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ABSTRACT

We present ALMA deep observations of the [CII] 158 µm emission line and the continuum at 253 GHz and 99 GHz towards SDSS
J0100+2802 at z ' 6.3, the most luminous quasi-stellar object (QSO) at z > 6. J0100+2802 belongs to the HYPERION sample of
luminous QSOs at z ∼ 6−7.5. The observations have a 2.2 arcsec resolution in band 3 and a 0.9 arcsec resolution in band 6, and are
optimized to detect extended emission around the QSO. We detect an interacting, tidally disrupted companion both in [CII], peaking
at z ∼ 6.332, and in continuum, stretching on scales up to 20 kpc from the quasar, with a knotty morphology. The higher velocity
dispersion in the direction of the companion emission and the complex morphology of the tidally stretched galaxy suggest a possible
ongoing or future merger. For the newly detected companion, we derive the range of the dust mass, Mdust = (0.3−2.6) × 107 M�, and
of the star formation rate, SFR = [35−344] M�, obtained from the modelling of its cold dust spectral energy distribution. This shows
that both the QSO and its companion are gas-rich and that a major merger may be at the origin of the boosted star formation. This
close interacting companion is undetected by deep JWST imaging observations, showing the effectiveness of ALMA in detecting
dust-obscured sources, especially in the vicinity of optically bright quasars. We also detect a broad blueshifted component in the [CII]
spectrum, which we interpret as a gaseous outflow for which we estimate a mass outflow rate in the range Ṁout = (118−269) M� yr−1.
J0100+2802 was recently found to reside in a strong overdensity, however this close companion remained undetected by both previ-
ous higher resolution ALMA observations and by JWST-NIRCAM imaging. Our results highlight the importance of deep medium-
resolution ALMA observations for the study of QSOs and their environment in the Epoch of Reionisation.

Key words. techniques: interferometric – galaxies: active – galaxies: high-redshift – quasars: emission lines –
quasars: individual: SDSS J010013.02+280225.8

1. Introduction

The presence of luminous quasi-stellar objects (QSOs) near
the end of the Epoch of Reionisation (EoR), when the Uni-
verse was only 0.5–1 Gyr old, is currently a puzzle and repre-
sents a real challenge to theoretical models aiming to explain
supermassive black hole (SMBH) formation and growth on
such a short timescale (e.g., Volonteri 2010; Johnson & Haardt
2016; Greene et al. 2020; Kroupa et al. 2020; Inayoshi et al.
2020; Lupi et al. 2021; Fan et al. 2023; Trinca et al. 2022;
Volonteri et al. 2023). Moreover, the well-established correla-

tions between the black hole (BH) mass and the physical prop-
erties of the host galaxy (Kormendy & Ho 2013) strongly sug-
gest that the growth of these SMBHs has to be connected
with the growth of their host galaxies, and thus with the prop-
erties of the interstellar medium (ISM; e.g., Di Matteo et al.
2005; Hopkins et al. 2008; Harrison et al. 2018). In this pic-
ture, extreme physical processes, such as mergers and active
galactic nuclei (AGN) feedback, play a critical role in shap-
ing the evolution and the properties of the host galaxies,
especially at high redshift when these objects are caught in
the first phases of their formation. In the last decade, massive
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AGN-driven outflows have been observed, involving different
gas phases (ionised, atomic, and molecular) extending from
sub-parsec to kiloparsec scales up to high redshift (z ∼ 1−7;
e.g. Fiore et al. 2017; Carniani et al. 2017; Feruglio et al. 2017;
Brusa et al. 2018; Bischetti et al. 2019a; Vietri et al. 2022).

The study of the [CII] fine-structure emission line at 158 µm,
especially with the Atacama Large Millimetre Array (ALMA),
has brought significant advances in the understanding of the host
galaxies’ properties. This is one of the brightest emission lines in
QSO host galaxies at far infrared (FIR) wavelengths and arises
from photodissociation regions (PDRs; Hollenbach & Tielens
1999) at the interface of the atomic and molecular media on the
outskirts of molecular clouds in galactic star-forming regions,
and therefore is an optimal diagnostic for studying the ISM in
the cold, warm neutral, and mildly ionised phases (Cormier et al.
2015; Olsen et al. 2018). Stanley et al. (2019) and Bischetti et al.
(2019a) both find very broad [CII] wings that trace the presence
of outflows, with a velocity excess of up to 1000 km s−1, per-
forming a stacking analysis of a sample of 20 QSOs at z ∼ 6
and 48 QSOs at 4.5 < z < 7.1, respectively. Novak et al. (2020)
find no evidence for broad wings with a similar stacking tech-
nique; however, in contrast to Bischetti et al. (2019a), they used
high angular resolution observation, which may have filtered
out the extended outflow component. Very broad wings were
also observed in the hyper-luminous QSO SDSS J1148+5251
at z ∼ 6.4 (Maiolino et al. 2012; Cicone et al. 2015), revealing
outflowing gas extended up to ∼30 kpc, although that result has
been disputed by Meyer et al. (2022). Other indications of out-
flows in z > 6 quasars through [CII] broad wings have been
found by Izumi et al. (2021a,b). Moreover, the powerful capa-
bilities of ALMA have allowed a detailed analysis of the kine-
matics and dynamics of the gas through the observation of the
[CII] emission line, revealing evidence of rotating discs (e.g.,
Pensabene et al. 2020; Neeleman et al. 2021; Tsukui & Iguchi
2021; Shao et al. 2022; Roman-Oliveira et al. 2023) and bulges
(Lelli et al. 2021; Tripodi et al. 2023b) in z > 4 QSO host galax-
ies. The characterisation of the dynamical state of galaxies at
high-z is indeed crucial for determining the mechanisms of mass
assembly in the early Universe. In this regard, the study of QSO
samples specifically designed to tackle the properties of lumi-
nous z > 6 quasars, powered by the SMBHs that experienced
the fastest mass accretion growth, may offer a physical frame-
work to interpret the dynamical states of the host galaxies. The
HYPerluminous quasars at the Epoch of ReionizatION survey
(HYPERION; Zappacosta et al. 2023) includes the titans among
z > 6 QSOs, that is, those in which the SMBHs acquired the
largest masses at their epoch, possibly resulting from extreme
concurrent nuclear or host galaxy accretion and dynamical inter-
action pathways.

In this work we present ALMA band 3 and band 6 obser-
vations of the HYPERION QSO SDSS J010013.02+280225.8
(hereafter J0100+2802) at z[CII] = 6.327 (Wang et al. 2019).
Wu et al. (2015) estimated a bolometric luminosity of Lbol =
4.29 × 1014 L� and a BH mass of MBH = 1.24 × 1010 M�
for J0100+2802, making it the most optically luminous QSO
with the most massive SMBH known, at z > 6. James Webb
Space Telescope (JWST) observations by Eilers et al. (2023)
have confirmed that this QSO is not lensed. This QSO is also
found to reside in a strong overdensity, traced by 24 galax-
ies (Kashino et al. 2023). One or more galaxies were identi-
fied within 200 pkpc and 105 km s−1 of four metal-absorption
systems, either as their physical host galaxies or as neighbour-
ing gas-galaxy associations embedded in a common larger-scale
structure.

The properties of the cold ISM of J0100+2802 have been
studied by Wang et al. (2019), who measured the CO spectral
line energy distribution. They find the molecular gas has a mass,
MH2 = (5.4 ± 1.6) × 109 M�, characterised by two primary
phases, a cool one at ∼24+8

−3 K with nH2 = 104.5±1.1 cm−3, and a
warm one at ∼224+165

−100 K with nH2 = 103.6+1.3
−0.8 cm−3. Tripodi et al.

(2023a) measured the star formation rate (SFR) of the host
galaxy with a high accuracy, SFR = 265±32 ,M� yr−1, studying
the cold dust spectral energy distribution (SED). Neeleman et al.
(2021), through the analysis of the [CII] emission line, did not
find any sign of a velocity gradient and concluded that the
system was possibly dominated by turbulent motions. Finally,
Fujimoto et al. (2020) and Novak et al. (2020) report a complex,
multi-clump morphology in the dust continuum at a scale of 0.5
arcsec ∼ 3 kpc. The origin is unclear, but it suggests the possi-
bility of dusty mergers or companions or a gravitationally lensed
system, where the latter has been ruled out (Eilers et al. 2023).

In this paper we present very high-sensitivity ALMA data
of J0100+2802, revealing for the first time in this source clear
velocity gradients indicative of the presence of an interactive
companion and a [CII] outflow.

The paper is organised as follows: in Sect. 2 we describe
the observation; in Sect. 3 we report the analysis and results; in
Sect. 4 we discuss the implications of our results; and in Sect.
5 we summarize our results. Throughout the paper, we adopt a
ΛCDM cosmology from Planck Collaboration VI (2020): H0 =
67.4 km s−1 Mpc−1, Ωm = 0.315, and ΩΛ = 0.685. Thus, the
angular scale is 5.66 kpc arcsec−1 at z = 6.3.

2. Observation

We analysed the dataset 2021.1.00211.S (PI: R. Maiolino) from
the ALMA 12m array, designed to detect the [CII] and CO(6–5)
emission lines of J0100+2802 and their underlying continuum
emission at 252.8 GHz (band 6) and 99.5 GHz (band 3). Obser-
vations were carried on 21 April 2022 and 21 January 2021, with
an integration time of 3.5 h and 7.5 h for band 6 and band 3,
respectively. The visibility calibration of the observations was
performed by the ALMA science archive. The imaging was
performed through the Common Astronomy Software Appli-
cations (CASA; CASA Team 2022), version 5.1.1-5. To image
the source, we applied tclean using natural weighting and a
3σ cleaning threshold. We imaged the continuum in band 6
using the multi-frequency synthesis (MFS) mode in all line-
free1 channels, selected by inspecting the visibilities in all four
spectral windows. The rms noise reached for the continuum is
0.01 mJy beam−1, and we obtained a clean beam of (1.03× 0.78)
arcsec2, and a position angle, PA = 0.96◦. Since the [CII]
show emission up to very high velocities (∼1000 km s−1; see
Sect. 3.4), we combined the two spectral windows in the upper
band to ensure a reliable continuum subtraction, and [CII] is now
detected in channels 90–265, corresponding to 1584 km s−1. We
used the CASA task uvcontsub to fit the continuum visibili-
ties in the line-free channels with a zeroth-order polynomial. We
obtained a continuum-subtracted cube with spectral channels of
width 9 km s−1, a clean beam of (1.08×0.82) arcsec2, PA = 1.7◦,
corresponding to an effective radius of ∼0.57 arcsec ' 3.23 kpc,
and an rms noise of 0.2 mJy beam−1 per channel.

We imaged the continuum in band 3 using the MFS mode
in all line-free2 channels, selected by inspecting the visibili-
ties in all four spectral windows. The rms noise reached for the

1 [CII] is detected in channels 90-240 for spw2 and 0-40 for spw3.
2 CO(6–5) is detected in channels 95-145 for spw3.
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Table 1. Summary of the ALMA observations and their properties.

Band Project ID RA, Dec Central freq. L5 BL, L80 BL Synth. beam rms cont. rms cube
(J2000) (GHz) (m) (m) (arcsec2) (µJy beam−1) (mJy beam−1)

3 2021.1.00211 01:00:13.024, +28:02:25.790 99.48 26, 184 2.59×1.95 5 0.1
6 2021.1.00211 01:00:13.024, +28:02:25.790 252.87 26, 182 1.08×0.82 10 0.2

Notes. Columns are: (1) ALMA band; (2) project ID of the observation; (3) coordinates of the pointing of the observation; (4) central frequency of
the spectral setup; (5) lengths that include the 5th and the 80th percentile of all projected baselines calculated from the unweighted UV distribution;
(6) synthesized beam of the observation for the continuum data; (7) rms of the continuum map; (8) rms of the data cube that includes the CO(6–5)
and [CII] emission line for band 3 and band 6, respectively.

continuum is 5 µJy beam−1, and we obtained a clean beam of
(2.59 × 1.95) arcsec2, PA = 15.2◦, corresponding to an effective
radius of ∼1.35 arcsec ' 7.6 kpc. The analysis of the CO(6–5)
did not deliver any improvements with respect to the results pub-
lished in Wang et al. (2019), therefore here we report only the
results on its underlying continuum emission.

The high sensitivity of these observations enabled us to per-
form a detailed analysis of the [CII] emission and of the continua
unveiling a cold outflow and an interactive companion. More-
over, we were able to spatially resolve the outflowing emission
and to separate if from the total [CII] emission line profile.

The properties of the ALMA observations used in this work
are summarized in Table 1.

3. Analysis and results

3.1. [CII] emission and kinematics

We used the continuum-subtracted data cube to study the [CII]
line emission of the QSO with natural weighting. Details of the
complex kinematics of this system can be seen in the channel
maps of Fig. 1, obtained collapsing bins of 120 km s−1 from
the continuum-subtracted cube. A prominent, elongated feature
is clearly seen at velocities between +40 and +280 km s−1.
Although it could be interpreted as a jet or an outflow, the fact
that it is also detected in the continuum, as discussed in the next
section, indicates that it is likely tracing a star-forming compan-
ion, extending on scales of ∼4 arcsec, in other words ∼20 kpc,
that is interacting with the QSO host galaxy. As inferred by the
channel maps, the companion is highly structured, with clumps
at different velocities. There is also a nearly symmetric and
smaller extension on the opposite side and negative velocities
(−320 km s−1), which is likely tracing a tidal tail of the same
interacting system.

The top left panel of Fig. 2 shows the [CII] map, imaged
with the MFS mode in the velocity range from ∼ − 1000 to
+600 km s−1, that presents the elongated and complex structure
already seen in the channel maps, tracing the interacting com-
panion. Performing a 2D Gaussian fit in a region enclosing the
QSO host emission (S/N > 3, RA:[−2,1.5] arcsec, Dec:[−1.3,
1.5] arcsec), we find a peak flux of 1.52 ± 0.06 mJy/beam and a
flux density of 2.78 ± 0.17 mJy.

Even though the fully resolved and tidally stretched structure
of the companion is clearly revealed in the channel maps, espe-
cially at v = +40 km s−1 and v = +280 km s−1, in the [CII] flux
map and in the PV diagram, we performed a PSF subtraction to
better quantitatively assess the flux of the companion, especially
for the continuum emission (see Sect. 3.2). We first computed the
flux density from the [CII] map within a region with S/N > 2
(see 2σ contours in Fig. 2), obtaining 3.8 ± 0.05 mJy. Then, we
subtracted from the [CII] map the PSF normalized to the QSO

host peak flux. The flux density of the companion was computed
from the PSF-subtracted [CII] map (top right panel of Fig. 2) in
a region with S/N > 2 and RA-offset< −1.3 arcsec, to exclude
the ring-like feature in the centre that can still be associated with
the QSO host, and it is 1.00 ± 0.04 mJy. Considering this aver-
aged flux within the [CII] line width, we derived L[CII],comp =

(1.68±0.06)×109 L� (using Eq. (1) in Solomon & Vanden Bout
2005). Consequently, the estimated flux density associated with
the QSO emission is 2.8±0.07 mJy, which is consistent with the
flux estimated from the 2D fit and which corresponds to a lumi-
nosity of L[CII],host = (4.70± 0.12)× 109 L�3. This is ∼1.25 times
higher than the luminosity derived in Venemans et al. (2020),
and this discrepancy is likely due to the higher sensitivity and
lower resolution of our observation, which enabled us to observe
the fainter and more diffuse [CII] emission, and the high-velocity
emission. The [CII] emission of the QSO is not resolved, while,
if considering the whole system, the full width at half maximum
(FWHM) size is (0.89±0.09)×(0.70±0.12) arcsec2, correspond-
ing to ∼(5.03 × 3.96) kpc2 at the rest frame. The PSF-subtracted
[CII] map presents multiple peaks towards the west and they
arise from the clumps at different velocities that are clearly seen
in the channel maps. We may interpret these as the complex mor-
phology of a tidally stretched galaxy in the merging process.
This makes the position of the companion difficult to determine
precisely and, in principle, these features can also arise from the
presence of multiple companions or gas clumps. However, the
resolution of our observation prevents us from distinguishing
between these different scenarios. To be conservative, we asso-
ciated all the elongated features at S/N > 2 with a single inter-
active companion. Spectra extracted from three different spatial
regions are presented in Fig. 3: the spectrum in blue is extracted
from a region with S/N > 2 including both the QSO and the
companion contribution; the one in purple is extracted from a
region with S/N > 2 and RA-offset< −1.3 arcsec to better iso-
late the contribution of the companion to the [CII] emission; and
the one in orange is extracted from a region with S/N > 2 and
RA-offset> −1.3 arcsec that mostly encloses the QSO host con-
tribution. The [CII] emission arising from the companion peaks
at 259.220 GHz (i.e., corresponding to z = 6.3317), slightly
redshifted with respect to the QSO host emission that peaks at
259.378 GHz.

The top panels of Fig. 4 show the moment-0, -1, and -2 maps
of the [CII] emission obtained by applying a 3σ threshold to the
continuum-subtracted cube. The moment-1 map shows a gra-
dient towards the direction of the companion. The moment-2
map shows a range of the velocity dispersion between 10 and
180 km s−1, where the maximum value towards the nucleus is
affected by beam smearing (Davies et al. 2011). The left and

3 L[CII],comp and L[CII],host are computed considering that the [CII] line
width is ∼1600 km s−1.
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Fig. 1. Channel maps of the [CII] emission line for J0100+2802. The cross indicates the peak position of the continuum and velocities are relative
to the redshift of the [CII], as determined in Wang et al. (2019). Contours are at −3,−2, 2, 3, 5, 7, 10, 25, and 50σ. The clean beam is shown in the
inset in the lower left corner.

right bottom panels of Fig. 4 present the position-velocity (PV)
diagrams of the disc along the major and minor kinematic axes,
respectively. The PA of the major axis is 275◦. The PV diagram
shows an asymmetric structure that partially mimics the S-shape
commonly seen in rotating discs. We discuss possible interpre-
tations of these results in Sect. 4.

3.2. Continuum emission of the interacting system

The middle left panel of Fig. 2 shows the 253 GHz dust con-
tinuum map. The continuum shows an elongated structure west-
wards, coincident with the [CII] elongation (black contours, see
Sect. 3.1). Analogously to the [CII] analysis, we performed a 2D
Gaussian fit in the region enclosing the QSO emission, and we
derived a peak flux of 0.81± 0.02 mJy beam−1 and a flux density
of 1.16±0.05 mJy, which is consistent with the flux of 1.26±0.08
mJy found by Wang et al. (2019). We computed the flux den-
sity from the continuum map in a region with S/N > 2, obtain-
ing 1.44 ± 0.05 mJy, and we subtracted the point spread func-
tion (PSF) normalized to the QSO peak flux from the continuum
map. The emission in the PSF-subtracted continuum extends for
∼4 arcsec from the centre westwards (see central right panel of

Fig. 2), a similar extension and clumpiness as the [CII] emission.
This supports the scenario in which the extended [CII] emis-
sion is associated with an interacting system and not an outflow-
ing or jetted component. The flux density obtained in the PSF-
subtracted continuum map inside a region with S/N > 2 and
RA-offset< −1.3 arcsec is 0.25± 0.01 mJy. Therefore, the QSO
continuum flux is 1.19 ± 0.06 mJy, consistent with the one com-
puted from the 2D fit, and is unresolved at our resolution. The
whole emission from the interacting system is spatially resolved
with a FWHM size of (0.68 ± 0.09)×(0.54 ± 0.12) arcsec2, cor-
responding to ∼(3.84 × 3.05) kpc2 at the rest frame.

We performed a similar analysis for the continuum emis-
sion at 99.5 GHz (bottom left panel of Fig. 2) in order to deter-
mine whether the companion emission was detected. By doing
a 2D Gaussian fit, we find that the source has a peak flux of
0.04± 0.004 mJy beam−1 and a flux density of 0.05± 0.007 mJy.
The morphology of the emission is asymmetric, slightly elon-
gated westwards, and coincident with the interacting companion.
The elongated feature is less evident than in the band 6 contin-
uum, since the resolution in band 3 is ∼2 times lower. We sub-
tracted the PSF normalized to the QSO peak flux, and indeed
we found emission at 3σ in the same region of the companion
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Fig. 2. [CII] and continuum maps of J0100+2802. In each panel, the
clean beam is plotted in the lower left corner and the cross indi-
cates the peak position of the QSO continuum in band 6. Top pan-
els: [CII] map with green contours at −3,−2, 2, 3, 5, 10, 25, and 50σ,
with σ = 0.03 mJy beam−1 (left). PSF-subtracted [CII] map with
green contours at −3,−2, 2, 3, and 5σ, with σ = 0.03 mJy beam−1

(right). Central panels: continuum map in band 6 with green con-
tours at −3,−2, 2, 3, 5, 10, 25, and 50σ, with σ = 0.01 mJy beam−1

(left). [CII] contours are overplotted as a dashed black line at
−3,−2, 2, 3, 5, 10, 25, and 50σ, with σ = 0.03 mJy beam−1. PSF-
subtracted continuum map with green contours at −3,−2, 2, 3, and 5σ,
with σ = 0.01 mJy beam−1 (right). Bottom panels: continuum map
in band 3 with green contours at −3,−2, 2, 3, 5, and 7σ, with σ =
0.005 mJy beam−1 (left). PSF-subtracted continuum map with green
contours at −3,−2, 2, and 3σ, with σ = 0.005 mJy beam−1 (right). The
white cross marks the peak of the continuum in band 3.

emission in band 6. In this case, the emission seems to extend up
to −5 arcsec RA-offset from the centre, however this could be
an artefact caused by the low resolution. Therefore, we conser-
vatively extracted the continuum flux of the companion from the
2σ contours enclosed in the region with RA-offset> −4 arcsec,
obtaining 0.007 ± 0.002 mJy.

3.3. Dust properties of the companion

The dust SED of the QSO has previously been studied with
high accuracy by Tripodi et al. (2023a), who find a dust tem-
perature of 48 ± 2 K, a dust mass of (2.3 ± 0.8) × 107 M�, and

Fig. 3. Spectra extracted from three different spatial regions: from a
region with a S/N > 2 in blue; from a region with a S/N > 2 and RA-
offset < −1.3 arcsec in purple; and from a region with a S/N > 2 and
RA-offset > −1.3 arcsec in orange. We set the 0-velocity reference of
the spectrum as for the spectrum in Fig. 6 (see Sect. 3.4).

an SFR = 265 ± 32 M� yr−1.4 In both low and high frequency
previous observations there were no signatures of a companion,
probably due to a combination of low sensitivity and high resolu-
tion, which were filtering out the extended emission (Wang et al.
2019; Tripodi et al. 2023a).

Using our new ALMA observations in band 3 and band 6,
we were able to detect an interacting companion and disentangle
its emission from the one of the QSOs. Figure 5 shows the SED
of the dust emission associated with the companion derived from
the measurements in band 3 and band 6. We modelled it with a
modified black body (MBB) function given as follows:

S obs
νobs

= S obs
ν/(1+z) =

Ω

(1 + z)3 [Bν(Tdust(z)) − Bν(TCMB(z))](1 − e−τν ),

(1)

where Ω = (1 + z)4AgalD−2
L is the solid angle as a function of the

surface area of the galaxy, Agal, and the luminosity distance of
the galaxy, DL. The dust optical depth is

τν =
Mdust

Agal
k0

(
ν

250 GHz

)β
, (2)

with β the emissivity index and k0 = 0.45 cm2 g−1 the mass
absorption coefficient (Beelen et al. 2006). The solid angle was
estimated using the size of the region where we extracted the flux
of the companion, that is ∼4.0 arcsec2. The effect of the CMB on
the dust temperature is given by

Tdust(z) = ((Tdust)4+β + T 4+β
0 [(1 + z)4+β − 1])

1
4+β , (3)

4 Note that the SFR derived in Tripodi et al. (2023a) is corrected by a
factor of 50%, taking into account the contribution of the AGN to the
dust heating.
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Fig. 4. Moment maps and PV diagram of the [CII] emission line. Top panel: integrated flux, mean velocity map, velocity dispersion map, and
continuum-subtracted spectrum of [CII]. The clean beam is plotted in the lower left corner of the moment maps. The cross indicates the peak
position of the integrated flux. Bottom panel: PV diagrams of the [CII] emission line along the line of nodes (PA = 275◦) and orthogonal to it
(PA = 185◦).

with T0 = 2.73 K. We also accounted for the contribution of the
CMB emission given by Bν(TCMB(z) = T0(1+z)) (da Cunha et al.
2013).

We considered one free parameter, Mdust, and we fixed Tdust
to 50 K, since Tdust cannot be constrained due to the lack of
higher-frequency data and so we assumed a temperature similar
to that found for the QSO (Tdust,QSO = 48±2 K; see Tripodi et al.
2023a). We explored the one-dimensional parameter space using
a Markov chain Monte Carlo (MCMC) algorithm implemented
in the EMCEE package (Foreman-Mackey et al. 2013), assuming
a uniform prior for the fitting parameter: 104 M� < Mdust <
1012 M�. Considering β to be in the range [1.0,3.0], we ran a
MCMC with 20 chains and 1000 trials for each value of β in that
range with a step of 0.1. We find that only models with 2.0 ≤
β ≤ 2.7 are able to fit simultaneously the two points in band 6
and band 3, yielding 0.34×107 M� < Mdust < 1.3×107 M�, with
burn-in phases of ∼20 for each model. The best-fitting model
with Tdust = 50 K, β = 2.0, and Mdust = 1.3 × 107 M� is shown
as a dashed cyan line in Fig. 5, and the one with Tdust = 50 K,
β = 2.7, and Mdust = 3.4 × 106 M� as a dotted cyan line. The
recent ALMA 7m observation in band 9 did not detected any
companion emission, probably due to the low resolution and sen-
sitivity of the observation (Tripodi et al. 2023a). However, we
were able to derive a 3σ upper limit from the continuum map
presented in Tripodi et al. (2023a), that is 2.6 mJy. This upper
limit is shown as a hollow green square and favours tempera-
tures ≤50 K (and β > 2.0 for Tdust = 50 K). We considered a
lower Tdust of 30 K, and we performed a similar MCMC fitting,

yielding 2.4 ≤ β ≤ 3.1 and 0.7×107 M� < Mdust < 2.6×107 M�,
with burn-in phases of ∼20 for each model. The dashed and
dotted blue lines are the best-fitting curves at Tdust = 30 K,
β = 2.4, Mdust = 2.6 × 107 M�, and Tdust = 30 K, β = 3.1,
Mdust = 6.7 × 106 M�, respectively.

We also estimated the total infrared (TIR) luminosity of the
four best-fitting models by integrating from 8 to 1000 µm rest-
frame, obtaining LTIR in the range [0.3−3.4] × 1012 L�. This
implies an SFR in the range [35−344] M� yr−1 (Kennicutt 1998),
adopting a Chabrier initial mass function (Chabrier 2003).
Assuming a Salpeter IMF would imply an SFR higher than a
factor of 1.7.

Table 2 lists the gas and dust properties of the QSO host and
the companion.

3.4. Outflow properties and energetics

The [CII] spectrum extracted from a circular region of ∼2
arcsec radius shows emission towards high velocities (up to
∼1000 km s−1) on the blue side of the [CII] line. To ensure the
highest S/N for this high-velocity emission, we optimized the
aperture considering a central region of ∼1.2 arcsec radius, from
which we extracted the [CII] spectrum shown in the right panel
of Fig. 6. Firstly, we modelled the line with one single Gaussian,
obtaining FWHM = 467 ± 10 km s−1, and a peak frequency of
259.378 GHz, corresponding to z = 6.327, which is in agreement
with that found by Wang et al. (2019). We set the 0-velocity
reference of the spectrum based on our peak frequency. As a
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Fig. 5. SED of the interacting companion of J0100+2802, using our
ALMA data at 252.8 GHz and 99.5 GHz. The best-fitting curve at fixed
Tdust = 50 K and β = 2.0 (β = 2.7) is shown as a dashed (dotted) cyan
line; the curve at fixed Tdust = 30 K and β = 2.4 (β = 3.1) is shown as
a dashed (dotted) blue line. The hollow green square is the upper limit
derived in band 9. The estimated value of the dust mass for each model
is reported in the legend.

Table 2. Properties of QSO host and companion.

QSO Companion

S cont, 253 GHz [mJy] 1.19 ± 0.06 0.25 ± 0.01
S cont, 99 GHz [mJy] 0.043 ± 0.005 0.007 ± 0.002
L[CII]

(∗) [109 L�] 4.70 1.68
MHI [109 M�] 6.43 2.30
Tdust [K] 48±2 30–50
Mdust [107M�] 2.3±0.8 0.3–2.6
β 2.6±0.2 2.0–3.1
SFR [M� yr−1] 265±32 (∗∗) 35–344

Notes. The dust properties and SFR of the QSO host galaxy are taken
from Tripodi et al. (2023a). (∗)L[CII] were computed inside a region > 2σ
from the [CII] maps shown in the top panels of Fig. 2, as explained in
Sect. 3.1. (∗∗)The SFR of the QSO host galaxy was corrected by a factor
of 50% to account for the possible contribution of the AGN to the dust
heating (Tripodi et al. 2023a).

first-order approach to estimate the flux and velocity of the
high-velocity emission, we subtracted the Gaussian fit to the
spectrum and found residual emission in [−800,−300] km s−1.
We integrated the spectrum in that range, finding an integrated
flux of 0.155 Jy km s−1. This corresponds to a luminosity of
1.64 × 108 L�. We computed the projected velocity, v98, defined
as the velocity at which the integrated flux of the high-velocity
emission is 98% of the total integrated flux with respect to the
systemic velocity, finding v98 = 720 km s−1.

Secondly, we fitted the [CII] line with two Gaussian com-
ponents in order to model the narrow and broader emission
simultaneously, running the MCMC algorithm implemented in
the EMCEE package (Foreman-Mackey et al. 2013) with six free
parameters: mean peak frequency, peak value, and FWHM for
both the narrow and broad components. We adopted uniform

priors for all the parameters, ensuring that the mean peak fre-
quencies of the narrow and the broad components do not over-
lap. We were able to disentangle the two components, finding a
FWHMN = 407±10 km s−1, a peakN = 27±5 km s−1, and an inte-
grated flux, (S dv)N = 2.39± 0.11 Jy km s−1 for the narrow com-
ponent (shown as a dashed red line), and a FWHMB = 635 ± 20
km s−1, a peakB = −211 ± 57 km s−1, and an integrated flux,
(S dv)B = 0.78 ± 0.21 Jy km s−1 for the broad one (shown as a
dashed green line). The total integrated flux of the line is indeed
(S dv)tot = 3.17 ± 0.16 Jy km s−1, corresponding to a luminosity
of L[CII] = 3.36 × 109 L�. The left panel of Fig. 6 shows the map
of the high-velocity component of [CII], obtained by collapsing
the velocity channels [−500,−1000] km s−1 from the continuum-
subtracted cube5 and overplotting the total [CII] emission map
(dashed black line). Performing a 2D Gaussian fit we obtained a
peak flux of 0.16±0.02 mJy beam−1, a flux density of 0.30±0.07
mJy, and a FWHM size of (0.95 ± 0.37) × (0.71 ± 0.46) arcsec2

(that corresponds to ∼5.4 × 4.0 kpc2), offset by 0.3 arcsec (∼1.7
kpc) towards the northeast, in other words in a direction almost
perpendicular to the plane of the interacting system.

We interpret such a broad [CII] wing as an indication of a
cold outflow, since velocities as high as 1000 km s−1 are unlikely
to be associated with tidally stripped gas, especially given that,
even more interestingly, it is elongated in the northeast direction
similarly to the radio jet found by Sbarrato et al. (2021). This
interpretation is better discussed in Sect. 4.

We computed the [CII] luminosity, Lout = 8.27 × 108 L�
of the outflowing gas, and the upper and lower limits of the
outflow radius, Rmin = 2.4 kpc and Rmax = 5.5 kpc, respec-
tively6. Assuming a L[CII] to gas mass conversion as in PDR
regions, the corresponding neutral gas mass in PDR can be
derived with the relation from Hailey-Dunsheath et al. (2010;
see also Bischetti et al. 2019b),

MHI

M�
= 0.77

(0.7L[CII]

L�

)(1.4 × 10−4

XC+

)
×

1 + 2e−91K/T + ncrit/n
2e−91K/T (4)

where XC+ is the [CII] fraction per hydrogen atom, T is the
gas temperature, n is the gas density, and ncrit ∼ 3 × 103 cm−3

is the [CII]λ158 µm critical density. This yields Mout = 1.1 ×
109 M�. Assuming the scenario of time-averaged expelled shells
or clumps (Rupke et al. 2005), we computed the mass outflow
rate,

Ṁout =
vout × Mout

Rout
, (5)

where vout = |∆vbroad| + FWHMB/2 = 560 km s−1 and is ∆vbroad
is the velocity shift between the centroids of the narrow and
broad components. Considering the upper and lower limits of
the outflow radius, we have 118 < Ṁout < 269 M� yr−1. We
also derived the kinetic power associated with the outflow as
Ėout = 1

2 Ṁout × v2
out = (1.2 − 2.7) × 1043 erg s−1, and the wind

momentum load as

Ṗout

ṖAGN
=

Ṁout × vout

Lbol/c
= (0.01−0.02), (6)

5 We selected the velocity range [−500,−1000] km s−1 in order not
to be contaminated by the narrow component (that tends to zero
at ∼ − 500 km s−1), and since the broad component goes to zero at
∼−1000 km s−1.
6 The upper and lower outflow radii were derived by considering the
uncertainties on the estimates of the FWHM size and the displacement
between the peak of the QSO emission and of the outflow emission, that
is 0.3 arcsec ∼1.7 kpc.
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Fig. 6. Outflow map and optimized [CII] spectrum. Left panel: [CII] outflow map made with v = [−500,−1000] km s−1 with green contours at
−3,−2, 2, 3, and 4σ, with σ = 0.034 mJy beam−1, and dashed black contours from the full [CII] map, as in the top left panel of Fig. 2. Right panel:
the [CII] spectrum was extracted from a central region of 1.2 arcsec radius and binned at 40 km s−1. The solid blue line is the total fit, composed
of two Gaussian components (narrow, as a dashed red line; broad, as a dashed green line). The broad component is associated with an outflowing
emission.

Table 3. Properties of [CII] line and outflow energetics.

Quantity Units Value

(S dv)N [Jy km s−1] 2.39 ± 0.11
FWHMN [km s−1] 407 ± 10
peakN [km s−1] 27 ± 5
(S dv)B [Jy km s−1] 0.78 ± 0.21
FWHMB [km s−1] 635 ± 20
peakB [km s−1] −211 ± 57
(S dv)tot [Jy km s−1] 3.17 ± 0.16
L[CII] [L�] 3.36 × 109

vout [km s−1] 560
Ṁout [M� yr−1] 118–269
Ėout [1043 erg s−1] (1.2 − 2.7)
Ṗout/ṖAGN 0.01–0.02

Notes. The subscript ‘N’ refers to the narrow component, ‘B’ to the
broad component, and ‘tot’ to the total [CII] emission line shown in
Fig. 6. L[CII] was computed from the total integrated flux.

where ṖAGN is the AGN radiation momentum rate, and where
we adopted the bolometric luminosity of Lbol = 4.29 × 1014L�
estimated by Wu et al. (2015) from the luminosity at 3000 Å.

The results for the spectrum fitting and the outflow energetics
are reported in Table 3.

We also estimated these quantities using the luminosity and
v98 from the first-order approach and the upper and lower limits
of the radius, Rmin = 2.4 kpc and Rmax = 5.5 kpc, obtaining
30 < Ṁout < 68 M� yr−1, 4.9 < Ėout < 11.3 × 1042 erg s−1, and
0.002 < ṖAGN < 0.006. We consider these to be lower limits
for the outflow energetics. Since the double Gaussian analysis is
the approach commonly used in the literature to determine the
outflow energetics at high-z (Maiolino et al. 2012; Stanley et al.
2019; Bischetti et al. 2019a), in the next section we compare the
results derived by that approach (i.e., double Gaussian fit, see
Table 3) with the results found in the literature for [CII] outflows
in high-z QSOs and molecular outflows in low-z AGNs.

4. Discussion

We presented results from new ALMA observations of the [CII]
emission line and of the continuum emission at 99.5 GHz and at
252.8 GHz of the QSO J0100+2802, which is the most luminous
QSO at z > 6. The high sensitivity of these observations enabled
us to reveal the presence of an interacting companion and of
a [CII] outflow. These features were undetected with higher-
resolution observations (Neeleman et al. 2021), reinforcing the
idea that ∼1 arcsec-resolution observations with a high sensitiv-
ity are ideal to probe the more extended and diffuse emission and
to detect outflow signatures and tidally disrupted companions.

The [CII] emission, along with the continuum emissions in
band 3 and band 6, show an elongated morphology that indi-
cates the existence of an interactive companion. The [CII] and
the band 6 continuum emissions are co-spatial and extend up
to 30 kpc. We find a [CII] luminosity of 1.68 × 109 L� for
the companion, and of 4.70 × 109 L� for the QSO host galaxy.
These imply a neutral gas mass of MHI,comp = 2.30 × 109 M�
and MHI,host = 6.43 × 109 M�, respectively, by using Eq. (4).
We were also able to disentangle the QSO and the companion
continuum emissions in band 3 and band 6, and from the fit-
ting of the SED of the companion we obtained an SFR in the
range [35 − 344] M� yr−1, assuming Tdust = [30 − 50] K and
β = [2.0 − 3.1]. The upper values for the companion SFR are
indeed comparable or higher than the SFR found for the QSO
host galaxy, which, along with the gas masses estimated above,
suggests that both sources are gas-rich and that a major merger
may be at the origin of the boosted star formation.

The presence of a companion is consistent with the picture of
QSOs living in overdense environments. In particular, a suite of
simulations by Di Mascia et al. (2021) show that bright QSOs are
part of complex, dust-rich merging systems, containing multiple
sources (accreting black holes and/or star-forming galaxies).
Costa et al. (2019) also find a large number of satellite galaxies
that will eventually fall on the central QSO host at high-z in
cosmological, radiation-hydrodynamic simulations. J0100+2802
is indeed found to have an exceptionally small proximity zone,
given its extreme brightness (Eilers et al. 2017; Davies et al.
2020) and no detected Lyα nebula (Farina et al. 2019).
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Fig. 7. Energetics for the outflow in J0100+2802 (a red star) compared with different stacked spectra (hollow green squares, see legend;
Bischetti et al. 2019a), [CII] outflows in QSO J1148+5251 at z = 6.42 (gold pentagon, Maiolino et al. 2012) and in two QSOs at z = 6.7 and
z = 7.07 belonging to the Subaru High-z Exploration of Low-luminosity Quasars (SHELLQs) sample (diamonds, Izumi et al. 2021a,b), and
molecular outflows in a sample of low-z AGNs (blue dots, Fluetsch et al. 2019). Left panel: mass outflow rate as a function of the bolometric
luminosity. The typical ∼0.3dex uncertainty on the outflow rate found in the sample of Bischetti et al. (2019a) is shown by the vertical green line.
The error bars associated with the red stars mark the lower and upper limits found for J0100+2802, reported in Table 3. Central panel: Kinetic
power as a function of the bolometric luminosity. The dot-dashed, dotted, solid, and dashed lines indicate kinetic powers that are 10%, 1%, 0.1%,
and 0.01% of the bolometric luminosity. Right panel: momentum load factor as a function of the outflow velocity. The horizontal line corresponds
to Ṗout = ṖAGN.

These are consistent with a scenario of a young black hole
accretion episode and a recent merger, and also with the
presence of a weak outflow, since the majority of the outflow
emission would be intercepted by an over-abundance of neutral
or dusty gas in the host galaxy (Costa et al. 2022). More-
over, J0100+2802 is found to reside in a strong overdensity
composed of 24 galaxies Kashino et al. (2023), detected in
JWST-NIRCam slitless spectroscopy. However, thanks to the
powerful capabilities of ALMA we were able to reveal this
nearest interacting companion, which was undetected even by
JWST-NIRCam imaging (Eilers et al. 2023), probably because
of both the overwhelming light from the QSO at optical and
UV wavelengths and heavy dust obscuration, also supported
by the substantial mass of dust detected at the position of the
companion (Mdust ∼ (0.3−2.6) × 107 Mdust).

Studying the kinematics of the [CII] emission line, we found
a velocity gradient oriented towards the companion position and
a structure in the PV diagram that mimics a rotating disc. The
high-velocity dispersion seen horizontally along the whole emis-
sion suggests the presence of a current or future merging pro-
cess. The structure seen both in the PV diagram and in the
momenta suggests two possible interpretations: (1) the arm at
positive velocities in the PV may arise from the gas that is
moving from the companion to the QSO host galaxy (called
the “merging bridge”); (2) we might be witnessing the initial
phases of the settling of a rotating gas structure during the merg-
ing process between the two sources. Indeed, similar kinematics
has been found in a simulated merging system called Adenia in
Rizzo et al. (2022). It is formed by two merging galaxies and
presents a similar structure in the [CII] flux distribution, in the
velocity map, and in the dispersion map (see Fig. 4 of Rizzo et al.
2022). However, the PV diagram of the Adenia galaxy is much
more disturbed than the PV of J0100+2802. This may suggest
the presence of some rotation entangled with the merging pro-
cess, supporting a scenario in which we are witnessing the first
phases of the settling of a rotating disc. However, the resolu-
tion of our observation did not allow us to distinguish between
merging and rotation processes. Neeleman et al. (2021) analysed
a higher resolution (∼0.2 arcsec) and lower sensitivity observa-
tion of the [CII] of J0100+2802 and they did not find any sign

of merger or any velocity gradient in the velocity map, which,
on the contrary, seemed quite disturbed. This once again high-
lights the role of sensitivity in allowing a detailed analysis of the
characteristics of the host galaxies.

We interpreted the broad component on the blue side of the
[CII] line spectrum as an indication of an outflow. The outflow
emission is resolved with a FWHM size of ∼5.4 × 4.0 kpc2,
and it is located ∼0.3 arcsec northeast of the QSO, in a similar
direction to the radio jet found by Sbarrato et al. (2021), sug-
gesting that the outflow is likely jet-driven. Both the outflow
and the jet are aligned almost perpendicularly with the west-
ern extension (merger). Alternative interpretations of the broad
wing are that it could be inflowing gas or a fainter compan-
ion. However, the alignment with the radio jet, together with
the high dispersion found for the broad component (FWHMB =
635 km s−1), suggest that these interpretations are unlikely, and
favour the outflow scenario. Indeed, the high dispersion would
imply a very massive companion that however remains unde-
tected in JWST observations (Kashino et al. 2023; Eilers et al.
2023). The presence of only a blue component of the wing may
appear problematic in the context of simple bipolar outflow mod-
els. However, asymmetric outflows have already been observed
(Fluetsch et al. 2019; Bischetti et al. 2019a). Moreover, seeing
the blueshifted [CII] component only can also be due to a high
[CII] optical depth, which is often found in such gas-rich and
compact galaxies (Papadopoulos et al. 2010; Neri et al. 2014;
Gullberg et al. 2015), and this would prevent us from seeing
the redshifted component. We determined the mass outflow rate,
Ṁout = (118−269) M� yr−1, by considering the upper and lower
limits of the outflow radius. The average mass outflow rate is
comparable to the SFRs found for both the QSO host galaxy
and the companion. This may support a scenario in which the
outflow is mostly driven by SF. Moreover, in simulations, QSO
companions that are directly impacted by the outflow are found
to have their SFR increased by a factor of two to three, and tend
to be more massive (Zana et al. 2022). Considering the SFR of
the QSO host, the mass outflow rate, and the molecular gas mass
of 5.4×109 M� found by Wang et al. (2019), we infer a depletion
time of 10–13 Myr, which seems to imply a rapid quenching of
the QSO host galaxy. However, given that the outflow velocity
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is ∼560 km s−1, the evacuated gas may not escape the halo and
may eventually fall back on the host galaxy, triggering another
phase of galaxy growth. Indeed the host galaxy of J0100+2802
is expected to experience massive growth, since this QSO is
already strongly off the local relation in the MBH − Mdyn plane
(see Fig. 3 of Tripodi et al. 2023a), given the high BH mass.

We find the kinetic power to be Ėout = (1.2−2.7) ×
1043 erg s−1 and the momentum load, Ṗout/ṖAGN = 0.01−0.02,
considering the upper and lower limits of the outflow radius.
In Fig. 7, we compare our results (red stars) with those of
[CII] outflows in QSOs at 4.5 < z < 7.1 from spectra stack-
ing (Bischetti et al. 2019a) of [CII] outflows in QSO SDSS
J1148+5251 (Maiolino et al. 2012; Cicone et al. 2015), in QSO
HSC J1205-00007, in QSO HSC J1243+0100 at z = 7.07
belonging to the Subaru High-z Exploration of Low-luminosity
Quasars (SHELLQs) sample (Izumi et al. 2021a,b), and of
molecular outflows in a sample of low-z AGNs (Fluetsch et al.
2019). We find that the properties of our [CII] outflow are at the
extreme end of the population for the mass outflow rate and the
kinetic power. This is expected, given the high luminosity of this
QSO. Even though it is challenging to directly compare differ-
ent phases of outflowing gas, we acknowledge that the energy of
[CII] outflows detected in high-z QSOs is systematically lower
than that of local molecular outflows, which show – on aver-
age – an increasing trend in terms of the mass outflow rate and
kinetic power with bolometric luminosity and a high momentum
load. In our case, the low momentum load factor suggests that
the outflow is either energy-driven but with poor coupling with
the host galaxy ISM, or is driven by direct radiation pressure
onto the dusty clouds (e.g., Ishibashi et al. 2018; Bischetti et al.
2019a,b). Either cases support the fact that the outflow can-
not be very effective at removing gas from the entire galaxy
(Gabor & Bournaud 2014; Costa et al. 2015, 2018; Bourne et al.
2015; Roos et al. 2015; Valentini et al. 2021).

5. Summary

In this work, new ALMA observations of the [CII] emission
line and of the continuum emission in band 6 and band 3 of the
HYPERION QSO J0100+2802 reveal an interesting new picture
of the most luminous QSO at z > 6. We find an interactive com-
panion and a high-velocity cold outflow that were undetected by
previous higher-resolution observations (Neeleman et al. 2021)
and by JWST-NIRCam imaging (Eilers et al. 2023). The [CII]
emission and its underlying continuum are horizontally elon-
gated with multiple peaks, and the [CII] channel maps show,
even more clearly, a clumpy morphology and a tidal tail. These,
together with the enhanced [CII] velocity dispersion along the
direction of the elongation, support the scenario in which the
companion is merging with the QSO-host. We derived a range
for the SFR of the companion given also the upper limit in band
9, yielding an SFR of ∼[35−344] M� yr−1. From the analysis
of the outflow in the [CII] spectrum, we obtain a mass outflow
rate of Ṁout = (118−269) M� yr−1, considering that the outflow
emission is resolved with a size of ∼5.4 × 4.0 kpc2. Computing
the outflow energetics, we conclude that the outflow cannot be
very effecting at removing the gas from the galaxy.

These results stress the importance of deep low-resolution
ALMA observations for the study of QSOs at the EoR. It is now
necessary to follow up on this interesting system with deep high-

7 Note that Izumi et al. (2021b) also propose a merger as a possible
interpretation for the broad component in J1205-0000.

resolution observations so as to accurately determine the kine-
matics of both the QSO host and the companion.
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