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Bright quasars, powered by accretion onto billion-solar-mass black holes, already
existed at the epoch of reionization, when the Universe was 0.5-1 billion years old".
How these black holes formed in such ashort time is the subject of debate, particularly
asthey lie above the correlation between black-hole mass and galaxy dynamical
mass>® in the local Universe. What slowed down black-hole growth, leading towards
the symbiotic growth observed in the local Universe, and when this process started,
has hitherto not been known, although black-hole feedback is a likely driver*. Here we
report optical and near-infrared observations of asample of quasars at redshifts

5.8 <z < 6.6.About half of the quasar spectrareveal broad, blueshifted absorptionline
troughs, tracing black-hole-driven winds with extreme outflow velocities, up to17% of

M Check for updates

the speed of light. The fraction of quasars with such outflow windsatz= 5.8 is =2.4
times higher than at z = 2-4. We infer that outflows at z = 5.8 inject large amounts of
energy into the interstellar medium and suppress nuclear gas accretion, slowing
downblack-hole growth. The outflow phase may then mark the beginning of
substantial black-hole feedback. The red optical colours of outflow quasarsatz= 5.8
indeed suggest that these systems are dusty and may be caught during aniinitial
quenching phase of obscured accretion®.

We studied the early growth of supermassive black holes and their feed-
back onthe host galaxiesin30 bright quasarsatz=5.8-6.6, with median
absolute magnitude M, 4504 = —26.9 (-27.8 t0 -26.2). To this purpose, we
exploited homogeneous, wide-band optical and near-infrared (NIR),
medium-resolution spectroscopic data with a high signal-to-noise
(§/N) ratio from the ultimate X-shooter legacy survey of quasars during
reionization (XQR-30).

Black-hole-driven outflows in quasars can be observed as broad
(greater than 2,000 km s™) absorption line (BAL) features in the
rest-frame UV spectrum®, bluewards of prominent emission lines.
We systematically searched for absorption troughs associated with
the main UV transitions of C1v, Si1v, Nvand Mg 11 ions, accessible
through the X-shooter spectra. We modelled the intrinsic, rest-frame
UV continuum by constructing composite templates based on Sloan
Digital Sky Survey (SDSS) quasar spectra™®, matching the continuum
slope and the equivalent width of the C 1v emission line of each XQR-
30 spectrum. Normalized XQR-30 spectra were obtained by dividing
each X-shooter spectrum by its matched composite, SDSS template
(see Methods and Fig.1). We measured the balnicity index®’ (Bl,, equa-
tion (1) in the Methods), which is a modified equivalent width of the
BAL absorption.

We identified 14 XQR-30 BAL quasars (Extended Data Table 1), cor-
responding to a BAL fraction of 47'13% (90% confidence level°). By
conservatively excluding three quasars at z= 6.0, for which the BAL
absorption falls in a spectral region where systematic uncertainty is
larger (Methods), the BAL fraction is 41'15%. Previous works collecting
heterogeneous spectroscopic samples of z2 5.7 quasars reported a
BAL fraction of 16-24% (refs. °2), These values may be considered as
lower limits on the actual BAL fraction, as they are typically based on
spectrawith aresolution and/or S/Nratio lower than those in this work,
sometimes limited to a small velocity range v;;,, <10,000 km s™ (Meth-
ods) and mostly determined by visual inspection.

ABAL fraction of 40-50% is substantially higher than the fraction of
10-17%, typically observed in z= 2-4 quasars’". The observed BAL
fraction is the result of an intrinsic BAL distribution convolved with
quasar selection criteria. Rather than trying to estimate intrinsic BAL
fractions through a redshift-dependent correction, which implies a
factor of a few uncertainties, we compare the observed XQR-30 BAL
fraction with that observed in quasars at different redshifts with
matched rest-frame optical selection criteria, which minimizes the
correction factor and thus the connected uncertainty (Methods). As
the XQR-30 sample has been selected using the rest-frame optical
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Fig.1|X-shooter data, composite templates and normalized spectra.

a, Examples of X-shooter spectra of XQR-30 quasars (black curves) showing
strong (Bl,>1,000 kms™), weak (Bl,<1,000 kms™)and no (Bl,=0 kms™) BAL
absorption features. Spectrahave beenre-binned to three pixels and the flux
uncertainty, multiplied by a factor of five, is showningrey. The composite
template, used to estimate the intrinsic quasar emission, isindicated by the
magentacurve. The vertical solid (respectively, dashed) line corresponds to
the positionofthe C1v (respectively, Si1v) emission line according to zy,,,. The
grey shaded areaidentifies the spectral window affected by strong telluric
absorption. BluecirclesrepresentJ-band magnitudes and their associated

colours, webuiltacontrol sample of quasars fromSDSSat2.1<z<3.2,
requiring a detection in NIR bands, which probe similar rest-frame
spectral regions at these redshifts. We searched for BAL quasarsinthe
SDSS control sample using the same identification method used for
XQR-30 quasars and measured a BAL fraction 0f19.4113%, whichis 2.4
(1.7-3.3, 90% confidence level) times lower that the fraction at

Velocity (km s7)

uncertainties (vertical error bars). b, Corresponding normalized spectra,
rebinnedto 500 kms™. The velocity axisin each panelis relative to the
rest-frame wavelength of C1v. The vertical solid, dashed and dotted lines
indicate the positionof C1v,Si1tvand N v, respectively. The magentaarea
highlights the overlapping spectral region between the X-shooter Visand NIR
armsinwhich the uncertainty on the X-shooter response curveis larger
(Methods), and orange areasindicate the spectral region affected by
substantial intergalactic medium absorption. BAL systems are highlighted as
greenshaded areas.

z~5.8-6.6 (Fig.2). We applied several statistical tests all showing sig-
nificant differences between the BAL fractions of XQR-30 and the SDSS
z=2-3 control samples (see Methods for details).

We verified that the BAL fraction in the SDSS control sample does
not significantly vary with the S/N ratio of the spectra, consistently
with previous studies’. The BAL fraction also does not significantly

a b
- 1.0
1.0 "1 xaRr-30 0 EEXLBAL XQR-30
¢ o9 [—1SDSS ¢ 0.5 [ mm BAL Bl > 1,000 km s
. 0
- o 06 -0.4 -0.2 0 0.2 0.4
° o7k | ° W1-W2
kel O 10
*g‘ 06 - *g SDSS
i I:_I_ N
0.5
1 | L1 111l 0 i 1 | | |
102 10% 104 -0.6 -0.4 -0.2 0 0.2 0.4
log[Bl, (km s7")] H-K
c d
1.0 -3 xQR-30 1.0 -3 xQR-30
D D
o | =1 SDSS o gl C—18DSS
a 8
> =}
5 06 Z o6
‘S o
c
S 04t S 04
S ﬁ 8
= 02 L 0.2
0;’;!|||| | I L | R I L
104 103 104
log[V,,, (km s7)] log[v,;, (km s7)]

Fig.2|Properties of C 1VvBAL quasars. a, Bl,cumulative distribution for the
XQR-30 sample (blue solid line), compared with that of SDSS quasars at z=2-3.
Uncertainties correspondingto a 68% confidenceinterval are indicated by the
shaded areas. b, Cumulative distribution of the rest-frame optical colour, as
traced by WISE (ref. %) W1-W2 colour for XQR-30 quasars, and the equivalent
2MASS (ref. °) H-K colour distribution for SDSS quasars. The error bars show

thetypical colour uncertainty, computed by propagating the photometry
uncertainties®. Allmagnitudes are in the AB system. In total, 13 XQR-30 BAL
quasars areshown, because the WISE photometry of PSOJ065+01is
contaminated by nearby sources. ¢, d, Maximum (c) and minimum (d) velocity
cumulative distributions of the BAL outflows. Shaded areasindicate 68%
confidenceinterval uncertainties.
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Fig.3|Nuclear quasar properties. The main panel shows the Eddington
accretionrate (Agy) as afunction of the black-hole mass (My,;). XQR-30 quasars
areshownasblue starsand SDSS control sample quasars are indicated by
orange and magentacircles. The error bars show the typical uncertainties,
dominated by the systematics associated with single-epoch virial mass
relations (Methods). The top (respectively, right) histogram shows the Mg,
(respectively, Agqq) distributions for the two samples. Mg, of XQR-30 quasars
and SDSS quasarswithz<2.3 have been derived from the Mg 11 line, whereas for
z>2.3SDSS quasarsitisbased onthe C1vline, correcting for non-virial
motions. To build an My,- and A 4-matched sample of SDSS quasars, sources
above the dashedlineinthe main panel have been considered.

depend on the quasar luminosity: itis 18.9 + 3.8% when selecting only
the most luminous SDSS quasars (bolometric luminosity
Ly, 210% erg s™), which probe the same luminosity range of our XQR-
30 sample. Previous works reported no trend, or only a minor trend,
ofahigher BAL fraction withincreasing L, inquasar samplesatz=2-4
(refs. %), Consistently, a BAL fraction of 24 + 5% was measured in
hyperluminous, infrared-selected quasars at z = 2-4.5 (ref. ). The SDSS
BAL fraction does not increase (19.0752%) when considering quasars
that match theblack-hole mass and accretionrate distributions of the
XQR-30 sample (Fig. 3).

We find that BAL XQR-30 quasars with the most powerful outflows
(Bl, >1,000 km s™) also show redder rest-frame optical colours than
non-BAL quasars (Fig. 2), suggesting a link between the slope of the
optical spectrum and the presence of strong BAL outflows at 22 5.8.
These BAL quasars may be dustier than non-BAL quasars. Dust may be
located close to the nucleus (in the dusty torus, or in the quasar broad/
narrow line region), embedded in the BAL clouds or extended on a
galaxy scale, but current data donot allow us to discriminate between
these scenarios. No such difference in the rest-frame optical colours
of BAL and non-BAL quasars is observed in the SDSS control sample,
suggesting that BAL outflows at z = 5.8 may trace a peculiar phase of
black-hole growth.

The maximum and minimum velocity distributions (v, and v;,)
of the C 1v BAL outflows in XRQ-30 quasars are significantly differ-
ent from those of the SDSS sample. Indeed, more than half of the
XQR-30 BAL quasars have v,,,,, >15,000 km s, and all but two have
Upmax > 20,000 km s, whereas the SDSS control sample has much lower
median velocities (<v,;,,>=3,700 km s and <v,,,,>=14,000 km s
Fig.2).Our statistical analysis shows that the v, distributions of XQR-
30 and SDSS quasars are drawn from different parent populations
(see Methods). Seventeen per cent of XQR-30 quasars show extremely
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high-velocity BAL outflows (v, > 0.1c, with cbeing the speed of light),
which have recently also been identified in two other z 2 7 quasars'".
These objects are rarely observed in the total SDSS quasar popula-
tion at z < 4.5 (ref. ®) and are found to represent a few per cent of the
brightest z=2-4.5 quasars'. We conclude that BAL windsinz= 5.8
quasarsare significantly faster than atalower redshift. Their extreme
velocities might be explained by the presence of dust mixed with the
BAL clouds, because of the higher radiation boost efficiency on dust
than on the ionized gas'*. Higher outflow velocities in z = 6 quasars
have also been suggested by studies of UV emission line blueshifts".

Despite the difficulty of measuring precise outflow massesatz= 6,
as non-saturated absorption lines are embedded in a dense Lyman-«
(Lya) forest, we can nevertheless estimate how much energy is released
in the surrounding interstellar medium by these strong winds. If the
wind masses at z =2 5.8 are similar to those measured in lower redshift
BALs??,the BAL kinetic power (£,;,) in XQR-30 quasars would be more
than 10 times higher than in lower redshift BAL quasars, because of
the systematically higher v,,,,. As E,;, of BAL winds in low-z quasars is
intherange 0.001-0.03L,, (ref. ), £,;,0f XQR-30 BAL quasarsis prob-
ably 0.01-0.3L,,, whichimplies a huge kinetic power injected into the
host galaxies. Furthermore, the higher BAL fraction at 2= 5.8 strongly
points towards a scenario in which either the BAL wind geometry or
the timescale evolves with cosmic time. The BAL fraction measured
in XQR-30 quasars corresponds to a BAL divergence angle of 20-30°
inthe standard scenario for the BAL structure?, and indicates that the
wind blow-out phase is about half the duration of the active phase of
the supermassive black hole powering the quasar. We conclude that
quasarsinthe early Universe (z 2 5.8) collectively inject in their hosts
220 times more energy (afactor of =10 because of their higher veloci-
ties and a factor of =2.4 for the higher BAL fraction) with respect to
quasars at z= 2-3. This energy injection can probably inhibit further
gas accretion, slowing down black-hole growth.

Atthe sametime, the host galaxies of high-redshift quasars are grow-
ing rapidly, with star-formation rates (SFRs) that typically reach thou-
sands of solar masses (M,) per year (refs. >?¢), Therefore, high-z BAL
quasars may be witnessing the onset of substantial black-hole feedback
and marking the transition from a growth phase in which black-hole
growthis dominant toa phase of black-hole and host-galaxy symbiotic
growth?. Cosmological, hydrodynamic simulations of early black-hole
and galaxy evolution support this scenario by identifying z= 6-7 asthe
transition epoch during which quasar feedback increases in strength
and starts to markedly slow down black-hole growth*?.

Atacama Large Millimetre/submillimetre Array and, in perspective,
James Webb Space Telescope observations of XQR-30 BAL quasars
will be fundamental to compare dust and SFR properties with those
of non-BAL quasars. A difference in the dust properties will favour a
scenario of BAL quasars being caughtinapeculiar evolutionary phase,
whereasnodistinction willimply a redshift evolution in terms of the BAL
outflow geometry. Finally, ameasure of the SFR will allow us to deter-
mine whether z 2 6 BAL quasars are experiencing a different growth
phase from that experienced by non-BAL quasars and whether BAL
quasars can be used as tracers of ongoing black-hole feedback at these
early epochs.
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Methods

XQR-30 sample and X-shooter observations

XQR-30 quasars were selected to match the following requirements:
declination § < +27°, to be observable from the European Southern
Observatory (ESO)/Very Large Telescope; redshift z > 5.8, to require
the Mg 11 emission line in the K band; ] magnitude J,; <19.8 for 2< 6.0
sourcesand]),; < 20.0 for quasars atz > 6.0; no existing deep X-shooter
data, defined as S/N 2 25 per 50 km s ' pixel at 1,600-1,700 A. The appli-
cation of those constraints to the literature*>* and newly discovered
quasarsresulted inasample of 30 sources covering the redshift range
5.8 <z<6.6 (Extended Data Table 1). The X-shooter spectra have been
acquired with slit widths of 0.9 arcsec and 0.6 arcsec, and resolving
power of R = 8,900 and 8,100, in the visible (Vis) and NIR arms, respec-
tively. The observing time ontarget ranges from4 hto11 h. The median
S/Nratio per pixel in the rest-frame 1,600-1,700 A wavelength range
is between 25and 160 for spectrarebinned to 50 km s, as used in this
work. Raw frames have been reduced with a custom software pipe-
line developed in the collaboration®. A relative flux calibration has
been applied to all reduced spectra by considering the instrument
response curve built from a single spectrophotometric standard star
for all frames. A comparison between the spectra obtained by this
method with those reduced with the ESO pipeline® and calibrated with
standard stars acquired on the same night of the observation does not
show significant differences. X-shooter Vis and NIR spectrahave been
combined with the Astrocook software* by scaling the NIR to the Vis
using the median values computed inthe overlapping spectral region
10,000-10,200 A (in the observed frame). We checked that this pro-
cedure had notintroduced any spectral artefactin the X-shooter data
by visualinspection of all XQR-30 spectra. We note that the =<10,000 A
spectral region (magentaareainFig. 3,and Extended DataFigs.1and 2)
can be spuriously affected by an anomalous drop in the X-shooter
response curve of the Visarm. If this effect is not properly corrected, it
may resultinaflux dropinthe X-shooter spectrum mimicking weak BAL
absorptionbetween C 1vand Si 1vfor az = 6.0 quasar. We have verified
thatthis effect does not evidently affect BAL quasars in XQR-30 because
no significant variationin the normalization of the Vis spectrum around
10,000 Ais observed between different exposures. Nevertheless, asa
minor flux drop not detectable in the individual exposures might still
be present, we also report the BAL fraction in XQR-30 after excluding
the three weak BAL quasars (namely J0408-5632, SDSSJ0842+1218 and
SDSSJ2310+1855) in which the absorption falls in the overlap region.
The absolute flux calibration has been obtained by normalizing the
combined spectrum to the J-band photometry3°35*°,

Imaging observations

Four ofthe quasarsinthe sample had no publishedJ-band information
intheliterature, and we present theirJ-band AB magnitudesin Extended
Data Table 1, namely ATLASJ029-36, PS0J065+01, PSOJ065-26 and
J2211-3206. ForJ2211-3206, we report the magnitude from the VIKING
DR4 catalogue*'. We observed ATLASJ029-35 and PSOJ065-26 on 24
September 2017 for 6 min each with the Fourstar infrared camera*?
at the Magellan Baade 6.5-m telescope at Las Campanas observatory.
PS0OJ065+01 was observed on 21 December 2018 for 5 min with the
Sofl camera** mounted on the New Technology Telescope at La Silla
observatory. The images were processed with standard reduction steps
(bias subtraction, flat fielding, sky subtraction, stacking) and the pho-
tometry was calibrated against stellar sourcesin the 2MASS catalogue.

Selection/completeness effects and SDSS control samples

The observed BAL fraction s the result of an intrinsic BAL quasar dis-
tribution convolved with quasar selection criteria. Using standard
quasar colour selection could result in missing several BAL quasars
because their UV colours, affected by the absorption troughs, may
resemble that of stars, leading to their exclusion from spectroscopic

samples. Several authors tried to estimate intrinsic BAL fractions by
computing correction factors as a function of redshift. The uncertainty
on these correction factors is however quite large, at least a factor
of a few, even considering the same set of selection/completeness
effects and similar redshift intervals”>***, In fact, the intrinsic BAL
fraction strongly depends on the input BAL properties, such as the
intrinsic distribution of BAL velocity, depth, and their relation with
reddening, which are all basically unknown. The spread of plausible
assumptions naturally leads to large uncertainties. Onthe other hand,
selection effects could be minimized, and made significantly smaller
than the uncertainty in estimating intrinsic BAL fractions, by using
quasar samples selected in the rest-frame optical, avoiding the biases
generated by UV absorption troughs in the colour selection. In these
cases, the observed-to-intrinsic BAL fraction correction is known to be
modest, less than 10-20% (refs. #¢). The fact that most BAL quasars
are recovered with a rest-frame optical selection is supported by the
factthatany other quasar selection (from X-ray to radio wavelengths)
generally results in alower or similar BAL fraction to that measured
in rest-frame optically selected quasars**, Therefore, we choose to
compare the observed XQR-30 BAL fraction with those observed in
quasar samples at different redshifts with selection criteria matched
tothe XQR-30 sample.

Although the XQR-30 quasars have been discovered through
rest-frame UV colours probing the Lya break, an extra WISE (ref. %)
WI1-W2 (3.4-4.6 pm) colour (rest-frame optical) was used to discrimi-
nate between z = 6 quasar candidates and stars in the photometric
searches®***%%5! Starting from a catalogue of SDSS DR7 quasars®, we
selectedthe 11,800 quasarsinthe redshift range 2.13 <2< 3.20 for which
the1,216-2,100 A wavelength range is covered by SDSS spectroscopy
andtheH (1.7 pum) and K (2.2 pm) bands probe similar rest-frame spec-
tral regions covered by W1 and W2 bands for the XQR-30 quasars. We
require the control sample to be detected by the 2MASS survey® in
boththe Hand K bands. We exclude noisy spectraby requiring a median
S/N>5inthe1,500-1,600 A range. The resulting sample consists of
1,580 quasars (BAL fraction19.413%, Bl, > 100 km s%). We also study
two subsamples of the first control sample, one with L, 210 erg s
and 2.13 <2< 3.20, probing the same luminosity range of the XQR-30
sample (275 quasars, BAL fraction18.9 + 3.8%). The same BAL fraction
isrecovered when requiring a match in absolute magnitude M, 450;-
The second of the two subsamples has high Apyq = Lyo)/Lraq (inWhich Lgy
isthe Eddington luminosity) and 2.13 <2< 3.20, including 268 quasars
abovetheblack dashed line in Fig. 3, matching M, and A4 distributions
of XQR-30 quasars (BAL fraction19.043%).

Theredshiftinterval 2.13 <2< 3.20 contains subranges in which the
completeness of the SDSS quasar selection algorithm is low. As a dif-
ferent completeness for BAL and non-BAL quasars may bias the meas-
ured BAL fraction, we consider the range of estimates from the
literature™** to select those intervals in which this difference is rela-
tively modest: 2.13< 2<2.2, including 263 quasars, for which we meas-
ureaBAL fraction of17.5'42%, close to that found for the first complete
SDSS controlsample. As afurther check, we consider afurther sample
of 313 SDSS DR7 quasars in the redshift range 3.6-4.6, where the
completeness is more than 90% for both BAL and non-BAL quasars
(as for the first quasar control sample, we selected only quasars with
aK-band detection). At these redshifts, SDSS spectroscopy covers the
1,216-1,640 Awavelength range. The BAL fractionis19.233 again very
similar to the fraction found for the first SDSS control sample. We con-
clude that selection completeness does not significantly affect the BAL
fractionmeasured using equation (1). Therefore, throughout this study
we compare the results on the XQR-30 sample with those of the first
complete SDSS control sample.

BAL identification

To search for BAL absorption troughs, it is necessary to model the
intrinsic quasar continuum emission. A common approach consists



of fitting the observed spectrawith a continuum model’. This however
requires a sufficiently large portion of the spectral band to be free
from absorption or emission features, a condition usually not met in
quasar spectra bluewards of C 1v. We thus adopt a different method
to estimate the quasar continuum for the XQR-30 sample. We create
composite emission templates based on the catalogue 0f 11,800 quasars
at 2.13 $253.20 from SDSS DR7 as defined above. For each XQR-30
spectrum, the template is the median of 100 non-BAL’ quasar spec-
tra, randomly selected from SDSS in the redshift range 2.13 <z 53.20
(to cover the 1216-2,100 A rest wavelength range), with colours and
C1ivequivalent widthinarange encompassing +20% the values meas-
ured for the XQR-30 quasar. For the quasar colours we consider the
F(1,700 A)/F(2,100A) and F(1,290 A)/F(1,700 A) flux ratios, F(1,700 A)
and F(2,100 A) being median values over 100 A and F(1,290 A) being
amedian value over 30 A in the rest frame. We assume that observed
and intrinsic continuum emission do not differ at =1,290 A (except
in the case of PSOJ065+01, for which we anchored the fit to the emis-
sionat1,330-1,350 A), the bluest spectral region in which continuum
emission can be probed in the XQR-30 spectra, owing to the strong
Lya forest absorptionatA < 1,216 A. This may represent alower limit to
the intrinsic quasar emission in the case that BAL absorption troughs
affect the =1,290 A spectral region. For XQR-30 sources with redder
colours (thatis, F(1,700 A)/F(2,100 A) s 1and F(1,290 A)/F(1,700 A) < 1),
the composite spectrumis built from 30-60 SDSS quasars that match
our criteria, owing to the relative rarity of red quasars in SDSS. The
combined template has a spectral resolution of =70 kms?in the C 1v
spectral region, which correspondsto the lower spectral resolution of
theindividual SDSS spectra, and is normalized to the median value of
the XQR-30 quasar spectrum in the 1,650-1,750 A interval. The last of
these has been chosen as it is free from prominent emission lines and
strong telluric absorption in the X-shooter spectra. The normalized
XQR-30spectraarethenobtained by dividing each X-shooter spectrum
by the matched composite SDSS template. We measure the B, (ref. ©)
according to the following definition”:

_ Vlim f(y)
BIO _IO [1 - Wj Cdv (1)

inwhichf(v) is the normalized spectrum, C=1if f{v) < 0.9 for contigu-
ous troughs of >2,000 kms™, and C= 0 otherwise. The uncertainties
on Bl,, dominated by the accuracy of the composite template, allow
us to measure with high reliability Bl, 2100 km s™in our XQR-30 spec-
tra and in the SDSS control samples. We identify the minimum v,,;,
and maximum v,,,, BAL velocity for a given transition as the lowest
and highest velocity for which C=1in equation (1), respectively. Our
approach differs from most identification studies of BAL quasars in
SDSS, which typically adopt v}, = 25,000 km s (refs. *%). The latter
choice accounts only for BAL features in the spectral region between
C1vand Si1v and, therefore, underestimates Bl, for BAL systems
with v, > 25,000 km s™, and completely misses BAL systems with
Unin > 25,000 km 7%, Our analysis is limited to vy, < 64,500 km s with
respect to C1v, because in z= 6 quasar spectra almost no transmitted
fluxis observed bluewards of the Lya emission. Given that the C 1v opti-
cal depth usually dominates the Si 1vdepthin BAL quasars®, we use the
velocity range of the C 1Iv BAL troughs to identify absorption associated
withSi1v (ref."). Thisimplies that broad absorption features bluewards
of Si1vareascribed to alow-velocity Si 1vBALif a C 1v BAL with similar
velocityis observedin the X-shooter spectrum. Thisis the case for XQR-
30 quasarsJ0923+0402, PSOJ089-015, VDESJ2211-3206, PSOJ239-07
and PSQJ023-02. Otherwise, broad absorption features bluewards of
Si1vare due to a high-velocity (v,,,, = 30,000 km s™) C 1v BAL. We use
the same methodology to identify N v BAL features. Among the 14
C1vBAL quasarsidentified (Extended Data Table1), 8 showalsoaSi 1v
BAL,3aNVBAL and1aMgI11BAL. QuasarsJ0923+0402, PSOJ089-15,
VDESJ2211-3206 and PSOJ231-20 had been already classified as BAL by

visual inspection™2***** The characterization of non-C 1v BAL outflows
will be presented elsewhere (M.B. et al., manuscript in preparation).
Uncertainties on the BAL parameters in XQR-30 quasars are esti-
mated by taking into account the uncertainty on the composite tem-
plateslope (we create a‘bluer’and a‘redder’ template considering the
33%bluest and the 33% reddest spectraamong those contributing to the
best-fit template, respectively) and the uncertainty on the composite
template normalization (weincrease (respectively, lower) the flux of the
bluer (respectively, redder) template by afactor of o, with o, being
the median noise of the X-shooter spectrumin the range1,650-1,750 A).
We verified that the resulting uncertainties correspond to a 68% con-
fidence interval. The bluer and redder templates are used to create
new normalized XQR-30 spectra, from which the range of variation of
Bly, Umin and vy, is measured. The same approach is used to calculate
the uncertainties on the BAL properties for the SDSS control sample.

Statistical tests

To calculate the probability that the BAL fractionin XQR-30 traces the
same BAL quasar population of SDSS z = 2-3 quasars, we generated 10°
subsamples of 30 randomly selected, non-repeated quasars from the
SDSS comparison sample, and computed the probability to observe
>14 BALs out of 30 quasars as p,,,4(Bly) = Ns,,/10°, in which N,,, is the
number of subsamples with 214 BAL quasars. This probabilityis 2 x 107,
A Mann-Whitney U-test> rejects the hypothesis that the Bl, distri-
butions of XQR-30 and the SDSS control sample are equal with prob-
ability p,(Bl,) = 2.6 x 107 If we exclude the three quasars whose BAL
absorption falls close to the edge of the X-shooter Vis arm, we obtain
Prand(Blo) =N, ,/10°=3.3 x 107 and p(Bl,) = 2.8 x107%. The randomly
generated subsamples of SDSS quasars have been similarly used to
calculate the probability of observing by chance in the SDSS control
sample 57% of the BAL quasars with v, >15,000 km s™ and 86% of
the BAL quasars with v,,,, > 20,000 km s™. These probabilities are
PrandWmin) =4 %107 and p,,nq(Vmay) <1076, The U-test for the hypoth-
esis that the v, distributions for the XQR-30 and SDSS control sam-
ples are drawn from the same parent population gives a probability
Pu(Unma) =8 %107,

Nuclear properties

Theblack-hole mass and accretionrate for the XQR-30 sample have been
derived by spectralmodelling of the Mg 11spectral regioninthe X-shooter
data, by taking into account the quasar power-law continuum and the
Balmer pseudo-continuum emission™*, the Fe 11 emission and one or
more Gaussian components to model the Mg 11 emission line profile.
Details of the spectral analysis, as well as the individual My,, and Agy4,
will be presented elsewhere (C.M. et al., manuscript in preparation).
We calculate Agyq = Lyo/Legq, inwhich L, is derived from the monochro-
matic luminosity at 3,000 A through bolometric correction®™; My, is
based on the total full-width at half-maximum of the Mg 11 line profile®.
The same method has been applied to the SDSS control sample quasars
with Mg It measurements® (z < 2.3). In particular, the same Fe 11 model-
lingand single-epochrelation® have been used. For the remaining SDSS
quasars (z>2.3), M, and A4qare based on the C 1v line®°. We correct for
the presence of non-virial motions affecting the C 1v profile®.,

Data availability

X-shooter raw data used in this work are publicly available on the ESO
Science Archive (http://archive.eso.org/cms.html). Reduced data are
availableuponrequest at the date of writing and will be released by the
XQR-30 collaboration once observations are completed.
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Extended DataFig.1|Normalized spectraof BAL quasarsinthe XQR-30
sample, smoothedto 500 km/s. The velocity axisineach panelisrelative to
therest-frame wavelength of CIV. Vertical solid, dashed, and dotted lines
indicate the position of CIV,SilVand NV, respectively. The horizontal solid
(dashed) linerepresentsafluxlevel of1.0(0.9). CIVBALs, correspondingtoa
fluxlevel of less than 0.9 (equation 1), are highlighted as greenshaded areas.
We notethat the CIV optical depthtypically dominates that of SilVin BAL
quasars. Thisimplies that, forexample, the BAL feature at v-45000 km/s in
PS0J009-10 cannot be ascribed to alow velocity SilVBAL because no low
velocity CIVBAL withsimilar velocity is observed in the X-shooter spectrum.
Theshaded magentaareasindicate the overlapping spectral regionbetween
the X-shooter Vis and NIR arms, while orange areas indicate the spectral region
affected by substantial intergalactic medium absorption.
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Extended Data Table 1| The XQR-30 sample properties and BAL system parameters

Name Ra Dec SNR zymenn J W1 W2 Bl Umin Vmax Type Ref
(1) (2) (3) 4 () ) (7 ©® 9) (10) (11) (12)  (13)
PSOJ007+04 00:28:06.56 +04:57:25.64 79 5.954 19.77 19.97 19.75 - - - no-BAL 22,22

PS0J009-10 00:38:56.52 -10 25 53.90 27 5.93819.9319.16 19.00 1,110%33) 33,0407350 38,38071%;, BAL 22,39
PS0J023-02 01:32:01.70 -02:16:03.11 28 5.81619.78 19.20 18.82 2,1207370  3,9507330 21,240755° BAL 22,22

PS0J025-11 01:40:57.03 -11:40:59.48 32 5.816 19.6519.3719.26 - - - no-BAL 22,22
PS0J029-29 01:58:04.14 -29:05:19.25 29 5.97619.07 18.81 18.58 - - - no-BAL 22,22
ATLASJ029-36  01:59:57.97 -36:33:56.60 30 6.01319.5719.2819.19 - - - no-BAL (*),39
VDESJ0224-4711 02:24:26.54 -47:11:29.40 38 6.52519.73 18.78 18.70 - - - no-BAL 39,39
PSOJ060+24  04:02:12.69 +24:51:24.42 34 6.17019.7119.17 19.41 - - - no-BAL 22,22
J0408-5632 04:08:19.23 -56:32:28.80 106 6.033 19.8520.04 19.85 3607100 24,1307{%, 28,8207}1] BAL 39,39
PS0J065-26 04:21:38.05 -26:57:15.60 135 6.17919.36 19.01 19.00 - . . no-BAL (*),22
PSOJ065+01  04:23:50.15 +01:43:24.79 25 5.80419.74 - - 9207350 16,8907 1040 386107230 BAL  (¥)

PS0OJ089-15 05:59:45.47 -15:35:00.20 102 5.972 19.17 18.18 17.80 13,9107 530 2,250%55° 30,360 150 BAL 22,39
PSOJ108+08  07:13:46.31 +08:55:32.65 126 5.955 19.07 18.69 18.51 - - - no-BAL 39,22

SDSSJ0842+1218 08:42:29.43 +12:18: 50.58 133 6.067 19.78 19.00 19.03 7407150  19,9207510 27380744 BAL 40,39
J0923+0402 09:23:47.12 +04:02:54.40 30 6.626 20.28 19.20 19.05 13,67072%0  6,0907120 29,5507230 BAL 41,39

PSOJ158-14 10:34:46.50 -14:25:15.58 30 6.06519.19 18.62 18.47 - - - no-BAL 42,39
PSOJI83+05  12:12:26.98 +05:05:33.49 113 6.42819.7719.7420.03 - - - no-BAL 43,39
PS0J183-12 12:13:11.81 -12:46:03.45 30 5.89319.07 18.98 19.18 54073%  16,2807130 259107320 BAL 39,22
PS0J217-16 14:28:21.39 -16:02:43.30 34 6.13519.7118.9919.39 - - - no-BAL 39,22

PS0J217-07 14:31:40.45 -07:24:43.30 113 6.166 19.8519.92 19.67 4,410755° 22,000792, 43,9707330 BAL 39,39
PS0J231-20 15:26:37.84 -20:50:00.66 37 6.564 19.66 19.91 19.97 6007330  540735°  2,6807135 BAL 44,39

J1535+1943 15:35:32.87 +19:43:20.10 36 6.358 19.63 18.55 18.46 - - - no-BAL 39,39
PS0J239-07 15:58:50.99 -07:24:09.59 164 6.114 19.37 18.94 18.65 1,880110) 8107150  6,100713) BAL 42,39
PS0J242-12 16:09:45.53 -12:58:54.11 15 5.84019.7119.0019.50 - - - no-BAL 39,22
PS0J308-27 20:33:55.91 -27:38:54.60 85 5.79919.4619.6319.37 - - - no-BAL 22,22
PSOJ323+12  21:32:33.19 +12:17:55.26 103 6.585 19.7419.06 18.97 - - - no-BAL 43,22

VDESJ2211-3206 22:11:12.17 -32:06:12.94 74 6.330 19.54 18.92 18.80 6,8407110 92407930 24,3407 },7° BAL (*),22
VDESJ2250-5015 22:50:02.01 -50:15:42.20 96 5.98519.17 19.11 19.04 6,3301710 22,50071}0 50,3207%, ) BAL 39,22
SDSSJ2310-+1855 23:10:38.89 +18:55:19.70 161 5.992 18.86 18.50 18.75 590133 18520775, 26,800113) BAL 39,22
PS0J359-06 23:56:32.45 -06:22:59.26 154 6.169 19.8519.2619.04 - - - no-BAL 22,22

(1) Quasar name. (2,3) Coordinates. (4) Median signal-to-noise per pixel in the 1,600-1,700 A wavelength range, for a 50 km/s spectral binning. In the case of PS0J242-12, two hours of
observations are still needed to obtain the final spectrum. (5) Mg Il-based redshift. (6) AB magnitude in the J band. (7, 8) AB magnitude in the W1and W2 bands. (9-11) Balnicity index, minimum
and maximum velocity of the C IV BAL outflows, in units of km/s. Uncertainties correspond to a 68% confidence interval. Strong (weak) BAL outflows typically have Bl, >1,000km/s

(Blo <1,000km/s). (12) BAL/no-BAL classification. (13) References for the J and WISE magnitudes, respectively. ) magnitudes indicated with asterisks are presented herein (Methods).



