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A quasar-galaxy merger at z ~ 6.2: Rapid host growth via the
accretion of two massive satellite galaxies
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ABSTRACT

We present JWST/NIRSpec integral field spectroscopy in the rest-frame optical bands of the system PJ308-21, a quasar at z = 6.2342 caught as its
host galaxy interacts with companion galaxies. We detect the spatially extended emission of several emission lines (Ha, HB, [O111], [N 1], [S 1],
and HeI1), which we used to study the properties of the ionized phase of the interstellar medium: the source and hardness of the photoionizing
radiation field, metallicity, dust reddening, electron density and temperature, and star formation. We also marginally detected continuum starlight
emission associated with the companion sources. We find that at least two independent satellite galaxies are part of the system. While the quasar
host appears highly enriched and obscured, with photoionization conditions typical of an Active Galactic Nucleus, the western companion shows
minimal dust extinction, low metallicity (Z ~ 0.4Z), and star formation driven photoionization. The eastern companion shows higher extinction
and metallicity (Z ~ 0.8 Zy) compared to the western companion, and it is at least partially photoionized by the nearby quasar. We do not find any
indication of AGN in the companion sources. Our study shows that while the quasar host galaxy is already very massive (Mg,, > 10'' Mo), it is
still rapidly building up by accreting two relatively massive (Mg, ~ 10'©My) companion sources. This dataset showcases the power of JIWST in
exposing the buildup of massive galaxies in the first gigayear of the Universe.
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1. Introduction secs around the quasars (see Farina et al. 2019). However, Lya
alone can only provide limited information due to its com-

Quasar host galaxies at z > 6 are among the most massive plex radiative transfer properties. Most of what we know con-

galaxies. known to populate the eagly Universe. They host black cerning quasar host galaxies at z > 6 comes from observa-
}li/(l)alészu‘zlctllllelrlrilacftszls g(f)%;}};;mér?sel\fgsé:\‘/%).i’rsl:g?r?oicﬂia%ozai; tions at (sub)millimeter wavelengths, which have revealed the
T (e. Wafter et al. 2003: Venemans et al. 2 Olg7aj precise redshift (e..g., Decarli et al. 2018; Eilers et al. 2020),
H2 = 0 (€8 L ’ . ’ . %> the internal dynamics of the gas (e.g., Neeleman et al. 2021),
Decarli et.al. 2022), and their 1nterr}alll dynamics are suggestive syl 45 the content in molecular gas (e.g., Venemans et al.
of dynamical masses of Mayn 2 107" Mo (e.g., Neeleman et al. 2017a; Li et al. 2020a; Decarli et al. 2022), atomic and ionized
2021). Furthermore, the presence of gargantuan amounts of dust gas (e.g., Lietal. 2020b; Decarli et al. 2023), and dust (e.g
(Mgui > 10"Mo) points to an already chemically enriched oo oo o1 " 2018; Tripodi et al. 2023). A critical limita-
gnﬁerstellz;r 2151169(1 1u(rin (ISM; see, he.g., .Venemzirlls ctal. 2(.)18; tion of (sub)millimeter observations is that they do not directly
h a0 elt a.d P ): gmogstra;m%t. athvarlous stellar generations trace hydrogen atoms (or molecules). As a consequence, we
ave(:)a {ealy "m.“ef an d evg) vedint es; systerps. h d have to rely on metallicity—dependent conversion factors and
£ ptical/near-in rarel. 0 s}f]:rvatlonlf ( romUi;t ]?rht ehgroun assumptions on the relative abundances of metals. Furthermore,
?r frorln dspace), S?mﬁ) ":igﬁt © rest- r.amef 1ght, have $o (sub)millimeter observations typically probe low-energy pro-
ﬁr ﬁl © tol revea ; ca uge emlSSIOI:i rom gas or bSt ars M- cegses (with excitation temperatures of 10—1000 K). Studies of
t fe. ost ga ?X.les o 2 g deni quasags h.;le to da com 1natlf);11 the rest-frame optical emission lines can probe the Balmer series
of intrinsic faintness, reddening, redshift, and contrast With ¢ ¢, hydrogen atom, as well as a suite of emission lines arising
respect to the bright nucleus (Mechtley et al. 20.12; l?ecarll et 'al. from the neutral and ionized ISM (e.g., [O Tl]gq7 4, [O 11563 4.
2912; 121/Iarsh.all et ?ILZOZ}?)i A notal()il.e exception is 1th]f'1Ublq- [011]5777 4+ [OTlg00 4 [NIgsgs 4 [STgr 4, and [S 11]675 .
uitous detection of Lya halos extending over several kilopar-  pecayge of their accessibility in the optical band in the local

Universe, these lines have been extensively used in the liter-
* Corresponding author; roberto.decarli@inaf.it ature to define key diagnostics of the physical conditions of
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Fig. 1. Morphology of the PJ308-21 system at z = 6.2342. Left: The [OIll]5,, 4 line emission map in the quasar+companion galaxies’ system
PJ308-21, shown in gray scale (after PSF subtraction). The footprints of the NIRSpec IFU pointings are displayed in gray. We also mark the
regions of the main components of the system with colored shading. Right: The same [O I1I]5,; ; map (in blue), but now with the [C11] ;58 ,m map
from Decarli et al. (2019) superimposed. The main regions are identified with ellipses: From left to right, we provide the eastern companion (red),
the outflow (orange), the quasar host galaxy (green), the bridge (cyan), and the western companion (blue). The [OIII] emission arises from the
regions where [C 1] is brightest, except for the “outflow” component where the [O IIT] emission stretches beyond the [C IT] emission.

the ISM, constraining the metallicity and abundances of ele-
ments, the photoionization conditions, the electron density and
temperature, and the dust reddening (e.g., Baldwin et al. 1981;
Kewley & Dopita 2002; Izotov et al. 2006; Groves et al. 2023).

Observing these lines at z > 6 requires sensitive observa-
tions in the mid-infrared regime. JWST (Gardner et al. 2023;
Rigby et al. 2023) was specifically designed for this task. Its
unprecedented sensitivity at near- and mid-infrared wavelengths,
paired with its excellent angular resolution, has been revolu-
tionizing our view on the early Universe, and of the buildup
of first galaxies (e.g., Naidu et al. 2022; Donnan et al. 2023;
Eisenstein et al. 2023; Finkelstein et al. 2023; Bunker et al.
2023). Several JWST Cycle 1 programs have targeted quasars
at z > 6 and delivered the first spectra of the quasar rest-
frame optical band (Eilers et al. 2023; Yang et al. 2023), the
first images of the host galaxy starlight emission (Ding et al.
2023; Harikane et al. 2023; Yue et al. 2024), the first maps of
emission lines in quasar hosts (Marshall et al. 2023), as well as
detailed studies of the quasar environment (Wang et al. 2023;
Kashino et al. 2023; Greene et al. 2024).

Here we present JWST/NIRSpec integral field spectroscopy
of the z = 6.2342 quasar PJ308-21. This object (right ascen-
sion, RA =20:32:09.99; declination, Dec =-21:14:02.3) was
originally discovered within the Pan—-STARRS (Chambers et al.
2016) database (Bafiados et al. 2016). Follow-up observations
with the Atacama Large Millimeter Array (ALMA) revealed
the presence of extended dust and [CII] emission stretching
over ~25kpc, revealing that the quasar host galaxy is merg-
ing with one or two companion galaxies (Decarli et al. 2017;
Pensabene et al. 2021). The association of the extended emis-
sion with neighboring galaxies was further confirmed by the
detection of rest-frame UV starlight continuum in Hubble Space
Telescope (HST) images (Decarli et al. 2019). A 150ks Chandra
observation of the system revealed that the quasar is very X-
ray luminous (Ly = 2.3 x 10" ergs™") and shows a soft spec-
trum (with a power-law slope I' = 2.4; see Connor et al. 2019).
Intriguingly, a tentative hard X-ray emission spatially consistent
with the western companion of the quasar hints at the presence
of an obscured Active Galactic Nucleus (AGN) in this source. If
confirmed, this would be the first evidence of dual AGN in the
early Universe, and might shed light on the early growth of the
first massive black holes.
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In the first paper of this series (Loiacono et al. 2024), we
present the observations and data reduction, and we discuss
the phenomenology of the quasar. In this paper, we discuss the
insights gained from the spatially resolved emission of Ha and
other rest-frame optical lines. In the third paper (Farina et al. in
prep.), we use the JWST data to address the origin of the Lya
halo around PJ308-21, while in the fourth paper (Lupi et al.,
in prep.) we discuss the gas kinematics and the dynamics in the
system in connection with zoomed-in numerical simulations of
quasar host galaxies at cosmic dawn.

Throughout the paper, we assume a standard A—Cold Dark
Matter cosmology with Hy = 70kms~' Mpc™!, Q,, = 0.3, and
Qx = 0.7. Within this framework, at z = 6.2342 an angle of
1”7 corresponds to 5.59 kpc, and the luminosity distance Dy is
60366 Mpc. Unless explicitly specified, all quoted uncertainties
correspond to a 68% confidence level, upper limits are reported
at 3-0 significance, and magnitudes refer to the AB photometric
system (Oke & Gunn 1983).

2. Observations and data reduction

The observations analyzed here were carried out on September
23, 2022, within the JWST Cycle 1 General Observer program
1554. We refer to Loiacono et al. (2024) for details on the obser-
vations and data processing, which we briefly summarize here.

The observations consist of three pointings, two encompass-
ing the PJ308-21 system (West, centered at RA: 20:32:09.96
and Dec: -21:14:02.4; and east, centered at RA: 20:32:10.11
and Dec: —21:14:02.8; see Fig. 1) and one offset by ~5”, used
for background estimates. We adopted a strategy of 13 groups
per integration, one integration per pointing, and six dithering
positions (in a SMALL ~0.25" dither cycling pattern), using the
NRSIRS2 readout mode. The total integration time is 5777 sec
per pointing, and each pointing encompasses an area of ~3” x3"".
We used NIRSpec in Integral Field Unit mode with the G395H
grating and the F290LP filter. This provides us with spectral cov-
erage in the range 2.87um < A < 4.03um and 4.19um < A <
5.27 um at a spectral resolution of 1/AA =~ 2700.

We base our data reduction on our custom adaptation of
the official JWST pipeline, described in detail in Loiacono et al.
(2024). Briefly, the JWST / NIRSpec pipeline (pipeline version:
1.12.5, context: jwst_1183.pmap) is structured in three stages.
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The first one deals with detector-related calibrations (bias, dark,
and cosmic rays). We apply a more severe flagging than the
JWST pipeline to exclude detector ramps with too few usable
steps. Stage 2 applies instrument-specific calibrations, such as
flat field correction, wavelength and flux calibration. We did
not perform the ImprintStep due to unreliable count rates in
the leakage exposure. The third stage of the pipeline combines
the spectra from different dither positions and creates the final
data cube. Here we perform the outlier rejection as implemented
in the JWST pipeline, and further apply a custom routine to
further remove lingering spikes, similar to the TEMPLATES
approach (Hutchison et al. 2024). Our aggressive flagging of the
ramps and filtering of narrow spectral spikes effectively clean the
final cubes of most of the cosmic ray residuals. The background
in typical NIRSpec observations at these wavelengths is domi-
nated by continuum zodiacal light and residual detector noise.
We found that our observations include a sufficient number of
“source—free” pixels that we used to assess and subtract off the
background spectrum within each pointing.

In the final stage, the JWST NIRSpec pipeline realigns the
dithered frames and resamples the combined cube using a grid
of 0.1” pixels. With the pipeline version in use (1.12.5), the
science pointings are automatically merged in a single cube
which covers a total area of ~22arcsec’. This version of the
pipeline introduces detector-related stripes in the cubes, which
were not present when using previous versions of the pipeline
(e.g., 1.8.3), but are visible in other JWST NIRSpec observa-
tions (Eros Vanzella, private communication), and whose origin
is unclear at the moment. We treat the stripes as an additive
component of the background and subtract it off from the cal-
ibrated cubes as described in Appendix A. By comparing data
cubes calibrated with different versions of the pipeline, system-
atic differences in the reconstructed fluxes are observed, at times
as high as a few MJystr~!. This translates in systematic dis-
crepancies in the measured line fluxes that can be as high as
~15% of their value, depending on wavelength, signal-to-noise,
etc. As the reliability of the calibrators and the robustness of the
pipeline improve, we expect that the measured fluxes might fluc-
tuate slightly.

The WATA acquisition approach adopted in the observation
of PJ308-21 overrides the input astrometric barycenter. We thus
correct a posteriori the astrometry of the calibrated cubes using
previous HST and ALMA observations as reference. We apply
a rigid shift of coordinates that places the observed position of
the quasar [pixel: (47.8, 30.8)] at its nominal coordinates (RA:
308.0416803, Dec: —21.2340084; J2000.0).

3. Analysis
3.1. Point spread function modeling

The light from the quasar outshines the emission from the host
galaxy at rest-frame optical wavelengths. In order to remove it,
we create empirical models of the quasar Point Spread Function
(PSF) using the wavelength ranges encompassing the wings of
the Balmer broad emission lines (see, e.g., Inskip et al. 2011;
Husemann et al. 2022; Marshall et al. 2023). By using the quasar
light itself as a reference, we circumvent any potential limitation
of synthetic models (e.g., based on WebbPSF'). Furthermore,
this approach avoids drawbacks due to the sub-pixel alignment
and intrinsic spectral dependence of the PSF models empirically
derived from other astrophysical sources. Our approach requires

I https://github.com/spacetelescope/webbpsf
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Fig. 2. NIRSpec empirical point spread function (PSF) models adopted
in our analysis. Top: The spectrum of the targeted quasar, PJ308-21,
extracted over a 0.2” aperture centered on the brightest pixel of the cube.
The blue shaded boxes mark the channels used to model the PSF. Bot-
tom: PSF models based on the wings of the Ha and HB broad emission
lines.

that any extended emission is negligible compared to the quasar
light in the channels used for the PSF creation. In this context,
we limit the PSF analysis to the central 1”” around the quasar,
and we do not consider as reliable the residual photometry in
the central 0.3” of the cube (marked with a circle in all relevant
figures).

We employ a custom version of the MUSEHALO package
(Farina et al. 2019) for the PSF modeling and subtraction. We
use the PSF model created by integrating over the HS line wings
for the blue part of the spectrum, and the one based on the Ha
line wings for the red part of the spectrum, in order to minimize
the impact of the wavelength dependence of the PSE. We use
both the blue and the red wings of the broad lines corresponding
to a velocity shift of Av = +800 to 2800 km s~!. or to observed-
frame wavelength ranges 3.484-3.507 and 3.526-3.550 um for
Hp, and 4.703-4.735 and 4.760-4.792 um for Ha. The resulting
PSF models are shown in Fig. 2. The model is then scaled on
a channel-by-channel basis to match the quasar emission in the
central 0.2” (=2 pixels) and subtracted.

We also tested the PSF subtraction method adopted in g3dfit
Rupke et al. (2023). In this case, the quasar spectrum is mod-
eled, scaled off, and subtracted on a pixel-by-pixel basis. This
spectrum—driven approach is best suited to recover as much
of the starlight continuum as possible in regimes where the
quasar is not overwhelmingly brighter than the host. How-
ever, it suffers from PSF undersampling in the bluer part of
the NIRSpec spectra. This manifests as wiggles and sawtooth
patterns which might hinder the spectral modeling (see, e.g.,
Marshall et al. 2023; Perna et al. 2023). Our tests show that
the recovered, PSF—subtracted cubes of PJ308-21 obtained
with the two approaches are largely consistent with each
other.
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Fig. 3. Velocity maps of [O III]5; 4 in the PJ308-21 system (top panel).
The system shows a prominent velocity gradient: The western com-
panion and the bridge connecting it to the quasar host galaxies show
a blue shift of Av ~ —650 and —880kms~! respectively compared
to the system rest frame (z = 6.2342, based on the [CII] emission).
The host galaxy shows a prominent velocity gradient from the south
(Av ~ =700kms™") to the north (Av = +140kms™'). The eastern
companion is redshifted with respect to the system’s rest frame, with
Av increasing at increasing distance from the quasar (up to Av =
650kms™"). The eastern companion shows a modest velocity disper-
sion (0jipe < 140kms™!).

3.2. Line maps, spectra, and fluxes

In order to account for the large velocity gradient in the struc-
ture (>1000 km s~!) when creating moment maps of all the rele-
vant emission lines, we follow a two-step procedure. First, we
create moment 0, 1, and 2 maps for the [O1] 5007 A line
by collapsing the PSF—subtracted cube in the wavelength range
3.6055 < A/[um] < 3.6361. In this wavelength range, the [O III]
5007 A line emission is not contaminated by other significant
emission lines. Fig. 3 shows the velocity structure of the system,
as traced by [O 11T] moment 1 map. We then use the information
from the moment 0, 1 and 2 maps to identify the voxels in the
3D cube where we expect emission from each line. Namely, in
each spatial pixel, we mask out all the channels with associated
wavelength A for which |4 — Agps (1 + Av ¢ > 3o,
where Agps = Ao(1 + z) is the redshifted wavelength of the
line (for z = 6.2342), Av and o are the velocity offset and
velocity dispersion values as measured from the preliminary
[O11] moment 1 and 2 maps, and c is the speed of light. We
also create continuum—only images by median—averaging all the
channels from the NRS1 (blue) and NRS2 (red) detectors that
are not contaminated by bright emission lines (HB, [O Il &,
Ha, [NI)).

The system shows a complex morphology and kinematic
structure (see Fig. 1). From the PSF—subtracted [O1II] map,
we identify five main regions: The western companion, the
quasar host galaxy, a bridge connecting them, the eastern com-
panion, and an additional component traced in [OII] but not
in [CII]s8,.m, suggesting that it is a purely ionized gas com-
ponent. Because it stretches radially from the quasar loca-
tion, we interpret this as an outflow. For reference, Fig. 1 also
shows the location of the Lya halo reported in Farina et al.
(2019). For each region of the system, we extract a spec-
trum by integrating over all the pixels in the apertures shown
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Fig. 4. Spectra of the main components of the PJ308-21 system, inte-
grated over the apertures shown in Fig. 1 (left). For the sake of clarity,
spectra are shifted vertically. The spectra are ordered by increasing right
ascension of the components: The west companion (blue, at the bottom),
the bridge (cyan), the quasar host galaxy (green), the outflow (orange),
and the east companion (red). Main emission lines are labeled in gray.
The rest-frame is set to the barycenter of the system at z = 6.2342.
Thin, lighter lines show the original spectra, while thicker and darker
lines show the spectra after convolution with a gaussian, with the sole
purpose of increasing the readibility of the plot. The west companion
shows extremely high equivalent widths (>1000 A) in the main emis-
sion lines. A faint stellar continuum is also visible for both the east and
the west companions.

in colored shading in Fig. 1, left. Fig. 4 shows the extracted
spectra.

We measure line fluxes via direct integration of the spectra.
First, we fit the [O1I]y,); 4 line with a Gaussian profile, from
which we infer the input line velocity shift, Avi,, with respect
to the systemic redshift (z = 6.2342, based on the [C1I] emis-
sion of the quasar host galaxy) and the line width, o,. Then, we
measure the line flux by integrating the extracted spectra in the
range corresponding to Avy, = 3 X oj,. We infer the uncertainty
in the line flux by combining the nominal uncertainty of each
spectral pixel within the integration window. We also refine the
estimate of the velocity shift of each line component based on
the flux—weighted wavelength average, (1) = f AF dA/ f FdA,
so that the velocity shift with respect to the system redshift is
Av = c({A)/Aops — 1). The direct integration method adopted
here relies on the assumption that all of the emission lines asso-
ciated with a given region map share similar kinematics. We
verify that all of the brightest emission lines match this crite-
rion. As an example, in Fig. 3, bottom, we show the line profiles
of [O sy, 4, Ha and [C1I]{sg,m in each of these regions. All
the observed spectral line profiles appear consistent with each
other.

Table 1 lists the results of the spectral line measurements. We
consider as detected all the lines with a flux measurement larger
than the upper 3-o confidence level.
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Table 1. Line fluxes and velocity shifts for the spectral measurements presented in this work.

Line A [A] | West Comp. Bridge Outflow Host East Comp.
@ @) 3) “ ®) 0 )
Fline [10718 erg s 'em™?]
Ha 6562 | 55.04+0.36 7.27+0.33 2.00+0.23 3.81+0.31 14.01+0.35
Hp 4861 16.50£0.21 2.54+0.16 0.85+0.20 0.83+0.16 5.85+0.20
Hy 4340 9.16+0.25 1.54+0.19 <4.15 <3.64 0.98 +0.31
Hé 4101 427+0.30 223+0.25 <0.54 <0.68 1.56 +0.28
He1 4471 1.97 +0.21 1.16 £ 0.24 <0.40 <0.51 0.65 +0.21
Heni 4685 255+0.18 1.27+0.17 <0.40 <0.48 222 +0.22
[Om] 4363 1.88+0.21 0.84+0.19 <0.78 <0.61 2.62 +0.27
[Om] 4959 | 37.83+0.19 1.02+0.16 1.184+0.14 221+0.16 4.06+0.20
[Om] 5007 | 113.40+0.26 6.07+0.25 4.527+0.15 9.63+0.16 9.09 +0.22
He1 5875 3.63+0.23 1.01 +£0.23 <0.48 <0.68 <0.87
[O1] 6300 <0.88 <0.77 <0.56 <2.44 <0.98
[Nm] 6548 5.06+0.31 2.83+0.29 <0.74 <0.87 8.20+0.35
[Nm] 6583 317+032  1.46+0.34 <0.70 <0.84 545 +045
[Su] 6716 234+034 1.20+0.34 <0.91 <0.93 5.57+0.39
[S1] 6731 2.84 +£0.33 1.84 +0.31 <0.69 <0.89 2.92 +0.44
Av [kms™1]
He 6562 -631 =704 208 252 530
Hp 4861 —647 -917 126 258 443
Hy 4340 —647 -749 - - 1268
Ho 4101 -615 -981 - - 766
He 4471 -623 ~794 - - 681
Hent 4685 -765 —605 - - 562
[Om] 4363 -792 —798 - - 449
[Om] 4959 —648 -978 65 214 561
[Om] 5007 -651 -803 113 244 554
He1 5875 —660 -649 - - -
[O1] 6300 - - - - -
[Nm] 6548 -430 115 - - 752
[Nm] 6583 =502 -1872 - - 533
[Su] 6716 —624 —-890 - - 621
[Su] 6731 —687 =574 - - 157

Notes. (1) Fitted line. (2) Rest-frame wavelength of the fitted emission line. (3—7) Measured values for the regions described in Fig. 1.

3.3. Radiative transfer models

We use radiative transfer models to interpret the observed emis-
sion line ratios in terms of underlying physical quantities. To
this goal, we expand on the analysis already presented in
Pensabene et al. (2021), Meyer et al. (2022), and Decarli et al.
(2023), and briefly summarized here. We take advantage of the
radiative transfer code Cloudy (Ferland et al. 1998, 2013, 2017).

We assume that the gas is organized in homogeneous plane-
parallel slabs photoilluminated by the radiation field emitted
from either young stars or an AGN. In the former case, we
assume a black body spectrum with 7 = 50000K; in the lat-
ter case, we adopt the default AGN template from Cloudy.
The gas density, n, ranges from 1cm™ to 10°cm™ in steps
of 0.25dex. We also consider a range of values for the ion-
ization parameter, U = Q(H) (4x r*nc)”!, where Q(H) is the
number of hydrogen—ionizing photons emitted per unit time, r
is the distance between the source of ionizing photons and the
gas cloud, c is the speed of light, and n is the gas density. In
our analysis, we consider log U between —4 and 0, in steps
of 0.2dex. Finally, following Decarli et al. (2023), we adopt
metallicity—dependent abundances according to the analytical
prescriptions in Nicholls et al. (2017). We consider a metallic-
ity range between 107! and 104 Zg, in steps of 0.1 dex. We also

include ISM and PAH grains for absorption and scattering by
dust, a default background of cosmic rays, and the background
radiation field from the Cosmic Microwave Background at the
quasar’s redshift.

4. Results
4.1. Morphology and kinematics of the ionized gas

We show the moment 0 maps of hydrogen Ha and Hp, of
(O 5007 45 (O M y365 45 [NTHgsgs 45 [SMeg17 45 [S T34, and
He Il g0 4 in PJ308-21 in Fig. 5. To first order, all the emis-
sion lines display similar morphologies, although the relative
strengths and thus the impact of the limiting surface brightness
in our observations vary throughout the system. The Ha,, HB, and
[O 11]57 4 lines are well detected everywhere in the system. The
[O111]545 4 s significantly detected only in the western com-
panion. The [N1I] emission appears distributed throughout the
system, although it appears patchier than other emission lines
due to surface brightness limitations. The He II line is detected
mostly in the western companion, in the quasar host galaxy, and
in the outflow. The [S1I] emission is prominent in the bridge,
and present throughout the system, although it is relatively
fainter in the western companion. These qualitative differences
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Fig. 5. Spatially resolved line emission in the quasar+companion galaxies’ system PJ308-21 at z = 6.2342. The morphologies of the Ha, HB,
[O ], [N11], [S11], and He IT emission are shown on the same surface brightness (SB) scale. Iso-significance contours of the line maps are shown

at S/N=2,4,8, 16, 32.

immediately point to different photoionization and metallicity
regimes in different parts of the system.

Fig. 1, right, compares the morphology of [OIII] emission
with the [C1I] map reported in Decarli et al. (2019) at similar
angular resolution. The gas distribution in the quasar host galaxy
is best traced by [C 11], whereas the [O I1TI] map cannot be reliably
reconstructed due to a combination of dust obscuration and con-
tamination from the luminous quasar in the central ~0.2”. The
western companion is traced by both [C1I] and [O 111], although
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the latter appears to extend further west-ward compared to the
former, and notably, it is much brighter compared to the remain-
der of the system. The eastern companion shows two main knots,
which are clearly identified both in their [CII] and [O 1] emis-
sion. The [C1I] map also shows a more diffuse component that
is not visible in [O111], likely due to its low surface brightness.
Finally, bright [O IIT] emission stretches from the quasar loca-
tion in the north—east direction. This component does not appear
visible in [C11], and we identify it as an outflow.



Decarli, R., et al.: A&A, 689, A219 (2024)

1.0
® -0 -0 o
05
xQ
I
I
= o0
=}
o
2 s
West companion
Bridge
~1.0 QSO host
East companion
-15
=20 -15 =10 —05 0.0 -15 -10 05 0.0
log [NIll/Ha log [SII]/Ha

Fig. 6. Location of the various regions in the PJ308-21 system in
the BPT diagram. The observed line ratios (and their limits) are plot-
ted against the SDSS galaxy sample (purple shades) and the empiri-
cal thresholds between star-forming galaxies and AGN hosts (dashed
lines, adopted from Kewley et al. 2006). Throughout the system, the
high [O 111]/Hg line ratios suggest harder ionization conditions than the
typical SDSS galaxy at low redshift.

The gas kinematics inferred from the [O1II] line (the most
luminous line in the JWST data examined here) closely resemble
that of other transitions (e.g., Ha), and match well the kinemat-
ics of [CII]-emitting gas from our previous ALMA-based study
(see Figs. 1 and 3). The host galaxy of the quasar shows a clear
velocity gradient consistent with a rotating disk, with the north-
ern side receding and the southern side approaching with respect
to the systemic redshift. The peak-to-peak velocity difference is
Avpeax ~ 840km s~!. The emission stretches over ~8.9 kpc (in
diameter) or a radius of R = 4.5 kpc. Assuming that the kinemat-
ics is driven by rotation in an edge-on (inclination angle i = 90°)
disk, then Avyo; ® Avpea/2sini =~ 420km s~! and we can infer
a dynamical mass of Mgyn = G™' R (Avyer)* = 1.9 X 10" M. A
lower inclination angle i would increase our estimate of Mgyy;
and clearly our estimate of Mgy, relies on the assumption of viri-
alization, which is not granted in such a complex system. The
western companion is blueshifted (with a line of sight veloc-
ity difference of Av ~ —650kms~! with respect to the quasar’s
rest frame). The bridge connecting it to the quasar host actu-
ally shows an even higher blueshift (Av ~ —800kms~'). The
southern tip of the quasar host galaxy, which is blueshifted with
respect to the system’s barycenter, and the eastern tip of the
bridge arc spatially overlap, resulting in a blend of two spec-
tral components and thus a larger inferred line width (o7jjpe ~
250kms~!). All of the components observed north and east
of the quasar appear redshifted. The eastern companion galaxy
shows a pronounced velocity gradient, from Av ~ +360km s~
to +650kms~'. The northwest outflow is redshifted by Av ~
115kms~!.

4.2. Source of photoionization

The BPT diagram (Baldwin etal. 1981) provides us with an
empirical method to discriminate between star formation and
AGN-driven photoionization. In its original implementation, the
diagram compares the observed line ratios between [N 1]gse4 &
and Ha and between [O1I]5,,; 4 and HB. Because the involved
lines have similar wavelengths, this diagnostics is rather insen-
sitive to dust reddening and broad calibration issues. Galaxies
tend to populate the diagram in a V shape, where the left—-hand
wing (low [N 1I]/He ratios) is populated by star-forming galax-
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Fig. 7. Observed [N11]/Ha and [O11]/HB line ratios (and their upper
limits) compared to the predicted values based on our Cloudy models in
the case of star formation and AGN photoionization. The blue lines cor-
respond to models with a fixed ionization parameter and varying metal-
licity. The red lines correspond to models with a fixed metallicity and
varying ionization parameter values.

ies, whereas the right-hand wing (high [N 11]/He ratios) consists
of AGN and shocks. Similar diagnostic power is achieved by
comparing the [OIIT]/Hp line ratio to the [SI]g; 5z +[S g3 5
to Ha luminosity ratio. Kewley et al. (2001, 2006) identified
the following thresholds to discriminate between star-forming
galaxies and AGN in the local Universe:

[OI11] [NII] -!
log ——— = 0.61 [log —— - 0. 1. 1
og 1B 0.6 (og o 005) + 1.30 D
[omy [SIT] -
log g 0.72 (log o 0.32) + 1.30. 2)

However, these thresholds implicitly rely on the fact that AGN in
local galaxies tend to reside in massive, metal-rich galaxies. At
low metallicities, [N TI] and [S II] emission is suppressed, hence
sources tend to move leftward in the diagram, to the point that
AGN and star-forming conditions might be indistinguishible at
Z 5 0.3Z (Groves et al. 2006; Hirschmann et al. 2023). Indeed,
early JWST results have revealed a population of broad-line
AGN in relatively low metallicity galaxies at z > 5 with narrow-
line emission consistent with star—forming galaxies (see, e.g.,
Harikane et al. 2023; Kocevski et al. 2023; Ubler et al. 2023).
In Fig. 6, we compare the observed line ratios for all the
regions in the PJ308-21 system with the observed SDSS galaxy
sample?, whereas Fig. 7 compares the observed line ratios in the

2 http://data.sdss3.org/sas/dr8/
common/sdss-spectro/redux/galSpecLine-dr8.fits
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PJ308-21 system with the predictions from our CLOUDY models
for a cloud volume density of n = 10*cm™ (at lower densities,
to first order, all the observed line ratios decrease, as expected
given that the forbidden lines in the numerators are all excited
via collisions). In Fig. 8, we show the maps of the [N II]/He and
[O 1]/Hg ratios in our target on a pixel-by-pixel basis.

While the typical SDSS galaxy can have [O 11]/HS line ratios
as low as 0.2, all of the components of the PJ308-21 system
show high values, >2, with the only exception of the eastern
companion, for which we measure [OTI]/HB ~ 1.6. This is
consistent with recent findings from other galaxy studies car-
ried out with JWST/NIRSpec at z > 6 (e.g., Sanders et al.
2024; Reddy et al. 2023b; Maseda et al. 2023). The western
companion shows very low [NII]- and [S1I]-to-Ha luminos-
ity ratios (<0.1), suggesting that star formation is likely the
dominant photoionization process. This is further supported by
the extreme equivalent width of the emission lines: for exam-
ple, the rest-frame equivalent width of [OII]s, 5 iS ~1500 A
in the western companion. Similar values have been reported
for extreme [OTI] emitters and Ly-continuum leaker candi-
dates (see, e.g., Izotov et al. 2018), whereas type II AGN host
galaxies typically show equivalent widths <100A (see, e.g.,
Caccianiga & Severgnini 2011). This finding challenges the
robustness of the X-ray detection in the western companion
(Connor et al. 2019). The bridge, the quasar host galaxy, and
the outflow show [OTIT]/HB ratios >2. The outflow and the
bridge show line ratios that are consistent with both star forma-
tion and AGN as sources of photoionization. The quasar host
galaxy shows relatively high [N1I]/He and [S 11]/Ha ratios, and
[O1I]/HB = 5.5, suggesting that its photoionization budget is
mostly set by the AGN. Finally, the eastern companion appears
to have a lower [O IIT]/Hg ratio than the remainder of the system,
and relatively high [N 11]/He and [S 11]/Ha ratios, thus placing it
in the locus of AGN/shocks with respect to the SDSS sample.
The eastern companion shows a prominent east-to-west gradi-
ent in both line ratios, with [N II]/Ha increasing and [O 111]/HB
decreasing at decreasing distance from the quasar (see Fig. 8).
This may indicate that the central quasar of PJ308-21 con-
tributes to the photoionization budget of the eastern companion,
or that this galaxy displays a metallicity gradient.

Fig. 7 shows that the western companion is consistent with
a star formation photoionization scenario, with Z < 0.4Zg and
log U =~ —2.1. An AGN photoionization scenario would require
a very low metallicity, Z < 0.2 Z for this source, which seems
in tension with our estimates (see Sect. 4.7). For the eastern
companion, our Cloudy models imply a solar metallicity Z ~
Zs, and a modest ionization parameter, logU =~ -3.2, or a
slightly subsolar metallicty and low values of logU = —3.5 in
the AGN scenario. The bridge, the quasar host, and the outflow
are best described with AGN-like photoionization conditions,
relatively high metallicities (Z ~Zy) and a ionization parameter
of logU ~ -2.6.

4.3. Helium photoionization

The diagnostics discussed in Sect. 4.2 rely on the combination
of metal and hydrogen lines, and thus are sensitive to abun-
dances. Recent theoretical work (based on Cloudy modeling;
see, e.g., Hirschmann et al. 2023) and observational studies (e.g.,
Tozzi et al. 2023) suggest that these diagnostics may not be as
powerful at high redshift as in the local Universe, as galaxies
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Fig. 8. Maps of the [N 11]/Ha and [O 111]/HB line ratios in PJ308-21. Sig-
nificance levels corresponding to S/N =2, 4, 8, 16, 32 are shown in con-
tours. The western companion shows low [N 11]/Ha and high [O 11]/HB,
suggesting that its ISM is photoionized by a high-U radiation field pro-
duced by young stars. The eastern companion shows low ionization
conditions consistent with star formation, although the [N1I]/Ha ratio
increases at decreasing distance from the quasar — suggesting that the
quasar might contribute to the photoionization budget or that a metal-
licity gradient is in place. The quasar host shows AGN-like photoion-
ization.

might be metal poor. The Hell/HS luminosity ratio provides an
alternative diagnostic. The Hell line arises from recombination
of HellI ions, which is photoionized by photons with energies
above 54.418 eV. Thus, the Hell/Hp ratio is sensitive to the hard-
ness of the radiation field. In particular, AGN photoionization
results in Hell/HS ratios >10 times higher than star-formation
driven photoionization for the same ionization parameter (see
Fig. 9, top). Once again, thanks to the modest wavelength differ-
ence between these transitions, the ratio is rather insensitive to
dust reddening.

In Fig. 9, bottom, we plot the spatial distribution of the
Hell/Hp ratio in PJ308-21. Our Cloudy models suggest that val-
ues >0.5 are suggestive of AGN-like photoionization, with a
modest dependency on the gas density, n, and a strong depen-
dence on the ionization parameter U. The observed ratio is <0.1
for the western companion. For such a low value to be consistent
with AGN photoionization, the ionization parameter needs to be
low, which would be in tension with the results from the analy-
sis presented in Sect. 4.2. Thus, a star-formation driven scenario
is favored. Conversely, the quasar host galaxy and the outflow
show values of He II/HS of 0.5-1.0, clearly pointing to a promi-
nent contribution from the quasar to the photoionization budget
in these regions. We cannot set any meaningful constraints on the
He 11/H ratio in the bridge and in the eastern companion due to
their low S/N measurements.

All together, these results strongly disfavor an AGN scenario
for the western companion, at odds with the tentative detection of
hard X-ray photons reported in Connor et al. (2019), which thus
may be due to the unfortunate alignment of random background
fluctuations. For the eastern companion, we have indication of
a role of the central quasar in setting the photoionization condi-
tions. Finally, the quasar host galaxy, as expected, is dominated
by quasar photoionization.
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Fig. 9. Top: Cloudy predictions for the He II/HS ratio as a function of
the ionization parameter, U, and the gas density, n, for the cases of pho-
toionization from star formation (SF, in green) and from AGN (in red).
Photoionization from star formation yields He 1I/HB values <0.1 in all
the cases. Bottom: Map of the He 11/Hp line ratio in PJ308-21. Signif-
icance levels corresponding to S/N =2, 4, 8, 16, 32 are shown in con-
tours. Values as high as He 1I/HB > 0.5, as found in the quasar host, in
the bridge, and in the outflow are strongly indicative of photoionization
from AGN. Conversely, the two companions are consistent with pho-
toionization from star formation.
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Fig. 10. Map of the color excess, E(B—V), computed based on observed
Hea/HB line ratio (color scale). The western companion and the out-
flow show modest dust reddening, consistent with the lack of signifi-
cant dust emission observed at millimeter wavelengths (shown in con-
tours: logF,/[mJy]=-1.6,-1.5, ... —3; based on Decarli et al. 2019).
Non-negligible extinction is reported for the eastern companion and for
the bridge, while very high extinction is found on the northern edge of
the quasar host galaxy.

4.4. Dust reddening

We estimate the dust reddening along the line of sight via the
Balmer decrement. For standard case B recombination, assum-
ing electron density n, = 100cm™ and temperature 7 =
10000 K, the intrinsic Ha/HB flux ratio is (Ha/HB)in = 2.86
(e.g., Osterbrock & Ferland 2006). Dust reddening increases the
observed ratio. We estimate the color excess, E(B — V), as:

2.5 log ((Ha'/H:B)obs )
k(Ang) — k(AHe) (Ha/HB)in |
We adopt the Calzetti et al. (2000) law with Ry = 3.1 mag

as reddening curve, «(1). The map of color excess, in magni-
tudes, as derived from the observed Ha/Hp ratio, is shown in

EB-V)= 3)

Fig. 10. The western companion and the outflow are consistent
with modest dust reddening. Conversely, the bridge, the eastern
companion, and the northern and southern edges of the quasar
host galaxy show significant reddening, E(B — V) > 0.5mag
or a column density Ny > 3 x 10?! cm™? (using the conver-
sions reported in Rachford et al. 2009). We observe a qualitative
agreement between the morphology of the dust emission mapped
with ALMA and the reddening map derived with our NIRSpec
data, with higher obscuration associated with brighter dust con-
tinuum emission (in the quasar host and in the bright knots of the
eastern companion).

As a caveat, we note that the E(B— V) estimates derived from
the Balmer decrement are rather sensitive to measurement and
calibration uncertainties. A 10% discrepancy in the measured
Ha/Hp ratio yields a color excess difference of 0E(B — V) =
0.08 mag, or Ay = 0.25 mag.

4.5. lonized gas density

The ionized sulfur lines at 6717 and 6731 A have similar exci-
tation energy (E/k, = 21416 and 21370K, respectively). In
the low density regime (n < 10cm™), the ratio is thus fixed,
[S1]gy,7 4/[S]ey3, 4 ~ 1.5. At higher densities, collisional de-
excitation suppresses the 6717 A transition first [critical densi-
ties: neqr(6717 A)=1570cm™, neq(6731 A) = 14900 cm™3, for
a gas kinetic temperature of 10* K, assuming electrons as colli-
sion partners], thus the line ratio is sensitive to the gas density
in the regime 50 < n[cm™] < 50000. This diagnostic is rather
insensitive to the source of the photoionization radiation, the ion-
ization parameter, and metallicity (provided that the [S IT] emis-
sion is bright enough to be significantly detected). We adopt the
analytical scaling by Jiang et al. (2019):

ab — Rc

ne(R) = o —

“

where R = [ST]g;;74/[STlg73, 4, @ = 04441, b = 2514, ¢ =
779.3 (see also Liu et al. 2023). We verified that this analytical
approximation is consistent within a few percent to predictions
based on our Cloudy models.

Fig. 11 shows the map of n, derived from the observed [S I1]
line ratio. Throughout the system, we measure electron density
values around 1000 cm™3, although this estimate is robust only
for the west companion due to sensitivity limitations. These high
density values are in qualitative agreement with the findings by
Reddy et al. (2023a,b), who report a correlation between n, and
U. The relatively high electron density values measured through-
out the PJ308-21 system are consistent with the values reported
by Isobe et al. (2023) for a sample of star-forming galaxies at
z = 4-9 with similar stellar mass as the companions studied
here.

4.6. Electron temperature

Our NIRSpec IFU observations of PJ308-21 are sensitive to
the [O1II] 5Q07 and 4959 A nebular lines, as well as to the
[Oma] 4363 A auroral line. We take advantage of the differ-
ence in the involved energy levels to set constraints on the
kinetic temperature of electrons, T,. Following Eq. (5.4) in
Osterbrock & Ferland (2006), we adopt:

[OIII] 4959 + 5007 7.90 300/
[OII[]4363 1+ 0.00045nT,%5

&)
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Fig. 11. Maps of the electron density, n, (top), based on the
[S 1M]g7,7 4/[S g7, 4 ratio; of the electron temperature, 7', based on the
[O1I]5007 4/[O 0] 4343 4 line ratio; and of the gas—phase metallicity Z,
based on the Scal-PG16 method (see text for details).

for T, expressed in K and 7 in units of cm™. This diagnostic is
unaffected by gas density for n < 10° cm™>.

In Fig. 11, we compare T, values computed using Eq. (5)
with the observed values of [O 111] (4959+5007)/4363. The west-
ern companion shows values of 7, = 12700 = 1000 K, whereas
constraints on the remainder of the system are uninformative.
The T, value measured in the western companion is in line
with what is reported for HII regions in local galaxies in low-
metallicity (Z < 0.5Zy) environments (see, e.g., Ho et al. 2019).

We note that the intrinsic Balmer ratio (Ha/HB)i,, adopted
in Sect. 4.4 is a function of T,. While the expected ratio due to
recombination changes by less than 1% for T, increasing from
10000 K to 12700 K, the impact of collisional excitation of Ha
(with neutral hydrogen atoms as collisional partner) might be
non-negligible (see, e.g., Luridiana 2009). However, the correc-
tion strongly depends on the fraction of neutral gas within the
nebula. The high equivalent width of the ionized gas emission
lines and the high ionization parameter point to a high ionized
gas fraction in the western companion, n,/ng < 0.1, yielding
negligible corrections in (Ha/HpB)jny.

4.7. Metallicity diagnostics

We base our gas-phase metallicity on the Scal-PG16 prescription
(Pilyugin & Grebel 2016; Kreckel 2019; Groves et al. 2023),
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which is based on three standard diagnostic line ratios:

N, = (INII]16548 + 16584)/HB )
S, = ([SINA6717 + 16731)/HB 7
R; = ([OII1]A4959 + A5007)/HB. ®)

The gas metallicity is then computed as:

12 + log(O/H) = ag + a; log(R3/S2) + a; log N>+
+ [a3 + ay IOg(Rg/Sz) + as IOg Nz] X 10gS2 (9)

with (ag, ai, az, az, a4, as) = (8.424,0.030, 0.751, -0.349, 0.182,
0.508) for log N, > —0.6, and (8.072, 0.789, 0.726, 1.069, —
0.170, 0.022) elsewhere (see Groves et al. 2023). We use the
extinction—corrected line measurements in Egs. (6)—(8) based on
the E(B — V) estimates from the previous session.

Fig. 11 shows the resulting map. We find that the western
companion has a metallicity of Z ~ 0.4Zg, while the eastern
companion has a metallicity of Z ~ 1Zg, consistent with the
value derived based on the BPT diagram analysis via our Cloudy
models in Sect. 4.2. Finally, the outflow shows a metallicity Z ~
0.5Z¢.

4.8. Stellar masses

Fig. 12 shows the maps of the starlight continuum, created as
described in Sect. 3.2, together with the HST F140W image pre-
sented in Decarli et al. (2019), resampled to the same pixel scale.
Both companions show some continuum emission, although
their photometry is uncertain due to significant residuals in the
data reduction (masked out in Fig. 12). We estimate that the
western companion is detected at S/N ~ 6.7 (0.6) in B (R) band;
whereas we detect the eastern companion at S/N ~ 5.1 (1.3) in B
(R) band.

We compare the observed photometry of the starlight con-
tinua in these two galaxies with the HST-based photometry pub-
lished in Decarli et al. (2019), sampling the rest-frame U-band
emission, and with stellar population models (Fig. 13). The lat-
ter are single stellar population Bruzual & Charlot (2003) mod-
els with solar stellar metallicity and a range of burst ages, from
1 Myr to 1 Gyr, scaled to match the observed flux density in the
rest-frame B band. Within the limitation of the S/N of our obser-
vations, this basic approach provides us with a rough estimate of
the stellar mass of the two galaxies.

We find that the western companion is very blue, consistent
with a young (~20 Myr) stellar population, with a stellar mass of
~7 % 10° Mo, The eastern companion appears redder, because of
both higher dust reddening and a slightly older stellar population
(~40 Myr old). Its stellar mass is ~1.4 X 10'0 My,

4.9. Star formation rates

We estimate star formation rates (SFRs) from the Ha emission,
from the rest-frame UV, and from the dust emission observed
at millimeter wavelengths. We convert the observed extinction—
corrected Ha luminosity into SFR following Kennicutt & Evans
(2012):

FR L
S e 4127,

log— =1lo
g Mg yr!] g lergs™]

(10)

We infer a SFR(Ha) =41.1 + 0.3 Mg yr~! for the western com-
panion, and 3.5 + 0.1 Mg, yr~! for the eastern companion.
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Fig. 12. Continuum images of the stellar populations in the rest-frame
R, B, and U bands, based on the stack of the red and blue parts of the
JWST/NIRSpec data (corresponding to detectors NRS2 and 1, respec-
tively), as well as on the HST F140W image from Decarli et al. (2019),
resampled on the same pixel scale. The images are shown after sub-
tracting the quasar light, and masking the regions not associated with
the companions. The two galaxies are marginally detected in the JWST
observations. The western companion appears bluer than the eastern
companion, although the significance is modest.
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Fig. 13. Constraints on the starlight emission in the eastern and west-
ern companion galaxies, based on the HST data from Decarli et al.
(2019) and the JWST data presented here (black circles). For
comparison, single-stellar population models at various ages from
Bruzual & Charlot (2003) are plotted, after normalizing them to the
rest-frame B band data point, and after correcting for dust extinc-
tion. The observed photometry is consistent with both galaxies having
a young (20-40 Myr) stellar population and a stellar mass of ~ (7—
12) x 10° M.

For comparison, from the rest-frame U-band we infer
SFR(UV)=12.3 and 4.8Myyr~' for the western and east-
ern companions, respectively; and from the dust continuum
flux density at 158 um, assuming a dust temperature of
Taust = 35K (based on the multiwavelength observations pre-
sented in Pensabene et al. 2021), we infer SFR(IR) =35.1 and
38.4 Mg yr~! for the western and eastern companions, respec-
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Fig. 14. Comparison between the stellar mass and the star formation rate
estimates for the eastern (red) and western (blue) companion galaxies in
PJ308-21. We also show the location of the quasar host galaxy, assum-
ing that the stellar mass takes accounts for 50% of the dynamical mass,
and that the star formation rate is dominated by the emission traced
by the dust. For comparison, the best fit main sequence of star form-
ing galaxies at z = 6 based on the FLARES-JWST simulations and the
SHARK-JWST simulations are shown as dashed lines (D’Silva et al.
2023), while the sample of photometrically selected 5.5 < z < 7.0
galaxies from the UNCOVER survey (Wang et al. 2024) are shown as
gray points. Both companion galaxies in PJ308-21 appear to lie along
the expected main sequence at these redshifts, at the high-mass end of
the galaxy population observed at these redshifts.

tively®. The sum of UV- and IR-based SFR estimates yields a
total SFR of 50.6 and 45.5M, yr~! for the western and eastern
companions, respectively.

Fig. 14 compares the stellar masses and the total SFR esti-
mates in these two galaxies with the expected locus of the main
sequence of star-forming galaxies at similar redshifts. We refer
here to the theoretical work by D’Silva et al. (2023), and con-
sider the FLARES-JWST and SHARK-JWST simulations for
reference, for galaxies at z = 6. We also compare with the sam-
ple of photometrically selected galaxies at 5.5 < z < 7.0 from
the UNCOVER survey (Wang et al. 2024).

Both the companion galaxies appear to lie along the main
sequence of star-forming galaxies at these redshifts if IR- or UV-
based SFRs are considered. Most notably, the two companion
galaxies of PJ308-21 are among the most massive galaxies in the
UNCOVER sample at similar redshifts. The stellar mass func-
tion of field galaxies at z ~ 6 (e.g., Stefanon et al. 2021, and ref-
erences therein) suggests a volume density of ~6x 10~* galaxies
per comoving Mpc3 with log Mg, [Me] > 9.5. The fact that two
such galaxies are in close interaction with the even more mas-
sive quasar host (Mgyn = 1.9 x 10" M, see Sect. 4.1) reinforces
the evidence that luminous quasars reside in prominent galactic

3 The values of SFR(UV) and SFR(IR) reported here differ slightly
from the ones reported in Decarli et al. (2019), as we here consider only
the emission within the masks shown in Fig. 1 for the sake of internal
consistency.
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Fig. 15. Star formation rate surface density, computed based on the
extinction—corrected He line, the rest-frame UV luminosity, the dust
luminosity, and the sum of UV- and dust-based SFR, in the PJ308-21
system (see Sect. 4.10 for details). The green, blue, and red contours
map the quasar host galaxy, the western companion, and the eastern
companion respectively. Dashed gray lines mark the loci of constant
depletion times.

overdensities (see, e.g., Decarli et al. 2017; Mignoli et al. 2020;
Wang et al. 2023) in the early Universe.

4.10. The star formation law

We use the [C 1] map of PJ308-21 to infer the surface gas den-
sity, Zgus, following, for example, Eq. (2) in Venemans et al.
(2017b). We assume optically thin line emission and an exci-
tation temperature Tox = 100 K. We adopt the analytical pre-
scription for the carbon abundance dependence on metallic-
ity by Nicholls et al. (2017), which yields [C/H] = (3.11, 0.64,
2.23)x 107 for Z = (1.1,0.4,0.9) (corresponding to the quasar
host, the west companion, and the east companion respec-
tively). Finally, we adopt a fiducial ionized carbon fraction of
[C*/C]=0.5 (see, e.g., Decarli et al. 2023). The star formation
rate density, Xgrr, is computed from dust luminosity, assuming
an emissivity index 8 = 1.6 and a dust temperature Ty, = 35K
for all the components except for the quasar host galaxy, for
which we adopt Tgue = 45 K (see Pensabene et al. 2021); and
from the He and UV luminosities, as described in Sect. 4.9.
Fig. 15 shows the comparison between the surface distribu-
tion of gas and SFR with different tracers in PJ308-21. Diagonal
gray lines are loci of constant depletion times fgep = Zgas/ZsFR-
This is the timescale at which the gas will be depleted, assum-
ing it is consumed at a constant star formation rate. Low val-
ues (fgep ~ 0.1 Gyr) are indicative of starburst activity, whereas
main sequence galaxies typically show values of ~1 Gyr (e.g.,
Tacconi et al. 2018; Walter et al. 2020). The western compan-
ion shows higher Xgpr (He) and Zgpr (UV) values than the other
components, suggesting that it is characterized by a lower frac-
tion of obscured star formation. Conversely, the quasar host
galaxy has most of its star formation traced by dust. The quasar
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host galaxy shows slightly lower values of #4, than the typical
main-sequence, but no component of the system appears to reach
values typical of starburst conditions (fgep ~ 0.1 Gyr) (with the
caveat that we do not probe the central part of the quasar host
galaxy here; see footnote 3).

5. Discussion and conclusions

We have presented an integral field spectroscopy study at rest-
frame optical wavelengths of the z = 6.2342 quasar PJ308-21
and its close galactic environment. The system was detected
and mapped in several emission lines: Ha, HB, [O1II]s;y; 4.
[O M yg50 4 [N Mgsgs 4> [SMe717 45 [STe731 4 and Hellyeqq4.
This suite of ISM probes enables an unprecedented look into the
astrophysics of the ionized gas in this assembling system at the
dawn of galaxy formation. Our main findings are the following:
i- The system is organized in five components: the quasar host
galaxy, the western and eastern companions, the bridge con-
necting the quasar host with the western companion, and the
outflow. All of these components were mapped in their [O III]
and He line emission, while detections of other lines display
a range of significance.
ii- To first order, the morphology of the system observed in
Hea and other lines resembles the [C 1] map observed with
ALMA. Notable differences are: (1) the rest-frame optical
line emission are hard to characterize in the central <0.3”
due to the unfavorable contrast with respect to the bright
nucleus, whereas [CII] observations do not suffer from this
limitation; (2) the western companion shows much more
prominent line emission at optical wavelengths than what we
observed in the far-infrared bands; (3) optical lines observed
with JWST appear to miss a more diffuse component that
was detected in [C11] due to surface brightness limitations;
and (4) the outflow was detected in the optical Ha and [O I11]
lines, but not in [C 11], suggesting that this is a purely ionized
component with no dense, cold clouds.
The observed line ratios allowed us to map the photoioniza-
tion conditions in the system. We conclude that the quasar
host galaxy experiences photoionization from the quasar.
The western companion is photoionized by young stars,
while in the eastern companion both in situ star formation
and the nearby quasar may contribute to the photoionization
budget. Our observations strongly disfavor an AGN scenario
for both the eastern and the western companion galaxies of
the quasar host, contrary to previous claims based on X-ray
observations (Connor et al. 2019).
The eastern and western companion galaxies show different
photoionization, density, and — critically — metallicity values.
This suggests that these two components are actually two dif-
ferent galaxies, and not a single, tidally stripped galaxy. This
points to a high merger rate for quasar host galaxies within
the first gigayear of the Universe. The two companion galax-
ies are rather massive (with stellar masses close to 10'° My).
Their metallicity is lower than solar, but still relatively high
compared to typical galaxies at these redshifts (Z < 0.3 Zg;
see, e.g., Taylor et al. 2022). This suggests that these galaxies
are already well-evolved systems. This analysis adds quan-
titative evidence that the buildup of quasar host galaxies at
cosmic dawn happens in an extremely efficient fashion, in
the core of prominent galaxy overdensities.
This project showcases the transformational impact of JWST
on our understanding of the buildup of the first massive galaxies

iii-

iv-
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and on the early growth of massive black holes. Measurements
that until recently had been beyond reach can now not only
be performed within a few hours of integration, but even be
mapped on a spatially resolved scale. As the number of known
quasar+companion galaxy systems at z > 6 is rapidly growing,
this work paves the way for future campaigns aimed at charac-
terizing the buildup of early quasar host galaxies in a statistically
significant sample.

Acknowledgements. We thank the anonymous referee for their constructive
feedback. RD and LF acknowledge support from the INAF GO 2022 grant
“The birth of the giants: JWST sheds light on the build-up of quasars at cosmic
dawn”. RD and AL acknowledge support by the PRIN MUR “2022935STW”,
RFF M4.C2.1.1, CUP J53D23001570006 and C53D23000950006. LF acknowl-
edges support from the INAF 2023 mini-grant “Exploiting the powerful capa-
bilities of JWST/NIRSpec to unveil the distant Universe”. RAM acknowl-
edges support from the Swiss National Science Foundation (SNSF) through
project grant 200020_207349. BT acknowledges support from the European
Research Council (ERC) under the European Union’s Horizon 2020 research
and innovation program (grant agreement 950533) and from the Israel Science
Foundation (grant 1849/19). MT acknowledges support from the NWO grant
0.16.VIDI.189.162 (“ODIN”). MVe gratefully acknowledges support from the
Independent Research Fund Denmark via grant number DFF 8021-00130.

References

Baldwin, J. A., Phillips, M. M., & Terlevich, R. 1981, PASP, 93, 5

Baiiados, E., Venemans, B. P, Decarli, R., et al. 2016, ApJS, 227, 11

Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000

Bunker, A. J., Saxena, A., Cameron, A. J., et al. 2023, A&A, 677, A88

Caccianiga, A., & Severgnini, P. 2011, MNRAS, 415, 1928

Calzetti, D., Armus, L., & Bohlin, R. C. 2000, ApJ, 533, 682

Chambers, K. C., Magnier, E. A., Metcalfe, N., et al. 2016, arXiv e-prints
[arXiv:1612.05560]

Connor, T., Bafiados, E., Stern, D., et al. 2019, ApJ, 887, 171

Decarli, R., Walter, F., Yang, Y., et al. 2012, Ap]J, 756, 150

Decarli, R., Walter, F., Venemans, B. P, et al. 2017, Nature, 545, 457

Decarli, R., Walter, F., Venemans, B. P, et al. 2018, ApJ, 854, 97

Decarli, R., Dotti, M., Bafiados, E., et al. 2019, ApJ, 880, 157

Decarli, R., Pensabene, A., Venemans, B., et al. 2022, A&A, 662, A60

Decarli, R., Pensabene, A., Diaz-Santos, T., et al. 2023, A&A, 673, A157

Ding, X., Onoue, M., Silverman, J. D., et al. 2023, Nature, 621, 51

Donnan, C. T., McLeod, D. J., Dunlop, J. S., et al. 2023, MNRAS, 518,
6011

D’Silva, J. C. J., Lagos, C. D. P, Davies, L. J. M., Lovell, C. C., & Vijayan, A.
P. 2023, MNRAS, 518, 456

Eilers, A.-C., Hennawi, J. F,, Decarli, R., et al. 2020, ApJ, 900, 37

Eilers, A.-C., Simcoe, R. A., Yue, M., et al. 2023, ApJ, 950, 68

Eisenstein, D. J., Willott, C., Alberts, S., et al. 2023, ApJS, submitted
[arXiv:2306.02465]

Farina, E. P, Arrigoni-Battaia, F., Costa, T., et al. 2019, ApJ, 887, 196

Farina, E. P, Schindler, J.-T., Walter, F., et al. 2022, ApJ, 941, 106

Ferland, G. J., Korista, K. T., Verner, D. A, et al. 1998, PASP, 110, 761

Ferland, G. J., Porter, R. L., van Hoof, P. A. M., et al. 2013, Rev. Mex. Astron.
Astrofis., 49, 137

Ferland, G. J., Chatzikos, M., Guzman, F., et al. 2017, Rev. Mex. Astron.
Astrofis., 53, 385

Finkelstein, S. L., Bagley, M. B., Ferguson, H. C., et al. 2023, ApJ, 946,
L13

Gardner, J. P,, Mather, J. C., Abbott, R., et al. 2023, PASP, 135, 068001

Greene, J. E., Labbe, 1., Goulding, A. D., et al. 2024, ApJ, 964, 39

Groves, B., Heckman, T. M., & Kauffmann, G. 2006, MNRAS, 371, 1559

Groves, B., Kreckel, K., Santoro, F., et al. 2023, MNRAS, 520, 4902

Harikane, Y., Zhang, Y., Nakajima, K., et al. 2023, ApJ, 959, 39

Hirschmann, M., Charlot, S., Feltre, A., et al. 2023, MNRAS, 526, 3610

Ho, L.-T., Kreckel, K., Meidt, S. E., et al. 2019, ApJ, 885, L31

Husemann, B., Singha, M., Scharwichter, J., et al. 2022, A&A, 659, A124

Hutchison, T. A., Welch, B. D., Rigby, J. R., et al. 2024, PASP, 136, 044503

Inskip, K. J., Jahnke, K., Rix, H.-W., & van de Ven, G. 2011, ApJ, 739, 90

Isobe, Y., Ouchi, M., Nakajima, K., et al. 2023, ApJ, 956, 139

Izotov, Y. L., Stasiriska, G., Meynet, G., Guseva, N. G., & Thuan, T. X. 2006,
A&A, 448, 955

Izotov, Y. 1., Worseck, G., Schaerer, D, et al. 2018, MNRAS, 478, 4851

Jiang, T., Malhotra, S., Rhoads, J. E., & Yang, H. 2019, ApJ, 872, 145

Kashino, D., Lilly, S. J., Matthee, J., et al. 2023, ApJ, 950, 66

Kennicutt, R. C., & Evans, N. J. 2012, ARA&A, 50, 531

Kewley, L. J., & Dopita, M. A. 2002, ApJS, 142, 35

Kewley, L. J., Dopita, M. A., Sutherland, R. S., Heisler, C. A., & Trevena, J.
2001, ApJ, 556, 121

Kewley, L. J., Groves, B., Kauffmann, G., & Heckman, T. 2006, MNRAS, 372,
961

Kocevski, D. D., Onoue, M., Inayoshi, K., et al. 2023, ApJ, 954, L4

Kreckel, K., et al. 2019, ApJ, 887, 80

Li, J., Wang, R., Riechers, D., et al. 2020a, ApJ, 889, 162

Li, J., Wang, R., Cox, P., et al. 2020b, ApJ, 900, 131

Liu, S., Luo, A.-L., Zhang, W., et al. 2023, ApJS, 267, 16

Loiacono, F.,, Decarli, R., Mignoli, M., et al. 2024, A&A, 685, A121

Luridiana, V. 2009, Ap&SS, 324, 361

Marshall, M. A., Mechtley, M., Windhorst, R. A., et al. 2020, ApJ, 900, 21

Marshall, M. A., Perna, M., Willott, C. J., et al. 2023, A&A, 678, A191

Maseda, M. V., Lewis, Z., Matthee, J., et al. 2023, ApJ, 956, 11

Mazzucchelli, C., Bischetti, M., D’Odorico, V., et al. 2023, A&A, 676, A71

Mechtley, M., Windhorst, R. A., Ryan, R. E., et al. 2012, ApJ, 756, L38

Meyer, R. A., Walter, F., Cicone, C., et al. 2022, ApJ, 927, 152

Mignoli, M., Gilli, R., Decarli, R., et al. 2020, A&A, 642, L1

Naidu, R. P, Oesch, P. A., van Dokkum, P., et al. 2022, ApJ, 940, L14

Neeleman, M., Novak, M., Venemans, B. P., et al. 2021, ApJ, 911, 141

Nicholls, D. C., Sutherland, R. S., Dopita, M. A., Kewley, L. J., & Groves, B. A.
2017, MNRAS, 466, 4403

Oke, J. B., & Gunn, J. E. 1983, ApJ, 266, 713

Osterbrock, D. E., & Ferland, G. J. 2006, Astrophysics of Gaseous Nebulae and
Active Galactic Nuclei, 2nd edn. (Sausalito, CA: University Science Books),
2006

Pensabene, A., Decarli, R., Bafiados, E., et al. 2021, A&A, 652, A66

Perna, M., Arribas, S., Marshall, M., et al. 2023, A&A, 679, A89

Pilyugin, L. S., & Grebel, E. K. 2016, MNRAS, 457, 3678

Rachford, B. L., Snow, T. P, Destree, J. D., et al. 2009, ApJS, 180, 125

Reddy, N. A., Sanders, R. L., Shapley, A. E., et al. 2023a, ApJ, 951, 56

Reddy, N. A., Topping, M. W., Sanders, R. L., Shapley, A. E., & Brammer, G.
2023b, ApJ, 952, 167

Rigby, J., Perrin, M., McElwain, M., et al. 2023, PASP, 135, 8001

Rupke, D., Wylezalek, D., Zakamska, N., et al. 2023, Astrophysics Source Code
Library [record ascl:2310.004]

Sanders, R. L., Shapley, A. E., Topping, M. W., Reddy, N. A., & Brammer, G. B.
2024, Apl, 962, 24

Shao, Y., Wang, R., Carilli, C. L., et al. 2019, ApJ, 876, 99

Stefanon, M., Bouwens, R. J., Labbé, I, et al. 2021, ApJ, 922, 29

Tacconi, L. J., Genzel, R., Saintonge, A., et al. 2018, ApJ, 853, 179

Taylor, A. J., Barger, A. J., & Cowie, L. L. 2022, ApJ, 939, L3

Tozzi, G., Maiolino, R., Cresci, G., et al. 2023, MNRAS, 521, 1264

Tripodi, R., Feruglio, C., Kemper, F,, et al. 2023, ApJ, 946, L45

Ubler, H., Maiolino, R., Curtis-Lake, E., et al. 2023, A&A, 677, A145

Venemans, B. P., Walter, F., Decarli, R., et al. 2017a, ApJ, 845, 154

Venemans, B. P., Walter, F., Decarli, R., et al. 2017b, ApJ, 851, L8

Venemans, B. P, Decarli, R., Walter, F,, et al. 2018, ApJ, 866, 159

Walter, E., Bertoldi, F., Carilli, C., et al. 2003, Nature, 424, 406

Walter, F., Carilli, C., Neeleman, M., et al. 2020, ApJ, 902, 111

Wang, F.,, Yang, J., Hennawi, J. F,, et al. 2023, ApJ, 951, L4

Wang, B., Leja, J., Labbé, 1., et al. 2024, ApJS, 270, 12

Yang, J., Wang, F,, Fan, X., et al. 2023, ApJ, 951, L5

Yue, M., Eilers, A.-C., Simcoe, R. A., et al. 2024, ApJ, 966, 176

INAF — Osservatorio di Astrofisica e Scienza dello Spazio di

Bologna, via Gobetti 93/3, I-40129 Bologna, Italy

2 Gemini Observatory, NSF’s NOIRLab, 670 N A’ohoku Place, Hilo,

HI 96720, USA

Dipartimento di Fisica “G. Occhialini”, Universita degli Studi di

Milano-Bicocca, Piazza della Scienza 3, [-20126 Milano, Italy

4 INFN, Sezione di Milano-Bicocca, Piazza della Scienza 3, I-20126
Milano, Italy

5 INAF - Osservatorio Astronomico di Brera, via Brera 20, 1-20121

Milano, Italy

Dipartimento di Scienza e Alta Tecnologia, Universita degli Studi

dell’Insubria, via Valleggio 11, I-22100 Como, Italy

Departement d’ Astronomie, University of Geneva, Chemin Pegasi

51, 1290 Versoix, Switzerland

Department of Astrophysical Sciences, Princeton University,

Princeton, NJ 08544, USA

° Leiden Observatory, Leiden University, Niels Bohrweg 2, NL-2333

CA Leiden, The Netherlands

A219, page 13 of 15


http://linker.aanda.org/10.1051/0004-6361/202449239/1
http://linker.aanda.org/10.1051/0004-6361/202449239/2
http://linker.aanda.org/10.1051/0004-6361/202449239/3
http://linker.aanda.org/10.1051/0004-6361/202449239/4
http://linker.aanda.org/10.1051/0004-6361/202449239/5
http://linker.aanda.org/10.1051/0004-6361/202449239/6
https://arxiv.org/abs/1612.05560
http://linker.aanda.org/10.1051/0004-6361/202449239/8
http://linker.aanda.org/10.1051/0004-6361/202449239/9
http://linker.aanda.org/10.1051/0004-6361/202449239/10
http://linker.aanda.org/10.1051/0004-6361/202449239/11
http://linker.aanda.org/10.1051/0004-6361/202449239/12
http://linker.aanda.org/10.1051/0004-6361/202449239/13
http://linker.aanda.org/10.1051/0004-6361/202449239/14
http://linker.aanda.org/10.1051/0004-6361/202449239/15
http://linker.aanda.org/10.1051/0004-6361/202449239/16
http://linker.aanda.org/10.1051/0004-6361/202449239/16
http://linker.aanda.org/10.1051/0004-6361/202449239/17
http://linker.aanda.org/10.1051/0004-6361/202449239/18
http://linker.aanda.org/10.1051/0004-6361/202449239/19
https://arxiv.org/abs/2306.02465
http://linker.aanda.org/10.1051/0004-6361/202449239/21
http://linker.aanda.org/10.1051/0004-6361/202449239/22
http://linker.aanda.org/10.1051/0004-6361/202449239/23
http://linker.aanda.org/10.1051/0004-6361/202449239/24
http://linker.aanda.org/10.1051/0004-6361/202449239/24
http://linker.aanda.org/10.1051/0004-6361/202449239/25
http://linker.aanda.org/10.1051/0004-6361/202449239/25
http://linker.aanda.org/10.1051/0004-6361/202449239/26
http://linker.aanda.org/10.1051/0004-6361/202449239/26
http://linker.aanda.org/10.1051/0004-6361/202449239/27
http://linker.aanda.org/10.1051/0004-6361/202449239/28
http://linker.aanda.org/10.1051/0004-6361/202449239/29
http://linker.aanda.org/10.1051/0004-6361/202449239/30
http://linker.aanda.org/10.1051/0004-6361/202449239/31
http://linker.aanda.org/10.1051/0004-6361/202449239/32
http://linker.aanda.org/10.1051/0004-6361/202449239/33
http://linker.aanda.org/10.1051/0004-6361/202449239/34
http://linker.aanda.org/10.1051/0004-6361/202449239/35
http://linker.aanda.org/10.1051/0004-6361/202449239/36
http://linker.aanda.org/10.1051/0004-6361/202449239/37
http://linker.aanda.org/10.1051/0004-6361/202449239/38
http://linker.aanda.org/10.1051/0004-6361/202449239/39
http://linker.aanda.org/10.1051/0004-6361/202449239/40
http://linker.aanda.org/10.1051/0004-6361/202449239/41
http://linker.aanda.org/10.1051/0004-6361/202449239/42
http://linker.aanda.org/10.1051/0004-6361/202449239/43
http://linker.aanda.org/10.1051/0004-6361/202449239/44
http://linker.aanda.org/10.1051/0004-6361/202449239/45
http://linker.aanda.org/10.1051/0004-6361/202449239/45
http://linker.aanda.org/10.1051/0004-6361/202449239/46
http://linker.aanda.org/10.1051/0004-6361/202449239/47
http://linker.aanda.org/10.1051/0004-6361/202449239/48
http://linker.aanda.org/10.1051/0004-6361/202449239/49
http://linker.aanda.org/10.1051/0004-6361/202449239/50
http://linker.aanda.org/10.1051/0004-6361/202449239/51
http://linker.aanda.org/10.1051/0004-6361/202449239/52
http://linker.aanda.org/10.1051/0004-6361/202449239/53
http://linker.aanda.org/10.1051/0004-6361/202449239/54
http://linker.aanda.org/10.1051/0004-6361/202449239/55
http://linker.aanda.org/10.1051/0004-6361/202449239/56
http://linker.aanda.org/10.1051/0004-6361/202449239/57
http://linker.aanda.org/10.1051/0004-6361/202449239/58
http://linker.aanda.org/10.1051/0004-6361/202449239/59
http://linker.aanda.org/10.1051/0004-6361/202449239/60
http://linker.aanda.org/10.1051/0004-6361/202449239/61
http://linker.aanda.org/10.1051/0004-6361/202449239/62
http://linker.aanda.org/10.1051/0004-6361/202449239/63
http://linker.aanda.org/10.1051/0004-6361/202449239/64
http://linker.aanda.org/10.1051/0004-6361/202449239/64
http://linker.aanda.org/10.1051/0004-6361/202449239/65
http://linker.aanda.org/10.1051/0004-6361/202449239/66
http://linker.aanda.org/10.1051/0004-6361/202449239/67
http://linker.aanda.org/10.1051/0004-6361/202449239/68
http://linker.aanda.org/10.1051/0004-6361/202449239/69
http://linker.aanda.org/10.1051/0004-6361/202449239/70
http://linker.aanda.org/10.1051/0004-6361/202449239/71
http://linker.aanda.org/10.1051/0004-6361/202449239/72
http://linker.aanda.org/10.1051/0004-6361/202449239/72
http://ascl.net/2310.004
http://linker.aanda.org/10.1051/0004-6361/202449239/73
http://linker.aanda.org/10.1051/0004-6361/202449239/74
http://linker.aanda.org/10.1051/0004-6361/202449239/75
http://linker.aanda.org/10.1051/0004-6361/202449239/76
http://linker.aanda.org/10.1051/0004-6361/202449239/77
http://linker.aanda.org/10.1051/0004-6361/202449239/78
http://linker.aanda.org/10.1051/0004-6361/202449239/79
http://linker.aanda.org/10.1051/0004-6361/202449239/80
http://linker.aanda.org/10.1051/0004-6361/202449239/81
http://linker.aanda.org/10.1051/0004-6361/202449239/82
http://linker.aanda.org/10.1051/0004-6361/202449239/83
http://linker.aanda.org/10.1051/0004-6361/202449239/84
http://linker.aanda.org/10.1051/0004-6361/202449239/85
http://linker.aanda.org/10.1051/0004-6361/202449239/86
http://linker.aanda.org/10.1051/0004-6361/202449239/87
http://linker.aanda.org/10.1051/0004-6361/202449239/88
http://linker.aanda.org/10.1051/0004-6361/202449239/89

20

21

22

Decarli, R., et al.: A&A, 689, A219 (2024)

Steward Observatory, University of Arizona, 933 N Cherry Avenue,
Tucson, AZ 85721, US

Max Planck Institut fiir Astronomie, Konigstuhl 17, D-69117 Hei-
delberg, Germany

Department of Physics, University of Florida, Gainesville, FL
32611-8440, USA

Institute for Theoretical Physics, University of Heidelberg,
Philosophenweg 16, 69120 Heidelberg, Germany

National Radio Astronomy Observatory, PO Box O, Socorro, NM
87801, USA

Center for Astrophysics | Harvard & Smithsonian, 60 Garden St.,
Cambridge, MA 02138, USA

Jet Propulsion Laboratory, California Institute of Technology, 4800
Oak Grove Drive, Pasadena, CA 91109, USA

Max-Planck-Institut fiir Astrophysik, Karl-Schwarzschild-Straf3e 1,
D-85748 Garching b. Miinchen, Germany

Newcastle University, School of Mathematics, Statistics and
Physics, Herschel Building, Newcastle upon Tyne NE1 7RU, UK
MIT Kavli Institute for Astrophysics and Space Research, 77 Mas-
sachusetts Ave., Cambridge, MA 02139, USA

Department of Physics, Northwestern College, 101 7th St SW,
Orange City, IA 51041, USA

National Research Council of Canada, Herzberg Astronomy &
Astrophysics Research Centre, 5071 West Saanich Road, Victoria,
BC V9E 2E7, Canada

ARC Centre of Excellence for All Sky Astrophysics in 3 Dimen-
sions, Melbourne, Australia

A219, page 14 of 15

23

24

25

26

27

28

29

30

31

32

33

34

Instituto de Estudios Astrofisicos, Facultad de Ingenieria y Cien-
cias, Universidad Diego Portales, Avenida Ejercito Libertador 441,
Santiago, Chile

Kavli Institute for the Physics and Mathematics of the Universe
(Kavli IPMU, WPI), The University of Tokyo, 5-1-5 Kashiwanoha,
Kashiwa, Chiba 277-8583, Japan

Center for Data-Driven Discovery, Kavli IPMU (WPI), UTIAS, The
University of Tokyo, Kashiwa, Chiba 277-8583, Japan

Kavli Institute for Astronomy and Astrophysics, Peking University,
Beijing 100871, PR China

I. Physikalisches Institut, Universitit zu Koln, Ziilpicher Strasse 77,
50937 Koln, Germany

Hamburger Sternwarte, Universitit Hamburg, Gojenbergsweg 112,
D-21029 Hamburg, Germany

School of Physics and Astronomy, Tel Aviv University, Tel Aviv
69978, Israel

Kapteyn Astronomical Institute, University of Groningen, PO Box
800, 9700 AV Groningen, The Netherlands

The Niels Bohr Institute, University of Copenhagen, Copenhagen,
Denmark

Institut d’Astrophysique de Paris, Sorbonne Université, CNRS,
UMR 7095, 98 bis bd Arago, 75014 Paris, France

Department of Astronomy, Huazhong University of Science and
Technology, Wuhan 430074, PR China

Department of Astronomy, Tsinghua University, Beijing 100084,
PR China



Decarli, R., et al.: A&A, 689, A219 (2024)

Appendix A: Detector-based stripes

The pipeline version in use (1.12.5) introduces stripes after driz-
zling, which are most visible in the continuum images (see
Fig. A.1). The orientation of the stripes aligns with the position
angle of the IFU. The stripes are different in different cubes, and
have been reported as well in other datasets (Eros Vanzella et al.,
private communication). The stripes do not appear to depend on
the presence of the signal in the data. We thus opt to treat this as
an additive component of the background. We model it by com-
puting the median value of pixels along a 1-pixel wide column
tilted as the IFU (based on the position angle information stored
in the header keyword 'PA_APER’). This background model is
recomputed on a channel-by-channel basis and then subtracted
off from the drizzled cubes as well as from the collapsed con-
tinuum images. In order to maximize the number of “pure back-

Non-corrected data Background model Residual
L T e i, OS] 3
T '|:"'| ) roh ]

x o 1 . Y
s . ‘1 A b
= 20f } 1 20} h
> ¥ LR b
o2 03546 —%0 0525
X [Pixels] X [Pixels] X [Pixels]

Fig. A.1. Detector stripes observed in one of the continuum-only
images produced after PSF subtraction, the model created with the pro-
cedure described in appendix A, and the residual image used in the anal-
ysis.

ground” pixels available for this analysis, we apply this correc-
tion after the PSF subtraction described in Sect. 3.1.
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