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Abstract

We present a z =0.94 quasar, SDSS J004846.45-004611.9, discovered in the Sloan Digital Sky Survey III (SDSS-
IIT) BOSS survey. A visual analysis of this spectrum reveals highly broadened and blueshifted narrow emission
lines, in particular, [Ne V] A3426 and [O 1] A5007, with outflow velocities of 4000 km s7h along with unusually
large [Ne V] A3426/[Ne 111] A3869 ratios. The gas shows higher ionization at higher outflow velocities, indicating a
connection between the powerful outflow and the unusual strength of the high ionization lines. The spectral energy
distribution and the i — W3 color of the source reveal that it is likely a core extremely red quasar (ERQ); a
candidate population of young active galactic nuclei (AGN) that are violently blowing out gas and dust from their
centers. The dominance of host galaxy light in its spectrum and its fortuitous position in the SDSS S82 region
allows us to measure its star formation history and investigate variability for the first time in an ERQ. Our analysis
indicates that SDSS J004846.45-004611.9 underwent a short-lived starburst phase 400 Myr ago and was
subsequently quenched, possibly indicating a time lag between star formation quenching and the onset of AGN
activity. We also find that the strong extinction can be uniquely attributed to the AGN and does not persist in the
host galaxy, contradicting a scenario where the source has recently transitioned from being a dusty submillimeter
galaxy. In our relatively shallow photometric data, the source does not appear to be variable at 0.24-2.4 ym in the
rest frame, most likely due to the dominant contribution of host galaxy starlight at these wavelengths.

Unified Astronomy Thesaurus concepts: Quasars (1319); Galactic winds (572); Galaxy evolution (594); AGN host

galaxies (2017)

1. Introduction

Quasars are galaxies host to active galactic nuclei (AGN):
central regions of galaxies where rapid accretion of matter onto a
supermassive black hole (SMBH) occurs. These AGN drive
some of the most powerful outflows of gas and dust observed in
the universe. An outstanding problem in galaxy formation and
evolution concerns the relationship between these AGN-driven
outflows and the resultant effects on their host galaxies.
Observational studies have revealed quasar outflows as a
potential source of star formation regulation and/or quenching,
as feedback from AGN may violently disrupt the surrounding
interstellar medium (ISM) of their host galaxies (e.g., Blandford
& Begelman 2004; Scannapieco & Oh 2004; Vernaleo &
Reynolds 2006; Fabian 2012; Kormendy & Ho 2013).

Theoretical models of galaxy evolution indicate that quasar
feedback may result from major merger events that trigger
rapid gas inflows (e.g., Hopkins et al. 2005, 2006, 2008; Blecha
et al. 2018). These events lead to a burst in star formation along
with rapid accretion onto the central SMBH. The dramatic
disruption of dust and gas due to these mergers causes galaxies
at this stage of evolution to appear observationally as
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submillimeter galaxies or ultra-luminous infrared galaxies
(e.g., Sanders et al. 1988; Veilleux et al. 2009; Simpson
et al. 2014). Subsequently, energy and momentum from the
accreting SMBH couples to the surrounding ISM, causing a
galactic-scale blowout of gas and dust, thus revealing a visibly
luminous quasar (e.g., Sanders et al. 1988; Di Matteo et al.
2005; Rupke & Veilleux 2011; Liu et al. 2013; Rupke &
Veilleux 2013; Hopkins et al. 2016).

Observing populations of dust-reddened quasars (Urrutia
et al. 2008; Banerji et al. 2012; Glikman et al. 2012) in the
process of blowing out gas and dust from their central SMBHs
can offer insight into the immediate effects AGN have on their
host galaxies. Observationally, this task is difficult as the
blowout phase is estimated to be relatively brief on the
timescale of galaxy evolution. Wide field spectroscopic surveys
such as the Sloan Digital Sky Survey III (SDSS-III; Eisenstein
et al. 2011) Baryon Oscillation Spectroscopic Survey (BOSS;
Dawson et al. 2013), and their vast data sets yield the ability to
compile statistical samples of galaxies at many evolutionary
stages. Recently, a population of extremely red quasars (ERQs;
Ross et al. 2015; Hamann et al. 2017) with a redshift peak
around z ~ 1 and a second peak at z ~ 2-3 were discovered in
SDSS Data Release 12 (DR12). These quasars are selected by
their rest-frame UV to mid-IR (MIR) colors from SDSS and the
Wide-field Infrared Survey Explorer (WISE; Wright et al.
2010; Lang et al. 2016) as i — W3 > 4.6 (AB). BOSS spectra
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reveal they are host to a suite of peculiar emission features in
the rest-frame UV, of which most notable is the broad,
blueshifted, and wingless emission of Civ A1549. Hamann
et al. (2017) imposes an additional select%on of the rest
equivalent width (REW) of Civ >100A to define a
subsample of core ERQs that have a more homogeneous suite
of emission line properties and represent the strongest
candidates for AGN in the blowout phase. The distinctive
spectral features of core ERQs insure that they are not simply
Type 1 quasars viewed behind an unusually large dust-
reddening screen. Additionally, their overall spectral shape
from UV to far-IR (FIR) wavelengths is intrinsically different
from Type 1 and Type 2 quasars, as well as from a Type 1
quasars behind a dust-reddening screen (see Hamann et al.
2017, Figure 16).

Extremely broad and blueshifted [O III] AM959, 5007 has
been observed in the near-infrared (NIR) spectra of 24 core
ERQs by Perrotta et al. (2019). [O 111] is found to be a suitable
tracer for galactic-scale outflows as the line is a forbidden
transition that cannot be produced in the high density, sub-
parsec scales of the broad-line region (BLR) near the central
AGN. Instead, it is abundant at the low-density kiloparsec
scales of the narrow-line region (NLR). The kinematics of the
[O 1] line have been used to study galactic-scale outflows in
Type 2 AGN over a wide range in luminosity and redshift (e.g.,
Mullaney et al. 2013; Harrison et al. 2014; Zakamska &
Greene 2014; Carniani et al. 2015, 2016). The core ERQs of
Perrotta et al. (2019) have [O IIT] widths (wg) in the range of
20537227 km s~ . For comparison, a sample of typical blue
quasars from Shen (2016) with bolometric luminosities in the
range of ERQs (1046—1048 erg sfl) have a wgy range of
~1000-2000 km s~ ! (see Perrotta et al. 2019, Figure 6).

Additionally, Perrotta et al. (2019) found the core ERQs to
exhibit a strong correlation between [O 1II] outflow strength and
i — W3 color, suggesting that the dust surrounding the AGN
may assist in the coupling of energy and momentum between
the AGN and the ISM. This relationship has been found in
other Type 1 and 2 quasar samples as well (DiPompeo et al.
2018). This process may stem from optical and UV radiation
emitted by the central AGN being absorbed by the surrounding
dust and reemitted at IR wavelengths. In the case that the dusty
envelope has a high IR optical depth (7gr > 1) and sufficiently
encompasses the central AGN, the IR photons will repeatedly
scatter, building up momentum, which transfers into the
surrounding ISM. Analytical calculations (e.g., Murray et al.
2005; Ishibashi & Fabian 2015; Thompson et al. 2015;
Ishibashi & Fabian 2016), and radiative transfer calculations
(e.g., Proga & Kallman 2004; Krumholz & Thomp-
son 2012, 2013; Bieri et al. 2017) have noted that this coupling
mechanism can accelerate AGN winds.

Here we report on SDSS J004846.45-004611.9 (hereafter
J0048-0046), a z~ 1 quasar with a dominant host galaxy
continuum in addition to broad, blueshifted high ionization
emission lines of which most notable is the forbidden [Ne V]
A3426 line. Its spectrum was identified serendipitously via
visual inspection of a subset of spectra from BOSS. Upon
calculation of its optical-to-IR color, we find that it meets the
ERQ selection criterion of i — W3 > 4.6. The goal of our study
is to determine if JO048-0046 is a candidate young AGN
driving powerful outflows and whether its novel observational
properties such as its spectroscopically dominant host galaxy
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and its available time-series photometry can yield new insight
into the physical mechanisms of these sources.

This paper is organized as follows: In Section 2, we lay out
the multitude of spectroscopic and photometric data sets used
to investigate the multiwavelength and time-domain properties
of J0048-0046. In Section 3, we analyze the multiwavelength
spectral properties of J0048-046 and report on its emission line
profiles. In Section 4, we analyze the morphology and stellar
continuum to infer its star formation history. In Section 5, we
probe optical and IR variability of J0048-0046 at day-to-
month-long timescales. We interpret our results in Section 6
and make comparisons to other studies of ERQs and quasars in
general. We conclude with a summary of the work in Section 7.
Throughout our analysis, we adopt a A cold dark matter
cosmology of Q,,=0.315, Q) =0.685, and Hy=67.4km s
Mpc*l from the Planck Collaboration et al. (2020). All derived
stellar masses and star formation rates (SFRs) assume a
Salpeter (1955) initial mass function (IMF).

2. Data

Quasars exhibit a multitude of spectral properties over a
wide range of wavelengths. To gain a better understanding of
the physical processes at work in J0048-0046, we assemble
data from a variety of ground and space-based telescopes
tracing the spectral regime from far-UV (FUV) to radio
wavelengths.

2.1. Optical and NIR Spectra
2.1.1. SDSS-11I/BOSS

J0048-0046 was selected for spectroscopic follow-up in
SDSS-II (Eisenstein et al. 2011) as part of the “Reddened
Quasars” ancillary program®, which attempted to target quasars
with E(B — V) > 0.5 in the Stripe 82 area using a combination
of SDSS, Two Micron All Sky Survey (2MASS), and Faint
Images of the Radio Sky at Twenty Centimeters (FIRST)
photometry. SDSS-III uses the optical 2.5 m wide-angle
telescope at the Apache Point Observatory (Gunn et al.
2006). The BOSS spectrograph (Smee et al. 2013) uses fiber-
based spectroscopy with 2” diameter optical fibers. Light that
traverses through the fiber is beam split into a blue channel and
a red channel with corresponding wavelength ranges of
3600-6350 A and 5650-10,000 A.o The spectral resolution Qis
in the range of R = 1560 at 3700 A and R = 2650 at 6000 A.
Reduction procedures are carried out by the BOSS data
reduction pipeline idlspec2d described in Dawson et al. (2013).

The BOSS spectrum for JO048-0046 was taken on 2010
January 5, and is a combination of eight individual exposures,
each with a 15 minute integration time. The reported SDSS
pipeline redshift is z = 6.937; however, the spectral fit mistook
a broad [O 11] 5007 A line for Ly«. We instead use the reported
redshift value z_nogso =0.9379 4+ 0.0001, which omits QSO
templates when determining the best-fit spectral template. The
SDSS spectrum (see Figure 1) covers 2500-5050 A in the
quasar’s rest frame.

2.1.2. SALT/RSS

In order to more accurately constrain the kinematics of the
[Ne V] A3426 line, we obtained follow-up spectrum with a

8 https: //www.sdss.org/dr16 /algorithms /ancillary /boss /redqgso/


https://www.sdss.org/dr16/algorithms/ancillary/boss/redqso/

THE ASTROPHYSICAL JOURNAL, 929:79 (16pp), 2022 April 10

Swiggum et al.

81 — sDss
= NIRspec

[NellI] 3869

Mg I 2798
[O11] 3728

[ = -~
s ) L

w
s

(107 Tergs~tem2A1)
=~

—_
\IH__?

—
e
}m asked noise

(=2} I~
el =3
22

7

[S 10 6717
[S 1) 6731

[Fe VII] 6087

~Lmasked noise

0+ v v
2000 3000 4000

5000 6000

Wavelength(A)

Figure 1. Combined rest-frame SDSS BOSS (black) and NIRSPEC (red) spectra of J0048-0046. Prominent emission lines are labeled across the top. The error
spectrum for both BOSS and NIRSPEC and runs across the bottom, peaking at regions most affected by sky-subtraction residuals. The wavelength region between

5780 and 5930 A is masked due to poorly subtracted sky lines.

higher signal-to-noise ratio (S/N) around [Ne V] using the
South African Large Telescope (SALT) Robert Stobie
Spectrograph (RSS; Kobulnicky et al. 2003) (2015-1-SCI-
020, P.I.: C. Tremonti). The observation was carried out in
long-slit mode on 2015 August 8 with seeings of 173-1”5. We
used the RSS PG1300 grating with a 28° tilt angle, which
provides a resolving power of R~ 2200 for our observed
wavelength range of 6325 and 8148 A (3260-4200 A in the
target’s rest frame). Six exposures of J0048-0046 were taken
with the RSS at 1140 s each. Gain correction, bias correction,
and mosaicking of these exposures were performed by the
SALT data reduction pipeline (Crawford et al. 2010) and
further reduced using PyRAF. Wavelength calibration solu-
tions as a function of pixel positions were found by identifying
lines of an xenon arc lamp. These solutions were subsequently
applied to each exposure. Cosmic ray removal and background
subtraction were performed for each exposure. They were then
median combined into one 2D spectrum. We then applied
extinction correction, aperture extraction, and a heliocentric
correction to obtain our final 1D spectrum.

2.1.3. Keck/NIRSPEC

Spectra were obtained with the Near Infrared Spectrometer
(NIRSPEC; McLean et al. 1998) on board the Keck II telescope
on 2013 September 15 and 17. We used the NIRSPEC filters 1
and 3 corresponding to the Y and J bands to obtain spectral
coverage from 0.95-1.35 um, which includes the [OIII]
AA5007, 4959 and Ha lines in the quasar’s rest frame. We
used the 0776 x 42" long slit for a spectral resolution of
R=2000 or 150 kms . A series of 8 x300 s in the
NIRSPEC-1 filter and 12 x 300 exposures in the NIRSPEC-2
filter were taken at two different positions along the slit,
employing the standard ABBA slit nodding pattern.

The REDSPEC’ IDL package was used to make spatial and
spectral corrections to the raw data. The exposures were dark
subtracted and flat-fielded using an internal flat-field calibration
lamp. Sky subtraction was preformed by subtracting A-B pairs.
We performed relative flux calibrations and telluric absorption
corrections using spectra of standard stars observed the same
night. The wavelengths are calibrated to the vacuum

? https: //www2.keck.hawaii.edu /inst/nirspec /redspec.html

heliocentric system using spectra of internal arc lamps.
Following standard pipeline produces, we extracted calibrated
spectra, which were averaged to produce a final spectrum. The
standard deviation was used to create a final error spectrum.
Absolute flux calibration was not possible due to variable cloud
cover. We therefore scale the NIRSPEC spectrum to match the
SDSS spectrum in the 5030-5290 A region in the rest frame
which is free of emission lines. The SDSS and NIRSPEC data
both cover the [OI] AA4959, 5007 emission lines; the
agreement between the two spectra is excellent (see
Figure 1). Analysis of the co-added two-dimensional spectrum
does not reveal any spatially extended [O III] AM4959, 5007.

2.2. SDSS and WISE photometry

J0048-0046 is positioned within the SDSS Stripe 82 region
(S82), a300 deg” region on the celestial equator that was
repeatedly imaged in the ugriz filters to create a unique
database for studying variability (see Abazajian et al. 2009).
We use 11 epochs of the photometric data products output from
the official SDSS data release images, with the latest being
from Data Release 16 (DR16). Hereafter, we refer to all 11
epochs as DR16. These data are reduced using the SDSS
photometric pipeline (Lupton et al. 2001; Stoughton et al.
2002) and the product is located on CASIO, which provides an
SQL interface for obtaining product data.

To extract morphological parameters and constrain para-
meters for proper variability analysis, we utilize the deep co-
add images of the S82 database from Fliri & Trujillo (2016),
which reach 30 values of 24.2, 25.2, 24.7, 24.3, and 23.0 mag
in the ugriz filters. Since the S82 co-adds are on average four
magnitudes deeper than individual SDSS images, we apply our
own photometric analysis to these co-adds of J0048-0046 and
its neighboring galaxy (Figure 5) using GALFITM (Vika et al.
2013), a photometric-fitting code with its core procedures
inherited from the GALFIT package Peng et al. 2002.
GALFITM incorporates the ability to fit morphological
parameters as a function of wavelength, which is useful for
our available multiband images.

Our analysis provides us with an estimate of the effective
radius (Rsq) of J0048-0046 to be compared with the subsample

10 http://skyserver.sdss.org /CasJobs /SubmitJob.aspx
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of Hubble Space Telescope (HST)-imaged ERQs from
Zakamska et al. (2019). Point-spread function (PSF) images
for the field are provided by Fliri & Trujillo (2016), which are
input to GALFITM and are incorporated by the program before
the model fitting is performed. Sigma images are created in-
house by GALFITM through retrieval of the FITS header keys
EXPTIME, GAIN, and NCOMBINE (set to 303). We fit
JO048-0046 with both a PSF and a Sérsic model simulta-
neously, whereas we fit the companion galaxy with a Sérsic
model only. Morphological fitting parameters, including the
sources’ effective radii (R50), Sérsic indices, axis ratios, and
position angles are fit as a quadratic function of wavelength,
while source Sérsic/PSF magnitudes and centroids are allowed
to freely vary. Initial values are informed from the SDSS DR16
photObj table. GALFITM performs the fitting on both J0048
and the companion simultaneously using the Levenberg—
Marquardt minimization algorithm.

Since the companion galaxy’s centroid is only ~2
arcseconds away from that of J0048-0046, it is possible that
nightly changes in seeing affect the SDSS pipeline’s deble-
nding of the two sources; flux measurements of J0048-0046
could see some epochs including contaminating light from the
companion. We perform additional photometric analysis on the
11 SDSS data release images of J0048-0046 and the
companion in each of the griz bands. We follow the same
method using GALFITM as applied to the S82 co-add,
however we only fit a Sérsic model to J0048-0046 and neglect
the PSF model as the low S/N in some of the images causes
issues with parameter degeneracy (specifically in the magni-
tudes and centroids) when using both Sérsic and PSF models.
The starting parameters for the Sérsic models of J0048-0046
and its companion are informed by the S82 co-add results. For
each epoch, we follow the prescription of Anderson & King
(2000) and its Python implementation from Bradley et al.
(2021) to construct PSF images from high S/N stars in the
same field as J0048-0046. The best-fit GALFITM model
parameters for J0048-0046 and its companion are listed in
Table 2.

The Wide-field Infrared Survey Explorer (WISE; Wright
et al. 2010) provides infrared magnitudes in filters centered at
34, 4.6, 12, and 22 pym (hereafter, W1, W2, W3, and W4,
respectively.) These data are used to construct the SED of
J0048-0046 (Section 3.2) and to calculate its bolometric
luminosity (Table 1). We utilize photometry from the unWISE
co-adds (Lang 2014), which provide better resolution and S/N
than the original co-add images. We note that the minor axis
FWHMs of the four filters range from 5”6-11”65 meaning that
J0048-0046 and its neighboring galaxy ~2” away (Figure 5)
are not resolved separately. However, in Section 3.2, we show
that the bluer and less luminous companion (in the u, , and z
bands) galaxy is unlikely to be contributing more than ~5% of
the flux in the WISE bands. WISE luminosities were calculated
by first converting the reported Vega magnitudes to flux
densities and using the appropriate color corrections (Wright
et al. 2010). The WISE W1-W4 data reported in Table 1 were
obtained in the middle of 2010. Multiyear detections in the W1
and W2 bands are also available from late-2013 until late-2018
through the NEOWISE survey (Mainzer et al. 2011), providing
a time-series data set that we use to investigate IR variability in
J0048-0046.

Swiggum et al.

Table 1
J0048-0046 Optical, Infrared, and Radio Properties

Name Wavelength log;o(L) EW log10(Lior)

(erg s7h A (erg s7h
Mg II 2798 A 41.92493! 192+ 17.1
[Ne V] 3345 A 42015534 2274279
[Ne V] 3426 A 4244404 62.9 +39.2 4639502
[0 1] 3728 A 42.15+018 28.6 + 13.19
[Ne 1] 3869 A 42.087931 16.7 +22.6
[0 m] 5007 A 43174018 221.6 +32.8 46431922
Ha 6562 A 42.897033 1232 +£21.3
Wi 3.4 ym 44.971591
w2 4.6 ym 45261091
W3 12 pm 45667093 4659109
W4 22 yim 45.93+0%3 46.65%0%;
FIRST 1.435 GHz 41.0375%

Note. Luminosities, emission line equivalent widths, and bolometric
luminosities calculated from SDSS+NIRSPEC, WISE, and FIRST. Properties
of the [O 111] doublet, [Ne V], and Ho are calculated using the combined best-fit
profiles (see Section 3.1).

2.3. Other Photometric Data

Other sources of photometric data were obtained to further
study the presence of optical variability in J0048-0046 and to
complete its SED.

The Panoramic Survey Telescope and Rapid Response
System (Pan-STARRSI1-PS1; Chambers et al. 2016) Data
Release 2 extends our catalog of optical photometry for our
SED in the grizy passbands. Data was obtained using the
MAST CAS SQL'' interface, extracting dates, Kron magni-
tudes, their respective errors, and photometric flags. While
multiple epochs of data are taken of J0048-0046, they are
sparse and do not meet our requirements for accurate variability
analysis.

For the purpose of classifying J0048-0046 as either radio
quiet or radio loud and in order to draw a connection to ionized
outflows, we use a radio flux density measurement at 1435
MHz provided by the FIRST (Becker et al. 1995) survey,
which utilized the NRAO Very Large Array.

Additionally, we construct a more complete baseline for our
SED by utilizing photometric data in the UV and near-IR.
NASA'’s Galaxy Evolution Explorer (GALEX; Martin et al.
2005) provides one epoch of ultraviolet data in the FUV
(A=1258 A) and the near-UV (NUV; A=2310A). The
images have FWHMs of 4”2 and 5”3 in the FUV and NUV,
respectively, and therefore, light from the companion galaxy 2"
away will contribute a fraction of the observed flux. We
consider this further in Section 3.2.

The United Kingdom Infrared Telescope Deep Sky Survey
(UKIDSS; Lawrence et al. 2007) provides fluxes from its Wide
Field Camera (Casali et al. 2007) in the ¥ (A= 1.03 um),
J(A=1.25pm), H(A=1.63 um), and K (A =2.20 pm) filters.
Measurements of total magnitudes for extended sources are
problematic in the UKIDSS public catalogs. We therefore use
the APER3 magnitudes corrected following the procedure
outlined in Bundy et al. (2015).

1 https://catalogs.mast.stsci.edu
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Table 2
GALFITM Parameters

Filter Object Model Flux R. Sérsic Index b/a P.A.

mag ” deg
u J0048 PSF 23.40 £+ 0.05
g J0048 PSF 23.28 £ 0.05
r J0048 PSF 22.32 £ 0.05
i J0048 PSF 21.54 £+ 0.05
z J0048 PSF 20.70 £+ 0.05
u J0048 Sérsic 23.60 £ 0.05 0.07 +0.10 1.69 +2.52 0.91 £+ 0.39 58.55 +30.59
g J0048 Sérsic 23.23 £ 0.05 0.30 £+ 0.05 1.52 +£1.33 0.62 £+ 0.20 42.35 £ 16.03
r J0048 Sérsic 22.27 £+ 0.05 0.66 £ 0.04 1.29 £+ 0.47 0.40 £ 0.06 2525 £5.22
i J0048 Sérsic 21.49 £0.05 1.11 £0.06 1.06 £ 0.32 0.31 £0.03 11.15 £2.52
z 10048 Sérsic 20.65 £ 0.05 1.71 £0.1 0.79 £ 0.31 0.32 4+ 0.05 —1.65 £+ 3.46
u Neighbor Sérsic 23.70 £+ 0.04 0.51 £+ 0.06 3.05 £ 1.03 0.14 £ 0.18 —57.09 £ 9.51
g Neighbor Sérsic 22.24 £ 0.04 0.52 +0.02 1.92 +0.43 0.58 £+ 0.05 —49.08 £+ 5.05
r Neighbor Sérsic 21.71 £0.04 0.57 £0.03 0.94 £0.22 0.78 £ 0.05 —48.01 £4.97
i Neighbor Sérsic 21.50 £ 0.04 0.59 4+ 0.03 0.36 +0.28 0.65 £+ 0.05 —55.59 +4.81
z Neighbor Sérsic 21.88 £+ 0.04 0.61 +0.10 0.14 £ 091 0.15+0.21 —7325+17.62

Note. Best-fit GALFITM parameters for JO048 and its neighboring galaxy, applied to the S82 co-add griz images. Column

To display a color image of the field surrounding J0048-
0046 (Figure 6), we use publicly available data from the Dark
Energy Camera Legacy Survey (DECaLS) of the SDSS
Equatorial Sky Data Release 8 (PIs: D. Schlegel and A.
Dey), observed by the Dark Energy Camera (Flaugher et al.
2015) and part of the 14,000 deg” DESI Legacy Imaging
Surveys (Dey et al. 2019). Data consist of observations in the
grz optical bands with depths of at least g =24.0, r =234,
and z =22.5 mag, 1-2 mag deeper than SDSS photometry.

2.4. Bolometric and Radio Luminosity

Calculating the bolometric and radio luminosity of J0048-
0046 is necessary to get a complete view of the radiative and
mechanical power of this source, and understand how this
source compares to the full population of quasars as specified
by the quasar luminosity function. We use a combination of
infrared and optical data to estimate the bolometric luminosity
of J0048-0046 and the FIRST radio flux density for the radio
luminosity. Our adopted cosmological parameters (Section 1)
with the estimated redshift are used to infer the luminosity
distance to J0048-0046.

The infrared flux values from the WISE W3 and W4
passbands are used to infer AGN bolometric luminosities via
the bolometric corrections defined in Runnoe et al. (2012). We
follow a procedure for obtaining the W3 and W4 luminosities
by first converting the reported Vega magnitudes to flux
densities (Jansky). We follow flux conversion methods and
color corrections'? with guidance from Wright et al. (2010).
We use the conversion given as

*
FI/O

F [lyl = X 107 Men/23,

where F*, is the zero magnitude flux density for sources
following a power-law spectrum of F,ocv~® and f. is the
color correction factor for sources deviating from such a power
law (F, oc v (Y). According to our reported W2-W3 and W3-
W4 colors, the MIR spectra of J0048-0046 is approximately a

12 http: / /wise2.ipac.caltech.edu/docs /release /allsky /expsup /sec4_4h.html

power law with o = 2; hence, f, = 1. Additionally, it is reported
that a correction to the W4 flux density must be made for
steeply rising MIR spectra (ow>1), due to calibration
uncertainties. This correction follows as: F/,[W4]~
0.90 x F,[W4]. We use Equations (6) and (8) from Runnoe
et al. (2012) to calculate our source’s bolometric luminosity
from its W3 and W4 luminosities.

Estimates of AGN bolometric luminosity are also calculated
using the [O 1] AS007 and [Ne V] A3426 emission lines. We
calculate the luminosity of both lines using the combined
narrow and broad components of the fits described in
Section 3.1. We adopt Equation (3) from Pennell et al.
(2017) to compute an [O 1] A5007 bolometric luminosity.
Since [Ne V] A3426 has a much higher ionization potential than
[O11], it is an even better tracer of AGN activity. However,
there are no published bolometric corrections for [Ne V]. We
instead use the work of Gilli et al. (2010), who computed the
relationship between 2 and 10keV (X-ray) and [Ne V] A3426
using a sample of AGN at z=0-1.5, finding
Ly/Lne v ~400. We then utilize luminosity-dependent X-ray
bolometric correction of (Duras et al. 2020, their Equation (3)).
Taking the median luminosity of the Gilli sample to be
Ly 190y =44.5, we find an X-ray bolometric correction of
Kx=22.12. Combining this with the Ly/Ly. v ratio, yields a
[Ne V] bolometric correction of 8848. Neither the [O III] nor the
[Ne V] bolometric corrections require that the emission lines
have been corrected for dust attenuation. In any case, we are
unable to determine an accurate attenuation for the NLR with
our current data due to large sky residuals near HG. We use the
host galaxy Ay value of 0.17 calculated in Section 4.2 to correct
for attenuation in the NLR and find that [O1II] and [Ne V]
bolometric luminosities increase by a factor of 1.17, however
this estimate is highly uncertain and thus we prefer to consider
the uncorrected luminosities.

The bolometric luminosities computed from WISE W3 and
W4 and the emission lines of [Ne V] and [O III] are reported in
Table 1. The four different tracers yield an average of
log Ly = 46.52 + 0.46, with the emission line luminosities
being 0.1-0.2 dex lower than the IR luminosities. This may be


http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec4_4h.html
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due to a small contribution of light from the companion source
to the WISE bands. J0048-0046 was included in a sample of
IR-bright dust obscured galaxies (DOGs; Toba et al. 2017)
whose bolometric luminosities were estimated using SED
fitting. They report log;o(Lyo) = 46.26 erg s, slightly lower
than the values we find. However, the overall agreement among
the various tracers of bolometric luminosity is very good,
considering the large amount of scatter seen in the galaxies
used to calibrate bolometric corrections (40.3 dex; Duras et al.
2020).

Using the bolometric luminosity calculated from the [O III]
band, we compare to the QLF from Shen et al. (2020) (see
Figure 4 in their work) and find that J0O048-0046 is ~3 times
more luminous than a typical quasar at z= 1. We also note that
J0048-0046 is slightly less luminous than the median bolometric
luminosity of core ERQs (log;o(Lyor) ~47.1 erg sfl) which were
estimated using the W3 band.

We compute the radio luminosity of J0048-0046 using the
FIRST reported flux density at a central observed-frame
frequency of vy =1.435GHz. Following Hwang et al.
(2018), we calculate the radio luminosity as

VLI/ - 47TD]%(1 + Z)717Q(V/V0bs)l+al/obsFynbs7 (1)

where the k-correction is applied to the rest-frame frequency,
v =2.77 GHz, of J0048-0046 and a spectral index of a = —0.7
is assumed. F;, is the observed flux density and D is the
luminosity distance calculated using our assumed cosmological
parameters.

The radio luminosity is reported in Table 1. The threshold
for an ERQ to be considered radio loud is estimated by Hwang
et al. (2018) to be vL,[5GHz] > 10*"¥ergs™" given their
average [O 1] luminosity (Xu et al. 1999). This threshold
criterion establishes J0048-0046 as a radio-quiet AGN.

3. Spectral Analysis
3.1. Emission Lines

We display the BOSS and NIRSPEC spectra jointly in
Figure 1. Upon initial visual inspection of the BOSS spectrum,
it is apparent that the optical light of J0048-0046 is composed
of two main components. The continuum light of J0048-0046
is dominated by starlight from the host galaxy (discussed in
detail in Section 4.2). On top of this strong host galaxy
continuum are emission lines typical of Type 2 AGN,
specifically [NeTI] A3869, [Ne V] AA3345, 3426, and [O 1]
AN959, 5007. Due to sky noise at 4861 A, we are not able to
comment on the line profile of HG in our SDSS spectrum and
Ha is heavily blended with [N 1I]. However, we do see MgII
A2798, a line that is typically broad in Type 1 AGNs. While
Mg 11 is highly broadened (FWHM ~ 36 A), it does not show
the classical Lorentzian shape common in Type 1 AGN, rather
it appears to have a similar velocity structure to the lines
associated with the NLR. This is similar to core ERQs, where
the UV broad emission lines (e.g., NV, S1v, and C1V) are
found to lack broad wings. Hamann et al. (2017) suggest that
these unusual line kinematics are the result of outflows and
spatially extended BLRs that may connect to the low-density
forbidden line regions farther out.

There are peculiarities present in the NLR of J0048-0046
that are apparent with an initial visual inspection of Figure 1.
One of these peculiarities is the strong blueshift and broadening
in the NLR (Figures 1 and 2). In fact, this causes [O IITI] A5007
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Figure 2. Velocity profile of [Ne V] A3426 from the SALT spectrum and
[O 1] A5007 from the BOSS spectrum. The red line indicates the emission
lines’ rest-frame zero velocity. The y-axis is in arbitrary units of flux since we
are not able to flux calibrate with the SALT data.

to blend with [OTII] _A4959. In contrast, the [OTI] A3728 is
narrow (FWHM ~ 7 A) and shows no blueshift to its centroid.
We use the multicomponent fitting method described in
Perrotta et al. (2019) to decompose the line profile and
calculate wgg and vog of [O III] and [Ne V]. The wgq parameter is
a measure of the velocity interval containing 90% of the line
flux, excluding the most blue/redshifted regions of the line.
The vgg parameter is measured as 98% of the line flux from
positive velocities to negative velocities with respect to the
systemic redshift. It can thus be thought of a near-maximum
estimate of the outflow velocity. To estimate the error on wyg
and vog, due to uncertainties in the fit, we consider the best-
fitting parameters uncorrelated, vary them in a range of £lo,
and calculate the resulting change in woy and vog. We adopt the
maximal variation of these values as an upper limit error with
typical value of 200-300 km s~ '. An additional fit is performed
on the Ha+[N 1I] emission by allowing a varying broad Ha



THE ASTROPHYSICAL JOURNAL, 929:79 (16pp), 2022 April 10

f([NeV])/ f([NellI])

O qrm——

—4000 —3000 —2000 —1000 1000

Velocity (km s™1)
Figure 3. Continuum-subtracted flux ratio of [Ne V] \3426 to [Ne I1I] A\3869
from the BOSS spectrum smoothed by a 10 pixel boxcar. Both emission lines

have been transformed to velocity space based on their respective center
wavelengths.

component while assuming a 1:3 ratio between the two [N II]
features, along with fixed-width narrow components set equal
to that of [O1I] (7 A), therefore giving us a cleaner estimate of
the Ha luminosity and equivalent width (EW) for Table 1.

The retrieved woq of [O 1] is 4008 + 378 km s, very close
to the median woo of 4050 kms~! for the core ERQs. We
retrieve an [O 1] veg of —4095 +423kms ™', slightly more
blueshifted than the core ERQ median of —3528 kms™'. The
line fitting for [Ne V] yields a woq of 3469 + 300 km s 'and a
vog of —4013 +300 kms~'. Similarities in both parameters
between the two lines suggests that they are likely part of the
same 0utﬂ0\°)v. The REW of [O1I] A5007 is 218 A, approxi-
mately 100 A higher than the median REW of the Perrotta et al.
(2019) sample, which is partially driven by the relatively faint
continuum.

Another indicator of quasar feedback observed in J0048-
0046 is the atypical emission line ratios of the NLR. We report
emission line luminosities in Table 1. We correct for
foreground Milky Way dust attenuation but do not correct for
attenuation intrinsic to the source, as the S/N in the region of
Hp is too low. For comparison, we use the reported line ratios
of the Type 2 quasar spectrum from Zakamska et al. (2003).
The ratio of [O1II] A5007/[O 1] A3727 is 6.7 in J0048-0046
compared to 1.8 from the Type 2 composite. Additionally, the
ratio of [Ne V] A\3426/[Ne 1] \3869 is 2.95, whereas in the
Type 2 composite it is 0.68. When considering the profile of
the [Ne V] to [Nelll] ratio (Figure 3), we find that higher
outflow velocities have higher [Ne V]/[Ne I1I], indicating a link
between the outflow and the ionization state of the gas. [Ne V]
is an excellent indicator of AGN activity given its high
ionization potential of 97 eV (Gilli et al. 2010); however, this
line can also arise from photoionization by Wolf-Rayet stars
found in young starbursts (Abel & Satyapal 2008). Such
starbursts have been observed to be young (~3 Myr) with
extreme SFR surface densities (Xsgr ~ 3000 M. yr— ' kpe™";
Sell et al. 2014). Given the many signs of AGN activity in
J0048-0046 and a lack of a powerful starburst (see Section 4.2),
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we infer that [Ne V] predominantly traces AGN activity in this
source.

3.2. Broadband Spectral Energy Distribution

Photometry over a wide baseline of wavelengths contribute
to the SED of J0048-0046: GALEX, SDSS Pan-STARRSI,
UKIDSS, and WISE photometric measurements (Section 2)
build the quasar’s spectral shape from the FUV to the IR. In
Figure 4, we compare the SED of J0048-0046 to the SEDs of
several types of quasars. We use a Type 1 QSO composite
template from Polletta et al. (2008) and a Type 2 QSO template
from Hickox et al. (2017).

As noted in Section 2, the apparent merging companion of
J0048-0046 cannot be deblended in the WISE and GALEX
data and likely contributes to the observed flux at these
wavelengths. In Figure 4, we show the fluxes of J0048-0046
and the companion in the SDSS bands as green circles and red
stars, respectively; the sum of the two fluxes is shown as
magenta stars. The companion’s z band flux (\s ~ 4600 A) is
only 22% that of J0048-0046 and it is undetected the UKIDSS
YJHK bands. In addition, it is 0.5 mag bluer in g — i suggesting
that it is lower mass and less dusty. To quantify the
companion’s potential contribution to the WISE and GALEX
bands, we use the Prospector code (Leja et al. 2019;
Johnson et al. 2021) to fit the galaxy’s SDSS photometry and to
predict its full SED. The code models both the stellar light and
dust reprocessed emission. We use the same models and priors
used in Davis et al. (submitted) and we assume the companion
is at the same redshift as J0048-0046 on account of the tidal
bridge between the two (Figure 5). Prospector employs a
gridless, Bayesian parameter estimation with the incorporation
of robust posterior sampling algorithms. We randomly draw
models from the probability distribution function and synthe-
size their GALEX and WISE magnitudes. Taking the 84th
percentile of the simulated magnitude distribution, we compute
the potential contribution of the companion to the flux in each
band. The GALEX FUV samples wavelengths below the
Lyman break, so the contribution is negligible; in the NUV it is
<7%. In the WISE bands the companion contributes 4% in
W1, 1% in W2, 0.5% in W3, and 0.1% in W4 to the total flux.
Nonetheless, it may be most appropriate to consider the SED of
the merging pair, which is shown as the dashed black line.

Figure 4 shows that J0048-0046 has a dramatically different
spectral shape than a typical Type 1 QSO and a Type 1 QSO
behind a Calzetti et al. (2000) dust-reddening screen with E
(B—V)=1. There is a strong deviation in overall spectral
shape which becomes particularly severe at wavelengths less
than 6000 A. This demonstrates that J0048-0046 is not
consistent with being a typical Type 1 quasar seen behind an
unusually large dust-reddening screen.

The Type 2 QSO template is a reasonably good match to our
source’s SED at optical wavelengths on account of the
significant starlight contribution in J0048-0046 (Section 4.2).
However, the Type 2 template is relatively flat at wavelengths
redder than 0.5 um, whereas the flux of J0048-0046 increases
by nearly an order of magnitude. The notable bump in our
sources SED around 0.45 pm is a feature of the starlight (which
can be seen more clearly in Figure 7). The [O III] line emission
contributes strongly to the Pan-STARRS y band, but emission
lines impact the other optical+NIR filters by less than 20%.
The prominent 0.45 yum SED bump is evident even when the
photometry is corrected for the contribution of emission lines.
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Figure 4. Rest-frame SED of J0048-0046 (black line, colored circles) compared to the core ERQ sample of (Hamann et al. 2017, purple). Type 1 (blue) and Type 2
(yellow) quasar templates from Polletta et al. (2008) and Hickox et al. (2017) are shown for comparison, along with a reddened Type 1 quasar (E(B — V) = 1; red).
SEDs are normalized to a common value at 10 pm for visualization purposes. The star symbols show the optical SED of the companion galaxy (red) and its combined
flux with J0048-0046 (magenta). The two galaxies are unresolved in the WISE and GALEX bands (see Section 3.2). The SED of J0048-0046 is most similar to the
SED of the core ERQs. However, it is somewhat redder and it shows a bump at 0.45 pm, due to the contribution of starlight to the SED.

The importance of emission lines to the broadband SED may
be greater in the UV with the bump near 0.12 ym potentially
arising from Lya + NV A1240.

The SED of J0048-0046 is most similar to the SED of the
core ERQs of Hamann et al. (2017). In particular, the SED rises
strongly above 1 um, indicating a a heavily obscured AGN, but
is surprisingly flat below 1 ym compared to the expectation of a
simple foreground screen dust reddening. This unusual SED
shape could arise due a clumpy dust distribution where some of
the UV light is completely absorbed and re-radiated in the IR
and some is transmitted along less attenuated sightlines. It is
evident that our source is slightly more reddened than the core
ERQ sample; however, it is well within the scatter of the
individual core ERQ SEDs as shown in Figure 16 of Hamann
et al. (2017). The primary difference in the SEDs is the bump
near 0.45 pm, which suggests that the optical spectrum of
J0048-0046 is dominated by starlight. It is possible that our
source may be a Type 2 ERQ (see Ross et al. 2015 for some
additional examples of Type 2 ERQs.) In this case, some of the
UV light might be due to dust scattered QSO continuum.
Alternatively, it could be a Typel ERQ where the QSO
continuum that does penetrate a clumpy dust distribution is
much more heavily reddened than the host galaxy, allowing the
latter to dominate.

The rest-frame ultraviolet to MIR color of J0048-0046 is
i — W3 =5.2 mag (AB), meeting the threshold of i — W3 > 4.6
mag employed by Hamann et al. (2017). We calculate that this
color would be i — W3 =6.5 mag if J0048-0046 were at the
median core ERQ redshift (z = 2.5), consistent with the overall
redder SED profile of J0048-0046.

4. Host Galaxy Analysis
4.1. Morphology

The optical spectrum of J0048-0046 (Figure 1) appears to be
dominated by starlight (see Section 4.2 for a quantitative
analysis). This provides us with a unique opportunity to study

the host galaxy of a candidate ERQ. In Figure 5, we show the
deep ugriz S82 co-add images (Fliri & Trujillo 2016) of J0048-
0046 and its neighboring galaxy. The median PSF FWHM is
~1”1; therefore, we cannot resolve substructure smaller than
~8.7 kpc, limiting our analysis to very basic properties.

The most notable feature of the S82 co-add image, shown in
Figure 5, is the existence of a lower luminosity source to the
southwest of J0048-0046; the apparent bridge-like structure
between the two indicates that it may be a merging companion.
However, we acknowledge the possibility that this apparent
companion is simply a background source. The companion
galaxy is 2”5 from J0048-0046, and was not included in the
SDSS 2" diameter fiber spectrum, so we have no information
on its redshift at present.

Resultant magnitude values from our GALFITM analysis of
the S82 co-add (Section 2.2) for both sources are reported in
each panel of Figure 5. We obtain a g-band Rsy value of
(0.30 £0.05)" or (2.42+0.40) kpc for J0048-0046 and
(0.52 +0.05)" or (4.204+0.1) kpc for the neighbor. The
quoted errors are purely statistical (Peng et al. 2002) and do
not reflect the uncertainty of our PSF model. The Rs, of J0048-
0046 is roughly a factor of 2 lower than the average Rsy from
the 10 ERQs with HST-imaged host galaxies (Zakamska et al.
2019).

In Figure 6, we show a larger DECaLS color image centered
on J0048-0046. The companion appears significantly bluer
than J0048-0046. Indeed, the SDSS (g — i) colors are 1.5 and
1.0 for J0048-0046 and the companion, respectively. The
DECaLS image does not show any hints of a surrounding
larger scale structure such as a galaxy cluster or massive group.

4.2. Stellar Mass and Star Formation History

The fact that J0048-0046 is dominated by host galaxy light
presents us with a rare opportunity to investigate the stellar
population of an ERQ host. We fit the combined SDSS and
NIRSPEC spectrum with stellar population synthesis models.
We use simple stellar population (SSP) models generated with
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Figure 5. SDSS ugriz images of J0048-0046 from the Fliri & Trujillo (2016)
Stripe 82 co-addition. J0048-0046 is encircled in the -band image. The fainter
source to the southwest of J0048-0046 is a possible merging companion, as
indicated by the apparent tail-like structure between the two galaxies. In each
panel, numbers are the computed magnitudes from GALFITM for J0048-0046
(left) and the companion (right) (see the Appendix). The quoted magnitudes for
J0048-0046 are the combination of its fitted Sérsic and PSF magnitudes. The
ugriz filters probe rest-frame wavelengths of 1830, 2410, 3180, 3860, and
4600 A, respectively.

the Flexible Stellar Population Synthesis code (Conroy et al.
2009; Conroy & Gunn 2010) using Padova 2008 isochrones, a
Salpeter (1955) IMF, and a new theoretical stellar library
“C3K” (C. Conroy et al., 2022, in preparation) with a
resolution of R ~ 10,000. Because the S/N of our spectrum
is low (~3 per pixel), we utilize a fairly sparse model grid,
consisting of 12 solar metallicity SSPs with ages of 1, 5, 25,
100, 200, 315, 400, 500, 630, 1000, 2000, and 5600 Myr.
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Figure 6. Color image from a combination of the DECaLS grz images (Dey
et al. 2019) showing the larger scale environment of J0048-0046. JO048-0046
and its possible companion are encircled in the center.

(At z=10.94 the universe is roughly 6.1 Gyr old.) We convolve
our template spectra to SDSS resolution (R ~ 2000) and then
further convolve them to the galaxy’s velocity dispersion,
which we vary between o = 100-200 kms ™"

Because our spectrum contains a mix of quasar and galaxy
light, we also include a Type 1 quasar template from Polletta
et al. (2008). The quasar template was built from a combination
of photometry and spectroscopy with the spectroscopic portion
of the template extending to 6000 A. We patch the template at
wavelengths of 6000-7250 A with an SDSS quasar composite
spectrum that we generated by selecting and stacking the
spectra of high luminosity quasars (log L3ggg > 45) drawn from
the Shen et al. (2011) quasar catalog. Since the Ha line is
masked out of our fit, the motivation for the patch is primarily
esthetic, when comparing the quasar and host galaxy light
contributions (see Figure 7).

In our model, the stellar populations and the quasar
experience different dust attenuation. For the stellar popula-
tions, we use a dust attenuation curve appropriate for massive
high-z galaxies from Salim et al. (2018). For the quasar, we use
the AGN attenuation curve derived by Gaskell & Benker
(2007), which lacks a 2200 A bump and is flatter than the curve
we use for the host galaxy.

After carefully masking regions of bad data and emission
lines, we fit the model to our data using a custom built IDL
code which is based on the mpfitfun routine (Mark-
wardt 2009). The model returns the fraction of light contributed
by each template (SSPs, QSO) at 5500 A and the reddening
applied to the starlight and QSO light. The fit is carried out over
the full wavelength range of our SDSS + NIRSPEC spectrum,
which is 2000-7000 A in the galaxy’s rest frame. We
considered including photometric data in our fit to extend the
wavelength baseline, but our dust model is too simple
(a foreground screen) and we do not model dust emission
which would be required to reproduce the IR SED. To insure
that the fit does not get stuck in a local minimum, we run our
code 500 times with the starting parameters of the fit and the
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Figure 7. Combined SDSS and NIRSPEC spectrum (black) with the best-fit stellar population synthesis model overlaid (magenta). Regions of the spectrum that are
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(blue). Photometric data from the SDSS Stripe 82 co-add (ugriz) and UKIDSS (YJH) are overlaid (blue points). We have normalized the spectrum to match the SDSS
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velocity dispersion randomly varied. We then adopt the model
with the lowest y* as our best fit.

In Figure 7, we show our best-fit models overplotted on the
data. The QSO is highly reddened (E(B—V)=0.34,
Ay=1.76), while the starlight is minimally reddened (E
(B—V)=0.06, Ay,=0.17). However, ERQs are known to
have a large scattered light contribution in the UV (Alexandroff
et al. 2018), and thus the reddening computed for the QSO
assuming our simple dust model should not be considered
physically realistic. As we discussed in Section 3.2, a simple
foreground screen dust model is unlikely to be able to
reproduce the UV-IR SED of ERQs. The QSO contributes
~16% of the light at 4000 A, but more than 35% _below the
Balmer break and at wavelengths longer than 8000 A. While it
is possible to obtain a good fit to the data without including the
QSO template, this increases the reduced x> by 9%.

The stellar population is entirely dominated by a single SSP
with an age of 400 Myr, suggesting the host galaxy is a post-
starburst (see, Wild et al. 2009). Given that our code does not
favor the inclusion of 300 or 500 Myr old templates in the fit,
we can conclude that the burst had a short duration. If we
assume that the stellar mass ascribed to the 400 Myr old

10

population formed at a constant rate over 100 Myr, it implies a
star formation rate of 560 M. yr ', consistent with values
found for submillimeter galaxies (see, Dudzeviciuté et al.
2020).

Whether star formation is truly shutoff at present is difficult
to precisely ascertain from SSP fitting because there is some
degeneracy between the QSO spectrum and a very young
stellar population (e.g., both are relatively featureless and blue
over the range of wavelengths considered here). An alternative
approach to estimating the SFR in the last 10 Myr is to use the
nebular emission lines. In J0048-0046, the Ha line (Figures 1,
7) is broad, blueshifted, and blended with [NII] A\6548,
6584, its ionization is likely dominated by the AGN. However,
[O 1] AN3726, 3729 is relatively narrow (FWHM = 7A) and
appears to trace the host galaxy kinematics, suggesting that it
does not arise in the AGN outflow. Unfortunately, [O 1] is far
from an ideal SFR indicator due to its strong sensitivity to dust
and metallicity (Moustakas et al. 2006). To partially account
for this, Moustakas et al. (2006) derive calibrations between
SFR and Loy (uncorrected for dust) in bins of B-band
luminosity. The host galaxy of J0048-0046 has
log(Lp/Lp.e) = 11.09, placing it in the highest luminosity
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bin defined by Moustakas et al. (2006). Using their SFR
calibration and our measured logL;p;; (Table 1), we find

SFR = 7213 M., yr~', where the error bars reflect the SFR
calibration uncertainty. This should be considered an upper
limit on the ongoing SFR, as the [O II] may partly arise from
the AGN or from ionization by evolved stars (Yan et al. 2000).
Taking the derived numbers for the past and present value of
the SFR at face value, we see that star formation has decreased
by a factor of 5-14 over the past 400 Myr, even if star
formation is still ongoing at some level. This confirms the post-
starburst nature of the host galaxy. The Lick Hé absorption
index is 7.2 4 2.7, consistent with the H6 > 5 criterion adopted
by Alatalo et al. (2016) for their sample of shocked post-
starbursts.

The spectral fitting algorithm finds a M/L ratio, which
suggests a total stellar mass of 5.6 x 10" M, assuming a
Salpeter (1955) IMF; however, this is likely a lower limit. The
fact that our code fails to find evidence of an older stellar
population is, in part, due to a tendency of our code to use a
minimum number of templates to fit the data. (A similar
behavior is present in other stellar population fitting software
such as pPXF Cappellari 2017.) If we force our fit to put no
more than 50% of the mass at stellar ages <2 Gyr, we increase
the reduced x? by only 1% since the 5.6 Gyr SSP contributes
minimally (0.1%-10%) to the total stellar light. With our
young /intermediate age population thus limited, the stellar
mass increases by a factor of 1.8-9.8 x 10'° M, which we
take to be our upper limit on the mass. Plugging our plausible
range of stellar masses (5.6-9.8 x 10' M.) into the Zahid
et al. (2016) scaling relation between stellar mass and Velocit?'
dispersion, we predict a velocity dispersion of 161-189 kms™ ",
whereas our measured dispersion is 140 kms~'. However, the
starlight in our galaxy is clearly dominated by the young burst,
which is likely to be centrally concentrated and more rotation
dominated (Mihos & Hernquist 1994; Hopkins et al.
2008, 2009) and thus the measured dispersion may not trace
the galaxy’s full potential well.

5. Variability

Upon an initial inspection of the optical spectrum of J0048-
0046, its prevalent narrow-line emission makes it tempting to
classify the source as a Type 2 quasar. Through AGN
unification models, it is expected (and observed) that Type 2
quasars show little to no optical variability due to obstruction
around their coronal region (Bershady et al. 1998; Sarajedini
et al. 2006; Yip et al. 2009). This idea has persisted through a
more recent analysis of extreme variability quasars (EVQs;
Barth et al. 2014) with Ag=~ 1, which found that EVQs in
Type 2 samples are actually Type 1.8 and 1.9 contaminants.
Given that J0048-0046 is not a standard Type 2 quasar
(Section 3.2), stellar population modeling favors a QSO
contribution to its optical spectrum (Section 4.2), and it is
conveniently located in the S82 region (Section 2.2), we are
motivated to investigate the source for variability. Moreover,
no ERQ to date has been observed with high-cadence, time-
series photometry, making J0048-0046 the first ERQ to be
investigated for variable properties.

Using the SDSS Data Release 16 (DR16) and NEOWISE
data products described in Section 2.2, we construct light
curves to inspect for variability in JO048-0046. Note that the
SDSS u band is dropped for variability inspection due to its
large error bars. An initial examination of the light curve shows
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Figure 8. SDSS r-band light curve of J0048-0046 with blue points showing the
model magnitudes taken directly from SDSS DR16 photometric catalog and
orange points showing the output of GALFITM applied to the DR16 images
(Section 2.2). The magenta points show the combined magnitudes of J0048-
0046 and its companion as calculated by GALFITM. Variations in the
deblending of the two sources by the SDSS photometric pipeline lead to
apparent variability in the catalog data. With our more careful treatment of the
data using GALFITM, no convincing evidence of variability is found.
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that J0048-0046 has strong, short timescale variability in the
optical regime. To quantify the variability across different
photometric bands, we make use of the fractional variance
(Fyar; Vaughan et al. 2003), which calculates the rms
variability amplitude as a percentage. When applied to the 11
epochs of the DR16 photometry, we find F,, values of
35% + 5% in the g band down to 29% =4 4% in the z band.

However, one concern with the SDSS catalog photometry is
that sources are modeled and deblended separately at each
epoch and differences in the deblending of J0048-0046 and its
close companion could masquerade as variability. To explore
this, we carry out our own photometry of the 11 DR16 images
using GALFITM as described in Section 2.2. Figure 8 shows
the original J0048-0046 r-band light curve as queried from
SDSS DR16 along with the light curve constructed using
GALFITM. The running median of the GALFITM light curve
is shifted by ~ +0.7 mag when compared to the SDSS DR16
catalog photometry and signs of variability are greatly reduced.
Figure 8 also shows the combined light curve of J0048-0046
and its companion; at certain epochs, the combined flux of the
two sources is proximal to the DR16 catalog values for J0048-
0046, indicating that pipeline deblending issues likely
occurred. Since the variation of our GALFITM photometry is
less than the computed errors, F\,. is undefined in each of the
four bands, meaning that there is no variability detected at rest
frame 0.24-0.46 ym in our relatively shallow data. Since ERQ
samples might have high merger rates, any future ground-based
photometric studies of ERQs should exercise similar caution
when using survey data products. We find that variability is
also undetectable for the NEOWISE W1 and W2 light curves
(N =149), which probe rest-frame wavelengths of 1.7 and
2.4 pum, respectively.

6. Results and Discussion

Our analysis of the multiwavelength photometry and optical
spectra of J0048-0046 conclusively indicates that the source is
not a typical Type 1 or 2 quasar, nor is it a Type 1 quasar
behind a strong dust-reddening screen. Broad and blueshifted
narrow lines ([O1], [NeV]) with velocities as high as
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—4000 km s ' suggest that the source’s AGN may be powering
galactic-scale outflows. In these respects, the J0048-0046
resembles the core ERQs studied by Hamann et al. (2017);
however, it is at a lower redshift such that it is easier to study its
host galaxy. Below we summarize the defining properties of
core ERQs and their likely physical interpretation. We then
revisit the key aspects of J0048-0046 that lead us to classify it
as an ERQ and discuss notable differences. We highlight the
unique aspects of our analysis—the study of the QSOs
variability and the host galaxy’s stellar population—and we
consider how the insights gained from J0048-0046 can shed
further light on the nature of ERQs.

6.1. The Nature of Core ERQs

The core ERQ sample defined by Hamann et al. (2017) is
selected to have i — W3 > 4.6, z=2.0-3.4, and CIVEW > 100 A.
The resulting sample of core ERQs have the following properties:

1. Unusual emission line flux ratios, in particular, large
ratios of NV /Ly, NV/C1v, and Si1v/C 1V

2. High EW broad emission lines with unusual wingless line
profiles and blueshifted line centroids

3. SEDs that are red in the rest-frame optical-IR but flat/
blue in the UV and are, thus, inconsistent with quasars
behind a simple dust-reddening screen

4. Ubiquitous powerful ionized outflows
[O11] 5007 (Perrotta et al. 2019)

5. Low luminosity radio emission possibly associated with
wind-driven shocks (Hwang et al. 2018)

6. High Eddington ratios (Lpoi/Lgag = 0.22-4.03; Perrotta
et al. 2019)

7. Luminous host galaxies (log(Lp/Lpo) = 10.92-12.03;
Zakamska et al. 2019)

traced by

Hamann et al. (2017) carefully consider several different
models to explain these properties, in particular, the close
connection observed between reddening and the unusual
emission line properties. They converge on a model where
ERQs are luminous quasars with unusually powerful and
extended outflows that encompass most of the line-forming
regions. In this model, the unusual UV emission line properties
are a consequence of outflow-dominated BLRs that are
vertically extended above the accretion disk and potentially
connected to the high-speed low-density [OII] gas much
farther out. The unusual SEDs are explained by patchy
obscuration due to small dusty clouds embedded in the
outflows. Spectropolarimetric observations of a small sample
of ERQs support this general scenario (Alexandroff et al.
2018). While this outflow model emphasizes small-scale
phenomena and does not explicitly link the quasars to the
evolution of their hosts, it has been suggested that ERQs could
represent an transition phase in quasar/host galaxy evolution in
which a heavily obscured quasar is blowing out the dusty
circumnuclear ISM and quenching star formation prior to
becoming an optically luminous quasar.

Alternatively, Villar Martin et al. (2020) suggest that the
unusual spectral properties in core ERQs can be explained by
their high bolometric luminosities and an intermediate orienta-
tion that results in the continuum emitting region and inner
BLR being predominantly obscured whereas the outskirts of
the BLR are visible. Hence, they suggest that the observed
suppression in the UV and continuum along with the FWHMs
of the broad lines (intermediate between Type 1 and 2 as found
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by Hamann et al. 2017) are explainable as an orientation effect.
However, this scenario has difficulty explaining the broad
blueshifted [O 1] lines that are ubiquitous in ERQs (Perrotta
et al. 2019) but less common in normal luminous quasars.
Notably, Perrotta et al. (2019) estimate that the kinematic
power of strong ERQ outflows based on [OIII] emission are
1-1.5 dex higher than those of blue quasars with comparable
luminosities.

Thus, there remains some ambiguity as to whether ERQs
can be explained by geometry and orientation effects or
whether they represent a particular outflow-dominated phase
of quasar evolution. If the latter, a key question is whether
their strong outflows can regulate galactic processes in their
hosts.

In what follows, we summarize the physical properties of
J0048-0046 and compare them to those of core ERQs. Most
importantly, we consider the implications of our results on
quasar-galaxy evolutionary scenarios.

6.2. Extreme NLR Outflows of J0048-0046

J0048-0046 meets the core ERQ color selection criterion
with i — W3 =5.2 mag (AB); however, it is at z=0.94 and
therefore our optical+NIR spectrum does not cover
CIV A1549. In ordinary Typel quasars, MgIl A2800 and
C1v have broadly consistent properties (Vanden Berk et al.
2001) albeit the C IV line typically has a relative blueshift to the
Mgl line of a few hundred kilometers per second (Richards
et al. 2002). The Mg I line in our spectrum has a low S/N and
alow EW (19 A) relative to the criterion defined for core ERQs
(EW C1v > 100 A). However, its ionization potential is much
lower than that of CIV (7.6 versus 47.9 eV, respectively), and
ERQs are known to have stronger high ionization lines
(Hamann et al. 2017). Nonetheless, the kinematics of the Mg Il
line are very similar to those of CIV in ERQs: the line is
moderately broad (FWHM ~ 36 A) but lacks the broad wings
typical of Type 1 quasars. While the S/N of Mgl is low, it
appears to have very similar kinematics to the lines associated
with the NLR ([Ne V], [O11]). The Ha line has a high EW
(123 A); however, the fact that these lines originate in both the
BLR and NLR make their kinematics more difficult to
interpret. The H( line is marred by sky residuals.

The most striking feature of the spectrum of J0048-0046 is its
strong broad [Ne V] AA3345, 3426 emission ([NeV] 3426
EW =63 A). Unusually strong [Ne V] emission has previously
been found in some Type 2 quasars (Rose et al. 2015; Yuan et al.
2016). Rose et al. (2015) deem such objects coronal line forest
forest AGNs. These AGN additionally show signatures of
[Fe viI] AA5721, 6087, which has an ionization potential similar
to [Ne V]. The latter transition is present, albeit weakly, in the
NIRSPEC spectrum of J0048-0046 and shows a blueshift similar
to [Ne V]. Rose et al. (2015) suggest that these emission lines
originate along the inner wall of the obscuring torus, which
could support the orientation hypothesis discussed above.
However, the [Ne V]-strong Type 2s previously studied have
very narrow lines. The extreme broadening (~4000 kms™') and
blueshifting (~—4000 km s~ 1) of the [Ne V] and [O11] lines in
J0048-0046 (Figure 2), suggest a different origin for the high
ionization emission, perhaps in fast wind shocks as suggested by
Hwang et al. (2018).

Lower redshift ERQs (0.3 < z < 1.5) with visibly identifiable
[Ne V] are present in 17 out of 41 AGN from the Ross et al.
(2015) sample where [Ne V] falls within the wavelength coverage
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of BOSS. For 14 of these 17 AGN, we are able to perform the
multicomponent fitting (Perrotta et al. 2019) on [NeV] as
previously carried out in Section 3. The median wq, value of
this subsample is 3057 kms~' with a standard deviation of 1303
km s~ '. The median vog value of this subsample is —1738 km s !
with a standard deviation of 924 kms™'. The [Ne V] profile in
J0048-0046 is then comparable to this subsample of ERQs in
terms of broadening (wgg = 3469 km sfl); however, it exhibits the
strongest outflow (vog = —4013 kms™!). The [O 1] EW is also
very large (221 A) in J0048-0046, comparable to the values found
in the core ERQ sample studied by Perrotta et al. (2019). The
[OmI] and [NeV] kinematics are very well matched overall
(Figure 2). Notably, the higher velocity gas has a higher [Ne V]/
[Nem] ratio (Figure 3), suggesting a link between the outflow
velocity and its distance from the ionization source. Perrotta et al.
(2019) find that larger [OIN] line widths correlate with redder
colors, which suggests that dust may play a role in driving ERQ
winds (see their Figure 6). The [O ] woy and i — W3 color of
J0048-0046 place it squarely on this correlation.

Overall, we conclude that while the CTv EW of J0048-0046
is unknown, the strength of the high ionization lines and the
similar [O III] kinematics to the core ERQs studied in Perrotta
et al. (2019) make it likely that JO048-0046 is a low redshift
core ERQ. The observed correlation between ionization and
outflow velocity adds support to the hypothesis that the unique
emission line properties are linked to the energetics and
geometry of the outflows.

6.3. SED of J0048-0046

The SED of J0048-0046 is in stark contrast to those of
typical Type 1 QSOs and highly reddened Type 1 QSOs. The
optical-NIR portion is in strong agreement with Type 2 QSOs
due to its strong starlight component; however, it has a
substantially larger MIR flux. Overall, the SED of J0048-0046
best matches the composite SED of core ERQs from Hamann
et al. (2017), although it is slightly redder. The strong stellar
contribution to the SED and lack of variability at NUV-NIR
wavelengths (Section 5) indicates that J0048-0046 is either a
Type 2 ERQ or a Type 1 where the reddened QSO continuum
contributes minimally at these wavelengths.

In Section 2.4, we noted that J0048-0046 was included in a
sample of IR-bright DOGs (Toba et al. 2017). These were
selected by a color of i — W4 > 7 mag in the redshift range of
0.05 < z< 1.02 with detected [O11I] A5007 in their BOSS
spectra. Of the 36 sources studied in their analysis, J0048-0046
exhibits the second-most powerful outflow in [O 1] and is 40
higher than the mean of this sample. Their utilized color
selection is similar to ERQ color selections and they note that
four of their 36 AGN overlap with the Ross et al. (2015) ERQs.
They find that IR-bright DOGs have similar, unusually large
ionized outflows in [O III]. However, the IR-bright DOGs have
a median bolometric luminosity of 46.02 ergs ', roughly one
percent that of the core ERQs. One possibility is that ERQs and
IR-bright DOGs are part of an evolutionary sequence with
DOGs representing a somewhat more obscured and less active
earlier phase, with J0048-0046 near the border line between
the two.

6.4. Radio Emission as a By-product of Shocks

We found from the FIRST radio flux measurement of J0048-
0046 (Section 2.4) that the quasar is radio quiet. The origin of
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radio-quiet emission in quasars is still not fully understood as
radio emission in the radio-quiet regime is too low to be
explained by powerful jets originating from the AGN as
observed in some quasars. A multitude of phenomena have
been shown to contribute to radio-quiet emission in quasar
populations, such as radio synchrotron emission as a by-
product of star formation feedback (Helou et al. 1985; Fan et al.
2016; Farrah et al. 2017) young compact jets found in the host
(Fanti et al. 1990), or accelerated particles produced from
shocks as a result of AGN-driven winds (Zakamska &
Greene 2014; Nims et al. 2015). Multiple scenarios for radio-
quiet emission in core ERQs were considered by Hwang et al.
(2018) and they concluded that AGN-driven winds are the most
plausible explanation for the observed radio luminosities. In
considering star formation as the origin of radio-quiet emission,
they indicate that an SFR of 2700 M, yr~ ' (Bell 2003) would
be required to produce the radio luminosities of ERQs. The
resulting rest-frame U-band luminosities of 10 core ERQ hosts
from Zakamska et al. (2019) suggest that ERQs are not
undergoing such high SFRs. Our SFR upper limit of 72 M,
yr~ ! (Section 4.2) further indicates that star formation is likely
not the dominant cause of radio-quiet emission in ERQs.

Hwang et al. (2018) further demonstrated that core ERQs
extend the relationship between [OIII] line width and radio
luminosity originally shown for the z< 0.8 Type 2 quasar
sample in Zakamska & Greene (2014), suggesting that AGN-
driven winds in ERQs can reach into the surrounding host
galaxies and shock the ISM. Using our calculated radio
luminosity (Table 1) from the reported FIRST flux density and
the measured wqo of [O 1] (4062 km s~ '), we find that J0048-
0046 lies in the same region as ERQs in Figure 7 of Hwang
et al. (2018).

6.5. Host Galaxy of J0048-0046

To understand the quasar-host galaxy interaction in core
ERQs, it is critical to measure the physical conditions in the
host galaxy. However, this has proven to be difficult due to the
redshift of the core ERQs and their dominant nuclear point
sources. HST imaging of 10 z=2-3 ERQs detected only six
host galaxies well enough to measure very basic structural
parameters, and the absence of deep multicolor imaging
precluded any assessment of the stellar population properties
(Zakamska et al. 2019).

While our stellar population fitting exercise is limited by the
S/N of the spectrum, it is aided by the fact that the QSO
contributes only 15%-35% of the light at rest-frame wave-
lengths of 2000-7000 A. We find that the host galaxy
experienced a strong starburst ~400 Myr ago, which was
subsequently quenched. Assuming that ERQs represent very
young AGN, the age of the starburst implies a delay in the
onset of AGN activity relative to star formation. This is
consistent with the scenario proposed by Wild et al. (2010)
where the black hole accretion rate peaks ~250 Myr after a
merger-induced starburst. They postulate that the black hole is
fueled by mass lost by intermediate mass stars in the bulge, but
accretion of this material is suppressed at early times by
supernova feedback.

The original sample of 65 ERQs from Ross et al. (2015)
includes seven quasars (0.34 < z < 1.095), which show signa-
tures of ongoing/recent starburst phases, three of which are
post-starbursts based on their strong Balmer breaks. Notably,
these three quasars are included in the broad /blueshifted [Ne V]
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comparison sample discussed in Section 6.2. Given that post-
starbursts make up just ~2% of the galaxy population at these
redshifts (Wild et al. 2016), this fraction is quite remarkable.
Similar to J0048-0046, these sources may be useful cosmic
laboratories to study the relationship between powerful quasar
winds and the impact they have on their hosts.

The host galaxy of J0048-0046 is luminous, with
log(Lg/Ls)=11.1. This is slightly lower than the median
(log(Lg/Ls) = 11.2) but well within the range of the quasar-
subtracted host luminosities of the 10 HST-imaged core ERQs
studied in Zakamska et al. (2019). These z ~ 2.5 core ERQs
have host galaxy luminosities of 4L;, whereas the host of
J0048-0046 is roughly 5L;, using Lj at z~ 1 from Giallongo
et al. (2005). In contrast, the six Type 2 quasars studied by
Zakamska et al. (2019) have host luminosities around L .

We estimate that the host galaxy of J0048-0046 has a stellar
mass between 5.6 and 9.8 x 10' M. This mass is within the
range (10'%*—10'""* M..) found for core ERQs by Zakamska
et al. (2019). Plugging our mass into the empirical relation
between black hole mass and bulge mass found for Type 1
quasars at z = 0.2—1 (Ishino et al. 2020), we infer a black hole
mass between 2.5 and 4.8 x 10® M. Notably, the Ishino et al.
M ,—Mpgy relationship displays a large scatter (0.35 dex) and
predicts a lower black hole mass than scaling relations derived
for local quiescent galaxies (Kormendy & Ho 2013). This
scatter, combined with the fact that J0O048-0046 has a large
uncertainty for its stellar mass, an unknown bulge to disk ratio,
and the fact that the Ishino et al. (2020) scaling relation is
derived from measurements of quasars which are unambigu-
ously of Type 1 , means that our estimate of the black hole
mass is likely on the order of a magnitude uncertain.
Computing the Eddington luminosity for our inferred black
hole masses yields logLpqq = 46.5-46.8. Comparing these
values to the bolometric luminosities given in Table 1 suggests
that the quasar is radiating near its Eddington luminosity with
Lio1/Legqa ~ 1.23, consistent with an average Lyo1/Leqq = 1.03
in the Perrotta et al. (2019) core ERQs.

Another interesting result found by Zakamska et al. (2019)
was that only 20%-30% of their HST-imaged ERQs showed
merger signatures, in contrast to the high fraction expected at
z=2-3. They suggest that the near-Eddington accretion and
strong feedback of ERQs are associated with relatively late
stages of mergers, which have early-type remnants. However,
they note that merger signatures could be hidden at optical
wavelengths or that gas instabilities within ERQ disks could be
an alternate triggering mechanism. The apparent tidal bridge
feature between J0048-0046 and its companion (Figure 5)
indicates that a merger event may have been the contributing
factor to its star formation history and its eventual high AGN
accretion rate. The overall picture for ERQs will become more
clear as we build up larger samples of ERQs with high
resolution imaging.

A key result of our SSP analysis was our finding of low dust
attenuation in the host galaxy of J0048-0046 (Ay = 0.17). This
indicates that the heavy extinction/reddening in core ERQs
may be representative solely of dust obscuration around the
AGN and it disfavors the proposed evolutionary scenario
(Glikman et al. 2007; Urrutia et al. 2009; Banerji et al. 2012;
Glikman et al. 2012; Assef et al. 2013; Glikman et al. 2013)
where the ERQs are transitioning between a dusty submilli-
meter galaxy and a luminous QSO. The post-starburst nature of
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the host galaxy likewise contradicts this simple evolutionary
paradigm.

An interesting question is whether the QSO may be helping
to maintain the galaxy in its post-starburst state. Using our
[O 1] luminosity and veg value, we follow the exact procedure
laid out in Section 5.1 of Perrotta et al. (2019) to estimate the
outflow’s kinetic power in J0048-0046. We obtain log(Ey) =
45.4ergs™ ", within the range of the Perrotta et al. (2019) core
ERQ sample and shifted above other quasar samples (see
Perrotta et al. 2019, Figure 9). This yields Ei/Lpo = 6%-9%
depending on the adopted bolometric luminosity from Table 1.
Various simulations have suggested that values at or above 5%
of the total radiated energy are required for the outflow to have
a significant impact on the host and quench/regulate its star
formation (Scannapieco & Oh 2004; Di Matteo et al. 2005;
Hopkins et al. 2005, 2008). Hence, the powerful outflow
J0048-0046 exhibits has the potential to greatly disrupt the ISM
of the host and may have a connection to its post-starburst state.
In order to further consider the relationship between galactic-
scale properties and quasar energetics, future stellar population
analysis of ERQs host galaxies, including the subsample from
Ross et al. (2015) mentioned above, are necessary to consider
their host’s evolutionary state in relation to their AGN-powered
winds.

7. Summary and Conclusions

Apparent peculiarities in the optical spectrum and the NUV
to FIR SED of the z = 0.94 quasar, J0048-0046, present it as a
distinct source in the context of typical Type 1 and 2 quasars.
With a more detailed analysis (Section 3), we find that it is
most likely an ERQ (Ross et al. 2015; Hamann et al. 2017), a
candidate young quasar that has just recently begun AGN
activity and is in the process of blowing out gas at extreme
velocities. While properties of these recently discovered ERQs
have been studied and discussed extensively (Perrotta et al.
2019; Zakamska et al. 2019), J0048-0046 has the key
advantage of having a spectroscopically resolvable host galaxy
to constrain its star formation history in addition to high-
cadence, multi-epoch photometry to investigate for variability.
Both of these features make J0048-0046 unique in the context
of ERQs and can offer insight into the nature of young AGN
and their properties.

J0048-0046 is a luminous AGN (Lpo; = 10%°° ergs™') that
exhibits powerful outflows in the NLR [O1I] A5007 and
[Ne V] A3426 with velocity widths (w90) around 4000 km -1
(see Figure 2, Section 3). The [OIII] velocity width is in-line
with those displayed in core ERQs (Perrotta et al. 2019). It
shows unusually high line ratios of [Ne V] A\3426/[Ne III]
A3869 and [O1m] A5007/[O1] A3728 compared to typical
quasars. Comparing the line profiles of [Ne V] and [Ne IIT], we
find that higher ionization occurs at larger outflow speeds
which indicates a connection between the outflow and the
ionizing process. Additionally, its radio-quiet emission could
possibly arise from wind shocks driven by the powerful
outflow (Section 6.4). The connection between high ionization
lines with high velocities supports the idea that the peculiar
emission line properties in ERQs are linked to outflows rather
than orientation.

J0048-0046 meets the optical to MIR color selection
criterion of i — W3 > 4.6 imposed to select ERQs in Hamann
et al. (2017). An analysis of the source’s SED (Figure 4,
Section 3.2) clearly shows that it is different than both standard
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and heavily reddened Type 1 quasars. Its dominance by
starlight in the optical to NIR gives it a similar shape to Type 2
quasars at these wavelengths, but its SED deviates strongly in
the MIR. We find that JO048-0046 is most similar to the
median SED of the core ERQs from Hamann et al. (2017),
albeit slightly redder.

In Section 4.2, we take advantage of the strong host galaxy
continuum apparent in J0048-0046 (Figure 7) to characterize
the stellar population of an ERQ for the first time. We find that
the massive host galaxy (log(M/Mg) = 10.7-11) underwent a
strong starburst 400 Myr ago before it was abruptly quenched.
If ERQs are indeed young AGN, then this timescale could
indicate a connected offset between the starburst and the
beginning of AGN activity as suggested by Wild et al. (2010).
The low extinction in the host is in contrast to expectations
from galactic evolutionary models and may suggest that ERQs
are not dusty submillimeter galaxies in transition.

Based on J0048-0046 and the neighboring galaxy’s morph-
ologys, it is possible that the post-starburst phase of J0048-0046
has arisen from a major merger. Given the rareness of post-
starbursts (~2% of all massive galaxies at z~ 1; Wild et al.
2016) and ERQs (<1% of luminous AGN; Hamann et al.
2017), it seems unlikely that J0048-0046 is a member of both
populations by coincidence. Instead, our estimated time lag
between peak starburst and AGN states (again, in-line with
Wild et al. 2010) makes an evolutionary connection between
ERQs and post-starbursts seem more likely. Future SSP
analysis of larger ERQ samples with resolvable host galaxies
are necessary to solidify these findings.

The multi-epoch SDSS data release and S82 -catalog
photometry initially present J0048-0046 as a variable AGN.
However, careful photometric analysis using GALFITM
indicates that successful deblending of J0048+-0046 and its
companion are not always produced by the SDSS pipeline. We
find that J0048-0046 is not variable at rest frame 0.24-2.4 ym
wavelengths. Combined with the dominance of host galaxy
light in the optical spectrum, this may point to J0048-0046
being a Type 2 ERQ or a Type 1 where the contribution of the
AGN continuum to the total light at these wavelengths is
minimal.

We conclude that J0048-0046 is a z ~ 1 core ERQ and poses
a unique opportunity to study the stellar populations the first
time in such an object. The strongly broad and blueshifted
[Ne V] is an indicator that the AGN is driving strong, high
ionization outflows. In future work, we will attempt to spatially
resolve this outflow and constrain the extent to which it reaches
into the host galaxy of J0048-0046 (Tremonti et al. 2020).
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