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Abstract

This program is part of QUEST (Quasar/ULIRG Evolutionary Study) and seeks to examine the gaseous
environments of z < 0.3 quasars and ULIRGs as a function of host galaxy properties and age across the merger
sequence from ULIRGsS to quasars. This first paper in the series focuses on 33 quasars from the QUEST sample and
on the kinematics of the highly ionized gas phase traced by the NV A\ 1238,1243 and O VI A\ 1032,1038
absorption lines in high-quality Hubble Space Telescope (HST) Cosmic Origins Spectrograph (COS) data. N V and
O VI outflows are present in about 60% of the QUEST quasars and span a broad range of properties, both in terms
of equivalent w1dths (from 20 mA to 25 A) and kinematics (outflow velocities from a few x 100 km s~ ! up to
~10,000 km s~ '). The rate of incidence and equivalent widths of the highly ionized outflows are higher among
X-ray weak or absorbed sources. The weighted outflow velocity dispersions are highest among the X-ray weakest
sources. No significant trends are found between the weighted outflow velocities and the properties of the quasars
and host galaxies, although this may be due to the limited dynamic range of properties of the current sample. These
results will be re-examined in an upcoming paper where the sample is expanded to include the QUEST ULIRGs.
Finally, a lower limit of ~0.1% on the ratio of time-averaged kinetic power to bolometric luminosity is estimated

, Kenneth R. Sembachl3,

in the 2—4 objects with blueshifted Pv A\ 1117,1128 absorption features.
Key words: Galaxy evolution — Quasars — Broad-absorption line quasar — Galactic winds

1. Introduction

Large multiwavelength surveys of the local and dlstant
universe have shown that major mergers of gas-rich galaxies'”
may trigger spectacular bursts of star formation, accompanied with
quasar-like episodes of rapid growth of the supermassive black
holes (SMBHs), and result in merger remnants that follow tight
SMBH-host scaling relations and resemble today’s quiescent early-
type galaxies (e.g., Sanders et al. 1988; Hickox & Alexander 2018).
Modern simulations of galaxy formation and evolution (e.g.,
Nelson et al. 2019; Oppenheimer et al. 2020; Nelson et al. 2021)

* Based on observations made with the NASA /ESA Hubble Space Telescope,
obtained from the data archive at the Space Telescope Science Institute. STScl
is Operated by the Association of Universities for Research in Astronomy, Inc.
under NASA contract NAS 5-26555.

'S In this paper, we define major mergers as those involving galaxies with
<4:1 stellar mass ratios.
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largely reproduce these observations. However, the root cause of
the fast “quenching” of the star formation activity in the merger
remnants depends on the detailed, subgrid-scale implementation of
how the mass, momentum, and energy from stellar winds, super-
nova explosions, and SMBH-related processes are injected into,
and interact with, the interstellar medium (ISM) and circumgalactic
medium (CGM) of the host galaxies. Over the past several years,
nearby gas-rich galaxy mergers have emerged as excellent lab-
oratories to study in detail these stellar and quasar feedback
processes (for a recent review, see Veilleux et al. 2020). These
objects are the focus of the present study.

Locally, major gas-rich galaxy mergers often coincide with
obscured ultraluminous infrared galaxies (ULIRGs). As these
systems evolve, the obscuring gas and dust, funneled to the
center by the dissipative collapse and tidal forces during the
merger, are either transformed into stars or expelled out of the
nucleus by powerful winds driven by the central quasar and
starburst, giving rise to dusty quasars and finally to completely
exposed quasars. Galactic-scale winds are ubiquitous in local
ULIRGs and dusty quasars (e.g., Sturm et al. 2011; Veilleux
et al. 2013a; Cicone et al. 2014; Rupke et al. 2017; Veilleux
et al. 2017; Fluetsch et al. 2019, 2021; Lutz et al. 2020;
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Veilleux et al. 2020, and references therein). The outflows
detected in ULIRGs extend over a large range of distances from
the central energy source, seamlessly blending with the
circumgalactic medium at >10kpc (Veilleux et al. 2020, and
references therein).

In these objects, the outflow masses and energetics are often
dominated by the outer (Zkpc) cool dusty molecular or neutral
atomic gas phase, but the driving mechanism is best probed by
examining the inner (Ssubkpc) ionized phase. ULIRG F11119
43257 is the first and still the best case among local ULIRGs
where a fast (>0.1 c), highly ionized (Fe XXV /XXVI at ~7
keV), accretion-disk scale (<1 pc) quasar wind appears to be
driving a massive (>100 M., yr "), large-scale (1—10+ kpc)
molecular and neutral-gas outflow (Tombesi et al. 2015, 2017;
Veilleux et al. 2017). Unfortunately, the search for hot winds in
a statistically significant sample of ULIRGs is not feasible at
present, because most ULIRGs are too faint at ~7 keV for
current X-ray observatories.

This is where the excellent far-ultraviolet (FUV) spectroscopic
sensitivity of the Hubble Space Telescope (HST) becomes handy.
The FUV band is rich in spectroscopic diagnostics of the neutral,
low-ionization, and high-ionization gas phases (Haislmaier et al.
2021); thus, HST can probe all three phases at once. So far, only
about a dozen ULIRGs and IR-bright quasars have been studied
with HST, but the results have been promising. Prominent,
blueshifted Lya emission out to —1000 km s~ has been detected
in half of these ULIRGs. Blueshifted absorption features from
high-ionization species like NV and O VI (77 and 114 eV are
needed to produce N* and O°" ions, respectively) and/or low-
ionization species like Sill, Silll, Fell, NI, and ArI have
provided additional unambiguous signatures of outflows in a few
of these objects. Martin et al. (2015) have argued that the FUV-
detected outflows represent clumps of gas condensing out of a
fast, hot wind generated by the central starburst (Thompson et al.
2016). This picture is also consistent with the blast-wave model
for quasar feedback. In this model, a fast, hot wind shocks the
surrounding ISM, which then eventually cools to reform the
molecular gas after having acquired a significant fraction of the
initial kinetic energy of the hot wind (e.g., Weymann et al. 1985;
Faucher-Giguere & Quataert 2012; Zubovas & King 2012, 2014;
Nims et al. 2015; Richings & Faucher-Giguere 2018a, 2018b;
Girichidis et al. 2021; Richings et al. 2021). An alternative
explanation is radiative acceleration (e.g., Ishibashi et al.
2018, 2021), which may dominate the dynamics of outflows on
a wide variety of scales (e.g., Stern et al. 2016; Revalski et al.
2018; Somalwar et al. 2020).

So far, the published data set on ULIRGs and IR-bright quasars
is too small to draw strong conclusions about the properties of the
FUV-detected winds. There is tantalizing evidence that UV-
detected AGN/starburst-driven winds are present in most ULIRGs,
but the sample is very incomplete, particularly among ULIRGs
with AGN and matched quasars. A more diverse sample of
ULIRGs and quasars is needed to study the gaseous environments
of nearby quasars and ULIRGs as a function of host properties and
age across the merger sequence from ULIRGs to quasars. This
issue is addressed in the present study.

In this first paper, we focus our efforts on studying the highly
ionized gas, traced by NV A\ 1238, 1243 and O VI A\ 1032,
1038, in a sample of 33 local quasars, while Paper II (W. Liu
et al. 2021, in preparation) will present the results on our
sample of ULIRGs with AGN and compare them with those on
the quasars. As stated in Hamann et al. (2019b), the quasars in
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the present sample are valuable for outflow studies in and of
themselves because: (1) they fill a largely unexplored niche
between luminous quasars with strong broad absorption lines
(BALs) with outflow velocities of up to 0.1-0.2 ¢ and low-
luminosity Seyfert 1 galaxies with exclusively narrower
outflow lines; (2) their low redshift minimizes contamination
by the Ly« forest; and (3) the outflow lines are relatively
narrow, so blending is less severe. Indeed, as we discuss below,
the detected outflows often are “mini-BALs” instead of BALSs
because their velocity widths lie below or near the threshold of
2000 kms~' used for BALs (Weymann et al. 1981, 1991;
Hamann & Sabra 2004; Gibson et al. 2009b).

Our quasar sample is discussed in Section 2. The extensive set of
ancillary data on these quasars is summarized in Section 3. The
HST spectra used for this study are described in Section 4, and the
methods applied to analyze these data are detailed in Section 5. The
results from this analysis are presented in Section 6, and discussed
in more detail in Section 7. Section 8 provides a summary of the
main results from this paper.

2. Quasar Sample

The quasars in our sample are selected using four criteria: (1)
They must be part of the QUEST (Quasar/ULIRG Evolutionary
Study) sample of local (z <0.3) ULIRGs and quasars. The
QUEST sample has already been described in detail in Veilleux
et al. (2009a, 2009b) and references therein. All 33 objects in the
present sample are Palomar-Green (PG) quasars from the Bright
Quasar Sample (Schmidt & Green 1983), except Mrk 231, the
nearest quasar known, whose UV spectrum has already been
analyzed by Veilleux et al. (2013b, 2016) and will not be
discussed here any further. As part of the QUEST sample, the
quasars are carefully matched in terms of redshifts, bolometric
luminosities, and host galaxy masses with the QUEST ULIRGs
of Pager II. (2) Their bolometric luminosity must be quasar-like,
>10" ergs s~!, and dominated by the quasar rather than the
starburst based on the Spitzer data (see criterion #3 below), or
equivalently, have 25-t0-60 um flux ratios f>s/fs0 = 0.15 (Veil-
leux et al. 2009a). This criterion also automatically selects UV-
detected late-stage mergers or non-mergers (Veilleux et al.
2009b). (3) A strong preference is also given to the QUEST
quasars with Spitzer mid-infrared spectra to provide valuable
information on the AGN contribution to the bolometric lum-
inosities of these objects. (4) High-quality COS spectra covering
systemic NV and/or O VI must exist for each object in the
sample. Only COS data are considered to ease comparisons
between spectra and avoid possible systematic errors associated
with comparing data sets from different instruments. As
described in Section 4, both our own and archival data are used
for this study.

These criteria result in a sample of 33 objects. Table 1 lists
the key properties of the quasars in our sample, many of which
are derived from our extensive set of ancillary data on these
objects, discussed in Section 3. As shown in Figure 1, these
quasars cover the low-redshift and low bolometric luminosity
ends of the PG quasar sample. They are well-matched in
redshift with the QUEST ULIRGs that will be studied in Paper
IT (W. Liu et al. 2021, in preparation), and are representative of
the entire PG quasars sample in terms of infrared excess
(defined here as the infrared-to-bolometric luminosity ratio,
Lir/Lpor.) and FIR brightness (Leo ;m/L1s ,m from Netzer et al.
2007).



Table 1

Properties of the QUEST Quasars in the Sample

| () <(E) ()
Name Other z log vL,(UV) log R Radio aox A 1o QAGN A 1o e\ Mo log 7gaa log(Lsx) log(Lirx) Tx Nu Ref.
Name [erg s Class [erg s lergs™'] [10?? ecm™?]
(O] 2 3) “) (O] ©6) (O] ®) ® (10) a1 (12) 13) (14) 15) (16) an
PG 0007+106 I Zw 2 0.0893 44.55 +2.29 Flat —143 12.24 1* 11.63 8.07043 —0.34+0:4¢ 43.94 44.18 1735004 0.11%0%, a,4,5
PG 0026-+129 0.1454 45.32 +0.03  Quiet -1.50 12.08 0.986+001% 11.71 8.4910:44 -0.93+043 44.40 200401 <0.01 g5
PG 0050+124 1Zw 1 0.0589 44.24 —0.48  Quiet -1.56 12.08 0.925+0:073 12.04 7.33+0:62 0.201982 44.0410:05 43.8870:93 2.25+0:03 0.09+908 £,6
43.78+042 43.64100 2.0979%3 0.04+0:93 6
43.63310005 2374008 0.045 3
PG 0157+001 Mrk 1014 0.1633 45.34 +0.33  Quiet —1.60 12.70 0.727+933¢ 12.67 8.0610:61 —0.01+0:63 43.924904 43.83+0:11 2.5449%9 <0.009 e 3,6
44.0010:9% 43.861004 21501 <0.009 3,6
PG 0804+761 0.100 45.54 —0.22  Quiet —-1.52 12.09 0.99675-90% 11.98 8.73°08 1165943 44.54 44.45 2275098 0.04410:507 a
PG 0838+770 VII Zw 244 0.1324 44.83 —0.96  Quiet —1.54 11.77 0.945%9-927 11.66 8.05+0:61 0824062 441525909 43.544004 1497008 <0.1° d, 4,5
PG 0844+349 0.064 44.59 —1.52  Quiet —1.54 11.45 0.971-9-933 11.18 7.861048 —0.941042 441527009 43.8070:93 2.6610:03 6.13+393 a, 6
PG 0923+201 0.192 4542 —-0.85  Quiet -1.57 12.46 0.990+0:9%0 12.05 7.90%9:81 0.0415:62 i
PG 0953-+414 0.2341 45.95 —-036  Quiet -1.50 12.53 0.982+9018 12.20 8.33104 —~0.33+044 45.037+09% 44.8179:02 2441003 18.521284 h, 6
PG 1001+054 0.1611 44.93 —-030  Quiet -2.13 11.87 0.83619123 11.66 7.63758 -0.3510% 43.0075:18 43.08%543 2.013047 8.093¢ e 6
PG 1004+130 4C +13.41 0.2406 45.30 +2.36  Steep <—2.01 12.69 0.963+3037 12.22 9.1679:8] -1.01+062 43.48+0:93 43.76:949% 1674020 2.99+247 e 6
43.51+0%4 43.897997 1.525047 1444064 6
PG 1116+215 0.1765 45.79 —-0.14  Quiet -1.57 12.55 0.991+9-002 12.28 8.4270:61 039702 44.927+0021 44.657993 2.53+904 27.21+1691 h, 6
44.922+0004 44.65+0:03 2.49+0:01 3161551 6
44.93+901 44.67+003 2514004 20217374 6
PG 1126-041 Mrk 1298 0.060 44.29 —0.77  Quiet -2.13 11.53 0.962* 0038 11.52 7.64108 —0.65708 43.041003 43115393 1.95+049 4.66+043 a, 6
PG 1211+143 0.0809 44.96 +1.39  Steep -1.57 11.97 1.000+3:0% 11.74 7.8510:61 0401362 443287000 43.94+991 2.83+9:02 12.98+9:9¢ h, 6
44.20119-993 43.89501 2635002 12.40* 154 6
PG 1226+023 3C 273 0.158 46.50 +3.06 Flat —1.47 13.03 0.949+0:034 12.80 8411013 0.08+0:2¢ 4549110002 4574240008 2074001 <0.01 a,5,6
4546140004 4572240005 18170 <0.01 5.6
4559110002 4582010004 2284001 <0.01 5,6
4566310002 4582510000 2.08%00! <0.01 5.6
45.46175:003 45.6710:01 2.13+3:%2 <0.01 5,6
4554470003 4594120019 1,969} <0.01 5,6
PG 1229+204 Mrk 771 0.064 44.42 —0.96  Quiet —1.49 11.57 0.985%9-913 11.27 7.764948 —0.71+048 4378540007 43.6150%3 2.3879:03 13.524377 2.6
Mrk 231 0.04217 42.70 -1.92 12.61 0.709+0-066 12.54 8.58+9:39 —0.63+03% 42.13+0.01 42.58+001 1401993 9.5+23 b,7.8
194437 7.8
PG 1302—-102  PKS 1302-102 0.2784 45.83 +2.27 Flat -1.58 12.75 0.982+0018 12.49 8.77+0:81 -0.5508 44.81 1.66+019 <0.06 h,1
PG 1307+085 0.155 45.35 —-1.00  Quiet -1.52 12.35 0.95210:048 11.76 8.54104 —0.72+04¢ 44024002 44.165993 1.8970:48 5.647242 a6
PG 1309+355 0.1829 45.05 +1.26 Flat -1.71 12.32 0.870*0-139 12.05 8.2470:61 —0.49+062 43.8770%2 43.8870:0¢ 2.194907 6.0273:6% i6
PG 1351+640 0.0882 45.22 +0.64  Quiet -1.78 12.05 0.77979443 11.87 8.7279:61 —-1.307362 433980097 43237903 2425504 14615372 h,6
PG 1411-+442 0.0896 44.34 —0.89  Quiet -2.03 11.79 1.000*5:999 11.66 8.54704° —1.27504¢ 43.60750 43.4199¢ 2411018 26.29138 h6
PG 1435-067 0.129 45.12 —1.15  Quiet -1.63 11.92 0.97610:9%% 1147 8.2610:81 -0.861082 44,1130 43.94+907 2365018 <0.1° a,6
PG 1440+356 Mrk 478 0.077 45.18 —043  Quiet -138 11.81 0.836 0071 11.76 7.36:08) —0.15+38 44.33+0:01 43.74190 3.024904 8.92+896 a, 6
4437555003 43.90*991 2.86501 14247288 6
44.2991+0:006 4374503 2.98%002 82254343 6
44.127+0.007 43.6410:02 2.869%3 12,6734 6
PG 1448+273 0.065 43.78 —0.60  Quiet -159 11.44 0.997+90%3 11.19 6.8610¢) 0.0610¢2 43.949+0.000 43.49+0:02 2804092 16.72+424 a, 6
PG 1501+106 Mrk 841 0.036 44.03 —0.44  Quiet —1.64 11.34 1.000%5-999 11.13 8.42+0:61 1597362 44.04910005  43.83310008 2461002 23.124440 a, 6
44.09010002 4384510008 2507003 18.667349 6
44.06850002 4385140007 2454092 15.8812:42 6
43.7400904  43.67230806 226091 13.01303] 6
43.623+0:00¢ 43.65001 2115992 11.48%]9 6
PG 1613+658 Mrk 876 0.129 4543 +0.00  Quiet -1.21 12.30 0.82010:0%¢ 12.25 8.344046 —0.644031 44287096 44.38+0-07 1957010 2824410778 a, 6
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Table 1
(Continued)
: Jog( Lbel lo; LIR log| MBH S ¢
Name Other z log vL,(UV) log R Radio Qox Lo QAGN o log 7gaa log(Lsx) log(Lux) Iy Ny Ref.
Name lerg s 1] Class [erg s '] [erg s ] [10% cm™2]
@) 2 3) “) (5) ©6) (@) @®) ©) (10) an 12) 13) 14) 5) (16) an
44441003 44.43+0.03 2.125598 10.45+1978 6
PG 1617+175 Mrk 877 0.114 44.93 —-0.14  Quiet —1.64 11.75 0.9033927 11.55 8.67+042 —-1.48+0% a
PG 1626+554 o 0.133 45.17 —-096  Quiet -1.37 11.84 0.97615:%8 10.90 8.3979:81 -1.085062 44175098 44215997 2.04%913 <0.01 a,5,6
PG 2130+099 1 Zw 136 0.063 44.46 —049  Quiet —-1.47 11.78 0.995+9-99% 11.63 743508 —0.17+08 437084331 43.624092 2.2979:03 5915083 j 6
PG 2214+139 Mrk 304 0.0658 44.45 —-1.30  Quiet —2.02 11.78 0.998+9:002 11.46 8.4410:62 ~1.1819:83 4346994 43.647093 1.8070:1¢ 4.4810:08 e 6
PG 2233+134 0.3265 45.94 —-0.55  Quiet —1.66 12.56 1 12.33 7.937981 0.125:62 44.52 2415918 <0.01 e 2
PG 2349-014 4C—01.61 0.1742 45.51 12.59 090473343 11.90 914793 111733 44.57 178193 <0.01 e s

Notes. Column (1): Object name. Column (2): Other name. Column (3): Redshifts, with reference listed in Column (17). Where available, redshifts are based on the [O III] narrow line. For three quasars, we use H I (de Vaucouleurs et al. 1991; Carilli et al. 1998;
Springob et al. 2005) instead; for two, full-spectrum fits to SDSS spectra (Schneider et al. 2010); and for a single case, CO data (Evans et al. 2006). Column (4): Logarithm of the monochromatic luminosity at rest-frame 1125 A derived using the Galactic extinctions
from Schlafly & Finkbeiner (2011) and the reddening curve with Ry = 3.1 of Fitzpatrick (1999). Column (5): logarithm of R, the ratio of radio-to-optical luminosity from Boroson & Green (1992). Column (6): Radio class — Quiet, Steep, or Flat, depending on log R and
radio spectral index from Boroson & Green (1992). Column (7): X-ray to optical spectral index apx = 0.372 log (f> ch/ 3000 A) from Brandt et al. (2000), where f> key and f3000 a are the rest-frame flux densities at 2 keV and 3000 A respectively. (For Mrk 231, we
report the value from Teng et al. (2014).) Column (8): Bolometric luminosity in solar units calculated from 7xL(5100 A) + Lir (Netzer et al. 2007), where L(5100 A) is the continuum luminosity AL, at 5100 A rest wavelength and Ly is the 1-1000 pm infrared
luminosity listed in column (10). We adopt a cosmology of Hy = 69.3 km s - Q,, = 0.287; 2, = 0.713 (WMAP9). Column (9): Fraction of the bolometric luminosity produced by the AGN, i.e., aagn = Lagn/Lpor, based on the Spitzer results (Veilleux et al. 2009a).
The error bars are computed from the lowest and highest values among the six methods from this paper. Column (10): Logarithm of the 1-1000 pm infrared luminosity in solar units from Zhuang et al. (2018), except Mrk 231 (U et al. 2013), PG 16264554 (Lyu et al.
2017), and PG 2349—014 (Veilleux et al. 2009b). Column (11): Logarithm of the black hole mass in solar units from reverberation mapping (RM) measurements from The AGN black hole Mass Database (Bentz & Katz 2015) or, if unavailable, single-epoch
measurements from Vestergaard & Peterson (2006), normalized down from f = 5.5 (Onken et al. 2004) to f = 4.3 to match RM scaling. According to Vestergaard & Peterson (2006), single-epoch measurements should have an extra 0.43 error added in quadrature. For
PG 2349—014, we used the more uncertain photometric measurement of Veilleux et al. (2009b). For 3C 273, we recorded the GRAVITY measurement (Gravity Collaboration et al. 2018). Column (12): Logarithm of the ratio of the bolometric luminosity to the
Eddington luminosity. Column (13): Luminosity in the soft X-rays (0.5-2 keV). Column (14): Luminosity of the hard X-rays (2-10 keV). Column (15): Photon index of the best-fit absorbed power-law distribution to the X-ray emission (dN/dE xE~'X, where E is the
X-ray photon energy). Column (16): Column density in units of 10** cm™~2. For most data from Teng & Veilleux (2010), this is from the best-fit absorbed power law. Where this best fit is unabsorbed and Swift/BAT data are available, we substitute Ny, from Ricci et al.
(2017). For X-ray related quantities, different rows = different observations, dates. Column (17): References for the redshift and X-ray measurements.

References. Redshift: (a) Boroson & Green 1992; (b) Carilli et al. 1998; (c) de Vaucouleurs et al. 1991; (d) Evans et al. 2006; (e) Hewett & Wild 2010; (f) Ho & Kim 2009; (g) Hu et al. 2020; (h) Marziani et al. 1996; (i) Schneider et al. 2010; (j) Springob et al. 2005; X~
ray: (1) Inoue et al. 2007; (2) Jin et al. 2012; (3) Laha et al. 2018; (4) Piconcelli et al. 2005; (5) Ricci et al. 2017; (6) Teng & Veilleux 2010; (7) Teng et al. 2014; (8) Veilleux et al. 2014; (9) Waddell & Gallo 2020.

% No measurement; we assume a value of 1.

® Best-fit value is 0; we assume an upper limit of 10>' cm 2.
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3. Ancillary Data

An extensive set of spectroscopic and photometric data exist
on all of the objects in the sample. Sloan Digital Sky Survey
(SDSS) optical spectra are available for all of them. High-
quality optical spectra also exist in Boroson & Green (1992),
and Krug (2013) presents spectra centered on NaID A\ 5890,
5896. As mentioned in Section 2, most of these quasars have
also been studied spectroscopically in the mid-infrared with
Spitzer (Schweitzer et al. 2006, 2008; Netzer et al. 2007;
Veilleux et al. 2009a). In addition, nearly all of the quasars in
this sample are part of X-QUEST, an archival XMM-Newton
and Chandra X-ray spectroscopic survey of the QUEST sample
(Teng & Veilleux 2010; Columns 13—17 in Table 1). VLT and
Keck near-infrared spectroscopic data exist for a number of
these objects (Dasyra et al. 2007).

Optical and near-infrared images of these objects have been
obtained from the ground (Surace et al. 2001; Veilleux et al.
2002; Guyon et al. 2006) and with HST (Veilleux et al. 2006;
Hamilton et al. 2008; Kim et al. 2008; Veilleux et al. 2009b),
providing photometric and morphological measurements on both
the quasars and host galaxies (e.g., morphological type, quasar-
to-host luminosity ratio, strength of tidal features). Far-infrared
photometry obtained with the Herschel PACS instrument exists
for all of these objects (Lani et al. 2017; Shangguan et al. 2018),
while far-infrared spectra centered on the OH 119 ym feature
exist for five of them (Veilleux et al. 2013a). Finally, Green
Bank Telescope (GBT) HI 21 cm line emission and absorption
spectra are available for 16 of these quasars (Teng et al. 2013).

The connection between UV and X-ray properties is critical,
so we searched the literature for additional X-ray measurements
(ignoring older ones from ROSAT/ASCA). These are listed
and referenced in Table 1. For Chandra observations from Teng
& Veilleux (2010) where no absorbing column was detected,
more recent constraints from Ricci et al. (2017) (based on
Swift/BAT detections) are available in some cases. In these
cases, we substitute the newer measurement of absorbing
column.

4. HST Data

We obtained high-quality spectra for 19 quasars using the
Cosmic Origins Spectrograph (COS) with grating G130M under
HST PID 12569 in Cycle 19 (PI Veilleux). We acquired multi-
epoch COS/G130M data on PG 14114442 under programs
13451, 14460, and 14885 (PI Hamann). We searched for
archival COS/G130M spectra of other quasars in the QUEST
sample, as well as for multi-epoch data on the subsample we
observed. We found archival data on 14 additional QUEST
quasars, and recent multi-epoch exposures for three quasars in
the subsample first observed in Cycle 19. We list the
characteristics of these observations in Table 2.

Since most of the Cycle 19 COS data have not yet been the
subject of a paper (the exceptions are Mrk 231 and PG 1411
+442; Veilleux et al. 2013b, 2016; Hamann et al. 2019b), we
briefly summarize here how they were obtained. A total of 24
orbits were allocated for these 19 targets with most targets
requiring one orbit. The exceptions are PG 10044130 (two
orbits) and Mrk 231 (five orbits). All but Mrk 231 are point
sources with accurate positions; they were acquired directly
using ACQ/PEAKXD and ACQ/PEAKD. For Mrk 231, a
NUV image was obtained with ACQ/IMAGE. All observa-
tions were observed in time-tag mode to allow us to exclude
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Figure 1. Bolometric (AGN + starburst) luminosities of the QUEST quasars in
the sample as a function of their redshifts.

poor-quality data and improve thermal correction and back-
ground removal. We split the exposures into four segments of
similar durations at two FP_POS settings (#2 and #4) and two
wavelength settings (CENWAVE) separated by ~20 A. This
observing strategy reduces the fixed pattern noise and fills up
the chip gap without excessive overheads.

The observations include at least 1150-1450 A in the observer’s
frame. This range includes redshifted O VI A\ 1032, 1038, NV A\
1238, 1243, Lya A1216, and/or Ly A1025 in emission and/or
absorption. In at least two cases (PG 1126—041, PG 14114442,
and perhaps also PG 10014054 and PG 1004+130; see
Section 7.4), the weaker PV A\ 1117, 1128 absorption lines are
also detected. The specific lines covered depend on the quasar
redshift. The short-wavelength cutoff of the COS prevents us from
searching for O VI systems in quasars with z <0.11, while NV
systems are redshifted out of the COS data in quasars with z
20.18. It is therefore possible to study both O VI and NV only
over a limited range of quasar redshifts. Nevertheless, we achieve
our science goals by covering at least one HI Lyman series line
and one high-ionization doublet (O VI and/or N V). In at least two
cases (PG 14114442 and PG 1004+130), weaker and/or lower-
ionization lines, such as C I A\1335, C11 \977, N1 \990, O1
A1304, Sill A1260, Sill A1206, and SiIv A\ 1394, 1403, are also
present in the spectra. These lines may be used to help constrain
the location, ionization, total column densities (Ny) and metal
abundances in the absorbing gas (e.g., Hamann et al. 2019b).
PG 10044130, one of the highest-redshift sources in our sample,
also shows STV A\ 933, 945.

All of our sample have data with CENWAVE of 1291, 1300,
1309, 1318, and/or 1327, and almost all of the data (with the
exception of the final round of data on PG 1001+054) were
obtained in COS lifetime positions (LP) 1-3. For these
CENWAVE settings, the spectral resolution of COS increases
with wavelength and has degraded somewhat with changes in
LP, but is still >10* at all wavelengths. This corresponds to
resolution better than 30kms~! FWHM at all Waveolengths,
ranging up to a peak of ~15kms ™' at LP1 and 1450 A. Three
quasars have additional data from CENWAVE 1055, 1096, or
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1222 observations. For these CENWAVE values, the spectral
resolution peaks in the FUVB (blue) segment at >10%, but is
lower in FUVA, with average values of ~3000, 5000, and 104,
respectively.

We downloaded all exposures from the Hubble Legacy
Archive and determined that they were processed by CALCOS
v3.3.10. For each quasar, we coadded all exposures with
CENWAVE 12221327 into a single spectrum using v3.3 of
coadd_xld.pro (Danforth et al. 2010), setting BIN = 3. oThe
resulting median S/N per binned pixel over 1290-1310 A is
11.5, with a standard deviation of 10.9 and a range of 2-52.
(The low end of the range arises in a strong NV BAL in
PG 1126—041.) We separately coadded the two quasar data
sets with CENWAVE 1055 and 1096.

5. Data Analysis

We conducted a uniform analysis of the high-ionization
absorbers in our sample. In this section, we describe the
methods we used to identify and characterize these absorption
features.

We used v0.5 of the publicly available, IDL-based IFSFIT
package (Rupke 2014; Rupke & Veilleux 2015) to model the
absorption lines. The rest of the software used to model the data
(continuum fitting, plotting, regressions) is contained in or
called from our public COSQUEST repository on GitHub
(Rupke 2021a)

5.1. Model Fitting

The starting point of the analysis is to identify the various
emission and absorption lines produced by the quasars and their
environments. Since our program is focused on QSO and ULIRG
outflows, we only identify and measure absorption lines within
~10,000 kms ™! of the QSO redshifts. We refer to these lines as
“associated” absorbers. Identifications of the foreground “inter-
vening” absorbers can be found in Tripp et al. (2008), Savage et al.
(2014), and Danforth et al. (2016). We first compare each quasar
spectrum against a list of common UV absorbers in quasar spectra
(Prochaska et al. 2001, Figure 2). We list the quasar redshifts in
Table 1. Most of these redshifts are derived from narrow optical
emission lines ([OMI], HF) and may underestimate the true
recession velocities since some fraction of the line emission may
arise from the outflowing material itself (e.g., Rupke et al. 2017).
See Teng et al. (2013) for a comparison of these measurements
with the HI 21 cm emission and absorption line profiles.

Next, we fit the continuum and broad line emission (Lya,
NV, and O VI) in three separate spectral windows around Lya,
NV, and O VI+Lyg. In the two quasars in which we fit PV,
this continuum region is also fit separately. Within each of
these windows, we use a piecewise function of 1-4 segments in
the majority of cases. In relatively featureless spectral regions,
these segments are low-order polynomials. In more complex
spectral regions, we employ cubic B-splines. The B-splines are
themselves piecewise polynomials, and we separate the spline
knots by a typical interval of 3 A. We invoke BSPLINE_I-
TERFIT from the SDSS IDLUTILS library to fit the B-splines.

In seven cases, the fits with piecewise functions are poorly
constrained. For PG 10014054, PG 10044130, PG 1411+442,
and PG 16174175, PG2130+099, and PG2214+139, this is due
to broad, deep absorption features over which it is difficult to fit
polynomials or splines. For a seventh quasar—PG 13514-640—
the poor constraints are due to several narrow absorbers near the
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peak of Lya. In two of these cases, we instead use a Lorentzian
profile to fit Lya. For the five others, we use the BOSS template
from Harris et al. (2016), scale it multiplicatively by a low-order
power law, and add a linear pedestal.

After fitting the continuum, we normalize the data in each
spectral window by dividing by this fit.

We characterize the doublet absorption features (NV A\
1238, 1243; O VI A\ 1032, 1038; and PV A\ 1117, 1128) in
the quasar spectra using simple model fits. Our primary
objectives are to estimate the overall equivalent widths and
kinematics of the outflowing gas associated with these features
(mass, momentum, and energy estimates are beyond the scope
of the present paper, except for a few special cases discussed in
Section 7.4). We are not aiming to derive precise column
densities from the (often saturated) absorption line profiles, so
the use of the precise COS line-spread function (LSF) is not
required here (we return to this point at the end of this section).
If the lines within these doublets were unblended, fits to the
intensity profiles of the individual lines would thus be
sufficient. However, the doublet lines are often strongly
blended because of (1) strong blueshifts due to high outflow
velocities and (2) broad line profiles due to multiple clouds
along the line of sight and/or large linewidths. We thus adopt
the doublet fitting procedure of Rupke et al. (2005), which is
optimized for blended doublets. In this method, the total
absorption profiles of a feature are fit as the product of multiple
doublet components. Each component is a Gaussian in optical
depth 7 vs wavelength with a constant covering factor Cp
Within each doublet, the two lines have a constant 7 ratio. This
allows us to simultaneously fit 7 and C; which are otherwise
degenerate in the fit of a single line. The free parameters in the
fit to each doublet component are thus Cj; peak 7, velocity
width, and central wavelength. The determination of the
number of components needed in the fit is subjective and
nonlinear—it depends on the line complexity and data quality.
The main goal here is to get a good fit to the absorption features
to derive the equivalent widths and kinematics of the
outflowing gas associated with these features. We do not
attach a physical meaning to the individual components in
the fit.

The general expression for the normalized intensity of a
doublet component is

I(\) =1 — C + Cre v -mianY), 0

where Cris the line-of-sight covering factor (or the fraction of
the background source producing the continuum that is covered
by the absorbing gas; though scattering into the line of sight
can also play a role) and 7y, and Ty are the intrinsic optical
depths of the lower- and higher-wavelength lines in the doublet
(Rupke et al. 2005). The background light source is assumed
to be spatially uniform. The covering factor is the same for
both lines of the doublet. The peak (and total) optical depths of
the resonant doublet lines in O VI, NV, and PV are related
by a constant factor Tigy,/Thigh = 2.00 because of the four-fold
degeneracy in the upper state of the higher energy transition
compared to the two-fold degeneracy in the lower state. (The
higher degeneracy is due in turn to its higher total angular
momentum quantum number j). For more than one doublet
component, we use the product of the intensities of the
individual components, which is the partially overlapping case
of Rupke et al. (2005).
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Table 2
Summary of the Observations
Name Range [/n\] CENWAVE [A] texpls] Date PID PI
1 (@) 3 “ (&) © @
PG 00074106 1151-1470 1309/1327 1868 2011-12-14 12569 S. Veilleux
PG 0026+129 1133-1451 1291/1309 1868 2011-10-25 12569 S. Veilleux
PG 0050+124 1151-1470 1309/1327 1868 2012-11-01 12569 S. Veilleux
1133-1465 1291/1309/1327 7621 2015-01-20 13811 E. Costantini
PG 01574001 1151-1469 1309/1327 1828 2012-01-25 12569 S. Veilleux
PG 08044761 1136-1458 1291/1300/1309/1318 5510 2010-06-12 11686 N. Arav
PG 08384770 1136-1458 1291/1300/1309/1318 8865 2009-09-24 11520 J. Green
PG 0844+-349 1151-1470 1309/1327 1900 2012-03-06 12569 S. Veilleux
PG 0923+201 1133-1451 1291/1309 1860 2012-03-14 12569 S. Veilleux
PG 09534414 1136-1458 1291/1300/1309/1318 4785 2011-10-18 12038 J. Green
PG 10014054 1066-1367 1222 2068 2014-04-04 13423 R. Cooke
1140-1455 1291/1300/1309/1318 3165 2014-06-19 13347 J. Bregman
1131-1429 1291 2902 2019-03-26 15227 J. Burchett
PG 1004+130 1133-1451 1291/1309 4107 2011-12-21 12569 S. Veilleux
PG 11164215 1136-1458 1291/1300/1309/1318 4677 2011-10-25 12038 J. Green
PG 1126—041 1152-1470 1309/1327 1856 2012-04-15 12569 S. Veilleux
901-1200 1055 1874 2014-06-01 13429 M. Giustini
1171-1467 1327 1580 2014-06-01 13429 M. Giustini
900-1200 1055 1874 2014-06-12 13429 M. Giustini
1171-1467 1327 1580 2014-06-12 13429 M. Giustini
900-1200 1055 1874 2014-06-28 13429 M. Giustini
1171-1467 1327 1580 2014-06-28 13429 M. Giustini
901-1200 1055 1837 2015-06-14 13836 M. Giustini
1171-1468 1327 1540 2015-06-14 13429 M. Giustini
PG 12114143 1171-1472 1327 2320 2015-04-14 13947 J. Lee
PG 12264023 1135-1470 1291/1300/1309/1318/1327 4002 2012-04-22 12038 J. Green
PG 1229+204 1152-1469 1309/1327 1868 2012-04-26 12569 S. Veilleux
Mrk 231 1152-1472 1309/1327 12536 2011-10-15 12569 S. Veilleux
PG 1302—-102 1136-1458 1291/1300/1309/1318 5979 2011-08-16 12038 J. Green
PG 13074085 1152-1470 1309/1327 1836 2012-06-16 12569 S. Veilleux
PG 13094355 1133-1451 1291/1309 1896 2011-12-06 12569 S. Veilleux
PG 1351+640 1152-1470 1309/1327 2108 2011-10-21 12569 S. Veilleux
PG 14114442 1152-1470 1309 1936 2011-10-23 12569 S. Veilleux
941-1241 1096 4954 2015-02-12 13451 F. Hamann
1152-1453 1309 1917 2015-02-12 13451 F. Hamann
941-1241 1096 2407 2016-04-16 14460 F. Hamann
1152-1453 1309 1954 2016-04-16 14460 F. Hamann
941-1241 1096 1783 2017-06-10 14885 F. Hamann
1152-1453 1309 1847 2017-06-10 14885 F. Hamann
PG 1435-067 1133-1451 1291/1309 1864 2012-02-29 12569 S. Veilleux
PG 14404356 1152-1470 1309/1327 1924 2012-01-26 12569 S. Veilleux
PG 1448+273 1136-1448 1291/1309 2946 2011-06-18 12248 J. Tumlinson
PG 1501+106 1132-1434 1291 3121 2014-07-06 13448 A. Fox
PG 1613+658 1145-1467 1300/1309/1318/1327 9499 2010-04-08 11524 J. Green
1133-1429 1291 3080 2010-04-09 11686 N. Arav
PG 16174175 1133-1451 1291/1309 1844 2012-06-16 12569 S. Veilleux
PG 16264554 1136-1458 1291/1300/1309/1318 3318 2011-06-15 12029 J. Green
PG 21304099 1135-1458 1291/1300/1309/1318 5513 2010-10-28 11524 J. Green
PG 22144139 1152-1463 1309/1327 1401 2011-11-08 12569 S. Veilleux
1138-1434 1291 2082 2012-09-21 12604 A. Fox
PG 2233+134 1171-1472 1327 2104 2014-06-18 13423 R. Cooke
PG 2349—-014 1152-1470 1309/1327 1844 2011-10-20 12569 S. Veilleux

Notes. Column (1): Name of object. Column (2): Wavelength range, in A. Column (3): CENWAVE setting(s). Column (4): Exposure time, in seconds. Column (5):

Start date. Column (6): Proposal ID. Column (7): Program principal investigator.

Because the doublet profile shape—i.e., relative depths of the
two lines and trough shape—does not change significantly above
optical depths 7y, of a few, we set a limit of 7y;, < 5. Out of
59 O VI components, 19 have Tpion =5, or 32%. For NV, 13 of
62 components have T;gn =35, or 21%.

The results from these fits are also used to calculate the total
velocity-integrated equivalent widths of the absorbers in the

object’s rest frame,

W = [ 11 = ay,

@
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Figure 2. An example of a FUV spectrum used in the study. Shown here is the
COS spectrum of PG 1126—041, where the data are displayed in black and the
expected positions of the features in the Milky Way and quasar rest frames are
indicated in blue and red, respectively.

the weighted average outflow velocity,

[1— 1d
Vwtavg = M, 3)
Weq

and the weighted outflow velocity dispersion,

- Vwtav 2 1 - d %
- J O = vaar?[1 = f()]dv ’ @
Weq

a measure of the second moment in velocity space of the
absorbers in each quasar. These quantities are similar to those
defined by Trump et al. (2006), but without the constraints on
depth, width, or velocity. These constraints have little effect on
the results for our sample, but we find it useful to include
possibly inflowing absorbers. Note that Weq, Vyiave, and opmg
are not corrected for partial covering. To test the impact of this
assumption on our results, we have recomputed them after
changing the absorption lines so that they have Cy=1 instead
of the measured Cp and then redid the regression analysis
discussed in Section 5.2. Only very small changes of order 1%
in the p-values are observed if we correct for partial covering.
Figure 3 shows the fits to the spectrum presented in Figure 2.
The fits to all of the features detected in the FUV spectra of the
33 quasars in our sample are presented in the Appendix, and
the results derived from these fits are tabulated in Table 3.
We computed errors in best-fit parameters and derived model
quantities by refitting the model spectrum 1000 times. In each
case, we added Gaussian-distributed random errors to each
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Figure 3. An example of interline comparison that is used to identify absorbing
systems associated with the quasars. The results shown here are for PG 1126
—041, produced by dividing the spectrum shown in Figure 2 by a smooth
polynomial /spline/template fit to the continuum near the key absorption lines
of our study and plotting the results in velocity space in the quasar rest frame.
The data are in black, the components used to fit the absorption profiles are
shown in blue, and the overall fit is shown in purple. The velocity centroids of
the main absorbing systems are indicated by blue (O VI) or red (Lya, Ly5, N v,
P V) vertical dotted lines. The two strong lines in the panel labeled PV
Al128are Galactic ISM features without counterparts in P vV A1117 or any of
the other lines.
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Table 3
Results from the Multicomponent Fits to the Absorbers
Name Line Vlieq Vatave Orms # comp.
A kms™! kms™!
(Y] (2) (3) 4) (5) (6)
PG0007+4106 NV <0.16
PG0026-+129 NV <0.09
O VI <0.12
PG0050+124 NV 0.8870017 ~1106.3+129 595.01189 6
PG0157+001 NV <0.13
O VI <0.09
PG08044-761 Nv 0.02500%3 591.07}8 123419 1
ovI 0.18+33% 571.0*1% 27.8+14 1
PG0838-+770 NV <0.12
O VI <0.06
PG0844-+349 Nv 0.73+301 151.4408 31.8703 2
PG0923+201 ovI 4.4810072 —3048.3+114 335.6793 1
PG09534414 ovi 0.205000¢ 82547143 4183172 2
PG1001+054 Nv 6.07739%38 —~5969.97349 132651189 4
ovI 116170059 —5743.9+32 1092.4327 6
PG1004-+130 ovI 24297934 —5335.7+329 2970.27733 12
PG1116+215 ovI 0.2773%%8 —2271.6* 83 908.7-2%} 2
PG1126-041 Nv 10.6679:937 —2085.573%0 1076.17%3 13
ovI 16.807] 8% 2559243288 1482.2+13%¢ 10
PV 02175917 —2234.2439 48.2743 2
PGI1211+143 NV <0.05
PG1226+023 NV <0.04
O VI <0.04
PG12294-204 NV <0.09
Mrk 231 NV <0.18
PG1302-102 ovI <0.05
PG1307-+085 NV <0.10
0o VvI 0.1559317 —3406.21117 6681118 2
PG1309-+355 ovI 8.5710:038 —893.9+47 364.5132 7
PG1351+640 NV 436759 —1264.4+199 428.4+48 9
PG1411+442 Nv 10.3010012 —1594.812% 562.7733 4
PV 0.8319:028 —1754.6732 131.0138 2
PG1435-067 NV <0.15
ovI <0.08
PG1440+356 Nv 0.8979953 —1478.4+38) 775.37319 3
PG1448+273 Nv 3.2270038 —-229.8732 164.1719 4
PG1613+658 Nv 0.14753% —3714.61%1 121.8732 2
ovI 0.6879:308 —3691.1*29 126.675% 2
PG1617+175 NV 3.007992 —3094.733% 526.87333 5
o VI 6.0810173 —3323.7H1133 920.27832 8
PV 0.063%% —3355.0334 42,1458 1
PG1626+554 NV <0.08
ovI <0.06
PG2130-+099 Nv 0.7675913 —1312.3*92 540.3793 3
PG2214-+139 Nv 8.0179934 —1461.1+173 681.7733 5
PG2233+4-134 ovi 0.17:5933 —211.2439 173433
PG2349-014 NV <0.12

Notes. Column (1): Name of object. Column (2): N V means N vV A1238, 1243, O VI means O VI A1032, 1038, and P V means P vV
AL117, 1128. NV or O VI is not listed when it lies outside of the spectral range of the data. Column (3): Velocity-integrated equivalent
widths (Equation (2)). Column (4): Average depth-weighted outflow velocity (Equation (3)), which is a measure of the average velocity
of the outflow systems in each object. Column (5): Average depth-weighted outflow velocity dispersion (Equation (4)), which is a
measure of the range in velocity of the outflow systems in each quasar. Column (6): Number of absorption components.

pixel in the model with o equal to the measurement error.
These formal errors are small due to the high S/N in our data.

We also estimated upper limits to the doublet equivalent
width in cases where we did not detect N vV and/or O VI. To do

Errors due to continuum placement are likely to dominate the so, we assumed an optically thick (71543 Or T1938 =95), v=0,

true error budget.

o=50kms ' absorption line. We set the covering factor equal
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to half the root-mean-square deviation in the continuum within
40.5 A of the expected rest-frame location of each line in the
doublet. (The factor of two accounts for fitting two lines instead
of one.) We set the limit equal to the resulting model equivalent
width.

The optical depths and covering factors derived from our
fitting scheme are approximations. Though it is a physically
motivated way to decompose strongly blended doublets, the
method implicitly assumes that the velocity dependences of Cy
and 7 can be described as the sum of discrete independent
Gaussians. In reality, they are probably more complex
functions of velocity (e.g., Arav et al. 2005, 2008). In several
cases—the NV absorbers in PG 10014054, PG 1411-+442,
PG 1617+175, and PG2214+139, and the O VI absorbers in
PG 1001+054 and PG 1004+ 130—the fits include very broad
components that cannot be distinguished from complexes of
narrower lines given the data quality. In two O VI absorbers
(PG 09234201 and PG 1309+355), there are no data on the
blue line because it is contaminated by geocoronal Lya;, so any
constraints on 7 and Cycome solely from line shape. Finally, in
four O VI fits (PG 10014054, PG 10044130, PG 1126—041,
and PG 1617+4175), the Lyg and O VI absorption lines blend
together and cannot be easily separated in the fit. In three of
these cases (all but PG 10014-054), we simply fit the visible
absorption as due solely to O VI at wavelengths in which there
is at least some O VI absorption contributing to the spectrum.
For the fourth case, we are able to roughly separate the lines by
fitting only down to a specific wavelength. A detailed object-
by-object discussion is given in the Appendix.

Despite these caveats, the fitting procedure is sufficient to
meet our primary objectives of estimating the overall
equivalent widths and kinematics of these features. The 3o
detection limit on the doublet equivalent widths is typically
~20 mA in our data although it varies from one spectrum to the
other.

We have conducted detailed tests of the impact of the COS
LSF on our measurements to verify that the use of the precise
COS LSF is not required here. In one series of simulations, we
created a series of fake, saturated Voigt line profiles with a
median S/N of 5 per pixel and line widths ranging from o = 10
to 50 kms~'. We convolved the profiles with the LSF
downloaded from the COS website. We find that the LSF
causes a difference of up to only ~10% on the line width and
covering fraction measurements for lines with o > 20 km s !
(the corresponding Doppler b parameter of the Voigt profile is
J2 o ~28 km sfl), which is smaller than the values measured
for nearly all of the absorbers detected in our objects (Table 3).
We have also run a COS LSF analysis on a ULIRG with
narrow N V absorption features, taken from the sample of Paper
II. Using the method described here, we get a Doppler b
parameter of 78 km s ' and covering fraction of 0.84, while the
COS LSF gives 83 kms ™' and 0.82, respectively, confirming
that the results for the relatively broad absorbers reported in the
present paper are reliable.

5.2. Regressions

To search for connections between outflow and quasar/host
properties, we computed linear regressions between the
properties in Tables 1 and 3. In most cases, we apply the
Bayesian model in LINMIX_ERR (Kelly 2007). We use the
Metropolis—Hastings sampler and a single Gaussian to
represent the distribution of quasar/host parameters (except for
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Weq versus AGN fraction, for which we used NGAUSS = 3).
LINMIX_ERR permits censored y-values, which is the case for
Weq-
When we compute the regressions for the independent
variable Ny, however, the x-axis values are also censored. In
this case, we turn to the method of Isobe et al. (1986) for
computing the Kendall tau correlation coefficient with censored
data in both axes. We use the implementation of pymccorrela-
tion (Privon et al. 2020), which in turn perturbs the data in
Monte Carlo fashion to compute the errors in the correlation
coefficient (Curran 2014).

For both regression methods, we computed the significance
of a correlation as the fraction of cross-correlation values r < 0
(r > 0) for a positive (negative) best-fit . For LINMIX_ERR,
the r values are draws from the posterior distribution, while for
pymccorrelation, they are results of the Monte Carlo
perturbations.

We do not consider the N V and O VI points independent for
the purposes of the regressions. Therefore, where both doublets
are present in the data for a given quasar, we compute the
average measurement (either detection or limit) from the two
lines. If only one line is detected, we use that measurement
rather than averaging a detection and a limit. Where multiple
X-ray measurements exist for a quasar, we take the average.
Errors in LBOLa LIR/LBOL’ LFIR/LBOL» and Qopx are unknown,
so for the purposes of regression we fix the errors to 0.1 dex.
For vL,(UV), we ignore the negligible statistical measurement
errors.

6. Results

The results from our spectral analysis of the HST spectra are
summarized in Table 3. In this section, we investigate whether
the presence or nature of quasar-driven outflows and starburst
winds correlate with the properties of the quasars and host
galaxies. The quantities that we consider in our correlation
matrix are listed in Table 1 and defined in the notes to that
table. The results from the statistical and regression analyses
are summarized in Tables 4 and 5.

Note that we do not make a distinction between quasar-
driven outflows and starburst-driven winds in this section, and
we only consider absorption lines within 10,000 kms™" of the
QSO redshift (inclusion of lines at greater displacements leads
to unacceptable contamination by intervening absorbers). A
more comprehensive assessment of the detected outflows is
conducted in Section 7, after we have considered the line
profiles more fully, including signs of saturation and/or partial
covering of the continuum source (Section 6.2) and the overall
kinematics of the outflowing gas (Section 6.4). Similarly, the
comparison of our results with those from previous studies is
postponed until Section 7, once the results from our spectral
analysis have been fully presented.

6.1. Rate of Incidence of Outflows

Figures 4 and 5 show the median velocities in the quasar rest
frame of all of the detected NV and O VI absorption-line
systems, sorted from top to bottom by decreasing redshift and
bolometric luminosity, respectively. The first of these figures
clearly illustrates the fact mentioned in Section 4 that our
ability to detect the NV and O VI features is limited by the
spectral coverage of the COS data to 7 <0.18 and z > 0.11,
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Table 4
Rate of Incidence of Outflows

Line Detection Total Fraction (1o range)
(1) @) (3) @
All Quasars
Nv 13 27 0.48 (0.39-0.58)
O VI 12 20 0.60 (0.49-0.70)
Both 5 14 0.36 (0.25-0.50)
Any 20 33 0.61 (0.52-0.68)
log Lgor/Le, > 12.0
Nv 4 12 0.33 (0.23-0.48)
O VI 9 14 0.64 (0.50-0.75)
Both 2 8 0.25 (0.16-0.44)
Any 11 18 0.61 (0.49-0.71)
IOg LBOL/LG <12.0
Nv 9 15 0.60 (0.47-0.71)
O VI 3 6 0.50 (0.32-0.68)
Both 3 6 0.50 (0.32-0.68)
Any 9 15 0.60 (0.47-0.71)
Ny > 107
Nv 10 16 0.62 (0.50-0.73)
O VI 8 8 1.00 (0.81-0.98)
Both 3 5 0.60 (0.38-0.76)
Any 15 19 0.79 (0.67-0.85)
Ny < 102 cm™2
Nv 2 10 0.20 (0.13-0.37)
O VI 2 10 0.20 (0.13-0.37)
Both 1 8 0.12 (0.08-0.32)
Any 3 12 0.25 (0.17-0.41)
Q2—1.6
Nv 7 17 0.41 (0.31-0.53)
O VI 6 12 0.50 (0.37-0.63)
Both 2 9 0.22 (0.14-0.41)
Any 11 20 0.55 (0.44-0.65)
Qox < —1.6
Nv 6 9 0.67 (0.49-0.78)
O VI 6 7 0.86 (0.64-0.91)
Both 3 4 0.75 (0.48-0.85)
Any 9 12 0.75 (0.59-0.83)

Notes. Column (1): Feature(s) used in the statistical analysis. “Both” means
both N Vv and O VI doublets and “Any” means either N V or O VI doublet or
both. Column (2): Number of objects with detected outflows. Column (3):
Number of objects in total with the appropriate redshift. Column (4): Fraction
of objects with detected outflows. The two numbers in parentheses indicate the
1o range (68% probability) of the fraction of objects with detected outflows,
computed from the [ distribution (Cameron 2011).

respectively (systems outside of the spectral range are indicated
by an “x” in this figure and Figure 5).

A cursory examination of Figures 4 and 5 shows that
blueshifted NV or O VI absorption systems suggestive of
outflows (with equivalent widths above our 3o detection limit
of ~20 mA) are detected in about 60% of the quasars in our
sample, and there is no obvious trend in the rate of incidence
with redshift or bolometric luminosity.

The results of a more quantitative analysis based on [
distributions (Cameron 2011) are listed in Table 4. The overall
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rate of incidence of NV or O VI absorbers is 61% with a 1o
range of (52%-68%), once taking into account the spectral
coverage of the data. This rate is virtually the same for N vV and
O VI. Among quasars with log Lgor /Lo > 12.0, this rate is
61% with a 1o range of (49%-71%), while it is 60% (47%—
71%) among the systems of lower luminosities. These rates are
thus not significantly different from each other, and are similar
to the rate of incidence of O VI outflows in local Seyfert 1
galaxies (Kriss 2004a, 2004b) as well as C IV (Crenshaw et al.
1999) or X-ray (Reynolds 1997; George et al. 1998)
absorption.

We have also searched for trends between the rate of
incidence of outflows and several other quantities. The
detection rate of outflows (79%) among quasars that have
strongly absorbed X-ray continua (Ny > 10%2 cm™?) is
significantly higher than those that do not (25%) (Table 4).
These rates differ at the 20 level (95.4%), where the ranges of
the incidence rate are 56%—92% for quasars with absorbed
X-ray continua and 9%—54% for the others. Using the scipy.
stats implementation of the Fisher exact test, the null
hypothesis that galaxies with strongly and weakly absorbed
X-ray continua UV absorbers are equally likely to show NV or
O VI absorbers is rejected at the 99.2% level. The rate of
incidence of outflows among quasars with a steep X-ray to
optical spectral index (apx <—1.6;75%) is also higher than
those with a shallow index (55%), although the Fisher exact
test shows that this difference is not significant (p = 0.45). A
similar dependence on the X-ray properties of the quasars has
been reported in several studies of higher-luminosity quasars
and lower-luminosity Seyfert 1 galaxies using CIV A\ 1548,
1550 as a tracer of warm ionized outflows. We return to this
result in Sections 6.3, 6.4, and 7.

6.2. Optical Depths and Covering Factors

The distributions of the NV A1243 and O VI A\1038 optical
depths and covering factors derived from the individual
components in the multicomponent fits are presented as
histograms in Figure 6.

Again, we repeat that the optical depths and covering factors
presented here are only approximations. Nevertheless, it is clear
from the left panel in Figure 6 that a significant fraction of the
absorbing systems are affected by saturation effects (71243 or
T103g > 1), therefore making the equivalent widths of the NV
and O VI features unreliable indicators of the total column
densities of highly ionized gas in many of these cases.

The right panel of Figure 6 shows that the mode of the
distribution of covering factors is consistent with unity, but
~50% of the NV and O VI absorbers only partially cover the
FUV quasar continuum emission (4 possibly the broad
emission line region (BELR); see Figure 6), consistent with
small clouds located relatively near the quasars. As described at
the end of Section 5.1, emission infill of the absorption profiles
associated with the broad wings of the COS LSF is negligible
and thus does not affect this conclusion. We return to this result
in Section 7.1.

6.3. Outflow Equivalent Widths

The velocity-integrated equivalent widths (W, eg) ; Equation
(2)) of the outflow systems in each quasar are listed in Table 3.
They span a broad range from ~25 A down to 20 mA, near our
30 detection limit.
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Table 5
Linear Regression Results

y X N p r

(€] @ 3) @ ®)
Weq log(LsoL/Lo) 32 0.046 —0.34%%19
Weq log[ ALy 0s/erg s '] 32 0.140 —0.22793%
Weq AGN fraction 32 0.094 078540
Weq log(Lacn/Le) 32 0.054 —0.337312
Weq log(Mpy/Me) 32 0.289 —0.331093
Weq Eddington ratio 32 0.168 —0.421048
Weq _aox 31 0.002 —0.62131]
Weq log(Lir/Leor) 32 0.067 0.37+93¢
Weq log(Ler/Lyor) 30 0.094 —-0.29%9%
Weq log[N (H) /cm 2] 30 <0.001 0.1949:03
Weq r 30 0.143 025743
Weq log[F (0.5 — 2keV) Jerg s~' cm~2] 26 0.005 —0.54131%
Weq log[F (2 — 10 keV) /erg s~ cm—2] 29 0.002 —0.55%31%
Weq log[L(0.5 — 2 keV)/erg s~'] 26 0.072 —0.3319%2
Weq log[L(2 — 10keV) ferg s '] 30 0.009 —0.51+9%
Weq log[L(0.5 — 10 keV)/erg s '] 26 0.051 —0.3819%
Weq log[L(0.5 — 2 keV)/L(0.5 — 10 keV)] 26 0.192 021793
Weq log[L(0.5 — 10 keV)/Lgoy] 26 0.211 —0.2010%
Vitave log(LsoL/Ls) 20 0.138 —0.27103
Vitave log[ALy0s/erg s '] 20 0.283 —0.15793%
Vatave Qox 20 0.103 0.315934
Vatave log(Lir/Lgor) 20 0.115 0.3759%
Vatave log(Lrmk/Leor) 20 0.496 0.00°033
Vatavg AGN fraction 20 0.340 0.3510:8%
Vatave log(Laon/Le) 20 0.150 0241933
Vatavg log(Mpy/Me) 20 0.286 —0.314038
Vitave Eddington ratio 20 0.414 0135933
Vitave log[N (H) /cm~2] 18 0.034 —0.1573:98
Vitave r 18 0.011 0.67014
Vatave log[F (0.5 — 2 keV) ferg s~ ! cm~2] 17 0.008 0.6179%
Vatave log[F (2 — 10keV) Jerg s~' cm~2] 17 0.016 057918
Vatavg log[L(0.5 — 2 keV)/erg s '] 17 0.087 0361932
Vitavg log[L(2 — 10 keV)/erg s '] 18 0.264 017793
Vatavg log[L(0.5 — 10 keV)/erg s '] 17 0.211 023592
Vitave log[L(0.5 — 2 keV)/L(0.5 — 10 keV)] 17 0.006 0.697513
Vatave log[L(0.5 — 10 keV) /LpoL] 17 0.009 0.64734
Grms log(LpoL/Lo) 20 0.238 0.184923
Orms log[ALyj2s/erg s7'] 20 0.425 —0.04+9%4
Orms _aox 20 0.004 —0.55-939
Orms log(Lir/Lgo) 20 0.305 —0.16493
Orms log(Lgr/LsoL) 20 0.433 —0.0479%2
Orms AGN fraction 20 0.389 —0.13133
Grms log(Lacn/Le) 20 0.247 0.17+9%3
Grms log(Mpy/Me) 20 0.301 0.29438
Orms Eddington ratio 20 0.374 _0'18+g:i‘§
Orms log[N(H)/cm %] 18 0.086 0.10%3%
Orms r 18 0.048 —0.46793¢
Grms log[F (0.5 — 2keV) Jergs~' cm?] 17 0.016 —0.5640%2
Orms log[F(2 — 10keV) /erg s~ cm 2] 17 0.015 —0.557932
Orms log[L(0.5 — 2 keV)/erg s '] 17 0.066 —0.40192¢
Orms log[L(2 — 10 keV)/erg s '] 18 0.137 —0.2893%
Orms log[L(0.5 — 10 keV)/erg s~ '] 17 0.120 -0.3240%
Grms log[L(0.5 — 2 keV) /L(0.5 — 10 keV)] 17 0.022 —0.54+924
Grms log[L(0.5 — 10 keV) /LpoL] 17 0.008 —0.617931

Notes. Column (1): Dependent variable (absorption line property). Column (2): Independent variable (quasar/host property). Column (3): Number of points. Column (4): p-value of null
hypothesis (no correlation). Column (5): Correlation coefficient and 1o errors. Underlined entries under col. (2) indicate significant correlations with p-values below 0.05.

The equivalent widths of the outflows were compared
against the properties of the quasars and host galaxies listed in
Table 1. Some of the results are shown in Figure 7. By and
large, we do not find any significant trends between W.q and
any of the quasar and host properties, except with some of the
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quantities that are derived from the X-ray data (Table 5). Taken
at face value, this result is surprising because, for instance, it
means that the equivalent width of the outflow is largely
agnostic of the properties of the central engine over a range of
~1.5 dex in power (FUV, bolometric, or quasar-only
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Figure 4. Median velocities of the N vV and O VI absorbing systems detected in
the QUEST quasars of our sample. Note that the faster outflows with more
negative velocities lie on the right in this figure. The objects are sorted from top
to bottom in order of decreasing redshift. Red symbols mark NV A\ 1238,
1243 and blue symbols mark O VI A\ 1032, 1038. Open symbols indicate
systems with velocity dispersion o < 25 km s~ The two columns on the right
indicate whether N V (red) or O VI (blue) is within the spectral range of the data
(“x” indicates that it is not), affected by geocoronal line or chip gap (encircled
“x”), or simply undetected (downward-pointing triangle). A lack of symbol
marks a detection.

luminosity), ~2.0 dex in Eddington ratio, and ~2.5 dex in
black hole mass. The lack of correlations with the properties of
the hosts is less surprising, given that the quasar sample spans a
relatively narrow range of values in these quantities, so the lack
of correlation with these quantities may be attributed to the
lower dynamical range.

Examples of trends between W, and the X-ray properties of
the quasars are shown in panels (e), (f), and (g) of Figure 7. In
panel (e), the equivalent width of the outflow decreases with
increasing HX luminosity. Panel (f) in this figure illustrates the
dependence of the rate of incidence of these outflows on the
X-ray column densities already pointed out in Section 6.1. The
stronger highly ionized outflows with W, 2 1A are only
present in quasars with X-ray column densities above ~10*
cm 2. While it is a required condition for a strong outflow, it is
not a sufficient condition, since most quasars with these X-ray
absorbing column densities show either weak outflows in the
FUV (Weq <0.3 A) or none at all. Panel (g) also_shows a
distinct trend for strong outflows with W, 2 1A among
objects with agx < — 1.7. A similar trend is observed when
normalizing the X-ray luminosities to the bolometric
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Figure 5. Same as Figure 4, but the objects are sorted from top to bottom in
order of decreasing bolometric luminosity.

LOg(T ;045 OF Ty444) Distributions Covering Factor Distribution
T T T T T T

mNV mNV
movi movi
0.6 MNV+0VI E 0.6| MNV+0VI 3

<0.1

0.1-0.4 0.4-16 1.6-5 0.0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0

Figure 6. Distributions of the optical depths (left) and covering factors (right)
of the individual components used to fit the profiles of the N V (orange), O VI
(purple), or joint N V+O VI (pink) absorption features.

luminosities (not shown), but disappears when considering
only the X-ray slope (e.g., the SX/HX ratio or index of the
best-fit absorbed power-law distribution to the X-rays; not
shown). Similar results have been found when considering C IV
outflows (e.g., Brandt et al. 2000; Laor & Brandt 2002; Baskin
& Laor 2005; Gibson et al. 2009a, 2009b). We return to this
issue in Section 7 below.

6.4. Outflow Kinematics

Figure 8 shows the distributions of the velocity centroids and
dispersions (o) of the various individual components that were
used to fit the NV and O VI absorbers in the quasar sample.
About half of all of the individual components have blueshifted
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Figure 7. The velocity-integrated equivalent widths, Wy, of the outflow
systems in the QUEST quasars are plotted as a function of the (a) bolometric
luminosities, (b) AGN bolometric fractions, (c) Eddington ratios, (d) black hole
masses, (e) hard X-ray (2-10 keV) luminosities, (f) X-ray absorbing column
densities, (g) X-ray to optical spectral indices, and (h) ratios of the infrared
luminosities to the bolometric luminosities. Red squares mark NV A\ 1238,
1243 and blue circles mark O VI A\ 1032, 1038. Triangles indicate upper limits
(in one or both quantities). The regression results (p-values, correlation
coefficients r with 1o errors, and number of points N; Section 5) are shown at
the top of each panel. The actual points used in the regression, in which N v
and O VI quantities and/or X-ray measurements are averaged for a given
quasar, are shown in each inset panel. The solid points are detections, while the
open points are censored values in one or both quantities plotted.

(outflow) velocities that lie between [—2000, 0] kms ™' and

have lo widths less than 40 kms™'. In a blindly selected
sample of O VI absorbers, Tripp et al. (2008) similarly found that
the majority of associated absorbers are within 2000 kms ™' of
the QSO redshift (see their Figure 15). Likewise, they found
that the O VI line widths are <40 kms™'. Up to ~10% of the
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Figure 9. Same as Figure 7, but for the weighted average velocities.
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Figure 10. Same as Figure 7, but for the weighted velocity dispersions.

individual components in the present survey have redshifted
velocities of up to a fewx 100 kms™'; some of them may be
attributed to uncertain or systematically blueshifted systemic
velocities derived from the quasar emission lines (Section 5)
rather than actual inflows.

More physically meaningful kinematic quantities are the
weighted average velocities and velocity dispersions of the
outflow systems in each object (Equations (3) and (4)). Of the
20 detected absorbers in Table 3, eight (three) have weighted
average outflow velocities (velocity dispersion) in excess of
2000 (1000) kms ™.

We find in Table 5 that there is no distinct trend between the
weighted outflow velocities and velocity dispersions and the
quasar and host properties, except for the lack of outflows in
X-ray unabsorbed quasars (Figure 9), pointed out in Section 6.1,
and the larger weighted outflow velocity dispersions among X-ray
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faint sources with cpx <—2 (Figure 10). The lack of a correlation
between outflow velocities and the quasar luminosities seems at
odds with those from most previous C IV absorption-line studies
(e.g., Perry & O’Dell 1978; Brandt et al. 2000; Laor & Brandt
2002; Ganguly et al. 2007; Ganguly & Brotherton 2008; Gibson
et al. 2009a, 2009b; Zhang et al. 2014; Rankine et al. 2020) and
other multiwavelength analyses (e.g., references in Section 1 and
Veilleux et al. 2020). We examine this issue in more detail in
Section 7 below.

7. Discussion
7.1. Origins of the Absorption Features

The blueshifted N vV and O VI absorption features reported in
Section 6 may have several origins: quasar-driven outflows,
starburst-driven winds, tidal debris from the galaxy mergers,
and intervening CGM. Here, we do not consider contamination
of the quasar spectra by young stars, since none of them show
the obvious spectral signatures of young stars (e.g., narrow and
shallow NV or OVI absorption troughs accompanied by
redshifted emission). This is only an issue among starburst-
ULIRGS (e.g., Martin et al. 2015).

Telltale signs that the detected lines are formed in a quasar-
driven outflow include (1) line profiles that are blueshifted,
broad, and smooth compared to the thermal line widths
(<10-20 km s~ for highly ionized N**, P**, and O°" ions at
T~10*% K), (2) line ratios within the multiplets NV
A1238/A1243, O VI A1032/A1038, and PV A1117/A1128 that
imply partial covering of the quasar emission source, and (3)
large column densities in these high-ionization ions (Hamann
et al. 1997b, 1997a; Tripp et al. 2008; Hamann et al. 2019b).
NV is typically very weak or absent in intervening systems
(Werk et al. 2016). N v/HI and O VI/H 1 are also much higher
in associated absorbers than in intervening systems (e.g., Tripp
et al. 2008).

Among the 20 quasars with N V or O VI absorption systems
suggestive of outflows, 17 objects have absorption line profiles
that meet the first of the above criteria (the only exceptions are
PG 08044761, PG 08444349, and PG 2233+4134). Many of
the quasars with blueshifted N V or O VI absorption lines show
NV A1238/A1243 and/or O VI A1032/A1038 line ratios that
also meet criteria #2 and #3 (Figure 6). Mrk 231 does not
formally meet these criteria (since it has no N V absorption line
and O VI falls outside of the spectral range of the data), but it
shows all of the characteristics of a FeLoBAL at visible and
NUV wavelengths (and its Lya line emission is highly
blueshifted; see Veilleux et al. 2013b, 2016, and references
therein), so we include it here among those with quasar-driven
outflows. So, overall, at least 18 quasars in our sample have
absorption features suggestive of quasar-driven outflows.

In 15 of the 20 absorber detections, the velocity widths,
FWHM,,,,s = 2.355 0/, are below the minimum of 2000
kms ™' generally used for BALs (Weymann et al. 1981, 1991;
Hamann & Sabra 2004; Gibson et al. 2009a, 2009b), so they
fall in the category of mini-BALs (500 < FWHM,,,; < 2000
kms™ ") or NALs (FWHM,,s < 500 kms™'). Moreover, in
many cases, the profiles are highly structured rather than
smooth, and thus do not meet the “BAL-nicity” criterion to be
true BALs. The weak and narrow redshifted absorption features
in PG 08044761 and PG 08444349 are good candidates for
infalling tidal debris.
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7.2. Location and Structure of the Mini-BALs

7.2.1. Depths of the Absorption Profiles

The depths of the mini-BALs may be used to put constraints
on the location of the outflowing absorbers. The source of the
FUV continuum in these quasars is presumed to be the
accretion disk on a scale of ~fewx10'> cm (£0.01 pc), where
we used Equation (6) in Hamann et al. (2019a) assuming an
Eddington ratio ngqq = 0.1. But it is clear from the spectra that
in many cases (e.g., PG 10014054, 1004+130, 1126—041,
13094-355, 1351+640, 1411+442, 22144-139) the mini-BALs
absorb not only the FUV continuum emission but also a
significant fraction of the Ly, NV, and O VI line emission
produced in the BELR. The gas producing the mini-BALs must
therefore be located outside of the BELR on scales larger than

L 1/2
_ AGN
I'BELR — OI(WI-gSl) pC

(e.g., Kaspi et al. 2005, 2007; Bentz et al. 2013). The radius of
the outer boundary of the BELR, r,,, is likely set by dust
sublimation (Netzer & Laor 1993; Baskin & Laor 2018). For
gas densities of 10°-10" cm ™3, Baskin & Laor (2018) derive

)

Tout = bl = (3 — 6)rBELR (6)

L 1/2
=03 — 0.6)| — AN __ c, 7
( )(1046erg s7! P @

where graphite grains of size ~0.05 pm is assumed (Figure 5 in
Baskin & Laor 2018). Note that these values are smaller than
those in Barvainis (1987) and Veilleux et al. (2020), which are
based on silicate grains and lower gas densities (hence the
lower evaporation temperatures).

More can be said about the structure of the absorbing gas
from the fact that the NV and O VI absorption features are
optically thick (7 2 1-5; Figure 6) but are not completely dark.
The covering factors derived from the multicomponent fits to
the NV and O VI mini-BALs range from 0.1 to 1, a direct
indication that the absorbing material is compact and spatially
inhomogeneous. The often-structured velocity profiles of the
NV and O VI mini-BALs (N V in PG 14114442 is arguably the
only exception) also suggest a high level of kinematic
substructures in the outflows, different from the smooth BALSs
observed in high-luminosity quasars. These properties of the
mini-BALs may indicate one of two things: (1) Our line of
sight is not aligned along the direction of the outflowing stream
of gas as in the case for the BALs (e.g., Murray et al. 1995;
Elvis 2000; Ganguly et al. 2001), but instead intercepts only a
small fraction of this stream and results in a covering factor of
the background emission that is highly dependent on the
inhomogeneity of the outflowing gas. (2) Another equally
plausible explanation is that (structured) mini-BALs form in
more sparse outflows or (in the unified outflow model
discussed for high-z quasars) in more sparse outflow regions,
e.g., at higher latitudes above the disk.

7.2.2. Variability of the Absorption Profiles

Additional constraints on the location and structure of the
BALs and mini-BALS in our sample may be obtained from
profile variability. There is a vast body of literature on this
topic (e.g., Gibson et al. 2008; Hamann et al. 2008; Gibson
et al. 2010; Capellupo et al. 2012; Filiz et al. 2012, 2013;
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Grier et al. 2015; He et al. 2019; Yi et al. 2019, and references
therein). In our sample, four of the mini-BALs (PG 10014054,
PG 1126—041, PG 1411+442, and PG 2214+139) have been
observed at two different epochs or more, and can therefore be
searched for mini-BAL profile variations. The emergence of a
dense [log ny(cm ™) > 7] new outflow absorption-line system
in PG 14114442 was reported in Hamann et al. (2019b), and
the detailed inference of a distance <0.4 pc from the quasar is
not repeated here. We present the archival COS spectra for the
other three objects in Figure 11, normalized to the same FUV
continuum level to emphasize absorption profile variations.

In PG 10014054 (Figure 11(a)), the dramatic (72%)
decrease in the FUV continuum emission from 2014 June to
2019 March is accompanied by a strengthening of the broad
Lya, NV, and O VI emission lines in terms of equivalent
widths but no obvious change in the mini-BAL profiles. In
PG 1126—041 (Figure 11(b)), the more modest (20%)
decreases of the continuum emission from 2012 April to
2014 June are not accompanied by any obvious variations in
the equivalent widths of any of the broad emission and
absorption lines except for the most blueshifted N v absorption
features below —3000 km sfl, which show variations on
timescales perhaps as short as 12 days. The broad emission and
absorption lines in PG 22144139 (Figure 11(c)) show no
variations between 2011 November and 2021 September
despite a 26% increase in the strength of the FUV continuum
emission.

The fast 12-day variability of the high-velocity N V mini-
BAL in PG 1126—041 may be interpreted in two different
ways. One possibility is that transverse motions of the
outflowing clouds across our line of sight to the continuum
source and BELR are responsible for these changes (as in
PG 1411+4442; Hamann et al. 2019b). A variant on this idea is
that the changes in profiles are due instead to the dissolution
and creation of the absorbing clouds/clumps in the outflow as
they transit in front of the continuum source. In the other
scenario, changes in the ionization structure of the absorbing
clouds due to changes in the incident quasar flux cause the
absorbing NV and O VI columns to vary and reproduce the
observations. If this is the case, the variability timescale sets a
constraint on the ionization or recombination timescale, which
depends solely on the incident ionizing continuum and gas
density (~10° yrs/ny, where ny is the number density of the
clouds in cm73; e.g., He et al. 2019).

This last scenario predicts that changes in the FUV
continuum of the quasar will produce changes in the mini-
BAL. While changes are indeed observed in both the FUV
continuum emission and high-velocity NV mini-BAL of
PG 1126—041, the amplitudes of these changes are not
correlated. From 2012 April 15 to 2014 June 01, the continuum
emission strengthened while the NV mini-BAL weakened.
From 2014 June 01 to June 12, both the continuum emission
and NV mini-BAL weakened. Finally, from 2014 June 12 to
June 28, the continuum emission remained constant to within
1% but the N V mini-BAL strengthened slightly. This lack of a
direct connection between Variations in the continuum and the
NV mini-BAL seems to disfavor the scenario where the mini-
BAL variations are associated with changes in the ionization
structure of the absorbing clouds, unless log n;(cm ) <5-6, in
which case r > > r,, and time delays associated with the finite
recombination timescale could be at play (cf. Hamann et al.
2019b).
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Figure 11. Multi-epoch comparisons of the mini-BALs in (a) PG 1001+054, (b) PG 1126—041, and (c) PG 2214+139. All spectra are normalized to match the
continuum level blueward of Lya or redward of N V and O VI. The multiplicative factor is indicated in the caption.

While more detailed modeling of the mini-BAL of PG 1126
—041 is beyond the scope of the present paper, the fact that the
mini-BAL variations are only observed in N V and only at high
velocities may be an optical depth effect: the cloud complex
that produces the Lya and O VI mini-BALs and low-velocity
NV mini-BAL may be so optically thick as to be immune to
variations in the ionizing continuum or tangential movement of
the absorbing gas across the continuum source (we return to
this topic in Section 7.4 below).

7.3. Driving Mechanisms of the Mini-BALs

As reviewed in, for instance, Veilleux et al. (2020), the
absorbing clouds making up the mini-BALs may be material

(1) entrained in a hot, fast-moving fluid, or (2) pushed outward
by radiation or cosmic ray pressure, or (3) created in situ from
the hot wind material itself. In the first two scenarios, the
equation of motion of the outflowing absorbers of mass M,
that subtends a solid angle €, is

d .
E [Maps (r) 7] = Qaps r? (P + Fer + Pjet)

+( Qabs )(%Lbol) . GM(V)Izwabs(r) . 8)
4 c

r

where M(r) is the galaxy mass enclosed within a radius r and 7
is a volume- and frequency-integrated optical depth that takes
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into account both single- and multiple-scattering processes in
cases of highly optically thick clouds (Hopkins et al.
2014, 2020)."° The terms on the right in Equation (8) are the
forces due to the thermal, cosmic ray, and jet ram pressures, the
radiation pressure, and gravity, respectively. Magneto-hydro-
dynamical effects are assumed to be negligible at the distances
of these absorbing clouds. The quasars in our sample do not
have powerful radio jets, so the jet ram pressure term can safely
be neglected. Similarly, the relatively modest radio luminosities
of the mini-BAL quasars relative to their optical and bolometric
luminosities (Column 6 in Table 1) suggest that cosmic-ray
electrons do not play an important dynamical role in
accelerating the BAL clouds. Indeed, the fraction of BAL
quasars seems to vary inversely with the radio-loudness
parameter, R (Column 5 in Table 1; e.g., Becker et al. 2001;
Shankar et al. 2008). Below, we consider the remaining thermal
and radiation pressure terms separately. In reality, these
pressure forces may act together to drive the mini-BAL
outflows (see Section 7.4 for a closer look at the mini-BAL
PG 1126—041 in this context).

7.3.1. Thermal Wind and Blast Wave

For many years, ram-pressure acceleration of pre-existing
clouds has been considered a serious contender to explain BALSs
in quasars, given the need for a much hotter, rarefied medium to
confine the clouds as they are being accelerated (e.g., Weymann
et al. 1985). However, it is notoriously difficult to accelerate dense
gas clouds from rest up to the typical (mini-)BAL velocities by a
warm, fast thermal wind without destroying them in the process
through Rayleigh—Taylor fragmentation and shear-driven Kelvin—
Helmbholtz instabilities (e.g., Cooper et al. 2009; Scannapieco &
Briiggen 2015; Schneider & Robertson 2015, 2017). Radiative
cooling and magnetic fields may act to slow down cloud
disruption (Marcolini et al. 2005; Cooper et al. 2009; Banda-
Barragan et al. 2016, 2018, 2020; Grgnnow et al. 2018). Radiative
cooling of the warm mixed gas can not only prevent disruption, it
may also cause the cloud to grow in mass (e.g., Gronke &
Oh 2018, 2020; Girichidis et al. 2021), although there are caveats
(Schneider et al. 2020). An alternative scenario is that the BAL
and mini-BAL clouds are created in situ via thermal instabilities
and condensation from the hot gas with a cooling time shorter
than its dynamical time (Efstathiou 2000; Silich et al. 2003). This
is the idea behind the “blast wave” simulations of Richings &
Faucher-Giguere (2018a, 2018b); see also Weymann et al. (1985);
Zubovas & King (2012, 2014); Faucher-Giguere & Quataert
(2012); Nims et al. (2015).

In these simulations, a fast (presumably X-ray emitting) AGN
wind with outward radial velocity of 30,000 km s lis injected in
the central 1 pc and collides violently with the host ISM. The
resulting shocked wind material reaches a very high temperature
(~1010 K; Nims et al. 2015) that does not efficiently cool, but
instead propagates outward as an adiabatic (energy-driven) hot
bubble. This expanding bubble sweeps up gas and drives an outer
shock into the host ISM, raising its temperature to a fewx 10’ K
(Nims et al. 2015). Radiative cooling of the shocked ISM
eventually becomes important, and the outflowing material

16 More explicitly, 7 = (1 — e ™ingle)(1 + 74 1r). The value of 7 therefore
ranges from ~ Tgngle = TUv/opticat < < 1 in the optically thin case to ~(1 +
Tefelr) 2,1 in the infrared optically thick limit (the effective infrared optical
depth, Tes g, is also sometimes called the “boost factor”; Veilleux et al. 2020).
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reforms as cool neutral and molecular gas. However, by that
time, the outflowing material has acquired a significant fraction of
the initial kinetic energy of the hot wind. These simulations
predict that the cooling radius, i.e., the radius at which the gas
cools to 10* K, increases from 100 pc to 1kpc for AGN with
luminosities from 10% to 10%” ergs ™', respectively (Figure 7 of
Richings & Faucher-Giguere 2018b). This cooling radius is also
the expected location of the gas clouds producing the NV and
O VI mini-BALs, as the cooling gas rapidly transitions from ~10’
K to ~10* K. This large radius is well outside the lower limit on
the distance of the mini-BAL from the quasars derived above, so
it is not inconsistent with our data. However, one should note that
the inner X-ray wind in quasars is presumed to be much smaller in
reality than the value of 1 pc assumed in the simulations, so the
cooling radius may have to be scaled down accordingly.
Moreover, these models do not address how the BELRs would
be restored after the passage of the blast wave. Finally, the
detailed analysis of the BAL in PG 14114442 firmly rules out (at
least in that case) absorption at these large distances.

7.3.2. Radiative Acceleration

Although ram-pressure acceleration has been a serious
contender, overall the favored explanation for the large
velocities of the BALs and mini-BALSs is that the gas absorbers
have been accelerated by the radiation pressure forces
associated with the intense radiation field that is emanating
from the quasars (e.g., Arav et al. 1994; Giustini & Proga 2019).
Strong support for this scenario comes from the observed
trends for the maximum velocity of the absorption to increase
on average with increasing optical, UV, or bolometric
luminosity and the Eddington ratio (e.g., Perry & O’Dell 1978;
Brandt et al. 2000; Laor & Brandt 2002; Ganguly et al. 2007;
Ganguly & Brotherton 2008; Gibson et al. 2009b; Zhang et al.
2014). Note, however, that the overall correlations noted in
these studies are often quite modest and sometimes only visible
when considering the upper envelope of the velocity distribu-
tion and only when the sample of AGN spans 2-3 orders of
magnitude in luminosity (sometimes combining NALSs, mini-
BALs, and BALs together). While more recent studies (e.g.,
Rankine et al. 2020) have confirmed and indeed strengthened
the existence of some of these correlations, all of the cited
results relate to the CIV absorption, rather than the NV and
O VI features. The statistics on NV, and those for O VI
absorbers in particular, are much poorer.

Far Ultraviolet Spectroscopic Explorer (FUSE) observations
of Seyfert galaxies of relatively low luminosities (10**-~10*
ergs ') show either no or very weak trends of increasing
maximum velocities with increasing luminosities and no trend
at all with the Eddington ratio (Kriss 2004a, 2004b; Dunn et al.
2008). O VI and NV BALSs in high-redshift, high-luminosity
quasars (Baskin et al. 2013; Hamann et al. 2019a) have
maximum velocities that correlate with their C IV counterparts,
but the range in AGN luminosity of their sample is too small to
test the luminosity dependence of the maximum velocities.
More fundamentally, there is also a trend between line widths
and optical depth. The most extreme example of this trend is
PV, which coexists with CIV having the same ionization
requirements, but is always weaker and narrower than CIV
(Hamann et al. 2019a). The reason is that PV traces only the
highest column density regions with smaller covering fractions,
while C IV can have significant absorption in more diffuse gas
occupying a larger volume. This evidence for optical depth-
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dependent covering factors is a signature of inhomogeneous
partial covering.

Overall, given the complex results from these previous
studies, it is perhaps not surprising to find no significant
correlations in our sample of QUEST quasars between
(maximum) outflow velocities and the AGN luminosities
(Section 6.4). Theoretically, the noise in the trends between
the outflow kinematics and AGN luminosity is expected in the
radiative acceleration scenario, given projection effects that
reduce the measured outflow velocities and variance in both the
(minimum) launching radius (e.g., Laor & Brandt 2002) and
efficiency of radiative acceleration associated with the complex
microphysics of the photon interaction with the clouds—this
complexity is hidden in the quantity 7 in Equation (8). A
similar trend of increasing variance in the maximum velocity
with increasing AGN luminosity is observed in the other cooler
gas phases of AGN-driven outflows (e.g., Veilleux et al. 2020;
Fluetsch et al. 2021).

Additional evidence that radiation pressure plays an important
role in accelerating the absorbers in quasars comes from the
significant dependence of the incidence rate, equivalent width, and
weighted outflow velocity dispersion of the blueshifted absorbers
on the X-ray properties of the quasars. This effect has been
reported in numerous studies of nearby and distant AGN, based
largely on C1V and SilIV (e.g., Laor & Brandt 2002; Gibson et al.
2009b), and is also clearly present in our sample of quasars based
on NV and O VI (Sections 6.1, 6.3, and 6.4). More specifically, we
find that mini-BALs and BALs are broader, stronger, and more
common among X-ray faint quasars with steep optical-to-X-ray
slopes apx S—1.7 and hydrogen column densities Ny in excess of
~10?* cm ™2 (Section 6). This result is expected in the context of
radiative acceleration, since the combined radiative force (“force
multiplier”; Arav & Li 1994) is greatly reduced when the gas is
over-ionized by the hard far-UV /X-rays, becoming too transparent
to be radiatively accelerated. This over-ionized “failed-wind”
material may act as a radiative shield to produce the spectral
softening needed for efficient radiative acceleration of the outflow
material downstream (Murray et al. 1995; Proga & Kallman 2004;
Proga 2007; Sim et al. 2010). However, the strong near-UV
absorption lines near systemic velocity expected in this scenario
are not observed (Hamann et al. 2013). Alternatively, the spectrum
emerging from the accretion disk may be intrinsically softer/fainter
in the hard far-UV /X-rays than commonly assumed (e.g., Laor &
Davis 2014). Weak-lined “wind-dominated” quasars, such as
Mrk 231, PHL 1811 and its analogs, which are intrinsically faint
and unabsorbed in the X-rays, may be naturally explained in this
fashion (Richards et al. 2011; Wu et al. 2011; Luo et al. 2015;
Veilleux et al. 2016). While a connection should exist between the
X-ray warm absorbers and the UV absorption-line outflows, a
direct one-to-one kinematic correspondence between the two
classes of absorbers is often not seen, because the gas in the warm
absorbers is too highly ionized to produce measurable lines in the
UV spectra (Kaspi et al. 2000, 2001; Gabel et al. 2003; Kraemer
et al. 2001; Krongold et al. 2003; Arav et al. 2015; Laha et al.
2021, and references therein). We return to this point in Section 7.4
when discussing the mini-BAL in PG 1126—041 (the case of
PG 12114143 is briefly discussed in the Appendix).

Another observational characteristic of outflows that favors
radiative acceleration is the phenomenon of line-locking
observed in perhaps as many as ~2/3 of all NAL and (mini-
)BAL outflows (e.g., Hamann et al. 2011; Bowler et al. 2014;
Lu & Lin 2018; Mas-Ribas & Mauland 2019, and references
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Figure 12. Line-locking in PG 1351+640. The two deep Ly« absorption

troughs are separated by the velocity split of the N v doublet lines, resulting in
an N V complex that looks like a “triplet.”

therein). This is observed in outflows where multiple absorbers
are present but are separated by the exact same velocity
separation as the doublet of CIV (499 km s hH, NV (962
kms™ "), or O VI (1650 kms™"). Previous studies have shown
that the probability of a line-locking signature accidentally
occurring over a relatively small redshift path is negligible
(e.g., Foltz et al. 1987; Srianand 2000; Srianand et al. 2002;
Ganguly et al. 2003; Benn et al. 2005). Radiative acceleration
is a natural explanation for line-locking (e.g., Mushotzky et al.
1972; Scargle 1973; Braun & Milgrom 1989).

The best case for line-locking in our data is that of PG 1351
4640, where two deep absorption troughs are detected in Lya,
extending over —[2200, 1500] km s ! and —[1400, 600]
kms~', roughly separated by the velocity split of the NV
doublet lines (Av~900-1000kms~" ~ Avyv; Figure 12).
This results in an N V mini-BAL that looks like a “triplet” in
this object. Another case of line-locking may be present in
PG 1126—041, where some of the deepest Ly« troughs are
separated by Ava 900-1000 kms ' ~ Avy v (Figure 3).

Note, finally, that radiation pressure on dust grains has also
been invoked as an important contributor to the radiative
acceleration given that (mini-) BAL QSOs, particularly LoBALSs
and FeLLoBALs, have more reddened UV spectra than non-BAL
QSOs (e.g., Allen et al. 2011; Hamann et al. 2019a, and
references therein). This result has been interpreted to mean that
BAL and mini-BAL clouds have large columns of ionized +
neutral gas (log NH(cm_z) 223) and enough dust to provide
extinction equivalent to at least Ay, ~ 1-2 mag. in some cases (this
is discussed in Section 7.4 in the context of PG 1126—041, but see
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also the results on Mrk 231 and PG 1411+442; Veilleux et al.
2016; Hamann et al. 2019b, respectively). Under these circum-
stances, the (mini-)BAL clouds may be subject to larger radiative
forces than dustless clouds because the dust cross section, and
thus 7 in Equation (8), in the UV optical is >1-2 orders of
magnitude than the Thompson scattering cross section of
electrons. Unfortunately, we do not have a reliable reddening
indicator of the FUV continuum emission in our quasars, so we
cannot directly compare our data with those of BAL and non-
BAL QSOs. On the other hand, radiation that will be absorbed by
the dust in the broad absorption line regions (BALRs) will be re-
emitted in the infrared, so our measurements of the infrared excess
in our quasars may serve as a surrogate for the amount of dust in
the BALRs. The lack of obvious correlation between BAL
properties in our quasar sample and the mid-, far-, and total
(1-1000 pm) infrared excesses (e.g., Figures 7 and 10) indicates
one of two things: (1) radiative acceleration on dust is not
important in the BALRs of these objects or (2) the various infrared
excesses are dominated by dust emission from outside of the
BALR, e.g., dust in the host galaxy itself.

7.4. PV Mini-BAL in PG 1126 —041 and Other Quasars

In this last section, we take a closer look at the mini-BAL
system in PG 1126—041. A mini-BAL extending from —1000
to —5000 km s~ ! was first reported in the N v, CIv, and STV
absorption lines of this object by Wang & Wang (1999) and
Wang et al. (1999), based on the analysis of old low-resolution
spectra obtained with IUE and the Goddard High-Resolution
Spectrograph (GHRS) on HST. Variable and much faster
(~16,500 km s~ ") X-ray absorption has also been detected in
this object (Wang & Wang 1999; Wang et al. 1999; Giustini
et al. 2011). Interestingly, this object is among the least
luminous AGN (log Lgor./Lo = 11.52) in our sample, inter-
mediate between quasars and typical Seyfert 1 galaxies. Mini-
BALs with outflow velocities of up to ~5000 kms ' and
widths (FWHM, s = 2.355 0yme) > 1000 kms ™! are relatively
rare in such low-luminosity systems (e.g., Kriss 2004a, 2004b;
Dunn et al. 2008; Crenshaw & Kraemer 2012). On the other
hand, PG 1126—041 is also the object in our sample with the
steepest X-ray to optical index (apx = —2.13, a virtual tie with
PG 10014054, which also harbors a mini-BAL) and is among
those with the largest infrared excess (Table 1), reinforcing the
view expressed in Section 7.3.2 that X-ray absorbed or
intrinsically weak quasars are more likely to host BALs and
mini-BALs.

Apart from the line-locking signatures found in the N V mini-
BAL of this object, which we argued in Section 7.3 favors
radiative driving, the most remarkable aspect of this mini-BAL is
the detection of a narrow PV A\ 1117, 1128 cloud at a velocity of
—2200 km s~ (Figure 3). Large ionized-gas column densities are
needed to produce this feature, given the low abundance of
phosphorus relative to hydrogen (log(P/H). = —5.54; Lod-
ders 2003). The multicomponent fit of each line in the PV
doublet requires two components with nearly identical median
velocities (—2196 and —2203 kmsfl) but different velocity
dispersions (24 and 74 kms™ ), covering factors (0.37 and 0.10,
respectively), and optical depths (0.7 and 2.6, respectively). The
total equivalent width of this doublet is 0.3 A.

Taken at face value, the results from the fits suggest that the P v
lines are only moderately optically thick and therefore more
reliable indicators of the total ionized column densities of this
cloud than the highly saturated NV and O VI features. This is
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supported by the ~2:1 intensity ratio of the P V lines. An optical
depth of order unity in PV A1128 implies an ionized hydrogen
column density log Ny(cm %) ~22.3, assuming a solar P/H
abundance ratio and ionization corrections based on detailed
photoionization calculations for typical BALs and mini-BALs
(ionization parameters log U2 —0.5; Hamann 1998; Leighly
et al. 2011; Borguet et al. 2012, 2013; Baskin et al. 2014;
Capellupo et al. 2017; Moravec et al. 2017; Hamann et al. 2019a,
and references therein). This column density is remarkably
consistent with the expectations from radiation-pressure-confined
cloud models (Baskin et al. 2014).

This value of the total column density may be used to
estimate the minimum kinematic energy of this outflowing
cloud using (Equation (2) from Hamann et al. 2019a)

2
Ein = 1.5 % 1052( Q )( Ny ) d
0.15/\2 x 102 ecm™2\ 1 pc
2
) ergs,

where Q is an approximate global outflow covering factor based
on the incidence of mini-BALSs in the SDSS quasars (Trump et al.
2006; Knigge et al. 2008; Gibson et al. 2009b; Allen et al. 2011)
and r=1 pc is a placeholder radial distance that we adopt for
illustration purposes (it may underestimate the actual distance of
the absorbers from the source; see Section 7.2 and Arav et al.
2020, and references therein). Following Hamann et al. (2019b),
we estimate the time-averaged kinetic energy luminosity, Ly;,, by
dividing Ey;, by a characteristic flow time, r/v =450 yr. This
yields Lign > 1 x 10* erg s'. In these units, Lo = 1.3 x 10%
erg s7!, 50 Lign /Lpor. 20.001. Taken at face value, this ratio is too
small to significantly affect the evolution of the galaxy host (e.g.,
Lin =0.005 Lgyq is needed according to Hopkins & Elvis 2010),
unless (1) r is severely underestimated or (2) the other clouds at
lower and higher velocities involved in this mini-BAL contribute
significantly to Ly;,. This second possibility seems unlikely, given
the lack of P V detection in these clouds, which suggests column
densities log Ny(cm™2) <22.

Next, we use the total column density of the PV cloud in
PG 1126—041 to estimate the time-averaged momentum out-
flow rate of this cloud, p = 2Ly, /va 1 X 10** dynes, and
compare this value with the radiation pressure,
LgoL/c =4 x 10°* dynes. Given that p/(LgoL/c) ~ 0.2,
radiation pressure can thus in principle accelerate this cloud,
although a contribution from a thermally driven wind as
detailed in Section 7.3.1 cannot be formally ruled out.

Finally, we apply Equation (9) and calculate Ly;,/Lgor for
the other mini-BALs in our sample with solid and tentative P V
detections. For PG 14114442, the only other mini-BAL in the
sample with a definite PV detection, we get Ly;,/Lpor 20.01
and p/(LgoL /c) ~ 1, for an outflow velocity of —1800 km s~
(Table 3), a total column density log Ny(em 2) >23.4, and a
BELR-like distance <0.4 pc from the central light source
derived by Hamann et al. (2019b) using several absorption
lines and detailed photoionization simulations. This BAL may
thus be sufficient to impact the host galaxy evolution. PV is
also tentatively detected in PG 10014054 and PG 10044130 at
velocities of ~[—4000, —6,000] km st (Figure 13). In both
cases, the equivalent widths of PV 1117 and 1128 are very
similar, implying saturation and log Nyy(cm™?) >22.3. These
numbers yield outflows with kinetic-to-bolometric luminosity

X | ——— 9
(2200kms‘l ©)
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Figure 13. Tentative detection of PV in (a) PG 10014054 and (b) PG 1004
+130. The spectra have been heavily binned to emphasize the broad but
shallow features. The deep and narrow absorption lines in the velocity range
—[8,000, 14,000] km s 'inthe PV 1117, 1128 panels of both PG 10014054
and PG 10044130 are due to intervening MW ISM (Si Il 1259, 1260 + Fe I
1260 and C 11 1334 4+ C 11" 1335, respectively).

ratios that are higher than that of PG 1126—041 but lower than
that of PG 14114442, and thus marginally sufficient to impact
the host galaxy evolution. Overall, the mini-BALs in the
QUEST quasars are less powerful than the PV BALs detected
in z, 2> 1.6 SDSS quasars (Moravec et al. 2017) but perhaps
more common (4/33 ~10%) than at high luminosities/
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redshifts (detection rate of only 3% —6% among the z, = 2.6
BAL quasars in the SDSS-III BOSS quasar catalog; Capellupo
et al. 2017).

8. Summary

As part I of an HST FUV spectroscopic study of the QUEST
(Quasar/ULIRG Evolutionary Study) sample of local quasars
and ULIRGs, we have conducted a uniform analysis of the
COS spectra of 33 z < 0.3 Palomar-Green quasars. The main
conclusions from our analysis are the following:

1. Highly ionized outflows traced by blueshifted N vV A\ 1238,
1243 and OVI AX 1032, 1038 absorption lines with
equivalent widths larger than ~20 mA are present in about
60% of the QUEST quasars. This detection rate is similar to
that of warm ionized outflows traced by blueshifted C TV A\
1548, 1550 absorption lines in local Seyfert galaxies and
more distant, higher-luminosity quasars.

2. The NV and O VI features in the QUEST quasars span a
broad range of properties, both in terms of equivalent widths
(from 20 mA to 25 A) and kinematics (outﬂow velocities
from a fewx 100 kms ' up to ~10,000 kms ™).

3. The rate of incidence and equivalent widths of the highly
ionized outflows are higher among X- ray weak sources with
X-ray to optical spectral 1nd1ces aox S — 1.7 and X-ray
column densities log Ny(cm %) >22. The weighted outflow
velocity dispersions are highest in the X-ray weakest sources
with X-ray to optical spectral indices aox S — 2. These
results are qualitatively similar to AGN-driven warm ionized
outflows traced by the CIV A\ 1548, 1550 absorption lines.
These results favor radiative acceleration of the absorbers,
where the X-rays are either absorbed or intrinsically weak in
the wind-dominated systems. Line-locking is detected in the
Ly« absorption troughs of one or two objects, providing
additional evidence that radiation pressure plays an important
role in accelerating these absorbers.

4. There is no significant trend between the weighted
average velocity of the highly ionized outflows and the
properties of the quasars and host galaxies. This negative
result is likely due in part to the fact that the range of
properties of the QUEST quasar sample is narrow in
comparison to those of other studies.

5. Blueshifted P vV broad absorption lines are clearly detected
in PG 1126—041 and PG 14114442 (previously reported in
Hamann et al. 2019b), and also possibly in PG 1001+054
and PG 1004+130. Using the results from the analysis of
Hamann et al. (2019b), these features imply column
densities of ~10**? ¢cm™ or larger and time-averaged
outflow kinetic power to bolometric luminosity ratios of
20.1% if a conservatively small radial distance of 1 pc from
the PV absorbers is assumed.

Paper II of this series (Liu et al. 2021, in prep.) will present
the results from our analysis of the COS spectra on the QUEST
ULIRGs. These results will be combined with those from the
present paper to provide a more complete picture of the gaseous
environments of quasars and ULIRGs as a function of host
galaxy properties and age across the merger sequence from
ULIRGS to quasars.

The authors thank the anonymous referee for suggestions that
improved this paper. S.V., W.L., and T.M.T. acknowledge partial
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Appendix
Detailed Results from the Spectral Analysis

Figures 14(a)-14(t) present the fits to the detected N v, O VI,
and PV absorption systems in our sample. The results from
these fits are listed in Table 3 in the main body of the paper.
Here, we summarize the results from our spectral analysis for
each object in the sample.

PG 0007+106.—There are no associated NV absorbers in
this system, although two deep blueshifted and redshifted
Lya absorption features are present at |v| < 400 kms™'.

PG 0026+129.—There are no associated NV or OVI
absorbers in this object.

PG 0050+124 (IZw1)—NV and Ly« absorbers are
detected at —553, —1315, and —1467 km s~ in this object.
Variable warm absorbers at —1870 and —2500 kms~' have
been reported by Silva et al. (2018) in XMM-Newton RGS
spectra obtained in 2015.

PG 0157+001 (Mrk 1014).—There are no associated N V or
O VI absorbers in this system.
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Figure 14. [Part I] Interline comparison of the absorbing systems in each quasar with detected N vV or O VI absorption lines, produced by plotting the normalized
spectrum in velocity space relative to the quasar rest frame. The data are in black, the individual components used to fit the absorption profiles are shown in cyan, and
the overall fit is shown in purple. The velocity centroids of the main absorbing systems are indicated by vertical red (Lya, Ly, N Vv, P V) and blue (O VI) dotted lines.

[Part IT] Same as previous figure.
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Figure 14. (Continued.)

PG 0804+761.—This is a rare case for infall where a strong
redshifted absorption system at +600 kms~' is observed in
Lya, and a corresponding weaker feature is also detected in
NV and O VI The stronger features in the panel of Figure 14(b)
labeled O VI 1037 are Fe I features from the MW ISM.

PG 0838+770.—A weak low-|v| absorption feature is seen
in Lya but not NV or O VL.

PG 0844+349.—A strong, slightly redshifted double-comp-
onent absorption feature, likely associated with tidal debris, is
present at +-140 km s~ ' and +190 km s~ "in both Ly and N'V,
but the feature at ~1288.9 A has no corresponding NV and is
presumed to be Ly« from intervening CGM.

PG 0923+201.—A single broad absorber is observed at
—3300 km s~ ' in Lya, Lyf, and O VI 1032 and 1038, although
the glare of the geocoronal Ly« airglow truncates the blue wing
of the O VI 1032 absorption line.

PG 0953+414.—Two faint O VI features are detected at
—140 and —1074 kms~'. The first feature is also Visible in
Lya and Ly(3, but the more blueshifted feature is not. The
strong feature near 1271 A cannot be fit with O VI and thus is
likely Lya from intervening CGM.

PG 1001+054.—The multi-epoch COS spectra shown in
Figure 11 are co-added for this analysis, given the lack of
variability in the absorption line profiles (Section 7.2). This is a
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special case because of the way the broad, high-velocity NV
absorption absorbs the Ly« profile and the O VI absorption is
deep, nearly dark, and highly saturated. The three methods
discussed in Section 5 were attempted to deal with the Lya +
NV blend, and in the end, method #3 was used for the final fit:
(1) The use of polynomials/splines to fit the blue and red sides
of Ly« is problematic because it does not appear to yield a
symmetric Lya line and seems to miss NV absorption that
appears in Lya. (2) A Lorentzian fit to Ly works reasonably
well in that it yields a symmetric line, but the line properties are
highly unconstrained (particularly in terms of height) and
sensitive to the choice of which continuum regions are fit. (3)
After trying the QSO templates from Vanden Berk et al.
(2001), Stevans et al. (2014), and Harris et al. (2016), we
settled on the last one. We scaled the template using a constant
offset, a constant multiplier, and a scaling according to A?
(arbitrary power p) to account for differences between the
spectral index and that of the template (following Harris et al.
2016). We fit only the blue side of Ly« (and the far-red side) as
well as some continuum regions in between O VI and Lya NV
that are fairly line-free. This underpredicts the strength of
highly ionized lines, but is the best compromise solution. If the
lines are fit as well, the blue side of Ly« is not properly fit. The
resulting fit to N V seems to work reasonably well, although the
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fit results are obviously illustrative in terms of velocity space
and certainly do not get the optical depth correct. There seems
to be a narrow Lya near —4000 km s~ that is barely detected
in N Vv, but the fit has difficulties capturing it. The broad, highly
saturated, nearly dark O V1 is fit over —[6000, 4000] km s~ but
not —[8000, 6000] km s~ ! to account for Ly contamination.
Broad blueshifted P v 1117, 1128 at ~—[6000, 4000] km s lis
also tentatively detected in this object, but no attempt is made
to fit this faint feature (Figure 13(a)).

PG 1004+130.—This is another special case (see Wills et al.
1999; Brandt et al. 2000, for some previous analyses). It is
difficult to fit the “continuum” shape and O VI profile
simultaneously. The present fit is the best available compro-
mise. It is clear that Ly(3/O VI are interacting with each other,
so the O VI fit should be taken only as illustrative. There are
higher-order Lyman lines in the spectrum that are not
considered. The Ly~ region is shown but is not considered in
the fits to O VI (the many narrow features in the Ly~ region are
Galactic ISM lines). Blueshifted PV 1117+1128 at —[6000,
4000] kms~ ' is tentatively detected, but no attempt is made to
fit this faint feature (Figure 13(b)).

PG 1116+215.—There are several narrow absorption fea-
tures blueward of Lya, O VI, and Lyg in this system, but only
two of them are paired in O VI A1032 and A1038, corresp-
onding to —771 and —2825 kms™'. Presumably, the orphan
features are intervening Ly« absorbers. Savage et al. (2014)
also report an O VI system at 1175 and 1181 A. However, it is
not shown here, as it is very narrow and very high-velocity, and
there is intervening CGM (there are nearby galaxies at the same
redshift; Tripp et al. 1998).

PG 1126—041.—Several separate COS/G130M spectra exist
for this object (Table 2). Our analysis uses the co-added spectrum.
Broad blueshifted absorption features are clearly detected in Ly,
NV, and O VI (Figure 3). A narrow PV feature is observed at
—2200 km s~ ", indicative of large ionized column densities. This
PV detection is discussed in more detail in Section 7.4. The 2014
and 2015 COS/G160M spectra centered around ~1450 A show
strong CIV A\ 1548, 1550 absorption troughs similar to those of
NV and O VI, but only weak and narrow blueshifted STV A\
1392, 1402 absorption features with |[v| <500 kms™'; the analysis
of these features is beyond the scope of the present study.

PG 1211+143.—There are no associated NV absorption
systems in this object. A broad absorption feature at the
observed wavelength of 1240 A has been interpreted by Kriss
et al. (2018) as a highly blueshifted (—16,980 km sfl) and
broad (FWHM ~ 1080 kms™ ') Lya absorption from a fast
wind. It may correspond to one of the ultra-fast outflowing
systems detected in the X-rays (Danehkar et al. 2018, and
references therein). However, since it is not detected in NV, it
is not included in the statistical analysis of Section 6.

PG 12264023 (3C 273).—The FUV spectrum of 3C 273 has
been used extensively to study the low-z IGM (e.g., Tripp et al.
2008; Savage et al. 2014). There are no associated N V or O VI
absorption systems in this object.

PG 1229+204.—There are no associated NV absorption
systems in this object. The many unidentified features short-
ward of Lya in the quasar rest frame (e.g., 1289.5, 1282,
1223.2, 1220.4 A) may be Lya from intervening CGM.

Mrk 231.—The 2011 COS/G130M spectrum of this object
was presented in Veilleux et al. (2013a), while the 2014 COS/
G140L and G230L spectra were presented in Veilleux et al.
(2016). The COS/G130M spectrum shows Lya emission that
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is broad (=10, OOO kms~") and highly blueshifted (centroid at

~—3500 kms™"). In contrast, blueshifted absorption features
are only present above ~2200 A. These results have been
discussed in detail in Veilleux et al. (2016), and that discussion
is not repeated here. This outflow is considered a nondetection
in our analysis in Section 6 because it has no N V absorption
systems, but it has all of the characteristics of a FeLoBAL at
visible and NUV wavelengths and is considered as such in our
discussion (Section 7).

PG 1302—102.—There are no associated O VI absorbing
systems in this object, but several intervening Ly« and metal-
line systems have been reported by Cooksey et al. (2008).

PG 1307+085.—The weak OVI absorber at ~—3400
kms ' is also detected in Lya and Lyg3. The other feature at
~—3600 kms~" is seen only in Ly and Ly« and is presumed
to be from intervening CGM.

PG 1309+355.—A broad absorption feature is visible in
Lya, extending blueward to ~—1600 kms~'. This feature is
also detected in both O VI lines, but is truncated by the gap
associated with the strong geocoronal Lya emission. Strong
absorption features are detected coincident with PV 1117 and
1128 near systemic velocity, but given their equivalent widths,
they are likely of Galactic origin (e.g., CII 1334).

PG 1351+640.—Two deep, broad absorption troughs are
detected in NV and Ly« of this object, extending over [—2200,
—1500] kms ' and [—1400, —600] kms . They are roughly
separated by the velocity separation of the NV doublet lines,
resulting in an N V “triplet”, so this is a good case for line locking
(Section 7.3.2). The template fit to the Ly« line emission works
well in the very narrow region in which it is used, but mostly
because it gets the smooth profile in this region better than a spline
+polynomial fit. The central peak is steeper than the template, and
it is possible that the bluest absorption region in Ly« at —[3500,
2500] kms~' is caused by a weak peak rather than a true
absorption, since it does not line up with anything in N V. The
NV template fit, again over this limited range, is quite good and
more trustworthy over a wider wavelength range. It is actually
quite comparable to the spline fit. It does not get the steep central
peak in Ly« on the red side.

PG 1411+442.—This object has been the subject of a detailed
analysis by Hamann et al. (2019b). A deep, broad absorption
trough that extends over [—2800, —900] km s lis present in NV
and Lyca. Strong PV absorption is also detected over —[2200,
1400] km s~ in this object. The absorption profiles presented here
should be taken only as illustrative. They are produced using a
simple spline/polynomial fit to the line emission + continuum.
The quasar template is much too broad to match the observed
emission line profiles of Lya and N V.

PG 1435—067.—There are no associated NV or OVI
absorption systems in this object, but a faint Lya absorber
appears to be present at ~1369. 3A or ~—700 kms~'. The
other bluer narrow absorption features are likely Ly
absorption from the intervening CGM.

PG 1440+356.—Two blueshifted N Vv absorbers are observed

—2190 and —1610 km s_l, and a fainter redshifted one at +460
km s~ is also detected in both lines of the doublet. Note that the
strongest of the blueshifted N'V systems does not have a good
match in velocity space with Lya. The strong line near 1334 Ais
produced in the Galactic ISM, while the strong line blueward of
Ly« is presumably produced by intervening CGM. The Ly« line
at +200 kms~' may be systemic within the uncertainties on the
redshift or a signature of inflow.
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PG 1448+273.—A broad (FWZI ~700 kms~!) multicom-
ponent absorption feature is detected in both N vV and Lya. The
narrow Lyo feature at ~—2700 kms™' is likely produced by
intervening CGM, while the deep saturated feature at 1280 A is
C1 from Galactic ISM.

PG 1501+106.—Three strong absorption features are seen
blueward of Ly« at ~1253.0, 1255.8, and 1257.2 A, corresp-
onding to ~—1500, —800 and —500 km s, respectively (the
absorption near 0 kms™ is at least partly due to SII from
Galactic ISM). Despite the chip gap at the position of the NV
doublet, the present data allow us to rule out the presence of a
NV A1238 counterpart to the most highly blueshifted of these
Lya features, since it would lie near ~1276. 5A and is not
present in the data.

PG 1613+658.—Two weak, narrow absorption features are
detected at —3503 and —3764 kms ' in NV, O VI, and Lya.
The other features around N V are of Galactic ISM origin, while
those in O VI and Ly« are likely due to intervening CGM.

PG 1617+175—A broad (~1000 kms ') blueshlfted
absorpt10n feature centered around ~—3000 km s~ is detected
in Nv, OVIL, and Lya. Three narrow absorbers at —3300,
—1630, and —1040 kms ™" are also detected in O VI and Lya,
but are very weak or absent in N V.

PG 1626+554.—The two distinct blueshifted Lyc absorption
features at 1378 8 A and 1374.7 A, corresponding to —740 and
—570 km s~ in the quasar rest frame, are also detected in Ly/3 but
not 1n NV. A faint depression at 1166.9 A may be the —570
kms™' counterpart of O VI 1032, but it is not detected in the
fainter O VI 1038. This feature was judged too uncertain to be a
detection in our analysis.

PG 2130+099.—Two deep and narrow absorption features
at ~—1500 and 0 kms™ " are detected in NV and Ly« of this
object.

PG 2214+139.—Our analysis is based on the co-added
spectrum of this object, given the lack of variability in the
absorption lines between 2011 and 2012 (Figure 11). This
object shows complex N V troughs that extend from ~—3400
to —400 kms™' and are loosely matched to the complex
absorption feature at Lya, except for the sharp Lya absorption
feature near —100 km s, which is not detected in N V.

PG 2233+134.—This object shows a faint and narrow
absorber at ~—200 kms™' in O VI and Ly(3. The Ly absorber
at ~—1300 km s~ ! also seems to have a weak O VI counterpart,
but the fit is inconclusive and is therefore not included in the
statistics for this object. The other stronger lines in this spectral
region do not match Galactic ISM features, so they are likely
produced by intervening CGM.

PG 2349—014.—There are no NV or OV A1032 absorbers
in this object (O VI A1038 is lost in the glare of geocor-
onal Lya).
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