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Abstract

We present results from a comprehensive study of ultrafast outflows (UFOs) detected in a sample of 14 quasars, 12
of which are gravitationally lensed, in a redshift range of 1.41-3.91, near the peak of the active galactic nucleus
(AGN) and star formation activity. New XMM-Newton observations are presented for six of them, which were
selected to be lensed and contain a narrow absorption line (NAL) in their UV spectra. Another lensed quasar was
added to the sample, albeit already studied because it was not searched for UFOs. The remaining seven quasars of
our sample are known to contain UFOs. The main goals of our study are to infer the outflow properties of high-z
quasars, constrain their outflow induced feedback, study the relationship between the outflow properties and the
properties of the ionizing source, and compare these results to those of nearby AGN. Our study adds six new
detections (> 99% confidence) of UFOs at z > 1.4, almost doubling the current number of cases. Based on our
survey of six quasars selected to contain a NAL and observed with XMM-Newton, the coexistence of intrinsic UV
NALs and UFOs is found to be significant in >83% of these quasars suggesting a link between multiphase AGN
feedback properties of the meso- and microscale. The kinematic luminosities of the UFOs of our high-z sample are
large compared to their bolometric luminosities (median of Lk /L. 2, 50%). This suggests they provide efficient
feedback to influence the evolution of their host galaxies and that magnetic driving may be a significant contributor
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to their acceleration.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); Galaxy formation (595); Quasars (1319);

Gravitational lensing (670); X-ray quasars (1821)

1. Introduction

Systematic studies of the X-ray spectra of a sample of
2 5 0.1 Seyfert galaxies showed that about 40% of these active
galactic nuclei (AGNs) have highly ionized ultrafast outflows
(UFOs) with average velocities ranging between 0.1¢ and 0.3¢
(e.g., Cappi 2006; Tombesi et al. 2010; Gofford et al. 2013).
The two main proposed mechanisms responsible for the
acceleration of the X-ray absorbing material to near-relativistic
velocities are radiation and magnetic driving (e.g., Murray et al.
1995; Proga et al. 2000; Proga & Kallman 2004; Konigl &
Kartje 1994; Everett 2007; Fukumura et al. 2010, 2014; Sim
et al. 2010, 2012). Theoretical models have been proposed to
link the kinematics and energetics of these small-scale ultrafast
outflows originating at ~10—100 r, to the larger kiloparsec-
scale cold molecular outflows (e.g., Silk & Rees 1998; King
2010; Faucher-Giguere & Quataert 2012; Zubovas & King
2012; Wagner et al. 2013; Gaspari et al. 2020).

These models consider two distinct phases of the interaction
of the wind-angle outflows with the interstellar medium (ISM).
According to these models, in the early phase of the AGNs’
evolution, the wind is considered to be momentum-conserving
and relatively narrow shocks are formed within the ISM where
a substantial loss of energy occurs through inverse Compton
cooling. In a later phase, when the mass of the supermassive
black hole reaches a critical value, the wind becomes energy-
conserving and adiabatically expands into the ISM and reaches
a terminal velocity of a few 1000kms™' (e.g., Gaspari &
Sadowski 2017).

The influence of AGN outflows on the star formation rate of
their host galaxies is not clear from current observations. By
comparing the [OTI]JA5007 line kinematics of outflows with
the specific star formation rates of the host galaxies in a sample
of 110,000 galaxies at z< 0.3 Woo et al. (2017) find no
evidence of negative feedback from AGN with current strong
outflows. As one plausible explanation, they propose a delay
between the onset of outflows and the impact they have on the
star formation over the entire host galaxy.

Cresci et al. (2015) analyzed the velocity maps of the [O IIT]
A5007 and Ha lines of a radio-quiet z = 1.59 quasar and found
that the ionized outflow occupies a space of reduced star
formation (negative feedback) and the edges of the outflow
show enhanced star formation possibly triggered by increased
pressure at the edges of the outflow.

Carniani et al. (2016) analyzed the velocity maps of the
[O ] A5007 and Hea lines of two quasars at z ~2.4 and find a
spatial anticorrelation between the ionized outflow (traced by
the blueshifted component of the O III line) and star formation
(traced by the narrow component of Ha). However, they find
that in regions outside the ionized outflow, the star formation
rates are high suggesting that negative feedback is only
significant along the outflow or that it takes several outflow
episodes directed along different paths before star formation is
quenched in the entire galaxy.

Vietri et al. (2018) studied a sample of WISE/SDSS selected
hyper-luminous (WISSH) quasars at z =~ 2—4 and obtained
constraints on the properties of AGN winds as traced by
blueshifted or skewed Ol and CIV emission lines. The study
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found one population that exhibits powerful O outflows and
modest CIV outflows (2<* < 2000kms™ "), and a second
population that has weak or absent O II emission and an extremely

large blueshifted CIV emission (12 > 8000kms '). The

observed dependence 125 oc L0209 js consistent with a
radiatively driven winds scenario for the outflows in the WISSH
quasars.

In addition to star formation quenching, AGN feedback
outflows are found to be crucial in quenching the cooling flows
emerging out of the extended hot halos (e.g., Gaspari &
Sadowski 2017).

Observations of molecular outflows as traced by CO lines
emitting in the millimeter wave band, in galaxies that host
obscured AGN, indicate lower gas fractions in these galaxies
compared to star-forming galaxies (e.g., Brusa et al. 2015;
Kakkad et al. 2017; Bischetti et al. 2019).

It is important to study the properties of outflows in galaxies
at redshifts near the peaks of the AGN and star formation
activity where most of the feedback is thought to have taken
place (e.g., Madau & Dickinson 2014). Detections of
relativistic outflows of X-ray absorbing material in distant
quasars are rare primarily due to their X-ray weakness. The few
cases where relativistic X-ray absorbing outflows have been
detected mostly correspond to observations of gravitationally
lensed quasars with relatively large (=5) magnification factors.

Optical and UV absorption lines in quasars are commonly
classified by their widths into broad (BALs; FWHM >
2000 kms™ "), narrow (NALs; FWHM < 500 km s, and
mini-BALs with absorption line widths ranging between those
of BALs and NALs. These class definitions are considered
somewhat arbitrary. The definition of NALs for example was
chosen such that the CIV doublet can be resolved (e.g.,
Hamann & Sabra 2004).

We have initiated a program of increasing the current
number of X-ray detected ultrafast outflows in quasars by
targeting gravitationally lensed narrow absorption line (NAL)
quasars. NAL quasars are targeted because they contain an
outflow of UV absorbing material and are likely not heavily
absorbed in X-rays (e.g., Chartas et al. 2009; Hamann et al.
2011). This indicates that on average NAL quasars are less
X-ray absorbed/weak than BAL quasars and observations with
current X-ray missions are more likely to provide medium-to-
high signal-to-noise (S/N) spectra of gravitationally lensed
NAL quasars.

The main goals of our study are to (a) infer the outflow
properties of a sample of quasars near the peak of AGN
activity, (b) determine the significance of such outflows in
regulating black hole growth and in influencing structure
formation, and (c) study the relation between the outflow
properties of these winds with bolometric luminosity and the
spectral energy distribution of the ionizing radiation, and
compare these results to those of nearby AGN.

In Section 2 we present the sample of studied quasars, and in
Section 3 we describe the X-ray observations, the data analysis,
and provide estimates of the energetics of the outflows. Finally,
in Section 4 we present a discussion of our results and in
Section 5 we summarize our conclusions. Throughout this
paper we adopt a flat A cosmology with Hy =68 kms ™' Mpc ™'
Qx=0.69 and 2y =0.31 (Planck Collaboration et al. 2016).

Chartas et al.

2. The Sample

Gravitational lensing does not produce a bias against the
type of background object lensed, however, the fraction of
detected lensed QSOs of a certain type (e.g., BAL, mini-BAL,
NAL QSOs) will depend on the attenuation of the objects and
the magnification (Goodrich 1997; Chartas 2000). One
advantage of selecting lensed quasars is that it allows us to
investigate the properties of quasars with luminosities that are
substantially lower than those of unlensed ones.

Recent Sloan Digital Sky Survey (SDSS) surveys have
uncovered a significant number of new gravitational lenses
(Inada et al. 2012, 2014; More et al. 2016). From these surveys
we identified lensed quasars with blueshifted CIV troughs
having widths in the range of <500kms ', The X-ray
brightest of these lensed NAL quasars were recently observed
with XMM-Newton and constitute six out of 14 objects of our
sample. We included in our sample seven z > 1 quasars with
reported ultrafast outflows (Chartas et al. 2002, 2003, 2007,
2009, 2014, 2016, 2020; Lanzuisi et al. 2012; Vignali et al.
2015; Dadina et al. 2018; Bertola et al. 2020).

We also included the z =2.197 lensed quasar SDSS J1029
42623 in our sample. Ota et al. (2012) presented results from
the analysis of a Chandra observation of SDSS J1029+2623,
however, their study did not include an investigation of a
possible outflow in this quasar.

Our sample of 14 z > 1 quasars is relatively small, however,
we note that an identification of an ultrafast wind in a quasar
has only been reported in seven objects with z > 1. One of the
goals of our study is to determine the properties of UFOs in
z>1 quasars and compare them to the properties of UFOs
detected in z <0.1 AGN. Six quasars of our sample, further
referred to as our subsample, were selected to contain a UV
NAL without prior knowledge of the existence of a UFO. This
subsample is therefore unbiased toward UFO detection and
is used to infer the fraction of z>1 NAL quasars that
contain UFOs.

In Table 1 we list the properties of the quasar sample,
including classifications, redshifts, and black hole masses.
Black hole masses were obtained from values published in the
literature (see Table 1 for references) when available. For the
other sources we used the CIV line in the SDSS spectra
following the Coatman et al. (2017) prescription that decreases
the uncertainty of the black hole mass estimates from ~0.4 to
~0.2 dex (see Figure 11 of Coatman et al. 2017). To
summarize, our sample contains three QSOs, 10 intrinsic
narrow absorption line QSOs (NALQSOs), and one BALQSO.
All the sources in our sample are radio-quiet quasars with the
exception of MG J0414+4-0534, which has a radio-loudness
parameter R = f5sgm,/f41400 A =780 (Dadina et al. 2018). Twelve
of the 14 quasars of our sample are gravitationally lensed.
Detecting ultrafast outflows in distant quasars is challenging
partly because the X-ray spectra of most z > 1 quasars obtained
with current X-ray telescopes are low S/N. The magnification
of gravitationally lensed quasars provides a boost in the
detected X-ray flux by up to~100 and makes it possible to
study ultrafast outflows in these distant objects.

Even if unresolved, we can provide a hint of the host circum-
AGN/ISM properties: by leveraging the black hole mass versus
X-ray scaling relations (Gaspari et al. 2019), we estimate that our
supermassive black holes (M, ~ 10° — 1010M@) reside in
galactic hot halos with temperature 7y ~ 1 —2keV
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Table 1
Properties of Quasar Sample

Object Classification Zs 2 1;/([)5’ al 872 log(Mgy)
(107 ecm™) M)

APM 08279+5255 BALQSO 391 1.01 3.84 10.0%31°
HS 1700+6416 NALQSO 2.735 P 2.66 10.2793¢
MG J0414+0534 QSO 2.64 0.9584 11.4 9.0+02¢
SDSS 1144244055 NALQSO 2.593 ~0.4 1.30 9.71934
SDSS 1102942623 NALQSO 2.197 0.58 1.78 8.870:24
SDSS J1529+1038 NALQSO 1.984 ~0.4 272 8.91034
SDSS 1090441512 NALQSO 1.826 ~0.3 3.69 9.3+02d
PG 1115+080 mini-BALQSO 1.72 0.31 3.53 8.8703"
Q 2237+0305 QSO 1.695 0.0386 5.43 9.1%04"
SDSS J1353+1138 NALQSO 1.627 ~0.25 1.86 9.4+024
SDSS J1128+42402 NALQSO 1.608 S 1.15 8.7+03¢
PID352 QSO ~1.6 P 0.70 8.7104¢
HS 0810+2554 NALQSO 1.51 0.08 3.94 8.67031
SDSS J0921+2854 NALQSO 1.41 0.445 2.30 8.9102d
Notes.

 Galactic absorption due to neutral gas.

® This quasar is not known to be gravitationally lensed.

¢ Based on reverberation mapping of the Si IV and C IV emission lines published in Saturni et al. (2016).

4 Based on our C IV virial black hole mass estimates using SDSS spectra corrected using the prescription published in Coatman et al. (2017).
¢ Based on H 3 virial black hole mass estimates published in Pooley et al. (2007).

f Based on H virial black hole mass estimates published in Assef et al. (2011).

€ Based on spectral energy distribution fitting published in Vignali et al. (2015).

" Lens redshift is currently unknown.

Number of Objects

1.5 2.0 2.5 3.0 35 4.0
Redshift

Figure 1. Redshift distribution of the quasars in our sample.

In Figure 1 we show the redshift distribution of the quasars
of our sample. Previous statistical studies of ultrafast outflows
have focused on AGN with redshifts of up to 0.25 (e.g., see
Figure 1 of Gofford et al. 2013). The AGNs in our sample lie
near the peak of quasar activity in the history of our universe.

3. X-Ray Observations and Data Analysis

In Table 2 we list the observation dates, exposure times, and
number of background-subtracted source counts of the quasars
in our sample. For several objects we included published
results. Specifically, for APM 0827945255 we used the results
published in Chartas et al. (2002, 2009), for HS 1700+6416 we
incorporated the results published in Lanzuisi et al. (2012), for
MG J0414+40534 we included the results from Dadina et al.
(2018), for PG 11154080 we included the results from Chartas

et al. (2003, 2007), for PID352 we included the results from
Vignali et al. (2015), and for the 2013 December 16
observation of HS 081042554 we used the results published
in Chartas et al. (2016). For Q2237+030, Bertola et al. (2020)
find significant spectral variability and indications of UFOs in
several observations of this object, with outflow velocities of
up to 0.5¢. However, the main goal of the Bertola et al. (2020)
study was to assess the recurrence of UFOs in this source.
Since our study focuses on the physical properties of UFOs
detected at high significance, we only include our recent
results in the analysis. For the objects SDSS J1029+2623,
SDSS J1529+1038, SDSS J0904+1512, SDSSJ1353+1138,
SDSS J1128+2402, SDSS J0921+4-2854, and Q22374030 we
reduced the X-ray observations using the following procedures.

For the reduction of the XMM-Newton observations we used
the Science Analysis System software version 18. We filtered
the pn (Striider et al. 2001) and MOS (Turner et al. 2001) data
by selecting events corresponding to instrument PATTERNS in
the 0—4 (single and double pixel events) and 0-12 (up to
quadruple pixel events) ranges, respectively. Moderate-ampl-
itude background flares were present during several of the
XMM-Newton observations. The pn and MOS data were
filtered to exclude times when these flares occurred resulting in
the effective exposure times listed in Table 2.

The contribution of the background spectra to identified
absorption and/or emission features is determined by over-
plotting both source and background spectra and determining
the significance of the inferred spectral features while adjusting
the source and background extraction regions. We note that for
the Chandra spectra of the quasars in our sample the
background contribution is negligible, however, the back-
ground can become comparable to the source spectra for the



THE ASTROPHYSICAL JOURNAL, 920:24 (20pp), 2021 October 10

Chartas et al.

Table 2
Log of Observations of Chandra and XMM-Newton Quasar Sample
Effective
Object Observation Observatory Observational Exposure Time®* N>
Date ID (ks) (counts)
APM 0827945255 2002 Feb 24 Chandra 2979 88.8 5,636 £ 75
APM 0827945255 2002 April 28 XMM-Newton 0092800201 83.46/72.59/73.32 13,053 £+ 140/3,307 £ 59/3,283 + 59
APM 0827945255 2007 Oct 6 XMM-Newton 0502220201 56.38/59.85/43.74 11,400 & 114/3,547 + 62/2,418 + 51
APM 0827945255 2007 Oct 22 XMM-Newton 0502220301 60.37/72.70/72.14 16,698 + 133/5,847 + 78/5,589 + 77
APM 0827945255 2008 Jan 14 Chandra 7684 88.1 6,938 + 83
HS 170046416 2000 Oct 31 Chandra 547 49.5 380 £ 20
MG J0414+0534 2017 Mar 11 XMM-Newton 0781210301 59.4/71.52/71.55 5319 £77/1,814 +44/1,991 + 46
SDSS J1442+4-4055 2019 Jan 18 XMM-Newton 0822530101 51.2/ 86.2/85.4 2,190 + 48/720 £ 29/920 + 32
SDSS J1029+-2623 2010 Mar 11 Chandra 11755 111.5 2,280 + 48
SDSS J1529+41038 2015 July 19 XMM-Newton 0762520201 80.3/91.1/91.3 1,826 + 45/460 + 22/499 + 23
SDSS J0904+1512 2015 Nov 8 XMM-Newton 0762520101 49.8/72.9/74.7 1,493 +41/677 +27/795 + 30
PG 1115+080 2001 Nov 25 XMM-Newton 0082340101 52.37/60.40/60.04 10,783 + 109/3,369 + 60/3,299 + 60
PG 11154080 2004 Jun 10 XMM-Newton 0203560201 51.47/66.07/66.13 10,814 + 107/3,855 + 64 /3,544 + 61
PG 11154080 2004 Jun 26 XMM-Newton 0203560401 54.92/81.88/81.88 9,867 + 105/4,247565/3,943 £ 65
Q 223740305 2017 Jan 4 Chandra 19639 32.92 577 +£24
SDSS J1353+1138 2016 Jan 13 XMM-Newton 0762520101 31.80/51.08/50.29 1,788 + 44 /748 £+ 29/845 + 31
SDSS J1128+-2402 2018 May 28 XMM-Newton 0822530201 29.27/35.12/35.14 1,994 + 47/409 + 22/547 + 25
PID352 € XMM-Newton © 3450 2,560/690/1,250
HS 081042554 2013 Dec 16 Chandra 16110 97.73 5,776 £ 76
HS 081042554 2016 Dec 23 Chandra 18204 96.76 8,525 £92
HS 081042554 2014 Oct 04 XMM-Newton 0728990101 46.4/54.97/54.99 11,811 + 114/3,131 4 59/3,009 + 56
SDSS J0921+-2854 2018 May 15 XMM-Newton 0822530301 4/32.75/32.76 472,425 £ 50/2,625 + 52
SDSS J0921+-2854 2018 Oct 24 XMM-Newton 0822530501 25.34/30.69/30.73 9,991 + 105/2,885 + 55/2,978 £ 55
Notes.

# Exposure time is the effective exposure time remaining after the application of good time-interval tables and the removal of portions of the observation that were
severely contaminated by background flaring. When multiple exposure times are provided they correspond to the exposure time of the pn, MOS1, and MOS2

instruments and are listed in this order.

b Background-subtracted source counts including events with energies within the 0.2—10 keV band, except for PID352 where we list the counts in the 0.3—7 keV
band. When multiple source counts are provided they correspond to the counts of the pn, MOS1, and MOS2 instruments and are listed in this order.
€ PID352 lies within the Chandra Deep Field South that was observed with XMM-Newton with 33 exposures over the years 2001-2002 and 2008-2010, for a total

exposure time of ~3.45 Ms.

4 Due to an operational problem, EPIC-pn was not functional during the observation of SDSS J0921+2854 in revolution 3376.

XMM-Newton pn spectra, especially at high energies (e.g.,
Chartas & Canas 2018).

To test for sensitivity to background nonuniformity we also
tried multiple background extraction regions. We did not find
any differences in the spectral shapes and features using more
conservative threshold cuts or selecting different background
extraction regions. We selected extraction regions to optimize
the S/N and ensure that the background spectra were
significantly below the source spectra, especially near the
energies of detected absorption lines.

The energy ranges used for fitting the pn and MOS spectra
were 0.3-11 keV and 0.4-10 keV, respectively. We performed
spectral fits to the pn spectra alone, and to the pn and MOS data
simultaneously. Both approaches resulted in values for the
fitted parameters that were consistent within the errors,
however, in most cases the fits to the higher quality pn data
alone vyielded lower reduced x> values compared to the
combined fits. We therefore consider the results from the fits
to the pn data alone better suited for characterizing the
properties of the X-ray absorption features. There are two
exceptions where our analysis relied mostly on the MOS
cameras. Specifically, for the 2018 May XMM-Newton
observation of SDSS J0921 only MOS1 and MOS2 data are
available. For the 2018 October observation of SDSS J0921
significant background flaring is present throughout the

observation and the flares are much more intense in the pn
than in the MOS cameras (Ebrero 2020).

For the reduction of the Chandra observations we used the
CIAO 4.12 software with CALDB version 4.9.1 provided by
the Chandra X-ray Center (CXC). We used standard CXC
threads to screen the data for status, grade, and time intervals of
acceptable aspect solution and background levels. The energy
ranges used for fitting the ACIS-S spectra were 0.5-8 keV.

For the gravitationally lensed sources, we extracted spectra
for the combined images unless mentioned otherwise.

The extracted spectra were grouped to obtain a minimum of
20 counts in each energy bin (with the exception of Q2237
40305 that was grouped to obtain a minimum of 15 counts in
each energy bin), allowing use of x* statistics. This grouping
was chosen for x> to be statistically valid (e.g., Cash 1979;
Bevington & Robinson 2003), and to allow the maximum
spectral resolution for the spectra. To further test the validity of
the use of x statistics in our analysis for our selected grouping
of the data we also used the C-statistic (Cash 1979) on the same
data sets and binned the data to have at least one count per bin.
Background spectra were extracted from source-free regions.

3.1. Spectral Analysis Results

Spectra were fitted with a variety of models employing
XSPEC version 12 (Arnaud 1996). X-ray, UV, bolometric
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Table 3
Luminosities of Quasar Sample
Object Observation fro10 kev” Ly 10kev” Lion® log(ALy /erg s~ log(Lpoi /erg s™1)° Lo/ Liad" iz
Date (ergs™h) (ergs™") (ergs™") 1450 A 2-10keV/1450 A

APM 08279+5255 2002 Feb 24 43502 4372 12498 47.9/47.83¢8 0.57%31¢ 4

APM 08279+5255 2002 April 28 417902 53+3 18419 48.0/47.83¢ 0.57018 4

APM 08279-+5255 2007 Oct 6 3.9%02 6713 3t 48.2/47.83¢ 0.57%038 4

APM 082795255 2007 Oct 22 50702 95+3 56718 48.4/47.83¢ 0.57%03% 4

APM 082795255 2008 Jan 14 45702 6513 25+12 48.2/47.83¢ 0.57793% 4

HS 1700+6416 2000 Oct 31 0.5540:%s 23593 0.62791 47.67 47.0/48.15 0.8%33 1

MG J0414-+0534 2017 Mar 11 33400 15.001 3.9%04 45.9/46.56" 0.2610:3 47
SDSS 1144244055 2019 Jan 18 25591 374932 1.2752 46.10 46.2/46.6 0.069% 6.3
SDSS 7102942623 2010 Mar 11 17431 34193 0.687 504 44.82 45.3/45.40 0.031902 30
SDSS J1529+1038 2015 July 19 0.317519 0.8793 0217598 45.54 45.33/46.06 0.12554 7

SDSS J0904+1512 2015 Nov 8 0.75%1 1693 0.6699% 45.62 45.6/46.13 0.0675:98 9

PG 11154080 2001 Nov 25 40751 6.6793 1947938 45.47 45.4/46.0 0.167548 46
PG 11154080 2004 Jun 26 40751 7.6%92 2761587 45.47 45.5/46.0 0.165038 46
PG 11154080 2004 Jun 10 3.5+02 6.3193 2.14%9% 4547 45.4/46.0 0.16758 46
Q 223740305 2017 Jan 4 19701 22494 0.43+9%2 45.53 45.4/46.05 0.08%049 16
SDSS J13534-1138 2016 Jan 13 12752 21453 0.8731 46.32 46.1/46.75 0.2019% 4

SDSS J1128+-2402 2018 May 28 11593 13794 0.2340%3 45.46 45.7/46.0 0.1543:83 6

PID352 e 0.28%0% 2.8703 v v 45.9/46.0 0.13047 1

HS 0810-+2554 2013 Dec 16 3.3794 48504 1.9792 45.04 44.9/45.6 0.0810:49 103
HS 0810+2554 2016 Dec 23 52403 7.810% 3.0103 45.04 45.1/45.6 0.087549 103
HS 081042554 2014 Oct 04 31591 4.6%94 3.6103 45.04 44.9/45.6 0.08 1049 103
SDSS 1092142854 2018 May 15 6.8703 6.2703 1.6793 44.80 46.7/45.4 0.03700% 4

SDSS J0921+2854 2018 Oct 24 6.9193 73402 13193 44.80 46.8/45.4 0.03:3% 4

Notes.

#2-10 keV unabsorbed fluxes (units of 10~'®) not corrected for lensing magnification.

® 210 keV unabsorbed luminosities (units of 10*%) not corrected for lensing magnification.

€ 13.6 eV-13.6 keV unabsorbed luminosities (units of 10*) not corrected for lensing magnification.

4 The luminosity densities at 1450 A are corrected for lensing magnification.

€ The bolometric luminosities are corrected for lensing magnification. The bolometric luminosities were calculated using two different methods, first from the
2—10 keV luminosities using X-ray bolometric correction factors and second from the luminosity density at 1450 A. See text for details.

[ The ratios of bolometric to Eddington luminosities use the bolometric luminosities derived from the observed optical/UV flux densities.

£ This bolometric luminosity is derived from the observed flux density at 3000 A (see Saturni et al. 2016) assuming a bolometric correction factor of 5 (Richards et al.
2006).

" This bolometric luminosity is derived from the observed flux density at 5100 A (see Pooley et al. 2007) assuming a bolometric correction factor of 9.

luminosities, and Eddington ratios of the quasar sample are
listed in Table 3. The UV luminosity densities at 1450 A were
obtained from analyzing available SDSS spectra of the sampled
quasars. The bolometric luminosities were calculated using two
different methods: first from the X-ray bolometric correction
factors and second from the luminosity density at 1450 A.
Specifically, for the first method we apply a bolometric
correction to the 2—10 keV luminosities based on the empirical
relations presented in Duras et al. (2020). The second
independent estimate of LBQ] is provided from the monochro-
matic luminosities at 1450A based on the empirical equations
of Runnoe et al. (2012). Our independent estimates of the
bolometric luminosities are very similar and show no
systematic offsets. We use the difference between the two
estimates to calculate the uncertainty of Lg,. The Eddington
ratios use the bolometric luminosities derived from the
observed optical/UV flux densities. The Eddington ratios of
our sample lie in the range of 0.03-0.8 with a mean of 0.21 and
a median of 0.15. We used the gravitational lens fitting code
glafic version 1.1.6 (Oguri 2010) to model the gravitational
lens systems and obtain the magnification factors. For all

spectral models we included Galactic absorption due to neutral
gas (HI4PI Collaboration et al. 2016).

We proceed in fitting the following models to the data (see
Tables 4-6) guided by the shape and location of identified
absorption and/or emission residuals:

1. Power law modified by neutral intrinsic absorption at the
source.

2. Power law modified by neutral intrinsic absorption and a
number of absorption and/or emission lines.

3. Power law modified by neutral intrinsic absorption,
outflowing intrinsic ionized absorption and an emission
line if required.

For the outflowing ionized absorber we used the XSTAR
photoionization model warmabs (Kallman & Bautista 2001;
Kallman et al. 1996). For improved accuracy and flexibility we
use the analytic XSTAR versions of the warmabs model
instead of the XSTAR table models. Our XSTAR warmabs
model assumes a spherical, constant density photoionized
outflowing optically thin absorber with a source at its center.

The default atomic population file pops .fits provided in
NASA’s warmabs distribution uses a fixed value of the
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Results from Fits to the Spectra of SDSS J1442+4-4055, SDSS J1029+2623, and SDSS J1529+1038

Table 4

Chartas et al.

Model* Parameter” Fitted Values® Fitted Values® Fitted Values®
SDSS 11442 SDSS 11029 SDSS J1529
1 r 1.807913 154799 20401
Ny < 0.4 x10*cm™?
2/ 55.07/58 60.1/82 33.3/39
PO v) 58 x 107! 9.7 x 107! 7.3 x 107!
2 r 1.80+0% 149409 1855012
Ny <04 x10%cm™?
E, 9.14103 keV 13.397 keV 9.0113 keV
oy < 0.1keV 0.77)3 keV < 28keV
EW, —194113% eV —6107312 eV —1.874% keV
E, 113758 keV .
(%] < 0.2 keV
EW, —54612%0 eV
E; 16.44193 keV
o3 < 0.1 keV
EW; +1.350¢ keV
/v 45.00/54 53.8/80 26.8/36
PO /v 8.03 x 107! 9.9 x 107! 8.7 x 107!
Fi/F,/F5 7.1/7.4/13.8 5.08/—/- 5.13/—/-
Puc.1/Puvca/Pucs 12 x107%/8.0 x 107%/1.0 x 1072 6.7 x 1072 /—/— 1 x107%/—/-
3 r 1795814 1475007 1905007
Ny <04 x 102 cm™? .
E, 16.35793 keV
o1 < 0.1keV
EW, +1.5701 keV
Nitabs1 35113107 cm~%(68%) 7.4728%10% cm (68%) 3.253%10% cm ™~ %(68%)
log &1 3.2701 erg em s7'(68%) 2.8%04 erg cm s™'(68%) 3.6704 erg cm s (68%)
Vearb.abs! 15,000 km s ! 19,000 km s ™" 36,000 km s~ !
Zabs] 1164343 0667003 131733
/v 36.79/56 55.13/79 26.7/37
PO /v 9.7 x 107! 98 x 107! 9.0 x 107!
Notes.

# Model 1 consists of a power law and neutral absorption at the source. Model 2 consists of a power law, neutral absorption at the source, and Gaussian absorption
and/or emission lines at the source. Model 3 consists of a power law, neutral absorption at the source and one or two outflowing ionized absorbers at the source, and a

number of emission lines. All model fits include the Galactic absorption toward the source (HI4PI Collaboration et al. 2016).

> All absorption line parameters are calculated for the rest frame.

¢ Spectral fits were performed using the X2 statistic and all errors are for 90% confidence unless mentioned otherwise.
d P(XZ/ v) is the probability of exceeding x* for v degrees of freedom if the model is correct.

? F; statistic between the null and alternative model for line component i.

f Pyic,i is the probability of exceeding this F; value for line component i as determined from the Monte Carlo simulations.

photon index of I' = 2. However, our spectral analysis indicates
that the photon index I' differed from this default value for
most observations of our quasar sample. We therefore used
XSTAR to create new population files appropriate for photon
indices of each observation.

We model the velocity broadening of the absorption lines by
introducing in the XSTAR models large turbulent velocities.
Several mechanisms may lead to velocity broadening, includ-
ing velocity gradients along the radial direction of motion (e.g.,
Schurch & Done 2007; Saez & Chartas 2011; Fukumura et al.
2018), and velocity gradients along a transverse direction of
motion of plasma around the black hole corona (e.g., Fukumura
& Tombesi 2019). We propose additional explanations, such as
relativistic effects, that may be important for outflows launched
near the innermost stable circular orbit, and variability of the
velocity of the outflow over timescales shorter than the total
exposure time. The spectra presented here, however, do not
have adequate S/N and/or spectral resolution to distinguish

between these possible mechanisms. We performed several fits
where we allowed the turbulent velocity to vary and found the
best-fit values. Because of the low to moderate S/N of the
Chandra and XMM-Newton spectra, the turbulent velocities,
are not well constrained. For the error analysis of the remaining
variables in spectral fits that used the XSTAR model we froze
the turbulent velocities at the best-fit values and list these
values in Tables 4-6.

In Figure 2 we show the UV and X-ray spectra of the sources
where significant ultrafast outflows are shown, and have not
been previously published. The UV spectra (left column) show
the C IV broad emission lines and blueshifted absorption lines
indicative of outflows with velocities of up to 0.075¢. The
X-ray spectra (middle column) show highly blueshifted
absorption lines which are occasionally accompanied by
emission lines (P Cygni profiles), indicative of ultrafast
outflows with non-negligible (or large) covering factors. The
emission line in a P Cygni feature is thought to be produced by
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Table 5
Results from Fits to the Spectra of SDSS J1353+1138, SDSS J0904+1512, and Q 223740305

Model* Parameter” Fitted Values® Fitted Values® Fitted Values®
SDSS J1353 SDSS J0904 Q2237
1 r 2.161913 2.025513 1.76 793
Ny 0.61 ’Oxlo” 0.25 *93¢%10% cm ™2 1.427133%10% cm 2
X2/ 61.14/76 49.6/75 42.16/33
PO /v 8.9 x 107! 9.9 x 107! 13 x 107"
2 r 2.127918 1.96791% 1.64 ¥938
Ny 0.56 £939%x10%% cm™ 0.16 ¥93¢ ><1022 em™? 1.515139% 102 cm ™2
E, 8.6703 keV 9.016 keV 6.5810:43 keV
oy 0.33199 keV < 1.5keV < 0.2keV
EW, +1.671 keV —65073 eV +80573% eV
E, 9.3708 keV 73513 keV
s 0.78 T3 keV 1.9 717 kev
EW, —947742 eV —16207810 ev
a3
/v 52.02/71 43.8/72 25.61 /27
POC /v 9.56 x 107! 9.96 x 107! 5.4 x 107!
Fy/F,/F5 13.6/13.8/— 4.80/—/- 125 /125 /-
Puc.1/Pyca/Pucs 3.0 x 107°/1.0 x 1072/ 3.5 x 1072/—/- 4x1073/2 %1073/~
3 r 2.10551 1975014 159703
Ny 0.56 *939%10%* cm > 0.157313x 102 cm ™2 0.94 *3:14x10%% cm™
E, 8.5103 keV 6.597 048 kev
ol < 0.1keV < 02keV
EWwW, +460+430 +480+{38 v
Nitabs1 3.924%x10% cm’2(68%) 3.3739x10% cm’2(68%) 1.034x10** cm
10g &,s1 3. 6*0] erg cm s~ '(68%) 3.6701 erg cm s (68%) 3.10502 erg cm s™'(68%)
Viurb,abs1 10,000 km s ™! 11,000 km s™! 30,000 km s~
Zabs1 0.851529 1155919 127418
2 v 56.5/73 45.4/71 28.6/29
POG ) 9.24 % 107! 9.92 x 107! 49 x 107!
Notes.

# Model 1 consists of a power law and neutral absorption at the source. Model 2 consists of a power law, neutral absorption at the source, and Gaussian absorption
and/or emission lines at the source. Model 3 consists of a power law, neutral absorption at the source and one or two outflowing ionized absorbers at the source, and a

number of emission lines. All model fits include the Galactic absorption toward the source (HI4PI Collaboration et al. 2016).

> All absorption line parameters are calculated for the rest frame.

¢ Spectral fits were performed using the \ statistic and all errors are for 90% confidence unless mentioned otherwise.
d P(Xz/ v) is the probability of exceeding x* for v degrees of freedom if the model is correct.

¢ F; statistic between the null and alternative model for line component i.

f Pyic,i is the probability of exceeding this F; value for line component i as determined from the Monte Carlo simulations.

fluorescence from the entire outflow, whereas the expanding
outflow along our line of sight produces the blueshifted
absorption line. We find that the X-ray spectra of 5(3) of the
14(6) quasars in our sample(subsample) contain P Cygni
profiles. The energies and equivalent widths of the emission
lines in these P Cygni profiles indicate that they do not
originate from reflection from the accretion disk or distant cold
matter such as a molecular torus. Specifically, the energies of
the detected emission lines in the P Cygni profiles detected in
our sample lie in the range of 6.6—11.7 keV and their equivalent
widths lie in the range of 0.75-2.3 keV. Conversely, studies of
the X-ray spectra of quasars (e.g., Inoue et al. 2007; de La Calle
Pérez et al. 2010) indicate that a large fraction of them contain
emission lines due to reflection with energies of ~6.4 keV and
with equivalent widths that lie in the range of 130—280¢eV.
The confidence levels (right column) of the ultrafast outflow
detections, calculated using X2 and Cash statistics are found to
be > 99%, with the exception of SDSSJ0904 that is detected

with a significance of > 90% confidence. We emphasize that
these results are independent of the statistic used in the analysis
of the spectra. In particular, the absorption and emission line
parameters are always consistent (within the 68% confidence
level) using the Cash or the x statistic (see Figure 2).

We followed a more robust approach of estimating the
significance of the blueshifted absorption and emission lines in
the X-ray spectra based on Monte Carlo simulations to
determine the distribution of the F statistic between models
(Protassov et al. 2002). We considered a null model that
included a simple absorbed power law and an alternative model
that in addition included one or two Gaussian absorption and/
or emission lines. For each observed spectrum we simulated
1000 data sets using the XSPEC fakeit command. We fit the
null and alternative models to the 1000 simulated data sets and
computed the F statistic for each fittWe computed the
probability, Pr., for the F value to exceed the value determined
from the fits of the null and alternative models to the observed
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Results from Fits to the X-Ray Spectra of SDSS J1128+4-2402 and SDSS J0921+2854

Table 6

Chartas et al.

Model* Parameter” Fitted Values® Fitted Values® Fitted Values®
SDSS J1128 SDSS J0921 (OBS1) SDSS J0921 (OBS2)
1 r 1.9279% 1.6975% 1725913
/v 68.53/85 81.9/79 68.21/88
POG ) 9.03 x 107! 4.10 x 107! 9.42 x 107!
2 r 1.885040 1635098 1.687013
E, 1174313 keV 1037008 keV 10454031 keV
o < 1keV < 0.1 keV < 0.1 keV
EW, +2.3103 keV +0.75103) keV +1433% eV
E, 12.47]% keV 10.4550%) keV 12.565012 keV
o +1.1502 keV +0.52703 keV < 0.1keV
EW, —880*5%, eV —0.457312 keV —217+1%, eV
E; o 6.39108¢ kev
03 < 0.1 keV
EW; +10053 eV
/v 61.52/84 64.11/73 54.54/82
PO /v 9.69 x 107! 7.62 x 107! 9.92 x 107!
F\/F,/F5 10.4/11.3/- 11.7/11.8/- 10.8/8.4/8.2
Pyic./Pryca/Pucs’ 53x107°/8.0 x 1073/— 8.0 x 107°/9.0 x 1073/~ 1.5x107°/ 6.0 x 107°/9.3 x 1073
3 r 1887994 1.587014 163105
E, 114701 keV 10.3109) kev 104703 keV
oy < 0.1keV < 0.1keV < 0.1keV
EW, +1.2188 keV +31573% ev +12471%0 ev
Niabs1 2.3713%10% cm™2(68%) 3.7724%10% cm~%(68%) 673%x10% cm™4(68%)
log €41 3157513 erg cm s~ (68%) 3.1792 erg cm s~ '(68%) 3.14754, erg cm s~ (68%)
Vearb.abs1 9,000 km s~ 3,000 km s~ 6,000 km s~
Zabs1 0.397803 0.56"503 0.33'003
/v 30.42/46 65.15/72 86.63/120
PO /v 9.63 x 107" 7.03 x 107" 9.90 x 107"
Notes.

# Model 1 consists of a power law and neutral absorption at the source. Model 2 consists of a power law, neutral absorption at the source, and Gaussian absorption
and/or emission lines at the source. Model 3 consists of a power law, neutral absorption at the source and one or two outflowing ionized absorbers at the source, and a
number of emission lines. All model fits include the Galactic absorption toward the source (HI4PI Collaboration et al. 2016).

Al absorption line parameters are calculated for the rest frame.

€ Spectral fits were performed using the x? statistic and all errors are for 90% confidence unless mentioned otherwise.
d P(Xz/ v) is the probability of exceeding x> for v degrees of freedom if the model is correct.

ef F; statistic between the null and alternative model for line component i.

f Py, is the probability of exceeding this F; value for line component i as determined from the Monte Carlo simulations.

spectra. The probabilities Pr for all objects are listed in
Tables 4-6 and are found to be <0.01 with the exception of
SDSSJ0904 for which Pr=0.035.

Due to an operational problem, only MOS1+2 data were
obtained during the XMM-Newton observation of
SDSSJ0921 in May 2018. The observation of SDSSJ0921
was rescheduled in 2018 October during which both EPIC-pn
and MOS1+2 data were obtained. In Figure 2 we show the
variability of the outflow in SDSSJ0921 between the two
observations. The projected velocity of the outflow along our
line of sight has increased from 0.41¢-0.53c¢ between
observations. The outflow is detected at the same velocity in
both the MOS1+42 and pn spectra of the 2018 October
observation. The emission line detected in SDSSJ0921, which
possibly originates from iron fluorescence from the entire
outflow, shows no significant change in energy between the
two observations. The XMM-Newton observation of
SDSSJ1442 was also significantly affected by flares and the

background was especially elevated in the pn detector. Two
blueshifted absorptions lines are detected in both MOS1+-2
and pn spectra of SDSSJ1442 indicating an outflow with two
velocity components.

We also detect an emission line with a rest-frame energy of
~16.44keV in the spectrum of SDSSJ1442. The 16.44 keV
line is detected at the > 99% confidence level and our Monte
Carlo simulations confirm it to be significant (> 99.9%
confidence level) and not a random fluctuation. We interpret
the large energy shift of the line with respect to the energy of
the expected Fe Ka fluorescence line as possibly being the
result of microlensing in one of the lensed images of SDSS
J1442. Similar blueshifted lines have been detected in several
lensed quasars (e.g., Chartas et al. 2017). Future observations
with the Chandra X-ray Observatory would be required to
resolve the spectra of the images to confirm the microlensing
interpretation.
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Figure 2. The UV and X-ray spectra of the sources for which the X-ray spectra have not been previously published with claimed ultrafast outflows. (Left) Rest-frame
UV spectra showing NALs. The spectrum of Q2237 is adapted from O’Dowd et al. (2011). (Middle) X-ray spectra showing blueshifted absorgtlon lines. (Right)
Confidence contours of the absorption and/or emission lines of the ultrafast outflows. Black and thick contours are based on spectral fits that use x~ statistics and gray

and thin contours are based on spectral fits that use Cash statistics.

In Figure 3 we show the distributions of the velocities,
absorber column densities, and ionization parameters6 of the

Throughout this paper we adopt the definition of ttllgob%lzanon parameter of
Tarter & Salpeter (1969) given by & = L‘“" = F,dv, where ny is
the hydrogen number density, and r is thg sourcé- clloud separation.

outflowing X-ray absorbers of our sample. These outflow
properties are taken from spectral fits with models that
incorporate the outflowing photoionized absorber listed as
model 3 in Tables 4-6. Several of the objects in our sample
were observed over multiple epochs (see Table 2) and several
of the objects contained multiple outflowing absorbers. The
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Figure 3. Distributions of the velocities, absorber column densities, and ionization parameters of our sample of high-z quasars.

projected values of the outflow velocities of the absorber lie in
the range of ~0.1c—0.6¢c, the absorber column densities lie
in the range of ~9 X 1022 — 1 x 10 cm_z, and the ionization
parameters lie in the range of ~10>® — 10°ergcms™".

3.1.1. Energetics of Quasar Outflows

For estimating the energetics of the wind we assume a
spherically symmetric outflow with a covering factor of f; (e.g.,
Lamers & Cassinelli 1999). We approximate the hydrogen
column density Ny ~ n(r)Ar, where n(r) is the number density
(particles per cubic centimeter) of the gas at radius r. We use
the following expressions to estimate the mass-outflow rate
(Equation (1)), the kinetic power (Equation (2)), and the rate of

10

change of momentum of the outflow (Equation (3)):

M = 47Tr(r/Ar)NHmprin¢fC, (H
Ex = 12, )

2
p = MVyind, 3)

where Ar is the thickness of the absorber at radius r, Ny is the
hydrogen column density, vy;nq is the outflow velocity of the
X-ray absorber, and f. is the global covering factor of the
absorber.

~ We used a Monte Carlo approach to estimate the errors of
M, Ex/Lgo, and p /(Lo /c). The values of vying, Niabss MBH>
and L, were assumed to have normal distributions within
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their error limits. The values of f,, r/Ar, and r were assumed to
have uniform distributions within their error limits. By
multiplying these distributions and with the appropriate
constants from Equations 1-3 we obtained the distributions
of M, Ex/Lge, and p/(Lpo/c). We finally determined the
mean values of the distributions of M, E k/Lo, and
P/ (Lo /c) and estimated the 68% confidence ranges.

Special relativistic effects in modeling ultrafast outflows
were recently presented in Luminari et al. (2020). As a
consequence of these relativistic effects the true hydrogen
column densities of the outflowing absorbers are larger than the
observed column densities by a velocity depended factor. In
Table 9 we list the relativistic correction factors as calculated in
Luminari et al. (2020) for the observed outflow velocities. The
mass-outflow rate, the kinetic power, and the rate of change of
momentum of the outflow are all proportional to the column
density and therefore these quantities also need to be adjusted
by the relativistic correction factor.

The locations of the absorbers is not well constrained with
the available CCD resolution spectra. As a conservative
approach (see Gofford et al. 2015) we calculate a lower bound
of the distance of the absorber from the center of the black hole,
Tmin, DY €quating the observed velocity with the escape velocity
at that radius.

Fmin = Rs(c/vwind)z» 4)
where vy;inq 18 the observed outflow velocity and R, = 2GM/ 2,
is the Schwarzschild radius. We note that we observe the
projected component of the wind velocity. The true outflow
velocity will be larger than the observed one and the true radius
will be smaller than this r,;, value depending on the angle
between our line of sight through the absorber and the velocity
of the X-ray absorbing material. The observed wind velocities
are derived from the best-fit redshift parameters z,,; of model 3
in Tables 4-6, where the outflowing ionized absorber is
modeled with the photoionization software package XSTAR.

Variability of the properties of the ultrafast outflows has
been observed and reported in several quasars of our sample
including APMO08279, PGI1115, and HS1700 on timescales
comparable to the light-crossing time over regions of 10—100r,
(Chartas et al. 2003, 2009; Saez & Chartas 2011; Lanzuisi et al.
2012). The short term variability timescale of the X-ray
absorption lines suggest that the distances of the outflowing
absorbers from the center of the black holes are consistent with
the estimates of 7y;,.

In the case that the wind is not continuous but made up of
clouds we can define a filling factor f= V,,,/V. Assuming the
clouds have a thickness of Ar, the column density is
Ny ~ n(r)(Ar)f and the distance between the ionizing source
and the absorbing cloud is given by

1/2
Fabsorber = (LionArf
absorber — .
ENu

)

In order to obtain an upper limit on the location of the
absorber, the following approximations are often used in the
literature, Ar/r=1 and a filling factor of f/=1 (e.g., Tombesi
et al. 2012; Gofford et al. 2015). These approximations lead to
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Figure 4. Distribution of the distances of the ionized ultrafast absorbers from
the central sources of our quasar sample.

the following upper limit on the location:

L4
P = —on. 6
= (6)

There are several problems with using r, with Ar/r=1
and f=1 as a useful upper limit for the location of the absorber.
Filling factors based on estimates for absorbing clouds can be
as small as ~1 x 107° (e.g., Laha et al. 2016) . Assuming f= 1
and Ar = r can result in estimated r,,x values that are several
orders of magnitude larger than the true values of rupsorper-
Using Equation (6) will also result in an overestimate of
quantities that are proportional to 7ysomer SUCh as the mass-
outflow rate, the outflow efficiency and the momentum boost.
In Table 9 we list the ratio of ryax /#nin- For our study we are
interested in placing conservative constraints on the energetics
of ultrafast outflows and determining whether they are
powerful enough to produce feedback on their host galaxies
based on criteria presented in Hopkins et al. (2016). We
therefore adopt the ry;, values for estimating the location of the
absorbers resulting in lower limits of the energetics of the
outflows.

In Table 9, we list the total hydrogen column densities Ny of
the X-ray absorption lines, the relativistic corrections of the
optical depths, the minimum and maximum distances between
the ionizing source and the absorbing cloud, the ionization
parameters, the outflow velocities of each absorption comp-
onent, the mass-outflow rates, the efficiency of the outflows
and the momentum boosts of the outflows. In Figure 4 we
present the distribution of the estimated r;, values of the
quasars of our sample derived from Equation (4). Most quasar
winds appear to have iy S 100 7, with a significant fraction
have 7y, near ~20 r,. This is consistent with detailed general
relativistic radiative magneto-hydrodynamic (GR-rMHD)
simulations, showing a continuous production of fast AGN
outflows within such a microscale region (e.g., Sadowski &
Gaspari 2017).

Insight into the acceleration mechanism of ultrafast outflows
is obtained by estimating the fraction of their kinetic luminosity
(Ex) to the bolometric luminosity (Lg,,). An efficiency fraction,
Ex/Lg, near or greater than the covering fraction would imply
that a driving mechanism in addition to radiation pressure must
be contributing to the acceleration of ultrafast outflows.
Specifically, assuming that the bolometric emission of the
high-z sample is approximately isotropic, an outflowing wind
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Figure 5. Left: Distribution of the fraction of the kinetic luminosity to the bolometric luminosity (Ex /Lgo) of the ultrafast absorbers of our high-z quasar sample (left
bottom), of the low-z Gofford sample (left top), and of the low-z Tombesi sample (left middle). Right: Distribution of the momentum boost (p/(Lge /c)) of the
ultrafast absorbers of our high-z quasar sample (right bottom), of the low-z Gofford sample (right-top), and of the low-z Tombesi sample (right middle). For objects

with multiple observations the average values are displayed. No relativistic correction is applied to the outflow efficiency and momentum boost.
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Figure 6. Left: Distribution of the fraction of the kinetic luminosity to the bolometric luminosity (Eg/Lgo;) of the ultrafast absorbers of our high-z quasar sample (left
bottom), of the low-z Gofford sample (left top), and of the low-z Tombesi sample (left middle). Right: Distribution of the momentum boost (p/(Lpo /c)) of the
ultrafast absorbers of our high-z quasar sample (right bottom), of the low-z Gofford sample (right top), and of the low-z Tombesi sample (right middle). For objects
with multiple observations the average values are displayed. A relativistic correction is applied to the outflow efficiency and momentum boost.

with a covering fraction of f, will at most receive a fraction f; of
the total bolometric luminosity.

The global covering factor of the absorber is often
estimated from modeling the P Cygni profile of the outflowing
spectral feature or from the observed fraction of AGNs that
show ultrafast outflows in their X-ray spectra. Many of the
available P Cygni models used to fit the X-ray spectra of
ultrafast quasar winds (e.g., windabs) ignore the presence of
the accretion disk and do not include general relativistic
effects that are expected to be important for winds launched
near the event horizon. Dorodnitsyn (2009) has simulated P
Cygni profiles produced in the vicinity of quasars, taking
into account Doppler and gravitational effects. These simula-
tions indicate that current models that do not include general
relativistic effects and an accretion disk are crude

12

approximations and will result in unreliable constraints on
the geometry of the wind. We therefore assume a global
covering factor of f. =0.4 with the knowledge that current
observations suggest that about 40% of nearby AGNs contain
ultrafast outflows (e.g., Tombesi et al. 2010; Gofford et al.
2013). In Figures 5 and 6 we show the distributions of the
efficiency fraction EK/LBol and momentum boost for our
high-z sample without and with relativistic corrections (wrc),
respectively. About 64% (86% wrc) of the high-z sample
have EK/LBol > 0.4 and about 86% (100% wrc) have
p/(Lpo/c) 2 1. As a comparison, from the low-z Tombesi
sample (see Figures 5 and 6) we find that about 20%
(20% wre) of local AGNs have Ex /Lol = 0.4 and about 40%
(50% wrc) of them have p /(Lo /c) 2, 1. For the comparison
of the low and high-z AGN samples we have assumed the



THE ASTROPHYSICAL JOURNAL, 920:24 (20pp), 2021 October 10

1.2 12
SDSS J1529+1038 SDSS J0904+1512
. Component 1 - Component 3
O 10r===== O 1.0
F 2 ﬁ
B~ 0.8 =~ 0.8
=l =
o 9]
N N
s 06 = 0.6
: :
0.4 0.4
Z 3 Z
02 02 s
0.0 0.0

-6400 -6300-6200 -6100
Velocity (km s1)

-2100-2000 -1900 -1800
Velocity (km s!)

2
SDSS J1353+1138 SDSS J1128+2402
Component 1 Component 1
S0 10 [
E z
= 0.8 = 0.8
=)
= 0.6 = 0.6
< = 0.
£ B
3 5
Z 04 Z 04 [
0.2 0.2
00— 00—
-7100  -6900 -6700 -6500 6600  -6400  -6200

Velocity (km s!) Velocity (km s!)

Figure 7. Velocity-aligned normalized flux profiles of detected C IV transitions
in NAL systems toward SDSSJ1529, SDSSJ0904, SDSS J1353, and SDSS
J1128. The blue and red components of the doublet are shown with the blue
and red histograms, respectively. The bottom lines show the normalized 1o
errors. The coverage fractions evaluated over the central region of the
absorption lines are plotted with filled black circles.

minimum estimates of Ex that assume the distance to the
absorber is given by Equation (4).

Finally, the retrieved high mechanical feedback power ratio
(Figures 5 and 6, left) is a clear signature that the micro/meso
AGN feedback will have a substantial impact on the evolution
of the host hot halos estimated to have 7Ty ~ 1 — 2 keV (Gaspari
et al. 2019).

4. UV Observations and Data Analysis of Subsample

The UV spectra of our subsample of six quasars were taken
with SDSS. Processed and calibrated spectra were downloaded
from the SDSS database.” We analyzed each spectrum with a
multicomponent fitting code written in Python. Each spectrum
was corrected for Galactic extinction using the Schlafly &
Finkbeiner (2011) map and a Milky Way extinction law of
Fitzpatrick & Massa (1999) with a reddening parameter of
Ry = 3.1. The flux densities were corrected for the gravitational
lens magnifications listed in Table 2. The model fitting function
used has the form:

i=N
1
=a+ b+ —c
A ; oN2m

The model function was fit to the SDSS spectra using the
nonlinear least-squares Python routine scipy.optimize.
curve fit. The region of interest of the fit covers the C1v
emission line and all significant absorption lines blueward of

A-mw?

s (7)

1of—

7 https: //www.sdss.org/dr16/
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the emission line. The CIvV A\ 1548.19,1550.77 doublet ratio is
often used to constrain the coverage fraction C(v) and optical
depth 7(v) of the absorbing material in front of the emission
source (e.g., Hamann et al. 1997; Hamann & Sabra 2004). The
doublet method of estimating the coverage fraction assumes
that the outflowing UV absorbing gas is spatially homogeneous
in front of a spatially uniform emission source. The normalized
flux densities across the blue and red components of the
doublet, assuming a coverage fraction C(v), are given by the
following expressions:

=1 —C»)+ Cve >V

R =1~ CW) + C(e ™. ®)

The solutions to these two equations provide the coverage
fraction C(v) and the optical depth 7(v) as a function of
velocity. A coverage fraction of less than one indicates that the
absorber is likely intrinsic and associated with an outflowing
wind from the quasar (e.g., Misawa et al. 2007; Itoh et al.
2020). Intervening absorbers and foreground galaxies have
angular sizes considerably larger than the central sources and
would produce coverage fractions of ~1.

In Table 7 we list the central wavelengths and FWHM of the
detected blueshifted absorption lines. We also provide the
outflow velocities of the blueshifted absorption lines. We find
at least one blueshifted C IV doublet component in each quasar
of the subsample. The FWHM values of all blueshifted C 1V
absorption lines in the subsample are < 500 kms~'. Based on
these velocity widths we classify the blueshifted absorption
lines in the subsample as NALs. In Table 8 we list the
equivalent widths of the absorption lines, the coverage fraction
C(v), the optical depth 7(v) averaged over the central region of
the absorption lines, and the C IV ionic column density. Several
of the absorption line depths are either very shallow in the C 1V
doublet or the red component has a slightly larger depth than
the blue one within the error bars. In these cases the doublet
method yields unphysical values for several velocity bins and
we cannot provide estimates for Cy, 7 and N¢ ;. We find that
four of the six quasars of the subsample contain an outflowing
component with a coverage fraction less than 1 indicating that
they are likely intrinsic. For the two quasars J1442 and J0921,
where we cannot constrain the coverage fraction, we find that
they contain CIV doublets with outflow velocities of
~12,700 and ~5160 km sfl, respectively. These absorbers are
possibly also intrinsic since these outflow speeds are too high
for the absorbers to be environmental gas and NAL systems
with velocity separations between 3000 and 12,000 kms ™" are
found to be dominated by absorbers intrinsic to and outflowing
from the quasar (e.g., Stone & Richards 2019).

We conclude, that based on our estimated coverage fractions
and outflow velocities, all the quasars of our subsample contain
outflows of UV absorbing gas with velocities ranging between
5,160 and 22,740 kms ™.

We have assumed Gaussian optical depth profiles which
leads to the following simplified approximation of the ionic
C 1V column density (e.g., Moravec et al. 2017):

Neiw = 6.68 X 1014(—b O ]cmz,
R )\(),R

©)

where \or = 1550.77 A is the laboratory wavelength of the
redder transition of the CIV doublet, fz is the line oscillator
strength of the \gr transition of the doublet, b is the Doppler
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Table 7
Results from Fits to the SDSS Spectra of the Subsample

Object Plate-MJD-Fiber® Comp® Acivp” FWHMCc i\ 5 Acivi’ FWHMCc iy r Vuv

A) (km's™") A) (kms™") ©
SDSS 1144244055 6061-56076-0132 1 1482.68 £+ 0.09 227 £ 45 1484.89 £ 0.26 322 £ 159 0.0423 £ 0.0001
SDSS J1529+1038 5493-56009-0900 1 1509.79 £ 0.17 188 + 62 1512.33 £ 0.17 188 + 62 0.0248 £ 0.0001
SDSS J1529+1038 5493-56009-0900 2 1511.06 £ 0.17 203 £ 63 1513.78 £ 0.17 203 £ 63 0.0239 £ 0.0001
SDSS J1529+1038 5493-56009-0900 3 1538.32 + 0.03 192 + 15 1540.95 £ 0.04 201 +£22 0.0063 £ 0.0001
SDSS J0904+1512 5295-55978-0976 1 1430.86 £+ 0.07 244 £37 1433.17 £ 0.12 289 + 61 0.0758 £ 0.0001
SDSS J0904+1512 5295-55978-0976 2 1452.87 + 0.06 244 £29 1455.04 £+ 0.06 306 + 29 0.0616 £ 0.0001
SDSS J0904+1512 5295-55978-0976 3 1516.10 £+ 0.10 269 £ 51 1518.47 £+ 0.10 280 £ 51 0.0207 £ 0.0001
SDSS J13534-1138 1702-53144-0397 1 1513.26 £+ 0.04 284 + 18 1515.92 £+ 0.06 310 £25 0.0226 £ 0.0001
SDSS J1128+2402 2497-54154-0113 1 1515.71 £ 0.15 230 £73 1518.14 £ 0.11 203 £ 50 0.0210 £ 0.0001
SDSS J0921+2854 2353-53794-0139 1 1521.55 +0.20 139 £+ 87 1523.69 £+ 0.18 125 £ 77 0.0172 £ 0.0001
Notes.

 Plate is the SDSS plug plate used to collect the spectrum, MJD is the Modified Julian Date of the night when the observation was carried out and Fiber is the fiber
number used for the object.

b Comp is the assigned number to an C IV doublet component.
A wp and Ac ;. r are the fitted rest-frame wavelengths of the blue and red components of the C IV doublet, respectively.

Table 8
Properties of Outflowing C IV Absorbers of the Subsample
Object Plate-MJD-Fiber Comp We v B® We v cP 7° Ne !t
A) (A) (% 10" cm 7?)
SDSS J1442+4-4055 6061-56076-0132 1 0.46 £0.10 0.23 £0.10
SDSS J1529+1038 5493-56009-0900 1 0.4 +0.1 04 +0.1
SDSS J1529+1038 5493-56009-0900 2 0.5+0.1 0.5+0.1 0.21 +0.06 4+£3 3+2
SDSS J1529+1038 5493-56009-0900 3 1.07 £ 0.08 0.83 +0.14 0.36 £ 0.03 1.20 £ 0.40 1.3+£0.3
SDSS J0904+1512 5295-55978-0976 1 1.5+02 1.2+0.3 0.85+0.12 0.36 £+ 0.05 1.3+£0.1
SDSS J0904+1512 5295-55978-0976 2 1.0+0.2 1.2+04
SDSS J0904+1512 5295-55978-0976 3 0.7+02 0.7+0.2 0.18 +0.02 3.0+£0.3 23104
SDSS J1353+1138 1702-53144-0397 1 1.80 £ 0.23 1.70 £ 0.29 0.51 +£0.03 1.4+04 32+0.1
SDSS J1128+-2402 2497-54154-0113 1 1.27 £ 0.30 1.14 £ 0.30 0.40 + 0.04 22405 29402
SDSS J0921+-2854 2353-53794-0139 1 0.93 £0.04 0.96 £ 0.03
Notes.

& We iv.p and Wc , g are the observed-frame equivalent widths of the blue and red components of the C IV doublet, respectively.
Cy is the coverage factor averaged over the central region of the C IV absorption lines. In several cases the absorption depths are either very shallow in the C IV
doublet or the red component has a slightly larger depth than the blue one within the error bars. In these cases the doublet method yields unphysical values for several

velocity bins and we cannot provide estimates for Cy, 7 and Nc y.

€ 7 is the optical depth averaged over the central region of the C IV absorption lines.

d Nc iy is the C IV ionic column density calculated using Equation (9).

parameter with units of kilometers per second, and Ty is the
line-center optical depth of the redder transition of the CIV
doublet. .

The spectral resolution of the SDSS spectra (1500 at 3800 A)
is insufficient to resolve the C IV absorption profiles and many
of the absorption lines appear to be saturated. As a result, our
estimated values of the ionic column densities of the absorbers
listed in Table 8 should be considered as lower limits.

CIV A\ 1548.19,1550.77 doublets have intrinsic optical
depth ratios of ~2:1. The observed line depth ratios of ~1:1 in
most doublets of our subsample indicate strong saturation,
partial covering, and large optical depths (e.g., Hamann et al.
2019). Saturation may lead to significant underestimates of the
column densities of the outflowing UV absorbing gas and
estimates of the ionization parameter in these cases are also
unreliable. We have thus not attempted to constrain the
energetics of the outflowing UV absorbing gas with the
available SDSS spectra.

14

5. Discussion

We searched for a possible correlation between the outflow
velocity, vying, Of X-ray absorbing gas and the bolometric
luminosity, Lg,;, of AGN. We considered three different AGN
samples for our vy;,q—Lpo) correlation analysis. The first sample
includes the high-z quasars of our study, with bolometric
luminosities and velocities taken from Tables 3 and O,
respectively. For quasars APM08279, PG1115, HS0810, and
SDSSJ1442 that contain two velocity components in the same
observation, the largest velocity component is considered in the
Vwind — LBo correlation analysis. The second sample (referred
to as the Tombesi sample) contains the 12 type 1 AGN and
three type 2 AGN listed in Table 1 of Tombesi et al. (2012).
The redshifts of the AGN in the Tombesi sample range
between 0.00233 and 0.1040. The third comparison sample
(referred to as the Gofford sample) includes 15 of the 20 AGN
listed in Table 1 of Gofford et al. (2015). For the Gofford
sample we excluded APM08279 because it is a high-z quasar
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Table 9
Quasar Outflow Properties
Object Observation Ny Csr Finin® Finax / Tonin log £* Vaind M Ex/Lsa P/ (Lo /<)
Date (c) M yril)

APM 0827945255 2002 Feb 24 10449 144 12118 24 40193 0.1675% 101733 0.1159%7 135108
APM 08279+5255 2002 Feb 24 Lo¥% 221 2547 7,756 3.2t8§ 0.35°0%3 5.0132 0.0267591% 0157988
APM 0827945255 2002 April 28 1.7%3 1.59 7612 2,926 31594 0.2079% 127732 0.02279:9% 0.2275%
APM 08279+5255 2002 April 28 14%0% 277 14+4 7,208 3.510% 0.4670% 46433 0.0473% 0.197949
APM 0827945255 2007 Oct 6 3.970 151 94+32 557 3.6193 0.1819% 3348 0.043*3917 0.615043
APM 0827945255 2007 Oct 6 8.3719 3.39 1013 1,190 3.9703 0.5479% 2377 0.2810:08 13702
APM 0827945255 2007 Oct 22 12492 133 17843 5,477 3.1594 0.13+092 14+ 0.01379%4 020317
APM 0827945255 2007 Oct 22 10503 234 2148 53,891 3149 0.3875%3 471 0.031799% 0.16%343
APM 0827945255 2008 Jan 14 0.9194 1.67 6373 5,815 3.3197 0.227003 613 0.01675933 0.14794
APM 0827945255 2008 Jan 14 4.0t 3.95 8.521 2,317 3.9103 0.5979% 13*8 0.23+939 0.7779%2
HS 1700+6416 2000 Oct 31 5.6t34 234 31717 55 3.9749 0.387993 33431 0.10+3% 0.54704}
MG J0414+0534 2017 Mar 11 9.8437 1.91 47437 206 3.0701 0.28%992 6.2742 0.491049 3.5°23
SDSS J1442-+4055 2019 Jan 18 35413 2.83 6.6134 1,155 66133 0.471; gg 55137 1.2559 51449
SDSS J1029+2623 2010 Mar 11 74138 382  0.6%93 880 2.8791 0.5875% 0.99¢ 43722 15530
SDSS J1529+1038 2015 July 19 32443 179 56743 62 3.6104 0.25%0:5¢ 2.0H18 0.37792¢ 3.0%3
SDSS J0904+1512 2015 Nov 8 4.0733 1.83 9.1433 59 3.844048 026705 48428 0.9+97 6.913%
PG 11154080 2001 Nov 25 1.9%92 1.17 23t‘2 63 3231007 0.08%0% 17559 0.0459%2 L1558
PG 11154080 2001 Nov 25 16104 230  14%)3 1913 314753, 0377991 0.317518 0.17312 0.9+97
Q 223740305 2017 Jan 4 10+ 1.51 30733 18 31492 0.18+3:5% 16413 1.58*1% 17.519
SDSS 1135341138 2016 Jan 1 39724 216 7.3 213 3.6°07 0.34+9%2 112737 0.18+0%4 2.0718
SDSS J1128+2402 2018 May 28 23417 7 3.60  0.5793 1,949 3.154043 0.56% 0. 35*02‘ 0417934 .st}g
PID352 2273 136 1249 29704 0.14+5%2 1.9+13 0.14+344 1955143
HS 0810-+2554 2014 Oct 04 2159 1.26 1147 1.5 50758 0.1153% 12599 0.155518 2.6%3
HS 081042554 2014 Oct 04 1473 259 07793 317 41794 0.43+99% 0217913 0.3540% 1741
SDSS J0921+2854 2018 May 15 37424 2.49 13408 6,381 31552 0411302 11458 2.61%5 1354
SDSS 1092142854 2018 Oct 24 6.0737 330 0873 62 3.14494, 053459 1.3t8,2 52733 20713

Notes. The properties of the outflowing X-ray absorbing gas are obtained from the photoionization model XSTAR. M, Ex, and p are derived from Equations 1-3,
respectively. To correct for relativistic effects proposed in Luminary et al. 2020, the values of Ny, M, E, and p need to be multiplied by the factor Csg. Ny, M, Ex,
and p have been calculated assuming that the distance between the outflowing absorber and the center of the black hole is 7,y given by Equation (4). For APM 08279
+5255, PG 1115+080, and HS 081042554 we list the properties of the two detected outflowing absorbers per observation. For SDSS J09214-2854 we list the

outflow properties of one detected component in two observations.
# The hydrogen column density Ny has units of x 10* cm
erg cm s

that is included in our high-z sample, we excluded NGC 3783
and NGC4395 because their outflow velocities are not
constrained, and we excluded MCG-6-30-15 and NGC 3516
because their low outflow velocities and relatively low column
densities place them close to the warm absorber category of
winds. The Gofford sample is comprised of three broad-line
radio galaxies, nine type 1 AGN, and three type 2 AGN. The
redshifts of the AGN in the Gofford sample range between
0.00234 and 0.18. In cases where multiple observations of an
object are available, the outflow velocities and corresponding
bolometric luminosities of the individual observations are
considered for our analysis of the vying — Lpo data and not the
average of these quantities over the observations.

The outflows in the three samples considered for our analysis
of the vging— Lo data are associated with outflowing
absorbers that have ionization parameters larger than
log(&/erg cm s™') = 3, hydrogen column densities larger than
log(Ng/cm~2) =22, and outflow velocities larger than
3,000kms~'. We are not considering outflows commonly
associated with warm absorbers that have ionization parameters
in the range log(¢/ergcms™!) = —1 to 3, column densities
in the range log(Ny/cm™ 2) =20-22 and outflow velocities
in the range v=100-2,000kms~" (e.g., Laha et al. 2014).

15

’2, the minimum radius of the absorber has units of x 1013m, and the ionization parameter £ has units of

We note that the analysis presented in Tombesi et al. (2010,
2012) included outflowing absorbers with velocities above
10,000 kms ™'

In Figure 8 we show the outflow velocities of our high-z
AGN sample (in black), the Tombesi low-z sample (in red), and
the Gofford low-z sample (in blue) as a function of bolometric
1um1n0s1ty For a radiation-driven outflow we expect Vying
L' (e. g., see Equation 1 of Chartas et al. 2002). For the fits
to the low-z Tombesi and Gofford samples we find best-fit
values of the power-law exponents of »=0.02 4+ 0.06 and
b=0.29 +0.09, respectively. We find a Kendall’s rank
correlation coefficient of 7=0.1 with a null probability of
Pun = 0.52 for the low-z Tombesi sample and 7= 0.45 with a
null probability of P,,;=8.9 X 1072 for the low-z Gofford
sample. We conclude that the low-z Gofford AGN sample
shows a strong and significant correlation between vy;,q and
Lp,;, in agreement with the result first presented in Gofford
et al. (2015), whereas no correlation between vy;,q and Lg is
found for the low-z Tombesi sample. One possible explanation
for this difference it that Tombesi et al. (2012) did not include
outflows with velocities between 3000 and 10,000 kms ™.

For the fit to our high-z quasar sample we find a best-fit value
of the power-law exponent of »=0.034+0.06. We find a
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Figure 8. The outflow velocity of the ionized absorber vs. bolometric luminosity of the low-z Tombesi (red squares), low-z Gofford (blue triangles) and high-z (black
filled circles) AGN samples. (Left) We show the power-law least-squares fits to the combined Tombesi and Gofford samples with the solid line and to the high-z
sample with the dashed line. (Right) We show the power-law least-squares fits to the combined Tombesi, Gofford, and high-z samples with the solid line. The shaded

areas represent the uncertainty of the slopes of our fits to the data.

Table 10
Correlation Table of vy;,q versus Ly,

Samples” ™ P b°

Tombesi 0.11 0.52 0.02 £ 0.06
Gofford 0.45 89 x 1073 0.29 £+ 0.09
High-z 0.10 0.55 0.04 £0.04
Tombesi + high-z 0.50 89 x10°° 0.13 £0.03
Goftford + high-z 0.55 2.0x107¢ 0.26 + 0.04
Tombesi + Gofford 0.25 29 %1072 0.15 + 0.06
Tombesi + Gofford + high-z 0.51 6.0x 1078 0.20 £ 0.03

Notes.

# High-z represents the high-z quasar sample of our study. Tombesi and
Gofford are the low-z AGN samples described in the text. A + sign between
samples indicates that the samples are combined.

b o is the Kendall rank correlation coefficient of the Vwind Versus Ly data.

¢ The null probability of the vy;,q versus Ly, correlation.

9 The best-fit values of the power-law exponent b, where the vyi,q versus Lpo;
samples are fit with the function vy,;,g = aLgol.

Kendall’s rank correlation coefficient of 7=0.1 with a null
probability of P,,; =0.55 for the high-z AGN data. For the
combined fit to the low-z Tombesi and Gofford samples and
our high-z quasar sample we find a best-fit value of the power-
law exponent of b = 0.20 £ 0.03, significantly below the value
predicted for radiation driving alone. We find that the fit to the
combined samples results in a Kendall’s rank correlation
coefgﬁcient of 7=0.51 with a null probability of P,,; =6 X
107°.

In Table 10 we list the correlation coefficients and best-fit
power-law exponents for our analysis of the vyinq — Lgo data
of the low-z Tombesi and Gofford samples and our high-z
quasar sample. The best-fit value of »=0.15+0.06 for the
combined low-z Tombesi and Gofford samples is also below
what would be predicted for radiation driving for the
acceleration of accretion disk winds at low-z. The high-z
AGN sample alone shows higher outflow velocities and no
significant dependence between outflow velocities and bolo-
metric luminosity suggesting that an additional driving
mechanism may be contributing to the outflow. Another
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Figure 9. The X-ray and UV velocities of the outflowing ionized absorbers of
the high-z quasar sample. The NAL quasars are shown with filled red circles
and the rest of the sample with open red circles. No significant correlation is
found for the entire sample, however, a possible anticorrelation is found for the
NAL quasar sample.

possibility for the non-dependence between luminosity and
outflow velocity for the most luminous objects is that there is a
saturation effect in the acceleration process for velocities 2>
0.1c due to relativistic beaming (e.g., Schurch & Done 2007;
Saez & Chartas 2011; Luminari et al. 2020).

In Figure 9 we show the maximum velocities of the UV and
X-ray outflowing absorbers of our high-z sample. By including
all the quasars in our sample we find no significant correlation
between UV and X-ray velocities. If we only include the NAL
quasars (see classification in Table 1) we find a possible
anticorrelation between the maximum UV and X-ray outflow
velocities with Kendall’s rank correlation coefficient 7= —0.5
significant at > 94%. To obtain some insight as to the origin of
this possible anticorrelation between vyy and vx we calculate
the optical-to-X-ray spectral slopes® (avy) of the NAL quasars

Qo is defined as the slope of a hypothetical power law extending

between 2500 A and 2keV in the AGN rest frame, ie. =
F,(2keV) vCkeV) Ty 338" [0 Lr2keV)
F,(2500 A) v(2500A) . g F,(2500 A)”
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Table 11
Flux Densities and a,x of the NAL Quasars of our Sample

Object Date® frev’ faso0 &° Oty Ay ©
HS 170046416 2000 Oct 31 4.34 19.44 —1.79 £ 0.02 0.049

SDSS J1442+4055 2019 Jan 18 6.70 4.66 —1.48 +£0.01 0.014

SDSS J1029+2623 2010 Mar 11 2.32 1.88 —1.50 £ 0.01 —0.076
SDSS J1529+1038 2015 July 19 1.42 3.25 —1.67 £0.05 —0.127
SDSS J0904+1512 2015 Nov 8 2.48 423 —1.62 +£0.02 —0.087
SDSS J1353+1138 2016 Jan 1 4.55 7.60 —1.62 £ 0.03 0.004

SDSS J1128+2402 2018 May 28 1.84 2.53 —1.59 +£0.04 —0.074
HS 081042554 2014 Oct 04 10.88 25.41 —1.68 £ 0.01 —0.206
SDSS J0921+2854 2018 Oct 24 22.29 0.70 —0.96 £ 0.01 0.481

Notes.

 Date of X-ray observation of NAL quasar.

® The 2 keV flux density in the rest frame corrected for Galactic absorption with units of x 103" erg s~ em™2 Hz . For the lensed quasars, the 2 keV flux density

has not been corrected for magnification.

€ The 2500 A flux density in the rest frame corrected for Galactic absorption with units of x 1077 ergs ! cm ™2 Hz'. For the lensed quasars, the 2500 A flux density

has not been corrected for magnification.

4 The optical-to-X-ray spectral index. For the lensed quasars, we have assumed that the lensing magnifications at 2 keV and 2500 A are equal.
¢ The difference between the observed value of a,, and the value expected based on the UV luminosity of the quasar (e.g., Lusso et al. 2010).

of our sample. Several theoretical studies have demonstrated
that the spectral energy distribution of the incident flux on the
absorbing gas may significantly influence the dynamics of the
outflow (e.g., Saez & Chartas 2011; Krawczyk et al. 2013). We
therefore predict, based on these studies, that the optical-to-X-
ray spectral slopes of the NAL quasars of our sample may
affect the acceleration of the outflowing absorbers. .

In Table 11 we list the rest-frame 2keV and 2500 A flux
densities and the calculated o, values of the NAL quasars. In
Table 11 we also list the quantity Aq,, that represents the
difference between the observed value of o, and the value
expected based on the UV luminosity of the quasar (e.g., Lusso
et al. 2010). In all NAL quasars of our sample Aaqy, is
relatively small with the exception of SDSSJ0921 with
Aayy ~0.5. SDSSJ0921 is not significantly absorbed in the
X-ray band and the positive value of Aay, suggests absorption
in the UV band.

The X-ray and optical flux densities are corrected for
Galactic absorption. We find that the UV outflow velocities are
weakly anticorrelated with o,y (Kendall’s rank correlation
coefficient of 7= —0.61 and null probability of P =0.02) and
the X-ray outflow velocities are weakly correlated with o«
(Kendall’s rank correlation coefficient of 7=0.44 and null
probability of P = 0.09). In Figure 10 we show vyy and v as a
function of «,x. These trends are suggestive of a possible
dependence of the UV and X-ray outflow velocities on the
slope of the incident spectral energy distribution and are
consistent with an anticorrelation between the maximum UV
and X-ray outflow velocities. The outflows of UV absorbing
gas appear to be accelerated to larger velocities in the X-ray-
weak NAL quasars of our sample and the outflows of X-ray
absorbing gas appear to be accelerated to larger velocities in the
X-ray-strong NAL quasars. We caution that the current sample
size is relatively small and the correlations between outflow
velocities and o, for our sample of NAL quasars are weak. A
significant increase of a factor of at least 2 will be required to
confirm these results.

We find no significant correlations between the observed
properties of UFO velocity, column density, ionization
parameter, bolometric luminosity, X-ray luminosity, and
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Eddington ratio in the high-z quasar sample. Conversely,
correlations between vy;,q versus Ly have been reported in
individual quasars such as z=3.91 APM 08279+5255
(Chartas et al. 2002, 2009; Saez & Chartas 2011), z=0.184
PDS 456 (Nardini et al. 2015; Matzeu et al. 2017; Reeves et al.
2018), z=0.062 PG 1126—041 (Giustini et al. 2011), and
7=12.7348 HS 1700+6416 (Lanzuisi et al. 2012). A plausible
explanation for this apparent discrepancy is that the outflow
velocities of high-z quasars may depend more strongly
than low-z AGN on additional driving mechanisms, such
as magnetic pressure, and this dependence may vary
between quasars. GR-rMHD simulations (e.g., Sadowski &
Gaspari 2017) show that both radiative and magnetic driving
contribute to accelerating ultrafast outflows.

One possible test of this hypothesis is finding and comparing
possible individual correlations between vyi,q versus Ly of
quasars in this sample. This test is not yet feasible with the
available data. Differences in the vy;,q versus Ly correlations of
individual objects may lead to a dilution of a single significant
correlation in the entire sample. In support of the presence of a
driving mechanism in addition to radiation driving are the
observed large fractions of the kinetic luminosity to the
bolometric luminosity of the high-z quasars. As reported in
Table 9 (Column 10), 10 out of the 14 quasars in the sample
have fractions of the kinetic luminosity to the bolometric
luminosity greater that 0.4, which is not consistent with
radiation driving.

Variability of the properties of the ultrafast outflows has
been observed and reported in several quasars of our sample
including APM08279, PG1115, HS1700, Q2237, and HS0810
on timescales comparable to the light-crossing time over
regions of 10—100 r,. In APMO08729 we found a strong
correlation between the maximum outflow velocity and the 2
—10keV luminosity (see Figure 10 of Saez & Chartas 2011)
and between the maximum outflow velocity and the photon
index of the X-ray spectrum (steeper spectra resulting in faster
outflows). For PG1115 we found (e.g., Chartas et al. 2007) that
the depths of the X-ray broad absorption features decreased
significantly over a period separated by 0.92 yr (proper time)
and detected a marginal decrease over a period separated by 5.9
days (proper time). In Lanzuisi et al. (2012) the outflow
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Figure 10. The UV (top) and X-ray (bottom) velocities of the outflowing
ionized absorbers of the high-z NAL quasars of our sample as a function of the
optical-to-X-ray spectral index c. The solid lines represent the fits to the data
and the shaded areas represent the uncertainty of the slopes of our fits to
the data.

velocities inferred in HS1700 were found to lie in the range
v =0.12¢—0.59¢ and vary in energy and width over a timescale
of about 5 yr. Long-term variability of the relativistic outflow
of the z=1.51 quasar HS0810 was found between a period of
about 10 months (compare Figures 6 and 10 of Chartas et al.
2016). Bertola et al. (2020) find clear evidence for intrinsic
spectral variability of Q2237 based on a systematic and
comprehensive temporally and spatially resolved X-ray spectral
analysis of all the available Chandra and XMM-Newton data of
this object. They determine the wind duty cycle of Q2237
as ~0.31 at 95% confidence level.

Of the six quasars of our sample selected to contain a UV
NAL, all with the exception of SDSS J0921 were observed
once and thus do not provide any long-term variability
constraints. SDSS J0921 was observed with the MOS on
2018 May 15 and MOS and pn on 2018 Oct 24. As shown in
Figure 2 we find a significant change of the outflow velocity of
SDSS J0921 increasing from 0.41¢—0.53c. The increase in
outflow velocity is associated with a slight increase in the 2
—10keV luminosity from 6.1702x10% to 7.2%33x10%
erg s~'. This trend is consistent with that detected in APM
08279, however additional monitoring of SDSS J0921 would
be required to determine the strength and significance of any
correlations.

Six of the high-z quasars of our sample were selected based
on the criteria that they be gravitationally lensed and they
contain a NAL in their UV spectra. Based on our exploratory
XMM-Newton survey of these six NAL quasars, the
coexistence of UV NALs and ultrafast outflows is found to
be significant in > 83% of the subsample. Our current
subsample of NAL quasars is small and at least a doubling
of its size would be required for our conclusion to be
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Figure 11. The momentum boost p /(Lgo /¢) as a function of outflow velocity.
The filled and unfilled symbols correspond to the molecular and ultrafast
outflows, respectively. The dashed and dotted lines represent the dependence of
the momentum boost with outflow velocity for energy-conserving and
momentum-conserving outflows, respectively, for HS 08104-2554. The data
from this work are the open pentagon symbols. The data for AGN other than
this work have been obtained from the literature (Tombesi et al. 2015; Veilleux
et al. 2017; Feruglio et al. 2017, 2015; Bischetti et al. 2019; Chartas
et al. 2020).

considered significant in the general population of quasars.
For comparison, the fraction of AGN that contain ultrafast
outflows in samples that are unbiased with respect to the
presence of UV winds is about 40% (Tombesi et al. 2010;
Gofford et al. 2013). Theoretical simulations of MHD and
radiative accretion disk winds find stratified outflows with
higher velocity components of the wind launched from smaller
distances from the black hole (e.g., Fukumura et al. 2015;
Proga & Kallman 2004). These simulations predict that certain
lines of sight will produce detectable outflows of both UV and
X-ray outflowing absorbing material. One possible explanation
for the large detection rate of UFOs in our NAL quasar sample
is that UV and X-ray observations of intrinsic NAL quasars
sample different parts of the outflow along the same line of
sight, with the X-ray absorbers located closer to the continuum
source, thus having a higher ionization level than the UV
absorbers, which are likely located further out.

Gaspari & Sadowski (2017) show that for UFOs to be
effective in providing feedback to their host galaxy halos they
must be able to produce entrainment and local condensation at
macro-scales (2 kiloparsec), leading to multiphase outflows.
Gaspari & Sadowski (2017) also find typical velocities of
several ~10°kms~' for the outflows of UV and optical
absorbing ionized gas, similar in value to the outflow velocities
of the UV absorbing gas of our NAL quasar sample.

An indicator of the impact of an ultrafast outflow on the
interstellar medium is the momentum boost, p,,, /(Lo /c). In
Figure 11 we show the momentum boost plotted against the
outflow velocity for the ultrafast outflows of the high-z quasars
presented in this work. For comparison, we also show the
momentum boosts and velocities of the ultrafast and molecular
outflows of several other AGNs based on published results (see
Chartas et al. 2020, and references therein). Half of our sample
of high-z quasars have momentum boosts that are considerably
larger than those presently known to have both ultrafast and
molecular outflows. If the small-scale relativistic outflows drive
large-scale molecular outflows we predict that a large fraction
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of the quasars in our sample will also show molecular outflows
with considerably larger momentum boosts than the compar-
ison AGN sample shown in Figure 11. We note, however, that
this prediction assumes that the energetics of the ultrafast winds
have not varied significantly over the past 10°~107 yr, the time
for the impact of these winds to travel to the observed distances
(1-10 kpc) of molecular outflows.

6. Conclusions

We presented results from a comprehensive study of UFOs
detected in a heterogeneous sample of 14 quasars in a redshift
range of 1.41-3.91. A unique and unifying characteristic of our
quasar sample is that all the X-ray observations display high
quality spectra, to our knowledge, the best for quasars with
z2 1. Seven of these 14 quasars have reported ultrafast
outflows in the literature, and one, SDSS J1029+2623, was
previously studied but not searched for UFOs. Six of the 14
quasars of our sample, referred to as our subsample, were
selected to contain a UV NAL without prior knowledge of the
existence of a UFO. This subsample is therefore unbiased
toward UFO detection and is used to infer the fraction of z > 1
NAL quasars that contain UFOs.

The main conclusions of our spectral analyses of a sample of
14 high-z quasars are the following:

1. Ultrafast outflows of X-ray absorbing material are a
common property of our sample of 14 high-z quasars
(1.44 <z < 3.91). Interestingly, all objects but one show
UFO signatures. We have detected a UFO in the lensed
quasar SDSS J1029+2623, that was previously studied
but not searched for UFOs. Our current study has almost
doubled the number of detected UFOs in quasars at
z>1.4. The presence of ultrafast outflows is also
supported by the detection of P Cygni profiles in a large
fraction of the sample. Specifically, we find that the X-ray
spectra of 5(3) of the 14(6) quasars in our sample
(subsample) contain P Cygni profiles.

2. The estimated momentum boosts of 12 of the 14 quasars
in our sample are p/(Lgo/c) > 1. Numerical calcula-
tions (e.g., Hopkins et al. 2016; Gaspari et al. 2020) have
demonstrated that high-velocity winds with momentum
fluxes of ~ L/c suppress the star formation rate and black
hole accretion rate in the galactic nucleus. The estimated
momentum boosts for our sample confirm that relativistic
winds of high-z quasars have a dramatic effect on the
circum-BH ISM.

3. Relativistic outflows are detected (at >99% confidence)
in five of the six lensed quasars of our subsample of
quasars that were selected to contain a UV NAL. Based
on our estimated coverage fractions and UV outflow
velocities, all the quasars of our subsample contain
outflows of UV absorbing gas with velocities ranging
between 5160 and 22,740 km s~ 1. The coexistence of UV
NALs and ultrafast outflows is found to be significant in
>83% of the six quasars selected to contain a UV NAL.
For comparison, the fraction of AGN that contain
ultrafast outflows in samples that are unbiased with
respect to the presence of UV winds is about 40%
(Tombesi et al. 2010; Gofford et al. 2013). Despite the
variable AGN feedback duty cycle involved and the small
subsample size, our findings suggest a key link between
multiphase AGN feedback properties of the microscale
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UFOs and mesoscale UV outflows, as predicted by
theoretical models (e.g., Gaspari et al. 2020).

4. We find a possible anticorrelation between the maximum
velocities of the outflowing UV and X-ray absorbers of
the NAL quasars in our sample. This anticorrelation also
supports a possible link between the microscale UFOs
and mesoscale UV outflows. An increase of the number
of high-z NAL quasars by at least a factor of 2 will be
required to confirm this anticorrelation.

5. The large kinematic luminosities of the ultrafast outflows
compared to their bolometric luminosities (see Figures 5
and 6) implies that radiation driving alone cannot explain
the acceleration of these winds. We propose that
magnetic driving may be a significant contributor to
their acceleration as predicted by numerical simulations
(Sadowski & Gaspari 2017).

6. Our high-z quasar sample has outflow velocities ranging
between ~0.1c¢ and ~0.6c¢, significantly higher than those
found in low-redshift AGN (see Figure 8). We find no
significant dependence between outflow velocities and
bolometric luminosity for the high-z quasar sample
suggesting that an additional driving mechanism may
be contributing to the outflow and/or that relativistic
beaming is producing a saturation effect in the accelera-
tion process for velocities = 0.1c. For the combined fit to
the Tombesi and Gofford samples of low-z AGN and our
high-z quasar sample we find a best-fit value of the slope
of b=0.20 £ 0.03. This slope is significantly below the
predicted value of ~0.5 for radiation driving suggesting
that another driving mechanism, such as magnetic
driving, may be contributing to the acceleration of the
outflow. This possibility is also suggested by the extreme
kinetic luminosities and power boosts of a large fraction
of the quasars in our sample.
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