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ABSTRACT

Feb 2024

O We present JIWST/NIRSpec integral field data of the quasar PJ308-21 at z = 6.2342. As shown by previous ALMA and HST imaging, the
(\J quasar has two companion sources, interacting with the quasar host galaxy. The high-resolution G395H/290LP NIRSpec spectrum covers the
2.87 — 5.27 um wavelength range and shows the rest-frame optical emission of the quasar with exquisite quality (S/N ~ 100 — 400 per spectral
r—element). Based on the HB line from the broad line region, we obtain an estimate of the black hole mass Mgy ~ 2.7 X 10° Mg. This value
is within a factor < 1.5 of the Ha-based black hole mass from the same spectrum (Mg, ~ 1.93 X 10° M) and is consistent with a previous

(D estimate relying on the Mgu 42799 line (Mpymen ~ 2.65 X 10° Mp). All these My estimates are within the ~ 0.5 dex intrinsic scatter of the
. adopted mass calibrations. The high Eddington ratio of PJ308-21 Agqapg ~ 0.67 (Agaa e ~ 0.96) is in line with the overall quasar population at
_C z 2 6. The relative strengths of the [Om], Fenr and Hp lines are consistent with the empirical "Eigenvector 1" correlations as observed for low
() _redshift quasars. We find evidence for blueshifted [O m] 45007 emission with a velocity offset Avig i = —1922 + 39 km s~ from the systemic
I velocity and a FWHM([Om]) = 2776i;j kms~!. This may be the signature of outflowing gas from the nuclear region, despite the true values of
Avio m; and FWHM([O m]) are likely more uncertain due to the blending with H8 and Fen lines. Our study demonstrates the unique capabilities

% of NIRSpec in capturing quasar spectra at cosmic dawn and studying their properties in unprecedented detail.
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G>) 1. Introduction
i

High-redshift quasars (or quasi-stellar objects, QSOs) are key
laboratories for studying the early stages of galaxy evolution
«— and black hole formation (see Fan et al. 2023 for a recent re-
view). At z 2 6, i.e., when the Universe was < 1 Gyr old,
they are often harbored by galaxies with star formation rates
SFR ~ 100 — 4000 M, yr~!, significantly higher than typi-
cal galaxies at similar redshifts with no nuclear activity (e.g.,
= = Vanzella et al. 2014; Bouwens et al. 2015; Salmon et al. 2015;
> Ota et al. 2017; Harikane et al. 2018; Walter et al. 2022). The
'>2 central black holes can already have masses of 10° Mg (e.g.,
Yang et al. 2021; Farina et al. 2022; Mazzucchelli et al. 2023)
a and the molecular gas content of the host galaxy, which feeds
both nuclear and star formation activity, can easily exceed 10'°
M (e.g., Walter et al. 2003; Wang et al. 2008; Venemans et al.
2017). Accounting for the rapid growth of z > 6 quasars poses
important challenges to models of early black hole formation
and evolution (see, e.g., the reviews by Inayoshi et al. 2020 and
Volonteri et al. 2021).
Over the last years, significant effort has been invested
to study z = 6 QSOs using the most advanced facilities.
In particular, observations with the Atacama Large Millime-
ter/submillimeter Array (ALMA) and the Northern Extended
Millimeter Array (NOEMA) have provided a detailed view of

402.

the rest-frame far-infrared emission in these sources. Sub-mm
and mm data have enabled deep insights into several properties,
such as the gas and dust content (Wang et al. 2008; Calura et al.
2014; Decarli et al. 2018; Venemans et al. 2018; Decarli et al.
2022), kinematics (e.g., Willott et al. 2013, 2015; Venemans
et al. 2016; Neeleman et al. 2019; Pensabene et al. 2020; Neele-
man et al. 2021) and the physics of the interstellar medium (ISM;
Walter et al. 2018; Novak et al. 2019; Li et al. 2020; Pensabene
et al. 2021; Meyer et al. 2022b; Shao et al. 2022; Tripodi et al.
2022; Decarli et al. 2023) of quasar host galaxies. Observations
at these wavelengths have revealed that z > 6 QSOs are often as-
sociated with companion galaxies from small to large distances,
with overdensities exceeding by several orders of magnitude the
expectations for the field population of galaxies (Aravena et al.
2016; Decarli et al. 2017; Meyer et al. 2022a; see also Zana et al.
2023 for the theoretical interpretation), even if there are also ex-
ceptions to this trend (Mazzucchelli et al. 2017a; Habouzit et al.
2019).

Observations with ground-based optical/near-infrared facil-
ities have constrained the rest-frame ultraviolet (UV) emission
from z > 6 quasars (e.g., Kurk et al. 2007; Willott et al.
2010; Mazzucchelli et al. 2017b; Onoue et al. 2019; Schindler
et al. 2020; Yang et al. 2021). For example, integral field data
from the Multi Unit Spectroscopic Explorer (MUSE) show that

Article number, page 1 of 16


https://orcid.org/0000-0002-8858-6784
https://orcid.org/0000-0002-2662-8803
https://orcid.org/0000-0002-9087-2835
https://orcid.org/0000-0002-6822-2254
https://orcid.org/0000-0002-2931-7824
https://orcid.org/0000-0001-8582-7012
https://orcid.org/0000-0003-2895-6218
https://orcid.org/0000-0002-4544-8242
https://orcid.org/0000-0002-0106-7755
https://orcid.org/0000-0001-9191-9837
https://orcid.org/0000-0002-7633-431X
https://orcid.org/0000-0002-2183-1087
https://orcid.org/0000-0001-6647-3861
https://orcid.org/0000-0003-3451-9970
https://orcid.org/0000-0002-7898-7664
https://orcid.org/0000-0002-6748-2900
https://orcid.org/0000-0002-1683-5198
https://orcid.org/0000-0003-3310-0131
https://orcid.org/0000-0001-8121-6177
https://orcid.org/0000-0003-1470-5901
https://orcid.org/0000-0003-3762-7344
https://orcid.org/0000-0001-6106-7821
https://orcid.org/0000-0001-6434-7845
https://orcid.org/0000-0002-5941-5214
https://orcid.org/0000-0001-5492-4522
https://orcid.org/0000-0002-9838-8191
https://orcid.org/0000-0002-8214-7617
https://orcid.org/0000-0001-9815-4953
https://orcid.org/0000-0001-9585-1462
https://orcid.org/0000-0002-3683-7297
https://orcid.org/0000-0002-6849-5375
https://orcid.org/0000-0001-9024-8322
https://orcid.org/0000-0003-4793-7880
https://orcid.org/0000-0001-5287-4242

A&A proofs: manuscript no. main

quasars are often surrounded by Lyman @ nebulae extending up
to 10 — 30 kpc (e.g., Borisova et al. 2016; Farina et al. 2017,
2019; Drake et al. 2019). Using X-Shooter detections of the Mg i1
12799 and C1v 41549 broad emission lines from quasars, Farina
et al. (2022) provided estimates of black hole masses (see also
De Rosa et al. 2014; Mazzucchelli et al. 2023), which enabled
the study of the scaling relations between black hole and galaxy
mass at z > 6 (e.g., Willott et al. 2017; Izumi et al. 2019; see also
Pensabene et al. 2020; Neeleman et al. 2021).

Despite the significant effort with the most advanced ground
telescopes that has been invested over the last years, a number of
questions remains unsolved. In particular, the rest-frame optical
lines from z > 6 quasars, shifted to the near- and mid-infrared at
those redshifts, represent an uncharted territory due to the limits
of the observing facilities in that window.

Now, with the James Webb Space Telescope (JWST; Gardner
et al. 2023) it is finally possible to study the rest-frame optical
emission from z > 6 quasars. Observations of emission lines
originating from the broad line region (BLR; e.g., He and HB)
provide robust estimates of the black hole mass based on local re-
lations (Greene & Ho 2005; Vestergaard & Peterson 2006; Shen
et al. 2011). In addition, the strength and ratios of nebular lines
such as Ha, HB, [O m] 424959, 5007, [N 1] 2116548, 6584 offer a
unique tool to characterize the ISM of the quasar host and com-
panion galaxies, constraining important physical quantities (e.g.,
the ionization mechanism and the ionization parameter, metallic-
ity, dust extinction), which are not accessible at these redshifts
using UV spectra only. First promising results on some of the
z > 6 quasars observed with JWST come from the "A SPectro-
scopic survey of biased halos In the Reionization Era" project
(ASPIRE; Wang et al. 2023). Based on the ASPIRE data, Yang
et al. (2023) studied the rest-frame emission at 4100 — 5100 A
in a sample of eight z > 6.5 quasars while Wang et al. (2023)
discovered a filamentary structure tracing an overdensity around
a luminous z ~ 6.6 QSO (see also Kashino et al. 2023). Marshall
et al. (2023) studied two other z ~ 6.8 quasars, as well as their
host galaxies and companion sources. These works also provide
first estimates of black hole masses at z > 6 measured with the
HB or Ha line (see also Bosman et al. 2023; Ding et al. 2023;
Eilers et al. 2023; Yue et al. 2023).

PJ308-21 at z = 6.2342 stands out among the known quasars
at z > 6 as a key laboratory to study quasar-galaxy interactions
at cosmic dawn. This object was discovered by Bafados et al.
(2016) (see also Mazzucchelli et al. 2017b) and intensively stud-
ied by Decarli et al. (2019) using high-resolution ALMA data,
targeting the [C 1] and dust continuum emission in this system.
The ALMA observations reveal that the quasar host has two
companion sources, respectively blueshifted (Avicy ~ =750
kms™!; Decarli et al. 2019) and redshifted (Avicy ~ +500
kms™!) from the quasar, located toward the western and eastern
sides of the quasar at projected distances of ~ 5 and > 10 kpc re-
spectively. These two emission components are also detected in
rest-frame UV images from the Hubble Space Telescope (HST),
revealing light from young stars from both objects. As discussed
by Decarli et al. (2019), the quasar host is possibly experiencing
a merger with another galaxy, tidally disturbed by the interaction
and which accounts for the emission from the two companion
sources. Deep MUSE observations reveal that the system is sur-
rounded by a Lyman « halo (R ~ 27 kpc), which overlaps with
the eastern companion (Farina et al. 2019). Furthermore, Con-
nor et al. (2019) found that PJ308-21 has an X-rays luminosity
Lx(2 — 10keV) ~ 2 x 10 erg s~! while the western companion
shows possible high-energy emission with no soft component,
which may point to an AGN nature also for this object. Because
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of its complex and extended morphology, the PJ308-21 system
is an ideal target for JWST/NIRSpec integral field spectroscopy,
which allow us to probe rest-frame optical emission of the spa-
tially resolved components of this object.

This work (Paper I) is the first of a series of papers studying
the PJ308-21 system with NIRSpec data. In particular, it is de-
voted to the characterization of the quasar spectrum itself. Paper
II (Decarli et al., in prep.) studies the extended gas emission in
the system. Paper III (Farina et al. in prep.) investigates the Ly-
man a/Ha halo. Yet another paper will focus on the kinematics
of the system.

This paper is organized as follows. Sect. 2 deals with the
NIRSpec observation and data reduction. Sect. 3 is devoted to
the analysis of the QSO spectrum. In Sect. 4 we present the re-
sults of our analysis. Finally, we summarize our conclusions in
Sect. 5.

In this work we adopt a ACDM cosmology with Q, = 0.7,
Qu = 0.3 and a Hubble constant Hy = 70 km s~ Mpc™!.

2. Observations and data reduction

In this paper we analyze the data of the Cycle 1 General Ob-
servers (GO) program 1554 (PI: R. Decarli) that targets the
PJ308-21 quasar system (see Table 1 of Decarli et al. 2019 for
the properties of the system derived from ALMA and HST data).
The observations were taken on September 22-23 2022 using
the integral field unit (IFU) of JWST/NIRSpec (Jakobsen et al.
2022; Boker et al. 2022). The science observations consist of
two separated fields (3" x 3” each), corresponding to the quasar
and its western companion (PJ308-W), and to the eastern com-
ponent (PJ308-E) respectively. A third field covered an empty
region of the sky to estimate the background. We observed each
field (background included) for 2 hours and 30 minutes (includ-
ing overheads), for a total execution time of 7.5 hours (4.8 hrs
on source). We used the NRSIRS2 readout in order to minimize
the correlated noise and the data volume, and observed a total of
18 exposures (6 per pointing applying a small-cycling dithering
pattern), each of them consisting of 13 groups (i.e., integration
elements). We also observed one leakage exposure of 87 seconds
to remove the pattern introduced by the NIRSpec Micro-Shutter
Array (MSA).

The data were taken in the high-resolution mode (spectral
power R ~ 2700) using the G395H/290LP grating-filter combi-
nation. This covers the wavelength range 2.87 — 5.27 um with a
gap due to the NRS1 and NRS2 detector separation correspond-
ingto4.1 —4.3 um.

We reduced the data using the JWST pipeline developed by
the Space Telescope Science Institute (STScI). We use the 1.12.5
version of the pipeline combined with the Calibration Reference
Data System (CRDS) context jwst_1183.pmap, which indi-
cates the set of reference files necessary for calibrating the data.
The reduction process consists of three stages, each of them in-
volving several steps (see Figure 1). Stage 1 processes the raw
exposures (i.e., non-destructive readout ramps) correcting for de-
tector effects like bias, dark and cosmic rays impact, and creates
count rate images. During this stage, we introduce a further flag-
ging of the ramps strongly affected by saturation, non-linearity
or cosmic rays (Further ramp flagging in Figure 1). In par-
ticular, we exclude from the ramp fitting all the ramps contain-
ing only two useful groups (out of 13). This step results in a
drop of the standard deviation in the rate files (i.e., 2D count-
rate images) by a factor < 2 x 103. The rate files are affected by
vertical stripes due to residual 1/f noise unremoved in stage 1
(see also Kashino et al. 2023; Perna et al. 2023; Rauscher 2023).
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Fig. 1. Scheme of the data reduction process for the NIRSpec data of PJ308-21. The data reduction is divided into three stages, each of them
consisting of several steps. Stage 1 is independent from the JWST instrument and mode, unlike stage 2 and 3, for which we present the steps
for NIRSpec/IFU. We skip some pipeline steps (boxes with grey tilted lines) and introduce additional steps (orange boxes) to improve the data

reduction (see Section 2).

We eliminate this pattern by subtracting from each spectral col-
umn in the 2D count-rate images its median value, which pro-
vides a reasonable estimate of any spectrally-dependent corre-
lated noise (see Column median subtraction in Figure 1).

We thus process the median-subtracted exposures through
stage 2 of the reduction, where flat field correction, wavelength
and flux calibration are applied to all the exposures. We skip
the BackgroundStep, as we apply the background subtraction
at the end of stage 3. We also skip the ImprintStep, which is
meant to subtract the pattern created by the MSA, as we found
that the subtraction of a dedicated leakage exposure results in a
detrimental increase of the noise in the rate files.

We then perform stage 3, where all the exposures
are combined into the final datacubes. We apply the
OutlierDetectionStep, which is meant to remove the re-
maining bad pixels from the calibrated exposures, and which
provides reliable results for our dataset from the 1.11.4 pipeline
version.

The one-dimensional spectra extracted from random aper-
tures in the final datacubes show several spikes, due to cosmic
rays and possible wrong solutions for the ramp fitting. We filter
out these spikes by masking all the voxels that present a jump
between contiguous channels persisting for less than four chan-
nels (corresponding to < 150 kms~' at 4.0 um), which is the
typical width of the spikes. The procedure is applied to all the
voxels of the datacubes (see Spike removal in Figure 1). We
carefully inspect the voxels corresponding to the science targets
before/after applying this step to check that none of the emis-

sion lines is affected by the algorithm. Finally, we subtract the
background, which is higher for the spectral region sampled by
the NRS2 detector (4.3 — 5.3 um), as the NIR background grows
with increasing wavelength (Rigby et al. 2022). We estimate the
background from the median of spectra extracted from empty
regions in the FOV as a function of wavelength. The median
background is then subtracted from the datacubes channel-by-
channel (see Background subtraction in Figure 1).

In this paper, as we are interested in the quasar spectrum, we
study the PJ308-W pointing only. A map showing an overlook
on the system captured by the PJ308-W and PJ308-E reduced
datacubes is shown in Figure 2 (see Decarli et al., in prep., for
more details).

3. Analysis
3.1. Spectrum extraction and aperture correction

We compute a wavelength-dependent aperture correction based
on the observation of a point source (i.e., a star) using archival
data. We use the uncalibrated exposures of the GSPC P330-E
G-dwarf, observed in the 1538 calibration program (PI: K. Gor-
don). We opt for this star as it was observed with NIRSpec/IFU
using the same grating/filter combination of our observation. We
process the data, applying the same steps described in Sect. 2.
The final datacube is used for extracting one-dimensional spectra
adopting circular apertures with radii R ranging from R = 0.025”
to R = 1.2” centered on the star. The growth curve asympotes at
1”7, so we normalize the flux in each wavelength channel to the
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Fig. 2. The PJ308-21 system. The quasar has two companion sources, located to the western and eastern sides of the QSO respectively. We
show the Ha and the underlying continuum emission from the NIRSpec/IFU data (magenta) overimposed on the [Cu] emission from ALMA
high-resolution data (blue; Decarli et al. 2019). The yellow cross and circle show the aperture for the spectrum extraction (see Sect. 3.1).

value at R = 1" (see also Fig A.1 in Appendix A). We thus esti-
mate the flux fraction for fixed aperture radii as a function of the
wavelength (see Table 1 for representative wavelengths over the
G395H/F290LP spectral range). We compute these values by fit-
ting a second—order spline to the flux fractions. The enclosed flux
fraction increases with increasing radius and, for fixed aperture,
decreases with wavelength. The latter trend is less pronounced
at larger radii, as most of the flux is also included for the redder
part of the spectrum (see also Fig A.1 in Appendix A). For an
aperture of 0.3”, the flux loss between the red and blue channels
can be as high as ~ 6%, while the difference is lower for larger
apertures.

The values reported in Table 1 can be used to correct the
spectra extracted from apertures with radii R ~ 0.3” — 0.7 to
recover the total flux emitted by a point source. These values
should provide reliable corrections when using the dataset ob-
served using the NIRSpec/IFU with the G395H/F290LP grat-
ing/filter combination and the adopted version of the pipeline'.
We adopt an extraction aperture of 0.3” centered at the NIRSpec
peak position of PJ308-21 (Figure 2). We note that using a larger
aperture, i.e., 0.4” — 0.7”, after applying the aperture correction
gives perfectly consistent results, while using a smaller aperture
(~ 0.2”) cannot properly recover the QSO flux because of the
undersampling of NIRSpec PSF (see Boker et al. 2022). We thus
apply the 0.3” aperture correction based on Table 1 to recover
the total flux. The same correction is applied to the error spec-
trum. We obtain the noise spectrum by summing all the pixel
variance over the 0.3 aperture and extracting the square root
of the summed total. We show in Fig. 3 the aperture-corrected
spectrum together with the rest-frame UV spectra of PJ308-21
from the literature, obtained with MUSE (Farina et al. 2019) and
XSHOQOTER (Schindler et al. 2020). The S/N of the NIRSpec
spectrum per spectral element is 100 — 400. We show also the
photometric data (see Bafiados et al. 2016) from the first release

! We also test the procedure on another unresolved source, IRAS
05248-7007, observed with the G395H/F290LP grating/filter setup in
the NIRSpec calibration program 1492 (PI: T. Beck). For apertures of
0.3” — 0.7” we obtain flux fractions that differ from the values reported
in Table 1 by less than 1%.
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of the Panoramic Survey Telescope and Rapid Response Sys-
tem (Pan-STARRSI, PS1; g, 7, i, z Y bands), the Gamma-ray
Burst Optical/Near-infrared Detector (GROND:; i, z, J bands),
the VISTA Hemisphere Survey (VHS; Y, H, K bands), Spitzer
(Chl=3.5 um, Ch2=4.5 ym) and the Wide-Field Infrared Survey
Explorer (WISE; W1=3.3 um, W2=4.6 um). There is an over-
all agreement between the NIRSpec spectrum and the available
photometry from Spitzer and WISE. The differences, in the or-
der of ~ 10%, are possibly due to systematics in the instruments
zero-points. We note that the continuum slope changes between
the NIRSpec data and the ground-based spectra. This is possi-
bly due to both physical and instrumental effects. The power-law
continuum in quasars is interpreted as the result of several black
bodies, corresponding to layers in the accretion disk with differ-
ent temperatures. The large black hole mass (see Sect. 4.1) yields
arelatively large radius of the innermost ring, which corresponds
to a peak in the continuum emission. Therefore, the quasar con-
tinuum is expected to change the slope from the rest-frame UV
(where most of the disk emission is expected) to rest-frame op-
tical. Second, the fluxes in the XSHOOTER spectrum are ex-
pected to be more extinguished from the dust in the quasar host
in comparison to the near-infrared data, which can also influence
the slope. Beyond these physical effects, possible systematics in
the zero-points, potential slit losses in the XSHOOTER spec-
trum, uncertainties in the NIRSpec flux calibration and increased
noise toward the red end of the XSHOOTER spectrum can also
contribute to the slope variation.

3.2. Spectral fitting

We convert the observed wavelength into the rest-frame using
the [Cu] based redshift (z = 6.2342, Decarli et al. 2019). The
spectrum shows a strong quasar continuum and all the prominent
Balmer lines (Ha,, HB, Hy, Ho) due to the BLR. We also observe
bright emission from the Fe n multiplets in the 4000 — 5500 A
range. The BLR dominates over the nebular emission of the
narrow line region (NLR; i.e., [Om] A44959,5007 and [N ]
16548, 6584 doublets). We do not detect a significant He 1t
14686 emission line, which can be used as a tracer of the nuclear
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Fig. 3. Rest-frame UV/optical spectroscopic and photometric data of PJ308-21. The main emission lines are indicated. The aperture-corrected
NIRSpec spectrum is shown in red. The purple and blue lines show MUSE and XSHOOTER spectra from previous works (Farina et al. 2019;
Schindler et al. 2020). We show in grey the XSHOOTER data affected by the atmosphere absorption. The photometric data from Pan-STARRS1
(PS1; g, 1 i, z, Y bands), GROND (i, z, J bands), VHS (Y, H, K bands), Spitzer (Ch1=3.5 um, Ch2=4.5 um) and WISE (W/=3.3 um, W2=4.6 um)

are shown with the associated errors (Bafiados et al. 2016).

Table 1. Flux fraction for fixed aperture radius R as a function of the
wavelength (NIRSpec/IFU, G395H/F290LP).

Wavelength 0.3 04”7 05”7 06”7 0.7
(um)
2.90 0.891 0.926 0953 0.964 0.973
3.00 0.891 0.926 0952 0.964 0.974
3.20 0.890 0.925 0950 0.965 0.976
3.40 0.888 0.924 0.948 0.966 0.977
3.60 0.885 0.923 0.947 0.966 0.977
3.80 0.882 0922 0945 0.966 0.978
4.00 0.877 0921 0944 0.965 0.978
4.20 0.872 0920 0.942 0.963 0.978
4.40 0.866 0919 0941 0.962 0.977
4.60 0.859 0918 0940 0.959 0.976
4.80 0.852 0916 0938 0.957 0.975
5.00 0.843 0915 0937 0.954 0.973
5.10 0.839 0914 0936 0.952 0.973
5.20 0.834 0914 0936 0950 0.972

activity (Tozzi et al. 2023), or significant [Su] A16716,6732
emission. Also, we do not find absorption features over the NIR-
Spec spectrum.

3.2.1. Continuum subtraction

We perform a multicomponent fitting to reproduce the NIRSpec
spectrum using a Markov chain Monte Carlo (MCMC) method
with the Python package emcee (Foreman-Mackey et al. 2013).
We first model the continuum emission, whereafter we model
the iron and the nebular lines.

Quasar spectra often show a break in their shape, possibly

due to the host galaxy contamination (see, for example, Vanden
Berk et al. 2001). For this reason, we use a broken power-law to
model the continuum emission, in the functional form of

1 —ay
A ( 1 ) 1A< /lbreak
f( /l) — break —ay
A (/lbreak ) Az /lbreak

where A is the normalization, Apeqx 1S the break wavelength
and «@; and a, are the power-law indices. Following Vanden
Berk et al. (2001), we use the line-free regions of the spectra
6005 — 6035 A and 7160 — 7180 A with an additional region at
4000 — 4030 A to constrain the bluest part of the spectrum, after
carefully checking that it is not contaminated by line emission
(see the shaded regions in Figure 4, top panel) to fit the contin-
uum. The continuum model is shown in Figure 4 (top panel),
with the continuum-subtracted spectrum highlighted in orange
(see also Table 2 for the fitted parameters). We do not discuss
the physical meaning of the Apeax, A, @1 and @ values and com-
pare with low-redshift quasars, as we find that the parameters are
highly degenerate among themselves. We thus use the fit only to
obtain a robust continuum-free spectrum for fitting the emission
lines.

3.2.2. Feu subtraction

After subtracting the continuum, we model the Fe II multiplets
in the spectral range 4000 — 5500 A. Careful subtraction of the
Fe II emission is indeed necessary for deriving an accurate HB-
based black hole mass (see Sect. 4.1), as this line is partially
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Table 2. Continuum and iron fitted parameters.

Parameter Value
AT 10.28°12
Apreak /A 5330.65719370
“ 2.16%5
o 1.08%%
o 1.28+003
I 1.16+003
I 0.72:00!

Iy 0.59+005
I 0.9009!

Notes. The errors correspond to the 16th and 84th percentiles of the
MCMLC fit. ®The normalization units are 10~'8 erg s~'cm=2A"".

contaminated by iron emission. We use the tool by Kovacevi¢
et al. (2010) and Shapovalova et al. (2012) to create an Fe 11 tem-
plate consisting of five groups of lines (labeled as Zw I, S, F, P,
G), using reasonable input parameters for an AGN spectrum (i.e.
temperature 7 = 10000 K, velocity width of 2500 kms~! and no
velocity shift). However, using a different set of input parame-
ters does not change the fit results significantly. In particular, we
verify that increasing the Fe n width, by smoothing it to match
the width of other BLR lines, does not significantly impact the
black hole mass derived from the broad Hg full-width at half-
maximum (FWHM; see Sect 4.1). We fit the normalization of the
five groups (labeled as Iz, Is, Ir, Ip, Ig, see Table 2) to properly
rescale the templates using the spectral regions at 4150 — 4200
A, 4430 — 4720 A and 5110 — 5520 A (shaded regions in Fig-
ure 4, bottom panel). The Fe m model is shown in Figure 4 (bot-
tom panel), with the iron-subtracted spectrum in orange (see also
Table 2 for the fitted parameters). We use the templates of Ko-
vacevic et al. (2010) and Shapovalova et al. (2012), which secure
reliable multiplets structure and intensity. However, the high S/N
of our spectrum highlights the limits of the models. Introducing
variable widths among the templates due to a velocity stratifica-
tion of the BLR could possibly improve the fit compared to the
simple case here presented.

3.2.3. Line fitting

After subtracting the continuum and Fe m model, we fit the line
emission. In particular, we focus on the Ha and Hp line com-
plexes, since we use these lines to derive relevant physical quan-
tities (e.g., black hole mass; see Sect. 4). We use two Lorentzian
functions (one for each line) to model the Hae and HB lines
from the BLR (Kollatschny & Zetzl 2013), leaving all parame-
ters (i.e., normalization, width and centroid) free. We also insert
six Gaussians to account for the nebular [Om] 114959, 5007 ,
[N 1] 216548, 6584, Ha and HB lines from the NLR (referred to
as "narrow" components in the rest of the text). As the emission
is completely dominated by the broad He and Hf lines, we fix
the line centroids to the theoretical values to aid the fit, by assum-
ing that the rest-frame velocity of the narrow lines is consistent
with the [C 1] velocity. We also require that all six narrow lines
have the same velocity width and fix the ratio of the amplitudes
of [Om] 24959 and [O m1] 45007 to the theoretical value (0.33),
as well as for the [N 1] 26548 and [N 1] 16584 (0.33; e.g., Oster-
brock & Ferland 2006). Thus, for the NLR lines, we fit only the

Article number, page 6 of 16

normalization of [O m] 45007, [N 1] 16584, Ha, HB and the stan-
dard deviation (¢7). Moreover, we add two further Gaussian com-
ponents to reproduce the emission at 4900 —5100 A (the "broad"
[O ] components discussed in Sect 4.4). Under the assumption
that this emission is due to [O 1] 114959, 5007 blueshifted with
respect to the systemic velocity, we require that the two Gaus-
sians have the same velocity width and offset, and the theoretical
ratio for the amplitudes. Therefore, in this case, the free parame-
ters are the centroid, o- and the normalization of the [O ] 15007
component.

We adopt Maxwellian priors for all the fitted parameters ex-
cept for the width of the narrow components. In this case we
impose that the FWHM can uniformly vary between 50 and
1000 kms~! (a similar approach was adopted by Vietri et al.
2018). The fitted wavelength ranges are 4430 — 5520 A and
6160 — 6900 A. The fit is shown in Fig. 5 (see also Table 3).

Our multicomponent fit nicely reproduces the line emission
for both Hoe and Hf regions. As seen for the continuum fit-
ting, the galactic contribution (i.e., NLR emission) is poorly
constrained, as the BLR dominates the line emission. There are
some residuals at 5000 — 5200 A, possibly due to uncertainties
in the iron modeling described in Sect. 3.2.2. However, this does
not significantly impact the HS fit and the HB-based black hole
mass estimates. Finally, we note that using a broken power-law
rather than a Lorentzian curve to model the Ha and HS lines
from the BLR also gives a consistent black hole mass. The BLR
emission may have indeed asymmetric wings that are better re-
produced by a broken power-law. A study of these features is
however beyond the scope of this work. We also test that adding
a broad component for the He and Hg lines, as done for the
[Om] emission, does not affect the fit, as both the components
are in the order of the residuals.

4. Results
4.1. Black hole mass

A common way to estimate the black hole mass in quasars relies
on the virial theorem. Assuming that the clouds of the BLR un-
dergo pure gravitational motion around the black hole, we can
write the black hole mass as Mgy = RBLRVZBLR/G, where G is
the gravitational constant, vg g the clouds’ velocity and Rpir
their distance from the black hole. Based on reverberation map-
ping studies in the low-z Universe, the continuum luminosity at
5100 A is correlated with Rpir (e.g., Kaspi et al. 2005), while
the FWHM of the BLR lines (e.g., H3, Ha, Mg, C1v) provide
the information for the velocity vgrr. Before the JWST launch,
emission lines such as Mgn and, more rarely, C1v were com-
monly used to measure the black hole masses in high-z quasars
(e.g., Jun et al. 2015; Lira et al. 2018; Onoue et al. 2019; Kaspi
et al. 2021; Farina et al. 2022). However, the relations that em-
ploy these tracers are actually poorly constrained and uncertain,
especially for the C1v line (Coatman et al. 2017; Marziani et al.
2019; Homayouni et al. 2020; Zuo et al. 2020). It is thus not clear
if the black hole masses based on these lines are reliable. On the
other hand, HB has been extensively studied to derive empirical
calibrations for black hole mass at low redshift (e.g., Bentz et al.
2009; De Rosa et al. 2018; see Shen 2013 for a review), and it is
thus considered the most robust tracer of this physical quantity.
After the launch of JWST, we can now use this line for measur-
ing the black hole mass even at high-redshift (see also Ding et al.
2023; Eilers et al. 2023; Marshall et al. 2023; Yang et al. 2023).

We estimate the black hole mass of PJ308-21 using the re-
lation of Vestergaard & Peterson (2006), which uses the 5100 A
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Fig. 4. JIWST/NIRSpec rest-frame optical spectrum of the PJ308-21 quasar (black). The spectrum was extracted from a 0.3” aperture and then
aperture corrected to account for the PSF broadening with wavelength (see Sect. 3.1). Broad Balmer line emission (Ha, HB, Hy, H9), strong Fe 1
and [O m] emission is clearly seen. Top panel: QSO continuum fit (magenta curve). We highlight the line-free regions used for the continuum fit
(pale blue). The orange curve shows the residuals. Bottom panel: Fe 1 line model (magenta). The fitted wavelengths are highlighted in pale blue.
We fit the Fe 1 emission using the five multiplets template of Kovacevic et al. (2010) and Shapovalova et al. (2012) (colored lines in the insets).
The iron-subtracted spectrum (orange) was then used to fit the Balmer and nebular lines.

QSO continuum luminosity L,(5100 A) and the FWHM of the
Hg:

Myuus FWHM(HB) AL (5100A)
1 — | =2log| ———— 0.5log| ——F—-]+6.91
Og( M ) © (IOOOkms" T O N08 Toterg 51 ) T
)]
We estimate the continuum monochromatic luminosity

L,(5100 A) = (4.9*93) x 10*? erg s7'A~! from the power law
value at 5100 A while the FWHM(Hp) is 4616fgf km s~!. The

black hole mass is:
Mpppg = (2.7 £0.2) x 10° M,

We note that the uncertainties on the black hole mass due to ran-
dom errors from the MCMC fit are around the 7%. However, the
adopted calibration has an intrinsic scatter of ~ 0.5 dex, which
thus represents the main source of uncertainty (Vestergaard &
Peterson 2006).

Greene & Ho (2005) found that there is a correlation between
the 5100 A continuum luminosity and the Ha luminosity (see
their Eq. 1). A correlation is also present between the HS and
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Fig. 5. Fit of the HB + [Om] (left) and Ha + [N u] lines (right), after the continuum and iron subtraction. We model the BLR HB and Ha lines
using a Lorentzian function. The nebular lines from the NLR ([O m], [N n], Ha, HB narrow components) are each fitted with a Gaussian. We add
two further Gaussian components (purple; "broad" components in the text) to fit the emission around 5000 A, likely associated with blueshifted
[Om] (see also Sect. 4.4 and Figure 8). The residuals are shown in orange.

Table 3. Emission-line fitted parameters.

Line Centroid o Peak flux
(A, rest-frame) (A, rest-frame)  (107'8 erg s~'cm™2A1)

Ha (BLR) 6559.5370-1 40.91+928* 35467031

HB (BLR) 4862761023 37.434030° 13.18*913

Ha (NLR) _ tied 15.41%080

HB (NLR) _ tied 15203
[N ] 26548 (NLR) _ tied tied

[Nu] 16584 (NLR) _ tied 10.60%0:62
[Om1] 214959 (NLR) _ tied tied

[Om] 25007 (NLR) _ 6.98*002 4.27+038
[Om] 24959 (broad) tied tied tied

[Om] 25007 (broad) ~ 4974.74*5¢ 19.60%033 9.93*0%3

Notes. The errors correspond to the 16th and 84th percentiles of the MCMC fit. A "_" indicates the fixed parameters. ) The reported o is the
half-width at half maximum of a Lorentzian function in the functional form f(1) = fpe.dkol/ [(A- /lpeak)z + 0?], where Jpeak and Apeqi are the peak

flux and centroid respectively.

Ha FWHM (see their Eq. 3; see also Shen et al. 2011, Eq. 9).
Using these correlations and Eq. 1 it is thus possible to obtain a
calibration for the black hole mass with the Ha line (Shen et al.
BH,He
km s~!

2011):
log(M )+2.110g(
)

where L(Ha) and FWHM(Ha) are the luminosity and FWHM
of the Ha broad component. We estimate the former quantity
L(Ha) = (1.84 + 0.01) x 10% erg s™! by integrating the Ha
Lorentzian component from 6300 A to 6800 A. The FWHM of

L(Ha)

FWHM(H

(0]
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the Lorentzian is FWHM(Ha) = 3739+26 km s~'. The resulting
Ha-based black hole mass is

Mgr e = (1.93 £ 0.03) x 10° Mg

We find that the My ng and Mgy 1. values agree with each other
within a factor of < 1.5 (see also Table 4), as expected from the
intrinsic scatter of the adopted correlations.

We can compare our estimates of the black hole mass with
the Mg II-based measurement for PJ308-21. Based on the rela-
tion of Shen et al. (2011), Farina et al. (2022) found

Menmen = (2.65703%) x 10° Mg
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Fig. 6. Black hole masses from SDSS (Shen et al. 2011) and z > 6 quasars (Bosman et al. 2023; Eilers et al. 2023; Marshall et al. 2023; Yang et al.
2023; Yue et al. 2023), with both Mg 1 and Balmer line based measurements. The green line shows the one-to-one relation. PJ308-21 is indicated
with blue diamonds (JWST/NIRSpec and VLT/XSHOOTER data). Overall, the z > 6 quasars show nice agreement between the Mg and HB or
Hea-based Mgy, consistent with the ~ 0.5 dex scatter of the low-redshift estimates (green region; Vestergaard & Peterson 2006). While a larger
sample is needed to confirm these results, these first JWST estimates suggest that the Mg is a reliable tracer of the black hole mass at both low

and high-redshift.

This value is consistent with the HB estimate. For this quasar
Farina et al. (2022) also derived a C1v based black hole mass
using the relation of Coatman et al. (2017), i.e., Mpgcrv =
(2.097332) x 10° Mo, which is consistent with the estimates from
the other lines.

Figure 6 compares the PJ308-21 black hole mass estimates
with estimates from SDSS (Shen et al. 2011) and the other z > 6
quasars with both Mg 1 and HB or Ha black hole mass measure-
ments from JWST data (Bosman et al. 2023; Eilers et al. 2023;
Marshall et al. 2023; Yang et al. 2023; Yue et al. 2023). The
Mg 11 masses are based on the Vestergaard & Osmer (2009) and
Shen et al. (2011) calibration (see Pons et al. 2019; Reed et al.
2019; Shen et al. 2019; Wang et al. 2021; Yang et al. 2021; Fa-
rina et al. 2022; Mazzucchelli et al. 2023) while the HB and Ha
measurements are based on Vestergaard & Peterson (2006) and
Greene & Ho (2005). Overall, we see that the z > 6 QSOs lie
well inside the ~ 0.5 dex scatter of the low-redshift estimates.
Despite larger sample are necessary to constrain z > 6 black
hole masses via Balmer lines targeting also less massive black
holes (i.e., Mgy ~ 108My), these first findings suggest that the
Mg is a reliable mass tracer in distant quasars.

4.2. Eddington ratio

We use the black hole mass to evaluate the Eddington ratio
Agdd = Luol/Lgqq, 1.€., the ratio between the quasar bolometric
luminosity Ly, and the Eddington luminosity Lgyq (see Peterson
1997). Assuming spherical geometry, the latter quantity can be

Table 4. Physical quantities of PJ308-21 derived from line fitting.

PI308-21
Ly(5100A)  (4.9°0%) x 10" erg s7TA™!
L(Ha) (1.84 £0.01) x 10% erg s~!
FWHM(Hp) 461678 km s~
FWHM(Ha) 3739 + 26 km s~!
FWHM([O I11]) 2776*7 kms™!
Avyg 87 + 15 kms™!
AVig 149 + 7 kms™!
Avio —1922 +39 kms™!
Mgunp (2.7 £0.2) x 10° Mg
Mg 1 (1.93 +0.03) x 10° M,
Lol (23703 x 10*erg 57!
ABdd Ha 0.96% 06
EW[O 1 19+2 A
EWyg 11875, A
EWee 1 4372 A
RFe il 036t88g

Notes. We report the random errors from the MCMC fit. The statistical
uncertainty, due to object-to-object differences, on the black hole mass
estimates is ~ 0.5 dex (Vestergaard & Peterson 2006) and affects also
the Eddington ratios.

written as:

47I'GMBHmPC

gT

M,
Edd = =1.257%x 10 (%)erg s7!

(o]
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where o is the cross-section for Thomson scattering, m;, is the
proton mass and c is the light speed in vacuum. Based on the
Mgy g estimate, we find for PJ308-21 Lggang = (3. 4* ) X
1077 erg s (Lgagpe = (243 £0.04) x 10%7 erg s™!). The bolo—
metric luminosity Ly can be estimated from the monochromatic
luminosity L;(5100A) by assuming a bolometric correction. We
use the relation from Richards et al. (2006), updated by Shen
etal. (2011):

Liol = 9.26 X AL (5100A)

based on 259 quasars from SDSS. This gives a QSO bolomet-
ric luminosity of Lye = (2.370:7) X 10%7 erg s'. Therefore, the
Eddington ratio for PJ308-21 based on the HB llne iS Apdaug =
0.677002 (Apdaa = 0.9670 (1)2 for Har). We note that adopting a
different bolometric correction would imply lower Eddington ra-
tio, in the range 0.32 < Aggang < 0.47 (0.45 < Apqape < 0.66
for Ha; Shen et al. 2011; Krawczyk et al. 2013; Saccheo et al.
2023). We note also that the true uncertainty on Agqq is likely
higher due to the statistical uncertainty, due to object-to-object
differences, on the black hole mass calibrations and on the bolo-
metric luminosity.

We can look at the high Eddington ratio of PJ308-21 in the
context of the z ~ 6 QSO population (see also Yang et al. 2023).
Based on VLT/XSHOOTER spectra of 38 QSO at 5.8 < z < 7.5,
Farina et al. (2022) found that these objects show higher values
of Agqq than the low-redshift population at fixed Ly, (Shen et al.
2011). This suggests that in the early Universe QSOs tended to
accrete at higher rates than the low-z AGN, even if exceptions are
present among low-luminosity quasars (Kim et al. 2018; Mat-
suoka et al. 2019). Besides, this trend can be affected by obser-
vational biases toward a selection of more massive black holes
and higher bolometric luminosities (and thus higher Eddington
ratios) at high redshift. PJ308-21 has an Eddington ratio based
on HB and Ha above, but still consistent (given the statistical
uncertainties in the black hole masses) with the median value
/lmeg = 0.48*0 86 of the 5.8 < z < 7.5 quasar sample of Farina
et al. (2022). The Hp value is also in perfect agreement with the

Mg u-based Aggg = 0.6670:) for PJ308-21 measured by Farina

et al. (2022) adopting the bolometric correction for 3000 A of
Richards et al. (2006) updated by Shen et al. (2011).

4.3. Correlations between Feu, [Om] and HB

As initially shown by Boroson & Green (1992), the strength
of the Feu and [Om] A5007 emission is anti-correlated in
low-redshift quasars. The so-called "Eigenvector 1 correlation”
(EV1) was then confirmed by other papers (e.g., Sulentic et al.
2004, 2006; Kovacevié¢ et al. 2010; Runnoe et al. 2013; Pen-
nell et al. 2017), comparing the Feu strength, quantified by
the ratio between the Fe 1 and Hp rest-frame equivalent width,
i, Reen = EWge i/ EWyp, and the [O m] rest-frame equiva-
lent width, EW|o ;. The physical origin of this relation is still
poorly understood, although it may be related to the processes
governing the black hole accretion (Shen 2016). At higher red-
shifts, Shen (2016) found that the anti-correlation is in place in
1.5 < z < 3.5 QSOs, with slightly lower EWo i compared
to low redshift (see also Sulentic et al. 2004, 2006). Before the
JWST launch, it was not possible to investigate this relation for
quasars at z > 6. First results using slitless JWST/NIRCam spec-
troscopy in eight z > 6 QSOs by Yang et al. (2023) are consistent
with low-redshift samples.

For PJ308-21 we find an [O m] 45007 rest-frame equivalent
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Fig. 7. Anti-correlations between the Feu strength, parametrized by
Ree 11, the [Om] EW and HB FWHM. Top panel: the anti-correlation
between Rg. n and EWjo 1 (EV1 relation). PJ308-21 (blue diamond)
shows a value in agreement with both low-redshift (Shen et al. 2011),
1.5 < 7 < 3.5 (Shen 2016) and z > 6 quasars (Yang et al. 2023). Bottom
panel: anti-correlation between Rg. 1 and FWHM(Hg) 2D EV1). Also
in this case, the PJ308-21 value appears consistent with the findings of
other studies.

width EWion = 19 +£2 A. We measure this quantity includ-
ing both the [Omi] 45007 narrow and broad component, fol-
lowing Shen et al. (2011). The EW of the HB broad compo-
nent is EWyg = 118=%, A while the EWg 1 is 432 A. The lat-
ter quantity was obtained by directly integrating the continuum-
subtracted Fe m emission in the range 4434 — 4684 A (Shen et al.
2011). We integrate the data rather than the Fe 1 line fit in order
to avoid uncertainties in the iron modeling (see Sect. 3.2.2 and
Fig. 4, bottom panel). The resulting Rre 11 is Rrer = 0. 36+00¢.
We note that the iron emission may be contaminated by the
blue/red wing of the HB/ Hy BLR lines. We neglect this contri-
bution when estimating the iron EW for consistency with Shen
et al. (2011). We also test that subtracting the HBS and Hy emis-



Loiacono et al.: Black hole mass from the NIRSpec spectrum of a z = 6.2 quasar

sion does not significantly affect any of the results about the EV
correlations for the quasar. In that case we obtain indeed EWrg, 11
is 36*2 A and Rpe = 0.31%993, which place PJ308-21 in a sim-
ilar location in the two panels of Figure 7.

In Figure 7 (top panel), we compare PJ308-21 with the DR7
SDSS quasars from Shen et al. (2011) and a sample of 74 lu-
minous (Lpy = 104027482 erg s 1.5 < z < 3.5 QSOs (Shen
2016). We show also the eight z > 6 quasars from Yang et al.
(2023). Our source is consistent with the values presented by
both low-redshift and high-redshift quasars, showing a low R, 1
corresponding to a high EW|o ).

We also explore the anticorrelation between Rp. 1 and the HS
FWHM ("2D EV1", e.g., Boroson & Green 1992; Shen & Ho
2014); see Figure 7 (bottom panel). Compared to low redshift
objects, high-redshift quasars show a systematic offset in the HB
FWHM up to z > 6 (Shen 2016; Yang et al. 2023). This is due to
a selection effect as at high redshift we mainly sample the most
massive black holes, which correspond to larger H3 FWHM. We
find that, for this relation as well, PJ308-21 shows values in line
with the findings for the DR7 SDSS quasars and higher-redshift
QSOs.

4.4. Velocity shifts

Several papers have studied the bulk velocity shifts of the BLR
gas (e.g., Gaskell 1982; Richards et al. 2002; Meyer et al. 2019;
Onoue et al. 2020). In particular, high-ionization lines like C1v
A1549 and Sitv 41397 have significantly higher velocity shifts
relative to low-ionization broad lines, such as Mg and Balmer
lines. These velocity offsets are thought to be due to outflowing
clouds from the BLR driven by winds or X-ray radiation (Mur-
ray & Chiang 1995).

According to Schindler et al. (2020), PJ308-21 displays a
C1v blueshifted emission of —28231’%2‘52 kms~! with respect to
the [C ] systemic velocity. On the other hand, the low ioniza-
tion Mg line shows a blueshift of —167*75 kms™'. From the
NIRSpec spectrum, we find that the Ha emission is blueshifted
of Avige = —149 + 7 kms~'while the HB line is redshifted of
Avyg = 87 £ 15 km s~!. Shen et al. (2011) found no significant
offset in Ha and Hp relative to the narrow [O m] and [S ] lines
in their SDSS DR7 sample of quasars. The overall small shifts
found for the Mg 11 and Balmer lines in PJ308-21 suggest that the
clouds these lines originate from are mostly dominated by virial
motion around the black hole rather than outflowing material
(Gaskell & Goosmann 2013), which is a required assumption for
the validity of the single-epoch black hole mass measurements
presented in Sect 4.1. We also estimate the velocity shift of the
[Om] broad components, which is commonly used as a tracer
of ionized outflows (e.g., Cano-Diaz et al. 2012; Harrison et al.
2012, 2014; Carniani et al. 2015; Zakamska et al. 2016; Loia-
cono et al. 2019; Tozzi et al. 2021). These outflows are often
found to extend to kpc-scales, well beyond the nuclear region,
and thus can affect the host galaxy and its gas content. As dis-
cussed in Sect. 3.2, we fitted the [O 1] emission using four Gaus-
sian functions, two narrow and two broad, with the former cen-
tered on the systemic velocity of the system (Figure 5, left). The
[O m] 45007 broad line is blueshifted by Avjo i = —1922 + 39
kms™! relative to the systemic velocity traced by [Cu]. The
FWHM of the same line is FWHM([Om]) = 2776*7; kms™'.
While this suggests significant outflowing ionized gas from the
NLR of the quasar (see Figure 8), we highlight that the [Om]
modeling in this source is quite challenging, as this emission
is strongly blended with the HS and iron lines from the BLR.

50
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Fig. 8. Emission from the Ha and HB BLR lines and the [O m] 25007
broad component as a function of the velocity. Both the subtracted-data
(solid lines) and the fitted models (semi-transparent thick curves) are
shown. The systemic velocity, set by the vertical grey line, is based on
the [Cu] redshift. The Ha and HB lines are offset of a small amount
compared to the zero-reference point (Avy, = —149 + 7 kms™' and
Avyg = 8715 km s71). On the other hand, we see that the [O m] 25007
broad component shows a velocity blueshift of Avio i = —1922 + 39
kms™ and a FWHM([Ow]) = 2776*7 kms™". This blueshifted emis-
sion highlights possible outflowing material from the QSO host galaxy.

This makes the errors on Avo nrj and FWHM([O m]) likely un-
derestimated. Strong blueshifted [O 1] emission was also found
in two out of z > 6.5 quasars studied by Yang et al. (2023). In
their case, the velocity offsets are lower at ~ —630 km s~! and
~ —=1690 kms~!, and FWHM~ 1461 kms~! and ~ 3805 kms~'.

High-velocity outflows in high-z sources are predicted by
models to play a role in regulating both the black hole and galaxy
growth (e.g., Di Matteo et al. 2005; Hopkins et al. 2016; Wein-
berger et al. 2017; Costa et al. 2022; Lupi et al. 2022). At in-
termediate and low redshift, several studies using optical/NIR,
far-infrared and mm/sub-mm facilities assessed the role of out-
flows in shaping the AGN host galaxies (e.g., Feruglio et al.
2010; Sturm et al. 2011; Liu et al. 2013; Zakamska & Greene
2014; Brusa et al. 2015b; Cresci et al. 2015; Nardini et al. 2015;
Bischetti et al. 2017; Fiore et al. 2017; Gonzalez-Alfonso et al.
2017). Outflows have been detected in only a small number of
Z ~ 6 quasars (Stanley et al. 2019; Bischetti et al. 2022; Butler
et al. 2023; Salak et al. 2024) and in some cases their presence
is ambiguous (Maiolino et al. 2012; Cicone et al. 2015; Meyer
et al. 2022b). The first JWST results suggest the existence of
strong [Om] outflows at z > 6 for the first time, demonstrat-
ing the capabilities of JWST in detecting these features at the
end of Reionization. With the uncertainties in mind, PJ308-21
shows remarkably large velocity offset and FWHM of the [O m1]
emission, significantly higher than typical values at lower red-
shift (Liu et al. 2013; Rodriguez Zaurin et al. 2013; Brusa et al.
2015a; Perna et al. 2015; Harrison et al. 2016; Bischetti et al.
2017).

Unfortunately, we cannot estimate the size of the outflow-
ing [O m] component from the IFU data as it is outshone by the
QSO emission. This quantity would enable indeed an estimate
of the mass outflow rate, i.e., the amount of ionized gas expelled
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per time unit (e.g., Cano-Diaz et al. 2012; Carniani et al. 2015).
However, after PSF subtraction, Decarli et al. (in prep.) find a
possible redshifted component located above the host galaxy,
extending to the Northwest with much lower velocity (~ 300
kms~!) which may trace the receding cone of the outflow and
can be related to the Lyman « nebula enshrouding the quasar
Farina et al. (2022). Farina et al. (in prep.) will discuss this com-
ponent in greater detail.

5. Conclusions

We presented the JWST/NIRSpec IFU spectrum of the z ~ 6.23
quasar PJ308-21. The NIRSpec dataset shows the rest-frame
optical emission in the 3700 — 7300 A range. We briefly
summarize the main results of this paper:

i) We estimate the black hole mass using the HS and He
broad lines. We find that PJ308-21 harbors a mature black hole,
with Mpupg = (2.7 £0.2) X 10° M. The Ha-based black hole
mass is Mpune = (1.93 + 0.03) x 10° Mg. The two values are
consistent within a factor < 1.5, within the ~ 0.5 dex statistical
uncertainties of the mass calibrations. The HS value is also
consistent with a previous estimate of the black hole mass
Mgumg 11 = (2.65f8:2é) x 10° Mg, derived by Farina et al. (2022)
using the Mg line. All the estimates are consistent with the
C1v based black hole mass by Farina et al. (2022).

ii) PJ308-21 shows a high Eddington ratio Agqq s = 0.67f8:(1)§

(ABdaHe = 0.96%009), in line with the population of z 2 6 QSOs
(see Farina et al. 2022; Yang et al. 2023).

iii) PJ308-21 shows values of EW o iy and Rp iy similar
to those of low-z (Shen et al. 2011) and intermediate redshift
quasars (1.5 < z < 3.5, Shen 2016). The same holds for the HB
FWHM and Rg,  anticorrelation ("2D EV1").

iv) We find evidence of a blueshifted and broad [O ]
component, with a velocity shift Aviony = -1922 + 39
kms~!' relative to the [Cu]-based systemic velocity, and a
FWHM([Omi]) = 2776f;i kms~!. Both the FWHM and Avio
are larger than in quasars at lower redshift. Despite the uncer-
tainties affecting the line fitting, this could be one of the first
detections of an [O 1] outflow from a z > 6 quasar.

Our study demonstrates the unique capabilities of
JWST/NIRSpec in dissecting the emission from quasars at
z 2 6 with modest amounts of telescope time (~ 1.5 hrs on
source in our case). Future NIRSpec campaigns on larger
samples will be crucial to unveiling new and unparalleled
insights on the quasar population at cosmic dawn.
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Fig. A.1. Left panel: flux fraction as a function of the aperture radius (NIRSpec/IFU, G395H/F290LP), i.e., the cumulative PSF. Note that the PSF
width increases going from blue to red wavelengths. The differences are larger for small radii, as the PSF profile is steeper. The curves are based on
observations of the G—dwart GSPC P330-E used for a Cycle 1 calibration program (ID: 1538). Right panel: Flux fractions for apertures with radii
R =0.1" —0.7” as a function of the observed wavelength (NIRSpec/IFU, G395H/F290LP). The second-order spline fitted to the data is shown in
yellow. The flux fraction decreases with increasing wavelength, especially at small radii.
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