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Abstract

Quasar-driven galactic outflows are a major driver of the evolution of massive galaxies. We report observations of
a powerful galactic-scale outflow in a z=3 extremely red and intrinsically luminous (Lo~ 5 x 10*erg s™ 1)
quasar SDSSJ1652 4 1728 with the Near-infrared Spectrograph on board JWST. We analyze the kinematics of
rest-frame optical emission lines and 1dent1f?/ the quasar-driven outflow extending out to ~10 kpc from the quasar
with a velocity offset of (v, = =+ 500 kms™') and high velocity dispersion (FWHM = 700-2400 km s~ "). Due to
JWST’s unprecedented surface brightness sensitivity in the near-infrared, we unambiguously show that the
powerful high velocity outflow in an extremely red quasar encompasses a large swath of the host galaxy’s
interstellar medium. Using the kinematics and dynamics of optical emission lines, we estimate the mass outflow
rate—in the warm ionized phase alone—to be at least 2300 = 1400 M, yr '. We measure a momentum flux ratio
between the outflow and the quasar accretlon disk of ~1 on a kpc scale, indicating that the outflow was likely
driven in a relatively high (>10%*cm ) column density environment through radiation pressure on dust grains. We
find a coupling efficiency between the bolometric luminosity of the quasar and the outflow of 0.1%, matching the
theoretical prediction of the minimum coupling efficiency necessary for negative quasar feedback. The outflow has
sufficient energetics to drive the observed turbulence seen in shocked regions of the quasar host galaxy, which are
likely directly responsible for prolonging the time that it takes for gas to cool efficiently.

Unified Astronomy Thesaurus concepts: Quasars (1319); Galaxy evolution (594); AGN host galaxies (2017)

1. Introduction SMBH and the host galaxy properties (Magorrian et al. 1998;
Gebhardt et al. 2000) suggests that there may be a strong
physical connection, perhaps a co-evolution, between SMBHs
and galaxies.

Quasar feedback often manifests itself as either radiation
pressure driven winds (Murray et al. 1995) or jets (Wagner
et al. 2012) that interact with the immediate interstellar medium
(ISM) and drive powerful multi-gas-phase outflows, which
propagate into the galaxy and expel gas, drive shocks, and
prolong the time that it takes for gas to cool and form stars.
Only a small fraction of the quasar bolometric luminosity needs
to be converted into the kinetic luminosity of the galaxy-scale

Quasar feedback is the interaction between the energy output
of an accreting supermassive black hole (SMBH) and its
surrounding environments, and may be an integral part of
galaxy evolution. Quasar feedback is often invoked to explain
the quenching of star formation, regulating black hole mass,
and limiting galaxy growth (Silk & Rees 1998; Croton et al.
2006; Fabian 2012; Kormendy & Ho 2013), especially in the
most massive (>1012'5M@) dark matter halos in the local
Universe. Empirical evidence of tight correlations between the
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of the work, journal citation and DOIL. 2012). While quasar feedback is generally expected to have an
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overall negative impact on the long timescale, outflows can, in
specific situations, compress gas ahead of the flow that can
momentarily trigger star formation, causing temporary positive
feedback (Silk 2013; Maiolino et al. 2017; Mercedes-Feliz
et al. 2023).

At low redshifts, much of the stellar components of massive
galaxies are already set, suggesting that quasar feedback must
have had a greater impact at earlier epochs when galaxies and
black holes were experiencing more rapid growth. Both galaxy
growth and quasar activity peak at cosmic noon around z ~ 1-3
(Madau & Dickinson 2014), so it is likely that quasar feedback
may be most important at this epoch (Boyle & Terlevich 1998;
Hopkins et al. 2008). A large number of studies reveal high-
redshift quasars with forbidden emission lines with large
velocity offsets and/or dispersions that are indicative of quasar-
driven winds. The advent of IFU spectroscopy, especially with
adaptive optics from the ground on 8-10 m class telescopes,
has revealed that a large number of these outflows are on
galactic scales with energetics powerful enough to affect the
star formation properties of their host galaxies (Nesvadba et al.
2008; Cano-Diaz et al. 2012; Vayner et al. 2017; Kakkad et al.
2020; Vayner et al. 2021b). In a select few sources, multi-gas-
phase outflows detected in both warm ionized and molecular
phases indicate direct evidence for negative quasar feedback
due to the removal of the molecular reservoir, with the outflow
often being the dominant source of gas depletion and a
substantial fraction of the galaxy’s molecular gas in an outflow
(Brusa et al. 2018; Herrera-Camus et al. 2019; Vayner et al.
2021b).

The onset of quasar feedback is likely to be most efficient in
obscured nuclear environments, where it is easier to couple the
energy and momentum of the photons from the quasar
accretion disk to the immediate ISM (Faucher-Giguere &
Quataert 2012). Quasars accreting at high Eddington ratios in
obscured environments are likely to be ideal candidates to
study the early phases of quasar feedback and catch the
transitional phase from an obscured to the unobscured galactic
nucleus phase, which is often referred to as the “blowout”
phase.

Dust-obscured active galactic nuclei (AGN) are thus the
preferred population to study this short but essential epoch of
feedback. Specifically, high-redshift radio galaxies (HzRGs),
hot dust-obscured galaxies (HotDOGs), and extremely red
quasars (ERQs) are key samples of obscured powerful AGN in
the distant Universe to study the feedback phenomena and
understand the short-lived and high-impact phase of quasar
feedback. All three samples show strong evidence for powerful
AGN-driven outflows (Nesvadba et al. 2017; Perrotta et al.
2019; Finnerty et al. 2020; Vayner et al. 2021c).

Of these obscured populations, ERQs may exhibit one of the
most extreme forms of quasar feedback. ERQs have been
known to show extended, fast-moving, powerful outflows, as
traced by the ionized O I gas, and are believed to be near- or
super-Eddington accretors (e.g., Zakamska et al. 2016;
Alexandroff et al. 2018; Perrotta et al. 2019; Vayner et al.
2021c). ERQs reside in the region of the column density versus
Eddington ratio diagram where quasars are predicted to
undergo a fast blowout phase, with nuclear column densities
>10% c¢m~? and Eddington ratios >1 (Ishibashi et al. 2018;
Lansbury et al. 2020; Ishikawa et al. 2021). These outflows
may be signposts of the quasar feedback’s blowout phase.
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Thus, studying the feedback in ERQs may provide insights into
the impact that the outflows may have on the host galaxy.

Dust reddening combined with cosmic surface brightness
dimming makes studying obscured quasars and their host
galaxies difficult. Detailed studies at high redshift have been
challenging. However, JWST has enabled, for the first time, a
detailed look at the ionized outflows from a z ~ 3 quasars and
the faint emission from the host galaxy.

This paper follows up on our results from Wylezalek et al.
(2022) and Vayner et al. (2023), which focused on the
immediate quasar host galaxy environment and the ionization
properties of the gas. This paper presents a detailed emission-
line study of the warm ionized outflow in SDSSJ1652 4 1728
(hereafter J1652). We aim to understand the extent and
morphology of the outflow, the energetics, the dominant
driving mechanism behind the galaxy-scale outflow, and the
impact on the quasar host galaxy. We summarize the
observation and data reduction in Section 2, we explore the
multiwavelength properties in Section 4, and we present the
NIRSpec data analysis, emission-line fitting, and outline the
different kinematic components in Section 5. We estimate the
energetics in Section 6, we discuss the driving mechanism
behind the outflow in Section 7 and compare it to other ionized
outflows in powerful quasars. Finally, we summarize our
results in Section 8

2. Observations and Data Reduction

In this section, we outline the observations, data reduction,
and analysis of the JWST NIRSpec data.

2.1. Observations

Observations of J1652 were taken on 2022 July 15
beginning at 22:41:17.593 UTC. We used the G235H grating
in combination with the F170LP filter. The source was acquired
using the point-and-shoot method. The observations were taken
using the NRSIRS2 readout mode with 25 non-destructive
group reads, where five frames were averaged to combine into
a single group corresponding to a total exposure time per
integration of 1823.6 s. The object was dithered in the 3” x 3"
NIRSpec field of view using a nine-point small cycling pattern
to improve the spatial sampling of the PSF. The total on-source
exposure time was 16412.5 s. We took a single exposure with
all the MSA shutters and IFU aperture closed to remove any
light leakage from bright objects in the NIRSpec instrument
field of view and to remove any background light from failed
open shutters. The leak calibration exposure was taken at the
first science dither position using the same detector readout and
exposure time.

3. NIRSpec Data Reduction Data Reduction

For data reduction, we use the Space Telescope (ST) JWST
pipeline version 1.8.2 and JWST Calibration Reference Data
System (CRDS) version 1017. The first stage of the pipeline,
Detector1Pipeline, performs standard infrared detector reduc-
tion steps such as dark current subtraction, fitting ramps of non-
destructive group readouts, combining groups and integrations,
data quality flagging, cosmic ray removal, bias subtraction, and
linearity and persistence correction.

Afterward, we ran Spec2Pipeline, which assigns a world
coordinate system to each frame, flat field correction, flagging
pixels affected by open MSA shutters, and extracts the 2D
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spectra into a 3D data cube using the cube-build routine. We
select the emsm method to extract the 2D spectra into a 3D data
cube using 100 mas plate scale. We skip the imprint subtraction
step because it increases the final data cube’s overall noise and
creates stronger background variations at specific wavelength
channels.

To combine the different dither positions, we use an in-house
script based on the Python Reproject package (Robitaille
et al. 2023), which finds a common WCS system between the
dithered observations and aligns the data to match spatially,
reprojecting each dithered cube onto a 50 mas plate scale with
the flux-conserving routine. Before combining the individual
data cubes, we run a sigma clip routine that determines outliers
across the nine-dither position. We mask the outliers and
exclude them from the data sets. We average together the nine
data cubes into a single frame. We perform the same data
reduction for both NRS detectors. We stitch the two data cubes
from each detector together by interpolating the spectral axis of
both data sets onto a common spectral grid. A similar process is
done on the variance data cubes produced by the
Spec2Pipeline.

Similar data analyzes are done on the standard star TYC
4433-1800-1 (proposal ID: 1128). We extract the spectrum of
the standard star over a large radial aperture. We extract a
model near-infrared spectrum of this star from the HST
standard star catalog. We scale the model spectrum to match
the UV and optical flux from STIS observations. We
interpolate the near-infrared model onto the wavelength range
of the G235H grating observations using linear interpolation.
We then divide the standard star spectrum by the model to
create a conversion array into cgs flux units. We multiply our
science observations by the flux conversion array. We achieve
a ﬁnal 20 ﬂux sensitivity of 2.87 >< 107" erg s7' em™?
A~ 'arcsec ™2 and AB magnitude / arcsec” of 22.45 at 1.995 pm,
near redshlfted O 5007 A and 2.45 >< 107" erg s cm™?
A~ 'arcsec 2 and AB magnitude /arcsec” of 22.09 at 2.549 yim,
near redshifted Ho in a 0”4 x 074 aperture. We measure an
effective spatial resolution of 216 mas X 184 mas in the
vicinity of the HBand O III emission lines.

4. Multiwavelength Data

J1652 belongs to the class of Extremely Red Quasars
(ERQs), a population of luminous (>10*" erg s~') quasars at
z>2 originally identified based on their extremely high
infrared-to-optical ratios and peculiar optical spectra using a
combination of data from the Wide-field Infrared Survey
Explorer (WISE; Wright et al. 2010) and from the Baryon
Oscillation Spectroscopic Survey (BOSS; Dawson & Schlegel
et al. 2013) of the third generation of the Sloan Digital Sky
Survey (SDSS-III; Eisenstein et al. 2011). Specifically, ERQs
are required to have i — W3 > 4.6 mag (when both the optical
i-band magnitude and the infrared W3 magnitude are on_ the
AB system) and a rest equivalent width of CIV of >100 A

J1652 is a radio-intermediate (Hwang et al. 2018) ERQ at
z = 2.9482. Initial near-infrared long slit spectroscopy revealed
a very broad blue-shifted component in the O III emission lines
(Alexandroff et al. 2018), with the overall width containing
80% of line power of wgy = 1760 km s~ !. This value is in the
top 5% compared to the luminous obscured quasars at z <1
(Zakamska & Greene 2014) but is comparable to those seen
within the ERQ population, which presents the fastest OIII
kinematics of any quasar population (Zakamska et al. 2016;

Vayner et al.

Perrotta et al. 2019); however, few very luminous type-1
quasars at z>2 can reach similar kinematics (Villar Martin
et al. 2020). Rest-frame ultraviolet spectropolarimetric obser-
vations (Alexandroff et al. 2018) of J1652 with Keck reveal a
90° swing as a function of velocity in the polarization position
angle for rest-frame UV emission lines (La, CIV and N V). The
spectral shapes of the rest-frame ultraviolet lines and their
polarization properties indicate that these emission features
originate in a dusty equatorial outflow, moving at several
thousand km s~ on scales of up to a few tens of pc. The rest-
frame UV continuum shows a strong polarization of 15%, with
an orientation of the scatterer relative to the nucleus, 220° East
of North.

Although the spectral shape of O 111, with an extremely broad
component blue-shifted relative to a narrower component,
strongly suggests an outflow, the mass and the energetics of the
outflow cannot be obtained without spatially resolved observa-
tions. We therefore obtained ground-based IFU observations
(Vayner et al. 2021c) with the Gemini Near-Infrared Integral
Field Spectrometer (NIFS) behind laser-guided adaptive optics,
targeting rest-frame optical emission lines (HZ and OTII)
redshifted into the near-infrared (K-band). These observations
revealed emission toward the southwest, extending out to
~5 kpc from the nucleus, consisting of both narrow and broad
components. The narrow emission extends more toward the
western direction, while the outflow extends almost entirely
due southwest. Hubble Space Telescope WFC3 IR observa-
tions tracing rest-frame B-band reveal extended emission in the
western direction, likely originating from a tidal tail feature
(Zakamska et al. 2019). The B-band luminosity is above the
median for the ERQs and is 2 10L" for galaxies at this redshift.
Hubble Space Telescope ACS observations through the F814W
filter reveal extended emission in the southwest direction along
PA 220° East of North, matching both the direction of the
quasar-driven outflow and the scattering angle. The extended
emission detected in ACS observations is likely to be entirely
due to scattered light, confirming the geometric scenario where
the outflow and light scattering occur perpendicular to the
central obscuration source. Based on X-ray observations from
Chandra X-ray Observatory, NuSTAR, and XMM-Newton,
J1652 is Compton thick (Goulding et al. 2018; Ishikawa et al.
2021) with a column density of 1 X 10*cm ™2 and X-ray
luminosity L, g gey = 1.27 X 10% erg s !

The first JWST paper on J1652 (Wylezalek et al. 2022)
focused on the discovery of a galaxy group around the quasar
host galaxy that is likely a merger of two larger dark matter
halos. Our second paper (Vayner et al. 2023) analyzed the
system in detail using the g3dfit software (Rupke 2014),
focusing on ionized emission-line ratios to decipher the source
of ionization, and warm ionized gas-phase conditions across
the quasar host galaxy and the neighboring galaxies. In the
quasar host galaxy, we confirmed the existence of the
ionization cone along the photon diffusion path from spectro-
polarimetric observations toward the southwest, in the same
direction as the outflow. Orthogonal to the direction of the
outflow, we discover kpc scale regions with emission-line
ratios consistent with radiative shocks, which are likely driven
by the interaction of the outflow with the ISM. Toward the
north-eastern direction, we discovered several star-forming
clumps by isolating spaxels with emission-line ratios that are
indicative of ionization by massive young stars. We find a total
dust-reddening corrected star formation rate (SFR) of 200 M,
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yr'. The ISM within these star-forming clumps shows
relatively high electron densities, reaching up to 3000 cm .
We find gas-phase metallicities ranging from half to third solar,
with a positive metallicity gradient in the direction away from
the center of the star-forming region and V band extinctions up
to 3 mag. Neighboring galaxies in the path of the ionization
cone show evidence of quasar photoionization in their ISM. In
contrast, galaxies away from the path showcase a combination
of ionization from AGN and stars.

5. Analysis

This section outlines our procedure to remove the bright
quasar emission from the data, and fit the underlying faint
emission lines and stellar continuum from the host galaxy and
the nearby companion galaxies and tidal tail features.

5.1. PSF Subtraction

To conduct PSF subtraction, we use the g3dfit software
package. The philosophy behind our PSF subtraction routine is
that the inner few spaxels near the centroid of the quasar are
almost entirely dominated by point-source emission, allowing
us to construct a “quasar template” spectrum. We extract a
spectrum using a 2-pixel radius centered on the quasar. We
mask each bright emission line that we believe may be
extended on galaxy scales using a 2000 kms™' mask at the
redshift of the quasar host galaxy. We create a signal-to-noise
ratio map by dividing the peak of the O IlI 5007 A emission in
each spaxel by the standard deviation at that channel. We then
loop over all spaxels that show a signal-to-noise ratio >3 and
fit the spectra by scaling the quasar template with a series of
multiplicative polynomials and exponential functions that
account for variations in the spectral shape of point-source
emission in individual spaxels due to the spectral dependence
of the NIRSpec PSF. The PSF subtraction makes use of the
broad wings of Balmer emission lines and the bright quasar
continuum as the anchors in fitting and subtracting the quasar
template at each spaxel. J1652 also shows strong Fe II emission
across a large rest-frame optical wavelength range. Detailed
inspection shows that the data channels with strong Fell
emission are consistent with a point source; hence, wavelength
channels with Fe Il can also be used as anchors in fitting the
quasar template.

We opt to use a 2-pixel radius to construct the quasar
template to create a spectrum that is not heavily dominated by
the spectral oscillating pattern produced by the under-sampling
of the PSF by the native slicer plate scale of 100 mas. After
extensive investigation, we find that the oscillating pattern is
better mitigated by using the emsm method in the Spec2Pipe-
line to construct the data cubes. We subtract the PSF over the
entire wavelength range from 1.66 to 3.17 pm. Near the
centroid of the quasar, after subtracting the quasar template in
the inner few spaxels (072-0"”3), we find that the residual noise
is too high to detect any extended emission from the host
galaxy. These spaxels are dominated by the PSF subtraction
noise. We find that the affected region is not symmetric around
the PSF center, extending more toward the northeast in our
observations.

g3dfit outputs a model of the NIRSpec IFU PSF. To
better understand the quality of our PSF subtraction, we
compared the model PSF data cube to that of the standard star
observations over a similar wavelength range (1.66—1.9um),
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and find that azimuthally averaged profiles of the model PSF
and the empirical PSF from the standard star agree on average
to within 3% in a 0”75 radius (see Appendix). More details on
our PSF subtraction quality will be forthcoming in a g3dfit
software paper.

5.2. Emission Line Fitting

We perform emission-line fitting using the g3dfit
software, which subtracts the best-fit quasar template model
and leaves behind emission from the spatially extended
component. We fit all emission lines detected above 3o
simultaneously with Gaussian models. The velocity width and
radial velocity offset for each line are fixed to the O 111 5007 A
line, selected due to its higher SNR at each spaxel. The model
emission-line spectrum is then convolved with the NIRSpec
line-spread-function and sent into 1lmfit to be fit with the
least-squares routine. We select the number of Gaussian
components per emission line to minimize the final chi-
squared value. The fluxes of the emission lines are set as free
parameters except quantum mechanically locked lines such as
011 4959, 5007, and N 11 6548, 6583. We set a minimum flux
ratio limit on the Balmer emission lines based on Case B
recombination. For the S1I 6716, 6731 doublets, the flux ratio
can vary between 0.4 and 1.5 governed by the gas-phase
temperature and density conditions of the ISM. We also set a
limit on the allowed range for the emission-line velocity
dispersion, between 40 and 1500 km s~ ' to avoid fitting noise
spikes and potentially very broad non-astrophysical features
caused by the oscillating pattern of the NIRSpec point-source
spectra. In the vicinity of the quasar, we inspect each
individual fit by eye to ensure that we are not fitting the
oscillating pattern and associating it with an outflow by
inspecting the shape of the OII and Ha emission lines
carefully. The frequency of the oscillating pattern is different
in the vicinity of the H3 and O III emission line compared to
the Ha line. Hence, a consistency check of the best-fit profiles
in the O Il and Ha lines can help to disentangle real emission
from systematic noise from the oscillating pattern.

In addition to fitting emission lines, we also fit a third-order
polynomial to account for any potential continuum emission
from stellar light. We experimented with spaxel size to improve
fitting fainter and more diffuse emission across the data cube
but found that the best fitting results are obtained when using
the 50 mas plate scale. This is due to both the complex
emission-line structure observed in the data cube with multiple
emission-line components per emission line and a large
velocity variation across the data cube, which causes artificial
smearing of the line profiles when binning the data, making it
more complicated for g3dfit to fit the emission-line profiles
with multiple Gaussians. An example Python Jupyter note-
book, along with the data cube used in this paper, is publicly
available online on the g3dfit https://github.com/Q3D/
q3dfit/tree /main/jnb repository for the community to explore
the capabilities of JWST and our fitting software.

5.3. Emission Line Maps and Search for Multiple Kinematic
Components

After fitting the emission lines with Gaussian components,
we create integrated intensity, radial velocity, and dispersion
maps for each kinematic component for each fitted line. We fit
a maximum of three Gaussian components to each emission
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Figure 1. In the left-hand panel, we present line-integrated O I 5007 A flux map in units of x 10~ 7erg s~ cm > A~ 'arcsec™2. In the middle panel, we present the
radial velocity centroid (vso) map in units of km s~ '. In the right-hand panel, we present the velocity dispersion map for the kinematic components in J1652 associated
with the broad extended emission. Regions for which spectra are extracted in Figure 3 are labeled a—d. North is up, and east is to the left.

line, representing three distinct kinematic components. These
three kinematic components can be identified by making
specific radial velocity and dispersion cuts:

1. We detect a high velocity offset (|Vso| > 500 kms™')
and generally narrow (V,< 300 km s~ ') kinematic
component. This kinematic component can then be
further subdivided into three subcomponents at a velocity
cut of 500 kms~'< V5o <700 kms 'and 700 kms~'<
V < 900 kms~" associated with four galaxies and their
tidal tails due to interactions with the J1652 quasar host
galaxy.

2. We detect a narrow (V,< 300 km sfl) and close to
systemic velocity offset kinematic (|Vso| < 500 kms ™)
component associated with the quasar host galaxy.

3. We detect a broad (V,> 300 kms™ ') kinematic
component associated with the outflow in the host galaxy
of J1652.

We would like to note that when inspecting the histogram of
velocity dispersions in this object, there is a clear minimum at
around 300400 km s~'. Most of the spaxels that we associate
with the narrow component showcase a velocity disper-
sion < 250 kms~!, and most of the spaxels associated with
the broad component have a velocity dispersion >350 kms™".
Hence, the three observed kinematic components have a clear
astrophysical difference. i

In Figure 1, we present the integrated O III 5007 A intensity,
radial velocity, and dispersion maps of the broad kinematic
component part of the resolved extended outflow. In Figure 2,
we present a color composite consisting of the O 11, Ha, NI,
and ST extended emission of the quasar host galaxy, the
outflow, and the surrounding immediate quasar host galaxy
environment. In Figure 3, we present the spectra along with
their multicomponent Gaussian fits in several spaxels in the
quasar host galaxy outflow region to highlight the line
morphology across the outflow.

The approach behind Q3Dfit is to treat all spaxels as
independent from each other. In reality, the neighboring
spaxels are correlated with one another due to the PSF, and
therefore the kinematic maps should be smooth. However,
because of noise in individual spaxels and because the fits are

Figure 2. A color composite of total ionized gas emission integrated over all
kinematic components in the J1652 quasar host galaxy and the immediate
environment. O 111 is assigned to blue, Ho is assigned to green, N II is assigned
to red, and S1I is assigned to orange. Orange contours represent the line-
integrated O III intensity associated with the extended broad emission from the
galaxy-scale outflow. The bar on the left-hand side represents 1”. The FWHM
of the PSF representing the effective resolution of our observations is shown in
the lower left-hand corner. Regions for which spectra are extracted in Figure 3
are labeled a—d. North is up, and east is to the left.

run independently, in principle, even for similar kinematics,
they can yield drastically different measurements, especially if
the x> surface has multiple similar local minima. This can be
advantageous for some purposes and disadvantageous for
others.

An advantage is that the noise in the kinematic maps serves
as an indicator of the systematic uncertainty in the kinematic
fitting technique. Having access to this measure of systematic
uncertainty is important for allowing us to determine whether
individual components are robustly detected and whether they
persist across multiple different spaxels, and therefore whether
we can ascribe physical significance to them. This is in contrast
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Figure 3. Example of spectra along with model fits across the outflow region in
J1652 to the HE3, O 111, [O 1], Hay, N 11, and S 1I emission lines. The top panel for
each spectrum shows a multicomponent Gaussian fit (dashed lines) to extended
emission consisting of a narrow component for the quasar host galaxy or the
merging system and a broader component associated with the galaxy-scale
outflow, the red curve shows the spatially unresolved emission fit to that spaxel
part of the PSF subtraction routine in g3dfit and the black curve shows the
total fit. The bottom subpanel shows the residual after subtracting the best-fit
spatially unresolved emission. Similarly, the dashed curves show the individual
Gaussian components fit to the spatially extended emission, while the black
curve shows the total fit to the extended emission. Spaxel (a) is part of the
redshifted cone of the outflow region, spaxel (b) is part of the maximum blue-
shifted region of the outflow, spaxel (c) shows the intermediate velocity shift
region, while spaxel (c) is near the southeast edge of the outflow.

to the fitting of spatially integrated spectra, where it is often
impossible to disentangle the components due to the outflow
from those in the galaxy (Zakamska & Greene 2014).

Vayner et al.

A disadvantage is that the independent fitting technique loses
some amount of information in the data. In principle, treating
the spaxels as correlated should result in an effective increase
of the signal-to-noise ratio, and therefore could allow us to
detect fainter kinematic components. However, properly
incorporating the wavelength-dependent point-spread function
into the kinematic fit to account for the spatial correlation
between spaxels is not yet within the capability of the Q3Dfit or
any available kinematic analysis method. We are considering
incorporating this capability in Q3Dfit in the future, but it may
be expected to be computationally expensive and thus not
necessarily available for standard analyzes. Furthermore, the
NIRSpec PSF contains sharp features that can cause a
difference in the effectiveness of PSF subtraction in neighbor-
ing spaxels, further altering the measured kinematics. Finally,
each kinematic component varies differently in flux, velocity,
and dispersion across the FOV, combined with the above-listed
issues, simply makes it challenging to disentangle the different
kinematic components in some regions of the data cube for
such a complex source as J1652.

5.4. Fitting the Spatially Unresolved Nuclear Emission

In J1652, a significant amount of emission-line flux is
spatially unresolved at an angular resolution of 200 mas. In
Vayner et al. (2021c), we discovered that a large fraction of the
broad emission associated with the outflow is found to be
within the nuclear region (<1 kpc). In this section, we describe
how we model and extract flux from the spatially unresolved
component in this system.

For the spatially unresolved spectrum, we use the spectrum
extracted from a radius of 2.5 pixels centered on the quasar
used for PSF subtraction in Section 3. We apply an aperture
correction to this spectrum to calculate the total flux based on
curve of growth analysis of the standard star over the same
wavelength range. We use the pygsofit (Guo et al. 2019;
Shen et al. 2019) software to fit the quasar continuum using a
combination of a power law, polynomial, and the Fe II emission
templates (Boroson & Green 1992; Vestergaard &
Wilkes 2001). Channels free of broad and narrow emission
lines from the quasar and the host galaxy are used for
continuum fitting. We fit the broad-line region Balmer emission
lines, He 1 4687 A and Hel 5875 A emission lines, using a
combination of two broad Gaussians. For the broad-line
components, we do not kinematically tie the lines. The profiles
appear to differ, likely due to differential extinction as a
function of velocity, particularly at blue-shifted velocities.
Intermediate velocity width lines arising from the outflow seen
in HG, O 11, Ho and NI are fitted with a combination of two
Gaussian lines, and their velocity width and offset are tied to
the O emission line. We show the spatially unresolved
spectrum along with the best model fit in Figure 4.

6. Measuring Outflow Rates and Energetics

We detect broad V, >300 kms™~' emission across a large
fraction of the J1652 host galaxy. Figure 1 showcases the extent
of the outflow in the O III emission line, the radial velocity offset,
and the dispersion of the broad component. We measure a
maximum extent of 10 kpc toward the southwest direction in the
same general path as the ionization cone, which extends nearly
two times further than what was previously measured in the
ground-based NIFS observations (Vayner et al. 202lc).
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Figure 4. Spatially unresolved spectrum of J1652 along with the best continuum and emission-line fit using the pygsofit software. The spectrum is shown in black,
the best-fit total spectrum is shown in blue. The best-fit quasar power-law continuum is shown in orange, the Fe II emission-line template fit is shown in teal. Broad
emission lines arising from the quasar broad-line region are shown in red, while the intermediate velocity components associated with the outflow are shown in green.
Several key emission lines are labeled. Regions used for continuum fitting are highlighted with the gray bars. Wavelengths with no spectral coverage due to the

NIRSpec detector gap are shown in gray.

The outflow component generally shows a consistent broad
emission, with a slight decrease in the velocity dispersion as a
function of radius toward the southwest. In this section, we
outline how we estimate the mass, outflow rate, and energetics of
the ionized outflow, compare these values to theoretical models,
and discuss the potential mechanisms responsible for driving the
galaxy-scale outflow.

We use the PSF subtracted data to measure the outflow rates
and energetics for the spatially resolved outflow. We measure
the ionized gas mass using the Ha emission line, assuming
recombination as the primary source of line production. For
Ha, we assume case B recombination and follow the
methodology of Osterbrock & Ferland (2006), assuming that
each emitting cloud within a given aperture has the same
electron density and that the electron density is constant across
each aperture. We further assume a solar abundance for helium
and that the gas in the outflow region is fully ionized, with
helium being an equal mix of Hell and HeIll. Under these
assumptions, we get the following relationships:

mp LHO-'a.b

M({o{l‘;ized —14
, J'HQ ne

ey

where Ly, , and n, are Ho luminosity per spaxel and the
average electron density over the outflow region measured in
Paper I (Vayner et al. 2023) of 8707200° cm > with a one
standard deviation range of 130-1400 cm > across the outflow.
The Hor luminosity ranges from 1 to 500 x 10*%erg s~' per
spaxel. We assume a range of (1—2)x10* K for the electron
temperature, which constrains the Ha line emissivity to
(1.8-3.53)x10 *ergcm’s ™' for an electron density of
~10°7 cm . We compute the emissivities using the PyNeb
package (Luridiana et al. 2015).

We compute the total outflow rate by integrating all the
outflow spaxels using the following equation:

- Ionized Mu,éva,é
MTotal = Z R P )
a,d

where M, s is ionized gas mass per spaxel and v,s is the
outflow velocity in each individual spaxel computed using
Va.s =V, + 0, where v, is the radial velocity measured using the
centroid of the Gaussian fit and o, is the radial velocity

dispersion (Figure 1). Our reasoning for calculating the outflow
velocity in this manner is to account for possible inclination
effects. The lower velocity structure is likely caused by the
projection of the conical outflow along our line of sight. The
wings of the emission-line profile likely encode the true
outflowing velocity of the ionized gas (Cano-Diaz et al. 2012;
Greene et al. 2012). We use a combination of line centroid and
dispersion to approximate the maximum velocity achieved in
the wings of the emission line (Rupke & Veilleux 2013). For
the radius (R, s), we use the distance from the quasar to the
individual spaxel. For the spatially unresolved component of
the outflow, we use the PSF FWHM/2 value for the radius.
Additionally, we measure the instantaneous outflow rate based
on the timescale that it takes for the total mass per spaxel to
cross the distance of a single spaxel:
. Ma,ﬁvn,,(ﬁ'

Ma,é AR 5 (3)
For the radius AR we use the physical size of each individual
spaxel. We then compute the integrated and instantaneous
momentum flux and kinetic luminosities of the outflow using
the following equations:

- outflow

Pa,b = .a,& X Va6 (4’)
o 1.
L Xipetic — EMWS X Vis. 5)

We present per spaxel values for the instantaneous energetics
rates and take a sum to present the total values. The top panel in
Figure 5, shows the outflow velocity, outflow rate, momentum
flux, and kinetic luminosity per spaxel. Integrated outflow rate
and energetics are presented in Table 1 and include the values
from the spatially unresolved component discussed in
Section 5.4. For comparison with simulations, we also measure
the outflow rate, momentum flux ratio, and kinetic luminosity
ratio profiles by measuring the instantaneous energetics in
concentric shells as a function of the radius from the quasar:

Mo 5(R)va,s(R)

AR (6)

MR) =3
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Figure 5. Spatially resolved energetics of the ionized outflow in the J1652 quasar host galaxy. The top row shows the outflow velocity and maps of the instantaneous
outflow rate, momentum flux, and kinetic luminosity per spaxel. The bottom panel shows the median outflow velocity, the azimuthally integrated outflow rate,
momentum flux ratio, and energy flux ratio profiles as a function of radius measured in concentric shells. The stars in the lower panel show the respective integrated
quantities over the entire outflow. Colors on the momentum flux ratio map indicate regions of expected momentum flux ratios based on different driving mechanisms
behind the galaxy-scale outflow based on the total spatially integrated energetics. The energy flux ratio diagram in the lower right-hand panel shows the minimum
coupling efficiency required between the quasar bolometric luminosity and the quasar-driven outflow for there to be an impact on the gas in the host galaxy based on
the consensus of theoretical works.

Table 1
Integrated Outflow Properties of J1652
. R Eoutflow Poutflow
Rou Vout | dm/ dtHll\ P?gll'lnw gnutﬂow . 47LAGN . LAGN PAGN
(kpe) (kms™) M, yr ) (107 dyne) (10" erg s ) (10" ergs™ ) (%)
10 790 £+ 10 23001200 14+7 70 £+ 30 537+£0.1 0.1 £0.05 0.8+£0.4

Note. R, is the maximum observed radial extent of the outflow, V,, is the average outflow velocity, dM/dty,, is the outflow rate derived from the Ha line, Byiow is
Eou!ﬂow

Taon 1S the energy coupling

the momentum flux of the outflow, and Eougiow is the kinetic luminosity of the outflow. Lagy is the bolometric luminosity of the quasar.

Routflow

5 is the momentum flux ratio between the ionized outflow and
AGN

efficiency between the kinetic luminosity of the outflow and bolometric luminosity of the quasar.

the photon momentum flux from the quasar accretion disk.

. M, s(R)V 5(R) integrated values, labeled as stars in the bottom row of
P(R)/Lvol/c = Z ’ AR ’ /Lpol/ ¢, ™ Figure 5, measured at the dynamical radius of the outflow. We
generally see a trend of decreasing instantaneous outflow rate,

1 Mo s(R)VS 5(R) velocity, and energetics as a function of the radius from the

L(R)/Lgso = 52 /Lol ®) quasar.

AR
The momentum and energy flux ratios are measured relative to

the photon momentum flux of the quasar (Lyc;/c), while the 7. Discussion

kinetic luminosity ratio is measured relative to the bolometric 7.1. Star Formation as a Potential Driving Mechanism behind
luminosity (Lpo) of the quasar in units of percentage. We the Galaxy-scale Outflow

assume that the instantaneous energetics are measured at a Several driving mechanisms can cause the galaxy-scale
single time stamp at the dynamical timescale of the outflow outflow in the host galaxy of J1652. Radiation pressure from
(fouttow = Routlow/Voutfiow ~ SMyr). We present the outflow massive O-type stars and supernovae explosions are typically
velocity profile, outflow rate, momentum, and kinetic lumin- the two dominant sources of galaxy-scale outflows due to
osity ratios in the bottom panel of Figure 5. We also present the star formation processes. Based on Starburst99 models
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(Leitherer et al. 1999), radiation pressure from massive young
stars can inject the following amount of momentum flux into
the surrounding ISM:

Pser = 1.5 x 1033%(@1@/& 9)
®

assuming a Kroupa initial mass function (Kroupa 2001) and
writing the equation in terms of the star formation rate (Msgg).
Detailed hydrodynamical simulations find that if the gas is
optically thick to infrared photons, then scattering off dust
grains can increase the injected momentum flux by up to two
times on kpc scales (Thompson et al. 2015; Costa et al. 2018).
While radiation pressure from massive stars may dominate the
momentum flux injection rate at early times (4—6 Myr) in the
star formation process, at later times supernova explosions will
be the dominant process. According to detailed numerical
simulations, Kim & Ostriker (2015) and Martizzi et al. (2015)
both find a momentum flux injection rate of

p —0.18
Msrr ( n ) Zz dyne/s.
1Mo yr~'\ 100 cm? Z.

(10)

PSNC =75 X 1033

assuming one supernova per 100 yr with an SFR of 1 M
yr~'(Vayner et al. 2021b). By isolating individual spaxels that
show emission-line ratios consistent with photoionization by
stars, we find a total SFR of 200 M, yr~', which would inject a
total momentum flux of 1.5 x 10*® dyne s~ from both radiation
pressure and supernovae explosions. The total momentum flux
of the ionized outflow is (14 +7) x 10°¢ dyne s~ !, which is
higher than the momentum flux rate that can be provided
through stellar feedback. Furthermore, the outflow clearly
emanates from the location of the quasar and the star-forming
region is found to be offset from the quasar by 6 kpc to the
northeast. Hence, using both the spatial information of the star-
forming region, the geometry of the outflow, and the measured
energy injection rate indicates that the outflow is more likely to
be driven by the quasar. We find no strong evidence for star
formation in the vicinity of the quasar—all of the emission in
the central few kpc is predominantly ionized by the quasar.
However, we cannot exclude a powerful nuclear starburst that
can potentially drive the observed outflow. A nuclear-obscured
star-forming region would require a star formation rate
>2000M,, yr' to drive the current ionized outflow.

7.2. Quasar as the Driving Mechanism behind the Galaxy-
scale Outflow

With a bolometric luminosity of 5.4 x 10*7 erg s~ and a

photon momentum flux of 1.8 x 10 dynes™ the quasar has
both enough energy and momentum to drive the observed
galaxy-scale outflow. The quasar can drive the outflow through
several different mechanisms. To differentiate between them, we
look at the total amount of momentum flux and kinetic luminosity
that they can deposit into the galaxy-scale outflow at different
times in the lifetime of the outflow and how the energetics are
distributed through the outflow at any given moment.

Outflow driven through radiation pressure can deposit as
much as 2 x Pyso on kpc scales by trapping infrared photons in
very high column density environments (Thompson et al. 2015;

Vayner et al.

Costa et al. 2018). Generally, the total =2 Pouton —oullow heaks at around 2 at

early times in the lifetime of the outﬂow "When the majority of
the outflow material is on 1-2 kpc scales (Thompson et al.

2015; Costa et al. 2018). The =3+ Bouton profile of the outflow at any

given time tends to have a local maximum at smaller radii with
a negative slope toward larger scales.

Radiation pressure driven winds from the quasar accretion
disk or jets can shock the immediate ISM and drive a powerful
shock that can sweep up material and cause the observed
galaxy-scale outflow. The nuclear density, wind/jet velocity,
and the velocity of the resulting shock govern whether the
resulting shock expands adiabatically, and cools rapidly and
efficiently, or does not cool efficiently (Faucher-Gigueére &
Quataert 2012; Costa et al. 2014) and expands in an energy
conserving manner. Although both resulting shocks can drive
galaxy-scale outflows, the energy-conserving shock tends to
drive more powerful galaxy-scale outflows because they retain
a large fraction of the initial energy provided by the driving

mechanism. The total ;”‘”““ for energy-conserving outflow

ranges from 7 to 10 when the outflow reaches kpc scales
(Faucher-Giguere & Quataert 2012; Costa et al. 2014), while a

LA profile of the outflow at any given time tends to have a

posmve slope toward larger radii.

Given our integrated 2™ of ~1 and an observed trend
AGN

Putiow . . .
where 2 decreases with radius from the quasar, if the

ionized g/zfsN phase of the outflow contains the largest fraction of
the energetics, then the outflow had to be driven through
radiation pressure by trapping infrared photons in a relatively
high ~10* cm 2 column density environment on small
(<0.2 kpc) spatial scales (Thompson et al. 2015). If we
assume that our median electron density is not a true
representative of the electron density over the outflow region
and the outflow is driven by an energy-conserving shock, then
the electron density needs to be a factor of 5 lower on 1 kpc
scales and a factor of 100-10,000 lower on scales >1 kpc. This
is contradictory with our measurements of the electron density
in parts of the quasar host galaxy in the vicinity of the outflow
and in spaxels where the velocity dispersion in the outflow
component is narrow enough to enable us to measure the
electron density using the S II emission-line ratio. The median
electron density that we measure is consistent with what has
been found in other outflows at high redshifts (Vayner et al.
2017; Forster Schreiber et al. 2019), with a general consensus
that the electron density in the inner few kpc can get as high as
1000 cm 3. However, there are several notable cases of well
spatially resolved outflows in nearby galaxies, such as M82
(Heckman et al. 1990), where it is clear that the electron density
in the outflow drops with radius.

Very likely, our estimated outflow energetics in the ionized
gas phase are somewhat underestimated, probably because
even with JWST we are biased to detecting the more dense and
more luminous recombination radiation in the outflow. A
possible scenario is that if an energy-conserving shock drives
the outflow, then a large fraction of the momentum flux of the
outflow needs to be in either a cold molecular, neutral, or
highly ionized hot gas phase. Indeed, recent observations
studying molecular outflow at both low and high redshift find a
substantial fraction of the outflow energetics to be in the colder
temperature gas phases (Vayner et al. 2017; Brusa et al. 2018;
Herrera-Camus et al. 2019; Vayner et al. 2021a), consistent
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with theoretical work of multiphase quasar-driven outflow
(Richings & Faucher-Giguere 2018; Richings et al. 2020). Just
observing the warm ionized gas phase is likely not giving us a
true picture of the total energetics of the outflow in J1652.
Future ALMA observations of molecular gas traced through
rotational lines of carbon monoxide (CO) are necessary to trace
the cold molecular H, gas phase in the outflow, which may
contain a substantial fraction of the energetics and may provide
us with a clearer picture of the driving mechanism in the J1652
quasar host galaxy.

7.3. Quasar-driven Outflow Coupling Efficiency

Nevertheless, we find a coupling efficiency between the
kinetic luminosity of the quasar-driven outflow and bolometric
luminosity of the quasar of 0.1%, which is at the minimum
value required in simulations for outflow to have a substantial
impact on the star formation in their host galaxies, and help
establish the local scaling relation between the mass of the
supermassive black hole and the mass and velocity dispersion
of the bulge (Choi et al. 2012; Hopkins et al. 2012). In Vayner
et al. (2023), we detected enhanced log([S IT]/Hea) and log
([01]/Ha) emission-line ratios at larger velocity dispersions in
the quasar host galaxy perpendicular to the direction of the
outflow. The line ratios are also consistent with models of
radiative shocks in the ISM and we interpret these results as the
galaxy-scale outflow causing shocks in the ISM at a wider
angle outside the ionization cone of the quasar and ahead of the
outflow. The enhanced velocity dispersion in these regions
likely indicates additional turbulence in the ISM. We can
estimate the kinetic energy of the shocked region orthogonal to
the outflow. Using the line ratio and velocity dispersion, we
isolate the shocked region in Vayner et al. (2023) and measure
an Ho line flux of 2.7 x 10~"7 erg s~' cm?which translates to
a line luminosity of 2 x 10** erg s~ ' . We can measure the total
gas mass in the shocked region using Equation (1) and total
kinetic energy due to turbulence using the following equation:

Y

where Miqnizeq 1S the mass of the ionized gas over the shocked
region and o, is the averaged velocity dispersion measured
over the shocked regions of 230kms ' in the kinematic
component associated with the gas in the quasar host galaxy.
The factor of 3 accounts for the fact that we measure only the
radial component of the velocity dispersion. We are likely
overestimating the velocity dispersion given that our measured
value also contains thermal velocity dispersion and velocity
dispersion due to gravitational motion. However, both of these
velocity dispersions are expected to be far lower than the
combined value. Our estimate on mass is a lower limit because
our observations only allow us to account for the warm ionized
component. We measure a total kinetic energy of 1.7 x
107 erg, while the kinetic energy of the quasar-driven galaxy-
scale outflow is 7 x 10°” erg, indicating that the outflow has
sufficient energy to drive the observed shock and enhanced
turbulence in the ISM in the direction perpendicular to the
outflow. This indicates that the outflow can drive shocks and
turbulence that prolong the time for gas to cool efficiently,
directly showcasing the impact of quasar-driven outflow in an
extremely red quasar on the ISM properties of the quasar host
galaxy.

2
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8. Conclusions

In this paper, we present JWST NIRSpec IFU observations
of J1652, which is a powerful extremely red quasar at redshift
at z=2.94. J1652 belongs to the population of extremely red
quasars, which are selected from optical and infrared surveys
based on their colors and rest-frame ultraviolet emission-line
properties (Ross et al. 2015; Hamann et al. 2017). Extremely
red quasars contain some of the fastest moving outflows of any
quasar sample to date (Perrotta et al. 2019) among the obscured
quasar population. In this paper, we map the location of the
fast-moving outflow across the quasar host galaxy using optical
emission lines redshifted into the near-infrared at kpc scale
resolution and we find:

1. We detect the ionized outflow out to 10 kpc away from
the quasar with outflow velocities ranging from
500-1400 kms~" with a generally decreasing trend as a
function of projected radial distance from the quasar.

2. We measure average instantaneous outflow rates of
0.1-100 M. yr ' per spaxel and a total integrated
outflow rate of 2300 M, yr".

3. We do not find sufficient energy and momentum injection
rates from supernova-driven feedback to explain the
observed galaxy-scale outflow; hence, the quasar is the
likely primary driving source.

4. A momentum flux ratio between the ionized outflow and
the quasar accretion disk of 0.8 signals that the outflow is
most likely driven by quasar radiation pressure on dust
grains in a relatively high column density environment. If
the outflow is driven by an energy-conserving adiabatic
shock caused by either a jet or a nuclear disk wind, then a
substantial amount (>5PQSO) is required to be in other gas
phases in the outflow. Nevertheless, our estimated
energetics based on the ionized gas phase are likely to
be lower limits.

5. We measure a coupling efficiency between the quasar
bolometric luminosity and the outflow of 0.1%, which,
based on simulations of quasar feedback, should be
sufficient to cause negative quasar feedback in the host
galaxy.

6. Finally, we find that the galaxy-scale quasar-driven
outflow has sufficient energy to drive the shocks observed
perpendicular and ahead of the outflow in the quasar host
galaxy, signaling evidence for the direct impact of the
outflow on the ISM, driving turbulence, and prolonging
the time that it takes for the gas to cool efficiently.
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Appendix
PSF Radial Profiles

We compare the radial profile of the PSF reconstructed using
g3dfit to the empirical PSF from standard star observations
of TYC 4433-1800-1. The reconstructed and empirical PSF
images are created at the same wavelength range by integrating
each data cube along the wavelength axis. Both radial profiles
are constructed by averaging the flux in azimuthal annuli with a
width of 0705 centered on each PSF. We present these results
in Figure Al. Similarly, we create radial profiles for the
standard star where the data cubes were constructed using both
the drizzle and the emsm methods in Spec2Pipeline and present
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the results in Figure A2. Both profiles show an excellent
agreement with the emsm constructed data cube showing a
slightly broader PSF. The version of the pipeline used to reduce
the science data contained an issue with the drizzle algorithm.
For a fair comparison, we reduce the standard star observations
(TYC 4433-1800-1) using a version of the pipeline with a fix in
the drizzle routine (pipeline version 1.11.3, CRDS version
1097). When comparing the emsm to the drizzle routine, we
use the data cube from the version of the pipeline where the
drizzle routine is fixed. We fit a 2D Gaussian to the core of the
PSF and measure a FWHM of 216 mas x 184 mas for the cube
constructed with the emsm method and 170 mas x 182 mas for
the drizzle constructed data cube.

Figure Al. A comparison between the empirical and reconstructed g3dfit J1652 PSF. The top figure shows the radial profile derived by integrating both data cubes
in the same wavelength range. Each radial profile is normalized to the peak flux. The bottom figure shows the 2D profiles of the empirical PSF from standard star
observations in the left-hand panel and the reconstructed PSF using g3dfit in the right-hand panel.
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