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ABSTRACT

Context. The WISSH quasars project aims at studying the nuclear and host galaxy properties of the most luminous quasars (Lyo >
109 ergs™', 1.8 < z < 4.6), with special emphasis on the occurrence and physical parameters of winds at different scales.

Aims. Nuclear winds are manifested as UV-broad (=2000 km s~!) absorption lines (BAL) in about 15% of quasars. We aim at studying
the incidence and properties of such winds in the WISSH sample to investigate possible differences to active galactic nucleus regimes
with lower luminosity.

Methods. We collected optical spectra from the Sloan Digital Sky Survey (SDSS) data release 12, and identified those showing
absorption troughs in the region between the SiIv and CIV emission lines. We used three different indices for BAL absorption: the
classic balnicity index (BI), the absorption index (Al), and the intermediate Al;ggo.

Results. We find a higher observed fraction of C1v BAL quasars in the WISSH sample (24%) than in previous catalogues (10—15%).
These WISSH BAL quasars are also characterised by a higher average BI (~4000kms™') and maximum velocity (~17 000 kms™").
Moreover, for two objects we discovered BAL features bluewards of the Si1v peak, which can be associated with C v absorption with
a velocity of 0.15¢. We also updated previous studies on the dependence of maximum outflow velocity upon bolometric luminosity,
showing that BAL winds have intermediate properties compared to molecular or ionised winds and ultra-fast outflows. Finally, the
radio properties of the WISSH BAL quasars as a whole are in line with those of samples at lower luminosities from previous studies.
Conclusions. Our results suggest that the higher Ly, of the WISSH quasars likely favours the acceleration of BAL outflows and that
their most likely driving mechanism is radiation pressure. Furthermore, we estimate that the kinetic power associated with these winds
in hyperluminous quasars for the highest column density and fastest winds is sufficient to provide efficient feedback onto the host

galaxy.
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1. Introduction

In the past two decades, the potential importance of the winds
of quasi-stellar objects (QSOs) for the growth of super-massive
black holes (SMBH, Silk & Rees 1998), for the enrichment of
the intergalactic medium (Li et al. 2007), for galaxy formation
(Haiman & Bryan 2006), for the evolution of the host galaxy
(Di Matteo et al. 2005), and for the luminosity function of QSOs
(Wyithe & Loeb 2003) has gained greater recognition. The
power of the active galactic nucleus (AGN) is fundamental in the
overall dynamics of the winds, therefore bolometric luminosity
(Lvo1) and Eddington ratio are key quantities for understanding

Article published by EDP Sciences
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the mechanism of the feedback onto the host galaxy. Interac-
tion of radiation, jets, and winds with the interstellar medium
of the host is often invoked as responsible for star formation
quenching and growth regulation, and it is commonly explained
with two main scenarios: the radio mode, and the quasar mode
(see Fabian 2012 for a review). In the former, the collimated
radio jet is responsible for removing the ambient gas through
fast shocks, while in the latter the main cause is identified as
fast nuclear winds. Recently, both scenarios have proven to be
valid: radio-mode feedback has been studied by Tadhunter et al.
(2014), who presented evidence of a molecular outflow acceler-
ated by the jet in a Seyfert galaxy, while Tombesi et al. (2015)
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and Feruglio et al. (2015) pointed out that highly ionised mas-
sive SMBH winds with velocities of 0.1-0.2¢ are likely the
drivers of kiloparsec-scale molecular winds with high outflow
rates, that is, 2500 My yr" (see Bischetti et al. 2019 for a more
complete picture).

Nuclear winds from the accretion disc can be observed in
the UV domain as broad absorption lines (BALs) blue-wards
of prominent emission lines (e.g. C1Iv, SiIV) in 10-20% of
the optically selected quasars. They trace wind velocities from
a few thousand kms~' up to ~0.3c (e.g. Hewett & Foltz 2003;
Hamann et al. 2018). Depending on the involved species, BALs
are divided into high-ionisation (HiBALs) and low-ionisation
(LoBALs) objects: while high-ionisation species (C1v, SiIv,
NV) always produce the most prominent absorption features
in these objects, about 15% also show troughs blue-wards of
lower-ionisation species such as MgII and AlTIl. Additionally,
the LoBALs that also show Fell and FeIll absorption fea-
tures are called FeLoBALs. The number of known BAL QSOs
has greatly increased in recent years based on the several data
releases of the Sloan Digital Sky Survey (SDSS, York et al.
2000). More than 20 000 objects are listed in the recent releases
of the SDSS quasar catalogue (Paris et al. 2017, 2018). This
allowed detailed studies of statistically complete samples, which
helped to characterise the BAL phenomenology (see Sect. 3
for a complete discussion). Notwithstanding, a comprehensive
scheme for the launching and geometry of BAL winds is still
lacking, although some attempts of constructing reasonable sce-
narios exist (Murray & Chiang 1995; Proga 2000; Elvis 2000;
Risaliti & Elvis 2010). Although theoretical models suggest that
these winds should be launched by the accretion disc at a radius
smaller than 1pc (e.g. Proga 2000; Elvis 2000), observational
results suggest to date that the distance at which the absorption
occurs ranges from several tens to some thousand parsecs, and
that luminous quasars have larger radii (see e.g. Arav et al. 2013;
Hemler et al. 2019 and references therein). Recently, Arav et al.
(2018) found evidence in a sample of about 20 high-luminosity
QSOs that 50% of the BAL winds extend at least 100 pc from the
nucleus. This highlights that these ionised outflows could indeed
represent an important source of feedback to the host galaxy,
although this is not in line with previous claims that BAL winds
are located at scales of the AGN accretion disc.

Similarly, ultra-fast outflows (UFOs) are of nuclear origin as
well, but are detected as absorption troughs in the X-ray domain;
they trace higher-ionisation species at mildly relativistic veloci-
ties >0.1¢ (Tombesi et al. 2010, 2011). The origin of both BAL
and UFO winds is thought to reside in the accretion disc and
be driven by radiation pressure or magnetohydrodynamic pro-
cesses (Laor & Brandt 2002; Tombesi et al. 2013; Kraemer et al.
2018). Radio emission from the jet was used by different authors
as an indicator of the outflow orientation in samples of radio-
loud BAL QSOs, but no clear indication of a preferred orienta-
tion was found (Montenegro-Montes et al. 2008; DiPompeo et al.
2011; Bruni et al. 2012). Very long-baseline (VLBI) observations
showed a variety of morphologies (Bruni et al. 2013) that did not
point towards a particular angle either, suggesting that BAL out-
flows and the consequent fraction of these objects among quasars
might be due to the inner physical properties of the AGN, and not
to amere orientation effect. Indications of an anti-correlation with
radio loudness have been found (Becker et al. 2000; Gregg et al.
2006; Shankar et al. 2008), while Hewett & Foltz (2003) sug-
gested that optically bright BAL QSOs are half as likely as non-
BAL QSOs to have Sy 46nz > 1 mly.

The momentum and kinetic power of AGN winds at different
scales are expected to increase with AGN bolometric luminosity
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(Menci et al. 2008; Zubovas & King 2012; Costa et al. 2014).
There is mounting evidence that this prediction is correct based
on observations at different wavelength of outflows involv-
ing different gas phases and distances from the SMBH (e.g.
Cicone et al. 2014; Matzeu et al. 2017; Fiore et al. 2017). We
have therefore undertaken a multi-band (from millimeter to
X-rays) follow-up of a sample of 86 WISE/SDSS selected hyper-
luminous (WISSH) QSOs in the redshift range z ~ 2—4, which
is the so-called “cosmic noon” at the peak of star formation
activity and QSO number density. The main goal is to provide a
detailed investigation of nuclear and host galaxy properties and
the census of AGN-driven winds in sources at the brightest end
of the AGN luminosity function. WISSH QSOs exhibit very high
bolometric luminosity (Ly, = 10 ergs™') powered by highly
accreting ultra-massive (>10° My) SMBHs (see Bischetti et al.
2017; Duras et al. 2017; Martocchia et al. 2017; Vietri et al.
2018). These hyper-luminous AGN are thus expected to launch
the most powerful outflows. By analysing rest-frame UV and
optical spectra of WISSH QSOs, Bischetti et al. (2017) and
Vietri et al. (2018) indeed reported on the discovery of ionised
outflows both on kiloparsec and parsec scale, with extreme prop-
erties in terms of velocity and kinetic energy.

We here present a study of the fraction and properties of
the BAL QSOs in the WISSH sample and discuss their depen-
dence on the extreme bolometric luminosities of these objects.
We adopt the latest cosmological parameters from the Planck
mission (Planck Collaboration VI 2018), that is, assuming the
base-ACDM cosmology: Hy = 67.4kms™! Mpc™', Q,, = 0.315,
and Q, = 0.685.

2. BAL identification from SDSS DR12 spectra

We performed a detailed search of BAL QSOs in the WISSH
sample of 86 hyper-luminous QSOs, making use of SDSS opti-
cal spectra. At the mean redshift of the sample (z ~ 3.2), the
SDSS observer’s frame wavelength range (3500—-9000 A) corre-
sponds to 830—2140 A in the rest frame, allowing us to explore
the whole region between the Lya and Al TII emission lines. Our
aim was to test whether the BAL fraction, and thus the pres-
ence of nuclear winds, is different in the high-luminosity regime
compared with previous estimates from the literature at lower
luminosity (Lpo; < 10%7 ergs™). In the following, we describe
the method and present details for the selection of BAL QSOs.

We collected optical spectra of all the 86 WISSH objects
from the 12.0 data release of the SDSS (Alam et al. 2015). As
a first selection step, we visually inspected them to find the
footprint of absorption features blue-wards of the C IV emission
peak. This led us to 42 candidate BAL QSOs (~48% of the sam-
ple). Then, we fitted their spectra with the continuum tool in
IRAF!, using spline3 as polynomial function, and flagging all
the points that are part of the CIV absorption feature. With the
obtained residuals, we characterised the broad absorption fea-
ture in velocity space, making use of three well-known indices
from the literature: (1) the absorption index (Al), as defined in
Hall et al. (2002),

25000
_ _ SO,
Al_j(; (1 0.9) Cdyv,

where the parameter C is unity over contiguous troughs of
at least 450kms~!; (2) the modified absorption index (Al ggo,
Bruni et al. 2012), defined as in Hall et al. (2002), but where
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the parameter C is unity over contiguous troughs of at least
1000 kms~! (as in Trump et al. 2006); and (3) the balnicity index
(BD), as defined by Weymann et al. (1991),

25000

BI:f (l—m)-Cdv,
3000 0.9
where the parameter C is unity over contiguous troughs of
at least 2000kms~!. To perform this calculation, the spectral
region between the peaks of the C1v and SiIV emission lines
was integrated up to 25000kms~' from the former, starting
from a minimum detachment of 0kms~! for AI and Al,¢o, and
3000kms~! for BI. The three indices are increasingly conserva-
tive, from Al to BI; Aljgg is the index that allows us to study a
variety of absorption features, but still filters the most ambigu-
ous features. Although they can be considered as velocity-
weighted equivalent widths, they do not directly measure any
outflow physical quantity, but instead can be used to quantify
the strength and width of the absorption for BAL QSO identifi-
cation purposes. Two of the objects presented here (0414+06 and
1210+17) are newly found BAL QSOs; they were not present in
previous BAL catalogues (Trump et al. 2006; Gibson et al. 2009;
Allen et al. 2011), nor were they flagged as BAL in the latest
editions of the SDSS QSOs catalogue (Paris et al. 2014, 2017 —
the latter extracted from SDSS DR12 as for our sample). Both
objects show problems in the spectrum that most probably mis-
led the algorithm that was used for the compilation of previous
catalogues: 0414+06 presents a spike in correspondence of the
C1v peak, and 1210+17 has a spike at the right edge of the spec-
trum and a very faint Ly-a line that prevents easily identification
of the Si1v and C 1V emission lines. An incorrect redshift is given
in SDSS for both objects, therefore we provide the corrected esti-
mate in Table 1. In total, we found in WISSH 38 objects with an
Al>0 (44 +7%), 32 with Aljpoo > 0 (37+6%), and 21 with
BI>0 (24 + 5%), whose uncertainties are calculated with Pois-
sonian statistics. Spectra for all the 38 BAL QSOs are given in
Appendix A.

In addition to the classic selection based on C1v, we also
searched for additional absorption from other species known
to show BAL features, such as SiIv and Al1Il (MgII was not
covered by the spectra), with the aim to classify them into
HiBAL or LoBAL objects. In order to quantify the absorption
for these two species, we used a modified version of the pre-
vious indices, shifting the integration range blue-wards of the
Silv and AlII emission lines, respectively, and adopting the
same maximum velocity of 25000kms~!. Two objects show
strong BAL features blue-wards of the SiIV emission line but
only narrow absorption in the range between SiIv and CIV: we
discuss these two particular cases in Sect. 3.3. The redshift of
five objects prevented the AlTII emission line region from lying
in the SDSS wavelength range, therefore no classification into
HiBAL or LoBAL was possible. The classification for all other
sources is given in Table 1.

2

3. BAL fraction and strength in the extreme
luminosity regime

3.1. BAL fraction in WISSH

The observed fraction of BAL QSOs (Fobs) in the total AGN
population has been explored by several authors since the early
2000s. The main works that tried to compile BAL QSO cat-
alogues and study their characteristics are the following: (1)
Hewett & Foltz (2003), who presented a sample of 67 BAL

QSOs from the large bright quasar survey (Hewett et al. 1995,
pre-SDSS era), resulting in a Fops = 15 £ 3%; (2) Reichard et al.
(2003), who produced the first catalogue from an early data
release of SDSS that included more than 200 objects, giv-
ing Fobs =14.0+1.0; (3) Trump et al. (2006), who compiled
objects from SDSS DR3, Fops ~ 10.4%; (4) Knigge et al. (2008),
who worked based on SDSS DR3, Fons = 13.5; (5) Gibson et al.
(2009; GO9 hereafter), who also worked based on SDSS DRS5,
Fobs = 13.3 £ 0.6%; and finally, (6) Allen et al. (2011), who used
SDSS DR, finding a dependence on redshift and an Fops = 8.0+
0.1%. The common criterion adopted in these works to esti-
mate Fops is the C1v BI. Considering the same definition of
a BAL QSO, we find an observed fraction TO vgs =24+5% in
WISSH with C1v BI > 0: this is almost twice the average frac-
tion found in previous works, and 9% more than the largest frac-
tion in these works. This points towards a intrinsic difference
among WISSH BAL QSOs and previous samples that might be
linked to the hyper-luminosity regime. Dai et al. (2008) inves-
tigated Fops in 2MASS-selected QSOs: they claimed a value
of ~40%, finding that BAL QSOs are redder than non-BAL
QSOs, and suggesting that a negative selection bias prevents
correctly estimating Fops in the optical band. Nevertheless, they
found that a more restrictive classification based in BI leads
to an Fops ~20—-23% (see their Fig. 6), which is more simi-
lar to the fractions found in optical band studies. This value
is directly comparable and in agreement with the fraction we
find for our sources. We also note that their 2MASS-selection
(i.e. K; < 15.1 mag) for z > 1.7 sources implies a selection of
the most luminous QSOs with Mk, < — 30 mag in the optical
rest-frame band’. As stated by Dai et al. (2008), only ~5% of
SDSS QSOs are detected in 2MASS because 2MASS is signifi-
cantly shallower than the SDSS. This suggests that the luminos-
ity mainly drives the increase in the BAL fraction.

We also estimated the fraction of LoBALs among BAL
QSOs in WISSH. For 19 of the 21 objects with BI > 0, the spec-
trum covers the ALTII region, which allows the LoBAL classifi-
cation: for 5 of 19 objects, we obtained a AlTiT BI >0, which
means a LoBAL fraction of ~26f¥13% (following Poissonian
statistics for small numbers, see Gehrels 1986). Generally,
LoBALs can easily be missed in large surveys because of red-
dening and complex spectral features. The fraction found in
WISSH is compatible within the errors with the fraction reported
in the literature for SDSS objects (~15%; e.g. Reichard et al.
2003; Sprayberry & Foltz 1992). Nevertheless, considering all
C1v BI>0 from G09 and applying the same criterion as above
to identify LoBALs (i.e. C1v BI>0 and Almt BI>0), we find
a much lower LoBAL fraction of 6.5 +0.4%: this could indi-
cate that in the WISSH hyper-luminosity regime not only highly
ionised gas outflows are more common, but also the lower-
ionised component. This component might be launched from
larger accretion disc radii and might more easily reach the rela-
tivistic velocities needed to produce BAL troughs.

In the remainder of the paper we consider the GO9 cata-
logue as the comparison sample because it provides a more
complete collection of wind parameters to be compared with
our sample. In addition, we consider some quantities that were
estimated in the Shen et al. (2011) QSOs catalogue based on
SDSS DR7; Shen and collaborators adopted the BAL classifi-
cation of G09. Considering all objects from G09 with a C1v
BI> 0, we have a comparison sample of 4242 objects with red-
shift in the range 1.5 <z<5.0. In order to study the BAL wind

2 The centroid of the K, filter is centred in the rest-frame range
4000—8000 A for their sources at z = 1.7-4.38.
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Table 1. Forty BAL QSOs from the WISSH sample.

Al11(2019)

1)) SDSS ID Z Al AIIOOO BI Vmin Vmax Type
[kms™!'] [kms!'] [kms™!'] [kms™!'] [kms™!]

(D 2 3 (€] (&) (6) ) &) )
0045+14 SDSS004527.68+143816.1 1.992 7762 7718 7016 1300 16000 LoBAL
0216-09 SDSS021646.94—-092107.2 3.691 2335 1940 1170 8770 18800 HiBAL
0414+06 SDSS041420.90+060914.2 2.614* 10806 10285 7415 1140 13750 HiBAL
0747+27 SDSS074711.14+273903.3 4.110 209 12 0 2940 12680 BAL
0928+53 SDSS092819.29+534024.1 4.390 9217 8327 8327 3430 19050 BAL
0959+13 SDSS095937.11+131215.4 4.061 29 0 0 13 800 15700 BAL
1013456 SDSS101336.37+561536.3 3.633 127 0 0 3460 11650 HiBAL
1025+24 SDSS102541.78+245424.2  2.382 3059 2866 2356 7260 13750 LoBAL
1048+44 SDSS104846.63+440710.8 4.347 11125 10720 9044 2060 17 840 BAL
1051431 SDSS105122.46+310749.3 4.243 203 14 0 9920 11800 BAL
1103+10 SDSS110352.74+100403.1 3.590 357 38 0 1530 6160 HiBAL
1110+19 SDSS111017.13+193012.5 2.498 2680 2532 0 590 4900 HiBAL
1110+48 SDSS111038.63+483115.6 2.957 145 0 0 14360 15440 HiBAL
1122416 SDSS112258.77+164540.3 3.024 8061 7861 7312 6610 17670 LoBAL
1130+07 SDSS113017.37+073212.9 2.654 25 0 0 10710 12140 HiBAL
1157+27 SDSS115747.99+272459.6 2.217* 5641 4948 4021 2000 17200 HiBAL
1204+33 SDSS120447.15+330938.7 3.596 5282 5117 3531 1620 10590 LoBAL
1210+17 SDSS121027.62+174108.9 3.604* 5903 5595 5116 5840 14750 HiBAL
1215-00 SDSS121549.81-003432.1 2.707 1679 1289 399 5800 20640 HiBAL
1237+06 SDSS123714.60+064759.5 2.781 872 187 0 4200 19810 HiBAL
1245401 SDSS124551.44+010505.0 2.798 3707 3530 1939 1300 12300 HiBAL
1250420 SDSS125050.88+204658.7 3.570 890 824 0 350 3820 HiBAL
1305+05 SDSS130502.28+052151.1 4.071 246 42 0 19500 22550 HiBAL
1326-00 SDSS132654.96—-000530.1 3.303* 2275 1960 0 0 3850 HiBAL
1328+58 SDSS132827.06+581836.8 3.133 322 131 0 3500 5400 HiBAL
1422+44 SDSS142243.02+441721.2 3.648* 310 0 0 15410 22780 HiBAL
1447+10 SDSS144709.24+103824.5 3.699 6179 4484 65 370 23520 HiBAL
1451+14 SDSS145125.31+144136.0 3.102 4848 4340 3586 6000 13400 HiBAL
1506+52 SDSS150654.55+522004.7 4.068 5147 4938 4396 12970 23130 HiBAL
1513408 SDSS151352.52+085555.7 2.897 1293 820 0 200 4800 HiBAL
1544+41 SDSS154446.34+412035.7 3.548 4808 4663 4270 9580 23500 HiBAL
1549+12 SDSS154938.72+124509.1 2.365* 4918 4425 1735 0 6470 HiBAL
1555+10 SDSS155514.85+100351.3 3.512 6992 6490 5576 7090 16000 LoBAL
1633+36 SDSS163300.13+362904.8 3.576 377 241 90 18700 24800 HiBAL
1639+28 SDSS163909.10+282447.1 3.801 366 259 0 22300 28460 HiBAL
1650+25 SDSS165053.78+250755.4 3.338 3675 3516 2913 5000 13100 HiBAL
2123-00 SDSS212329.46-005052.9 2.282* 107 0 0 13500 24600 HiBAL
2238—-08 SDSS223808.07-080842.1 3.122 4300 3889 2228 1500 19000 HiBAL
0947+14 SDSS094734.19+142116.9 3.040 795 685 548 41250 46040 HiBAL
1538+08 SDSS153830.55+085517.0 3.567* 439 318 130 38300 47000 HiBAL

Notes. The first 38 objects are identified through absorption features between the SiIv and C IV emission lines, and the last 2 objects from features
blue-wards of SiIV. Absorption index estimates are given in Cols. 4—6. In the last column, the BAL type is reported: objects with a C1v BI > 0 are
set in bold face, while “BAL” means that the spectrum coverage does not allow a proper HIBAL/LoBAL classification. Redshifts with an asterisk

are taken from Vietri et al. (2018).

dependence on Ly, and compare the GO9 sample with the hyper-
luminous objects from WISSH, we cross-correlated the C1v
BI > 0 sample above with the Shen et al. (2011) QSOs catalogue
(1 arcsec match in position) because this work provides the Ly,
estimates we need for our analysis. This reduces the number
of comparison BAL QSO objects to 3874.0 Fig. 1 (top panel)
shows the Ly, distributions for the C1v BI > 0 objects from G09
and WISSH, and it highlights the extreme values of Ly, that
are covered by the WISSH QSOs with respect to the previous
samples.
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3.2. Bl distribution and BAL strength

As a further comparison with the G09 BAL QSOs population,
we investigated the BI distributions for all objects with C1v
BI> 0 from GO9 and those from the WISSH sample: we found
an excess of high BI values (see Fig. 1). A Kolmogorov-Smirnov
(KS) test gives a p < 0.05 for the two distributions to be drawn
from the same one.

GO09 found a dependence of the BAL fraction from the spec-
tral signal-to-noise ratio (S/N), with a higher S/N in the C1v
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Fig. 1. Top panel: bolometric luminosity normalised distributions for
WISSH and G09 objects with C1v BI > 0. Middle panel: C1v BI dis-
tribution for the WISSH sample and the BAL QSO catalogue from
Gibson et al. (2009). Bottom panel: normalised distributions for the
1500-1600 A S/N values extracted from SDSS DR7 for C1v BI>0
BAL QSOs in WISSH and in the Shen et al. (2011) QSO catalogue
(SH11).

region, which favours the identification of BAL troughs. This
therefore enhances the fraction of BAL QSOs for a given sam-
ple. The WISSH sample is composed of high-luminosity objects
(see Fig. 1), therefore a higher S/N is expected. To verify how
much this effect could influence the fraction we measured in
WISSH, we extracted the S/N of the 1500—1600 A rest-frame
non-absorbed region from the Shen et al. (2011) quasar cata-
logue for the objects with a BI >0 in WISSH, and for all the
objects that are flagged as BAL (as noted before, the Shen et al.
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Fig. 2. Zoom on the C1v and SiIV regions for 0947+14 (SDSS DR12
spectrum), one of the two objects showing ultra-fast (>0.1c) BAL sig-
natures associated with CIV absorption, blue-wards of the SiIv emis-
sion line. Top panel: spectrum (blue line) and fit performed in IRAF;
dashed lines indicate the position of the Si1v and C1V peaks as calcu-
lated from the redshift. Bottom panel: residuals between the C1V peak
and —50 000 km s~!, with absorption below 90% of the continuum high-
lighted in orange; dashed lines indicate the minimum and maximum
velocity estimated for the BAL outflow.

2011 BAL classification is taken from GO09, and therefore it
allows for a proper comparison). In Fig. 1 we compare the S/N
distribution for WISSH BI > 0 objects with the distribution for
all the BI>0 objects from Shen et al. (2011). The mean S/N
value increases in the two sets from a value of 9 per pixel for
the Shen et al. (2011) objects to 18 for WISSH. Following G09,
an increase in S/N from 9 to 18 implies a variation of about 2%
more BAL QSOs. This contribution is clearly too low to justify
the higher BAL QSO fraction we see in the WISSH sample with
respect to the literature.

3.3. Detection of ultra-fast BAL outflows

In addition to the 38 C1v BAL QSOs presented in the pre-
vious section, we identified two more objects (0947+14 and
1538+08) with BAL signatures blue-wards of the SiIV emis-
sion line, but only very narrow absorption troughs between the
C1v and Si1v lines (see Fig. 2). The optical depth ratio of the
two species varies as a function of the ionisation parameter U,
and for values typically found in BAL QSOs (Log(U) > -2),
C1v dominates the Si1v depth by a factor of ~2 (Dunn et al.
2012). The absence of strong absorption between the SilVv
and C1V lines might therefore suggest that the BAL on the
left side of SiIv is indeed due to C1v. This leads to a max-
imum velocity for the outflows in 0947+14 and 1538408 of
0.15¢ and 0.16c, respectively. These ultra-fast BAL outflows
(UBOs), which we conveniently define as BALs with a maxi-
mum velocity higher than 0.1c¢, which allows them to show C1v
absorption blue-wards of the SiIV emission peak, are among
the most extreme BALs detected to date. Although less com-
mon than slower BAL outflows, there is a growing census
about UBOs in the literature (Rodriguez-Hidalgo et al. 2011;
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Fig. 3. Comparison between BI>0 BAL QSOs vy, and vy, in the
WISSH and G09 BAL QSO catalogue.

Hamann et al. 2013; Rogerson et al. 2016), which in some cases
present C IV absorption troughs blue-wards of the Ly« peak; this
implies a velocity of ~0.3¢ (Hamann et al. 2018). A detailed
analysis of multi-epoch UBOs properties in the WISSH sam-
ple will be presented in a forthcoming paper (Piconcelli et al., in
prep.).

We explored the relative abundance of these relativistic BAL
features in GO9 by identifying all objects with Si1v BI>0 and
C1v BI=0 in analogy to the two found in WISSH. In total,
2.9+ 0.3% of objects in GO9 show these characteristics (127 of
the 4369 with Si1v or C1v BI > 0), while the fraction we obtain
for WISSH is 97{!% (2 of 23 objects, i.e. the 21 C1v BI>0
BAL QSOs plus the 2 UBOs themselves). This indicates a pos-
sible larger fraction of UBOs in high-luminosity QSOs such as
WISSH. However, the very limited statistics hampers any firm
conclusions on this trend, and additional investigations based on
larger samples of QSOs with Ly, > 10%” erg s~! are required.

3.4. Velocity distribution and potential for feedback of BAL
QSOs

It is instructive to compare the distributions for the minimum
and maximum velocities of the C1v BAL troughs (Vipin and vax,
respectively) for all the BI>0 objects from both samples. We
define as vy, and vy, the velocities estimated from the min-
imum and maximum wavelengths of the BAL troughs in the
region between CIV and SiIV (values are given in Table 1). Nor-
malised distributions for the two samples are plotted in Fig. 3.
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Fig. 4. Bolometric luminosities vs. maximum wind velocity for the
objects in Fiore et al. (2017) (red crosses: molecular and ionised winds;
blue squares: warm absorbers; green downwards triangles: UFOs;
orange stars: BALs) for WISSH BI>0 BAL QSOs (purple stars for
the 21 C1v BALSs), and for C1v winds from Vietri et al. (2018; cyan
upwards triangles). The region occupied by the GO9 objects with BI >0
is shown in faded grey (the artificial v, boundaries are a consequence
of the BI selection).

The vpax distribution seems clearly different between the two
samples; the WISSH QSOs exhibit a higher fraction at high
velocities. A KS test gives a p < 0.015 for the vy, distribution
from WISSH to be drawn from the same parent distribution as
GO09. This suggests that on average, hyperluminous QSOs host
the more extreme manifestations of the BAL phenomenon. On
the other hand, for the vy, distributions, the test suggests no sig-
nificant difference between the two samples (p > 0.15).

It is tempting to associate vy, with the terminal veloc-
ity reached at larger distances (Ganguly et al. 2007). This
may imply a more efficient acceleration mechanism for the
most luminous QSOs, which pushes most of the winds up to
>15000kms~!, that is, at the edge between the C1V and the
Si1v emission lines used for the BI classification. As discussed
above, the two UBOs show absorption even farther blue-ward of
the Si1v line: this additionally indicates a larger velocity dis-
tribution for the WISSH QSOs with even higher vy,,x values.
These results show that QSOs with extreme luminosities such
as those in WISSH are able to accelerate BAL winds to higher
velocities than are reached by AGN in lower luminosity regimes.
GO09 found a highly significant correlation between Ljjs09 and
Vmax, pointing towards a mainly radiative acceleration for the
BAL winds, as suggested by previous authors (Murray & Chiang
1995; Laor & Brandt 2002).

In Fig. 4 we report Ly, as a function of v,ax for a compilation
of AGN-driven winds and outflows measured in different gas
phases (molecular, ionised, warm absorbers, and UFOs). Data
for molecular and ionised winds, warm absorbers, and UFOs
have been collected by Fiore et al. (2017) with the specific aim
of reporting properties of outflows with available estimates or
limits on the physical distance of the high-velocity gas from the
central engine. Figure 4 also includes the WISSH BI>0 BAL
QSOs together with the incomplete but representative list of
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Fig. 5. Left panel: physical distance (dp,) of the high-velocity outflow component as a function of vy, for the same sources as in Fig. 4 and
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(green triangles) represent sources whose bolometric output is higher and lower than log(Ly,/ergs™') = 45.5. Solid, dot-dashed, and dashed lines
report the linear relations connecting the average points of kiloparsec-scale outflows and UFOs for all sources and sources fainter and brighter
than log(Lyo /erg s~!) = 45.5, respectively. The position occupied by WISSH BALs and C 1V broad emission line winds is reported with magenta
and cyan rectangular regions, respectively (see text for details). Right panel: kinetic power as a function of bolometric luminosity for the sources
reported in Fig. 4. The two lower limits represent our uncertainty on the BAL column density (see text for details).

BAL QSOs provided by Fiore et al. (2017). The reported Ly, for
the WISSH BAL QSOs are estimated through spectral energy
distribution (SED) fitting (Duras et al., in prep.), while for a
good part of the sources reported in Fiore et al. (2017) Ly, is
also estimated through bolometric correction factors. Fiore et al.
(2017) found a log-linear relation between Ly, and v,y for both
kiloparsc-scale molecular and ionised and nuclear sub-parsec
relativistic winds with a similar slope of ~5. The dependence
is clearly visible in the plot, in which more luminous sources
tend to exhibit faster and nuclear or kiloparsec-scale winds. In
the plot we also report the 21 C1v WISSH BAL QSOs with
BI>0. For comparison, the position occupied by G09 BI>0
BALs is also reported. Furthermore, we include broad C1v line
nuclear winds that are detected as highly blue-shifted emission
lines (Vietri et al. 2018). We mention that the log-linear relations
found by Fiore et al. (2017) normalised to the average vpx of
the WISSH BALs nicely cover the region occupied by the GO9
BALs. This indicates a possible similar relation for this wind
phase despite the large spread of values in the GO9 BALs.

In the left panel of Fig. 5 we report the physical distance (dpn)
of the outflow measured for the high-velocity gas as a function
of viax for kiloparsec-scale outflows, WAs, BALs and UFOs, as
reported in Fiore et al. (2017). We also include the locus occupied
by BALs and C1V broad-emission-line nuclear winds that have
been reported for the WISSH quasars. Because these winds do
not have an actual distance estimate, we adopted the typical dis-
tances reported in literature studies. For WISSH BALs we adopted
arange of 1 pc to 1 kpc (see e.g. Arav et al. 2018; Moravec et al.
2017; Leighly et al. 2018). For C1V broad-emission-line winds
we adopted a range of ~100—1000 light-days, which is typically
found for luminous QSOs (e.g. Lyo = 104748 erg s~ inreverber-
ation mapping studies (e.g. Kaspi et al. 2007; Saturni et al. 2016).
Overall, d;, and vy seem to be anti-correlated with nuclear
winds; they exhibit faster winds than galaxy-scale outflows. We

report in the figure a linear relation by joining the average points
for kiloparsec-scale outflow and UFOs. There is an indication that
this relation seems to be dependent on luminosity. We report with
dot-dashed and dashed lines the relation for sources that are fainter
and brighter than log(Lye/erg s7!) = 45.5. Because (i) the data
included in the fit lack uncertainties and (ii) the sample is incom-
plete, this relation must not be considered as universal, but just
as an broad-brush indication of the inverse relation. We find rela-
tions with slopes —3.6 and —3.2 and a y-intercept 11.5 and 8.9 for
bright and faint sources, respectively.

We used this relation between vimax and dpy, in order to esti-
mate the maximum kinetic power Eyin associated with BAL out-
flows in WISSH QSOs. We inferred E;, by dividing the kinetic
energy Eyn = 0.5MV? by a characteristic flow time given by
dph /Vmax- The Kinetic energy was estimated as in Hamann et al.
(2019). Their calculation assumed a spherical shell expanding at
a certain velocity (v) with a given covering factor (Q) and smaller
thickness than the radial distance (R). Under these assumptions,
E\in is expressed by the following formula:

2
Ny R
EM™ ~ 1.7 % 1054(£)(—) —
kin 0.28/\5 % 1022cm=2/\ 1 pc

v 2

X(SOOOkms‘l) cre:
For our calculation we assumed v = vpu, R = dp, and
Q = 0.28, which is the average value derived from the litera-
ture (Trump et al. 2006; Knigge et al. 2008; Gibson et al. 2009;
Allen et al. 2011). Because we do not have information on
the column densities, and because estimating them is beyond
the aim of this work, we adopted a value of Ny = 2.2 X
102! cm™2. This is the logarithmic mean value between of Ny =
10 cm2 and Ny = 5 x 102 cm™2, which are minimum col-
umn densities derived from doubly and triply ionised species

3
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Arav et al. (2018) and P v troughs Hamann et al. (2019), respec-
tively. In the right panel of Fig. 5 we report the E\, estimated
for the WISSH BALs as a function of Ly, compared to the same
values reported for other winds or outflows by Fiore et al. (2017)
and Vietri et al. (2018). We report as lower limits the values of
Eyin estimated at the minimum Ny reported for low column den-
sity Arav et al. (2018) and high column density (i.e. from PV
troughs, Arav et al. 2018) winds. The densest winds can reach
values of the kinetic power that are about >0.1% of the bolomet-
ric luminosity. Even higher values are expected if the luminosity
dependence of the dp, — Vinax relation holds at highest luminosi-
ties. We assumed that most of the outflowing mass is carried
at vmax. When we instead adopt v, as representative phase for
carrying the majority of the kinetic power of the wind, then by
adopting the lowest value of dpn = 1 pc, we obtain a lower limit
on Ej;, that is one order of magnitude lower. Bearing in mind the
crude assumptions in this estimate, this is an indication that some
of these winds are in principle able to transport a kinetic power
sufficient for generating a significant feedback contribution on
the host (Di Matteo et al. 2005; Hopkins & Elvis 2010).

3.5. Multiple AGN winds in WISSH quasars

Bischetti et al. (2017) and Vietri et al. (2018) revealed kiloparsec-
and BLR-scale winds in WISSH objects by detecting a broad-
and blue-shifted [OIII], or CIV emission lines in the rest-frame,
optical, and UV spectra of a randomly selected sub-sample of
18 WISSH QSOs. Seven of these objects (1157+27, 1326-00,
1421+46, 1422+44, 1538+08, 1549+12, and 2123-00) exhibit
absorption features in their SDSS spectra (see Table 1). Specif-
ically, they all show an Aljogo > Okms™'), and for four sources
we derive a positive BI. Vietri et al. (2018) reported two sub-
populations of WISSH QSOs based on their emission line
properties. The first (consisting of six sources, dubbed [OIII] is
characterised by a broad [OIII], emission line, a rest-frame equiv-
alent width (REW) of the C 1V emission REW ¢y = 20—-40 A and
a profile of the CIV emission line blue-shifted of <2000 kms™'.
The second population (dubbed Weak [OIII] sources, which
represents two-thirds of the LBT/LUCI WISSH sample)
exhibits weak or entirely absent [OIII] emission, and a highly
blue-shifted (2000-8000kms™!) CIV emission line with
REW <20A.

Vietri et al. (2018) interpreted the dichotomy observed in
WISSH QSOs in terms of a combination of huge ionising flux
(leading to overionisation of the NLR gas and thereby to a
decrease in the [OIII] emission, e.g. Shen & Ho 2014) and incli-
nation. In particular, for Weak [OIII] QSOs the accretion disc
is seen face-on, while [OIII] QSOs are expected to be viewed at
larger inclination angles, that is, 8 ~ 25—70°. Interestingly, inter-
mediate inclinations (~25-40°) for BAL QSOs have also been
suggested by Elvis (2000).

Of the seven QSOs with AT>0kms™', three belong to the
[OII] subclass, and four are Weak [OIII] objects. Two out
of three [OIII] QSOs are classified as BAL according to BI,
and the remaining one (1326—00) has Aljpp < 2000kms™!.
This is quite interesting and suggests that the simultaneous
presence of BAL and kiloparsec-scale outflows may be com-
mon at the highest AGN luminosities. In contrast, only one
Weak [OIN] QSO (1157+27) shows a BI>0kms™', and all
the remaining ones only have modest (<300kms~") Al Future
follow-up studies of the [OIII] emission in a larger sample of
luminous BAL QSOs will be crucial to support this orienta-
tion scenario for the simultaneous detection of NLR and BAL
outflows.
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4. Radio properties of WISSH BAL QSOs

We cross-correlated the BAL QSOs list from WISSH with the
FIRST catalogue (Beckeretal. 1995), using a 5” matching
radius centred on the optical coordinates in order to determine
the fraction of WISSH BAL QSOs with a radio counterpart.
Eight of 38 (~21%) have a counterpart in FIRST: 0747+27,
1025+24, 1130+07, 1204+33, 1237+06, 1422+44, 1513+08,
and 1549+12. As a whole, 20 of 86 objects (~23%) in WISSH
have a radio counterpart.

Shankar et al. (2008) studied the dependence of the BAL
QSOs fraction among the radio population as a function of spe-
cific luminosity at 1.4 GHz (L; 4Gn,, from FIRST). They found
that it can drop from ~20% to ~8% from an L;4gu, ~ 10% to
~103% erg sT'Hz™! for BI-selected BAL QSOs, and from ~45%
to ~20% for the Al-selected ones. No entirely satisfactory phys-
ical model was found for this behaviour, both the evolutionary
and geometrical model do not reflect the complex phenomenol-
ogy of these objects. The L;4gn, range for the WISSH sam-
ple is 8 x 103'-2 x 10* ergs™' Hz™! (see Fig. 6), similar to
the range explored by those authors. This was calculated from
the FIRST flux density as in Eq. (1) of Shankar et al. (2008),
but assuming a spectral index o =0 because both inverted and
steep spectral indices have been found in samples of radio-loud
BAL QSOs (Montenegro-Montes et al. 2008; DiPompeo et al.
2011; Bruni et al. 2012), although, as discussed in Shankar et al.
(2008), the estimate only weakly depends on «. Despite the poor
statistics (only 8 of the 20 WISSH objects with a radio coun-
terpart are BAL QSOs), the fraction we find at luminosities
Liscu, < 103 erg sV Hz™! is ~47% when objects with AI>0
are considered, and it is ~20% when objects with BI > 0 are con-
sidered, in agreement with the trend found by these authors.

From a morphological point of view, images from FIRST
show a compact morphology for all sources, corresponding to
an upper limit for linear sizes of ~40 kpc at the mean redshift of
the BAL QSOs sub-sample in WISSH (z = 3.2). This is in agree-
ment with linear sizes from previous studies at arcsec angular
resolution (Bruni et al. 2012), resulting in a compact radio mor-
phology, <40 kpc, for more than 90% of the objects at a similar
redshift range.

The radio properties presented here do not suggest a
behaviour different from previous samples, despite the extreme
luminosity regime in WISSH. The coupling between the BAL-
producing winds and the jet seems to have trends similar to those
presented in previous works from the literature, meaning that the
higher probability for WISSH objects to launch winds does not
imply different jet formation rates or strength.

5. Conclusions

We have analysed the properties of the BAL QSOs fraction in the
WISSH sample, which is composed of hyper-luminous type 1
AGN, and compared them to the BAL QSOs from the literature.
Our results can be summarised as follows:

— Adopting the standard BAL indices, we found 38 objects
in WISSH with an AI>0 (44 +7%), 32 with Aljgp0 > O
(37 £ 6%), and 21 with BI >0 (24 + 5%).

— The fraction of objects with a C1v BI>0 (24%) is almost
twice higher than what was found in G09. Moreover, the
BI distributions for the two samples are distinct, with typi-
cally higher values for the WISSH sample. The LoBAL frac-
tion of the BAL QSOs in WISSH is ~26%, which is also
larger than what was found at similar luminosities in pre-
vious works. The higher Ly, of the WISSH objects likely
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Fig. 6. Normalised distributions of L, 4y, for all WISSH objects with
a FIRST radio counterpart (blue) and for BAL QSOs in WISSH with a
FIRST radio counterpart (orange).

favours the acceleration of BAL outflows (in both the high-
and low-ionisation gas components), indicating that they are
likely radiatively driven.

— The maximum velocities of the CIv BAL outflows in
WISSH have a different distribution from those in G09, with
WISSH QSOs exhibiting higher values. This lends further
support to the theoretical predictions that have suggested that
hyper-luminous QSOs are able to launch the most extreme
winds through radiative pressure (Giustini & Proga 2019).

— We find two QSOs with BAL features with velocities of
~0.15¢ by assuming that absorption blue-wards of the Si1v
emission line is associated with CIv. Although the statis-
tics is very limited (i.e. 2 of the 21 objects show a BI>0),
this seems to lend further support to a scenario where hyper-
luminous QSOs are able to accelerate the most powerful out-
flows (e.g. Laor & Brandt 2002; Fiore et al. 2017)

— We estimated the possible range of kinetic power associated
with BAL outflows in WISSH, which can reach values above
0.1% of Ly . This indicates that especially for the highest
column density and fastest winds, BAL outflows in hyperlu-
minous QSOs might be able to provide an efficient feedback
onto the interstellar medium of the host galaxy.

— About 20% of the Bl-selected BAL QSOs from WISSH
shows a radio counterpart in FIRST (1.4 GHz), this frac-
tion is compatible with the one found in G09 (23%). It
also confirms that the WISSH sample shows the same anti-
correlation between L 4gu, and the BAL QSOs abundance
found by Shankar et al. (2008), and it does not indicate any
particular dependence of the BAL QSO radio properties on
the Lyg).

Future works based on much larger samples of hyper-luminous
QSOs are needed to shed more light on the crucial role of Ly
in increasing the fraction and the power of BAL outflows in the
QSO population.
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Appendix A: BAL QSOs spectra

We report here the SDSS DR12 spectra of the 38 BAL QSOs pre-
sented in this work. For each object, we show the spectrum, the
combined continuum and emission line fit performed in IRAF,
the Sitv and C1v peak positions as calculated from redshift
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below 90% of the continuum is highlighted in orange. We also
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Fig. A.1. SDSS DR12 spectra of the 38 BAL QSOs presented here. Top panel: spectrum (blue line) and fit performed in IRAF (orange line); dashed
lines indicate the position of the SiTv and C1V peaks as calculated from redshift, and the white area denotes the wavelength interval between 0
and —25 000 kms™!. Bottom panel: residuals between the C IV peak and —25 000 km s~'; absorption below 90% of the continuum is highlighted in
orange; the dashed lines indicate the minimum and maximum velocity estimated for the BAL outflow.
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