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ABSTRACT

Quasar-driven outflows must have made their most significant impact on galaxy formation during the epoch when massive
galaxies were forming most rapidly. To study the impact of quasar feedback, we conducted rest-frame optical integral field
spectrograph (IFS) observations of three extremely red quasars (ERQs) and one type-2 quasar at z = 2-3, obtained with the
NIFS and OSIRIS instruments at the Gemini North and W. M. Keck Observatory with the assistance of laser-guided adaptive
optics. We use the kinematics and morphologies of the [O111] 5007 A and Ho 6563 A emission lines redshifted into the near-
infrared to gauge the extents, kinetic energies and momentum fluxes of the ionized outflows in the quasars host galaxies. For
the ERQs, the galactic-scale outflows are likely driven by radiation pressure in a high column density environment or due to an
adiabatic shock. The outflows in the ERQs carry a significant amount of energy ranging from 0.05 to 5 per cent of the quasar’s
bolometric luminosity, powerful enough to have a significant impact on the quasar host galaxies. The outflows are resolved on
kpc scales, the observed outflow sizes are generally smaller than other ionized outflows observed at high redshift. The high ratio
between the momentum flux of the ionized outflow and the photon momentum flux from the quasar accretion disc and high
nuclear obscuration makes these ERQs great candidates for transitional objects where the outflows are likely responsible for
clearing material in the inner regions of each galaxy, unveiling the quasar accretion disc at optical wavelengths.

Key words: galaxies: active—galaxies: evolution—galaxies: kinematics and dynamics—quasars: emission lines—quasars:
general.

(Alatalo et al. 2011; Sturm et al. 2011; Aalto et al. 2012; Morganti

1 INTRODUCTION et al. 2013; Cicone et al. 2014; Feruglio et al. 2014; Veilleux et al.

Detecting winds driven by active galactic nuclei (AGNs) and identify-
ing mechanisms of AGN feedback is at the forefront of observational
astronomy because of the critical importance of these processes in
galaxy formation (Silk & Rees 1998; King 2003). This task is made
difficult by the multiphase nature of galactic winds, where different
phases of the wind must be probed using different observational
techniques (Veilleux et al. 2020). At relatively low redshifts (z <
1), AGN-driven outflows have been detected and studied through
nebular emission lines (Morganti, Tadhunter & Oosterloo 2005; Holt,
Tadhunter & Morganti 2008; Rupke & Veilleux 2011; Liu et al. 2013;
Harrison et al. 2014) as well as molecular and neutral gas phases
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2017; Fluetsch et al. 2019; Lutz et al. 2020).

Atlow redshifts, the massive stellar component of the host galaxies
is already in place. The dramatic decline of the galaxy stellar mass
function beyond M* is likely due to AGN feedback (Croton et al.
2006; Hopkins et al. 2006) and must have been established at earlier
epochs. To probe the effects of AGN on the formation of the massive
galaxies, we must examine the period z = 2-3 (Boyle & Terlevich
1998; Madau & Dickinson 2014) when galaxies were growing most
rapidly.

Increasing body of work shows that high-redshift quasars often
display forbidden emission lines (such as [O 11]15007 A) with high
velocity offsets or dispersions, which may be positively correlated
with quasar luminosity, obscuration, and level of jet activity (Urrutia
et al. 2012; Perna et al. 2015a; Brusa et al. 2016; Zakamska et al.
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2016; Glikman et al. 2017; Forster Schreiber et al. 2018, 2019; Wu
et al. 2018; Davies et al. 2019; Kakkad et al. 2020). Although the
nominal velocities of [O 111] are often well in excess of 1000kms~!,
the impact of these ionized gas outflows on their hosts cannot be
established unless there are spatially resolved observations. Spatial
information is necessary to demonstrate galaxy-wide extents, high
velocities, and outflow rates with significant momentum flux on
galactic and circumgalactic scales or direct impact on the molecular
gas reservoir. Such observations exist for some subsamples (Nes-
vadba et al. 2006, 2008; Cano-Diaz et al. 2012; Carniani et al. 2015;
Swinbank et al. 2015; Harrison et al. 2016; Kakkad et al. 2016;
Vayner et al. 2017; Brusa et al. 2018; Herrera-Camus et al. 2019;
Davies etal. 2020). However, this task remains extremely challenging
due to the cosmological surface brightness dimming and due to the
difficulty of subtracting the quasar light to reveal the faint signatures
of the wind.

Despite the significant ongoing observational effort, it is not
clear how the kinetic power of the outflows depends on the quasar
evolutionary stage or type of activity, or how the ionized gas outflows
are related to other phases. Supermassive black boles (SMBH) grow
the majority of their mass in obscured environments (Hopkins et al.
2005). Once they reach a critical mass theoretical work predicts that
the central accretion disc can produce outflows powerful enough to
extend on to galactic scales (King & Pounds 2015), affecting the
star-forming properties of the host galaxy and clearing the central
nuclear region of gas and dust. The most powerful outflows are most
efficiently driven in obscured environments, either through radiation
pressure or through adiabatic shocks because it is easier to couple
the momentum of both the photons and the shocks to the surrounding
gas (Faucher-Giguere, Quataert & Murray 2012; Wagner, Bicknell
& Umemura 2012; Costa et al. 2018). The transitional phase is very
rapid occurring on million-year time-scales (Hopkins et al. 2005) in
numerical simulations. Hence catching AGN during this key phase
can be very difficult.

Studying obscured AGN with evidence for powerful outflows can
provide clues as to how they affect the star-forming properties of
galaxies and how AGN transition to an unobscured phase. Extremely
red quasars (Ross et al. 2015; Hamann et al. 2017) were initially
discovered through a selection based on high rest-frame ultraviolet
to infrared colours (i-W3 > 4.6 mag) from the Wide-Field Infrared
Survey Explorer (WISE; Wright et al. 2010) and SDSS. Recent X-
ray observations for 11 ERQs reveals high nuclear obscuration with
column densities up to 10** cm~2 (Goulding et al. 2018; Ishikawa
et al. 2021). ERQs show peculiar rest-frame UV emission lines
with large equivalent widths, missing wings in the broad emission
lines, and unusual emission-line ratios typically not seen in other
quasar populations. Powerful outflows driven in extremely obscured
environments may link to the atypical emission-line properties in
ERQs (Hamann et al. 2017; Alexandroff et al. 2018b).

While there have been excellent studies focusing on ionized
outflows in systems with obscured nuclei (Cresci et al. 2015;
Perna et al. 2015a,b), there have yet to be studies of the unique
ERQ population with IFS observation. ERQs are some of the most
intrinsically luminous obscured objects at high redshift. Among the
obscured population at high redshift, ERQs show some of the most
powerful outflows, as evidenced by extremely broad [O 1IT] emission
lines with velocities reaching up to 6700 km s~', not seen in any other
quasar population at any redshift (Perrotta et al. 2019). Obscured
AGN may be the clue to the short-lived transitional stage where
feedback that affects star formation may be visible. In this paper,
we present integral-field unit observations of five powerful red and
obscured quasars at z = 2.3-3 and map their ionized gas winds. In
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Section 2, we describe the sample selection, observations, and data
reduction. In Section 3, we present the kinematic analysis and ionized
gas maps, with individual objects analysed in-depth in Section 4. We
discuss the implications of our findings in Section 5 and conclude
in Section 6. We use &7 = 0.7, Q,, = 0.3, Q4 = 0.7 cosmology and
air wavelengths for the emission lines, all magnitudes are on the AB
system.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Sample selection

The targets in this study are selected from two different, but
physically related samples. One sample is that by Alexandroff et al.
(2013), who identified 145 high-redshift obscured (type-2) quasar
candidates from the spectroscopic data base of the Sloan Digital Sky
Survey (SDSS; Dawson, Schlegel & et al. 2013) Data Release 9 (Ahn
et al. 2012) based on emission-line widths, requiring full-width at
half-maximum (FWHM) < 2000 kms~! for both the C1v 21550 A
and Ly o emission lines. The lack of broad-emission components in
the permitted lines of quasar spectra is usually taken to be a sign
of nuclear obscuration, which prevents the observer from seeing the
broad-line region. Therefore, one classical selection of type-2 AGN
relied on the dominance of narrow lines at optical wavelengths (Hao
et al. 2005; Reyes et al. 2008). Because of the greater opacity of the
dustat UV wavelengths, the line-based selection of type-2 candidates
at rest-frame UV wavelengths results in a sample with a wide range
of obscuration values, and some of these objects are not obscured
enough to be classified as type-2 based on their rest-frame optical
spectra (Greene et al. 2014). Indeed the type-2 quasar in this study
shows a broad H « emission line and is likely better characterized as
a type 1.5 or 1.9 quasar. However, throughout the paper, we will be
referring to this object as a type-2 quasar. The other targets in this
study are selected from the ERQ sample.

The ERQ and the type-2 samples represent a large fraction of all
known obscured, luminous, high-redshift quasars, they have been
extensively studied across the electromagnetic spectrum by us and
by other groups. In particular, we conducted extensive near-infrared
(NIR) observing campaigns to measure integrated [O IIT] properties
of the objects in both samples. The rest-frame optical properties of
the line-selected type-2 quasar candidates are described by Greene
etal. (2014), and two additional NIR long-slit spectra were published
by Alexandroff et al. (2018b) and Zakamska et al. (2019). All
of these observations have been done in seeing-limited conditions
and are spatially unresolved. NIR (rest-frame optical) properties for
ERQs are summarized by Zakamska et al. (2016) and Perrotta et al.
(2019). ERQs stand out from the type-2 quasars and the rest of the
AGN population in that they show very broad (FWHM ~1000-
6000km s~') forbidden emission lines. These large velocity widths
indicate very fast outflows, with possibly a very large opening angle.
Their fast velocities translate to large outflow momenta flux and
outflow kinetic luminosities, making them one of the most powerful
ionized outflows among any AGN sample in the distant Universe
(Perrotta et al. 2019).

From the subsamples with available NIR spectroscopy, the targets
for Near-Infrared Integral Field Spectrograph (NIFS) observations
were then selected based on two criteria. The most constraining
criterion is the availability of relatively bright nearby stars which can
enable laser-guided adaptive optics (AO) observations; specifically,
a r < 17 mag star within 25 arcsec of the science target is typically
required. This cut renders over 90 per cent of targets inaccessible
to AO-assisted observations at the Gemini North Observatory.
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Table 1. Observing log.
Source Project Date Instrument Band Exp. time (s) Seeing Corrected PSF
SDSS
Type-2
JO81257.154181916.8 GN-2014A-Q-42 2014/04/11 NIFS K 6 x 645 0737 + 0704 0717 x 0722
GN-2014B-Q-44 2014/11/09 NIFS H 5 x 645 0749 + 0705 0731 x 0732
ERQ
J165202.64+172852.3 GN-2019A-FT-111 2019/05/07-08 NIFS K 10 x 600 0741 £ 0709 0717 x 0/21
J082653.424-054247.3 GN-2016A-FT-8 2016/02/27 NIFS H 12 x 450 0735 + 0708 0729 x 0”31
J091301.334034207.6 ¢ GN-2014B-Q-44 2015/01/28 NIFS K 2 x 645 0732 £ 0706 -
J232326.17-010033.1 - 2017/08/13 OSIRIS Hn4 10 x 600 0”50 07085 x 07088
J232326.17-010033.1 - 2017/09/02 OSIRIS Kbb 6 x 600 0760 07082 x 0708

Note. “Data quality not sufficient to perform any analysis.

Secondly, based on the measurements from the long-slit NIR data we
prioritized the most [O 11I]-luminous targets for our integral-field-unit
(IFU) observations. These requirements, plus long requisite exposure
times, limited our NIFS proposals to only one-two targets at a time.
SDSS J2323—-0100 was targeted for OSIRIS follow up after its VLT
long-slit spectrum was published by Zakamska et al. (2016).

The observations presented here were built up over many semesters
of proposals and observations, and the program was significantly
delayed by the mechanical problems with the Gemini AO system
in 2017-2018. The targets are listed in Table 1, with their ‘type’
designated as type-2 or ERQ depending on their original selection as
described above, and listing program numbers for the programs that
were successful in obtaining relevant data.

2.2 Observations

NIFS on Gemini-North provides spectroscopy with R ~ 5000 over
a 3 x 3arcsec® field of view (McGregor et al. 2003) using an
imaging slicer design. The priority for our program was to observe
the [O11]4+-H B emission-line complex. Depending on the redshift
of each target, this complex falls in the H or K-band. All sources
whose redshift places these lines in the regions of low atmospheric
transparency were excluded at an early stage in our sample selection.
For two sources with [OTI]+H g in the H-band, we additionally
have K-band observations that cover the [N11]+H « line complex.
Observations are obtained in each band separately using the same
H-K filter, but different gratings with central wavelengths adjusted
to cover the lines of interest optimally.

Observations were requested and conducted in the queue mode.
The requested weather conditions are determined by the performance
requirements of the AO system (image quality in the top 70 per cent of
all observations; cloud cover in the top 50 per cent of all observations;
any sky brightness and water vapour). During observations, the
seeing as measured using CFHT’s skyprobe are listed in Table 1. To
enable sky subtraction, we nod by 30 arcsec from the science target to
blank sky in the repeating ‘object-sky-object’ sequences. The length
of exposure is a trade-off between minimizing the read noise and
the read-out time, avoiding saturation by the thermal background,
and obtaining enough redundancy between exposures. Individual
exposure times varied between 450 and 645 s, and total on-target
exposure times varied between 20 and 100 min.

OSIRIS on Keck provides spectroscopy with R ~ 3500 with
a variable field-of-view (FOV) utilizing a lenslet design (Larkin
et al. 2006; Mieda et al. 2014; Boehle et al. 2016). The OSIRIS
observations were conducted in the Hn3 and Kbb filters using the 50
mas plate scale mode, providing a field of view of 2.4 x3.2 arcsec?
and 0.8 x 3.2 arcsec?, respectively. The H-band observations were

targeted to search for extended emission on arcsecond scales, hence
the larger FOV was selected, and we observed a dedicated sky frame.
We optimized the K-band observations for on-source exposure time
by nodding the object in the long axis of the OSIRIS FOV and
subtracting pair observations for sky emission removal. We bracketed
the K-band observations with observations of a PSF star selected to
have the same offset from the tip/tilt star as the quasar.

2.3 Data reduction

We performed the NIFS data reduction using the GEMINI IRAF/PYRAF
package, following the standard procedure for NIR spectra. This pro-
cedure includes the trimming of the images, flat-fielding, cosmic ray
rejection, sky subtraction, wavelength, and s-distortion calibrations.
To remove the telluric absorption features, we use the spectra of A0O-
A2V standard stars observed before or after the observation of the
science target. We use the NFTELLURIC task of the NIFS.GEMINLIRAF
package to normalize and shift the spectrum of the standard star and
divide it into the science frames. For each frame, we use the telluric
star spectrum that was observed with the most similar airmass and
closest in time to the science target.

Then, we performed the flux calibration by interpolating a black-
body function to the spectra of the telluric standard stars and generate
datacubes for each individual exposure with 0705 width square
spaxels. Finally, we median combine the individual datacubes into
a single datacube for each target using the gemcombine task of
the GEMINI IRAF package and the sigclip algorithm to eliminate
the remaining cosmic rays and bad pixels, using the peak of the
continuum as reference for the astrometry of the distinct cubes.

We reduced the OSIRIS observations using the OSIRIS data reduc-
tion pipeline (Larkin et al. 2013). The pipeline first creates a master
dark by median combining several dark observations taken at the start
of the night. After dark subtraction, the pipeline extracts the spectra
using a Lucy-Richardson deconvolution using a known spectral-
PSF for each lenslet stored in the rectification matrix. The pipeline
then applies wavelength calibration and combines the spectra into
a 3D data cube. The pipeline performs scaled sky subtraction by
scaling families of OH emission lines in the sky cubes to match
the science observations. The cubes are finally mosaicked using a
sigma clipping algorithm, and the data are flux calibrated similar to
the NIFS observations. Our estimated absolute flux uncertainty is at
10-15 per cent.

2.4 Point-spread function analysis

Quasars often outshine the extended emission from their host galaxy.
Observing type-2 objects often helps with the contrast, however, at
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Figure 1. From left to right, PSF-subtracted [O 111] emission line flux, mean velocity, and velocity dispersion of SDSS J165241728 over the field of view of
NIFS. North is up, east is to the left. The star represents the location of the subtracted out quasar. The bar represents 1 arcsec or 8.6 kpc at the redshift of the
source. The ellipse in the lower left-hand corner shows the FWHM of the AO corrected PSF.

higher redshifts, the unresolved component from the narrow line
region can still be brighter than that of the extended emission from the
host galaxy. Also, UV-selected type-2 quasars can still show emission
from the broad-line region in the Balmer series (Greene, Zakamska
& Smith 2012) and continuum emission from the accretion disc. Our
sample contains one UV-selected type-2 quasar and 3 ERQs. These
sources have varying levels of contrast between the unresolved and
extended emission. All sources show broad-line emission that is
expected to outshine or be comparable to the magnitude of the host
galaxy, hence for each object, we performed PSF subtraction before
searching for extended emission from the host galaxy.

Details of the PSF subtraction routine can be found in Vayner
et al. (2016), and Vayner (2021). We utilize channels containing
emissions from the quasar continuum or the broad-line region that
do not overlap with OH emission from the night-sky to construct
a PSF image. The image is then normalized to the peak emission
and subtracted from the rest of the data channels. This technique
effectively removes any unresolved emission from the data cube and
leaves behind only extended emission.

3 ANALYSIS

3.1 Fitting emission lines

After the data cubes are PSF subtracted, we search all the channels for
extended emission in each emission line. For any detected emission
30 above the background, we collapse the data cube around the peak
of the emission line and divide by the standard deviation in an empty
sky region to construct a signal-to-noise (SNR) image. Spaxels with
a 20 or above emission are then fit with a Gaussian model plus a
zero degree polynomial using the least-squares fitting routine curvefit
within SciPy. We visually inspect each fit. In some spaxels, a multi-
Gaussian fit is necessary for individual emission lines. We deem
a multi-Gaussian fit successful if we find an improvement in the
reduced x? value. In all cases, the x? value improved by at least
2.7, after we introduced a second Gaussian component to the fit. We
visually inspected the new fit and the residuals to confirm the results.

When fitting the H & emission line all parameters (intensity, width,
and redshift) are free. When fitting the [N 11] emission lines, we fix
the redshift and the line widths to those of Ha. The ratios of the
line peaks for the [N11] 6548 A and 6583 A emission lines is held
fixed at 1:2.95. The only free parameter is the line intensity of the
rest-frame 6584 A [N11] emission. When fitting the [O 11I] emission
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lines, the [O11]4959 A has no free parameters, since we hold the
line width and redshift fixed relative to [O111] 5007 A and we hold
the ratio between the two line peaks fixed at 1:2.98. Channels with
strong OH emission are weighted during least-squares fitting using
a noise spectrum constructed from an empty sky region.

We constructed an intensity map by summing up each emission
line spectrally from —30 pixis t0 430 pixets, Where the standard
deviation comes from the fit of the Gaussian model. We constructed
a radial velocity map by computing the Doppler shift of the line-
centroid relative to the quasar’s redshift. The redshifts are taken
from the narrowest nebular (e.g. HB, [O111]) emission line from
the spatially unresolved point source component. The line centroid
comes from the Gaussian fit. For spaxels with a multi-Gaussian fit, we
use the line-intensity weighted centroid. We constructed a velocity
dispersion map using the best-fitting o value. In the case of a multi-
Gaussian fit, we used the line width, where we integrated 66 per cent
of the total line intensity. For the three objects which show extended
emission we present the emission line, radial velocity, and dispersion
maps in Figs 1, 2, and 3. OSIRIS observations of SDSSJ2323-0100
cover [Om] 5007 A but the wavelength coverage is too narrow to
deblend [O 1] 4959 A, [O11] 5007 A, and H B for us to be able to
construct the maps of the [O11I] emission line, the goal of those
observations was to gauge the extent of the [O I11] emitting gas.

3.2 Searching for outflows

The most turbulent discs in massive (>10'' M) galaxies show an
ionized gas velocity dispersion of 250 km s~! in distinct star-forming
regions with maximum rotational velocity of 400kms~! (Forster
Schreiber et al. 2018). Estimates of the stellar mass for ERQs from
recent HST observations (Zakamska et al. 2019) overlap with the
most massive galaxies in the SINS survey (Forster Schreiber et al.
2018). Hence emission lines that have a radial velocity dispersion
>250kms~" or radial velocity >400km s~ (computed from the
line-centroid) results in gas that most likely belong to an outflow.
Both the radial velocity dispersion and offset are relative to the
redshift of the quasar. Spaxels satisfying these criteria have their
spectra extracted to construct a high signal-to-noise ratio spectrum.
The spectra are fit with multiple Gaussians for each nebular emission
line, which are detected at a 30 or greater significance. We also
search for unresolved-nuclear outflows in our systems by subtracting
a model of the extended emission and extract the spectrum from
the unresolved point source. The model that we subtract is a data
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Figure 2. PSF-subtracted NIFS observations of SDSS J08124-1819. On the left-hand side, we present a three-colour composite of ionized emission from H o
(red) [O11] (green), and [N 11](blue) in the host galaxy of SDSSJ08124-1819. Middle panel shows the radial velocity relative to the redshift of the quasar and
the right-hand panel shows the velocity dispersion. The white bar represents one arcsecond on sky and the ellipse represents the FWHM of the PSF of the

LGS-assisted observations.
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Figure 3. From left to right, PSF-subtracted H & emission line flux, mean velocity, and velocity dispersion of SDSS J12323 over the field of view of OSIRIS.
North is up, east is to the left. The bar on the left-hand side figure represents one arcsecond or 8.6 kpc at the redshift of the quasar, while the ellipse represents

the FWHM of the PSF in our observations.

cube consisting of the best-fitting Gaussian emission at each spaxel
location. Similarly, we search for broad and highly kinematically
offset emission-line gas.

We compute the outflow rates following the methodology pre-
sented in Cano-Diaz et al. (2012), assuming a conical outflow
where the gas fills a significant fraction of the cone or a conical
outflow consisting of many concentric shells. The reason for this
assumption is that we see outflowing gas at a large range of velocities
(£2000 km s~! in the case of SDSSJ1652+1728, SDSSJ2323-0100,
and SDSSJ0826+0542), likely due to projection effects of an
inclined cone projected on to the sky. The following formula gives
the mass outflow rate:

Ny M oul
M =320 (1)

out
where M is the mass of the ionized gas, vq, is the velocity, and
Ry is the extent of the outflow. For the velocity we use the non-
parametric vy value of the [O1I] or Ho emission lines; this is
the velocity where 10 per cent of the line flux is integrated for
the Gaussian component associated with the outflow. The velocity is
calculated from the spectrum integrated over the entire outflow region
in each source. For the radius, we use the extent where we integrated
90 per cent of the flux associated with broad extended emission
using the emission line map from the broad Gaussian component. For
unresolved outflows, R is the FWHM of the PSF. Our methodology
for calculating the radius and the outflow velocity is selected to
account for inclination effects of the outflow (Cano-Diaz et al. 2012;
Greene et al. 2012). To compute the mass, we use the luminosity of

the H « or [O 11T] emission line and convert that to an ionized gas mass
using the methodology presented in Osterbrock & Ferland (2006) or
Cano-Diaz et al. (2012). For the case of [O111], the ionized gas mass
is less certain as we do not know the metallicity and assume solar
value. We also do not apply any ionization correction and assume
all of the oxygen is double ionized. The contribution from other
ionization states of oxygen is unknown, and this is likely a significant
contributor to additional uncertainty in deriving the outflow rate
from the [O111] line. It further adds to the discrepancy between the
measurement of outflow rates and energetics from the [O11] line
and the Balmer lines (Dempsey & Zakamska 2018). The largest
uncertainty comes from the unknown electron density of the gas.
We use a nominal value of 500 cm ™ with a range of 100-900 cm 3.
These values are all within the range of measured electron densities
in ionized outflows at high redshift (Harrison et al. 2014; Vayner
et al. 2017; Forster Schreiber et al. 2019).

In addition to the outflow rates, we also compute the momentum
flux of the outflow:

P =M X vy (2)
and the kinetic luminosity:

. 1 . )

EZEXMXUOUV 3)

The radius, velocity, outflow rates, and energetics of individual
outflows along with the bolometric luminosity of the quasars are
presented in Table 2. The bolometric luminosities are taken from
Greene et al. (2012) and Perrotta et al. (2019). The uncertainties on
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Table 2. Outflow properties of the sources within this study . Roy is the radial extent of the outflow. Vi is the velocity of the outflow. dM/dtjomy; and dM/dty,
are the outflow rate using masses derived from their respective line luminosities. P is the momentum flux of the outflow. Lagy is the bolometric luminosity of the

quasar. L.“/L;‘g;‘” is the energy coupling efficiency between the kinetic luminosity of the outflow and bolometric luminosity of the quasar. ;1‘:‘6“;“ is the momentum

flux ratio between the ionized outflow and the photon momentum flux from the quasar accretion disc. N = Unresolved nuclear outflow, E = resolved, extended

outflow.

Source Rout Vout dM/dtiom dM/dtyg P E LAGN ELw Pptﬂ
AGN AGN

SDSSJ kpc kms™! Mg yr~! Mg yr~! 10% dyne 10¥ ergs™! 10%7 ergs~! per cent

0812N <19 650 £ 10 >35 + 18 >62 + 45 >25+18 >08 £ 06 05+ 0.1 >002=+0.01 >0.15+£0.1

0826N <2.55 2829 + 10 >1340 + 680 - >240 £ 120 >338 + 170 3+£03 >1 £ 05 >2 + 1

1652N <1.7 1334 + 10 >843 + 430 - >70 + 40 >47 + 20 5+ 0.1 >0.1 £ 0.05 >04 %02

1652E 25 £ 0.1 1031 £+ 50 124 + 100 - 8 +7 4+3 5+0.1 0.01 £ 0.006 0.05 + 0.04

2323E 0.77 £ 0.01 1963 £ 50 - 2750 4+ 2465 340 £ 305 334 4+ 300 1 +0.1 27 £25 85+ 8

the outflows and energetics are dominated by systematic rather than
measurement errors that are presented in Table 2.

4 INDIVIDUAL OBJECTS

In this section, we briefly describe previously known properties for
each object and present their new NIR IFU data.

4.1 SDSS J1652+1728 (z = 2.9482)

SDSS J1652+1728 was part of the ERQ core sample (Ross et al.
2015; Hamann et al. 2017), but its rest-frame UV line widths are just
above the 2000 km s~ required to satisfy the type-2 quasar candidate
criteria from Alexandroff et al. (2013). GNIRS spectrum of this
object which showed an extremely broad blue-shifted component in
its [O111] line (Alexandroff et al. 2018b), quite in line with other
ERQs which show kinematically extreme [O111] (Zakamska et al.
2016; Perrotta et al. 2019). The object is a ~1.5 mJy radio source,
which lies a few o away from the relationship between [O 111] velocity
width and radio power, in the sense that its radio luminosity is perhaps
above that expected as a by-product of the outflow alone (Hwang et al.
2018).

Spectropolarimetric observations (Alexandroff et al. 2018b) of
SDSS J16524-1728 — a unique probe of circumnuclear geometry of
the outflow — show a 90° swing in the polarization position angle for
rest-frame UV emission lines (L @, C1v, and NV) as a function of
velocity indicating that the outflowing material originates within an
equatorial dusty scattering region. Furthermore, SDSS J1652+1728
is the most highly polarized source in the sample, with continuum
polarization reaching 10-15 per cent and polarization position angle
130° East of North. This is relevant because, from this value, we can
infer the dominant orientation of the scatterer relative to the nucleus,
220° East of North. X-ray observations (Goulding et al. 2018;
Ishikawa et al. 2021) show that SDSS 165241728 is a Compton thick,
intrinsically luminous quasar with a column density of 1x10** cm™2
and X-ray luminosity L, joxev = 1.27 X 10% erg s7h.

HST observations (Zakamska et al. 2019) in the rest-frame B-band
show an extended host galaxy with multiple clumps or companions
and an extended low surface brightness feature directed to the
West, which may be a tidal tail. The host luminosity is well above
the median for the ERQs and is >10L* for galaxies at a similar
redshift.

After performing PSF subtraction on the IFS observations, we
detected extended emission towards the south-west, consisting of
both narrow and a broad emission line (Fig. 1). The spectra along
with the fits are shown in Fig. 4. We compare the distribution and
morphology of the extended narrow and broad emission in Fig. 5
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by constructing [O 11T] emission line maps for each component that
we fit in Fig. 4. The broader emission is associated with the outflow
and is more extended towards the south, while the narrow emission
extending towards the west is either gas within the host galaxy or a
tidal tail feature associated with the extended emission seen in the
HST observations.

After subtracting a model of the extended emission, we detect
unresolved emission on scales <1.7 kpc. We extract the spectrum
from the point source. The spectrum consists of a broad [O1I]
emission line from the outflow and a narrow component, either
associated with the host galaxy or a merger component. We detect
a slight shift between the average velocity of the unresolved and
resolved outflow. The unresolved component must be greater in size
than the broad-line region because we are detecting it in a forbidden
line. For example, the [O111] line is suppressed by collisional de-
ionization at n > 8 x 10° cm~3, hence it must arise on scales of at
least a few hundred pc (Hamann et al. 2011). The majority of the
emission in this object is from the unresolved component. The profile
of the [O 111] emission line is consistent with that is found in Perrotta
et al. (2019). Unfortunately, we cannot measure any interesting line
ratios for this object because of its redshift, such that H 8 falls right
between H and K bands.

SDSS J16524-1728 is part of an approved early-release-science
(ERS) program for the James Webb Space Telescope (JWST). The
observations will provide resolved H 8 and Ho maps allowing us
to conduct resolved photoionization diagnostics for this object. Fur-
thermore, additional access to rest frame near-infrared H, emission
lines will allow us to constrain the multiphase nature of the outflow
in this system.

4.2 SDSS J0812+1819 (z = 2.3794)

This object was identified as a type-2 quasar candidate by Alexan-
droff et al. (2013) based on its rest-frame UV properties. Follow-up
NIR (rest-frame optical) spectroscopy by Greene et al. (2014) did
not reveal a broad component in H 8 but did reveal one in H «; hence
this source can be classified as type 1.9 according to the standard
optical line classification scheme. The object matches to an extended
radio source in the FIRST survey (Becker, White & Helfand 1995)
consisting of two resolved radio sources centred on the quasar offset
by 3-5 arcsec from the optical position and with an integrated flux
density of 5.5 mJy. With this flux and the observed narrow [O111],
this object’s radio emission is not consistent with being wind-induced
(Zakamska & Greene 2014; Hwang et al. 2018), and we classify it
as radio-loud. The morphology is linear and consistent with a lobe-
dominated source at position angle 170° East of North. Further,
33 GHz observations reveal a core with flux 0.23 mJy beam~! and
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Figure 4. Top left-hand panel: integrated spectrum from point source emission in the SDSSJ1652+41728 system along with multi-Gaussian fit to the [O 111]
emission line. Bottom left-hand panel: integrated spectrum over the extended emission along with the fit model. On the bottom right-hand panel in white contours
we show the region that was integrated to produce the spectrum. The ellipse represents the size of the PSF and the bar represents 1 arcsec on sky or about 8 kpc
at the redshift of the target.

SDSS1652 Extended Narrow Emission SDSS1652 Extended Broad Emission

Figure 5. Figure comparing the extended narrow and broad emission morphology and distribution in SDSSJ1652+-1728. Left-hand panel: Extended narrow
[O 111] emission line map. Right-hand panel: Extended broad [O 111] emission line map. The ellipse in the lower left-hand corner shows the FWHM of the PSF
while the bar represents 1 arcsec.
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Figure 6. Top left-hand panel: Spectrum from point source emission in the SDSSJ0812-+1819 system along with multi-Gaussian fit to the [O 111], H@ and [N 11]
emission lines, the broad-H o component has been subtracted out to highlight the outflow in H . Bottom left-hand panel: integrated spectrum over the extended
emission along with the best-fitting model. On the bottom right-hand panel in white contours we show the region that was integrated to produce the spectrum.
The ellipse represents the size of the PSF and the bar represents 1 arcsec on sky or about 8 kpc at the redshift of the target.

possible traces of optically thin emission from the lobes (Alexandroff
et al. 2016).

After performing PSF subtraction on the IFS observations, we de-
tect extended emission associated with two clumpy regions extended
in the East—West direction in the [O 111], H ¢z, and the [N 1I] emission
lines. We detect no outflows on these spatial scales. After subtracting
a model of the extended emission (similar to SDSSJ1652+1728,
Section 4.1), we detect an unresolved component that consists of
both narrow and broad emission components. The narrow emission
comes from the extended-narrow line region of the quasar, while the
broad component is associated with an outflow on scales <1.9 kpc.
The spectra along with the fits are shown in Fig. 6.

Given that we detect [O 111], H «r, and the [N 11] emission lines in this
object, we can use line ratios to investigate the source of ionization
across the galaxy. Since we do not detect H 8 in individuals spaxles,
we calculate its flux assuming case B recombination (Fyy/Frp =
2.87) and no dust extinction. Under these assumptions, we find that 73
per cent of the spaxels are consistent with gas photoionization from
massive stars as they fall within the maximum expected line ratios
for star formation on the BPT diagram at z = 2 (Kewley et al. 2013).
The rest of the spaxels are consistent with quasar photoionization.
‘We combine the H « flux from spaxels consistent with star formation,
and we measure a star formation rate of 46 &= 5Mg, yr~! using the
empirical H o luminosity star formation rate relation form (Kennicutt
1998). Likely, extinction is contributing to a lower log([O 111]/H B)
since we are using Ho and case B recombination as a proxy for
H B. More accurate extinction values are necessary to measure the
actual fraction of the gas photoionized by stars versus the quasar.
Integrating over the extent depicted in contours shown in Fig. 6 we
measure a log([N 11]/H «) ratio of —0.49 and a log([O 111]/H g) value
of 0.65; however, the actual value is likely closer to 1 based on the
H B flux limit from the total integrated spectrum in Fig. 6.
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4.3 SDSS J2323—-0100 (z = 2.3695)

Like SDSS J1652+1728, SDSS J2323—0100 was selected as an
ERQ (Ross et al. 2015; Hamann et al. 2017). A noteworthy feature
of its rest-frame UV spectrum from the SDSS (Zakamska et al.
2016) is a high apparent N v 1240 A/Ly « ratio, even higher than that
seen in SDSS J1652+1728 (Alexandroff et al. 2018b); this feature
may be due to outflows in the broad-line region wherein the high-
velocity NV troughs may be blocking Ly @ (Hamann et al. 2017).
SDSS J2323—0100 was among the first objects we observed with
NIR (rest-frame optical) spectroscopy, revealing some of the most
extreme kinematics of the [O11I] emission known, with FWHM =
2625kms™!' (Zakamska et al. 2016; Perrotta et al. 2019). HST
observations of this object reveal a face-on major merger between two
galaxies, with nuclei separated by 1.3 arcsec =11 kpc and the SDSS
position of the quasar consistent with the south-western of the two
galactic nuclei. Due to the lack of previous integral-field or spatially
resolved spectroscopy, it was unknown whether the second nucleus
hosts any activity. The source is not detected in the radio down to
0.03 mJy and is classified as radio-quiet (Hwang et al. 2018).
PSF-subtracted OSIRIS observations reveal a marginally spatially
resolved emission in [O1I] and Ha associated with the galaxy
hosting the luminous quasar. The [O111] emission line profile is
consistent with a single broad component, while the H o emission
line has both a broad and an intermediate velocity (1267 & 54 kms™')
component. The difference between the H « and [O 111] profiles within
our observations likely due to insufficient wavelength coverage near
the [O1] emission lines to perform accurate emission-line and
continuum fitting. The spectra along with the fits are shown in
Fig. 7. We have also attempted to search for evidence of rest-frame
[N1] 6549 A and 6584 A emission lines, by including additional
Gaussians in the fit. When fitting for the [N 1I] emission lines the
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Figure 7. Left-hand panel: Spectrum from extended emission in the SDSSJ2323-0100 system along with multi-Gaussian fit to the H o emission line. Right-hand
panel: in white contours, we show the region that was integrated to produce the spectrum. The ellipse represents the PSF size, and the bar represents 1 arcsec or

about 8.6 kpc at the redshift of the target.

ratio between [N 1I] 6584 and [N 1I] 6549 were held fixed at 1:2.95,
with the lines width and redshift tied to He, hence the only free
parameter was the flux of the [N I1] 6584 emission line. The resultant
fit had [N 11] emission line flux within the noise of our observations
and resulted in a poorer x2 value. Likely, the [N 11] fit is below the
threshold of our observations. The profile of the H« emission line
is consistent with that of the [O111] emission measured by Perrotta
et al. (2019). The continuum in the OSIRIS observations is also
resolved on a similar scale as the emission lines and is consistent
with stellar light from the host galaxy. No continuum is detected
from the quasar, only emission from the broad-line region in Ho.
The H-band observations were conducted first and hinted at extended
emission both in continuum and line emission when comparing their
spatial profiles to that of the tip/tilt star. To perform a more accurate
measurement of the size of the line and continuum emission, the K-
band observations for this object were accompanied by observations
of anearby star at similar separation from the tip/tilt star as the quasar.
We construct azimuthally average 1D profiles for the Ho emission
and the continuum and compare them to the profile of the PSF star,
the tip/tilt star, and a type-1 quasar observed on the same night under
similar conditions. The 1D profile of Ho and continuum emission
is broader than that of the PSF star consistent with being extended
(Fig. 8). We fit the PSF star with a 2D Gaussian profile and measure
an FWHM of 0.082 x 0.08 arcsec which we believe is an accurate
representation of the resolution achieved on our observations. We
deconvolve this value from the spatial profiles of H o and continuum
and measure spatial extents of 92 £ 1 mas for Ho at 90 per cent
integrated light and an effective radius for the stellar continuum of
50 £ 1 mas. We measure an emission line free K-band magnitude for
the host galaxy of 20.7 & 0.1. Only continuum emission is detected
in the nucleus of the merging galaxy and is likely consistent with
stellar light, however it is too faint and falls close to the edge of the
OSIRIS FOV to place an accurate magnitude.

While the OSIRIS observations reveal continuum emission, we
are likely only detecting the circumnuclear emission from the
galaxy. The 1-o surface brightness limit of our observations is
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i
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X
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N
g
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Figure 8. Radial profile analysis for SDSSJ2323-0100 to gauge the extent of
the continuum and line emission. The curves represent azimuthally averaged
radial profiles for the PSF star (red), Ho emission map (green), and the
K-band line free continuum (orange).

20.42 magarcsec™2 and the rest of the structure detected in this
galaxy with HST (Zakamska et al. 2019) is at a fainter surface
brightness.

4.4 SDSS J0826+4-0542 (z = 2.5767)

SDSS J0826+4-0542 was selected from the SDSS as an ERQ (Ross
etal. 2015; Hamann et al. 2017), and just like for SDSS J1652+1728,
and SDSS J2323—-0100, follow-up NIR (rest-frame optical) obser-
vations obtained with Gemini GNIRS revealed high-velocity, broad
and blue-shifted component in the [O111] emission line (Goulding
et al. 2018; Perrotta et al. 2019). It is an extremely luminous,
hard-spectrum X-ray source consistent with near-Compton-thick
absorption along the line of sight (Goulding et al. 2018). Just like
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Figure 9. Spectrum from point source emission in the SDSSJ0826+0542
system along with multi-Gaussian fit to the [O 111] emission lines.

SDSS J1652+1728, this source is marginally radio-loud (Hwang
et al. 2018).

After performing PSF subtraction we detect no extended emission.
We extract the spectrum from the point source. The spectrum is
consistent with a broad [O 111] emission line coming from an outflow
region. The upper limit on the size of the outflow is 0.4 arcsec. We
present the spectrum in Fig. 9.

5 DISCUSSION

5.1 Comparison with other high redshift samples

Over the last decade, numerous studies have focused on resolving
ionized outflows in high redshift galaxies with AGN. These studies
have utilized IFS (Cano-Diaz et al. 2012; Harrison et al. 2012;
Carniani et al. 2016; Vayner et al. 2017) and long-slit spectroscopy
(Coil et al. 2015; Leung et al. 2019) targeting nebular emission
lines redshifted into the near-infrared. Generally, they have been suc-
cessful at detecting ionized outflows and measuring their dynamics
and kinematics to better understand their impact on their respective
galaxies. These studies, for the most part, used slightly different
ways of calculating the mass outflow rates. These outflow rates have
to be recomputed following the methodology presented in Fiore et al.
(2017) and Vayner (2021) to consistently compare the results from
different surveys.

Vayner (2021) collated data from studies of galaxies with outflows
ataredshift of 1 < z < 3, at the peak of the accretion rate density on
SMBH (Delvecchio et al. 2014) and the star formation rate density
of the Universe (Madau & Dickinson 2014) where galaxies and
SMBH undergo the majority of their growth. The galaxies span
a wide range of star formation rate, AGN bolometric luminosity
(Loot = 10% 7 ergs™") and nuclear obscuration (both type-1 and
2). In Vayner (2021), the outflow rates are recomputed, taking into
account some of the significant uncertainties that scourge outflow
rates and energetics in the distant Universe. The literature outflow
rates in Vayner (2021) are combined with a sample of radio-loud
type-1 quasars observed with OSIRIS in the same study. We compute
our outflows rates in the same manner (see Section 3.2) and, for the
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first time, can compare information on resolved outflows in ERQs
to other samples in the distant Universe. In Fig. 10, we present the
location of the ERQs on the outflow momentum flux ( Pyyiow) Versus
AGN radiation momentum flux diagram and the equivalent energy
rate of the outflow versus the luminosity of the AGN diagram.

Similarly, we place the ERQs on the outflow momentum flux ratio
versus outflow radius plot shown in Fig. 11. The momenta and energy
rates for ERQs are within the range of other high redshift studies at
similar bolometric luminosity. However, interestingly the outflows
within our sample all appear to be compact relative to the majority of
the ionized outflows found in the distant Universe. Given our small
sample, it is challenging to say anything about the general ERQ
population and how that may differ from other studies.

5.2 Outflow driving mechanisms

Numerous mechanisms have been proposed to explain the physical
mechanisms that drive galaxy scale outflows (Murray, Quataert &
Thompson 2005; Thompson et al. 2015; Costa et al. 2018; Veilleux
et al. 2020). They include radiation pressure from AGN/massive
young stars, supernova explosions, shocks driven by ultrafast out-
flows, jets, and broad-absorption line winds. Often to distinguish
between all driving mechanisms requires spatially resolved obser-
vations of outflows and measurement of their kinetic luminosity,
momentum flux, and radial extent as well as energy and momentum
supply from both star formation and AGN activity. Quasars tend to
reside in galaxies with a broad range of star formation properties;
understanding the star formation rates, as well as the AGN bolometric
luminosities, therefore crucial (Aird, Coil & Georgakakis 2019).
The ratio between the momentum flux of the outflow to the
photon momentum flux of the accretion disc (Lagn/c) or stellar
bolometric luminosity and the radius of the outflow can be used to
distinguish between various sources of driving mechanisms (Zubovas
& King 2012; Thompson et al. 2015; Costa et al. 2018). Current
theoretical consensus is that high % on >1kpc scales is due
to adiabatic shocks, where the material is swept by an outflow that
does not radiate energy efficiently. Generally, in these outflows, the
momentum flux grows as the outflow expands until the outflow
reaches a certain radius where gravitation effects and interactions
with the ISM and circumgalactic medium slow the outflowing
material (Faucher-Giguere & Quataert 2012). High ﬁg}“\‘% on < 1 kpc
scales can be attributed to a radiation pressure-driven wind in a high
column density environment where infrared photons are trapped and
scattered multiple times, which gets reflected in the ‘momentum
boost” (Thompson et al. 2015; Costa et al. 2018). Typically radiation
pressure-driven winds achieve a maximum % ~ 2 on >1 kpc

scale, with the & ;:‘g;w dropping down as the outflow expands. Low

% <1 on any scale can be either attributed to radiation pressure-
driven winds in a low column density environment or a shock that
can radiate its energy efficiently (Faucher-Giguere & Quataert 2012).

For sources within our sample, multiple mechanisms are likely
at play in driving the observed outflows. For SDSSJ2323-0100
and SDSSJ0826+-0542, the potentially high momentum flux ratios
tell us that an adiabatic shock driven by a ultrafast outflow or a
broad-absorption line type wind can drive the galaxy scale outflows.
Given the relatively small radii, another likely scenario is the
ionized outflows are driven by radiation pressure from the accretion
disc of the quasars in a high column density environment. For
SDSSJ16524-1728, radiation pressure from the quasar accretion disc
or aradiative shock can drive the observed ionized outflow. At the ex-

tent of the outflow, there would have to be a factor 20 more outflowing
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gas mass in either the neutral or molecular phase for the outflow to be
considered driven by an adiabatic shock or radiation pressure from a
high column density environment (Costa et al. 2018). Other studies
have found a substantial amount of neutral and molecular gas in
galactic outflows (Carniani et al. 2015; Rupke, Giiltekin & Veilleux
2017; Vayner et al. 2017; Fluetsch et al. 2019). The factor of 20 is
based on how much we would need to scale the % of the outflow
in SDSSJ1652+1728 at its current extent to match that found in
simulations by Faucher-Giguere et al. (2012) for an energy conserv-
ing outflow. The factor of 20 is also consistent with predictions by
Dempsey & Zakamska (2018) for the amount of neutral or molecular
gas required in an outflow to prevent overionization of the [O 111]. For
SDSSJ0812+1819, the outflow is likely driven by either radiation
pressure or a radiative shock. For an adiabatic shock to drive the
outflow, there would have to be a factor of 40 or more gas in a neutral
or molecular gas phase based on the momentum fluxes found in
simulations by Faucher-Giguere et al. (2012) at the extent of the out-
flow in SDSSJ0812+1819. A nuclear starburst would require a star
formation rate of 2300, 2000, 8000, and 50 My, yr‘I for SDSS2323-
0100, SDSS1652+1728, SDSS0826+4-0542, and SDSS0812+4-1819,
respectively, to drive the outflow through radiation pressure. We
assume the Starburst99 stellar feedback model (Leitherer et al. 1999)
with a Kroupa IMF (Kroupa 2001):

Psrr = 1.5 x 1033%@19, )
For star formation to drive the outflows through supernova explosions
would require a star formation rate of 500, 500, and 1600 My yr~!
for SDSS2323-0100, SDSS1652+1728, and SDSS0826-+0542.
We assume there is one supernova explosion for 100 solar mass
of stars formed and using the momentum injection per supernova
from recent simulations by Kim & Ostriker (2015) and Martizzi,
Faucher-Giguere & Quataert (2015):

Mgrr n —018 / 7
( ) Z Vdyne.  (5)
IMgyr=! \ 100 cm? Zo

Such high star formation rates are not supported by our data, as we see
no evidence for narrow H « or H 8 emission that would be consistent
with nuclear starbursts at such star formation rates. There could be
obscured star-forming regions, and future observations with ALMA
can help search for that. Most likely, the entirety of the outflows are
driven by radiative mechanisms of the quasar. SDSSJO812+1819
shows evidence for jets in radio data, hence there is a possibility of
jets also driving the observed nuclear outflow in this one system.
For SDSS1652+1728, given the redshift we cannot currently put a
limit on the star formation rate using a Balmer emission line. The
existence of a narrow [O I1I] component could signal photoionization
by massive young stars in an HII region, however, just as likely,
quasar photoionization can produce the observed emission line. In-
terestingly, the overall orientation of the ionized gas outflow relative
to the nucleus is consistent with the 220 deg East of North (centre
of the SW quadrant) inferred from the polarimetric observations.
The detection of cospatial scattering and forbidden-line outflows
indicates that the quasar illuminates both the outflowing gas and the
scattering gas with the same geometry (Wylezalek et al. 2016).
Further evidence for a cospatial UV photon scattering and out-
flowing gas comes from our recent Hubble Space Telescope ACS
observations (GO-14608, PI: Zakamska, exposure time: 2188.0s)
taken in the F814W filter (A = 2733.8 A). Spectropolarimetric
observations already revealed a high degree of polarization near
these wavelengths; after performing PSF subtraction of the quasar
emission on the ACS data, we detect extended emission in the

Psne = 7.5 x 10%
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SW-NE direction, matching closely to the predicted orientation
of illumination from spectropolarimetry (Alexandroff et al. 2018b).
Within the wavelength range of the F814W filter, we do not expect
any strong emission from UV lines; hence nearly the entire light in
this filter has to come from a continuum source. The PSF subtraction
was done by extracting a portion of the ACS image centred on
a nearby star with a similar magnitude as the quasar; we then
normalized the image to the peak flux value and rescale it the peak
flux of the quasar, and subtract it out. We compare the extent and
morphology of the rest-frame UV emission to both the narrow and
broad emission detected in [O111]. The general orientation, extent,
and morphology of the rest-frame UV emission match closely to the
extended broad-emission detected in [O 1] from the outflow. The
narrow [OT111], which extends in the western direction, matches a
portion of the UV emission that likely originates from a star-forming
region in either the host galaxy or a merging galaxy (Fig. 12). The
direction of the narrow [O 1] emission also matches the general
extent of the WFC3 F140W imaging from (Zakamska et al. 2019),
that traces the stellar continuum from the host galaxy.

Most of the UV emission likely comes from scattered light in
the conical illumination region for SDSS1652+-1728. The scattered
light’s extent is approximately two times greater than the ionized
outflow detected with NIFS. The diameter of the extended UV
emission is approximately 24 kpc. The [O11I] emission appears to
trace a single cone of the outflow, while in the UV light, we see
a double-cone, indicating that the ionization may be impacting a
much larger extent. The asymmetry of the UV light likely indicates
that scattering is occurring of dust grains in the outflow. Forward
scattering can explain the differences in the observed intensity
between the SW and NE regions if the axis of the scattering cone
points towards the observer in the SW region. Presence of dust can
also explain why the NW cone is undetected in [O111], where the
back cone is partially extincted by dust and the [O111] line strength
is below the flux sensitivity of NIFS. Based on Zakamska et al.
(2005), Obied et al. (2016) scattering models due to dust grains and
electrons in z ~ 0.5 type-2 quasars, the scattered light comes from
low-density clouds. For large scattering regions, dust scattering is
further favoured over electron scattering since based on the modelled
electron density, the recombination emission line intensity would be
unphysical (Zakamska et al. 2005). The low density of these regions
can partially explain the larger extent of the scattering light compared
to [O 111], due to the stronger dependence of the [O 111] intensity on the
electron density. The direction of quasar illumination and direction
of scattered UV photons matching closely to the galactic outflow
further support that the quasar is the primary driving source of the
galactic outflow. Accurate measurement of the energetics from the
neutral and molecular phase is imperative to understand both the
driving mechanism behind the galactic scale outflow and the impact
on the star formation in the host galaxy.

5.3 Potential impact of the outflow on their host galaxies

Several theoretical works have proposed a coupling efficiency
between the galaxy scale outflow and the quasar’s bolometric
luminosity to explain the observed local scaling relation between
the mass of the SMBH and the velocity dispersion and bulge of a
galaxy. Generally, in these theoretical frameworks, once the galaxies
assemble on to a local scaling relation, a certain fraction of the
quasar bolometric luminosity needs to be converted into the kinetic
luminosity of the outflow to affect the flow of gas on to the galaxy,
induce turbulence in the ISM to affect the efficiency of star formation
(Power et al. 2011; Zubovas & King 2012). The current consensus
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Figure 10. On the left-hand side we plot the momentum flux of the outflow against the radiation momentum flux of the accretion disc. The red points represent
ionized outflows in the distant Universe, with the black stars representing the objects within our sample. The blue points are molecular outflows studied in low
redshift galaxies. We plot two lines of constant ratio; 2:1 and 10:1 as these provide clues into the driving mechanism of the outflows. Theoretically points below
the 2:1 signal outflows that are driven by either radiation pressure or a radiative shock. Points above the 2:1 line signal outflows that are driven by either radiation
pressure in a confined region within <1 kpc or an outflow driven by an adiabatic shock. On the right-hand side we plot the energy rate of the outflow against the
bolometric luminosity of AGN. The lines of constant ratio signal coupling efficiencies proposed by various theoretical works necessary to clear the gas from the
host galaxy through outflows and establish the local scaling relations such as M, — o .

is that if the quasars transfer about 0.1-1 per cent of its luminosity
into an outflow, there can be a significant impact (Hopkins & Elvis
2010; Choi et al. 2012; Costa et al. 2018). We compute and present
the ratio between the bolometric luminosity of the quasar and the
kinetic luminosity of the outflow in Table 2.

For SDSSJ2323-0100 and SDSSJ0826+4-0542, we find that
2.7 per cent (0.2-5.2 per cent) and 1 per cent (0.5-1.5 per cent)
of the quasars’ bolometric luminosity is converted into the outflows’
kinetic luminosity, respectively. Even at the low end of both ranges,
the coupling efficiency is large enough for the outflow to affect the
galaxy. For SDSSJ1652-+1728, the coupling efficiency is 0.1 per cent
(0.05-0.2 per cent), on the low end of what is prescribed by
theoretical work. The addition of other ionization states of oxygen
and additional neutral and molecular gas components will increase
the coupling efficiency. Furthermore, we assumed solar metallicity
when computing the outflow mass using the [O I11] emission line; if
the true metallicity is lower, that can increase the amount of ionized
gas that we compute. Hence the outflow in this system is likely to
impact the galaxy. For SDSSJ0812+1819, the coupling efficiency is
at 0.02 per cent, significantly lower than what is necessary for the
outflow to impact the host galaxy, a substantial fraction of outflowing
gas in either neutral or molecular phase would be necessary.

From a theoretical standpoint, the nuclei transition to an unob-
scured phase once a powerful nuclear outflow can be driven (Hopkins
etal. 2005; King & Pounds 2015) efficiently. In the current theoretical
paradigm, this is supposed to occur when the galaxies fall on the
local M, — o relation because star formation in the host galaxy
needs to be suppressed on a similar time-scale to the SMBH growth.
Driving outflows through radiation pressure or an adiabatic shock are
most efficient in confined circumnuclear environments, producing a
high % fast-moving turbulent outflows (Faucher-Giguere et al.
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2012; King & Pounds 2015; Costa et al. 2018). These conditions
are potentially best satisfied in systems with high nuclear column
densities and already known fast-moving outflows, making ERQs
ideal candidates for long-sought transitional objects. In our two
resolved objects, the outflow sizes are smaller than the average size
measured in other AGN systems at similar redshift and bolometric lu-
minosity. The outflows in SDSSJ2323-0100 and SDSSJ0826+0542
carry a significant amount of energy and momentum with a large
momentum flux ratio that can be caused by radiation pressure or
an adiabatic shock. The outflows are powerful enough to clear the
gas and dust in the circumnuclear region and transition these object
to a blue type-1 quasar. For the above reasons, SDSSJ2323-0100
and SDSSJ0826+-0542 excellent example of transition objects in the
distant Universe.

While there is evidence for strong outflows in the SDSSJ2323-
0100, SDSSJ1652+1728, and SDSSJ0826+0542 systems, we still
find the presence of quiescent gas due to the narrow line emis-
sion in SDSSJ1652+1728 and the existence of a large molecular
reservoir in the SDSSJ2323-0100 system (Serena Perrotta, private
communication). Likely the outflows only affect the nuclear regions
of these galaxies as they have yet to expand deeper into the interstellar
medium. There is likely to be a delay between the present time and
when the galaxy’s full extent will be affected by these outflows.
In SDSSJ0812+4-1819, the outflow is likely not powerful enough to
affect any region of its host galaxy.

6 CONCLUSIONS

Extremely red quasars at high redshifts display some of the most
extreme kinematics in their forbidden emission lines, and it is very
important to determine whether the observed high velocities of the
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(2012), Thompson et al. (2015), and Costa et al. (2018).

gas imply large-scale outflows and powerful energetics of feedback.
In this paper, we present the first adaptive optics assisted NIR IFS
(rest-frame optical) observations of 3 ERQs and a candidate type-2
quasar. The observations were conducted with the NIFS instrument
at the Gemini North Observatory and with OSIRIS at the W. M. Keck
Observatory.

We performed PSF subtraction to remove any unresolved quasar
emission to search for extended emission from the host galaxies. We
fit the emission lines at each spaxel to extract information on the line
intensity, radial velocity offset, and dispersion. We detected extended
emission in SDSSJ2323-0100 and SDSSJ1652+4-1728 originating
from both a narrow-line region and an outflow, with only narrow
emission detected in SDSSJ0812+1819. In SDSSJ0826+0542, no
extended emission is detected, and we place an upper limit on
its size. Outflows are found in all objects. In SDSSJ1652+1728,
we detect both a resolved and an unresolved component to the
outflow. In SDSSJ2323-0100, we only detect an extended outflow
while in SDSSJ0812+1819 and SDSSJ08264-0542, the outflows are
unresolved within our observations. We calculated outflow rates,
kinetic luminosities, and momentum fluxes for all outflows. We
compared the energetics to theoretical predictions and other high
redshift samples and found:

(i) Several AGN mechanisms can drive the observed outflows.
For SDSSJ2323-0100, either radiation pressure from the quasar or
an adiabatic shock sweeping material in the host galaxy is responsible

for driving the galaxy scale ionized outflow. For SDSSJ1652+1728,
the outflow can potentially be driven by radiation pressure or
a radiative shock, however outflowing gas in other phases can
shift the driving mechanism to an adiabatic shock or radiation
pressure from a high column density nuclear region. The outflow
in SDSSJ0812+1819 is likely driven by radiation pressure in a low
column density environment or a radiative shock.

(ii) The outflows in SDSSJ2323-0100, SDSSJ1652+4-1728, and
SDSSJ0826+0542 satisfy the minimum coupling criteria between
the bolometric luminosity of the quasar and kinetic luminosity of
the outflow to have an impact on the star-forming properties of
the host galaxy. However, there is evidence for narrow emission in
SDSSJ16524-1728 indicating the presence of a quiescent gas while
in SDSSJ2323-0100, there is a substantial molecular gas reservoir.
Likely the outflows are only affecting at present the nuclear regions
of these two galaxies. The coupling efficiency in SDSSJ08124-1819
is below the minimum value prescribed by theoretical work for the
outflow to have any impact on the host galaxy.

(iii) We find the ionized outflows in our sample of ERQs to be
less extended than ionized outflows in other samples in the distant
Universe. The small outflow radius, high momentum flux ratio, and
the high obscuration in SDSSJ2323-0100 make this an excellent
candidate for a transitional object where the quasar-driven outflow is
expelling material from the nuclear region and unveiling the SMBH
accretion disc.
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SDSS1652+1728-Broad

SDSS1652+1728-Narrow

Figure 12. HST ACS observations of SDSS16524-1728. In the background of both images, we show a PSF subtracted F814W image of the host galaxy. On
the left-hand side, we overlay in contours the integrated intensity [O11I] map from the broad component due to the outflow, and we stretch the ACS image
in the range of 22.5 to 24.5magarcsec™ 2 to highlight the faint diffuse emission, the dashed line represents the scattering angle from spectropolarimetric
observations (Alexandroff et al. 2018b). On the right-hand side, we overlay the narrow component of [O I11], that originates either from star-formation or quasar
photoionization from an extended narrow-line region. Only a small fraction of the UV emission correlates with the narrow [O 11I] component. The image stretch
on the right-hand side ranges from 21.5 to 23.5 mag arcsec™ to highlight the brighter compact emission. The strong correlation between the extended broad
[O11] and UV emission indicates that the majority of the extended UV light (Arest = 2733.8 A) originates from scattering in the direction of the outflow. The bar
in each image represents 8.5 kpc, the red ellipse in the lower left-hand side corner represents the resolution of the NIFS observations, while the white ellipse

shows the resolution of HST ACS.
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