A&A, 689, A220 (2024)
https://doi.org/10.1051/0004-6361/202349054
© The Authors 2024

tronomy
Astrophysics

HYPERION

Coevolution of supermassive black holes and galaxies at z> 6 and the build-up
of massive galaxies

R. Tripodi'-?34*®, C. Feruglio>*®, F. Fiore>3®, L. Zappacosta’, E. Piconcelli’®, M. Bischetti!, A. Bongiorno’,
S. Carniani®, F. Civano’, C.-C. Chen3®, S. Cristiani>*®, G. Cupani>-, F. Di Mascia®®, V. D’Odorico'3, X. Fan®,

A. Ferrara®®, S. Gallerani®, M. Ginolfi!-!!, R. Maiolino'>!3-14 V. Mainieri'>®, A. Marconi

i19®, 1. Saccheo’®,

F. Salvestrini?®, A. Tortosa>®, and R. Valiante®

o - Y. T R VO SR

Steward Observatory, University of Arizona, Tucson, AZ, USA

Dipartimento di Fisica, Universita di Trieste, Sezione di Astronomia, Via G. B. Tiepolo 11, 34131 Trieste, Italy

INAF — Osservatorio Astronomico di Trieste, Via G. Tiepolo 11, 34143 Trieste, Italy

IFPU - Institute for Fundamental Physics of the Universe, Via Beirut 2, 34151 Trieste, Italy

University of Ljubljana, Department of Mathematics and Physics, Jadranska ulica 19, 1000 Ljubljana, Slovenia

INAF — Osservatorio Astronomico di Roma, Via Frascati 33, 00040 Monte Porzio Catone, Italy

Scuola Normale Superiore, Piazza dei Cavalieri 7, 56126 Pisa, Italy

NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA

Academia Sinica Institute of Astronomy and Astrophysics (ASIAA), No. 1, Sec. 4, Roosevelt Road, Taipei 10617, Taiwan

10 Universita di Firenze, Dipartimento di Fisica e Astronomia, Via G. Sansone 1, 50019 Sesto Fiorentino, Firenze, Italy

INAF — Osservatorio Astrofisico di Arcetri, Via Largo E. Fermi 5, 50125 Firenze, Italy

12 Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 0HA, UK

13 Kavli Institute for Cosmology, University of Cambridge, Madingley Road, Cambridge CB3 0HA, UK

14 Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, UK
15 European Southern Observatory, Karl-Schwarzschild—StraBe 2, 85748 Garching bei Miinchen, Germany

Received 21 December 2023 / Accepted 17 June 2024

ABSTRACT

We used low- to high-frequency ALMA observations to investigate the cold gas and dust in ten quasistellar objects (QSOs) at z > 6.
Our analysis of the CO(6—5) and CO(7-6) emission lines in the selected QSOs provided insights into their molecular gas masses,
which average around 10'° M,,. This is consistent with typical values for high-redshift QSOs. Proprietary and archival ALMA obser-
vations in bands 8 and 9 enabled precise constraints on the dust properties and star formation rate (SFR) of four QSOs in our sample
for the first time. The examination of the redshift distribution of dust temperatures revealed a general trend of increasing Ty, With
redshift, which agrees with theoretical expectations. In contrast, our investigation of the dust emissivity index indicated a generally
constant value with redshift, suggesting shared dust properties among sources. We computed a mean cold dust spectral energy dis-
tribution considering all ten QSOs that offers a comprehensive view of the dust properties of high-z QSOs. The QSOs marked by a
more intense growth of the supermassive black hole (HYPERION QSOs) showed lower dust masses and higher gas-to-dust ratios on
average, but their H, gas reservoirs are consistent with those of other QSOs at the same redshift. The observed high SFR in our sample
yields high star formation efficiencies and thus very short gas depletion timescales (4., ~ 1072 Gyr). Beyond supporting the paradigm
that high-z QSOs reside in highly star-forming galaxies, our findings portrayed an interesting evolutionary path at z > 6. Our study
suggests that QSOs at z 2 6 are undergoing rapid galaxy growth that might be regulated by strong outflows. In the Mpy—Myy, plane,
our high-z QSOs lie above the relation measured locally. Their inferred evolutionary path shows a convergence toward the massive
end of the local relation, which supports the idea that they are candidate progenitors of local massive galaxies. The observed pathway
involves intense black hole growth followed by substantial galaxy growth, in contrast with a symbiotic growth scenario. The evidence
of a stellar bulge in one of the QSOs of the sample is further aligned with that typical of local massive galaxies.

Key words. techniques: interferometric — galaxies: evolution — galaxies: high-redshift — quasars: emission lines — quasars: general

1. Introduction

In the past few decades, many advances have been made in
unveiling the properties of the host galaxies of the first quasi-
stellar-objects (QSOs) from theory and observations. The Ata-
cama Large Millimeter/sub-millimeter Array (ALMA), along
with the Northern Extended Millimeter Array (NOEMA), the
Very Large Array (VLA), and Herschel, have probed the cold

* Corresponding author; roberta.tripodi@inaf.it

gas and dust of the QSO host galaxies. The dust continuum was
detected in many z ~ 6 QSOs with estimated far-infrared (FIR)
luminosities of Lpg = 10'-13 Lo and dust masses of about
My = 1077°M, (Decarli et al. 2018; Carniani et al. 2019;
Shao et al. 2019).

The rest-frame FIR continuum emission originates from dust
heated by the ultraviolet (UV) radiation from young and massive
stars (Decarli et al. 2018; Venemans et al. 2020; Neeleman et al.
2021) and the active galactic nucleus (AGN) radiation
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(Schneider et al. 2015; Di Masciaetal. 2021; Walter et al.
2022). The latter contribution is usually neglected when mod-
eling the FIR spectral energy distribution (SED) of z ~ 6
QSOs, although the AGN heating can contribute 30—-70% of the
FIR luminosity (Schneider et al. 2015; Duras et al. 2017). More-
over, dust masses are often determined with huge uncertainties
and only rely on single-frequency continuum detections. How-
ever, if multifrequency ALMA and/or NOEMA observations
are available in the rest-frame FIR, which probe both the peak
and the Rayleigh Jeans tail of the dust SED, the dust temper-
ature and mass can be constrained with statistical uncertainties
<10-20% (e.g., Carniani et al. 2019; Tripodi et al. 2022, 2023a;
Witstok et al. 2023). This results in a high accuracy in the deter-
mination of the star formation rate (SFR).

Accurate estimates of the dust masses would also allow us
to derive the molecular gas mass of the host galaxy through
the gas-to-dust ratio (GDR). Although it is possible to directly
probe the molecular reservoirs of the QSO host galaxies using
the rotational transitions of the CO (e.g., Vallini et al. 2018;
Madden et al. 2020), very few high-z QSOs are observed in CO
because this emission line is typically faint at high z. The GDR
has indeed often been assumed in order to compute the gas mass,
resulting in a high degree of uncertainty in its estimate. Stud-
ies of z ~ 2.4—4.7 hyperluminous QSOs showed that the GDR
spans a broad range of values, 100—300, with an average GDR
~180 (Bischetti et al. 2021). This is consistent with the results
found for submillimeter (submm) galaxies to z ~ 3-5 with
a GDR ~ 150-250 (e.g., Saintonge et al. 2013; Miettinen et al.
2017). Recent studies suggested that the GDR for SMGs may
be lower than 100 (Birkin et al. 2021; Liao et al. 2024). In low-z
galaxies, a GDR ~ 100 is typically observed (Draine et al. 2007,
Leroy et al. 2011), implying that the GDR increases with red-
shift. However, the combination of gas-mass estimates from CO
with the dust mass from finely sampled FIR SEDs results in an
accurate determination of the GDR, and this allows us to study
its evolution with redshift.

Another central question is to understand the efficiency of
large halos in forming stars during the first cosmic billion year.
In this context, luminous QSOs are efficient signposts of large
halos at high redshift (e.g., Wang et al. 2024), which allows us
to investigate the complex physics at play in the building of mas-
sive galaxies. The efficiency of a galaxy in forming stars is an
intricate mechanism that depends on the efficiency with which
cold gas is formed from baryons and on the efficiency with
which the cold gas is converted into stars. The former is influ-
enced by the capability of gas cooling and the capability of gas
removal or gas heating by feedback. The gas star formation effi-
ciency (SFE) has been investigated for decades in both the local
and high-redshift universe. It is parameterized by the Kennicutt—
Schmidt (KS) relation (see e.g., Kennicutt 1998; Genzel et al.
2010; Speagle et al. 2014; Calabro et al. 2024). Because spa-
tially resolved observations and of robust estimates of the SFR
are still lacking, the KS relation is still poorly studied in high-z
QSOs. Many questions about the SFE in these objects are there-
fore still unanswered.

Targeting the QSO host galaxies at these redshifts provides a
unique opportunity to characterize the formation and concurrent
build-up of SMBHs and their host galaxies, and also the physi-
cal properties of the ISM in the first billion year of the Universe
(e.g., Decarli et al. 2018; Venemans et al. 2020; Neeleman et al.
2021). The local correlation between massive BHs and bulges
is indeed tight, suggesting that the same process that assembled
galaxy bulges may cause most of the growth of massive BHs.
QSOs at z > 6 appear to lie above the local Mgy— M. correlation,
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and thus, the BH growth seems to precede that of its host galaxy
(Ding et al. 2023; Stone et al. 2024; Yue et al. 2024). However,
before the advent of the James Webb Space Telescope (JWST),
it was difficult to obtain reliable and accurate estimates of the
stellar mass in QSO hosts at high z, even with deep HST obser-
vations (Mechtley et al. 2012; Marshall et al. 2020). Therefore,
instead of the stellar mass, the dynamical mass is used at high
z, exploring the Mpy—May, relation. For instance, Feruglio et al.
(2018) and Pensabene et al. (2020) studied the Mpy—Mgyy rela-
tion in luminous high-z QSO hosts and reported that this rela-
tion evolves with redshift and that high-z QSOs lie above the
local relations. This implies that the SMBHs formed signifi-
cantly faster than their hosts. In this context, [zumi et al. (2018,
2019) studied the Mgy—M gy, using a sample of seven z > 6 low-
luminosity quasars. They found that while the luminous quasars
typically lie above the local relation (Kormendy & Ho 2013)
with BHs overmassive compared to local AGNs, the discrepancy
becomes less evident for low-luminosity quasars (Maiolino et al.
2023). In order to avoid being biased by the properties of higher
luminosity sources, it is essential to study the whole population
of QSOs and galaxies at high z, including the low-luminosity
sources. This is now possible with data from JWST (see e.g.
Santini et al. 2023; Harikane et al. 2023), which enable us to
determine the stellar mass especially in low-luminosity sources
based on a sharper PSF (especially in the short-wavelength
bands) and longer-wavelength coverage out to 5 micron com-
pared to HST, which is less affected by dust attenuation.
Recently, Harikane et al. (2023) analyzed a first statistical sam-
ple of faint type 1 AGNs at z > 4 identified by JWST/NIRSpec
deep spectroscopy. They compared their AGNs to the AGNs
at z ~ 0 (Reines & Volonteri 2015) and to high-z QSOs. Their
AGNSs have similar BH masses, but systematically lower stellar
masses than the local AGNs. Moreover, Maiolino et al. (2023,
2024) showed even more extreme Mpy—M. ratios in their sam-
ple of 12 AGNs at z = 4-7 that belong to the JADES survey.
Similar results were also obtained in previous studies with a
smaller number of AGNs (Ubler et al. 2023). This indicates that
the BH grows faster than its host galaxy at high redshift. The
fast BH growth was also suggested by previous studies at z ~ 2
(e.g., Zhang et al. 2023a). These overmassive (compared to their
host stellar masses) BHs are indeed predicted in some theoreti-
cal models simulations (e.g., Toyouchi et al. 2021; Trinca et al.
2022; Inayoshi et al. 2022; Hu et al. 2022; Zhang et al. 2023b;
Pacucci et al. 2023; Pacucci & Loeb 2024). In summary, recent
observations showed that high-z QSOs may lie above the local
Mpgy—M, correlation, and they are thus likely to follow the BH-
dominance growth or BH-dominance evolutionary path (i.e., the
green line in Fig. 3 of Volonteri 2012).

The significance of our work becomes evident in the context
of these prior studies, as we aim to explore the interconnected
growth of supermassive black holes and their host galaxies.
Additionally, we seek to understand whether the high-redshift
hosts of quasars serve as the progenitors of the massive galax-
ies observed in the local Universe. These two queries are pivotal
to the study of galaxy evolution and are tightly interconnected.
They can only be addressed through a reliable and precise under-
standing of the properties of QSOs and their massive hosts.

In this work, we present the analysis of the cold-dust
SEDs of four QSOs at z > 6, PSOJ036.5078+03.0498
(hereafter JO36+03, Venemans et al. 2015) at z = 6.5405,
VDESJ022426.54-471129.4 (hereafter J0224-4711,
Reedetal. 2017) at z = 6.5222, PSOJ231.6576-20.8335
(hereafter J231-20, Mazzucchelli et al. 2017) at z = 6.587, and
SDSS J205406.49-000514.8 (hereafter J2054—0005, Reed et al.
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2017) at z = 6.0391, based on new ALMA band 8 (B8) and/or
band 9 (B9) observations, archival ALMA observations from
band 3 (B3) to band 6 (B6), and a NOEMA observation at
3mm. These observations allowed us to retrieve reliable and
accurate estimates of the dust parameters and the SFR of
the QSO host galaxies in our sample. Furthermore, from the
analysis of archival observations, we were also able to detect
the CO(7-6) and [CI] emission lines for J0224—4711 and the
CO(6-5) emission line for J2054—0005, from which we were
able to estimate the gas mass for these objects.

In order to investigate the dust properties, SFR, GDR, and
gas SFE in a statistically sound sample of QSOs at z > 6, we
considered another six high-z QSOs whose dust properties and
SFR were already derived with high accuracy. The sample is pre-
sented in the following section.

The paper is organized as follows. In Sect. 2, we describe our
sample of QSOs at z > 6. In Sect. 3, we describe the observations
used in this work. In Sect. 4, we present the results for the con-
tinuum and line emissions. In Sect. 5, we analyze the cold-dust
SED of the QSOs in our sample, and we derive the gas mass for
QS0sJ0224-4711, J1319+0950, and J2054—-0005. In Sect. 6,
we contextualize our findings regarding the dust and gas in high-
z7QSO0, and we discuss the observed scenario for the evolutionary
paths of these objects. In Sect. 7, we summarize the content of
this work.

Throughout the paper, we adopt the ACDM cosmology
from Planck Collaboration VI (2020): Hy = 67.4kms~! Mpc~!,
Qn = 0315, and Q) = 0.685. Thus, the angular scale is
5.66 kpc/arcsec at z = 6.3.

2. Sample

We selected from the currently known ~300 QSOs at z > 6 (see,
e.g., Fanetal. 2023; Jiang et al. 2016; Mortlock et al. 2011;
Wang et al. 2019a; Inayoshi et al. 2020) all the QSOs at z > 6 for
which we were able to investigate and compare the evolutionary
path of the SMBHs and their host galaxies, and we linked it to
feedback processes. This implied that we should be able derive
or retrieve accurate estimates of the SMBH properties, dust prop-
erties, SFR and gas mass, and to detect outflowing emission.
In other words, all these QSOs have high-quality rest-frame
optical-UV spectra and ALMA and/or NOEMA observations
targeting the continuum emission from low to high frequencies
(in the range of observed frequency ~100—-600GHz), that is,
probing both the Rayleigh-Jeans and peak region of the cold-dust
SED, and targeting the CO and [CII] line emissions (see, e.g.,
Zappacosta et al. 2023; D’Odorico et al. 2023; Wang et al. 2013;
Neeleman et al. 2019; Witstok et al. 2023; Decarli et al. 2022,
and other refs throughout this work). Moreover, we selected
QSOs with Ly, > 10%ergs™'. Consequently, our findings
are not directly applicable to the entire population of AGNs
at z > 6; instead, they specifically pertain to high-luminosity
sources. Nevertheless, this luminosity bias aligns with our objec-
tives, as we are particularly interested in investigating the role
of AGN feedback in influencing the SMBH-galaxy evolution,
and notably, high-luminosity QSOs exhibit compelling evidence
of powerful outflows (see, e.g., Bischetti et al. 2022; Shao et al.
2022; Tripodi et al. 2024; Salak et al. 2024).

Our final sample consisted of ten QSOs at z > 6.
Together with the four QSOs presented in the previous
section (J036+03, J0224-4711, J231-20, and J2054-0005),
we considered six other QSOs: SDSSJ010013.02+280225.8
(hereafter J0100+2802), SDSSJ231038.88+185519.7 (here-
after J2310+1855), J1319+0950, ULAS J134208.10+092838.35

(hereafter J1342+0928), SDSSJ114816.64+525150.3 (here-
after J1148+5251), and PSOJ183.1124+05.0926 (hereafter
J183+05).

We divided the sample into two subsamples of six and four
QSOs each, hereafter called HYPERION QSOs and z > 6 QSOs,
respectively (see Table 1).

The first subsample is composed of the six QSOs belonging to
the sample called HYPerluminous QSOs at the Epoch of Reion-
izatlON (HYPERION). HYPERION comprises the titans of z > 6
QSOs Zappacosta et al. (2023), that is, those whose SMBH had
the fastest mass growth history. In particular, these QSOs were
selected so that the SMBHs powering them required to form at
least a 1000 My BH seed (at z = 20) under the hypothesis of
a continuous exponential accretion at the Eddington rate. These
SMBHs likely assembled from the largest BH seeds, or alterna-
tively, they experienced peculiar, possibly super-Eddington, mass
accretion histories. Of the ~300 QSOs known at the epoch of
reionization (EoR), the HYPERION QSOs comprise 18 QSOs
with a mean redshift z ~ 6.7, and average log(Lyo 1 /erg/s) ~ 47.3,
and a BH mass in the range 10°~10'"My. HYPERION is based
on a 2.4 Ms XMM-Newton Multi-Year Heritage Programme (PI:
Zappacosta) to provide for the first time for such a large sample of
z > 6 QSOs a uniform high quality X-ray spectral characteriza-
tion for a detailed investigation of the nuclear properties and the
accretion and ejection processes that are tied to the fast build-up
experienced by their SMBH. The first results suggest a genuine
redshift evolution of their X-ray spectral slopes, which appear to
be steeper than reported in z < 6 QSOs with a similar luminos-
ity and accretion rate. This supports a different regime for the X-
ray nuclear properties of the first quasars that might be linked to
the presence of fast disk-driven winds (Zappacosta et al. 2023).
While the nuclear properties of HYPERION QSOs are well con-
strained, as are the dynamical masses of most QSOs based on
archival [CII] observations, their dust properties and SFR are still
mostly unconstrained.

The z > 6 QSO subsample comprises the QSOs that did not
satisfy the criteria for belonging to the HYPERION sample (see
Sect. 2 of Zappacosta et al. 2023), that is, they did not experience
a rapid SMBH mass growth.

We divided our final sample based on the HYPERION sur-
vey selection criteria in order to assess whether the BH accre-
tion history has strong implications for the properties of the host
galaxy.

Seven QSOs in our sample! are also part of the XQR-30
ESO Large Program (D’Odorico et al. 2023). Therefore, they
have high S/N X-shooter spectra, from which Mazzucchelli et al.
(2023) derived BH masses using the CIV and MgII emis-
sion lines. The MgIl BH masses derived for J0100+2802,
J036+03, J0224-4711, and J231-20 agree well with those in
Zappacosta et al. (2023).

The properties of the ten QSOs in our final sample are sum-
marized in Table 1, and a more detailed presentation of each
object can be found in Appendix A.

3. Observations

All ALMA observations targeting QSOs J036+03, J0224-4711,
J231-20, J1319+0950, J2054—-0005 were calibrated and imaged
as outlined in the following.

The visibility calibration of the observations was executed
by the ALMA science archive. The imaging was performed

! These QSOs are JO100+2802, J036+03, J0224-4711, J231-20,
J2310+1855, J1319+0950, and J183+05.
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Table 1. General properties of the QSOs in our sample.

QSO z log(Mgu/My) log(Lpoi/erg s7)  Refs. Results
J0100+2802 6.327  10.04 £0.27 48.24 +0.04 [1], [2] SED
J036+03 6.540 9.49+0.12 47.33£0.05 [1],[2] SED, My,
J0224—-4711 6.522 9.36 +0.08 47.53 +0.01 [1] SED, My,
J231-20 6.587 9.50 +£0.09 47.31+£0.01 [1]1,[2] SED, My,
J1342+0928 7.540 8.90+0.14 47.19+£0.01 [1], [2] SED
J1148+5251 6.419 9.74 +0.03 47.57 +0.01 [1] -
J2310+1855 6.003 9.671’8:82 47.491'8:1(3’ [3], [4] SED )
J2054-0005 %) 6.390 9.17 47.03 [2], [5] SED, My,
J1319+0950 6.133 9.531’8:?? 47.301'8:8; [3], [2] My,
J183+05 6.439 9.41ﬁ8;ﬂ 47.20ﬁ8';2 [3], [2] SED

Notes. Columns: QSO name; redshift from the [CII] emission line; BH mass; bolometric luminosity; references for z, Mgy, and Ly ; results
presented in this work: cold-dust SED along with the dust properties and SFR (SED), gas mass from the CO(6—5) or CO(7—-6) emission lines
(My,). @, ““Results already presented in Tripodi et al. (2023b) and in Tripodi et al. (2022), respectively, which are reported in this work. ***The
error on the BH mass for J2054—-0005 was not provided in the reference works, and we therefore considered an average systematic error on the
BH mass of 0.3 dex. The QSOs above the double black line belong to the HYPERION sample. The errors for the BH masses and bolometric
luminosities of the HYPERION QSOs are taken from Tortosa et al. (in prep.).

References. [1] Zappacosta et al. (2023); [2] Neeleman et al. (2021); [3] Mazzucchelli et al. (2023); [4] Tripodi et al. (2022); [S] Wang et al.

(2013).

through the Common Astronomy Software Applications
(CASA; McMullin et al. 2007), version 5.1.1-5. We applied
tclean using natural weighting and a 30~ cleaning threshold. We
imaged the continuum using the multifrequency synthesis (MFS)
mode in all line-free channels. To image the line emissions, we
used the CASA task uvcontsub to fit the continuum visibili-
ties in the line-free channels with a first-order polynomial for
QS01J0224—-4711, since the continuum showed a non-negligible
slope, and zeroth-order polynomial for the other QSOs. We then
obtained continuum-subtracted cubes to be used in our analyses.
We produced line maps using the MFS mode in the channels
enclosing the emission lines (see Table C.2).

We analyzed all archival observations available for J036+03
and J0224-4711. We also used the results on the continuum
emission at ~107 GHz of J036+03, obtained from a NOEMA
observation (project ID: S17CD).

Because many ALMA observations are available for
J2054—-0005, especially in B6, we considered for each band
those whose continuum sensitivity and resolution were suited
for our analysis of the SED. That is, when multiple observations
per band were available, we considered the observation with the
highest continuum sensitivity and with a resolution that allowed
us to spatially resolve the source and/or that was as close as pos-
sible to the angular resolution of the B9 observation, in order to
ensure a reliable and consistent analysis of the cold-dust SED
(for more details, see Sect. 4.1).

For J231-20, we wused the results presented in
Pensabene et al. (2021), who analyzed all the ALMA obser-
vations from B3 to B6 available for this QSO, and we
independently analyzed a new B8 ALMA observation targeting
this QSO (ID: 2021.2.00064.S). Since J231-20 was found to
have a close companion (at a distance <10 kpc), we discuss the
analysis of the B8 observation in more detail in Sect. 4.1.

Information about the project ID, synthesized beam, lines
detected, line channels, and root mean square (rms) noise of
the continuum map and of the continuum-subtracted cube for
each observation analyzed in this work is reported in Tables C.1
and C.2.
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4. Data analysis

In the following, we report the results for our proprietary obser-
vations targeting the continuum (Sect. 4.1) and/or line emissions
(Sect. 4.2) in ALMA bands 3, 8, and/or 9 of QSOs J036+03,
J0224-4711, J1319+0950, and J2054—-0005. As an exception,
we discuss the archival observation targeting the continuum
emission in B8 of J231-20 because it was found to have a
close companion in lower-frequency observations. Details of the
analysis of archival observations of the continuum emissions of
QSOs J036+03, J0224-4711, and J2054—-0005 can be found in
Appendix B. The results obtained from the analysis of archival
observations are reported in Table C.1.

4.1. Continuum emission

4.1.1. QSO J036+03

The top left and right panels of Fig. 1 show the continuum
emission at 404.9 GHz and 670.9 GHz of J036+03, respectively.
Neither emission is spatially resolved, and therefore, we con-
sidered the peak flux as the total flux of the source, that is,
6.63 +0.39 mJy/beam at 404.9 GHz and 5.60 + 0.69 mJy/beam
at 670.9 GHz. The emission at 670.9 GHz presents a secondary
peak at RA,Dec =[-1.5,—1.5], which likely is an artifact due
to the low resolution of the B9 observation. This interpreta-
tion is supported by the absence of line and continuum emis-
sion at the same spatial position in all lower-frequency obser-
vations and by the presence of another dimmer peak that
is located symmetrically with respect to the QSO position
(RA, Dec=[1.0,-1.5]).

4.1.2. QSO J0224-4711

The continuum emission of J0224—-4711 at 405.2 GHz and
670.9 GHz is shown in the bottom left and right panels of Fig. 1,
respectively. Neither emission is spatially resolved, and there-
fore, we consider the peak flux as total flux of the source, which
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Fig. 1. Dust continuum maps. Top left panel: 404.9 GHz dust continuum map of QSO J036+03 (levels -3, -2,2,3, 5, and 8o, o = 0.6 mJy/beam).
The clean beam (2.10 x 1.43 arcsec?, PA =37.40°) is indicated in the lower left corner of the diagram. The cross indicates the position of the
continuum peak. Top right panel: 670.9 GHz dust continuum map of QSO J036+03 (levels -3, -2,2,3,5, and 80, oo = 0.5 mJy/beam). The clean
beam (1.12 x 0.97 arcsec?, PA =21.11°) is indicated in the lower left corner of the diagram. The cross indicates the position of the continuum
peak. Bottom left panel: 405.2 GHz dust continuum map of QSO J0224—-4711 (levels -3, -2,2,3, 5, and 8¢, o = 0.88 mJy/beam). The clean beam

(3.87 x 2.79 arcsec?, PA =

—76.45°) is indicated in the lower left corner of the diagram. The cross indicates the position of the continuum peak.

Bottom right panel: 670.9 GHz dust continuum map of QSO J0224—-4711 (levels —3,-2,2,3,5,8, and 110, o0 = 1.3 mJy/beam). The clean beam
(1.08 x 0.95 arcsec?, PA = 14.05°) is indicated in the lower left corner of the diagram. The cross indicates the position of the continuum peak.

is 8.73 £ 0.38 mJy/beam at 405.2 GHz and 19.9 + 0.96 mJy/beam
at 670.9 GHz.

4.1.3. QSO J2054-0005

We show the continuum map at 92.3 GHz underlying the
CO(6-5) emission line in the bottom row of Fig. 2. Per-
forming a 2D Gaussian fit, we found that the peak flux
is 0.066 +0.004 mJy/beam, the integrated flux is 0.082 =+
0.009 mJy, and the emission is spatially resolved with a size of
(0.27 £ 0.07) x (0.07 + 0.09) arcsec?.

4.1.4. QSO J231-20

J231-20 was found to have a close companion that is detected
in multiple emission lines and in the continuum emission
from ~100GHz up to ~250GHz at a distance of ~2 arcsec
from the QSO (Pensabene etal. 2021; Decarlietal. 2017,
Neeleman et al. 2019). Pensabene et al. (2021) were able to dis-

entangle the continuum emission of the QSO from that of
the companion using ~1 arcsec resolution ALMA observations.
Unfortunately, the low resolution of the new band 8 observation
(beam of 4.3x2.9 arcsec?) did not allow us to distinguish the two
emissions (see Fig. B.1). Performing a 2D fit with CASA on the
continuum map, we found a peak flux of 8.43 + 0.39 mJy/beam,
and the source was unresolved. The B8 flux is indeed contam-
inated by the continuum emission of the companion, and this
can therefore bias the SED fitting and the determination of the
dust properties. We corrected for the companion contribution
using the results found by Pensabene et al. (2021). In their SED
modeling, the flux of the companion at ~400 GHz is more than
0.6 dex lower than that of the QSO. Conservatively considering
the highest-temperature model for the companion, that is, that
the flux of the companion is 0.6 dex lower than that of the QSO,
we can correct our flux in band 8. We obtain 6.74 +0.31. We
considered this flux as a detection in the SED fitting, but it might
also be seen as a lower limit to the flux of the QSO.
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Fig. 2. Dust continuum and CO(6—5) emission line maps of QSOs J1319+0950 and J2054—-0005. Top left panel: 103 GHz dust continuum map of
QS0 J1319+0950 (levels —3,-2,2, 3,5, 10, and 200, o = 0.005 mJy/beam). The clean beam (0.30x0.30 arcsec?, PA = —78.56°) is indicated in the
lower left corner of the diagram. Top right panel: CO(6—5) map of QSO J1319+0950 (levels —-3,-2,2,3,5, 10, and 1507, o = 0.017 mJy/beam). The
clean beam (0.32 x 0.31 arcsec?, PA = —78.56°) is indicated in the lower left corner of the diagram. Bottom left panel: 92 GHz dust continuum map
of QS0 J2054-0005 (levels —3,-2,2,3,5,7 and 100, o = 0.006 mJy/beam). The clean beam (0.42 x 0.32 arcsec?, PA = —61.3°) is indicated in the
lower left corner of the diagram. Bottom right panel: CO(6—5) map of QSO J2054—-0005 (levels —3,-2,2,3,5,7 and 100, o = 0.025 mJy/beam).
The clean beam (0.39 x 0.30 arcsec?, PA = —61.4°) is indicated in the lower left corner of the diagram. The cross indicates the position of the

continuum peak for each source.

4.2. Emission lines
4.2.1. CO(7-6) and [CI] emission lines in J0224—4711

We used the continuum-subtracted data cube in B3 to study the
CO(7-6) and [CI] emission lines of J0224—-4711. The central
and right panels of Fig. 3 present the maps of CO(7—-6) and [CI],
respectively, imaged using the MFS mode in the channels spec-
ified in Table C.2. The CO(7—-6) and [CI] emission are detected
with a statistical significance of ~8c0 and ~30, respectively, and
neither is spatially resolved. Performing a 2D Gaussian fit, we
obtained a peak flux of 0.36 + 0.02 mJy/beam for CO(7-6) and
of 0.19 + 0.03 mJy/beam for [CI].

Fig. 4 shows the moment-0, —1, and —2 maps of the
CO(7-6) emission, obtained by applying a 2.5¢0 threshold to the
continuum-subtracted cube in the line channels, and the spec-
trum extracted from the region with S/N>2 in the CO(7-6)
map. The moment-0 map shows a velocity gradient oriented east
to west with Av = 100kms~!, and the moment-2 map shows
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a range of the velocity dispersion” between 20 and 120 kms™'.

The CO(7-6) line profile peaks at a frequency of 107.239 GHz,
corresponding to z = 6.5220 + 0.0002, consistent with previous
determinations (Reed et al. 2017) and with the redshift derived
from MglI emission line (D’Odorico et al. 2023). From the fit
with a single Gaussian, the FWHM of the line is 307 £25 km 7!
and the integrated flux is 0.34+0.05Jykms™!, which corre-
sponds to a luminosity of Lcoi-6) = (1.6 + 0.2) X 108 L, and
Liogog = (9:6 = 1.4) x 10° Kkms~' pc? (following Egs. 1
and 3 of Solomon & Vanden Bout 2005). The [CI] line is slightly
blueshifted, peaking at 107.610 GHz, which corresponds to z =
6.5211 £ 0.0004. Performing a single-Gaussian fit, we obtained
that the FWHM of the line is 165 + 29kms™' and the inte-
grated flux is 0.108 +0.036Jykms~', which corresponds to

2 The maximum value of the velocity dispersion toward the nucleus is
usually affected by beam smearing (Davies et al. 2011).
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Fig. 3. Dust continuum and emission line maps of QSO J0224—-4711. Left panel: 95.33 GHz dust continuum map of QSO J0224-4711 (levels
-3,-2,2,3,and 50, o = 0.016 mJy/beam). The clean beam (3.95 x 2.32 arcsec?, PA = —89.43°) is indicated in the lower left corner of the diagram.
The cross indicates the position of the continuum peak. Central panel: CO(7—6) emission line map of QSO J0224—-4711 (levels —3,-2,2,3,5,
and 80, o = 0.042 mJy/beam). The clean beam (3.49 x 2.05 arcsec?, PA = —89.06°) is indicated in the lower left corner of the diagram. The
cross indicates the position of the B3 continuum peak. Right panel: [CI] emission line map of QSO J0224—-4711 (levels —3,-2,1,2, and 30,

o = 0.054 mJy/beam). The clean beam (3.49 x 2.05 arcsec?, PA =
the position of the B3 continuum peak.
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(5.1 % 1.7) x 10" Lo and Ligy, =
I'pc?. All line properties are reported in

a luminosity® of Licy

B.0+£1.0)x10°Kkms~
Table 2.

4.2.2. CO(6-5) emission line in J1319+0950

In order to analyze the CO(6—5) emission line of J1319+0950,
we rebinned the continuum-subtracted data cube in B3 to
50kms~L

The top row of Fig. 2 presents the map of the CO(6-5)
emission line of J13194+0950 and its underlying continuum,
imaged using the MFS mode in the channels specified in
Table C.2. The CO(6-5) is detected with a statistical signifi-
cance of ~150, and performing a 2D Gaussian fit, we obtained
a peak flux of 0.303 + 0.014 mJy/beam and an integrated flux of
0.570 £ 0.038 mJy. The emission is spatially resolved with a size
of (0.35 + 0.03) x (0.23 + 0.03) arcsec?.

The top row of Fig. 5 shows the moment-0, —1, and —2 maps
of the CO(6-5) emission of J1319+0950, obtained by applying
30 threshold to the continuum-subtracted cube in the line chan-
nels, and the spectrum extracted from the region with S/N>2

3 All luminosities were computed following Egs. 1 and 3 of

Solomon & Vanden Bout (2005).

in the CO(6—5) map. The moment-0 shows a velocity gradient
oriented northeast to southwest with Av = 400kms~!, and the
moment-2 map shows a range of the velocity dispersion between
20 and 160kms~'. The CO(6-5) line profile peaks at a fre-
quency of 96.939 GHz, corresponding to z = 6.1331 = 0.0004.
Performing a single-Gaussian fit to the line spectral profile, we
obtained an FWHM of the line of 529 + 41 kms~! and an inte-
grated flux of 0.662 +0.094 Jykms~', which corresponds to a
luminosity of Lcoe-5) = (2.4 +0.3) >< 108 L, and LCO(6 5 =

(23+0.3)x 10K kms™! pc .

4.2.3. CO(6-5) emission line in J2054—0005

In order to analyze the CO(6—5) emission line of J2054-0005,
we rebinned to 50kms~! the continuum-subtracted data cube in
B3.

The bottom row of Fig. 2 presents the map of the CO(6-5)
emission line of J2054-0005 and its underlying continuum,
imaged using the MFS mode in the channels specified in
Table C.2. The CO(6-5) is detected with a statistical signif-
icance of ~100. Performing a 2D Gaussian fit, we obtained
a peak flux of 0.349 +0.036 mJy/beam, an integrated flux of
0.496 +£0.080 mJy, and the emission is spatially resolved with
a size of (0.30 = 0.09) x (0.08 = 0.16) arcsec?.
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Table 2. Line properties of QSOs J0224-4711, J1319+0950, and J2054—0005.

J0224-4711 J1319+0950 J2054-0005
CO transition CO(7-6) CO(6-5) CO(6-5)
2co 6.5220 +£ 0.0002  6.1331 +0.0004 6.0391 +0.002
FWHMCc¢q [kms™!] 307 £25 529 +41 229 +20
Fco [Jykms™'] 0.342 + 0.052 0.662 +0.094 0.288 +£0.047

Lt [Kkm s™! pc?] (9.6 £ 1.4) x 10°

Lco [Lol (1.6 £0.2) x 108
MHZ,CO (@ [M@] (10 + 01) X 1010
Zicn 6.5211 + 0.0004
FWHM;cy; [kms™'] 165 + 29
Ficrp Dy km s 0.108 = 0.036

(3.0 1.0) x 10°
(5.1+1.7) x 108

L'[CI] [Kkms™ pcz]
L[CI] [Le]

(9.8 + 1.6) x 10°
(1.0 + 0.2) x 108
(6.4+1.0)x10°

(2.3 +0.3) x 101
24+03)x 108
(1.5 +£0.2) x 10'°

Notes. @ Assuming a conversion factor aco = 0.8 My (Kkms™ pc?)~! and assuming a brightness temperature ratio 174 = CO(7—6)/CO(1-0) =
0.76 for J0224—-4711, r¢s = CO(6-5)/CO(1-0) = 1.23 for J1319+0950, and J2054—-0005.
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Fig. 5. Moment maps of the CO(6-5) emission lines and spectra of J1319+0950 (top row), J2054—0005 (bottom row). From left to right: integrated
flux, mean velocity map, and velocity dispersion map, continuum-subtracted spectrum of CO(6-5). The clean beam is plotted in the lower left
corner of the moment maps. The cross indicates the peak position of CO(6—-5). The spectra were extracted from the region included within >20

in the CO(6—5) map of each source.

The bottom row of Fig. 5 shows the moment-0, —1, and
—2 maps of the CO(6—5) emission of J2054—-0005, obtained by
applying 3o threshold to the continuum-subtracted cube in the
line channels, and the spectrum extracted from the region with
S/N>2 in the CO(6—-5) map. The moment-0 shows a velocity
gradient oriented southeast to northwest with Av = 120kms~!,
and the moment-2 map shows a range of the velocity dispersion
between 20 and 80 kms~!. The CO(6-5) line profile peaks at a
frequency of 98.233 GHz, corresponding to z = 6.0391 +0.0002.
Performing a single-Gaussian fit to the line spectral profile, we
obtained a FWHM of the line of 229 + 20kms~! and an inte-
grated flux of 0.288 +0.047 Jykms™', which corresponds to a

7

luminosity of Lcoe-5) = (1.0 + 0.2) X 108 Ls and LCO(6—5) =
(9.8 + 1.6) x 10° Kkms~! pc2.
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5. Analysis
5.1. Dust properties and star formation rate

In order to ensure a self-consistent analysis of the cold-dust
SEDs of J036+03, J0224-4711, J231-20 and J2054-0005,
we performed an SED fitting of the flux densities reported in
Table C.1 considering the tapered fluxes for the higher-resolution
observations if needed (see Appendix B for details of the taper-
ing procedure). The observations of J231-20 in Pensabene et al.
(2021) did not need additional tapering because their resolution
was well matched and low enough to account for the fainter and
more extended emission. Moreover, for J231-20, we considered
the flux corrected for the contribution of the companion to the
QSO emission as explained in Sect. 4.
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We modeled the dust continuum in an optically thick regime
with a modified black body (MBB) function given by

obs S Q -7,
2= S = g o B Taes(@) = BATous@)N1 = ™),
(1)

where Q = (1 + 2)*Agq D;? is the solid angle as a function of the
surface area of the galaxy, Ay, and of the luminosity distance of
the galaxy, Dy. The dust optical depth is

- Mdustkv — MdUStkO(l)ﬁ’
Agal Agal Yo

@)

Ty

where S is the emissivity index, k, is the opacity, kg =
0.45cm?g™! is the mass absorption coefficient, and v, =
250 GHz. The latter two terms define the opacity model adopted
here (Beelen et al. 2006; Carniani et al. 2019). In this model, k,
carries huge systematics because the actual composition of the
dust is currently unknown. Variations in the opacity model can,
in principle, lower dust masses by a factor of ~3 or increase
them by a factor of ~1.5. The solid angle for each source was
estimated using the continuum mean size from resolved obser-
vations (see Table C.1). The effect of the CMB on the dust tem-
perature is given by

Taus(2) = (Tauw) ™ + Ty P11 + 2" = 1])7, 3)
with Ty = 2.73 K. We also considered the contribution of the
CMB emission given by B,(Tcmp(z) = To(1+2)) (da Cunha et al.
2013).

Therefore, the MBB model has three fitting parameters:
the dust temperature (7Tgus), the dust mass (Mgys), and S. We
explored the 3D parameter space using a Markov chain Monte
Carlo (MCMC) algorithm implemented in the EMCEE package
(Foreman-Mackey et al. 2013). We assumed uniform priors for
the fitting parameters: 10K < Ty < 300K, 10° Mg < Mgust <
10° Mo, and 1.0 < 8 < 3.0. The best-fitting Tgus;, Mausi, and 3,
obtained from a MCMC with 40 chains, 6000 trials and a burn-
in phase of ~100 for each QSO, are reported in Table C.3. The
errors on the best-fitting parameters were computed considering
the 16th and 84th percentiles of the posterior distribution of each
parameter. Overall, we found Tgu = 50-80 K, Myus ~ 108 My,
and 8 = 1.6-2.5. Fig. 6 shows the observed SEDs with the best-
fitting function and the posterior distributions of Tg,s, Mqyst, and
B for J036+03, J0224—-4711, and J231-20, and Fig. 7 shows this
for J2054—0005.

We estimated the total infrared (TIR) luminosity for the best-
fit model for each source by integrating from 8 to 1000 um rest-
frame, and we derived the SFR considering that SFR oc L.
The proportionality factor between SFR and Ltig depends on the
initial mass function (IMF) chosen. We adopted a Kroupa IMF
(Kroupa & Weidner 2003). The values of Lyr and SFR derived
for our QSO sample are reported in Table C.3. An Salpeter or
Chabrier IMF (Salpeter 1955; Chabrier 2003) would imply an
SFR that is higher by a factor of 1.16 or lower by factor of 0.67,
respectively. When comparing with results of the SFR from the
literature, we rescaled the SFR according to the Kroupa IMF (see
also Kennicutt & Evans 2012):

SFR (Mo yr™") = 1.496 X 107"° Lig 5-1000um (Lo)- “)
As a word of caution, we recall that we adopted a lower limit
for the flux in B8 of J231-20, and thus, T4, and SFR can be

underestimated in principle. By performing another fit consider-
ing the B8 flux not corrected for the contribution of the compan-
ion (which is an upper limit to the flux of the QSO), we indeed
derived Ty = 61 K and SFR=1913 M, yr", which is a factor
of 2 higher than that obtained considering the lower limit in B,
while the dust mass and emissivity index agree well with the pre-
vious values. The best-fitting curve is displayed as a dashed line
in the bottom left panel of Fig. 6, along with the uncorrected B8
flux as an empty diamond. Hereafter, we conservatively use the
results of the SED fitting with the B8 flux corrected for the com-
panion emission, considering that the SFR can vary of a factor
of 2 at most.

We adopted a contribution of the AGN emission to
the dust heating of 50% considering that all our sources
are hyperluminous QSOs at z > 6, likely sharing simi-
lar properties with the hyperluminous QSOs at z = 2—4 in
Duras et al. (2017) and with J1148+5251 in Schneider et al.
(2015), which also belongs to the HYPERION sample. This
assumption yields SFR =466 + 75Myyr~' for J036+03, an
SFR = 24853222 M, yr~! for J0224—4711, an SFR =496 + 118
for J231-20, and an SFR =730 + 75 for J2054—0005. The role
of AGN in heating the dust is further discussed in Sect. 6.1.6.

We wished to perform a statistically sound investigation of
the dust properties in a sample of z > 6 QSOs and there-
fore explored the archives and the literature in our search for
other suitable candidates for our analysis of cold-dust SED,
that is, with ALMA and/or NOEMA observations of the con-
tinuum emission probing both the Rayleigh-Jeans regime and
the peak region of the SED. To our knowledge, only four other
QSOs at z > 6 currently have multiple-frequency observations
sampling the Rayleigh-Jeans part and, barely, the peak of the
cold-dust SED: QSOs J1319+0950, J1148+5251, J1342+0928,
and J183+05. Their SEDs were analyzed in Carniani et al.
(2019) (J13194+0950 and J1148+5251), in Novak et al. (2019),
Witstok et al. (2023) (J1342+0928), and in Decarli et al. (2023)
(J183+05). Since we adopted the same method as Carniani et al.
(2019), we used the results for the dust properties and SFRs of
J1319+0950 and J1148+5251 found in Carniani’s work, which
are reported here in Table C.3. For consistency, we modeled
the observed SEDs of the other two QSOs using the procedure
described in the previous paragraph because the method and/or
the opacity models adopted in Novak et al. (2019), Witstok et al.
(2023), Decarli et al. (2023) were different from ours. The best-
fitting SEDs are shown in Fig. §, and the results can be found in
Table C.3. Within the uncertainties, our results agree well over-
all with those in the previous papers. The discrepancies in the
best-fitting values arise from the different regime assumed (opti-
cally thin in Novak et al. 2019, and thick in Witstok et al. 2023;
Decarli et al. 2023) and in the different opacity models.

It is worth noting that the uncertainties on Tgu (SFR)
increase to ~40% (>80% for SFR) when the peak of the cold-
dust SED is not probed: This is the case of J1319+0950 and
J1342+0928, which lack ALMA observations in bands 8 and 9,
and of J0224-4711, for which even band 9 is unable to reach
the peak of the SED given that this QSO has an extremely bright
dust emission. In the latter case, an ALMA B10 observation is
required. The strongest effect is seen in J1342+0928, for which
Taust 1 determined with an uncertainty of ~40%, leaving the
SFR basically unconstrained. To investigate the impact of B8—
B9 observations on the uncertainties of Tg4,y, we again fit the
SEDs for all the QSOs in our sample, excluding the data avail-
able at A« > 100 um for each source, that is, corresponding to
ALMA B8 and B9. We found that in this case, the uncertainties
on T4ysr become ~70% on average (in some cases, up to 90%).
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Fig. 6. Observed SEDs and best-fitting results. Left panels: Observed SEDs of QSOs J036+03, J0224-4711, and J231-20 (top, central, and bottom
row). Our new ALMA B8 and B9 data are shown as yellow stars, and other archival observations are plotted as cyan diamonds. The best-fitting
curve is shown as the solid blue line. Right panels: Corner plot showing the posterior probability distributions of Tgys, Maus, and B. The solid
orange lines indicate the best-fitting value for each parameter, and the dashed lines mark the 16th and 84th percentiles for each parameter. For
J231-20, the empty diamond is the flux in B8, not corrected for the presence of the companion, and the dashed line is the best-fitting SED
considering this flux (for details, see Sect. 5.1).

This highlights the importance of high-frequency observations to facilitate the comparison. It is worth noting the difference in
(ALMA bands 8, 9, and 10) in providing precise and reliable slope and position of the peak, which are clearly related to the
estimates of the dust properties and SFR. variation in the dust properties, namely Tqgys¢, Maust, and 5.

In Fig. 9 we show the cold-dust SEDs analyzed in this work. Additionally, we developed an observed mean cold-dust
All SEDs were normalized at 4 = 850 um rest-frame in order SED by averaging (mean) the observational data available for
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Fig. 7. Same as Fig. 6 for QSO J2054—-0005.

all the QSOs in our sample in six wavelength bins*. They are
shown as dashed gray lines in Fig. 10, along with the resulting
averaged fluxes as violet squares. The error bars are the standard
errors on the mean associated with each flux. We fit this mean
SED following the procedure described above, and we obtained
Taust = 5475 K, Myg = (4.6 £3.0) x 10* M, and B = 1.6 £0.55.
Fig. 10 shows the best-fitting function and the posterior distribu-
tion of each fitting parameter.

5.2. Molecular gas mass

In this section, we infer the molecular gas mass of
QS0sJ0224-4711, J1319+0950, and J2054—-0005 from molec-
ular tracers such as the CO(7—-6) and CO(6—5) emission lines.
The molecular gas mass estimates in high-z QSO host galax-
ies rely on CO observations, and especially on intermediate
(Jup =5-7) transitions (Venemans et al. 2017; Yang et al. 2019;
Decarli et al. 2022), which are found to be at the peak of the
CO spectral line energy distribution (CO SLED, Li et al. 2020;
Feruglio et al. 2023). In principle, low-J transitions should be
preferred, as they are less sensitive to uncertainties on the
CO excitation. However, these are quite challenging to detect
because of their intrinsic faintness.
The molecular gas mass was therefore derived as

1
Mya,co = acory—(j-1Lcou-u-1ys Q)

where aco = 0.8 My (Kkm s’lpcz)’1 is the CO-to-H; con-
version factor typical for ULIRG and QSOs (Carilli & Walter
2013), and ry_(j-1) is the CO(J = (J — 1))/CO(1-0) luminosity
ratio. Fig. 11 shows the CO SLEDs normalized to the Jy, =6
transition of J036+03 (Decarli et al. 2022) and J2054-4711,
limited to the (6—5) and (7-6) transitions (for CO(7-6) of
J2054—0005 see Decarli et al. 2022), compared with other z > 6
QSO0s, and QSO APMO0879+5255 at z = 3.9 and QSO Cloverleaf
at z = 2.56 (Li et al. 2020; Feruglio et al. 2023), for which the
CO SLED is well constrained down to Jy, = 1. We note that the

4 The bins were defined considering the different ALMA bands and
trying to have a similar number of data in each bin.
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CO SLED for QSO at z > 6 presents a flattening at the CO(6-5)
and (7—-6) transitions on average, and that all CO SLEDs have
similar slopes from CO(6-5) to CO(2-1) transitions, while at
higher J, the CO SLED are very different.

So far, APMO0879+5255 and Cloverleaf are the only
objects for which the CO(1-0) transition is detected and
the ratio of the transition CO(2—1) and (1-0) is consistent
between the two sources. The upper limit on the CO(1-0)
of J1148+5251 also indicates a similar CO(2—1)-to-CO(1-0)
ratio. Therefore, in order to estimate the molecular gas mass
for J1319+0950, and J2054—0005 from CO(6-5), we assumed
res = CO(6—-5)/CO(1-0)=1.23 + 0.66, considering the aver-
age between the maximum and minimum values of rgs in
APMO0879+5255 and Cloverleaf. We then obtained My, =
(1.5 + 0.2) x 10'° for J1319+0950, and My, = (6.4 + 1.0) x
10° Mg for J2054-0005. Regarding J0224—4711, we assumed
that CO(7—-6) ~ CO(6-5), given the averaged CO SLED of high-
z QSO (see Fig. 11), and r; = 0.76 + 0.41, considering the
average between APMO0879+5255 and Cloverleaf. This gave
My = (1.0 £0.1) x 10'° M, for J0224—-4711.

For the purposes of this work, we also investigated the prop-
erties of QSOJ036+03, and thus, we computed its molecular
gas mass from CO(6-5) consistently with the rest of the sam-
ple. Decarli et al. (2023) reported the detection of the CO(6-5)

emission line of J036+03, finding L’C0(675) = (1.27 £ 0.11) x

10'° K kms~! pc?. This yielded My, = (7.5 + 0.64) x 10° Mg
following our assumptions.

Our analysis revealed that the gas masses in our sample
of QSOs, estimated with the smallest statistical uncertainties,
are ~10'"M, on average. However, it is worth noting that
our assumptions for the CO(6—-5)-to-CO(1-0) (or CO(7—-6)-to-
CO(1-0)) line ratio introduce significant systematic uncertain-
ties to our estimates of >50%. Our results agree well on aver-
age with the gas masses found in Neeleman et al. (2021) derived
from converting the [CII] underlying continuum flux into a dust
mass and then assuming a constant GDR (=100). In contrast, the
gas mass estimated from converting the [CII] luminosity directly
into a molecular mass using the conversion of Zanella et al.
(2018) mostly is higher by one order of magnitude than
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Fig. 8. Observed SEDs and best-fitting results. Left panels: Observed SEDs of QSOs J183+05, J1342+0928 (top and bottom row) as cyan
diamonds. The best-fitting curve is shown as a solid blue line. Right panels: Corner plot showing the posterior probability distributions of Ty,
Mgy, and B. The solid orange lines indicate the best-fitting value for each parameter, and the dashed lines mark the 16th and 84th percentiles for

each parameter.

ours. Specifically, molecular gas masses for QSOsJ1319+0950
and J2054-0005 were derived in Neeleman et al. (2021), who
reported higher values than ours using the GDR and the Zanella
conversion factor. In the former case, the GDR assumed in
Neeleman et al. (2021) (GDR = 100) may not be valid for every
QSO (see the results and discussion of the GDR in our sample in
Sect. 6.1.5). In the latter, the Zanella conversion factor, which is
calibrated for z ~ 2 main-sequence galaxies, may not be applica-
ble for high-z QSO hosts. This was also reported in Tripodi et al.
(2022) for the case of QSO J2310+1855 at z ~ 6.

The molecular gas masses and line properties are summa-
rized in Table 2. The uncertainties reported on the gas mass
are only statistical. Systematics uncertainties are induced by the
choice of a¢p (a factor of 0.2—0.3 dex) and by the scaling from
high-J CO transition to J = 1 using the CO excitation ladder (a
factor of 20—30%).
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6. Discussion

In this section, we first discuss our findings concerning the dust
and gas within our high-z QSO sample by conducting a compar-
ative analysis with the properties observed in lower-z sources.
Finally, we investigate the evolutionary paths of the ten QSOs in
our sample, exploiting the results for the properties of their host
galaxies derived in Sects. 5.1 and 5.2.

6.1. Properties of the QSO host galaxies

Our final sample comprises ten QSOs at 6 < z < 7.5,
out of which six belong to the HYPERION sample. In the
previous sections, we analyzed the cold-dust SED in a homo-
geneous way for all quasars, and the results are summarized in

Table C.3. In the following, we briefly describe the compilation
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Fig. 9. Compilation of cold-dust SEDs of the six QSOs analyzed in this
work, normalized at 850 um.

of galaxy and AGN host we used for the
comparison.

For the local Universe, we considered the JCMT dust and gas
the In Nearby Galaxies Legacy Exploration (JINGLE) survey,
the Herschel (U)LIRG Survey (HERUS), and a sample of QSOs
selected from the Palomar-Green (PG) survey (as also done in
Witstok et al. 2023). The JINGLE sample is composed of 192
nearby (0.01 < z < 0.05) galaxies, for which Lamperti et al.
(2019) studied their cold-dust SED using photometric data in
the 22—-850 um range from Herschel, applying a hierarchical
Bayesian fitting approach. We used the cold-dust properties
derived from their two MBB models, which also take into
account the warm dust component in the optically thin regime.
These results agreed well with those from a single MBB model.
The HERUS sample comprises 43 z < 0.3 (ultra)-luminous
infrared galaxies or (U)LIRGs observed with the Infrared Astro-
nomical Satellite (IRAS) and Herschel (Sanders et al. 2003;
Clements et al. 2018). Clements et al. (2018) derived the dust
properties for this sample assuming an MBB function in the
optically thin regime. Witstok et al. (2023) recalculated the dust
properties of the JINGLE and HERUS datasets, employing a
method analogous to ours (see Sect. 5.1 and Witstok et al. 2022),
except for the variation in the chosen opacity model. Their
results agreed with those presented in Lamperti et al. (2019) and
Clements et al. (2018) within the uncertainties. Therefore, for
the sake of simplicity, we used the results from the original
papers. The dust properties of the PG sample, consisting of 85
nearby (z < 0.5) QSOs, were obtained by Petric et al. (2015)
through modeling the photometry taken by Herschel by means
of an MBB function with 8 fixed to 2.0 and the dust model of
Draine et al. (2007)°.

At higher redshift, we selected a sample of 81 2 < z < 7
strongly gravitationally lensed, dusty star-forming galaxies iden-
tified by the South Pole Telescope (SPT). Reuter et al. (2020)
analyzed the cold-dust SEDs of the objects in this sample
employing an MBB function in the optically thick regime with

samples

5 They also derived the dust properties using the dust model of
Compiegne et al. (2011) with 8 = 1.91 finding that the dust masses
are systematically larger by about 20%—40% when adopting the model
of Draine et al. (2007).
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Fig. 10. Results for the observed mean cold-dust SED. Left panel:
Observed mean fluxes and best-fitting function. The dashed gray lines
mark the six bins we used to develop the mean SED. Right panel: Cor-
ner plot showing the posterior probability distributions of Tqust, Maust»
and B. The solid green lines indicate the best-fitting value for each
parameter, while the dashed lines mark the 16th and 84th percentiles
for each parameter.

B fixed to 2. We also included the dust properties inferred for 16
QSOs belonging to the WISE-SDSS Selected Hyper-luminous
(WISSH) sample at 2 < z < 5 (Duras et al. 2017). Their SEDs
were analyzed accounting for the cold dust, dusty torus, and
warm dust emission components. In particular, the cold-dust
emission was modeled by an MBB function in the optically thin
regime with 8§ = 1.6. Finally, at 4 < z < 7.5, we considered
a sample composed of three submm galaxies (SMGs) and eight
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Fig. 11. CO SLED of J036+03 and J2054—-0005 compared with those
of other QSOs at z > 6 and at lower redshift. The CO SLEDs for
J036+03 and J2054—-0005 are shown as pink circles and cyan mark-
ers, respectively. For J2054—-0005, the star refers to the CO(6-5) line
studied in this work and the circle to the CO(7-6) in Decarli et al.
(2022). The results for J036+03 are taken from Decarli et al. (2022).
All other sources are displayed as shadowed squares: J1007+2115 atz =
7.5419 in red (Feruglio et al. 2023); J0439+1634 at z = 6.511 in gray
(Yang et al. 2019); J1148+5251 at z = 6.419 in brown (Riechers et al.
2009; Gallerani et al. 2014); J0100+2802 at z = 6.327 in purple
(Wang et al. 2019b); J2310+1855 at z = 6.003 in blue (Li et al. 2020);
APMO08279+5255 at z = 3.911 in green (Papadopoulos et al. 2001;
Weil et al. 2007); and Cloverleaf at z = 2.560 in orange (Bradford et al.
2009; Uzgil et al. 2016).

star-forming (SF) galaxies from Witstok et al. (2023). As stated
before, they adopted a model for the SED fitting analogous to
ours. For the QSO host galaxy samples, we note that the PG
QSOs have a lower bolometric luminosity Ly, compared to our
z 2 6 sample (Lyoipc ~ 10447 erg s71), whereas the WISSH
quasars are the most luminous, with Lyo wissy = 10 ergs™!
(see, e.g., Vietri et al. 2018).

6.1.1. Dust temperature

In the past few years, the trend of T4ys as a function of time
has been the object of multiple studies (e.g., Faisst et al. 2017,
Schreiber et al. 2018; Sommovigo et al. 2020; Bakx et al. 2021;
Viero et al. 2022). However, the behavior of the Tg4,5—z relation,
which increases or plateaus at z > 4, has remained unclear.
The top panel of Fig. 12 presents the redshift distribution of
the dust temperatures in our sample compared to the low-z sam-
ples described above. Additionally, we display the average T gy
derived for REBELS® galaxies by Sommovigo et al. (2022) as
a light blue triangle, and T4, found for three REBELS galax-
ies at z > 6.7 by Algeraet al. (2023) as light blue diamonds.
As a word of caution, the dust temperatures for REBELS galax-

6 ‘Reionization Era Bright Emission Line Survey’ (REBELS; PI:
Bouwens) is an ALMA large program targeting 40 of the brightest
known galaxies at z > 6.5 (Bouwens et al. 2022).
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ies derived in Sommovigo et al. (2022) carry large uncertainties
since they are based on a combination of a single photometric
point in band 6 and the [CII] line emission. Hence, in this con-
text, we exclusively present the mean value. Algera et al. (2023)
analyzed band 8 and 6 observations of REBELS-127, REBELS-
25, and REBELS-38 considering both optically thin and thick
cases. We present the results for the optically thick case, fixing
B = 1.5%. Because we relied on only two photometric points per
galaxy, the inferred T4,y are still uncertain (AT gy = 30—-60%);
the results obtained in the thin and thick regime agree within the
large uncertainties. For clarity, we show the mean values of the
temperature distribution for the JINGLE and HERUS samples
with their corresponding standard deviation’. Interestingly, there
is no significant difference in T, between QSOs and normal
SF galaxies at fixed redshift, also considering that our sample is
biased toward high luminosity and therefore possibly higher dust
temperatures.

We observe an increasing trend of T,y with redshift that
is naturally expected from a theoretical perspective as a result
of decreasing gas depletion times, as seen in Sommovigo et al.
(2022). Sommovigo et al. theoretically derived that Tgquy o

t;elp/ % o (1 +2)5/24*B) where B is the dust emissivity index. This
Taust—2 relation is shown in Fig. 12 (dash-dotted gray line) for
B = 2.03 and assuming optical depth and metallicity (in solar
unit) both equal unity, as presented in Sommovigo et al. (2022),
implying Tgu o (1 + 2)*#2. This theoretical relation is able to
reproduce the trend observed in many SF galaxies (e.g., consid-
ering REBELS and ALPINE galaxies), and in Schreiber et al.
(2018) from the stacking of star-forming galaxies at 0.5 < z < 4
in the deep CANDELS fields. The stacked SEDs were fit with a
library of template SEDs generated with 8 = 1.5. Schreiber et al.
(2018) found a linear trend with redshift, and we also show an
extrapolated curve at z > 4 as dashed green line.

On the other hand, the population of SPT SF galaxies,
QSOs ,and SF with T4,s > 60K shows a steeper increase
in Tqys With z, which is well captured by the observed rela-
tion inferred by Viero et al. (2022). They employed stacked
maps in the FIR/submm of 111227 galaxies at 0 < z < 10
from the COSMOS-MOS2020/FARMER catalog to derive dust
temperatures at different redshifts. Their observed relation for
Taust(z), which is a second-order polynomial in z, agrees well
with the observed trend of the WISSH QSOs, with the sources
at z > 5 that shows the most extreme temperatures (~70—-80 K),
and with the lower limit of Bakx et al. (2020) and estimate of
Behrens et al. (2018) based on data from Laporte et al. (2017)
(see Viero et al. 2022). However, it fails to describe the bulk
of the PG QSOs and HERUS ULIRGs and the sources at
z > 5 with temperatures below 60K (Faisstetal. 2020;
Béthermin et al. 2020; Hashimoto et al. 2019; Sommovigo et al.
2022, see Viero et al. 2022). As a word of caution, these latter
low-temperature estimates are very uncertain because they were
derived from ALMA observations that did not bracket the peak
of the SED, and they are therefore not adequate for modeling
hotter dust components.

In order to find a general relation that can be applied to
SF galaxies, SMGs, and QSO host galaxies at high z, we
fit the observed data (excluding the stacked results) adopting
the parameterization of Tgu(z) that was theoretically found in

7 The Band 8 continuum of REBELS-12 was undetected, therefore
they derived an upper-limit.

8 Fixing B introduces an uncertainty of ~25% in the estimate of Ty,.
° For both samples, the mean value of the distribution corresponds to
the median.
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Sommovigo et al. (2022), therefore using a power law of the
form
Tausi(2) = AX (1 +2)°, (6)
where A and B are free fitting parameters. The latter is linked
with B, since 8 = —4 + 5/2B (considering the derivation of
Sommovigo et al. 2022). We found A = 19+ 2K and B=0.7 +
0.1, implying a value of S that is unphysical. This underlines that
T aust does not depend uniquely on redshift, especially when con-
sidering different galaxy populations. Sommovigo et al. (2022)
pointed out that at fixed redshift, the scatter in 7y, derives from
variations either in optical depth or in metallicity. This is a likely
scenario for different galaxy populations. Our best-fitting func-
tion, shown as a purple line and shaded region in the top panel
of Fig. 12, is slightly flatter than Viero’s at z > 1, but still agrees
with it pretty well in both the low- and high-z regimes. It captures
both the flattening and the increasing trends at z > 4, that is, it
describes the populations with both higher and lower T gg.
Taking advantage of our robust estimates for Tgqyy in our
QSO sample, we also performed a fit only to the observed QSO
dust temperatures at different redshift in order to investigate the
T qust—z relation in QSOs for the first time. We found A = 29+2K
and B = 0.35 + 0.04. This trend is flatter than Sommovigo’s,
but still agrees well with observed SF galaxies. The majority of
the sources are within the uncertainties, including those from
Schreiber et al. (2018). Three sources with low T4, belong-
ing to the sample of Witstok et al. (2023) (SPT0311-58W,
SPT0311-58E, and A1689—-zD1) agree within 20~ with our rela-
tion, along with another three sources that are well known for

|/ A AL A

QX SMGs, SFgals z=4—-8
Y HYPERION QSOs (This work)
z>6 QS0s (This work)

Fig. 12. Dust temperature as a function of
redshift. Our sample is shown as stars (red
for Hyperion QSOs, green otherwise). Top
panel: Comparison of our results with sam-
ples of local QSOs (PG, blue colormap with
contours, Petric et al. 2015), local star-forming
galaxies (JINGLE, mean value as pink dot,
Lamperti et al. 2019), local ULIRGs (HERUS,
mean value as orange dot, Clements et al.
2018), 2 < z < 7 star-forming galaxies
(SPT, pink colormap with contours Reuter et al.
2020), 2 < z < 5 QSOs (WISSH, yellow
squares, Duras et al. 2017), 4 < z < 7.5 SMGs
and star-forming galaxies (light blue dots,
Witstok et al. 2023), three z > 6.7 REBELS
galaxies (light blue diamonds, Algera et al.
2023), an average-REBELS galaxy (light blue
triangle, Sommovigo etal. 2022), and two
galaxies with very low dust temperatures
at z > 6 (black crosses, Witstok et al.
2022; Harikane etal. 2020). The observed
trends inferred by Vieroetal. (2022) and
Schreiber et al. (2018) are shown as an orange
and green lines and shaded regions, respec-
tively. Our best-fitting curve is shown as a pur-
ple line with a shaded region. The theoretical
relation found in Sommovigo et al. (2022) is
shown as a dashed gray line. The solid black
line marks the CMB temperature level. Bottom
panel: Focus on the comparison to the samples
of local PG QSOs (blue color map with con-
tours) and 2 < z < 5 WISSH QSOs. Our best-
fitting curve considering QSOs alone is shown
as a purple line with a shaded region.

their low dust temperatures (J0217-0208, COS—-3018555981,
and REBELS-25, see Witstok et al. 2022; Algera et al. 2023;
Harikane et al. 2020). As a word of caution, the dust tempera-
ture estimated for J0217-0208 and COS—3018555981 has large
uncertainties because the data available for the two sources are
poor (one or two detections and an upper limit) and because of
the assumption of 8 = 1.5. In particular, for COS—-3018555981,
we show the upper limit on 74, derived in Witstok et al. (2022).
Even if these two sources were excluded from our fit of the
Taust—2z relation, our results would not change. As discussed
in Sommovigo et al. (2022), the scatter seen in Ty, at fixed
redshift can be explained by variations in column density and
metallicity within sources for optically thin and thick galaxies,
respectively. This best-fitting relation is shown as a purple line
with shaded region in the bottom panel of Fig. 12.

6.1.2. Dust emissivity

We now focus on the investigation of the dust emissivity index,
B, which is physically related to the microscopic properties of
dust. Fig. 13 shows the redshift distribution of S for our sample
and the comparison samples. As was also found in Witstok et al.
(2023), B does not evolve with redshift, with a mean value
of ~1.6 = 0.2 (see also Beelen et al. 2006), indicating that the
average dust properties do not change drastically. Interestingly,
other studies of SMGs found a value of S that was closer to
2 on average (e.g., da Cunhaetal. 2021; Cooper et al. 2022;
Bendo et al. 2023; McKay et al. 2023; Liao et al. 2024). There
is no difference (on average) in this case either between the
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Fig. 13. Dust emissivity index, (3, as a function of redshift. The symbols
and colors are the same as in Fig. 12. For the PG, WISSH, and SPT
samples, the symbols are empty to indicate that the value of 3 in these
cases was fixed and not derived from SED analyses.
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Fig. 14. Star formation rate as a function of dust mass. The symbols
and colors are the same as in Fig. 12. The SFRs for the WISSH and our
sample are corrected for a factor of 50% to take the AGN contribution
to the dust heating into account.

QSOs belonging to the HYPERION sample and the others. As a
word of caution, we note that high-z samples are biased toward
high luminosity, and this can introduce a bias toward lower val-
ues of S (see also Witstok et al. 2023). S8 is significantly higher
than 2 in only two exceptions, all of which lie in the high-z
regime: JO100+2802, J036+03 from our sample, and GN10 from
Witstok et al. (2023).

It is not straightforward to assess the physical reasons of
these high S value. In principle, 8 depends on the physical prop-
erties and chemical composition of the grains, and possibly on
environment and temperature. There are cases in which 8 can
be higher than 2 (see, e.g., Valiante et al. 2011; Galliano et al.
2018). Spatially resolved studies in low-z galaxies showed a
spread of 8 within a single galaxy, probably due to the tempera-
ture mixing, the different properties of the grain populations, or
a combination thereof (Galliano et al. 2018). Liao et al. (2024)
discussed how to interpret 8 in terms of dust properties and
suggested that the grain composition plays a significant role in
determining 8. Simulations conducted by Hirashita et al. (2014)
indicated that a 8 value of 2 can result from emission by either
graphite or silicate grains. However, the correlation between the
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exact grain composition and 3 is unclear. In our case, a physical
explanation for the high value of 8 would require studies of the
dust grain properties and/or a detailed analysis of the tempera-
ture mixing, which is beyond the scope of this work.

6.1.3. Dust mass and star formation ratio

In Fig. 14, we compare the SFR versus dust mass of our sample
with results from the PG and WISSH sample of QSOs. In our
sample, five QSOs are the first at z > 6 for which the SFR was
derived with the smallest statistical uncertainty based on high-
frequency observations. As already mentioned in Sect. 5.1, the
uncertainty of ~40% on T gy of J1342+0928 strongly affects the
determination of the SFR, which has a large uncertainty. There-
fore, this QSO is marked with a green circle in the plot. A cor-
relation between the dust content and the star formation activity
is evident in all the three samples, which are at different red-
shifts, with some scatter. This correlation is thought to be a con-
sequence of the Schmidt—Kennicutt relation, linking the SFR to
the dust content through the GDR (see, e.g., Santini et al. 2014).
Overall, the SFR is higher in the z > 2 samples (by ~2 orders
of magnitudes on average), supporting the well-known concept
that high-z QSOs are hosted in highly star-forming galaxies. The
dust masses are higher at high z by <2 orders of magnitudes on
average as well.

Observations of galaxies at low and high z (Dunne et al.
2011; Driver et al. 2018; Pozzi et al. 2020; Beeston et al. 2018)
found that the amount of dust in galaxies has decreased by a fac-
tor of ~2—3 during the last ~8 Gyr, and this was recently repro-
duced by Parente et al. (2023) using the semi-analytic model
(SAM) L-GALAXIES2020. Considering an average value, we
also observe a mild increase in the dust mass from our HYPER-

ION sample (M 'yp = 1.8 X 108 M,,) to the WISSH sample at
lower-z (Mg wissy = 3 % 108 My,), and followed by a drop of

2 orders of magnitude at z ~ 0. Interestingly, here, we observe
a difference within our sample: Four HYPERION QSOs have
lower dust mass than the other z > 6 QSOs, up to more than
about one order of magnitude and a factor of 2 on average. How-
ever, this is a preliminary result because two-thirds of the sample
still has to be analyzed, and we will design future ALMA and
NOEMA observations to complete the overview of the sample.

Even though we focused on QSOs, we recall that the rela-
tion between SFR and dust mass has also been studied in normal
galaxies (Santini et al. 2014; da Cunha et al. 2010; Hjorth et al.
2014) and in SMGs at z = 1-4 (e.g., Dudzeviciate et al. 2020).
Santini et al. (2014) used Herschel observations to estimate the
dust mass of a large sample of galaxies extracted from the
GOOD-S, GOOD-N, and COSMOS fields, and they performed a
stacked analysis on a grid of redshifts, stellar masses, and SFR.
Similarly to us, they found correlations between SFR and dust
mass at different redshifts, from the local Universe out to z = 2.5.
Their analysis revealed no clear evolution of the dust mass with
redshift at a given SFR and stellar mass, indicating that galaxies
with similar properties (in terms of SFR and stellar mass) do not
show a significant difference in terms of dust content across the
cosmic epochs, out to z = 2.5.

It is challenging to assess whether or not there is an evolution
of Mgyt With z at fixed SFR for the samples of QSOs we consid-
ered because the statistics is still poor at high z, especially for
the low My, regime. Moreover, we are not able to explore the
relation involving the stellar mass in our sample because M, esti-
mates are not yet available for our high-z sample. Future JWST
campaigns devoted to the investigation of the stellar content in
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Fig. 15. SFR as a function of the molecular gas mass, My, . The symbols
for our sample are the same as in Fig. 12. We compare our results with
the WISSH sample (Bischetti et al. 2021), with 1 < z < 1.5 QSOs (pink
dots), and with z ~ 0 sources such as galaxies, ULIRGs, QSOs, AGNs,
and narrow-line Seyfert 1 galaxies (symbols and colors in the leg-
end; Saintonge et al. 2011, 2017; Salomé et al. 2023; Shangguan et al.
2020a,b; Rosario et al. 2018; Koss et al. 2021). The gray lines represent
fixed values of the gas depletion time (i.e., the inverse of SFE), which
is reported at the top of the line. The solid black line is the galaxy main
sequence derived by Sargent et al. (2014) considering massive galaxies
(M, > 10""My) up to z ~ 2.

QSOs and galaxies at z = 6 will certainly allow us to perform
these studies in detail (as done in, e.g., Harikane et al. 2023;
Santini et al. 2023).

6.1.4. Star formation efficiency

The efficiency with which gas is converted into stars may
vary by some orders of magnitude depending on the QSO
and galaxy properties, such as luminosity, mass, the presence
of a disk, bulges or mergers, and on cosmic time. At fixed
redshift, the observed strong variation in the gas star forma-
tion efficiency (SFE = SFR/My,) has usually been attributed
to the existence of two distinct star formation laws: a secu-
lar mode in main-sequence (MS) galaxies, and a star-bursting
(SB) mode characterized by short gas depletion timescales
(tgep = 1/SFE < 100Myr; e.g., Solomon & Vanden Bout
2005; Sargent et al. 2014; Daddi et al. 2010; Scoville et al. 2023;
Genzel et al. 2010; Vallini et al. 2024). The Kennicutt—Schmidt
(KS) relation between the Xy, and Zgpr (Kennicutt 1998) is the
most common method for studying the SFE in galaxies. How-
ever, we lack spatially resolved observations for all the QSOs
in our sample. As an alternative, we discuss the integrated KS
relation, considering My, and SFR.

The wide range of SFEs, and thus 74ep, that is spanned
by different galaxies at different cosmic times is shown in
Fig. 15. We compared our results (red and green stars) with
the 2 < z < 5 WISSH QSO sample, 1 < z < 1.5 QSOs
(Frias Castillo et al. 2024), a sample of narrow-line Seyfert 1

galaxies at z < 0.1 (Salomé et al. 2023), 23 PG QSOs at z < 0.1
(Shangguan et al. 2020a,b), 0.025 < z < 0.05 xCOLDGASS
galaxies (Saintonge et al. 2011, 2017), 0.002 < z < 0.09
LIRGs and ULIRGs with CO(1-0) detections from the litera-
ture (Tacconi et al. 2018), and AGNs at z < 0.05 selected from
the Swift-BAT all-sky catalog (Rosario et al. 2018; Koss et al.
2021). As a reference, we also plot the gas MS computed by
Sargent et al. (2014) considering a sample of galaxies at 0 < z <
2 (solid black line). While discussing this comparison, we recall
the possible sources of systematic uncertainties (see also Sects.
5.2, 6.1.6): the assumption of the @ o, the scaling from the CO
ladder for the CO(J — J — 1) transition with J > 1, and the
assumption of Ty, for the cold-dust SED fitting and of the AGN
contribution to the dust heating (for AGN-QSOs only).

Our sample exhibits 74, ~ 107> Gyr, which is smaller by
1-2 orders of magnitude than those of the comparison samples
up to z ~ 2. As pointed out in Sect. 6.1.1, this may be connect
to the high dust temperatures found in our QSOs. Vallini et al.
(2024) modeled the variation in the dust temperature in terms of
gas depletion timescales, optical depth, and metallicity. Based
on the values of Tgu in Table C.3, the implied 74ep of the
Vallini et al. (2024) models agrees with those found from the
observed SFR and My, (see Table C.3).

Moreover, considering the high-z MS derived by
Scoville et al. (2023), our QSO host galaxies are found to
be star-bursting sources. The star-bursting nature of our sample
is also supported by the fact that 74, is lower than that found
considering the relation of Tacconi et al. (2020) for Tgep(z) in
SB galaxies extrapolated up to z ~ 6 (see also Vallini et al.
2024). According to the results of Scoville et al. (2023), for SB
galaxies such as ours, 70% of the increased SFR relative to the
MS is due to the elevated SFEs and not to the increased gas
masses at early epochs.

6.1.5. Gas-to-dust ratio

We computed the GDR for the QSOs in our sample using the
dust and gas masses reported in Table C.3, which were either
estimated in this work or were taken from previous works in the
literature (all references are reported in the table). In Fig. 16,
we present the redshift distribution of the GDR in our sam-
ple compared with the WISSH sample (Bischetti et al. 2021),
a sample of 2 < z < 5 star-forming galaxies hosting a heav-
ily obscured AGN in the Chandra Deep Field-South (magenta
dots, D’ Amato et al. 2020), and a sample of z > 5.5 QSOs (blue
squares Calura et al. 2014). D’ Amato et al. (2020) derived the
dust mass by modeling the SEDs with an MBB in the opti-
cally thin regime assuming 8 = 2.0, and Calura et al. (2014)
also adopted a MBB in the optically thin regime, but assuming
both Tg = 47K and 8 = 1.6 because these two works both
mostly relied on a single data point at 250 GHz. Therefore, these
latter estimates for My, are highly uncertain and, for instance,
Mgyt (GDR) would be lower (higher) by ~2.4 times if a lower
temperature, T4yt = 33 K, were assumed. For the comparison
samples in Fig. 16, the vertical black line represents an aver-
age uncertainty on the GDR of about 0.3 dex, which accounts
for the uncertainties on the cold-dust SED modeling. For our
sample, the dust masses are in constrast constrained with uncer-
tainties smaller than 30% on average. Systematic uncertainties
are also significant when the gas mass is derived from CO tran-
sitions higher than J = 1-0 because this requires assuming a
scaling between the luminosity of the considered CO transition
and of CO(1-0) (see Sect. 5.2). This correction depends on the
CO excitation ladder, which may vary from one source to the
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next depending on the ISM conditions. Given the large system-
atics in the gas mass determination (0.2—0.3 dex for aco and
20—-30% for rgs5 or ry), we did not include error bars in the GDR
plot. We stress, however, that the dust masses in our sample are
derived with the smallest statistical uncertainties. This has never
been achieved before in a sample of QSOs at z > 6. In low-z
galaxies, a GDR ~ 100 is typically observed (e.g., Draine et al.
2007; Leroy et al. 2011), while studies of massive star-forming
galaxies and SMGs out to z ~ 3—-5 found a GDR that might
increase with z, with a typical GDR ~ 120-250 at z ~ 2—4 (e.g.,
Saintonge et al. 2013; Miettinen et al. 2017). In some cases, the
GDR was also found to be <100, as in recent studies of SMGs
(Birkin et al. 2021; Liao et al. 2024). Overall, the WISSH sam-
ple and our sample of QSOs show GDRs above 100 on average
(this value is also commonly assumed when deriving the dust
mass). In particular, our HYPERION QSOs show the highest
GDRs on average (GDRs > 100) of the sources at z > 6. Two
QSO0s, J1319+0950 and J231-20, exhibit particularly low (<50)
GDRs that are comparable with other QSOs from Calura et al.
(2014). The tail of low GDRs in our sample, that is, GDR < 50,
can mostly be attributed to the different dust mass values because
the gas masses are ~10'© My, for all the sources (see Sect. 5.2).
J1319+0950 and J231-20 both have the highest dust masses in
our sample, Mgy ~ (5—6) X 108 M,.

6.1.6. Caveat: Effect of active galactic nuclei on the dust
heating

As mentioned in Sect. 5.1, when the SFR is derived, the presence
of an AGN at the center of the host galaxy likely plays a role in
heating the surrounding dust. In theory, the galaxy is character-
ized by a distribution of dust temperatures that rise toward the
center. Both observations and simulations have shown that in the
innermost region of the host galaxy (~a few hundred parsec),
Taust can be as high as some hundred K, and this is mainly due to
the presence of the AGN as a heating source (Walter et al. 2022;
Di Mascia et al. 2021, 2023). The resolution of our observations
prevents us from performing a spatially resolved study of the
dust emission, and therefore, from isolating the warmer central
dust component. We therefore modeled the dust emission with a
single temperature BB, that is, we mixed the dust emission that
is mainly heated by the stellar distribution with the emission that
is mainly heated by the central AGN. This implies that the SFR
derived above from the best-fit MBB might be contaminated by
the contribution of the AGN to the heating of the dust in the cen-
ter.

To overcome this problem, there are two different possi-
bilities that can also be used simultaneously. First, observa-
tions with a resolution of ~100-300pc can be used to dis-
entangle the warmer dust component, which mainly resides
in the center of the colder and more extended component.
Then, it is possible to fit the warm and cold dust compo-
nent separately, either using two MBBs or with an MBB for
the cold dust emission and a radiative transfer modeling for
the warm dust heated by the AGN. This approach has been
adopted at high-z only by Tsukui et al. (2023) for a QSO host
galaxy at z = 4.4. They found a warm-dust component with
Tustwarm = 87 K and an AGN contribution to the dust heating of
~60%.

The availability of very high-resolution data is still quite rare
at high z, and this approach has indeed not yet been applied
to any QSO at z > 4.4. As an alternative to the spatially
resolved study of the SED, radiative transfer models can be
used to determine the AGN contribution to the dust heating.
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Fig. 16. Redshift distribution of the GDR. The symbols and colors for
the WISSH and our sample are the same as in Fig. 12. We compare
our results with the WISSH sample (Bischetti et al. 2021), a sample
of 2 < z < 5 star-forming galaxies hosting a heavily obscured AGN
in the Chandra Deep Field-South (magenta dots, D’ Amato et al. 2020),
and a sample of z > 5.5 QSOs (blue squares Calura et al. 2014). The
two vertical lines at the bottom right side are the systematic uncer-
tainties induced by the choice of @co and dust mass estimation (black
line, ~0.3 dex) and r¢s or 7 in computing the gas mass (brown line,
~0.1 dex).

Schneider et al. (2015) used a radiative transfer code to follow
the transfer of radiation from the central source and from stel-
lar sources through the dusty environment of the host galaxy of
QSO SDSS J1148+5251 at z = 6.4. For the stellar sources in the
host galaxy, they adopted the SED computed with the PEGASE
population synthesis model using as input the star formation his-
tories, age, and metallicities of the stellar populations predicted
by GAMETE/QSOdust. To account for the emission of the dust
in the host at longer wavelength, they considered two heating
sources, (1) the stellar component and (2) the central AGN. This
latter can account for up to ~70% of the dust emission, sup-
porting the idea that AGN have a strong impact on heating the
surrounding dust. The exact amount of the contribution of AGN
to the dust heating depends on the prescription adopted to model
the central source and the torus. Schneider et al. (2015) tested
alternative but still reasonable models and found that the AGN
contribution can vary from 30% to 70%. Duras et al. (2017) also
investigated the effect of the AGN to the FIR emission in the
WISSH quasars at 1.8 < z < 4.6, using the same approach
as in Schneider et al. (2015). In particular, considering the least
and most luminous QSOs in their sample, they found that the
AGN contribution to the FIR fluxes is 43% and 60%, respec-
tively, pointing toward a mild trend with luminosity. Therefore,
they assumed an average contribution of ~50% to the total FIR
luminosity, which also accounts for the uncertainties in the radia-
tive transfer model and is in line with the average result found in
Schneider et al. (2015).

Considering that the dynamic range of bolometric luminos-
ity, redshift, and properties of the host galaxy of the QSOs in our
sample is quite small and that these properties are remarkably
like those of J1148+5251, the impact of the AGN on the dust
heating may be similar. Therefore, we considered an AGN con-
tribution of ~50% to the dust heating. A precise estimate of the
AGN impact on the FIR emission would require either a spatially
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Table 3. Properties of QSOs in our sample.

QSO z log(Mgu/Mo)  log(Mgyn/Mo) SFR GgH GGaL Angles  Class Refs.
Moyr™'] [108yr'] [108yr '] [deg]

J0100+2802  6.327  10.04+0.27 10.51+0.1 396 2.5 1.8 54  BG(S) [11.[2]
J036+03 6.540  9.49+0.12 10.46 + 0.1 466 1.1 1.8 31 GG  [1],[2]
J0224-4711 6.522  9.36+0.08 10.58+0.3 2485 2.3 6.9 19 GG  [1],[3]
J231-20 6.587  9.50+0.09 10.15+0.2 496 1.0 4.5 13 GG  [11,[2]
J1342+0928 7.540  8.90+0.14 10.56 +0.3 180 3.1 0.5 81 BG  [1],[2]
J1148+5251 6419  9.74+0.03 10.18+0.3 1570 1.1 16 4 GG [1],[4]
J2310+1855  6.003 9.67+00¢ 10.72 +0.1 1855 1 4 15 GG  [5],[6]
J2054-0005 6.390  9.17+0.3 >10.46 730 1.1 2.7 23 GG (2]
J1319+0950 6.133  9.53*0% 11.09+0.1 1197 0.9 1.0 43 S (51, [2]
7183405 6.439 9.41+921 >11.11 894 1.0 0.7 54 BG(S) [5].[2]

Notes. Columns: QSO name; redshift; BH mass; dynamical mass; SFR computed in Sect. 5.1; slope of the relation Ggy—Gygai, exemplified by the
slope of the arrows in Fig. 17; classification of the evolutionary state of each QSO; references for BH and dynamical masses. QSOs above the
double black line belong to the HYPERION sample. SFRs are corrected by a factor of 50% to account for the possible contribution of the AGN
to the dust heating (see Sect. 6.1.6). The dynamical mass for J0224—4711 was preliminarily estimated using the [CII] FWHM from an archival
ALMA observations in band 6. This work is still in progress (Tripodi, in prep.). Classification: BG = BH growth regime, S = symbiotic growth
regime, and GG = galaxy growth regime. J0100+2802 and J183+05 are classified twice; see text (Sect. 6.2).

References. [1] Zappacosta et al. (2023); [2] Neeleman et al. (2021); [3] Tripodi (in prep.); [4] Riechers et al. (2009); [5] Mazzucchelli et al.

(2023); [6] Tripodi et al. (2022). For each line with multiple references,

second reference is for Mgyy.

the first reference is for Mgy and L., which enters in Mgy, and the
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Fig. 17. BH mass vs. dynamical mass for
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erwise), WISSH QSOs at z 2—-4 (gray
diamonds; Bischetti et al. 2021), and luminous
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resolved study of the SED or radiative transfer modeling. The
former is not yet feasible because of the lack of high-resolution
data, and the latter is beyond the scope of this project, but will
be the goal of future investigations.

6.2. Evolutionary paths

As mentioned in Sect. 1, the BH masses of luminous QSOs at
Z 2 6 can be extremely high for their cosmic epoch, of about
> 10° M. The temporal window within which they could have
accreted their mass spans approximately 650—750 Myr (consid-
ering a possible seeding era at z = 15-22). These masses are

based on the value of Ggy. The thin red
arrows indicate upper limits on the dynamical
mass.

|
11.50

not lower than those of hyperluminous QSOs at lower redshift,
meaning that the BH growth had to be a fast process and that
the process had to stop with a similarly high efficiency after the
rapid build-up. QSOs at z > 6 indeed appear to lie above the
local Mg—Mgyn correlation, and thus the BH growth seems to
precede that of its host galaxy (Volonteri 2012; Pensabene et al.
2020; Fan et al. 2023).

Focusing on the BH dominance evolutionary scenario, which
seems to be the most likely formation path of local mas-
sive galaxies, we can distinguish two large regimes: the first
regime is characterized by an intense and predominant growth
of the BH, and the second regime is marked by an intense and
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predominant growth of the host galaxy'?. Additionally, a tran-
sition phase can be imagined in which the growth of the two
components is in almost perfect balance (a symbiotic growth).
Already at 6 < z < 8, SMBHs have reached masses similar to
those observed in the most massive local galaxies. This implies
that the SMBH growth has to slow down. At these redshifts, we
may therefore be able to witness QSOs in their transition phase
toward the galaxy regime or in the galaxy regime, for instance,
moving toward the local relation in the Mgy—Mgyn plane.

In the following, we quantitatively characterize the three
different regimes outlined above (BH dominated, galaxy dom-
inated, and symbiotic). For this purpose, we defined the growth
efficiency of the galaxy as Ggy = SFR/Mg,, where Mg, =
Mgy,—Mgy is the mass of the galaxy, and the SFR was cor-
rected for the QSO contribution. This term is a lower limit to
the specific SFR of the galaxy defined as SFR/M,., which might
be a better probe of the galaxy growth in principle. We did not
use the specific SFR because the stellar mass is not yet avail-
able for most high-redshift QSOs. We derived the BH growth
efficiency as Ggy = (1 — €)Mpy/Mgy, wWhere € is the radiative
efficiency, and Mgy is the BH accretion rate that depends on
the bolometric luminosity of the source!'. We assumed € = 0.1
(e.g., Marconi et al. 2004), and we used the BH mass derived
from the MgIl emission line. Comparing these two terms, we
distinguished among (1) Ggy > Gga or black-hole-dominance
regime, (2) Gpy = Ggg Or symbiotic growth, and (3) Gy < Ggal
or galaxy-dominance regime. The proportionality factor between
Ggu and Gg, that allowed us to distinguish among these differ-
ent regimes can be straightforwardly translated into an angle,
that is, an angle >45° corresponds to the BH-dominance regime,
an angle ~45° to the symbiotic growth, and an angle <45° to the
galaxy regime. The properties derived for our sample of QSOs
are summarized in Table 3. In particular, the SFRs were derived
in this work, the BH masses and bolometric luminosities for
Mgy (Zappacosta et al. 2023; Mazzucchelli et al. 2023), and the
dynamical masses (Neeleman et al. 2021; Riechers et al. 2009;
Tripodi et al. 2022) were taken from the literature as reported in
the last column of Table 3.

Before we discuss our results, it is important to briefly illus-
trate the possible caveats. As reported in Table 3, both Mgy and
Mgy, carry large systematic uncertainties'? (0.1-0.3 dex). Addi-
tionally, even though the SFR was derived with high statistical
accuracy and corrected for a reasonable AGN contribution (50%;
see Sect. 6.1.6), this contribution may in principle vary from
~30% to 70%. These uncertainties (a factor of ~2 for Mgy and
Mgy, and a factor of ~1.5 for the SFR) affect the inferred evo-
lutionary scenario because Ggy may vary by a factor of 2 and
Ggal by a factor of 3 at most. Keeping in mind these systematics,
we discuss our results below, based on the best-fitting values for
Mgu, Mgy,, and SFR (reported in Table 3).

We evaluated the evolutionary state of the QSOs in our sam-
ple. Fig. 17 presents our results, where the HYPERION QSOs
in our sample are shown as a star with green contours, and the
other QSOs in our sample as a star with red contours. The stars
are color-coded as a function of Gg,. The slope of the arrows

1 As a note of caution, we must emphasize that during the BH-
(galaxy-) dominated regime, the galaxy (BH) is still growing, but more
slowly and/or less efficiently than the BH (galaxy).

" Mgy = Lyoi/ (e ¢?), where c is the speed of light.

12 The errors reported on Mgy, take into account the systematics due to
the circular velocity and the radius of the galaxy used to derive Mgy,
(see also the discussion in Neeleman et al. 2021). For the majority of
the QSOs in our sample, Mgy, was derived in Neeleman et al. (2021) in
a consistent way.
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associated with each star corresponds to the angle reported in
Table 3, that is, to the proportionality factor of the Ggg—Ggal
relation. Given the large systematics quoted above, we did not
draw the uncertainty of the arrows for clarity. Overall, the growth
of the QSOs in our sample is mainly dominated by the galaxy,
or it is symbiotic (see also Table 3). In particular, the color-code
of the stars shows that the closer a QSO to the local relation, the
slower the growth of the galaxy on average.

In Tripodi et al. (2022, 2023b), we investigated the evo-
lutionary path of J2310+1855 and JO100+2802 in detail. For
J0100+2802, we found Gy > Ggal, suggesting that the BH
still dominates the process of BH-galaxy growth in this QSO
at z = 6.327'3. On the other hand, in QSOJ2310+1855 at
z ~ 6, AGN feedback might be slowing down the accretion
onto the SMBH, while the host galaxy grows fast (Tripodi et al.
2022; Bischetti et al. 2022). One of the likely causes of the slow-
down of the SMBH accretion is radiatively driven AGN winds
that impact on the accreting matter, providing enough momen-
tum to stop further accretion, and which can further propagate
outward on the scale of the host galaxy. In J2310+1855, the
SMBH accretion may be limited by the ionized wind traced
by a CIV broad absorption line (BAL) system (Bischetti et al.
2022). J2310+18655 also shows evidence of a [CII] outflow
approximately located in the central kiloparsec, with an out-
flow mass My, = 3.5 x 103M,. Additionally, Shao et al.
(2022), Butler et al. (2023) detected molecular outflows traced
by OH and OH+. QSO J231-20, which shows a galaxy growth
similar to J2310+1855, is also a BAL QSO (Bischetti et al.
2022). Additionally, evidence of high-velocity [CII] emission
wings and/or OH absorption wings indicating powerful and
fast outflows was found in J2054—0005 (Salak et al. 2024),
J1148+5251 (Maiolino et al. 2012; Cicone et al. 2015), and ten-
tatively in J1319+0950 (Herrera-Camus et al. 2019). For all of
these QSOs, the angles of the Ggg—Gga relation are <45°.
Therefore, the onset of the symbiotic or galaxy dominated
regime may be linked to a phase of strong feedback that hampers
the BH growth. Three QSOs still experience a BH-dominated
growth: J0100+2802, J1342+0928, and J183+05. J0100+2802
and J1342+0928, both belonging to the HYPERION sample,
have the highest and lowest BH mass in our sample, respec-
tively. Given that the locally observed SMBH masses do not
exceed 10! My, and that the BH of JO100+2802 is the most
massive observed at z > 6 with already 10'°M,, a substan-
tial BH growth is an unlikely prospect. BH-dominated growth
therefore is indeed a peculiar scenario for JO100+2802. Con-
versely, it is likely that J13424+0928 is in the process of strong
BH growth given its low BH mass. Interestingly, J183+05 is
closest to the local relation. Both in JO100+2802 and J183+05,
high-velocity wings were detected in [CII] and OH, respectively
(Tripodi et al. 2024; Butler et al. 2023). The outflows here might
also be related to the fact that both QSOs may be approaching a
phase of symbiotic growth. For the uncertainties on Mgy, Mayn,
and SFR quoted above, both J0100+2802 and J183+05 would
fall in the symbiotic-growth regime on average. The other QSOs
in our sample would keep the same classification as reported in
Table 3.

To summarize, our study suggests that QSOs at z > 6 expe-
rience a phase of intense galaxy growth. This may be connected

13 The slope of the arrow in Tripodi et al. (2023b) is higher than
reported in this work. This is because the SFR was computed using
the Chabrier IMF rather then the Kroupa IMF (as in this work), which
yielded an SFR that was lower by a factor of ~0.7 than in this work, and
therefore, to a lower Gy, and a higher slope of the arrow.
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to the emergence of strong outflows that are able to regulate the
BH growth. On the Mpyp—Mgy, plane, high-z QSOs appear to
converge toward the massive end of the local relation. This sug-
gests that they are viable and plausible candidate progenitors of
the massive galaxies found in the local Universe.

7. Summary

We exploited newly acquired and archival ALMA observations
to perform an analysis of the cold-dust SED in a sample of ten
QSOs at z > 6, deriving the dust properties and SFR with the
smallest statistical uncertainty (<10—-25%). We also investigated
the molecular gas in our sample in order to estimate the GDR.
The final goal was to discuss the evolutionary path of the QSOs
in our sample by assessing whether high-z QSOs can be con-
sidered the progenitors of local massive galaxies. We divided
our sample into two subsamples depending on whether they
belonged to the HYPERION sample. The HYPERION QSOs
experienced an intense and rapid SMBH growth, and we there-
fore aimed to examine whether they showed similar or distinct
properties in terms of host galaxies compared to other QSOs at
the same redshift. We summarize our main findings below.

— The analysis of the CO(6—5) and CO(7-6) emission lines
in select QSOs provides insights into their molecular gas
masses, which average around 10'°M,, which is consistent
with typical values for high-redshift QSOs. Our findings sup-
port the picture in which high-z QSO host galaxies have
large gas reservoirs that constitute the fuel for star formation.
The combination of this information with the SFR and dust
masses estimated from the analysis of the SEDs can provide
crucial insights into the galaxy assembly and evolution.

— Proprietary and archival ALMA observations in bands 8 and
9 enabled precise constraints on the dust properties and SFR
of four QSOs at z > 6 for the first time. Taking advantage
of these new results, we developed a mean cold-dust SED
by combining all the observations available at 50pum < 4 <
500 um for the ten QSOs in our sample. This offered a com-
prehensive view of the dust properties in the QSO hosts.

— Our investigation of the redshift distribution of dust temper-
atures revealed a large scatter in dust temperature between
QSOs and typical star-forming galaxies at fixed redshift, but
indicated a general trend of increasing Tq,s With redshift, as
theoretically expected. Considering the whole population of
galaxies at 0 < z < 7, our best-fitting T4us—z relation is of
the form Ty oc (1 +2)%7*%1, which is steeper than expected
from theory (Tau o (1 +2)*# (see Sommovigo et al. 2022).
This implies that the variation in Tg. in different sources
has non-negligible dependences on other physical proper-
ties, such as optical depth and metallicity. When we focused
on QSOs alone, we recovered the theoretical results with
Tdust oc (1 + Z)O'3Si0'04.

— Investigating the variation in the dust emissivity index S
with redshift, we found that it is approximately constant
with z (8 ~ 1.6), indicating that all sources share similar
dust properties. Two QSOs, J0100+2802 and J036+03, show
B > 2, suggesting that they may have peculiar dust proper-
ties. The analysis of the dust extinction curves in the rest-
frame UV-optical could provide complementary information
on the properties of dust in these QSOs.

— All the QSOs in our sample are highly star forming, with
an SFR ~ 200-2000 Mg, yr~'. Compared with local QSOs,
the SFR is higher at z > 2 by ~2 orders of magnitudes on
average, ranging from few hundred to thousands of Mg yr~!.
This supports the well-known concept that high-z QSOs are

hosted in highly star-forming galaxies. The dust masses are
higher at high z as well, by <2 order of magnitudes on aver-
age. As a preliminary result, the dust masses of the HYPE-
RION QSOs in our sample are lower on average (about a
factor of 2) than the other QSOs in our sample.

— The observed high SFR in our sample yields high SFEs, and
thus, very low gas depletion timescales (4ep ~ 107> Gyr).
The latter is connected to the observed high dust tempera-
tures and indicates that the nature of our sample’s host galax-
ies is indeed star bursting. In order to derive firm conclusions
on the SFE in high-z QSOs, we need a systematic study of
the SFE in a larger sample that includes QSOs at lower lumi-
nosities.

— We found a large scatter of the GDR in our sample, from 30
to 250. The lowest measured GDRs are due to massive reser-
voirs of dust, Mg, ~ 5—6 x 108 M, which pose challenges
to theoretical modeling of dust formation. Interestingly, the
HYPERION QSOs show the highest GDRs in our sample
owing to their lower dust masses, Mau ~ 2—-9 x 107 My,
whereas their H, gas reservoirs are in line with those previ-
ously found in QSOs at the same z (My, ~ 10'° My).

— We were able to investigate and discuss the evolutionary
path of our sample of ten QSOs with an accurate determi-
nation of the dust properties and SFR. Our study suggests
that QSOs at z > 6 experience a phase of rapid galaxy
growth. This may be connected to the emergence of strong
outflows that are able to regulate the BH growth. BALs were
indeed detected in J2310+1855 and J231-20 (Bischetti et al.
2022), and evidence of powerful and fast outflows was
found in J2310+1855 (Tripodietal. 2022; Shao et al.
2022; Butler et al. 2023), J2054—0005 (Salak et al. 2024),
J1148+5251 (Maiolino et al. 2012; Cicone et al. 2015), and
tentatively in J1319+0950 (Herrera-Camus et al. 2019). On
the Mpy—Mgy, plane, high-z QSOs appear to be converg-
ing toward the massive end of the local relation. This makes
high-z QSOs viable and plausible candidate progenitors of
massive galaxies found in the local Universe. Interestingly,
the average pathway pursued by high-z QSOs to end up as
local massive galaxies involves an intense BH growth, which
is supported by the upward offset from the local Mpg—Mgyn
relation, followed by a substantial growth of the galaxy. This
is in contrast with the picture of the formation of massive
local galaxies via symbiotic growth. Our scenario is further
supported by the evidence of a stellar bulge in J2310+1855
(Tripodi et al. 2023a), which indicates that the structure of
QSOs at z ~ 6 is surprisingly similar to that typical of local
massive galaxies.
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Appendix A: Individual objects
A.1. SDSSJ010013.02+280225.8 (HYPERION)

For QSO SDSSJ010013.02+280225.8 (hereafter J0100+2802)
at zicm = 6.327 (Wang et al. 2019b), Wu et al. (2015) estimated
a bolometric luminosity of Lye = 4.29 X 10'* L, and a BH mass
of Mgy = 1.24x10'° M, making it the most optically luminous
QSO with the most massive SMBH known at z > 6. Both mea-
surements have been recently confirmed by JWST (Eilers et al.
2023). Wang et al. (2019b) performed a multi-frequency analy-
sis of the dust SED, but they could not obtain a precise deter-
mination of the dust properties, concluding that J0100+28 has
either a high dust emissivity (8 > 2) or a high dust temperature
(Tqust = 60K), or a combination of thereof.

A.2. PSOJ036.5078+03.0498 (HYPERION)

PS0J036.5078+03.0498 (hereafter J036+03, Venemans et al.
2015) at z = 6.5405 was observed for the first time in the
Pan-STARRS1 survey (Venemans etal. 2015), and it has a
BH mass of Mpumen = (2.69 — 3.09) x 10°M, from the
analysis of Mgll emission line and a bolometric luminos-
ity of Ly = (2.13 — 3.16) x 10* ergs™! (Zappacosta et al.
2023; Mazzucchelli et al. 2023). Decarli et al. (2022) studied
the CO(6-5), CO(7-6) and [CI],_; emission lines of this QSO
host with NOEMA observations, and they found Lcoe-s5) =
12.7 x 10° Kkms™! pc?, Leog—g) = 10.7 x 10° Kkms™! pc? and
Licyp = 5.7 x 10° Kkms ™! pc?, implying a molecular gas mass
of MH2,CO = SOﬁgg x 1010 Mg and MHZ,[CI] = 7132 x 1010 M.
The [CII] emission shows ordered motion, with a clear and reg-
ular velocity gradient in the moment-1 map and v, /0" > 3, and
it has a Licm = 3.38 X 10°L, and a size of ~ 2.4 x 1.6kpc2
(Venemans et al. 2020; Neeleman et al. 2021). From the model-
ing of the velocity rotation they estimated a dynamical mass of
Myy, = 2.9:1):% x 10'°M,, and from the [CII] underlying con-
tinuum emission they derived a gas mass of My cont = 2.8%]7 X
10'M,, assuming a gas-to-dust ratio of 100 and a molecular-
to-total gas mass fraction of 0.75. Greiner et al. (2021) did not
find any companion brighter than M 450(AB) < —26 mag within
0.1-3.347" comoving Mpc search radius, using the simultaneous
seven-channel Gamma-ray Burst Optical/Near-infrared Detec-
tor, confirming the results of Venemans et al. (2020), who did
not detect any companion for this source using ALMA observa-
tion of [CII] emission.

A.3. VDES J022426.54-471129.4 (HYPERION)

VDESJ022426.54-471129.4 (hereafter J0224-4711, Reed et al.
2017) at z = 6.5222, firstly discovered by Reed et al. (2017),
is one of the most X-ray luminous QSOs at z > 5.5 and
the most X-ray luminous QSO at z > 6.5 (Pons et al. 2020;
Zappacosta et al. 2023). It belongs to the HYPERION sample,
the XQR-30 sample and the ASPIRE survey (Yang et al. 2023).
It has a bolometric luminosity of Ly, = 3.47 x 104 ergs~!, and
BH mass of Mpymen = (1.30 — 2.29) x 10° My, from the anal-
ysis of MglIl emission line (Reed et al. 2019; Wang et al. 2021;
Zappacosta et al. 2023; Mazzucchelli et al. 2023) and Mgy ng =
2.15x10° M, from the analysis of H emission line (Yang et al.
2023). It has the most extreme broad and blueshifted [OIII]
lines observed to date, even compared to observations of lower-
redshift QSOs, with a velocity shift of —1690kms™! relative
to the narrow [OIII], suggesting powerful ionized outflows
(Yang et al. 2023).

A220, page 24 of 29

A.4. PSOJ231.6576-20.8335 (HYPERION)

PS0J231.6576-20.8335 (hereafter J231-20) at z = 6.587
has been discovered using the Pan-STARRSI survey
(Mazzucchelli et al. 2017), and it is one of the brightest
objects at z > 6.5. Decarli et al. (2017) detected a [CII]-bright
nearby companion at <10kpc separation. Pensabene et al.
(2021) performed an extensive study of both the QSO and its
companion, detecting [NII], CO(7-6), CO(10-9) emission lines,
two OH transitions and their underlying continuum in both of
them. Additionally, the CO(15-14), CO(16-15) and three tran-
sitions of H,O emission line have been detected for the central
QSO. Analyzing the cold-dust SED of both the QSO and its
companion, they derived Tqus = 54 K, Mgy = 5.1 x 103 M, and
Taust = 35—46 K, Mgy = (2.3-3.4)x 103 My, respectively. The
estimates on the dust temperature suffer of high uncertainties
given that they lack of high-frequency observations to probe
the peak of the SED. (Neeleman et al. 2021) found a dynamical
mass Mgy, = 1.4 x 10'° M, from the modeling of the velocity
rotation curve, and reported a BH mass of Mgy = 4.1 X 10° M,.
Finally, Bischetti et al. (2022) classified this as a broad absorp-
tion line (BAL) QSO, indicating that J231-20 may be caught in
a phase of strong BH feedback.

A.5. ULAS J134208.10+092838.35 (HYPERION)

ULAS J134208.10+092838.35 (hereafter J1342+0928) at z =
7.54, the most distant QSO known to date, was discovered by
Banados et al. (2018) who reported an absolute AB magnitude
M 450 = —26.8, bolometric luminosity of Ly, = 10'® Lo, and an
SMBH mass of 8 x 108 M. It was followed-up with NOEMA
resulting in the detection of bright [CII] emission and upper
limits on several CO lines (Venemans et al. 2017). Novak et al.
(2019) presented ALMA observations of the dust continuum
and the ISM of the host galaxy J1342+0928. They well con-
strained the Rayleigh-Jeans tail of the dust SED, deriving a
Mgus = 3.5%10” M and a SFR~150 Mg, yr~!, fixing the temper-
ature at 47 K. They also detected many atomic fine structure line,
such as [CII], [NII], [OIII], and limits on [CI], [OI] and multiple
CO transitions (with a tentative stack detection).

A.6. SDSSJ114816.64+525150.3 (HYPERION)

SDSSJ114816.64+525150.3 (hereafter J1148+5251) at z =
6.42 was discovered by Fan et al. (2003) who reported an abso-
lute magnitude of M4s0 = —27.82. It is one of the most
studied QSOs at high-z. It was observed by Subary Telescope
(Iwamuro et al. 2004), Spitzer (Jiang et al. 2006; Hines et al.
2006) and Herschel (Leipskietal. 2013), and therefore this
allowed a full modeling of the SED of this QSO (Li et al.
2008; Valiante et al. 2011; Schneider et al. 2015; Carniani et al.
2019). In particular, Schneider et al. (2015) derived that the
AGN contribution to the dust heating in this QSO can be between
30% and 70%. Gallerani et al. (2014) detected an exception-
ally strong CO(17-16) line in this QSO with the Plateau de
Bure interferometer (PdBI) and performed a detailed analysis
of the CO SLED using previously detected lower CO transitions
(Bertoldi et al. 2003; Walter et al. 2003; Riechers et al. 2009).

A.7. SDSSJ231038.88+185519.7

QSO SDSS J231038.88+185519.7 (hereafter J2310+1855), first
discovered in SDSS (Jiang et al. 2006; Wang et al. 2013), is
one of the most FIR-luminous QSOs and one of the brightest
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optical QSOs known at z ~ 6, with Ly, = 9.3 x 10'3 L. The
redshift measured with the QSO rest-frame UV line emission
is z = 6.00 = 0.03 (Wang et al. 2013). Feruglio et al. (2018)
detected and analyzed the CO(6-5) and [CII] emission lines
and the submm continuum of J2310+1855, deriving a size of
the dense molecular gas of 2.9 + 0.5kpc and of 1.4 + 0.2kpc
for the 91.5 GHz dust continuum and a molecular gas mass of
MH,) = (3.2 +0.2) x 10'°M,. They estimated a dynamical
mass of Mgy, = (4.1fg:§) x 10" My, measuring a disk inclina-
tion of i ~ 50 deg. They also inferred the BH mass from the CIV
emission line, measured in the X-shooter/VLT spectrum of the
QSO, obtaining Mgy = (1.8 + 0.5) X 10° M. Shao et al. (2019)
presented a detailed analysis of the FIR and submm SED and
derived a dust temperature of T ~ 40K, a dust mass of Mg,s =

1.6 x 10° Mo, a FIR luminosity L{1 """ = 1.6 x 10" Lo, and

an SFR= 2400-2700 Mg, yr’l. D’Odorico et al. (2018) detected
a very metal-poor, proximate damped Lyman « system (DLA)
located at z=5.938646 + 0.000007 in the X-shooter/VLT spec-
trum of J2310, which was associated with a CO emitting source
at z = 5.939. This source, called Serenity-18, was detected
through its CO(6-5) emission line at [RA, DEC] =23:10:38.44,
18:55:21.95.

A.8. SDSS J205406.49-000514.8

SDSS J205406.49-000514.8 (hereafter J2054-0005) at z = 6.39
was selected from SDSS stripe 82 with m 450 =20.60, that is,
about one magnitude fainter than the objects discovered from
the SDSS main survey (Jiang et al. 2008). Leipski et al. (2014)
reported observations in band z, y, J, H, K and with Her-
schel, however they were not able to fully study its SED due
to lack of observations in the mm/submm regime. Wang et al.
(2013) reported a BH mass of Mgy = 8.6 x 108 M, later
updated to Mpy = 1.48 x 10° M, using the MgII emission line
(Neeleman et al. 2021). Neeleman et al. (2021) studied the rota-
tion curve of J2054-0005 using a high-resolution ALMA obser-
vation of the [CII] emission of this object, and they determined
a lower limit for the dynamical mass of Mgy, > 2.9 X 10'° Mo,

A.9. ULASJ131911.29+095051.4

ULASJ131911.29+095051.4 (hereafter J1319+0950) at z =
6.133 was discovered in the UKIRT Infrared Deep Sky Sur-
vey (UKIDSS) with m450 = 19.65, which lies in the typical
magnitude range of the optically bright z ~ 6 quasars selected
from the SDSS main survey (Mortlock et al. 2008). Wang et al.
(2011) detected the CO(6-5) emission line and its underlying
continuum, deriving a gas mass of Mg = 1.5 x 10" M,
Later, Wang et al. (2013) analyzed the [CII] line emission and
underlying continuum, deriving a dynamical mass of Mgy, =
12.5 x 10'° My, (also confirmed by Shao et al. 2017). Shao et al.
(2017) estimated a BH mass Mgy = (2.7 + 0.6) x 10° M, from
the MglI line, which contributes 2% of the dynamical mass of
the system. Carniani et al. (2019) performed a detailed study
of the cold-dust SED of J1319+1950 deriving a dust mass of
log(Mgust/Ms) = 8.8 £ 0.2 and a dust temperature of Tgyy =
66*]; K. Herrera-Camus et al. (2020) tentatively detected the
OH 119 um doublet in absorption, which is blueshifted with a
median velocity that suggests the presence of a molecular out-
flow, although characterized by a modest molecular mass loss
rate of ~ 200 Mg yr~.

A.10. PSOJ183.1124+05.0926

PSOJ183.1124+05.0926 (hereafter J183+05) at z = 6.439 was
discovered by Bafiados et al. (2018) using color-color selec-
tions from the Pan-STARRS1 database (Chambers et al. 2016)
and follow-up photometric and spectroscopic observations. The
[CII] luminosity in this source is the highest among 27 quasars
at z > 6 surveyed in (Decarli et al. 2018). J183+05 showed
a clear velocity gradient however, given the resolution of the
observation, only an upper limit to dynamical mass has been
derived Mgy, > 1.3 X% 101 M, from the study of its rotation curve
(Neeleman et al. 2021). It has a BH mass of Mgy = 3.0x10° Mg
derived from Mgll emission line. Recently, Decarli et al. (2023)
analyzed the cold-dust SED of this QSO in detail, deriving
Tast = 47 £ 2K, Myyq = (8.7 £ 1.1) x 108 M, and SFR =
1330 Mg yr~!. They also presented a multi-line study of this
object, reporting detections of [CII], [OIII], [NII], CO(7-6), OH
and two H,O transitions.

Appendix B: Analysis of continuum emission from
archival observations

B.1. QSOJ036+03

We analyzed the three ALMA observations available in B6 and
B7 for J036+03, and we derived continuum flux densities and
sizes at 243.11 GHz, 260.53 GHz and 338.71 GHz, performing
a 2D Gaussian fit with CASA for each observation. All contin-
uum emissions at these frequencies are spatially resolved and
the values for flux densities, peak fluxes and sizes are reported
in Tab. C.1.

In order not to miss the fainter and more extended flux,
we tapered the higher resolution observations at 243.1 GHz and
260.5 GHz, performing the imaging with uvtaper=[0.9 arcsec],
reaching a resolution of ~ 0.7 x 0.7 arcsec® and of ~ 0.88 X
0.83 arcsec? respectively. The sources in the tapered maps were
fitted with the CASA 2D Gaussian fit, and the new contin-
uum fluxes are reported in bold within brackets in Tab. C.1.
At 243.1 GHz, the higher resolution observation missed ~
20% of the flux. Similar flux losses were also seen by
Wang et al. (2019b) when analyzing high resolution observa-
tions of QSO JO100+2802. We checked that there was no further
flux gain if tapering at even lower resolution.

B.2. Q50J0224-4711

We analyzed the three ALMA observations available in B3 and
B6 for J0224-4711, and we derived continuum flux densities and
sizes at 95.33 GHz, 245.67 GHz, and 260.51 GHz, performing a
2D Gaussian fit with CASA for each observation. The two B6
continuum emissions are spatially resolved and the values for
flux densities, peak fluxes and sizes are reported in Tab. C.1. The
emission in B3 is not resolved (see left panel of Fig. 3), therefore
we considered the peak flux as total flux of the source, which is
0.103 = 0.009 mJy/beam, analogously to B8 and B9.

Also for this object, we tapered the higher resolution obser-
vations at 245.67 GHz and 260.51 GHz, performing the imag-
ing with uvtaper=[0.7 arcsec], reaching a resolution of ~
0.7 x 0.7 arcsec®. The sources in the tapered maps were fit-
ted with the CASA 2D Gaussian fit, and we found no gain
in flux even when tapering both observations at even lower
resolution.
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B.3. QSO J2054-0005

We analyzed the continuum emission at different frequencies of
J2054-0005 from the archival observations reported in Tab. C.1.
The analyses were carried analogously to the ones of J036+03
and J0224-4711, and the info about the fluxes and sizes obtained
are reported in Tab. C.1.

We tapered the higher resolution observations at 92.26 GHz,
262.6 GHz, and 488.31 GHz using uvtaper=[0.7 arcsec], in
order to account for the more extended and fainter emission. We
achieved a resolution of 1.0 x 0.89 arcsec?, 0.88 x 0.82 arcsec?,
and 0.88 x0.81arcsec? for the 92.26GHz, 262.6GHz and
488.31 GHz observation, respectively. We did not find any fur-
ther emission for the lowest frequency observation, while we
gained ~ 5% of the flux in the other two observations.

B.4. QS0OJ231-20

Fig. B.1 shows the B8 continuum emission of QSO J231-20.
Details on the analysis can be found in Sect. 4.1.4.

A220, page 26 of 29

J231-20 B8

) 6
(D]

5]

O —
S 4 &
D 2
77 >
8:1 —
3 R
Q

(D]

- 0

5 0 -5
RA-offset (arcsec)

Fig. B.1. 406 GHz dust continuum map of QSOJ231-20 (levels
-3,-2,2,3,5,10, and 150, o = 0.5mly/beam). The clean beam
(4.3 x 2.9 arcsec?, PA=-85.8°) is indicated in the lower left corner of
the diagram. The cross indicates the position of the continuum peak.



“uoIssIue OSQO Ay 03 uoruedwod Ay JO UOHNGLIIUOD JY) J0f PAJIALIOD XN :(,, "UOHBAIISQO 33 Jo (] 309foid (01) "(0Z07) T8 10 suewauaA [Z] {(2207) T8 19 113829 [1] {(dL) 1oded siyy, :s90usiojoy
(6) "UOISSIWID WINNUNUOD PIA[OSAI 3Y) JO OdY UL 9ZIS () ‘UOISSIUUD WNNUNUOD PIA[OSIL A} JO 09SOIR UL AZIS (L) ‘(S190RIq PUB Pl UI) AIBSSI00U USYM UONN[OsAI pardde) v 18 pue UONBAIIS]O
9Y) JO UONN[OSAI [BUIWIOU ) JB UOISSIWA WNNURuod 3y} Jo xnjj yead (9) {(s193orIq pue p[oq ur) A1BSS900U UM UOIIN[OSAI paidde] B Je pue UOIBAIISQO 9} JO UOIIN[OSII [BUILIOU Y} J& UOISSIWD
wnnupuod Y} Jo AJsudp xny (¢) ‘dew wnnunuod ay) Jo s'wrl () ‘dew wnnuRuod ay) Jo Weaq Ued[d () SUOISSIWD wnnunuod Ay} Jo Aouanbasy paarasqo (7) ‘OSO 1931, (1) :suwnjo)) *SAPON

A220, page 27 of 29

Tripodi, R., et al.: A&A, 689, A220 (2024)

S$7€9010°1°910C dL 61 X89T P¥COX6C0 87 0FSC8 Y60+ L86 00 LSOXE90  L6VLY
(90°0FLLOD)  (IT°0OFILID
S'S6TT0'T'LT0T dL L8OX6ET SI'OXYCO  CI'0FSO'6 STOFTCETL ¥90°0 LEOXEYD  TE88Y
S$'88010°T°LT10CT dL PETIXTOT €T0XECO  CO0F067C €0'0+80°¢ 0100 CI'TXETT  €6'€9¢
®0'0FvLD  (LO0OFE6D
S7CL900°T'610C dL L8OXOI'T STOX6I0 €00FLIC 90'0F¢8C 6100 6C0X¢ee0  979C
S'68C10°1'810C dL IVOXLST LOOXLZO ¥00°0+9900 600°0F<C80°0 900°0 Ce0OXTro0 96 S000-7S0¢CrL
»I€0F¥L9
S'¥9000°C 120C dL - - 6£0F V8 6€0FEV'S 00 06TXSey  8Y890Y 0c-1eer
STIS1007C 120C dL - - 960+ 661 960+ 661 el S6'0X80°T  960L9
S'IS1007C'120T dL - - 8COFELS 8EOFELS 880 6L TXL8E  6I'S0v
S¥€600°1'120C dL 00 TXTI'T 8I'0X0CT0 S0'0+080 SCOFI0¢E €100 ITOXET0  1S09¢
S'88110°1°810C dL PEIXEOT €€0XSe0  CO0Forl S00+¢€07C ¥20°0 9G°0X9¢0  L9SPC
STLYIOTLIOT dL - - 0100 F¥60°0  0I0'0 F ¥60°0 9100 CETXE6'E £€°66 LI Ly-¥CC0L
STIS1007C 120C dL - - 69°0+09°¢ 69°0+09°¢ 00 L6OXTI'T  C6'0L9
STIS100°C 120T dL - - 6£0F¢99 6€0F¢€99 090 eVIX0I'c 6670V
S'06LT0°T°810C dL CTIXCLT CTTOXICO0 €00+ 69Y SO0FvSS €00 PSOXLLO  TL'8EE
T0'0F1ILD  (€0°0FS6D
$°66£00°1°S10T [TIdL 00 1XTTT SI'0XTC0  ¥00OFSTI el'0F 8¢ 100 LTOX8I0  €509¢
(€000F2C0) (900 F €+
S€e910°T'610C dL 8LOXY6'0 ¥I'OXLI'O  CO0F¥S0 I'0+60¢ L00°0 80°0X<CI'0  TI'tvc
(VINHON) dDLIS (1] - - - 00F€l0 8¢€0°0 geEXT9 L6901 €0+9¢0r1
[;ody] [;09s01e] [Arua] [Arua] [wreaq/A[ua] [;09s01e] (ZHD)
dj 1eloig NEN 71§ 71§ xng yed Arsuop xnf{  Ju0d swrl juodo weag  baiy sqo 0SO

S000-+SOTL PUe ‘0T-1€TI ‘T 1LF-#TTOl ‘€0+9E0[ 10J sarouanbaly JuaIoyIp J& UOISSIWS Wnnunuo) *I*) dqEL,

s9|qe] 9 xipuaddy



Tripodi, R., et al.: A&A, 689, A220 (2024)

"UONOBNQNS WNNUNUOD J[GRI[AI B dnsud 0} pueq dpis 1oddn oy ut smopurm [e103ds 0m) oY) paUIqUIOd 9m ‘(;_S W OO [ ~) SOBIOO[OA-YS1Y 03 dn UOISSIWS pamoys z08Z+01 10f JO [[ID] oy douts
‘e "S"0=1SnqoI Y1im SunySom ST :(,) SUNYSIOM [RINJRU : 4 "SIUI[ UOISSILID AY) JO N/S Y} SZIWIXBUW 0 JOPIO UL pue d3uel [B103ds dwes oY) 1SOWe PaIdA0d A3y) S0UIS pauIquIod d1om | mds pue
0 Mds : ) "uoneAIdsqo Y Jo ([ 109foid (6) oqno pOENGNS-WUNNUNUOD SY) JO YIPIM [SUURYD () 9qNd PAjoBnqNs-WNNUNUOD Y} JO STULT (/) 9qnd Pajoenqns-wnnunuod Ayl Jo Weaq ues[d (9) saul|
UOISSIUIR PI}0)ap Y} Jo s[auueyd pue mds (¢) ‘dew wnnunuos ay) jo s'wrl () ‘dewr winnunuod 9y} Jo weaq ued[d (¢) ‘UoNeAIasqo Y} Jo Aouanbalj paalasqo (7) ‘OSO 1031e, (1) :suwnjo)) *SAJON

S'68210°1'810C ¥ 10 0£0X6£0  ®0L1-901:1/0) (S-9)0D 900°0 00Xy o 9T'T6 $000-¥S0T[
S'68¢10°1'810C ¥ 10 1€0X2€0  @(I1¥1-001:1/0) (S-9)0D ¥S0°0 €0XxX¢g0 16°€0T  0S60+6I¢Il
®(001-88:1/0) [1D]
STLYIOT'LTIOC Ley v1°0 LOTXESE ®(9L-95:1/0) (9-L)OD 910°0 CETXGO'E €€°S6 TTLY-¥ZC0f
[|-suy] [wreaq/Arua] [;09s01e] [wreaq/Aru] [;oes0ore] (zHD)
g 19foig YIPIM URYD QU] STWIT oury weag (suego:mds) aury juod 'swra  jJuod weayg  boxy sqQ 0SO

SUOTSSTWIR 9UT] O)) 2y} Sunasie) SUONEAIdsqo ay) Jo s[rere( ™) 2IqelL

A220, page 28 of 29



Tripodi, R., et al.: A&A, 689, A220 (2024)

“(ST0T) 'Te 12 uegalg [L] “(120T) T8 10 duaqesuad [9] ‘(zz0T) 'Te 1o podiry, [¢] «(qez0T T8 32 tpodiiy) [¢] (610T ‘Te 10 Iuerure))
[€]1 “{(6102) ‘Te 32 YeaoN [Z] €(£202) Te 32 11109 [1] ‘(ML) dIom SIY], :SJOY "ssew seS oy} I0J S9ouaIdfay :D-sJY MAS pue sentodoid jsnp oy} 10J S90uaIfay :(-SJOY "[¢] ut [[D] Wwoij paALIap
JEU) (LM SIAITE I PUB ‘GT[T+LOOTL 10F T 109§ Ul PaALp 94s ) Suisn [9] ur Kysourwmy (9-£)QD 2y woxy payndwod st 0g-[¢g[ 10§ ssewr sed oy, -opdures NOIJAdAH W 03 s3u0jeq OSO Ay
IoUJOYM SMOUS MBI JSI Y], JUN0dE 0Jul Suneay Isnp 3y} 0) NOV 2y} JO UOIINGLIuod ay) e} 0} JOpIO Ul 95,()S JO 10)or] B AQ Pa3da1Iod are Aay) pue ‘JIN] ednoxy] e Surwunsse ¥7 woiy payndwod are
SAAS 2uL K[panoadsar “(zz0g ‘A€g0T T8 30 1podiiL) woay uaye) a1k G68[+0T €Tl PUe ZOST+OOT0L 10F SINSAI oY) “QUI] [EONIGA PUOISS 3L} JO IPTS YL Ay UQ “(610T) ‘T8 12 [UBIUIE) WOIJ udye) dre
[1STS+8FTIL PUB 0S60+61E L[ 10F sinsar oy :A[oAnoadsar “(610g) ‘Te 19 YeAON PUE (£70T) 'Te 19 1[1822(J Ut pajussald SHS PIAISSqO I1oy) SUMIY PAUTRIGO AI9M §TE0+THELL PUE GO+EQT( 10F SINSAI
Y] ‘SoUI] [BONIA 0M] AU} UIMIE JoYIne dY) Aq PIZATeUR 2I9M SUONBAIISAO [[ ‘SI Jey} SIOM SIY) WO} Paurelqo A[oInua aIe Qulf [BO1I9A JSIY 9y} JO IPIS [ oY) uo sOSO) 2y} J0J SINSAI Y], *SAION

[ (1l [L] oM STy, [c] (1] Bom SIUL  [9ML  OHOMSIYL  IOM I O-sJ0y
200 100 200 100 200 > 00 8000 €00 #00°0 10°0 [1£D)] dopy
101 9¢T I8 T g1 > 001 09 9z 011 €Tl qaon
TOFTY TOFS0 9T TOFST €0 > S I'0F90  TO0F¥1  TO0FOT  T0FL0 [°Wy01l ™
[ [p] [€] (€] [C'ML (1AL | SHOM SIYL  YIOM SIYL  SHOM SIYL  SOM SIYL a-sjod

o 1SS81 8YF96E | YCSFOLST  UEiL6l1 DI 08T  66TFH68 | SLFOEL  SIIFO6Y  a0reS8YT  SLF99y [ ANl ¥AS
8T 90F €S LFIT 61291 feve 0FF6Il | OTF86  9T1F99 nTee 01F79  [®1,01] Ay
ZI0F98T  TOF9C TOFST COFST POFST  TOFLT | T0FIT  10F9T  CTOFLI  TOFHT d
PFIL T8 8FSL 4799 0T FSS SFYS TFH9 EFIS 21458 7T 68 11 ™
LTty 80FET 8F € 67F €9 PIF9T 6FSy | vTF90I §FES LTFE6  STFI9  [°W,011
€009 LTE9 6179 €19 ors'L 6£7°9 06£°9 L8S'9 7TS9 0¥S'9 z
N A A N A N N A A X dAH

SS8I+0IETL  TOSTHOOIOf | T1STS+SPIIL  0S60+6IEIL  8T6O+THEIL  SO+ESIL | S000-¥SOTI  0T-I€TL  TILy-+Te0f  €0+9€0r

3umy qgs 2ys Jo s)nsay *€*D AqeL

A220, page 29 of 29



	Introduction
	Sample
	Observations
	Data analysis
	Continuum emission
	QSOJ036+03
	QSOJ0224-4711
	QSOJ2054-0005
	QSOJ231–20

	Emission lines
	CO(7–6) and [CI] emission lines in J0224–4711
	CO(6–5) emission line in J1319+0950
	CO(6–5) emission line in J2054–0005


	Analysis
	Dust properties and star formation rate
	Molecular gas mass

	Discussion
	Properties of the QSO host galaxies
	Dust temperature
	Dust emissivity
	Dust mass and star formation ratio
	Star formation efficiency
	Gas-to-dust ratio
	Caveat: Effect of active galactic nuclei on the dust heating

	Evolutionary paths

	Summary
	References
	Individual objects
	SDSSJ010013.02+280225.8 (HYPERION)
	PSOJ036.5078+03.0498 (HYPERION)
	VDES J022426.54-471129.4 (HYPERION)
	PSOJ231.6576-20.8335 (HYPERION)
	ULASJ134208.10+092838.35 (HYPERION)
	SDSSJ114816.64+525150.3 (HYPERION)
	SDSSJ231038.88+185519.7
	SDSSJ205406.49-000514.8
	ULASJ131911.29+095051.4
	PSOJ183.1124+05.0926

	Analysis of continuum emission from archival observations
	QSOJ036+03
	QSOJ0224-4711
	QSOJ2054-0005
	QSOJ231-20

	Tables

