have
the measurements in hand to characterize any possible off-
sets between the gas and the central black hole. Any offset
in position could be due to a number of things, such as in-



ALMA KPC [C II] AND DUST CONTINUUM IMAGING OF 27 z ∼ 6 QUASARS 13

Figure 4. Width in kpc of the 2D Gaussian fit to the quasar host
galaxies in the continuum (x-axis) and [C II] maps (y-axis). The
sizes are deconvolved with the beam. The size of the symbols scales
with the beam of the observations (listed in Table 1). Quasar hosts
unresolved in the continuum image are indicated with a square and
an arrow. The dashed line represents the 1:1 line. In general, the
continuum emission is more centrally concentrated than the [C II]
emission.

falling gas that has not fully settled in a disk, the presence
of mergers that shift the center of mass in the quasar host, or
the possibility that the supermassive black hole is in fact not
located at the precise center of the potential well.

The locations of the accreting black holes are listed in Ta-
ble 1 and the central positions and uncertainty of the dust
continuum and [C II] emission are the centroid position ob-
tained by IMFIT. The results are shown in Figure 5. For most
sources, the center of the dust emission coincides with the
optical/near-infrared point source to within 0.′′1. Although
in most cases not significant, the predominantly positive off-
set in decl. could be due to differential chromatic refraction
when calculating the optical positions (see Section 2.3), but
the effect seems to be much smaller than the typical beam
of 0.′′25 of our ALMA observations. As gas traced by the
[C II] emission extends to large radii in the quasar hosts,
we also compared the position of the quasars with the [C II]
position (the centroid provided by IMFIT) in Figure 5. Al-
though the offsets are on average slightly larger, still the ma-
jority of sources do not show a significant offset. Several
sources with known nearby companions, P231–20, P167–
13, J0305–3150, and P308–21, show offsets between the
quasar and the dust emission in the host galaxy. Intrigu-

ingly, two sources without known companions, P065–26 and
J0109–3047, show significant offsets between the optical po-
sition of the central quasar and that of both the dust and
[C II] emission. For J0109–3047, a large velocity offset of
∼1700 km s−1 between the [C II] redshift and that of the
broad emission lines near the black hole was reported (e.g.,
Venemans et al. 2016), which, combined with the spatial off-
sets presented here, could indicate that the quasar host galaxy
has recently undergone an interaction with a different sys-
tem. Alternatively, these offsets could be due to an outflow.
Higher-spatial-resolution observations are required to distin-
guish between these two scenarios. The offsets measured for
P065–26 could be, in part, due to systemic astrometric un-
certainties as this source has been observed at high air mass.
However, when comparing the position of the dust and the
[C II] emission (Figure 6), P065–26 has the largest offset, to-
gether with the known merging system P308–21. Also, the
[C II] emission of P065–26 appears to have an irregular, dis-
turbed morphology (Figure 3).

We conclude that there is overall excellent agreement be-
tween the location of the supermassive black hole and the
ISM of the quasar host, seen in both [C II] and dust contin-
uum emission. In most cases, the offset is less than a few
hundred parsecs, but some outliers with offsets of ∼750 pc
exist. Those outliers can in many cases be linked to host
galaxies that undergo interactions, which may lead to a dis-
placement of the ISM due to gravitational interactions. For
some sources, we cannot discard that the offsets are caused
by outflows. The presence of outflows in our sample has
been extensively discussed in Novak et al. (2020). Overall
we conclude that, to first order, the center of mass of the ISM
is cospatial (within the observational uncertainties of a few
100 pc) with the central supermassive black hole.

4.2. Star Formation Rate Density

An important question arising in FIR studies of high-
redshift quasar host galaxies is the heating source of the
dust. Models suggest that the high luminosity of the central
quasar could potentially power a significant fraction of the
dust emission for even the most FIR-luminous quasars (e.g.,
Schneider et al. 2015). Recently, Venemans et al. (2018)
compared the quasar’s bolometric luminosity and FIR lumi-
nosity of a large sample of z > 5.7 quasars and found only
a weak correlation. However, the FIR luminosities used in
Venemans et al. (2018) were mostly derived from unresolved
observations. Therefore, it remains possible that the quasar
still contributes significantly to the dust heating close to the
accreting black hole. With the kiloparsec-resolution observa-
tions presented in this paper, we test whether this is the case
for our sample of quasars. We measured the peak flux den-
sity in our continuum maps (Figure 3) and converted these
values to FIR luminosities using Eq. 3. The peak FIR sur-
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Figure 5. Left: difference in position on the sky between the accreting black hole (the quasar position) and the center of the 2D Gaussian fit to
the continuum emission as reported by the CASA task IMFIT. The dotted circle represents the size of a typical, 0.′′25 beam. The colors of the
points indicate the minimum air mass of the optical/near-infrared imaging of the quasar. Objects with a significant (>2σ) offset are labeled.
The known merger P308–21 is labeled as well. Right: same as the plot on the left, but here with the central position of the [C II] emission
instead of the dust continuum.

Figure 6. Offset between the center of the dust and that of the [C II]
emission. For most of the quasar host galaxies in our sample, there
are no significant offsets.

face densities are between 1011 and 1013 L� kpc−2. The
bolometric luminosity Lbol of the quasars was taken from
the literature (Table 3 in Venemans et al. 2018). In short,
the quasar’s bolometric luminosity is computed based on the

rest-frame UV emission of the accreting black hole. We note
that the quasars studied here are unobscured (Type I) quasars
and show no signs of dust absorption in their UV spectra.
We compared Lbol to the peak FIR surface density in Fig-
ure 7. The brightness of the central dust emission seems to
be independent of the luminosity of the central active galactic
nucleus (the Pearson correlation coefficient is r = −0.04).
This suggests that even in the central kiloparsec of the hosts
of luminous z ∼ 6 quasars, the dust is predominantly heated
by star formation. This is somewhat surprising, given that
the accreting black hole, with a bolometric luminosity often
a factor of 10 higher than the FIR luminosity, is sitting at the
center of a dusty galaxy. The lack of heating by the AGN
could be explained if the emission from the quasar is highly
collimated and emitted perpendicular to the disk of the host
galaxy. Alternatively, the obscuration of the central black
hole could be anisotropic. With a large fraction of quasar
host galaxies having a very close companion or undergoing
a merger event (Section 3.2), the distribution of dust in the
centers of the quasar hosts could show significant variation
between sources, which in turn could erase any correlation
between the emission of the accreting black hole and that of
the surrounding dust.

In Figure 8 we show the SFR surface density (SFRD)
in annuli around the center of the quasar host galaxy (de-
fined as the peak of the dust continuum emission), de-
rived from Eqs. 3 and 5. The peak SFRD spans a large
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Figure 7. Peak FIR surface density vs. bolometric luminosity. The
peak FIR luminosities were derived from the peak pixel in the con-
tinuum maps (Figure 3). The color of each point represents the total
FIR luminosity of the quasar host as listed in Table 2. A typical
error bar is shown in the lower left corner. There is no correlation
between the brightness of the accreting black hole and the dust con-
tinuum peak flux density.

range of nearly a factor of 50, from 30M� yr−1 kpc−2 to
1500M� yr−1 kpc−2. This range is larger than that of the to-
tal FIR luminosities covered by our sample (spanning a factor
of ∼25; see Table 2). While the highest SFRDs that we find
approach that of the Eddington limit for star formation (e.g.,
Walter et al. 2009), as also seen in the centers of local ultralu-
minous infrared galaxies (ULIRGs; e.g., Downes & Solomon
1998) or Galactic star forming regions such as Orion, most
quasar host galaxies have central SFRD values well below
such an extreme value (i.e., .1000M� yr−1 kpc−2). In the
outskirts, SFRD values reach a few M� yr−1 kpc−2, which
is still significantly higher than typical star formation rate
densities in nearby disk galaxies (i.e., < 1M� yr−1 kpc−2,
Leroy et al. 2013).

4.3. The [C II]-to-FIR Ratio and [C II] Deficit

Studies of local ULIRGs show that their centers often dis-
play a low [C II]/FIR luminosity ratio, which is attributed
to intense radiation fields in the nucleus (e.g., Smith et al.
2017; Herrera-Camus et al. 2018). In Figure 9 we show that
generally the [C II]-to-FIR luminosity ratio is lower in the
center of the quasar hosts, although the central values vary
up to a factor of ∼10 within our sample. In the centers, we
find surface density values as low as a few ×10−4, consis-
tent with studies of z > 1 starburst galaxies (e.g., Lamarche
et al. 2018; Litke et al. 2019; Rybak et al. 2020). Away from
the central regions, at radii >2 kpc, the L[CII]/LFIR ratio ap-
proaches luminosity ratios of ∼10−3, similar to what is found
in the disks of local starburst galaxies (e.g., Dı́az-Santos et al.
2013; Sargsyan et al. 2014).

Figure 8. SFR surface density in the quasar host galaxies as a
function of radius from the center. The SFR was derived from the
dust continuum flux density (see text for details). Each quasar host
galaxy is represented by a colored track with the color represent-
ing the total FIR luminosity of the source (Table 2). Most peak
star formation rate densities are below the Eddington limit for star
formation (i.e. . 1000M� yr−1 kpc−2).

To investigate the importance of the FIR surface density
(i.e. the local radiation field) in driving the low [C II]/FIR lu-
minosity ratios, we plot the L[CII]/LFIR surface densities as
a function of the FIR surface density ΣFIR in Figure 10. We
find that the lowest L[CII]/LFIR ratios come from the regions
that show the highest LFIR values, that is, in the centers. This
indicates that the intense radiation field in the centers of the
quasar host galaxies (not necessarily due to the radiation of
the accreting black hole; see Section 4.2) could be the cause
of the [C II] deficit, similar to the results found for local star-
burst galaxies and quasars (e.g., Lutz et al. 2016; Smith et al.
2017; Herrera-Camus et al. 2018).

We fitted a power-law to the data in Figure 10 and found
the following relation:

Σ[CII]/FIR = 9.6 × 10−4

(
ΣFIR

1011L� kpc−2

)−0.447

(7)

The slope of this correlation is very similar to the one pub-
lished by Dı́az-Santos et al. (2014), who found a slope of
−0.39 ± 0.07 for the extended regions in spatially resolved
local (ultra)luminous infrared galaxies. This slope is signif-
icantly shallower than predicted by models, possibly caused
in part by the reduced gas heating efficiency due to the ion-
ization of dust particles (see Dı́az-Santos et al. 2014, for an
extensive discussion). Our data in Figure 10 are below the
relation presented by Smith et al. (2017). However, the data
fitted by these authors were regions inside nearby galaxies,
where FIR surface densities are a few orders of magnitude
lower than those studied here. Both Lutz et al. (2016) and
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Figure 9. [C II]-to-FIR surface density luminosity ratio of our
quasar sample as a function of distance from the center. The col-
ors encode the total FIR luminosity of the sources (Table 2), and
the gray regions represent the 1σ uncertainties in the luminosity ra-
tio. On average, the [C II]/FIR ratio is lowest in the center of the
galaxies.

Dı́az-Santos et al. (2017) also presented L[CII]/LFIR ratios
as a function of FIR surface density. Generally, they find a
steeper relation with higher ratios at low FIR surface den-
sities compared to our z ∼ 6 quasar host galaxy sample,
whereas at the highest densities, their fits predict lower val-
ues than reported here. These discrepancies could be due to
our assumption of a single dust temperature everywhere in
the quasar host galaxies, whereas studies of local galaxies
(e.g., Dı́az-Santos et al. 2017) report a range of dust temper-
atures. Furthermore, it has been shown in local galaxies that
there is a relation between the infrared surface brightness and
the dust temperature (e.g., Chanial et al. 2007). We note that
the estimation of ΣFIR is sensitive to the temperature that is
used in the derivation of the luminosity. If the outskirts of our
quasar hosts have lower dust temperatures compared to the
centers, then our [C II]/FIR luminosity ratio would increase
at low FIR surface densities. In particular, if the outskirts of
the quasar host galaxies where ΣFIR ≈ 2 × 1010 L� kpc−2

have a lower dust temperature of Td = 35 K (well within the
range of dust temperatures spanned by local starburst galax-
ies; e.g., Dı́az-Santos et al. 2017), then ΣFIR will be a factor
of ∼2 lower, while Σ[CII]/FIR would be higher by this factor.
This would place the outskirt of our quasar hosts on the lo-
cal relations as found by Lutz et al. (2016) and Dı́az-Santos
et al. (2017). Similarly, if the centers of the quasar hosts are
hotter, the [C II]-to-FIR ratio would decrease for the high-
est FIR surface densities. Future observations of the quasar
hosts with ALMA band 8 or band 9 will shed light on this
question.

Figure 10. [C II]/FIR surface density luminosity ratio, now shown
as a function of FIR luminosity density. The colors of the tracks
again indicate the total FIR luminosity of the objects. Overplotted
are relations between the [C II]/FIR surface densities and the FIR
surface density from the literature, after converting their measure-
ments to the assumptions and units used in this work (see legend for
details). Our best-fit power-law fit to the data points is shown as a
solid line.

4.4. Galaxy Clustering around High-redshift Quasars

In Section 3.3 we presented 27 candidate line emitters
found in the fields of the 27 quasars in our sample. Ten
of those were previously identified and published compan-
ion [C II]-emitting galaxies to the quasars (see Decarli et al.
2017; Willott et al. 2017; Neeleman et al. 2019; Venemans
et al. 2019) with physical distances up to ∼60 kpc and line-
of-sight velocities ∆v < 600 km s−1. We note that we did
not recover the known companion next to P308–21 (Decarli
et al. 2017, 2019), because the quasar host galaxy is actively
undergoing a merger and has very extended [C II] emission
(see also Table 3). For the remaining 17 line candidates,
we cannot determine a priori if they are [C II] emitters and
whether they are associated with the quasar. For each line, we
computed the redshift if the line was [C II] and calculated the
line-of-sight velocity to the quasar. In the literature, velocity
differences between 1000 km s−1 and 3000 km s−1 are typi-
cally used to identify sources that are associated with active
galactic nuclei (e.g., Hennawi et al. 2006; Venemans 2006;
Venemans et al. 2007; Ellison et al. 2010). We therefore
conservatively assume that sources with a velocity difference
of ∆v < 2000 km s−1 are associated with the quasar. Of
the 27 emission line candidates, 19 (including the 10 known
companions) are [C II]-emitting companion galaxies to the
quasars, with 17 of those within 1000 km s−1 of the quasar.
We list the nine new companion galaxies with derived line
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Table 5. Newly Discovered Companion Galaxies in the Quasar Fields.

Name z[CII] L[CII] LFIR Distance ∆v

(108 L�) (1011 L�) (kpc) (km s−1)

J0100+2802C1 6.3241±0.0008 8.12±1.36 <4.05 87.8 –110±30
P183+05C1 6.4352±0.0012 4.26±1.28 8.13±1.40 57.3 –140±50
J1319+0950C2 6.1444±0.0005 3.41±0.77 3.78±1.00 63.2 +410±20
J1342+0928C1 7.5341±0.0009 1.29±0.39 1.69±0.56 27.2 –210±30
P231–20C1 6.5459±0.0004 2.03±0.48 <2.51 56.6 –1620±20
J2054–0005C1 6.0383±0.0003 5.28±1.41 <9.05 77.3 –20±10
J2318–3113C1 6.4095±0.0003 0.92±0.21 <1.33 31.5 –1340±10
J2318–3113C2 6.4575±0.0004 1.74±0.48 <2.97 71.0 +590±10
J2318–3029C1 6.1223±0.0010 9.01±2.08 6.61±2.20 64.7 –980±40

and continuum properties in Table 5, and we show the spec-
tra and emission maps in Figure 11.

The next question is whether these companion sources rep-
resent an overdensity of galaxies around these high-redshift
quasars. Spatially, there is no significant difference between
the new companion galaxies and the other candidate line
emitters, especially if the already-known, nearby (<10 kpc)
companions are excluded. The fraction of all channels in
our 56 data cubes that probe [C II] with a velocity differ-
ence of < 2000 km s−1 with respect to the quasar redshift is
38%. For ∆v < 1000 km s−1, this fraction is 22%. Based on
the “field” density of line emitters (eight emission line can-
didates that have ∆v > 2000 km s−1), we would only expect
∼5 (∼3) emission line candidates with ∆v < 2000 km s−1

(∆v < 1000 km s−1), where we find 19 (17).
This suggests that the emission line candidates are highly

clustered around the redshift of the quasar, implying that the
majority of sources within 2000 km s−1 are likely companion
galaxies at similar redshifts. Assuming that all candidate line
emitters are high-redshift [C II]-emitting galaxies, we calcu-
lated the average overdensity of quasar companions using

δ = (nobs − nexp)/nexp, (8)

where nobs and nexp are the observed and expected num-
ber of galaxies within 2000 km s−1, respectively. We find
an overdensity of δ = 2.4 for companions with ∆v <

2000 km s−1. This increases to δ ≈ 4.3 for the companions
with ∆v < 1000 km s−1. We stress that these overdensi-
ties are strict lower limits as it is expected that the majority
of line candidates with ∆v > 2000 km s−1 are foreground
CO lines and not high-redshift [C II] emitters (e.g., Decarli
et al. 2020). In this case, it will lower nexp in Eq. 8 and
thus increase δ. Our results therefore confirm and extend the
clustering measurement by Decarli et al. (2017) based on a
smaller sample of z ∼ 6 quasars with companions.

5. SUMMARY AND CONCLUSIONS

We present a summary of the [C II] 158µm emission line
and underlying far-infrared (FIR) continuum of 27 quasar
host galaxies at z ∼ 6 observed with ALMA at a spatial res-
olution of ∼1 kpc. The sample covers about one-half of the
quasars currently detected with ALMA in the [C II] emission
at these redshifts, with a slight bias to the brighter sources
in the complete sample: the mean (median) [C II] luminos-
ity of our sample is 3 × 109 (2.1 × 109)L�, whereas that
of all ALMA-detected quasars is 2.4 × 109 (1.5 × 109)L�.
The spatial resolution of our sample allows us to spatially
resolve the emission in the centers of the quasar host galax-
ies. We find that the [C II] emission in the quasar hosts has
sizes between 1.0 and 4.8 kpc. We note that this holds for
the bright centers of the galaxies and does not account for a
more extended [C II] component that can only be quantified
by stacking the emission of all quasars in our sample (Novak
et al. 2020). The dust emission is more centrally concen-
trated than the [C II] in the central regions. Like in the case
of [C II], a more extended faint dust component can only be
recovered through stacking (Novak et al. 2020).

We find that 13 quasars (48%) have companion [C II]-
emitting galaxies in the field (only considering candidates
with a velocity difference up to 2000 km s−1), with distances
between 3 and 88 kpc. We visually inspected the maps of the
[C II] emission for nearby <5 kpc companion galaxies or ir-
regular morphologies and conclude that at least eight quasar
hosts are undergoing a merger or have a disturbed [C II] mor-
phology at the spatial scales probed by our observations.

Both the interstellar medium of the quasar host galaxies
and their accreting supermassive black holes are thought to
be located at the bottom of the potential wells of their re-
spective dark matter halos. The high resolution of the ALMA
observations, together with improved positions of the central
accreting supermassive black holes based on Gaia DR2 cor-
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rections, now allow us to observationally test this hypothesis.
We find that the interstellar medium and the central black
holes are indeed cospatial (with offsets .0.′′1) in most cases.
This suggests that the majority of the central black holes, as
well as the interstellar medium, are located at the bottom of
the gravitational wells of their respective dark matter halos.
About ∼20% of the quasars are outliers with offsets up to
∼750 pc. This can be linked to disturbed morphologies in the
[C II] emission, most likely due to ongoing or recent mergers
(such interactions can displace the interstellar medium more
easily than the central black holes). We find no correlation
between the central surface brightness of the FIR emission
and the bolometric luminosity of the (positionally coincident)
accreting central supermassive black hole.

The star formation rate densities in the host galax-
ies, derived from the FIR measurements, peak at the
galaxy centers and typically reach values between 100 and
1000M� yr−1 kpc−2. These values are below the Edding-
ton limit for star formation, but are similar to those found in
local ULIRGs. These star-formation rate densities drop to-
ward larger radii by typically an order of magnitude, reaching
values that exceed those found in nearby galaxy disks. Like-
wise, the [C II]/FIR ratio is lowest in the centers of the quasar
hosts, where luminosity ratios as low as a few times 10−4

are found, similar to studies of high-redshift starburst galax-
ies that show similar far-infrared surface brightness densities.
Toward the outskirts of the disks, these values increase by a
factor of a few, also reflecting the fact that the [C II] emission
is typically more extended than the FIR continuum.

The observations presented here have typical on-source in-
tegration times of 0.5–1.5 hr with ALMA. The brightness of
the targets imply that even higher resolution imaging of the
quasar hosts, pushing to a resolution well below 1 kpc in the
frame of the quasar host galaxies, is within reach (Venemans
et al. 2019). Amongst other things, such studies would then
allow one to probe the formation of massive galaxies in the

early universe in detail and to investigate the interplay be-
tween emission from the accreting supermassive black hole
and the interstellar medium down to scales of <100 pc.
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APPENDIX

A. NOTES ON INDIVIDUAL OBJECTS

We here summarize some notes on individual objects, sorted by R.A.

A.1. P009–10

Quasar P009–10 was part of the ALMA Cycle 3 [C II] survey presented in Decarli et al. (2018) and is the most luminous [C II]
source in our sample. Higher resolution imaging was obtained in Cycle 5. The source shows very extended [C II] emission with
an estimated spatial FWHM of 4.9×3.4 kpc2 based on a 2D fit to the [C II] map. This quasar has a disturbed [C II] morphology
(Figure 3) and might undergo a merger with a very nearby source.

A.2. J0100+2802

This luminous quasar is powered by the most massive black hole currently known at z & 6 of > 1010M� (Wu et al. 2015).
Observations of FIR, [C II], and CO emission from the host galaxy were presented in Wang et al. (2016). The high-resolution
data used in this paper were already presented in Wang et al. (2019). Our line search revealed a potential companion galaxy
∼90 kpc from the quasar (see Table 5 and the discussion in Section 4.4).

A.3. J0109–3047

The quasar J0109–3047 was imaged with ALMA in Cycle 1 (Venemans et al. 2016). The quasar was targeted at kiloparsec
resolution twice, in Cycle 2 and Cycle 3. We combined the data from both cycles to create deeper maps. Interestingly, for this
source, the rest-frame UV emission lines from the broad-line region near the accreting black hole show very large blueshifts
compared to the systemic redshift of the quasar as traced by [C II], with the blueshifts among the largest found in high-redshift
quasars (Venemans et al. 2016; Mazzucchelli et al. 2017). This could be due to an outflow or indicate that the accreting black hole
is offset from the center of the host galaxy as traced by [C II] emission, due to, for example, a recent major merger. This latter
scenario is strengthened by the ∼700 pc offset between the center of dust emission and the quasar (see Section 4.1 and Figure 5).

A.4. J0305–3150

Low-resolution [C II] observations of this quasar were published in Venemans et al. (2016). In ALMA Cycle 2 and Cycle 3,
higher resolution observations were obtained. We combined the two high-resolution datasets in this paper. More recently, this
quasar host was imaged at ∼400 pc (0.′′07) resolution (Venemans et al. 2019). At 0.′′07 resolution, the [C II] morphology is highly
irregular, and several faint companion galaxies are located within a few kiloparsec (Venemans et al. 2019). The brightness of the
source in Table 2 is taken from the higher S/N data in Venemans et al. (2019). We here only include the ∼1 kpc resolution data
for consistency. There are three companion [C II] emitters in the field, all within 40 kpc and 400 km s−1 of the quasar (Venemans
et al. 2019). These line emitters were also found in our line search (Section 3.3). A fourth [C II] emission line candidate we
discovered in this field is at least >3000 km s−1 away from the quasar and is likely not associated with it.

A.5. P065–26

The high-resolution FIR observations of quasar P065–26 show very extended [C II] emission (∼5 kpc; see Table 3). The
emission has a disturbed morphology (Figure 3), an indication that the source is likely undergoing a merging event.

A.6. J0842+1218

In the field of this quasar, Decarli et al. (2017) reported a companion [C II] emitter at a distance of ∼47 kpc. The ∼0.′′25
resolution follow-up imaging of the quasar and the companion was recently published by Neeleman et al. (2019). They also
discovered a second, fainter companion about 31 kpc from the quasar, which was rediscovered in our blind search for line
emitters in this field (see Section 3.3).

A.7. P167–13

The [C II] emission in this quasar at z = 6.5 was independently discovered by Willott et al. (2017) and Decarli et al. (2018).
The 0.′′5 imaging by Willott et al. (2017) showed that this quasar has a nearby companion (5 kpc from the quasar). This companion
source was confirmed in higher-spatial-resolution ALMA data by Neeleman et al. (2019) and was also found in our blind line
search (Section 3.3). The companion has also been detected in the rest-frame UV (Mazzucchelli et al. 2017) and possibly in
X-rays (Vito et al. 2019).
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J1120+0641

The FIR emission of the host galaxy was initially detected by the Plateau the Bure Interferometer (PdBI) and published in
Venemans et al. (2012). Follow-up higher spatial resolution imaging of the [C II] line was obtained with ALMA in Cycle 1
(Venemans et al. 2017a). In Venemans et al. (2017a) a possible offset of 0.′′5 between the accreting black hole and the host galaxy
was reported. With the updated quasar position, derived by exploiting Gaia astrometry of nearby stars (Section 2.3) and listed in
Table 1, the offset is now negligible (0.′′03±0.′′04).

A.8. P183+05

The quasar P183+05 is the second brightest of our sample in both [C II] and dust emission. Our line search revealed two
candidate line emitters in the field (Table 4), one of which is potentially a [C II]-emitting galaxy that is 140 km s−1 and 57 kpc
from the quasar (Table 5).

A.9. J1306+0356

This source was part of the low-resolution ALMA survey of z ∼ 6 quasar hosts published by Decarli et al. (2018). The low-
resolution data showed that the quasar host is very extended, with a [C II] size of >7 kpc (Decarli et al. 2018). High-resolution
ALMA data revealed a more compact quasar host with a nearby (∼5 kpc) companion (Neeleman et al. 2019).

A.10. J1319+0950

This source was one of the first quasars imaged with ALMA in Cycle 0 (Wang et al. 2013). Higher-spatial-resolution 0.′′3
observations were obtained in Cycle 1. The 0.′′3 imaging of the [C II] emission showed a velocity gradient consistent with a
rotating gas disk (Shao et al. 2017). Reanalysis of these data reveals a very close companion only ∼3 kpc from the quasar (see
Figure 3). Another possible companion is located 63 kpc away (Table 5).

A.11. J1342+0928

This is currently the highest-redshift quasar known. The first detection of the [C II] and dust continuum emission from the host
galaxy at z = 7.54 was made with NOEMA (Venemans et al. 2017b). The higher-spatial-resolution [C II] imaging with ALMA
described in this paper was recently published by Bañados et al. (2019), who classify this object as a merger. In the data cube,
we discovered a candidate [C II] emitter that is 27 kpc from the quasar (Tables 4 and 5).

A.12. P231–20

The quasar P231–20 at z = 6.6 has a gas-rich companion located 9 kpc from the quasar (Figure 3), which was originally
discovered by Decarli et al. (2017). The high-spatial-resolution observations presented here were already analyzed by Neeleman
et al. (2019). They reported the second, fainter [C II] companion at a distance of 14 kpc (see Table 4). A possible third companion
is located 57 kpc and ∼1600 km s−1 from the quasar (Table 5). A fourth candidate line emitter is not associated with the quasar,
based on the large velocity difference (>15,000 km s−1).

A.13. P308–21

The [C II] emission of quasar P308–21 shows very extended tails, suggesting that this source is undergoing a merger (Decarli
et al. 2017). The deep, high-resolution [C II] imaging of this quasar revealed a main emission component centered on the quasar
and two extended components stretching ∼1500 km s−1 (Decarli et al. 2019). The [C II] kinematics and morphology can be
explained by the tidal stripping of a satellite galaxy by the quasar host, confirming that the object is undergoing a merger (Decarli
et al. 2019).

A.14. J2054–0005

The quasar J2054–0005 was first observed by ALMA in Cycle 0. The high-spatial-resolution data presented here were obtained
in Cycle 5. Our line search returned a potential companion galaxy at the same redshift as the quasar located at a projected distance
of 77 kpc.

A.15. J2100–1715

This is one of the sources that showed a FIR-bright companion at the same redshift in low-resolution data (Decarli et al. 2017).
The distance on the sky between the quasar and the companion is 61 kpc (Decarli et al. 2017; Neeleman et al. 2019) and was
rediscovered by our line search.
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A.16. J2318–3113

Both [C II] and continuum emission of this quasar are very extended. The measured sizes are ∼5 kpc, although the S/N of the
detections is relatively low (peak S/N∼ 5–6). There are two potential companion galaxies in this quasar field (Table 5).

A.17. J2348–3054

Low-resolution [C II] observations of this quasar at z = 6.9 were obtained with ALMA in Cycle 1 and published by Venemans
et al. (2016). Higher-spatial-resolution imaging was obtained in Cycle 2 and Cycle 3. Because of possible astrometric errors in
the Cycle 2 data, we did not combine the data from the two ALMA cycles, and we here only present the observations obtained in
Cycle 3. Both [C II] and dust emission are very compact, with deconvolved sizes <1 kpc.

B. CANDIDATE [C II] COMPANIONS IN THE QUASAR FIELDS

We here present the new candidate [C II] companions discussed in Section 4.4 and summarized in Table 5. These candidates
were recovered in the blind line search and could potentially be [C II]-emitting galaxies within 2000 km s−1 of the quasar
(Section 4.4). Single-pixel spectra, extracted at the peak of the candidate line emission, are shown toward the right in Figure 11.
Of the three maps that are shown, the central one displays the candidate emission line collapsed over 1.2×FWHM. The maps
toward the left and the right show emission away from the center, as indicated by the gray regions in the spectra toward the right.
Contours in the maps start at ± 2σ and increase in steps of 1σ; positive contours are shown as black lines, and negative contours
as red lines. The synthesized beam sizes are given in the bottom left corner of the maps. Gaussian fits are shown as blue lines on
top of the spectra. The apertures used to extract the total spectrum of the candidates are indicated with light green circles. The
parameters of the Gaussian fit to the total spectra are listed in Table 4.
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J0100+2801C1 

P183+05C1 

J1319+0950C2 

J1342+0928C1 

P231-20C1 

Figure 11. Maps and spectra of the new candidate [C II] companions found in the fields of the quasars, as discussed in Section 3.3 and listed
in Table 5. See Appendix B for details.
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J2054-0005C1 

J2318-3113C1 

J2318-3113C2 

J2318-3029C1 

Figure 11. Continued.


