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ABSTRACT

O\l Context. Sources at the brightest end of the quasi-stellar object (QSO) luminosity function, during the peak epoch in the history of star formation
4= and black hole accretion (z ~ 2 — 4, often referred to as "Cosmic noon") are privileged sites to study the cycle of feeding & feedback processes in
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massive galaxies.

Aims. We aim to perform the first systematic study of cold gas properties in the most luminous QSOs, by characterising their host-galaxies and
environment. These targets exhibit indeed widespread evidence of outflows at nuclear and galactic scales.

Methods. We analyse ALMA, NOEMA and JVLA observations of the far-infrared continuum, CO and [CII] emission lines in eight QSOs
(bolometric luminosity Lgy 2 3 X 1047 erg s7!) from the WISE-SDSS selected hyper-luminous (WISSH) QSOs sample at 7 ~ 2.4 — 4.7.

Results. We report a 100% emission line detection rate and a 80% detection rate in continuum emission, and we find CO emission to be consistent
with the steepest CO ladders observed so far. Sub-millimetre data reveal presence of (one or more) bright companion galaxies around ~ 80% of
WISSH QSOs, at projected distances of ~ 6 — 130 kpc. We observe a variety of sizes for the molecular gas reservoirs (~ 1.7 — 10 kpc), mostly
associated with rotating disks with disturbed kinematics. WISSH QSOs typically show lower CO luminosity and higher star formation efficiency
= than infrared matched, z ~ 0 — 3 main-sequence galaxies, implying that, given the observed SFR ~ 170 — 1100 M, yr™!, molecular gas is converted
into stars in < 50 Myr. Most targets show extreme dynamical to black-hole mass ratios Mgy, /Mgy ~ 3 — 10, two orders of magnitude smaller than
local relations. The molecular gas fraction in the host-galaxies of WISSH is lower by a factor of ~ 10 — 100 than in star forming galaxies with

similar M,.

_ Conclusions. Our analysis reveals that hyper-luminous QSOs at Cosmic noon undergo an intense growth phase of both the central super-massive
black hole and of the host-galaxy. These systems pinpoint the high-density sites where giant galaxies assemble, where we show that mergers play
a major role in the build-up of the final host-galaxy mass. We suggest that the observed low molecular gas fraction and short depletion timescale
—are due to AGN feedback, whose presence is indicated by fast AGN-driven ionised outflows in all our targets.
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1. Introduction

Our understanding of the complex interplay between super-
massive black hole (SMBH) activity, properties of the host-
galaxy interstellar medium (ISM) and of the circum-galactic
environment is still incomplete. According to models of active
galactic nucleus (AGN) and galaxy co-evolution, two main pro-
cesses are expected to drive the evolution of massive galaxies
(stellar mass M, > 10" My): (D) galaxy interactions and merg-
ers, and (ii) radiative and mechanical feedback related to AGN
activity (e.g. |Croton et al.|2006; |Sijacki et al. 2007; Martin-
Navarro et al. 2018} (Choi et al.|2018)), during the growth of heavy
SMBHs (Mgy/M, ~ 1073, where Mgy is the black hole mass,
e.g. Hiaring & Rix|[2004). These two processes are tightly cor-
related, as galaxy interactions destabilise the gas and make it
available fuel for both star formation (SF) and nuclear accretion
(e.g. Volonteri et al.|2015; |Anglés-Alcazar et al.|2017). In turn,
powerful AGN-driven, galaxy-scale outflows can hamper further
SF and nuclear gas accretion by injecting energy and entropy
into the host-galaxy ISM (e.g. [King & Pounds|2015} Richings &

* e-mail: manuela.bischetti@inaf.it

Faucher-Giguere [2018; Menci et al.|2019) and circum-galactic
environment (van de Voort|2017}; [Travascio et al.[2020).

It is crucial to probe the cycle of feeding & feedback pro-
cesses in massive galaxies and the AGN-galaxy co-evolution
during Cosmic noon (z ~ 2 — 4.5), that is the peak epoch of
galaxy assembly and SMBH accretion. Indeed, hyper-luminous
quasi-stellar object (QSOs, bolometric luminosity Lgy > 10%
erg s~!) are preferred targets, being powered by massive (Mpy 2
10° M), highly accreting SMBHs (Banerji et al.[2015} |Shen
2016; |Vietri et al.[2018)). These heavy SMBHs have been found
to reside in most local giant elliptical galaxies (Kormendy & Ho
2013 [Shankar et al.|2019), although most of their mass has been
assembled at early times during bright AGN phases (e.g. Mar-
coni et al.|[2004; |Delvecchio et al|2014). Giant ellipticals have
also built most of their stellar mass at z > 2 (~ 80 % for sources
with M, > 10" M) and then rapidly evolved off the galaxy
Main Sequence (MS) becoming “red & dead” (e.g.|Santini et al.
2009; McDermid et al.|[2015). Overall, this strongly suggests
that high-z, hyper-luminous QSOs are the assembly sites of gi-
ant galaxies. Indeed, the huge luminosities of these QSOs are
likely triggered by galaxy interactions (e.g. |Urrutia et al.[|2008}
Menct et al.|[2014), and drive powerful outflows which may af-
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fect the host-galaxy (Carniani et al.|2015} [Zakamska et al.[2016;
Bischetti et al.|[2017) 2019b;, [Perrotta et al.|[2019; [Villar Martin
et al.[2020; Herrera-Camus et al.[2020).

Investigating the properties of the cold ISM (that is the raw
material of SF) in objects at the brightest end of the QSO lu-
minosity function is mandatory to constrain the impact of AGN
activity on the host-galaxy evolution. Our knowledge of the host-
galaxies of z > 1 QSOs has been revolutionised by interfero-
metric observations at sub-millimetre wavelengths. Specifically,
CO rotational emission is the most targeted transition in z < 4
QSOs and probes the molecular gas reservoir. At higher redshift,
it is possible to more easily exploit the bright [CII] fine structure
emission line at 4158 ym, which is mostly associated with cold
neutral gas (Solomon & Vanden Bout [2005} [Carilli & Walter|
2013;|[Zanella et al.|[2018}; [Veilleux et al.|2020). Previous studies
of luminous QSOs at z ~ 2 — 6 revealed a variety of host-galaxy
properties. These sources typically reside in compact hosts, in
some of which rotating disks are in place, while others show ir-
regular morphology and disturbed kinematics (Diaz-Santos et al.
2016; Banerji et al.[2017} Brusa et al[2018}; [Feruglio et al.[2018}
Talia et al.|2018; |Pensabene et al.||2020). Intense SF activity of
hundreds to thousands solar masses per year is usually observed
(Maiolino et al.[2012; Duras et al.|2017; Fan et al.[2019; Nguyen
et al.|2020), although it is unclear whether this is linked to galaxy
interactions (Trakhtenbrot et al.[|[2017; Bischetti et al.|[2018}; Fan
et al.|2018} 2019).

While great emphasis has been put in uncovering the for-
mation and early growth of QSOs and their host-galaxies at
5 <757 (e.g.[Wang et al.|2013,2016} |Decarli et al.[2018}; [Ven-
emans et al.[2017al[2019; Banados et al.[2019)), currently there is
a lack of systematic investigation into the ISM and environment
properties of QSOs shining at Cosmic noon. There is a series of
works based on individual, often gravitationally-lensed sources
(e.g. |Carilli & Walter| 2013} and references therein) or peculiar
AGN types, such as heavily-reddened and hot, dust-obscured
QSOs (e.g. [Banerji et al.|[2017; Fan et al.|[2018)). Few studies,
based on heterogeneous samples including QSOs with differ-
ent selection criteria (Feruglio et al.|[2014; Perna et al.|2018)
suggested a typically higher star formation efficiency (SFE) in
QSOs, defined as the rate of SF per unit of molecular gas mass,
with respect to non-active sources on the galaxy MS, although
e.g. [Kirkpatrick et al.| (2019) found no significant correlation
between the SFE and the AGN fraction at mid-infrared wave-
lengths. An increased SFE in QSOs is expected in the standard
paradigm of a QSO expelling/heating gas from the host-galaxy
in the transitory phase from starburst to blue QSO (Di Mat-
teo et al.|[2007; [Hopkins|[2012)). Indeed, few works probing the
molecular gas content in z ~ 1.5 — 2.5 QSOs with known pres-
ence of AGN-driven outflows reported a lower molecular gas
content with respect to MS galaxies (Brusa et al.[[2015] 2018}
Carniani et al.[2017; Kakkad et al.[2017)), while others found no
difference (e.g.|Herrera-Camus et al.|[2019).

In this framework, we have undertaken the WISE-SDSS se-
lected hyper-luminous (WISSH) QSOs project to study the most
powerful AGN in the Universe, which happen to shine at Cos-
mic noon and show widespread evidence of strong, AGN-driven
outflows on nuclear to circum-galactic scales (Bischetti et al.
2017; | Vietri et al.[2018; [Bruni et al.|2019; [Travascio et al.[2020).
These QSOs are therefore ideal targets to shed light on the AGN-
galaxy feeding and feedback cycle. In this work, we present sub-
millimetre and millimetre observations of eight WISSH QSOs
at z ~ 2.4 — 4.7 to probe SMBH and galaxy assembly at the
massive end of the mass function and investigate the interplay
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between nuclear activity and the physical properties of the host-
galaxy ISM.

The paper is organised as follows. In Sect.[2] we describe the
targets and the (sub-)millimetre observations, detailing data re-
duction and analysis in Sect.[2.2] The main results are presented
in Sect. [3] focusing on continuum (3.1)), CO and [CII] emission
(3.2). The CO spectral line energy distribution (SLED) and the
UV-to-FIR spectral energy distribution (SED) are described in
Sect.[3.3]and Sect.[4] Sect.[3]is dedicated to the cold gas kinemat-
ics. We discuss environment, star-formation efficiency, gas exci-
tation, dynamical mass and molecular gas fraction of WISSH
QSOs in Sect. @ Finally, our conclusions are summarised in
Sect.[1

Throughout this paper, we assume a ACDM cosmology with
Hy = 673 km s~ Mpc™!, Q5 = 0.69 and Qy = 0.31 (Planck
Collaboration et al.[2016)).

2. Sample and Observations

Fig. 1. Panel (a): bolometric luminosity as a function of redshift for
the total WISSH sample, compared to SDSS QSOs from |Shen et al.
(2011) and COSMOS QSOs from Lusso et al.|(2012). Cyan stars indi-
cate WISSH QSOs with (sub-)millimetre observations. Panel (b): bolo-
metric luminosity vs black hole mass. We include WISSH QSOs with
Hp-based Mgy from|Vietri et al.|(2018)) and luminous SDSS QSOs from
Shen| (2016). Lines correspond to Lge/Lgaa = 1 (dashed), Lgoi/Lgaa =
0.5 (solid), and Lg,/Lggq = 0.1 (dotted).

2.1. Sample description

The targets presented in this work are drawn from the WISSH
QSOs sample (Bischetti et al| 2017), including 86 hyper-
luminous, Type I QSOs at z ~ 1.8 — 4.8, selected to have a
flux density S;»,m > 3 mly by cross correlating the WISE
all sky source catalogue with the SDSS DR7 catalogue. As
shown in Fig. Eh, the WISSH sample collects the most lumi-
nous AGN known, characterised by bolometric luminosities Lgo
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Table 1. Journal of observations. Columns give the following information: (1) SDSS ID, (2-3) celestial coordinates, (4) redshift based on SDSS
DR12 (Alam et al.[2015), (5) observation telescope, (6) observed transition, (7) angular resolution, (8) observed continuum frequency, (9) rms

sensitivity for a channel width of 40 km s~

, and (10) continuum rms sensitivity.

1D RA Dec zspss Telescope Transition Beamsize  Veont 0740 km s-! T cont
arcsec’ GHz mJybeam™ mly beam™

() 2 3) “4) &) (6) 7 3 ) (10)
J0209-0005 02:09:50.71 -00:05:06.22 2.849 NOEMA CO(5-4) 49x27 148.7 0.90 0.040

JVLA CO(1-0) 3.1x23 31.6 0.08 0.005
JO801+5210 08:01:17.82 +52:10:34.94 3.217 NOEMA CO(5-4) 3.8x1.9 136.6 1.05 0.100

JVLA CO(1-0) 34x23 302 0.16 0.010
J1433+0227 14:33:52.21 +02:27:14.01 4.622 ALMA [CII] 0.44 x 0.34 338.1 0.43 0.051
J1538+0855 15:38:30.49 +08:55:17.42 3.542 ALMA CO®4-3) 1.1x0.7 943 0.49 0.028
J1549+1245 15:49:38.71 +12:45:09.25 2.386 ALMA CO(4-3) 1.0x09 141.8 0.10 0.007
J1555+1003  15:55:14.86 +10:03:51.23 3.512 ALMA CO®4-3) 1.0x0.7 94.30 0.57 0.028
J1639+2824  16:39:09.11 +28:24:47.16 3.786 ALMA CO(4-3) 0.20x0.13 100.4 0.43 0.026
J1701+6412 17:01:00.60 +64:12:09.32 2.724 NOEMA CO(5-4) 4.0x2.1 1547 1.03 0.100
J1015+0020* 10:15:49.00 +00:20:20.03 4.400 ALMA [CII] 0.22x0.18 357.3 0.19 0.040

* presented in Bischetti et al.| (2018)

> 10% erg s~! (Duras et al[[2017). The selection of Type 1
SDSS QSOs includes sources affected by low-moderate extinc-
tion (Duras et al.|2017)), for a large fraction of which we col-
lected reliable estimates of the SMBH mass via broad emis-
sion line-widths. Near-IR spectroscopy revealed that WISSH
QSOs are powered by highly accreting SMBHs (accretion rate
Agdd = Lpoi/Lgqg = 0.4 -3 (Flg m)), where Lgyq is the Edding-
ton luminosity) with typical masses Mpy>2x10° M, (Bischetti
et al.|2017} 2018 |Vietri et al.|2018).

Here we present observations of WISSH QSOs per-
formed with the Atacama Large Millimetre/submillimetre Array
(ALMA), the Northern Emisphere Millimetre Array (NOEMA),
and the Karl G. Jansky Very Large Array (JVLA). We include
ALMA band 3 data from projects 2013.1.00417.S (P.I. I. Gav-
ignaud) and 2019.1.01070.S (P.I. G. Venturi), and band 7 data
from project 2016.1.00718.S (P.I. F. Fiore); NOEMA band 2 data
from projects SI7BW and W17DT (P.I. G. Bruni) and JVLA
Ka band data from project VLA/18A—028 (P.I. M. Bischetti).
We also collected all publicly available archival data from the
ALMA archive as of December 2019, including ALMA projects
2015.1.01602.S (band 3, PI. M. Schramm), 2016.1.01515.S
(band 7, PI. P. Lira), and ACA project 2018.1.01806.S (band
6, PI. K. Hall).

The combination of these projects has provided us with ob-
servations of sub-millimetre to centimetre continuum (observed
frequency range ~ 350 — 30 GHz) and cold gas emission for
a sample of nine WISSH QSOs (Fig. [I). Specifically, CO rota-
tional emission is available for seven targets at z ~ 2.7 — 3.8,
including CO(4-3)(Veest = 461.04 GHz) and CO(5—4)(Vrest =
576.27 GHz) transitions, as listed in Table E} For two QSOs,
namely J0209-0005 and JO801+5210, we have combined in-
formation about the ground transition CO(1-0)(vesr = 115.27
GHz) and CO(5 — 4). Moreover, we have collected observations
of the [CII](vest = 1900.54 GHz) fine structure emission line for
two WISSH QSOs at z > 4. The results about J1015+0020 at
7z ~ 4.4 were presented in [Bischetti et al.| (2018]), while in this
work we analyse J1433+0227 at z ~ 4.7 (see alsoNguyen et al.
2020).

The sub-sample of WISSH QSOs analysed here derives from
different projects, originally designed with different purposes.
The three targets J1538+0855, J1549+1245 and J1555+1003
were selected to have AGN-driven outflows in the ionised gas

phase (Bischetti et al.|[2017; |Vietri et al|2018). Our analysis
revealed that all WISSH QSOs in which we investigated the
presence of [OIII] or CIV outflows satisfy this criterion (Vi-
etri et al.|2018). These three QSOs (out of nine targets) also
show broad absorption line (BAL) features in their UV spec-
tra, consistently with the BAL fraction of ~ 25% measured
for the parent WISSH sample by Bruni et al| (2019). Tar-
gets J0209-0005, JO801+5210, J1433+0227, J1701+6412 (and
J1015+0020 in|Bischetti et al.[2018)) were chosen to be detected
by Herschel/SPIRE photometry in the far-infrared. Nevertheless,
~ 90% of WISSH QSOs with Herschel/SPIRE coverage are de-
tected (Duras et al.|2017). The QSO J1639+2824 was selected
to have a nearby bright star, suitable for adaptive optics (AO)-
assisted observations, in order to perform a joint Subaru and
ALMA study of the host galaxy properties and of the SMBH-
galaxy mass ratio (Schramm et al.|2019). Fig. [Th shows that our
targets well represent the z and Lp, range covered by the total
WISSH sample. Similarly, their Mgy span over a similar interval
than that covered by WISSH QSOs with HB-based Mgy (Vietri
et al.|2018)), except for the more massive SMBH in J1639+2824
(Fig. m)). We note that the Mgy of JO801+5210, J1538+0855
and J1549+1245 is derived from the HB emission line (Vietri
et al.[|2018)), that of J1433+0227 is Mgll-based (Trakhtenbrot
et al|[2011), while the Mpy of the remaining targets is CIV-
based (Weedman et al.|2012) and corrected for the presence of
CIV outflows (Coatman et al.|2017). Globally, the selection of
our targets does not introduce strong biases and the results of
the following analysis can be considered as representative of the
total WISSH sample.

2.2. Data reduction and analysis

ALMA data were calibrated using the CASA software (Mc-
Mullin et al.|2007)) in the pipeline mode. For each source, we
used the CASA version indicated by the ALMA observatory and
the default phase, bandpass and flux calibrators. The absolute
flux accuracy is better than 10%. To estimate the far-IR contin-
uum emission, we averaged visibilities over all spectral windows
excluding the spectral range covered by CO or [CII] emission
lines, for a total of ~ 7 GHz. Moreover, to model the contin-
uum emission next to the line, we combined the adjacent spec-
tral windows in the ALMA baseband containing CO or [CII].
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We performed a fit in the uv plane to all channels with velocity
[v| > 500 km s~! by adopting a first order polynomial continuum
model. We subtracted this fit to produce continuum-subtracted
visibilities.

Continuum-subtracted data cubes were created with the
CASA 5.4.0 task fclean, using the hogbom cleaning algo-
rithm (Hogbom||1974) in non-interactive mode, and a thresh-
old equal to three times the rms sensitivity. For all sources ex-
cept J1639+2824, a natural weighting of the visibilities and a
common spectral channel width of 40 km s~! were chosen. The
same deconvolution procedure was adopted to produce contin-
uum maps. In the case of J1639+2824, we applied a tapering
of the visibilities beyond 900 kA, corresponding to a baseline
length > 2800 km, to decrease the very high native resolution
(0.11 x 0.06 arcsec?) to a tapered beam of 0.20 x 0.13 arcsec?.
This resulted into a higher significance of CO(4-3) detection by
a factor of ~ 1.5, similarly to what found by |Schramm et al.
(2019) for this QSO.

Regarding NOEMA data, project S17BW was acquired with
the WideX correlator and span a total spectral range of ~ 4 GHz,
while project W17DT was obtained with the PolyFiX correlator
and span a wider spectral interval of ~ 14 GHz. We calibrated
the visibilities using the CLIC pipeline of the GILDAS software
(www.iram.fr/IRAMFR/GILDAS). The absolute flux accuracy
is better than 10%. Imaging was performed with MAPPING,
following the same procedure described above for ALMA ob-
servations.

Given the redshift of J0209—-0005 and JO801+5210, we used
JVLA Ka-band observations. We observed each QSO using two
separate windows of eight 128 MHz wide sub-bands for a total
bandwidth of 1 GHz per window. Each sub-band had a native
spectral resolution of 1 MHz. We calibrated the visibilities, both
continuum and spectral line CO(1-0), following standard pro-
cedures within the CASA software package. The absolute flux
accuracy is better than 15%. We imaged our sources using the
CASA task tclean, following the same procedures applied to our
ALMA data. Table [T] presents the journal of observations. For
each target, we list the resulting beamsize, the rms sensitivity of
the datacube for a channel width of 40 km s™! (04 kms-1) and the
rms sensitivity of the continuum map (0 ¢on)-

To derive flux density and size of the continuum emission
in our targets, we (i) fitted the data in the image plane with a
two-dimensional Gaussian profile by using CASA task imfit, and
(i) performed a fit of the visibilities in the uv plane with MAP-
PING task uvfit. In (ii), channels associated with the continuum
emission, were spectrally and temporally averaged (to 30 s). We
then fitted point source or Gaussian source models to the visi-
bilities. In the case of multiple sources, we first fitted and sub-
tracted emission from the QSO host-galaxy, then fitted emission
from nearby emitters. A Gaussian model was preferred when re-
sulting into an increased significance of the detection and a size
different from null size at > 30~ (where o is the error associated
with the Gaussian axis derived from the fit in the uv plane). We
checked that subtracting the models resulted into uniform resid-
ual noise maps. Similarly, we measured the integrated CO or
[CII] flux density by averaging channels related to line emission
(filled histogram in Fig. ) and fitting the data in both image and
uv plane. We verified that (i) and (ii) give consistent sizes and
flux density values.

One-dimensional spectra were extracted from the
continuum-subtracted datacubes from a region centred on
the peak of CO or [CII] integrated flux density, including
emission detected at SNR > 2. Given the modest signal-to-noise
ratio of most spectra (see Fig. , we fitted them with a Gaussian
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profile by using the python package scipy.optimize.curve_fit
leaving all parameters free to vary. We verified that by fitting
the spectra with a two-Gaussian model, the line significance
and parameters were consistent within the uncertainties with the
single Gaussian fit. This provided us with FWHM and centroid
of the emission line profiles, which was used to infer the CO or
[CII] based redshift (zco1q) of our targets listed in Table

3. Results from sub-mm and mm observations
3.1. Continuum emission

Figure [2] shows the (sub-)millimetre continuum maps for the
eight WISSH QSOs analysed in this work. Observed ~ 90 — 340
GHz (rest-frame ~ 430 — 1935 GHz) continuum emission is
detected at > 4oy significance in five out of eight sources
(namely J0209-0005, J1433+0227, J1549+1245, J1555+1003,
and J1701+6412) while emission is observed at ~ 30 cont
significance at the location of the QSO in J0O801+5210 and
J1639+2824. We also detect rest-frame ~ 125 GHz continuum
in the JVLA maps of J0209-0005 and JO801+5210 at ~ 80 ¢ont
and ~ 90y significance, respectively. Measured continuum
flux densities range from ~ 0.04 mly at rest-frame 125 GHz
to ~ 0.1 mJy at 460 GHz and ~ 0.6 mJy at 580 GHz (Table
[2). For the WISSH QSO J1433+0227 we measure a strong rest-
frame 1935 GHz continuum flux density of 7.7 + 0.3 mJy. The
latter is a factor of ~ 10 higher than the 1935 GHz continuum
flux density found for the WISSH QSO J1015+0020 at z ~ 4.4 in
Bischetti et al.| (2018)), suggesting a large variety of far-infrared
continuum properties in our sample, similarly to what observed
inz ~ 5 —6 QSOs (e.g. Trakhtenbrot et al.[2017; Nguyen et al.
2020).

The limited angular resolution of most observations pre-
sented in this work hampers a detailed study of the contin-
uum emission morphology in these QSOs. Continuum mor-
phology is consistent with a point source in all targets except
J1433+0227 and J1549+1245 for which we measure a decon-
volved angular size of (0.31+0.02)x(0.27+0.02) arcsec’> and
(0.69+0.19)x(0.50+0.20) arcsec?, corresponding to ~ 2.0 x 1.8
kpc and ~ 5.7 x 4.2 kpc?, respectively.

In the field of view of J1549+1245, a strong continuum emit-
ter is detected at ~ 2.4 arcsec from the nucleus (Fig. @), as-
sociated with a companion source (see Sect. [3.2) whose con-
tinuum emission is comparable to that of the QSO host-galaxy,
with a size of (0.74+0.22)x(0.43+0.23) arcsec?, corresponding
to ~ 6.1 x 3.6 kpc?. Weak, elongated continuum emission can
be also observed along the QSO-companion direction, possibly
linked to a tidal feature. Also in J0209-0005, the elongated con-
tinuum structure which can be observed at ~ 50 in the north-
east direction, up to ~ 5 arcsec from the nucleus, reveals the
presence of a continuum-emitting nearby source (see Sect. [3.2)
whose continuum flux is about 45% of that of the QSO.

3.2. CO and [Cll] emission

Figure [3] shows the continuum-subtracted, velocity-integrated
maps of CO and [CII] emission for the eight WISSH QSOs
analysed in this work. The detection rate in mid—J CO and
[CII] emission is 100% with significance of ~ 4.5 — 30 o,
where oq is the rms sensitivity (also given in Fig. E]) of the
velocity-integrated emission line maps. CO(1-0) is also detected
at ~ 507q in one of the two WISSH QSOs targeted by JVLA,
namely J0209-0005, while no significant CO(1-0) emission is
observed in J0O801+5210. In Fig. [3] the location of the maxi-
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Fig. 2. Maps of the continuum emission for the WISSH QSOs analysed in this work. For each panel, the observed continuum frequency is indicated
by the top label. Grayscale defines the region where emission from the QSO host-galaxy and nearby continuum emitters is detected with SNR
> 4.5. Black contours correspond to [-3, -2, 2, 3, 4, 5, 6, 8, 12, 16, 32,...]07cont> Where ooy Values are listed in Table Dashed contours are for
negative values. The beam of each observation is also shown by the grey ellipse. In panels (d) and (g), the red star indicates the QSO optical

position from SDSS.

mum FIR continuum emission (or the optical position of the
QSO, in the case of continuum-undetected sources J1538+0855
and J1639+2824) is also shown by yellow (red) stars. For most
sources, a small offset between continuum and CO or [CII]
emission can be observed, typically smaller than 0.5 arcsec.
The largest offset, that is ~ 1 arcsec, is observed between the
SDSS optical position and the peak of CO(4—3) emission in
J1538+0855, although consistent within the uncertainty on the
optical coordinates.

In addition to cold gas emission from the host-galaxies of the
WISSH QSOs, CO and [CII] maps revealed the presence of sev-
eral line emitters detected within an angular separation of ~ 0.8
arcsec up to ~ 16 arcsec from the nuclei, as shown by coloured
contours in Fig. [3] Specifically, six out of eight WISSH QSOs
analysed here show line emitters within the ALMA or NOEMA
field of view, detected at > S0oq significance. Two of them,
namely Compjpg9 and Compy;sqg, are also detected in contin-
uum emission (Sect. @]) For each of these sources, the prox-
imity to the QSO in terms of sky frequency of the line emis-
sion (corresponding to a velocity shift in the range ~ 40 — 1800
km s~') and angular separation suggests that they are compan-
ion CO and [CII] emitters, located at approximately the same
redshift of the QSO.

Fig.[d]shows the continuum-subtracted CO and [CII] spectra
of the eight WISSH QSOs and of their companion galaxies, ex-
tracted from regions where line emission is detected at > 207014
in the QSO host-galaxy. For each source, the best-fit Gaussian
model of the line is also displayed by the red curve. The redshift
inferred from the Gaussian centroid (z.qq), the FWHM and in-
tegrated flux density for each line are listed in Table 2] Details
about individual QSOs are given below.

J0209—-0005: this QSO has been detected in both CO(5-4)
and CO(1-0) emission in the NOEMA and JVLA maps (Fig.
Eh). At the resolution and sensitivity of our observations, both
transitions show a morphology which is consistent with a point
source, although a low-significance tail can be observed in
CO(1-0) south of the QSO location. Redshift and line width es-
timates based on CO(5—-4) and CO(1-0) are consistent within
the uncertainties. A strong CO(5—4) emitting companion is lo-
cated north-east of the QSO at an angular separation of ~ 4 arc-
sec, corresponding to a projected distance of ~ 32 kpc at the red-
shift of the QSO. It shows a broad CO(5—4) profile, redshifted
by ~ 800 km s~! with respect to the QSO. Continuum emission
associated with the companion can be also seen at ~ 150 GHz in
the observed frame, as the elongated structure in Fig. h.
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Fig. 3. Maps of the cold gas emission for the WISSH QSOs analysed in this work, obtained by integrating over the spectral range covered by CO
or [CII] emission. For each source, the targeted transition is indicated by the top label. Grayscale defines the region where line emission from the
QSO host-galaxy is detected with SNR > 4.5. Black contours correspond to [-3, -2, 2, 3, 4, 5, 6, 8, 12, 16, 32, ...]0on in the QSO map, where
Oeold = 0.16,0.012 Jy beam™' km s~! for CO(5-4) and CO(1-0) observations in panel (a) and 0.22, 0.032 Jy beam™' km s~! in panel (b). In panels
(c-h) oeola = 0.091,0.098,0.021,0.11,0.082,0.18 Jy beam™' km s7!, respectively. Similarly, magenta and blue contours identify emission from
companion line emitters. In panel (e) blue contours have been created by masking QSO emission in a circular aperture of 1 arcsec radius centred
on the QSO location. Dashed contours are for negative values. Yellow(red) stars indicate the QSO position as traced by the millimetre(optical)
continuum. The beam of each observation is also shown by the grey ellipse.

JO801+5210: although characterised by a bright CO(5—4)
emission with a peak flux density of 5 mJy, this source shows
no detected CO(1-0) in the JVLA map (Fig.[3p). To infer an up-
per limit on the CO(1-0) integrated flux density SAv;_, we have
integrated the JVLA datacubes around z.,q over 685 km s7L, as-
suming the same FWHM of CO(5—4). We have then computed
SAvi_y = 3 X 0co,1-0, Where oco 1—o is the rms sensitivity of
the velocity-integrated CO(1—0) map (Table[2). In the NOEMA
map, a nearby source emitting in CO(5—4) can be also seen at a
projected distance of ~ 40 kpc from JO801+5210.

J1433+0227: this QSO at 7,019 = 4.728 shows a strong [CII]
line with an integrated flux density of 5.40 + 0.24 Jy km s7!,
which is consistent within the errors to the value of 4.79+0.38
Jy km s™! found for this source by Nguyen et al,| (2020) for the
same observation. [CII] emission in J1433+0227 is a factor of
~ 10 brighter than what found in the WISSH QSO J1015+0020
at zeolg ~ 4.4, also targeted in [CII] by Bischetti et al.| (2018).
This result is consistent with the variety of [CII] properties typ-
ically observed in high-z QSOs (e.g. [Trakhtenbrot et al.|2017}
Nguyen et al.|2020). [CII] emission in J14334+0227 is spatially
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resolved, with a deconvolved size of (0.44+0.03)x(0.38+0.03)
arcsec?, corresponding to ~ 2.9x 2.5 kpc?. A second weak (peak
flux density ~ 1 mly) [CII] emitter has been detected at a dis-
tance of 12 kpc (Figure[3k), showing an almost null velocity shift

of 60 + 40 km s~! with respect to the QSO redshift.

J1538+0855: we have detected CO(4—3) emission with a
modest significance of ~ 4.50co from the host-galaxy of this
QSO, located at z.oig ~ 3.572. The peak of CO emission is sepa-
rated by ~ 1 arcsec from the SDSS optical position of the QSO,
the offset being comparable to the uncertainty on the SDSS po-
sition. The line profile has a peak flux density of ~ 1 mJy and
a FWHM of 400+40 km s~'. No additional sources have been
detected in the ALMA maps.

J1549+1245: CO(4-3) emission in this QSO is characterised
by a narrow line profile, with a FWHM=245+50 km s~! and
a peak flux density of ~ 1 mJy. Despite the modest resolution
of ALMA observations (1 arcsec), CO emission is resolved and
has a deconvolved size of (1.10+0.16)x(0.86+0.16) arcsec?. In-
deed, J1549+1245 is a peculiar case, showing two line emitting
sources within a small separation of ~ 2.4 arcsec (Figure 3p).
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Fig. 4. Spectra of the CO or [CII] emission lines for the WISSH QSOs analysed in this work. For each source, the targeted transition is indicated
by the top label. Spectra were extracted from the region where emission from the QSO host-galaxy is detected with SNR> 2 (see Fig. 3) and
show the velocity range v € [-2000, +2000] km s~' in channels of 40 km s~'. In case of (e), we preferred a circular extraction region with size of
the ALMA beam, centred on the QSO position, to limit contamination from a nearby line emitting source at 0.6 arcsec separation (see Fig. [Bp).
The best-fit, Gaussian profiles are shown by the red curve. The filled histogram indicates velocity channels in which emission in the QSO and
companion spectra is > 5% than the peak flux of the best-fit model. In panels (a) and (b), grey spectral regions were excluded from the fit because
associated with line emission from nearby sources (see Sect. [3.2) partially unresolved by the NOEMA beam.

The strongest one, located at ~ 19 kpc south-east of the nucleus,
shows CO(4-3) emission as bright as that of the QSO, with a de-
convolved size of (1.24+0.15)x(0.55+0.13) arcsec?. Such emis-
sion is blue-shifted by ~ 950 km s~! with respect to the redshift
of J1549+1245 and shows a FWHM~ 540 km s~!. A second,
fainter CO(4-3) emitting companion is also observed ~ 12 kpc
north of the QSO, with a modest velocity shift of 200+40 km s~!.

J1555+1003: this QSO shows a broad (FWHM=615+90
km s!) CO(4-3) emission line profile peaking at ~ 1.4 mlJy,
located at zeoq ~ 3.529. The resolution of our ALMA obser-
vations has allowed us to marginally resolve CO(4—-3) emission

produced by a nearby companion galaxy, distant only 6 kpc from
the QSO in the west direction (Fig. [3f).

J1639+2824: for this QSO, we measure a CO(4-3) based
redshift z.oq = 3.846 + 0.001, significantly larger than the red-
shift z = 3.840 derived from the same data by [Schramm et al.
(2019). However, we note that the latter would correspond to
an observed vops ~ 95.37 GHz, inconsistent with the CO(4-3)
spectrum shown in their Fig. 3. The CO(4-3) emission line pro-
file has a FWHM=615 + 90 km s!, and an integrated flux den-
sity of ~ 0.9 Jy km s~!. By fitting a 2D elliptical Gaussian
to the data (in the image and uv plane), we measure an emis-
sion size of (0.15+0.02)x(0.11+0.02) arcsec? (Fig. ). We note
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Table 2. Properties of continuum and line (CO or [CII]) emission for the WISSH QSOs analysed here. Columns give the following information:
(1) SDSS ID, (2) observed transition, (3) redshift estimated from (sub-)mm emission lines with typical uncertainty Az.,q ~ 0.001, (4-5) FWHM
and integrated flux of CO or [CII], (6) CO luminosity, (7) [CII] luminosity and (8) continuum flux. Uncertainties do not include errors on abso

ID Transition Zeold FWHM S Av Lo Licm S cont
kms~! Jykms™! 100 Kkms™' pc2  10° Ly mly
(D 2 3) 4 Q) (6) @) (¥
70209—0005 CO(5-4) 2.870 435495 1.4+0.3 2.15+0.46 _ 0.38+0.04
CO(1-0) 2.870 440+85 0.062+0.012 2.39+0.46 0.039+0.005
CO(5-4) 3.256 685+70 3.68+0.40 6.99+0.76 <0.30°
J0801+5210  co1_g) - <0.095¢ <448 - 0.09120.010
J1433+0227 [CII] 4.728 400+40 5.40+0.24 - 3.72+0.16 7.7+0.3
J1538+0855 CO®4-3) 3.572 320+90 0.36+0.11 1.23+0.38 - <0.087°
J1549+1245 CO@4-3) 2.374 245+40 0.27+0.03 0.47+0.05 - 0.12+0.01
J1555+1003 CO®4-3) 3.529 605+90 0.87+0.14 2.94+0.68 - 0.10+0.02
J1639+2824  CO(4-3) 3.846 615+90 0.92+0.15 3.55+0.66 - <0.090°
J1701+6412  CO(5-4) 2753  595+120 1.50+0.34 2.15+0.49 - 0.60+0.06
J1015+0020* [CII] 4.407 340+40 0.47+0.05 — 0.29+0.03 0.60+0.06
Comp CO(5-4) 2.881 600+95 1.1+0.3 1.74+0.46 _ 0.14+0.03
10209 CO(1-0) - - < 0.0444 <1.71 <0.014°
Compyosor CO(5-4) 3.271 385+65 0.71+0.26 1.36+0.49 B < 0.30°
co(1-0) - - <0.058¢ <278 <030
Compyi433 [CII] 4.728 100+43 0.11+0.02 - 0.08+0.02 <0.015°
Compljjsag CO@4-3) 2.363 540+95 0.29+0.05 0.49+0.08 - 0.12+0.01
Comp2;;549 CO®4-3) 2374  540+110 0.046+0.013 0.08+0.02 - <0.0217
Compysss CO@4-3) 3.531 370+70 0.29+0.06 0.98+0.20 - <0.084°
Compyi701 CO(5-4) 2.753 130+60 0.50+0.19 0.84+0.27 — <0.30°

* presented in Bischetti et al.| (2018)

¢ upper limit computed for a point source as 3 X 0 o4, Where o4 is the rms of the velocity integrated JVLA map produced by assuming the same

FWHM of CO(5-4)
b upper limit computed for a point source as 3 X 0 con, (Table .

that our measured minor axis is a factor of about two larger
than the value reported by |Schramm et al.|(2019), likely due to
the larger velocity range that we used to produce the velocity-
integrated CO(4—3) map (solid histogram in Fig. @), compared
to Schramm et al| (2019), who reported a FWHM=495 + 30
km s~!'. No additional sources have been detected in the ALMA
maps.

J1701+6412: we have detected CO(5—4) emission from this
QSO, associated with a zcolq = 2.753. Similarly to the other
CO(5-4) targets in our sample, the line peaks at > 2mly, with
an associated integrated flux density of 1.5 + 0.35 Jy km s™!. In
the NOEMA maps we have detected a companion galaxy distant
~ 130 kpc from J1701+6412, showing CO(5—4) blue-shifted (by
~ 1800 km s~!) emission, whose flux is about one third of that
of the QSO.

For each target and for the companion galaxies, we com-
pute CO or [CII] luminosity according to Eq. (3) and Eq. (1) in
Solomon & Vanden Bout| (2005), respectively. The resulting CO
luminosities, listed in TableE], are in the range Li, ~ (0.5-7) X
10'9 K km s~! pc? for the QSO host galaxies. For the companion
galaxies, we measure L{., in the range (0.1-1.7)x10'"" K km s~
pc?. The CO luminosity of the companion is typically a factor of
~ 3 — 5 lower or, in the case of J0209—0005 and J1549+1245,
comparable to that of the QSO host. In the case of J1433+0227,
we measure a [CII] luminosity Lici = (3.72 £ 0.16) X 10° L.
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3.3. Investigating the CO spectral line energy distribution

As mentioned in Sect. [3.2} J0209-0005 and JO801+5210 have
been observed in both CO(5—4) and CO(1-0) rotational transi-
tions. It is therefore possible to derive some information on the
excitation conditions of the gas in WISSH QSOs from the rela-
tive strength of these two lines. In the case of J0209—-0005, we
measure a ratio of the integrated flux densities S Avs_4/S Avi_g =
22.5 + 6.0, while for JO801+5210 we infer the lower limit
SAvs_4/SAvi_g > 36.0. Figure [5 shows the CO SLED of
J0209-0005 and JO801+5210, compared to few QSOs from lit-
erature with accurate measure of CO transitions up to J 2 5
(Carilli & Walter|2013)). We also include the z ~ 2.5 reddened
QSO ULAS J1234+0907 from Banerji et al.|(2018]). We note that
the S Avs_4/S Avy_g ratio measured for J0209—0005 is similar to
the values reported in other QSOs, while that of JO801+5210
suggests that CO can be highly excited in our hyper-luminous
QSOs (see Sect. [6.3]for further discussion).

By translating CO flux ratios in CO luminosity ratios, we ob-
tain Legs_g)/Loo—g) = 0-90£0.24 and L s_yy/Leo_g) > 1.39
for J0209—-0005 and J0801+5210, respectively. The ratio mea-
sured for J0209—-0005, based on the detection of both CO(1-0)
and CO(5-4), is consistent within the uncertainty with the typ-
ical luminosity ratio reported for QSO host galaxies by |Car-
il & Walter| (2013). We thus adopt L’CO(5_4) /LEZO(I—O) ~ (.69
and L,CO(4—3)/L/CO(I—O) ~ (.87 (Carilli & Walter|[2013) to in-
fer CO(1—-0) luminosity in the remaining WISSH QSOs from
the observed mid—J CO rotational transitions. We note that by

assuming the CO SLED of J0209-0005, the inferred L/coa-())
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would be lower by a factor of > 2. On the other hand, by con-
sidering the CO ladder of the Cloverleaf QSO (Riechers et al.
2011a), which shows the minimum measured CO(5-4)/CO(1 —
0) ratio in Fig. EI, the inferred L’CO(I_O) would be higher by a fac-
tor of ~ 1.3.

Finally, the CO(5—-4) and CO(1-0) observations also probe
molecular gas excitation in the companion galaxies around
J0209-0005 and JO801+5210 (see Sect. [3.2). The lower lim-
its inferred for the integrated CO(5—-4)/CO(1-0) flux ratios in
Compygag9 and Compjogo; are shown in the bottom panel of Fig.
] compared with CO SLEDs of sub-millimetre galaxies (SMGs)
from literature (Carilli & Walter|2013)). The S Avs_4/SAvi_o >
25 measured in Compjgpgo indicates a high CO excitation, simi-
lar to the excitation in the QSO host-galaxy, while in Compjosgo;
we found S'Avs_4/S Avi_g > 12, consistent with the typical CO
SLED of SMGs (e.g. Casey et al.[2014).
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Fig. 5. Top panel shows the CO SLED of J0209-0005 and JO801+5210
with CO(1-0) and CO(5—-4) observations, compared to QSOs from lit-
erature with available measure of the ground transition (Carilli & Wal-
ter|2013). Bottom panel displays the CO ladder of companion galaxies
Compjnoe and Compypsor, together with CO SLEDs of SMGs.
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4. Broad band SEDs and millimetre emission

The observations presented in Sect. 3.1] have provided us with
a measure of the rest-frame 430—-1935 GHz continuum, which
can be used to extend to (sub-)millimetre wavelengths the cover-
age of the spectral energy distribution (SED) presented in |Duras
et al.| (2017) for the half of our sample with available Herschel
photometry. For QSOs with no Herschel coverage, we combine
ALMA and NOEMA continuum measurements with the aver-
age infrared properties of WISSH-Herschel QSOs to provide
an estimate of Lig. We complement sub-mm data with archival
SDSS DR12 (Alam et al.[2015)), 2MASS (Skrutskie et al.|2006]),
WISE (Wright et al.|[2010), and Herschel/SPIRE (Pilbratt et al.
2010; |Griffin et al|[2010) broad-band photometry. For target

Fig. 6. Rest-frame SED of J0209—-0005 (top) and JO801+5210 (bottom).
In each panel, black circles indicate the photometric points considered
(arrows represent 30~ upper limits). Photometric points at A < 1216A
are not included in the fits due to Lya absorption (grey circles). Rest-
frame 125 GHz continuum data (not included in the fit) are shown
by diamonds. Black curve represents the total best fit model, while
blue(orange) curve refers to the QSO(cold dust) emission component.
Synchrotron and free free emission are shown by the dashed and dotted
lines, respectively.

J1555+1003, undetected by 2MASS, we include photometric
points obtained from dedicated observations at the ESO-INAF
Rapid Eye Mount (REM) telescope (P.I. M. Bischetti) and INAF
Telescopio Nazionale Galileo (TNG, P.I. V. Testa). These ob-
servations provided us with magnitudes J = 17.4 £ 0.11, H =
16.47 +0.12 and K’ = 16.16 + 0.13 for J1555+1003.

ALMA has revealed the presence of a strong continuum
emitter close to J1549+1245 (Fig.[2). QSO and companion being
separated by ~ 2.4 arcsec, cannot be resolved as distinct objects
in the WISE images, given the PSF, which is in the range 6.1 —12
arcsec. However, we have verified that emission is centred at the
QSO Iocation in all WISE bands and estimated the companion
contamination, as traced by irregular morphology of the WISE
contours, to be < 10%. Moreover, the J1549+1245 companion
is undetected in one hour exposure VLT/SINFONI H and K band
observations of the SUPER ESO large program 196.A-0377 (P.I
V. Mainieri, |Circosta et al.|2018, Kakkad et al. 2020 A&A ac-
cepted). An upper limit of Sy < 0.54 mJy on the QSO con-
tinuum emission at ~ 785 GHz inferred from ACA observations
has also been included in the SED (Fig. [I2).

In the case of J0209-0005, the continuum emission asso-
ciated with the companion galaxy is ~ 25 — 35% of the QSO
continuum in the NOEMA band (Fig. Zh). To compute the SED
of J0209-0005, we assume Herschel photometry to be similarly
dominated by emission from the QSO host-galaxy.

SED Fitting was performed by using the procedure presented
in|Duras et al.|(2017)); Zappacosta et al.| (2018)) with a combina-
tion of QSO and host-galaxy emission components. In summary,
the QSO component is described as the superposition of accre-
tion disk emission (Feltre et al.|2012), and of radiation coming
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Fig. 7. Velocity maps of J1433+0227 associated with CO(4—3) emission detected at > 30, ms-1 Significance in the original (a) and high-resolution

(b) maps, in which 074 ns-1 = 0.43 mJy beam™" and 0.71 mJy beam™!

, respectively. ALMA beams are shown by the grey ellipses. Panel (c) displays

the velocity map for the best-fit BAROLO model of a rotating disk. Black line indicates the major kinematic axis of the model. Velocity residuals are
shown in panel (d). Panels (e)-(g) display the velocity dispersion maps associated with the high-resolution ALMA data and the best-fit BAROLO
model, and the dispersion residual map. Position-velocity diagram associated with the high-resolution datacube along major (h) and minor (i)
kinematic axes are also shown. Top labels indicate the associated position angles (measured anti-clockwise from north). Blue contours refer to the

[2,3,4,5,6.8,...104 ms-1 Significance.

from a clumpy, two-phase dusty torus (Stalevski et al.|2016).
Cold dust emission is modelled as a non-approximated modified
blackbody that accounts for emission powered by star formation,
absorbed and then re-emitted by the surrounding dust at mid-
and far-infrared wavelengths. We use a library of 70 modified
black-body templates covering the temperature range from 30 to
100 K, and we assume a power-law dependence of the optical
depth with wavelength, that is 7, « A%, where 8 = 1.6 is the
dust emissivity index typically used in high-z QSOs (e.g.Beelen
et al.[2006). Dust temperature is a free parameter for all sources
with Herschel photometry, while for the remaining sources we
assume Tgyq = 60 K, i.e. the average measured temperature
for the total sample of 16 WISSH-Herschel QSOs (Duras et al.
2017). We note that assuming a T4y = 40(80) K would result in
a 50% lower(a factor of two higher) Lig.

Fig. [6] shows the resulting rest-frame UV to far-infrared
SEDs for J0209—-0005 and J0801+5210, while the SEDs of the
other WISSH QSOs are shown in the Appendix. For all sources,
the SED is dominated by the QSO component (blue curve) at all
wavelengths below several tens of yum. By integrating the QSO
component in the range 1—1000 ym we infer intrinsic QSO bolo-
metric luminosities in the range Lgy~ 3.6 x 1047 — 1.0 x 10%
erg s~!'. Concerning emission from cold-dust in the QSO host-
galaxies (orange curve), we measure large values of the in-
frared, 8 — 1000 um integrated luminosity in our targets, that
is Lig ~ (1.7 — 8.3) x 10" erg s™! (Table [3). However, some
authors (e.g. |Symeonidis|[2017} Kirkpatrick et al.[2019) argued
that a significant fraction of the infrared emission in luminous
AGN might be due to dust heated by the large radiative output of
the accreting SMBH up to kpc scale. In particular, the amount of
AGN-heated dust in the WISSH-Herschel QSOs was estimated
through radiative transfer by |Duras et al.| (2017), who found an
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average AGN contribution to Lz of 50% at Lgy> 10%7 erg s7!.
Accordingly, we compute the AGN-corrected infrared luminosi-
ties of our WISSH QSOs by dividing by a factor of two the val-
ues listed in Table 3] Therefore, from these corrected values we
derive the SFR using the relation by [Kennicutt| (1998)) scaled to
a Chabrier initial mass function.

In Fig. [0l the rest-frame ~ 125 GHz continuum of
J0209-0005 and JO801+5210 is shown (solid diamonds). These
JVLA photometric points were not included in the fitting be-
cause non-thermal and thermal bremsstrahlung emission signif-
icantly contribute to the SED at these frequencies, in addition
to dust emission. Disentangling the relative contribution of these
processes is not feasible without several photometric points at
v < 200 GHz. However, it is possible to estimate the AGN con-
tribution at these frequencies by comparing the observed JVLA
fluxes with typical emission from star forming galaxies. Specif-
ically, we use the (AGN-corrected) SFR derived from SED fit-
ting to compute the synchrotron and free free energy distribution
(dashed and dotted lines in Fig.[6) according to Eq. 13 and Eq. 12
by Yun & Carilli|(2002)), respectively. The gray shaded area indi-
cates the scatter of non-thermal emission observed in local star-
burst galaxies for a given SFR (Yun & Carilli|[2002). In the case
of J0209-0005, the ~ 125 GHz continuum is consistent with
no AGN contribution, while in J0801+5210 the QSO continuum
shows a small excess (by factor of ~ 1.5) with respect to the val-
ues found in the starburst case. This may suggest a small but non
negligible contribution of the AGN to mm-radio wavelengths.
The extrapolation at radio wavelengths of the synchrotron and
free free SED of both J0209—-0005 and JO801+5210 is consistent
with the non detections at 1.4 GHz in the VLA Faint Images of
the Radio Sky at Twenty-Centimeters (FIRST) survey (Helfand
et al.|2015).
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By exploiting the relation between the infrared continuum
emission and the cold-dust mass, we derive an estimate of the
dust content in the host-galaxy of the WISSH QSOs as follows
(e.g.Beelen et al.|2006; |Scoville et al.|2016)

§.D2
kduslB(/l, Tdust)

where S, is the continuum flux density at rest-frame 1 = 850
pm, measured from the best-fit SED model, Dy, is the luminosity
distance, kgusy = 0.077 kg™! m? is the dust mass opacity at 850
pm (Dunne et al.[2000) and B(A, T4us) is the Planck function for
a given dust temperature. The latter is also based on our SED
fitting, in the range Tgu € [40,75] K. The resulting Mg,s are
listed in Table

Mause = (D

5. CO and [CII] kinematics

We analyse here the CO and [CII] kinematics of the three
WISSH QSOs with spatially resolved emission, for which it has
been possible to investigate the presence of gradients in the ve-
locity (Moment 1) and velocity dispersion (Moment 2) maps.
Fig.|7a shows the velocity map associated with [CII] emis-
sion in J1433+0227. A velocity gradient is detected in approx-
imately the north-west to south-east direction, with a projected

Fig. 8. Velocity (left) and velocity dispersion
(right) maps of J1549+1245 and its bright com-
panion, associated with CO(4-3) emission de-
tected at > 30 significance. In both panels,
top(bottom) colorbar labels indicate values ob-
served in the QSO(companion). The ALMA
beam is also shown by the grey ellipse.

Fig. 9. Velocity (left) and velocity dispersion
(right) maps of J1639+2824, associated with
CO(4-3) emission detected at > 3o significance.
The ALMA beam is also shown by the grey ellipse.

velocity in the range v € [~100, +130] km s~!, although the gra-
dient associated with emission in the inner 0.5 arcsec around
the nucleus shows a different orientation than emission at larger
angular separation. Perturbations are present in the north direc-
tion, where emission with v~ 0 km s~! smears out the gradient.
We have fitted the 3D-BAROLO tilted-ring model (D1 Teodoro
& Fraternali| 2015)) to the data to provide a description of the
kinematics. However, the combination of disturbed morphology
and limited angular resolution (0.44 x 0.34 arcsec?) hampers an
accurate estimate of the source inclination and, in turn, of the
kinematical properties. We have thus produced an ALMA [CII]
datacube with increased angular resolution by applying a Briggs
weighting of the visibilities with robust parameter b = —-0.5
(Briggs|[1995), resulting in a beamsize of 0.35 x 0.30 arcsec?
(Fig.[7b). The associated position-velocity diagram of the [CII]
emission detected above 30" (T4pmst = 0.71 mJy beam™) is
also shown in Fig.[7 h and Fig.[7}.

The 3D-BAROLO fit of the high-resolution datacube results
into an inclination i = 34 + 10 deg, which is consistent with
that derived from the projected axes ratio of the CO emission
measured in Sect. and the i ~ 39 deg reported by Nguyen
et al.|(2020). The velocity residuals map (Fig.[7d) globally shows
small deviations comparable to the spectral resolution, except for
the northern region, where blue- and red-shifted residuals up to

Article number, page 11 of 22



A&A proofs: manuscript no. main

Table 3. Columns give the following information: (1) SDSS ID, (2) SED-based infrared luminosity (see Sect.{4) in the range 4 = 8 — 1000 um.
Typical uncertainty on Lig is 0.1 dex for sources with Herschel photometry, while for the other QSOs we consider a 0.3 dex error. (3-4) AGN-
corrected SFR and star-formation efficiency, (5) dust mass, (6) molecular gas mass, (7) gas-to-dust ratio, and (8) molecular gas depletion time. In
the last row we report the same quantities measured for J1015+0020, a WISSH QSO presented in Bischetti et al.|(2018)

ID log Lir SFR SFE log Mgust logM s Mo/ Mgyt Tdep

Lo Mg yr! Lo/(K km s™! pc?) M, M, Myr
(1 (2) (3) 4) Q) (6) (7 ®
J0209-0005 13.17 735 [465-1165] 310 [230-415] 8.14 10.28+0.08 140 25 [15-40]
JO801+5210 13.24 875 [550—-1385] 195 [150-250] 8.22 10.55+0.04 210 40 [25-65]
J1433+0227 12.74 270 [170-430] - 8.74 11.00+0.30” 180¢ 360 [180-700]
J1538+0855 12.82 330 [165-660] 235 [120-470] 8.04 10.05+0.12 100 35 [15-65]
J1549+1245 12.52 165 [85-330] 305 [155-610] 7.64 9.64+0.04 100 25 [15-50]
J1555+1003 12.94 435 [220-870] 130 [65-260] 8.01 10.43+0.09 260 60 [30—120]
J1639+2824 12.72 260 [130-520] 65 [35—-130] 8.04 10.51+0.07 300 125 [55-245]
J1701+6412 13.34 1095 [690—-1735] 460 [340-625] 8.14 10.28+0.09 140 15 [10-25]
J1015+0020*  12.11 100 [65—160] - 7.02 9.28+0.30” 180 20 [10-45]

* presented in Bischetti et al.| (2018)
@ average value measured from WISSH QSOs with CO-based M,
b computed assuming Mgas/Maus: = 180

[v| ~ 150 km s~'can be observed. Residuals in correspondence
of the northern region are also visible in the dispersion residu-
als map (Fig. [7kg). Similarly, the overlay of data and BAROLO
contours in the position-velocity diagram indicates that the bulk
of the [CII] emission in J1433+0227 is compatible with a rotat-
ing disk, although deviations from pure rotation are visible along
both major and minor kinematic axes. We infer an intrinsic cir-
cular velocity veire = 1.3 X AvVpjye_red/(2sini) =~ 400 km s~ (e.g.
Forster Schreiber et al.|[2009; [Tacconi et al.|2013}; | Bischetti et al.
2019b), where Avppe_rea = 350 km s™! is the total velocity gra-
dient measured from contours of BAROLO model at ~ 50" in the
position-velocity diagram at a projected distance of ~ 1.2 kpc
from the nucleus.

Fig.[§]reports the velocity and velocity dispersion maps asso-
ciated with CO(4-3) emission in the WISSH QSO J1549+1245.
At the resolution of ~ 1 arcsec?, we do not identify a clear veloc-
ity gradient, the bulk of the emission showing a flat velocity pro-
file with [v| < 50 km s~'. Structures with blue-shifted (v ~ —150
km s7') and red-shifted (v ~ +100 km s~!) velocity are ob-
served only in the outer region. The J1549+1245 velocity profile
is consistent with the low inclination i ~ 40 deg derived from the
projected axes ratio. The velocity dispersion map shows a peak
dispersion value of ~ 100 km s~! about 0.5 arcsec offset from
the QSO position in the west direction, which may be related to
disturbed kinematics. Given the SNR~ 16 of the CO emission,
increasing the angular resolution by Briggs weighting the visi-
bilities does not provide further information on the J1549+1245
kinematics. Fig. [§] also shows the moment maps of the bright
companion south-east of J1549+1245, namely Comp1j;s49. This
source shows a large velocity gradient with v € [-200, +150]
km s~!, approximately in the south-east to north-west direction.
Such gradient may be interpreted as the bulk of CO(4-3) in
Compl originating from an inclined (i ~ 64 deg) rotating disk,
although the limited SNR and resolution do not allow us to fit
a disk model to the data. The velocity dispersion map displays
large values up to o ~ 200 km s~! at the position of Comp]1 and
in the direction of J1549+1245.

Although the modest SNR of the CO(4-3) emission prevents
us from performing a BAROLO fit of the data, the velocity map
of J1639+2824 (Fig. [0) appears similar to that of J1433+0227.
Indeed, a velocity gradient is detected in the north-east to south-
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west direction, with projected velocity range v € [-100, +100]
km s~!, smeared out at ~ [—0.1,—0.05] arcsec by some distur-
bances. The presence of perturbed motions is also supported by
the high velocity dispersion of the gas in the same region, where
o ~ 150 —200 km s~!.

We point out that, in the case of marginally resolved tar-
gets observed with modest significance, such as J1549+1245 and
J1639+2824, the interpretation of moment maps is not straight-
forward and can be affected by large uncertainties. As an exam-
ple, non-rotating ISM components such as outflows and merger-
induced perturbations may be mixed with rotation and affect the
observed velocity gradients (e.g. Diaz-Santos et al.|2016} | Trakht-
enbrot et al.|2017} Bischetti et al.|2019b). Moreover, velocity dis-
persion profiles in the central regions may be affected by beam-
smearing effects (e.g. Davies et al.|[2011; Tacconi et al.[2013)).
Higher angular resolution of these QSOs are needed to properly
map the cold gas kinematics in their host galaxies.

6. Discussion
6.1. The rich environment of hyper-luminous QSOs

In a pilot study targeting [CII] emission around the WISSH QSO
J1015+0020, Bischetti et al.| (2018) found a large galaxy over-
density with three [CII] emitters at close distance (~ 2 — 16 kpc)
and two continuum emitters likely physically associated. In this
work we build on the Bischetti et al.| (2018)) result by testing the
role of luminous QSOs as signposts of large galaxy overdensities
in a fair statistical sample.

We confirm that QSOs at the brightest end of the luminosity
function with Lg, > 10%7 erg s~! pinpoint high density regions,
as we find that ~ 75% (80%, once J1015+0020 is included)
of WISSH sources show at least one companion sub-millimetre
galaxy. Specifically, six out of eight QSOs analysed here have
a nearby line emitter, showing bright CO or [CII] emission at
about the same redshift and in most cases of comparable lumi-
nosity to that of the QSO host-galaxy. These emitters are gen-
erally located at close distance (~ 6 — 40 kpc) from the QSO,
with the exception of Compjgy09 Which is located further away
(~ 130 kpc). Two of them, namely Compjgrg9 and Comply;sqg,
are detected also in continuum emission, with a flux which is
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~ 30 — 100% that of the QSO. This suggests that a significant
fraction of the SFR in the observed QSO-companion systems
takes place in the companion galaxies, similarly to/Bischetti et al.
(2018) findings and in agreement with expectations from semi-
analytical models (e.g. Fogasy et al|2017).

Our results provide useful observational evidence to the
hotly debated issue of whether high-redshift QSOs reside in
overdense regions. Traditional studies of QSO environment
mainly rely on HST imaging in the UV and optical bands. In
the case of dust-reddened or Type 2 QSOs, a large fraction
(~ 50 — 80%) have been found to reside in interacting systems
(Urrutia et al.[2008; |Glikman et al.[2015}; [Wylezalek et al.|[2016;
Fan et al|[2016). However, in Type 1 sources such as WISSH
QSOs, the overshining nuclear emission complicates the detec-
tion of tidal features and close/minor mergers, leading to con-
flicting results about the fraction of interacting systems (e.g.
Mechtley et al.|2016). In the last years, ALMA and NOEMA in-
terferometers have expanded our knowledge of the environment
around all types of QSOs by accessing a spectral regime that is
mostly uncontaminated by AGN emission. Several works based
on individual and small samples of high—z QSOs reported the
detection of nearby sources at sub-millimetre wavelengths, e.g.
Ivison et al.|(2008)); (Clements et al. (2009); Salome et al.[(2012);
Riechers| (2013); [Fogasy et al.| (2017} 2020); [Diaz-Santos et al.
(2018)). The discovery of companion galaxies at sub-millimetre
wavelengths has been pushed to the highest redshifts (z ~ 5 —6),
revealing that ~ 15 — 50% of luminous QSOs are accompanied
by interacting companions (e.g. Decarli et al.[2017; [Trakhtenbrot
et al.||2017 |D’Odorico et al.[2018). These companions can be
as bright as the QSO host galaxies and significantly contribute
to the mass growth of the host (e.g. Neeleman et al.|2019, see
also Sect.[6.4). The observed high fraction of WISSH QSOs with
nearby companions supports previous studies of the merger frac-
tion as a function of AGN luminosity (e.g. Treister et al.|2012),
measuring a value close to unity in bright QSOs in agreement
with a major role of mergers in triggering nuclear activity. In-
deed, the merger fraction appears to steeply increase with red-
shift (by a factor of three from z ~ 1 to z ~ 2.5) in massive
galaxies such as WISSH hosts (e.g. |Conselice|2014). We note
that the modest angular resolution and sensitivity of our obser-
vations (see Table[I)) prevent us from assessing the presence of
an ongoing merger phase in all galaxies with a detected com-
panion galaxy. Indeed, this will require to accurately probe dis-
turbed ISM kinematics and to detect tidal features with higher
angular resolution follow-up observations (e.g. see |Diaz-Santos
et al.[2018}; \Decarli et al.[2019).

6.2. Star formation efficiency and gas depletion

We investigate here the relation between CO(1-0) luminosity,
tracer of the molecular gas content (e.g. [Bolatto et al.|2013),
and the IR luminosity, tracer of the dust-reprocessed star for-
mation rate (e.g.|Kennicutt & Evans|2012) in the host-galaxy of
the WISSH QSOs. Figure[I0|(left panel) displays the location of
our targets in the Lig — L’CO(I_O) plane, where Lir is the AGN-
corrected infrared luminosity (see Sect. ). We show the best-fit
relation derived for the compilation of 0 < z < 3 main sequence
galaxies by |Sargent et al.| (2014), indicated by the dashed line.
As comparison samples, we include:

— non-lensed, luminous SMGs at z ~ 1 —4 from Bothwell et al.
(2013), starburst galaxies at z ~ 1.5 — 2.5 from |Silverman
et al.|(2015); Yan et al.[(2010), and dusty, highly star-forming
galaxies at z > 4 by [Fudamoto et al.| (2017}, for a total of 40

galaxies. In the case of Bothwell et al.| (2013) targets, we
distinguish between SMGs with and without AGN.

— a subsample of 36, non-lensed z > 1 QSOs with a good es-
timate of the infrared luminosity from the compilation by
Perna et al.| (2018)). In particular, we consider QSOs with at
least two photometric points in the rest-frame wavelength
range 50-850 pm, and at least one detection of the far-
infrared continuum within 50 — 200 ym, that is close to the
peak of the cold dust emission. This choice limits the sys-
tematics on Ljr due to different modelling techniques and as-
sumptions on the infrared SED (e.g. Perna et al.|2018; |Kirk-
patrick et al.|[2019). Following the same approach used for
our targets, we homogeneously compute L, of all z > 1
QSOs from the mid-J CO luminosity reported by Perna et al.
(2018) according to the L/CO(J—>J—1)/L/CO(1—0) ratios by |Carilli
& Walter (2013)), and derive the AGN-corrected Lig follow-
ing Duras et al.[(2017) for the Ly, > 107 erg s~ sources.

— X-ray selected QSOs at z ~ 2 drawn from SUPER (SINFONI
Survey for Unveiling the Physics and Effect of Radiative
feedback), which have a reliable measure of Lig (Circostal
et al.[|2018}, 2020 in prep.). L’CO“_O) and the AGN-corrected

Lir have been derived as in the previous point.

WISSH QSOs, with the exception of J1433+0227, lie below
the locus of high-z, main sequence galaxies (Fig[T0). In general,
the bulk of the z > 1 QSO population shows lower CO luminos-
ity than MS galaxies for a given Lig, with no clear dependence
on the AGN bolometric luminosity. To quantify this difference,
we fit data points of WISSH QSOs and the comparison QSOs
sample with a linear regression based on a Bayesian approach,
by using the python package linmix (Kelly|2007). This allows
us to consider errors on both variables Lir and L, and upper
limits on the latter. For WISSH QSOs, we use the statistical un-
certainty on Lig from SED fitting (~ 0.1 dex), for sources with
Herschel plus sub-mm photometric coverage, while we consider
a 0.3 dex systematic uncertainty for sources with no Herschel
(Sect. ). Errors on L., are listed in Table 2} For the compilation
of QSOs from literature, the typical uncertainties are 0.2 dex and
0.1 dex on Lig and L, respectively. The resulting best-fit corre-
lation indicates that QSOs with infrared luminosity in the range
10'2 — 103 L, (probed by WISSH QSOs and the majority of
QSOs from literature) show on average a factor of ~ 4 lower CO
luminosity than MS galaxies. Differently, we note that the ma-
jority of SMGs follow the MS galaxies sequence, with sources
below the relation being mostly associated with the presence of
an AGN.

Our results provide new insights into the location of QSO
host-galaxies in the Li, — Lir plane (e.g. Genzel et al{[2010;
Carilli & Walter|2013)), and are similar to findings by Perna et al.
(2018), who reported a reduced CO luminosity in high-z QSOs
for both obscured and unobscured sources. A different scenario
was reported by |Kirkpatrick et al| (2019), who performed a
new, homogeneous analysis of most QSOs included in the Perna
et al.| (2018) collection, finding no significant difference in the
Lt — Lir properties of QSOs and MS galaxies. |[Kirkpatrick et al.
(2019)) identified this discrepancy as mainly due to different SED
fitting prescriptions at IR wavelengths and the use of a diverse
CO SLED. By comparing estimates of Lig and Léjoa-()) for com-
mon sources between these two works, we find most Ljg values
being consistent within a factor of two, while L, ; g is system-
atically higher in Kirkpatrick et al.[(2019)) by a factor of ~ 1.5-2,
and up to a factor ~ 20 — 30 in few cases, as also shown in their
Fig. 6. This is linked to the fact that [Kirkpatrick et al.| (2019)
adopt a SMG-like CO SLED, mainly obtained from CO obser-
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Fig. 10. Panel (a) displays the CO(1-0) luminosity as a function of the infrared luminosity for the WISSH QSOs analysed in this work (cyan
stars), compared with a sample of QSOs and SMGs from literature (see text for details). We show the best-fit L., ,_,, Vs Lir relation measured
for the QSOs sample (solid line), as compared to the relation found for MS galaxies by |Sargent et al.| (2014); [Speagle et al.|(2014) (dashed line),
characterised by a 0.2 dex scatter (grey shaded area). A thousand random realisations from our Bayesian fit are also shown (pink lines). Top

colorbar indicates the AGN bolometric luminosity for the z > 1 QSOs collection from literature. Error bar indicates the uncertainty on L,

0(1-0)

associated with the assumption of a CO SLED, given the range of CO(5 — 4)/CO(1 — 0) ratios measured in high-z QSOs (Fig. E]) Panel (b)
shows the star formation efficiency as a function of redshift, compared to the SFE of MS galaxies with M ~ 10!! M, (black line with grey
area). Black(purple) error bar indicates the typical uncertainty on SFE for WISSH targets including(without including) the systematic error on the

assumption of a CO SLED (see Sect.[3.3).

vations of sources with low AGN fraction, while [Perna et al.
(2018) values reflect the different CO-SLED used in individual
works, typically assuming a steeper CO-SLED (e.g. [Carilli &
Walter|[2013)). Our results (Sect. @ indicate that a steeper CO
SLED is more appropriate for luminous QSOs. Indeed, we note
that Kirkpatrick et al.[|(2019) consider only CO detections, which
may bias their analysis towards CO-luminous sources.

We compute the star formation efficiency in the host-galaxies
of the WISSH QSOs, defined as (i) the ratio of star formation
rate per molecular gas mass SFE = SFR/Mg, in units of yr~! or,
equivalently, as (ii) the ratio between the far infrared luminos-
ity and the CO(1-0) luminosity, that is SFE = Lig /L’CO(I_O), in
units of Lo/(K km s™! pc?). In Figure 10| (right panel) we adopt
the second definition and show the SFE evolution as a func-
tion of redshift of the WISSH QSOs, which typically show high
values of SFE in the range between 130 and 460 (hereafter in
units of Lo/(K km s~! pc?)), similar to the SFE>100 derived in
most z > 1 QSOs (Riechers|[2011}; Krips et al.|[2012; [Feruglio
et al.|2014). In the case of J1433+0227, we measure a moder-
ate SFE~ 65, consistent with the average evolution of SFE in
main sequence galaxies (solid line). Specifically, we show the
expected SFE-z evolutionary trend for a stellar mass M, = 10'!
M., from |Sargent et al.| (2014); |Speagle et al. (2014), adapted to
our empirical definition of SFE by using a CO luminosity to gas
mass conversion factor aco = 3.6 (Daddi et al.|[2010; |Accurso
et al|[2017), hereafter in units of My/(K km s~ pcz), and the
Lir—SFR relation from Kennicutt & Evans| (2012)). SMGs are
characterised by a wide range of SFE € [20, 600], intermediate
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between QSOs and MS galaxies, as also found by e.g. [Magdis
et al. (2012); |Yang et al.[|(2017). We note that SMGs with AGN
activity from Bothwell et al.| (2013) are characterised by high
SFE values, similar to the SFE of high-z QSOs. No evolution of
the SFE with redshift is observed in the host-galaxy of QSOs at
1 < z < 6.5, in agreement with previous compilation of AGN
(Feruglio et al.[2014} |Perna et al.|2018]).

The standard approach in previous studies of molecular gas
in QSOs was to assume a starburst-like conversion factor (that
is aco ~ 0.8) to derive gas masses (e.g. |Perna et al.[|2018)). This
is justified by the fact that many high-z QSOs have been found
to reside in highly star-forming host-galaxies, with SFR of hun-
dreds to thousands M, yr~! (e.g./Solomon & Vanden Bout|2005;
Carilli & Walter| 2013} (Combes|[2018), being characterised by
compact disk sizes (e.g. [Brusa et al.||2018;; [Feruglio et al.|2018)
and high molecular gas excitation (e.g./Gallerani et al.[ 2014} |Car-
niani et al.|2019, see also Sect. @) Several works have shown
a dependence of aco on the gas metallicity, and offset from MS,
defined as Ayis = log(sS FR/sS FRyis), where sS FR is the spe-
cific SFR for MS galaxies (e.g. Wolfire et al.|2010; |Genzel et al.
2012 |Accurso et al.|[2017). Specifically, the conversion func-
tion by |Accurso et al.| (2017) suggests a larger aco ~ 3.5 for
non-interacting galaxies with log(M./My) ~ 10.5 — 11.2 and
Aws ~ 0.5, typical of the high-z QSOs sample (Sect. [6.2). How-
ever, in the case of mergers and galaxies with Ays > 1.3, the
starburst-like conversion factor should be used (Accurso et al.
2017; Ivison et al.|2011). Accordingly, given the evidence that
~ 80% of WISSH targets are in merging systems, we adopt
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aco ~ 0.8 to infer the molecular gas mass. Table [3| lists the
resulting values of M,,s, which span about one order of magni-
tude from ~ 4.4 x 10° My to ~ 3.5 x 10'© M. This implies a
variety in the properties of the molecular gas reservoirs around
WISSH QSOs, consistent with previous findings inz ~ 1 — 6
QSOs (Perna et al.[2018)).

Concerning J1433+0227 and J1015+0020, for which we
have no CO observations, an estimate of Mg, can be derived by
adopting a gas-to-dust ratio (GDR) and dust masses computed in
Sect. [d] In low—z galaxies, a GDR ~ 100 is typically observed
(e.g. Draine et al.|2007}; [Leroy et al.|2011). Studies of massive
star forming galaxies and SMGs out to z ~ 3 — 5, comparing
CO-based gas masses and dust masses obtained from far-infrared
continuum emission, found a possibly increasing GDR with red-
shift, with typical GDR ~ 120 — 250 at z ~ 2 — 4 (e.g. Saintonge
et al.[|2013; Miettinen et al.|2017)). In the case of WISSH QSOs,
we derive gas-to-dust ratios in the range GDR € [100 — 300],
with an average GDR=~ 180 (Table [3). By adopting the latter,
we obtain log(M,as/Mo) ~ 11.0 and log(Mg.s/Mo) ~ 9.3 for
J1433+0227 and J1015+0020, respectively. An alternative ap-
proach to estimate Mg, consists in using the luminosity of the
[CII] emission line as a tracer of the molecular gas mass. A cor-
relation between My, and Licm has indeed been reported for
z ~ 2 main-sequence galaxies (Zanella et al.|2018):
log(Mgas/Mo) = 1.02 X [log(Licmy/Lo) + 1.28] 2)
with a 0.3 dex scatter. By using Eq. we obtain
log(M /M) 11.1 for J1433+0227, which is almost
identical to the dust-based gas mass, while the [CII]-based
log(MiSY" /M) ~ 9.9 in J1015+0020 is a factor of ~ 4 larger
than the value inferred from My,s. However, because of its low
ionisation potential, [CII] simultaneously traces the molecular,
atomic, and ionized gas phase (e.g./Sargsyan et al. 2012} |Croxall
et al. 2017). Therefore, depending on the relative contribution
of the different gas phases, the total measured Ljcy might be
higher than the one arising from the molecular gas only: this
would lead to overestimated [CII]-based M,,s. Alternatively,
dust-masses might be underestimated because of the approxi-
mation in our SED fitting that dust can be modelled by a single
dust temperature (e.g.|Eales et al.||2012; |Aravena et al.|2016)).

The ratio between the molecular gas mass and the star forma-
tion rate Tgep = Myas/SFR represents the gas depletion timescale
(which is equivalent to 1/SFE), corresponding to the amount of
time required to exhaust all the reservoir of molecular gas at the
current rate of star formation. In the case of WISSH QSOs, we
divide Mg, for the AGN-corrected SFR computed in Sect.
finding 74, < 100 Myr for all sources with CO-based measure
of Mgy, with 7gep as small as ~ 20 — 30 Myr in J0209-0005,
J1549+1245 and J1701+6412. Concerning the two QSOs with
dust-based Mg, the 7gep ~ 20 Myr inferred for J1015+0020
suggests that the molecular gas reservoir will be converted into
stars on a similar timescale compared to the other WISSH QSOs,
while in the case of J1433+0227, the large M, and modest SFR
translate into a 7gep ~ 360 Myr. Our results indicate that all
WISSH QSOs (except J1433+0227) are characterised by small
Tdep» shorter by an average factor of ~ 30 compared to the deple-
tion timescale of MS galaxies of similar M, and z. This differ-
ence cannot be explained by the uncertainty on aco only.

The high SFE and small 74, observed in WISSH QSOs
might be due to starburst activity in the host-galaxies of our tar-
gets (e.g.|Aravena et al.|2016} [Yang et al.[|2017). In fact, in the
four WISSH targets for which we measure M, (see Sect.[6.5) we
find moderate offset from MS Ayg ~ 0.3 — 0.8. Alternatively,

it may be related to the impact of AGN feedback, which can
reduce the molecular gas reservoir available for SF by removing
and/or heating gas through the deposition of energy and momen-
tum via AGN-driven outflows. The latter scenario will be further
discussed in Sect.

6.3. COSLED

The relative strengths of CO emission lines with different ro-
tational quantum numbers J, that is the CO SLED (Sect. @]),
provide key information on the contribution of the different
gas phases to the total amount of molecular gas. Specifically,
low-J (J < 3) CO lines trace the cold (excitation temperature
Tex < 100 K), low-density (critical density ngge ~ 10 - 10°
cm™) phase, while high-J (J > 5) ones are associated with
warmer and denser gas. Knowledge of the CO ladder is also nec-
essary to convert measured high—J CO transitions in CO(1-0)
luminosity, CO(1-0) being the best known tracer of molecular
gas mass (My,) (e.g. [Bolatto et al.|[2013). It is relatively easy
to probe this transition at cm wavelengths only in a minority of
bright, high—z sources, as are our hyper-luminous QSOs.

The CO SLED of high redshift QSOs is still poorly known,
as it has been sampled only in few sources up to J 2 5, in-
cluding the CO(1-0) ground transition (Fig. E]) However, the
studied sources are known to be affected by strong gravitational
lensing (Downes et al.|[[1995} [Venturini & Solomon| 2003} |Car-
illi et al.|2003; [Lewis et al.|2002; |Alloin et al.|2007), with pos-
sibly the exception of BR1202—-0725 at z ~ 4.7 (Carilli et al.
2002; (Carniani et al.|2013)). Differential magnification of the CO
lines emitted by different regions may therefore bias the inter-
pretation of their SLED. Both WISSH QSOs J0209-0005 and
JO801+5210, of which we investigate the CO SLED by com-
bining CO(1-0) and CO(5—-4) observations, are instead non-
lensed. Specifically, SUBARU J,Ks and HST/WFC3 IR images
of J0209-0005 (Wang et al.|[2015) show no irregular surface
brightness morphology, which may be indicative of multiple
QSO images, down to an angular scale of ~ 0.2 arcsec. Similarly,
in the case of J0O801+5210, our inspection of g and » band im-
ages from SDSS DR12 archive showed no irregular morphology
down to an angular scale of ~ 0.8 arcsec. Moreover, in the case
of BR1202-0725 and the QSO MG0751+2716 (also shown in
Fig.5), the interpretation of the CO SLED might be further com-
plicated by the presence of a radio jet (Klamer et al.||2004; |Al-
loin et al.|[2007). Similarly, ULAS J1234+0907 is characterised
by strong AGN synchrotron emission (Banerji et al.|2018), while
our targets show no/little AGN contribution at radio wavelengths
(Sect.f).

The CO SLED of WISSH QSOs calculated in Sect. [3.3]
shows a steep rise up to J = 5. Specifically, the CO SLED
of J0209-0005 is consistent with previous measurements of
CO excitation in high-z QSOs (Carilli & Walter] 2013} |Casey
et al. [2014), while in the case of JO801+5210 the observed
CO(5-4)/CO(1-0) ratio is even higher than that expected in
APMO08279+5255, that is the QSO with the steepest CO SLED
observed so far (Weill et al|[2007). We note that a similarly
high CO(5-4)/CO(1-0) ratio to that of JO801+5210 has been
recently reported for a weakly lensed, Type 1 QSO at z ~ 2.8
by Fogasy et al.[(2020). The high excitation of the molecular gas
in our hyper-luminous targets is likely linked to AGN-related
heating agents, such as X-ray photons or shocks, which influ-
ence molecular gas physics and chemistry in X-ray dominated
regions (XDRs, [Maloney et al.||1996)). In these regions, molec-
ular gas can be heated above 100 K (van der Werf et al.|2010;
Meijjerink et al.|2013; Mingozzi et al.|[2018; |Vallini et al.|2019;

Article number, page 15 of 22



A&A proofs: manuscript no. main

110 :
10,5 % ]
10.0\— + s ﬁ

9.5—

Log(Mgu/M o)
[t}
o
I

8.5 -
© J1433+0227
Yo 11549+1245
O )1639+2824

8.0~ O /101540020 ]|

© z~2QS0s

® 2z~4.5QS0s
L @® z ~ 6QSOs

7.5 —
e | | | | | |

10.00 10.25 10.50 10.75 11.00 11.25 1150 11.75 12.00

Log(Mayn/M o)

1.0 —(b) ° —

0.5

0.0

-0.5
sa
k.Lcn
o
9 -1.0
C 06}
WISSH CO
WISSH Dust c I,)
A Compljisag e e
—-2.0— e z>1QSO0s —
o SUPER
PG QSOs
o IBISCO
—2.5~ o AGN+CO outflow —
| | | |
9.0 9.5 10.0 10.5 11.0 11.5 12.0
Log(M+/Me)

Fig. 11. Panel (a) shows the black hole mass as a function of the dynamical mass of WISSH QSOs (cyan symbols), compared with z ~ 2 — 6,
luminous QSOs from literature, as indicated in the legend (see text for details). The total dynamical mass associated with the QSO + companion
galaxies with measured Mgy, are also shown by the empty symbols. For WISSH QSOs and companions (as most literature sources), Mgy, values
are based on the FWHM of the CO or [CII] emission lines. The Mgy — Mgy, relation found for local galaxies by Jiang et al. (2011)) is also indicated
by the dashed line, with the associated 0.4 dex intrinsic scatter (shaded region). Panel (b) displays the molecular gas fraction (corrected for the
dependence on redshift and offset from main-sequence) as a function of the host-galaxy stellar mass for WISSH QSOs and a compilation of high-z
QSOs and local AGN (see text). WISSH QSOs with dust-based Mg, are indicated by orange stars. The average fg,; — M. relation found for z < 4
star-forming galaxies from the PHIBSS survey (Tacconi et al.[2018)) is shown by the solid line.

Li et al|2020) and the high—J CO rotational energy levels be-
come more populated with respect to photo-dissociation regions
(PDRs, |Hollenbach & Tielens|[1999), dominated by UV photons
from young stars, which mostly contribute to the CO SLED of
non active, star forming galaxies (e.g. Narayanan & Krumholz
2014; |Greve et al|2014). The steep CO SLED observed in
Compygage suggests that the AGN radiative output might be able
to affect cold gas excitation also in nearby sources.

The limited sampling of the CO ladder in J0209—-0005 and
JO801+5210 as well as in their companion galaxies does not al-
low us to quantify the different contributions to CO excitation.
Further observations of high—J CO rotational transitions, that is
J ~ 6 — 10, close to the peak of the CO SLED (Mashian et al.
2015} [Li et al.||2020), will be important to probe the physical
properties of the molecular gas and the main excitation source in
these luminous targets.

6.4. Dynamical masses
6.4.1. Size of CO and [ClI] emission

In Sect. [3.2] and Sect. [5] we investigated the CO and [CII] spa-
tial extent and kinematics of the WISSH QSOs J1433+0227,
J1549+1245 and J1639+2824, in which line emission is spatially
resolved by the ALMA observations. Specifically, we find the
cold gas reservoir in J1433+0227 as traced by [CII] emission,
to be distributed in a rotating disk with size D = 4.4 + 0.3 kpc.
The latter was computed by multiplying the major axis derived
in Sect. [3.2] by a factor of 1.5 (e.g.[Wang et al[2013; [Venemans
et al.[|2016). This value is in agreement with typical sizes (2 — 5
kpc) of [CII] emission measured in luminous, high-z QSOs at
z ~ 4.5 = 5 (Trakhtenbrot et al.|[2017; [Pensabene et al.||2020;
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Nguyen et al.|[2020), and a factor of three larger than the [CII]
disk size of the WISSH QSO J1015+0020 (Bischetti et al.[2018]).

In the case of J1549+1245, the CO(4-3) emission is pecu-
liarly extended over D = 12.5 + 2.0 kpc, as also observed in
the companion galaxy Comp1 1549, which is characterised by an
even larger CO(4-3) size D = 15.4 + 1.9 kpc for the molecu-
lar gas reservoir. The large size measured in J1549+1245 differs
from the majority of previous observations targeting mid—J CO
rotational transitions in QSO host-galaxies, finding the bulk of
molecular gas located in compact regions of few kpc size (e.g.
Fan et al.|[2018; [Bischetti et al.[2019b; D’ Amato et al.[2020). On
the other hand, CO(3—-2) emitting regions with D > 10 kpc have
been measured in hyper-luminous, reddened QSOs at z ~ 2.5
by [Banerji et al.[(2017), with comparable Lg,. Given that sev-
eral SMGs show evidence for similarly extended reservoirs but
in lower excitation molecular gas (e.g.Ivison et al.[2011; Riech-
ers et al.|[2011b), this may suggest that the huge QSO radiative
output in our targets is able to affect CO excitation out to tens of
kpc scale and in nearby galaxies, in agreement with our findings
for the CO SLED of J0209—-0005 and its companion (Sect. [3.3).
Concerning J1639+2824, we instead measure a compact size for
the CO(4-3) emission D = 1.7 + 0.2 kpc, which is a factor of
two larger than the CO size measured for this QSO by |Schramm
et al. (2019) from the same observation. We note that the detec-
tion of gas on larger scales might be hampered by the very high
native angular resolution of the ALMA observations (Sect. 2.2).

6.4.2. Dynamical vs SMBH mass

To calculate the dynamical mass of J1433+0227, we (a) adopt
the virial relation Mgy, = vafm /2G = 5.6”_’?:5 x 10'° M, where
Vrot 18 provided by the BAROLO model of the high-resolution
ALMA datacube (Sect. [3). As the BAROLO model is limited
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to [CII] emission from the central region with (deconvolved)
size of 0.31 = 0.03 arcsec, the virial estimate corresponds to
the dynamical mass within the inner D, = 3.5 + 0.3 kpc; (b)
use the FWHM of the [CII] emission line as a proxy of the cir-
cular velocity, according to the relation Mgy, = 1.16 X 103 x
(0.75 x FWHM/sini)> x D = 1.4:1):2 x 10'" M, (e.g. 'Wang
et al.|2013}; [Venemans et al.|2016). Similarly, by using (b) we
find Mgy, = 1.2f('):§ x 10" My for J1549+1245, and a larger

mass by a factor of three Mgy, = 3.611):}‘ x 10" Mg for its
companion galaxy Complj;sq9, Supporting an interpretation of
the QSO-companion interaction as major merger. The measured
dynamical mass of J1639+2824 is Mgy, = 8.93:; x 1019 M,
which is about one order of magnitude larger than the value in
Schramm et al.| (2019) which, however, reported their estimate
of Mgy, for a rotating disk to be smaller than the black hole mass
for this QSO. We point out that in the case of marginally re-
solved sources such as our targets, detected with moderate sig-
nificance, inclination and, in turn, Mgy, estimates can be signif-
icantly altered by non-circular beam shapes. Also, non-rotating
ISM components may be missed given the angular resolution of
our observations. Moreover, our Mgy, are based on a single emis-
sion line whose kinematics may represent only the inner regions
of the galaxy (e.g.|de Blok & Walter|2014;|Lupi et al.[2019)). Fur-
ther discussion about these issues can be found in [Trakhtenbrot
et al.|(2017) and references therein. Finally, we note that assum-
ing WISSH systems to be dispersion-dominated would result in
smaller Mgy, by a factor of 3 — 4 (e.g. |[Decarli et al [2018).

Both J1549+1245 and J1639+2824 benefit from single-
epoch measurements of the SMBH mass (Mpy) based on the HB
14861 A emission line which, being mostly dominated by virial
motions, is the best estimator of My (Denney|2012; Marziani &
Sulentic|2012} Vietri et al.[2018) for QSOs up to z ~ 3.8. Specif-
ically, [Bischetti et al.| (2017) and [Schramm et al.| (2019) found
very large log(Mgy/My) ~ 10.1 — 10.4. For the higher redshift
QSO J1433+0227, a log(Mpy/My) =~ 9.11 measured from the
Mgll 12800 A emission line was reported by [Trakhtenbrot et al.
(2011).

Figure shows the location of the WISSH QSOs in the
Mgy — Mgy, plane (cyan stars), including J1015+0020 analysed
in Bischetti et al.| (2018). QSOs from literature with measure of
Mgy, based on CO or [CII] emission lines and single epoch es-
timate of Mgy are also displayed. We include dusty-obscured
QSOs at z ~ 2 from Banerji et al.| (2015, 2017); Bongiorno et al.
(2014); Brusa et al. (2018)) and luminous z ~ 4.5 — 6 QSOs from
the works of [Venemans et al.| (2016, [2017a); Willott et al.| (2013]
2015], 2017); | Kimball et al.| (2015)); [Trakhtenbrot et al.| (2017);
Feruglio et al.| (2018)); Mortlock et al.| (2011); [De Rosa et al.
(2014); Kashikawa et al.| (2015). The Mgy — Mgy, relation, de-
rived from local galaxies in a wide range of Mgy, ~ 10°—10'2M,,
by Jiang et al.|(2011)), is also shown for comparison. All WISSH
QSOs but J1433+0227 are characterised by a ratio between dy-
namical mass and SMBH mass Mgyn/Mpu ~ 3 — 10, among
the smallest observed so far. According to the local relation, the
typical May,/Mgy ratio should be ~ 600 which, given the very
massive black holes hosted by our targets, should translate into
host-galaxy dynamical masses > 10'> M. Such large values of
My, suggest that that hyper-luminous QSOs are the likely place-
holders of high-density regions were local giant galaxies have
been assembled (see also [Jones et al.|2017} [Diaz-Santos et al.
2018). We also note that small Mgay,/Mgy ratios are expected
in the early growth phases (z = 3) of very massive BHs, for a
scenario in which black-hole accretion is triggered by galaxy in-
teractions (e.g.[Lamastra et al.[2010; Menci et al.[2014)).

In the case of J1549+1245, the empty star in Fig. rep-
resents the total dynamical mass log(Mgyn/Mo) ~ 11.68 asso-
ciated with the QSO plus Complj;s49 system, under the likely
hypothesis that these two sources will merge (see Sect. and
build up the mass of the QSO host-galaxy. A similar result was
reported for J1015+0020 (whose mass plus that of its compan-
ion galaxy is also reported in Fig. as the empty square) by
Bischetti et al.| (2018), who found this QSO to be associated
with multiple nearby (< 16 kpc) companion galaxies, for a to-
tal a log(Mayn/Mo) > 11 already in place at z ~ 4.4. Given the
widespread presence of bright companion galaxies in the sur-
roundings of WISSH QSOs, most of which are located at close
projected distance (~ 6—30 kpc), we expect them to significantly
contribute to the final mass of the QSO host-galaxies and conse-
quently move the WISSH points closer to the local relation.

6.5. Gas fraction and feedback from QSO winds

To probe the amount of gas available for star-formation activ-
ity in the WISSH QSOs, we compute the molecular gas frac-
tion, defined as fyos = Mgas/M.. Our targets being unobscured
QSOs, a derivation of the host-galaxy stellar mass from SED fit-
ting is particularly challenging, given that the nuclear emission
outshines the galaxy at wavelengths shorter than few tens of mi-
crons (Sect.[). An alternative approach is to infer M. via the dy-
namical mass, according to the relation M, = Mgy — Mgas — Mpu
(e.g.[Venemans et al.[2017b; [Nguyen et al.|2020), under the as-
sumption that dark matter does not significantly contribute to the
central mass of the host-galaxies (e.g. Wuyts et al.2016)). By us-
ing the latter method, we could therefore measure M, for four of
our targets and we find log(M,/My) ~ 10.4 — 11.0 and a wide
range of fos ~ 0.04 — 1.6 for our targets, similarly to what has
been found in other high—z QSOs (e.g. Venemans et al.|2017b;
Banerji et al.|2018). However, we caution that large uncertainties
affect these measurements, the main of which are related to the
uncertainty on the galaxy inclination and to the assumption of an
aco (Sect. [6.2). This prevents us from putting tight constraints
on M, and, in turn, on fg,. Previous studies of molecular gas
content in star-forming galaxies out to z ~ 4 (e.g.|Genzel et al.
2015; [Tacconi et al||2018) highlighted a dependence of fy,s on
redshift and offset from the star-forming galaxies MS, Ays. To
ensure a meaningful comparison of the molecular gas fraction
of WISSH QSOs with other samples at different z and Ays, we
thus correct fg,s for these trends. Specifically, we use the func-
tions f>(z) and g>(sS FR/sS FRys) by|Genzel et al.| (2015)); Tac-
coni et al.| (2018), in which we parametrise sS FRys according
to/Whitaker et al.[|(2012)).

Figure |I1p shows foi™ (corrected for trends with z and
Ams) of SH QSOs as a function of M,, compared with
QSO samples as in Sect. [6.2] We also include low-redshift
AGN samples, such as (i) Palomar Green (PG) QSOs with
CO(2-1) based molecular gas masses (Shangguan et al.|2020));
(ii) X-ray selected INTEGRAL/IBIS AGN, characterised by
log(Lpoi/erg s™!) ~ 43.5 — 45.6, with CO(1-0) and CO(2-1)
measurements from the IBISCO survey (Feruglio et al. 2020
in prep.). We consider (iii) active galaxies with evidence of
AGN-driven molecular outflows from |Fiore et al. (2017); Brusa
et al.|(2018); Fluetsch et al.[(2019);|Herrera-Camus et al. (2019).
For all these sources, molecular gas masses have been homoge-
neously computed as in Sect. The average fgi" — M. rela-
tion derived from ~ 1400 star forming galaxies at z < 4 from the
IRAM Plateau de Bure HIgh-z Blue Sequence Survey (PHIBBS,
Tacconi et al.[2018)) is indicated by the solid line.

Article number, page 17 of 22



A&A proofs: manuscript no. main

We find that the molecular gas fraction of WISSH QSOs is
systematically smaller by a factor of ~ 10— 100 than that of star-
forming galaxies with the same stellar mass. In general, AGN
with log(M./Mo) < 10.25 exhibit similar fi" to star-forming
galaxies, while at larger stellar masses the number of sources
below the relation significantly increases, both in high-z QSOs
and in z ~ 0 AGN. We note that part of the offset of WISSH
QSOs (and other AGN in starbursting or merging systems, see
Sect. [6.2) might be due to the adopted aco = 0.8, while the
molecular gas fraction in PHIBBS galaxies is based on a com-
plex conversion function, which takes into account metallicity
and offset from MS (Genzel et al.|[2015}; |Accurso et al.|[2017).
This may account for a factor of ~ 4 in fgi" (error bar in Fig.
[[1p), given the M, of our targets. However, even taking into
account the uncertainty on aco, WISSH QSOs and ~ 50% of
points at log(M./My) = 10.5 fall short of the Tacconi et al.

(2018) average foo"

gas *

This result is in agreement with previous findings by |Brusa
et al.| (2015)); Perna et al.| (2018)), who reported a lower molec-
ular gas fraction in obscured QSOs compared to MS galaxies
and proposed AGN feedback as responsible for depleting the
host-galaxy of the molecular gas content via outflows, during the
transition, "blowout" phase from starburst galaxy to unobscured
QSO (e.g. Menci et al.|2008}; [Hopkins et al.|2008)). Moreover,
Brusa et al.| (2018) reported a low gas fraction in the z ~ 1.5 lu-
minous, obscured QSO XID2028, in which an outflow has been
detected in both the molecular and ionised gas phases (see also
Cresci et al.[2015) Similarly, [Fiore et al.|(2017) reported a lower

s than MS galaxies in a collection of local AGN with evi-
dence of molecular outflows, the gap increasing at large M..|Car-
niani et al.| (2017) targeted Lgy ~ 10 erg s™' QSOs at z ~ 2.4
showing strong ionised winds, as traced by the [OIII] 15007 A
emission line, and reported a significantly reduced gas reservoir
compared to main-sequence galaxies at the same redshift. On the
other hand, [Herrera-Camus et al.| (2019) found a gcfsrr consistent
with the [Tacconi et al.|(2018)) relation in a z ~ 2.4 QSO hosted
by amassive (M, ~ 10'! M), MS galaxy, with multi-phase out-
flows.

It is worth noting that all WISSH QSOs analysed in this
work show evidence of ionised outflows, from nuclear to circum-
galactic scales, as traced by large blue-shifts of their emission
lines in the rest-frame UV and optical spectrum with respect to
the systemic QSO redshift, as traced by CO or [CII] (zcoq in
Table [2). Specifically, by analysing SDSS DR12 spectra (Alam!
et al.|2015) we measured the wavelength corresponding to the
peak of the CIV 11549 A emission line (zspss 1n Table, and
found large velocity blue-shifts in the range v € [1200 — 5600]
km s~!with respect to the systemic redshift. Similar results were
found by |Vietri et al.| (2018) who analysed the velocity shift
between CIV and Hg for 18 WISSH QSOs and revealed pow-
erful, broad-line region winds with associated kinetic power
Exn ~ 10¥ — 10" erg s7'. The presence of strong nuclear
winds in ~ 25% of the total WISSH sample was also reported
in Bruni et al.| (2019), who found high velocity BAL features
blue-wards of CIV and SilV 11400 A emission lines. Three
WISSH among the targets of this work are BAL QSOs, namely
J1549+1245, J1555+1003, and J1538+0855, which shows an
ultra-fast BAL outflow with velocity v € 38000 — 47000 km s~'.
Indeed, Bischetti et al.| (2017) reported among the most power-
ful [OIII] outflows observed so far in five WISSH QSOs (includ-
ing J1549+1245), with Exin up to few percent of L, and ex-
tending on kpc scale, while [Travascio et al.| (2020) discovered a
Lya 11216 A outflow propagating up to ~ 30 kpc in the circum-
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galactic medium of J1538+0855. Feedback associated with QSO
activity, responsible for heating and/or removing molecular gas
from the host-galaxy via outflows, is a possible scenario for the
low molecular gas fractions.

We searched for the presence of cold gas outflows as traced
by broad/asymmetric wings in the CO or [CII] spectra of the
WISSH QSOs presented in this work. We found no detection of
high-velocity cold gas. However, the limited sensitivity of our
observations (Table [1)) prevents us from putting meaningful up-
per limits on the luminosity of cold gas outflows in our targets.
Indeed, molecular and neutral outflows observed in luminous
QSOs typically correspond to ~ 1/60 to ~ 1/20 of the peak of
CO and [CII] emission line profiles, respectively (e.g. [Feruglio
et al.[2017; Bischetti et al.|2019b; |Cicone et al.|[2015};, Bischetti
et al.||2019a). Therefore, deeper observations in the (sub-) mil-
limetre band are required to detect the counterpart in the cold
gas phase of the powerful ionised outflows in WISSH QSOs.

7. Conclusions

We report on ALMA, NOEMA and JVLA observations of the
far-infrared continuum, CO and [CII] line emission in a sample
of eight hyper-luminous QSOs from the WISSH sample at z ~
2.4 — 4.7. These data enable us to perform the first systematic
study of cold gas properties in hyper-luminous QSOs at Cosmic
noon. Our main findings can be summarised as follows:

— We detect CO(4-3), CO(5—4) rotational or [CII] emission
in the host-galaxies of our targets (100% detection rate). In
the case of J0209-0005 we also detect CO(1-0). We find
CO emission to be highly excited, as suggested by the CO
SLEDs of J0209-0005 and JO801+5210, among the steep-
est observed in high-z QSOs so far. Far-infrared and/or mm
continuum is detected in ~ 75% of our targets.

— For spatially resolved sources, we observe a variety of sizes
for the molecular gas reservoirs, in the range ~ 1.7 — 10
kpc. In J1433+0227, our dynamical modelling of the veloc-
ity gradient observed in the [CII] emission line indicates the
presence of a fast rotating disk, in which gas motions not as-
sociated with rotation are also present. Similarly, disturbed
kinematics is observed in J1549+1245 and J1639+2824.

— Our hyper-luminous QSOs are preferentially located in high-
density regions, given the widespread presence of one or
more line emitters around ~ 80% of the QSOs. These sub-
millimetre companions show bright CO or [CII] emission,
in most cases comparable to emission from cold gas in the
QSO host-galaxy, and are located at projected distances of
~ 6 — 130 kpc.

— We find that the majority of WISSH QSOs exhibit a lower
Lt (by a factor of ~ 4) than z ~ 0 — 3 MS galaxies with
same Ly, after correcting for the AGN contribution to in-
frared wavelengths. This translates into SFE > 100 Ly/(K km
s~! pc?), implying that the observed SFRs € [165—1095] M,
yr~! are able to convert the molecular gas reservoir into stars
on a timescale of < 50 Myr, shorter by an average factor of
~ 30 compared to the depletion timescale of MS galaxies of
similar M, and z.

— All WISSH QSOs but J1433+0227 are characterised by ex-
tremely small Mgy,/Mpy ratios of ~ 3 — 10, which are
about two orders of magnitude offset from local relations.
We find hyper-luminous QSOs to pinpoint the high-density
sites where giant galaxies assemble, with significant contri-
bution of mergers to the host-galaxy mass.
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— We also infer the molecular gas fraction in the host-galaxies
of four WISSH QSOs, finding lower values by a factor of
~ 10 — 100 once compared to star forming galaxies with
same M.,. This is likely linked to the widespread evidence
of AGN-driven outflows in our targets having the effect of
heating/depleting the gas reservoir in the galaxy.

The ALMA, JVLA and NOEMA observations analysed in
this work provide a wealth of information about the properties
of cold ISM and environment for a homogeneous and statisti-
cally fair sample of Lgy > 10%” erg s™' Type 1 QSOs shining
at the peak epoch of QSO activity and massive galaxy assem-
bly. We find these hyper-luminous objects to be caught in an
evolutionary phase of concurrent intense growth of both SMBH
and host-galaxy. Such growth is likely being regulated by AGN-
feedback and will use up the molecular gas reservoir in few tens
of Myr, supporting a scenario in which hyper-luminous QSOs
are the progenitors of "red & dead" giant ellipticals. Given the
richness of companion galaxies, we expect these systems to fur-
ther evolve towards the local Mgy — Mgy, relation via mergers.

The results presented here thus represent a critical step to-
wards a better understanding of the SMBH-galaxy co-evolution
for the objects at the extreme end of the mass function. Follow-
up observations with higher angular resolution of these QSOs
are needed to optimally map the cold gas kinematics in their
hosts and in the companion galaxies, and better constrain the
total mass and the merger state of these systems. Such observa-
tions may also be able to detect the cold gas counterparts of the
ionised outflows revealed in all WISSH QSOs, assessing their
multi-phase nature and global energetics.
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Appendix: broad-band UV-to-FIR SEDs of WISSH QSOs

Fig. 12. Rest-frame SED of the WISSH QSOs considered in this work. In each panel, black symbols indicate the photometric points considered
in our modelling. Black circles identify detections while arrows represent 3o~ upper limits (see Table. . Photometric points at 4 < 1216A are
not included in the fits due to Lya absorption (grey circles). Black curve represents the total best fit model, while blue and orange curves refer
to the accretion disk plus torus and cold dust emission, respectively. In the case of J1555+1003, the green curve represents the best-fit template
reproducing the near-IR excess (for details, see Duras et al.[2017).
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