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ABSTRACT

We report on the variability of a multi-component broad absorption line (BAL) system observed in the hyper-luminous quasar
J1538+0855 at z = 3.6. Observations from the Sloan Digital Sky Survey (SDSS), Very Large Telescope (VLT), Large Binocular
Telescope (LBT), and Subaru telescope taken at five different epochs, spanning 17 yr in the observed frame, are presented. We detect
three (A, B, and C) CIV variable troughs exhibiting extreme velocities (~40000-54000kms™!) similar to the ultra-fast outflows
(UFOs) typically observed in the X-ray spectra. The A component of the BAL UFO (v, ~ 0.17¢) shows strength variations, while
B (vuto ~ 0.15¢) and C (vyg0 ~ 0.13¢) components show changes both in shape and strength, appearing and disappearing at different
epochs. In addition, during the last observation on June 2021, the entire BAL system disappeared. The variability trends observed
during the first two epochs (1.30yr rest frame) in the CIV, SilV, OVI, and NV absorption spectral regions are the same for B and
C troughs, while the A component of the BAL varies independently. This suggests a change in the ionization state of the absorbing
gas for B and C components and tangential motion for the A component, as the cause of this temporal behaviour. Accordingly, it is
possible to provide an upper limit for distance of the gas responsible for the A component of R, < 58 pc and, in turn, a kinetic power
of Exuto < 1.37 x 10 ergs™!. We also obtain Rf,f < 1.9kpc for B and C components, which implies an upper limit estimation of
Exuto < 1.94x10* erg s~ and Ex u1, < 1.33%x10% ergs~!, respectively. Future spectral monitoring with high-resolution instruments is
mandatory to accurately constrain physical properties of the BAL UFO discovered in the UV spectrum of J1538+0855 and investigate

its role as a promising mechanism for the origin of the extended (~75 kpc) CIV nebula surrounding this hyper-luminous quasar.

Key words. galaxies: active — quasars: absorption lines — quasars: individual: SDSS J153830.55+085517.0 —

quasars: supermassive black holes

1. Introduction

There is a general consensus regarding outflows powered by
quasars (QSOs) that they are one of the most promising mech-
anisms to regulate the evolution of the massive galaxies by
depositing energy, momentum, and metals into the interstellar
medium (ISM) and circum-galactic medium (Silk & Rees 1998;
Fabian 2012; Choi et al. 2018). Many theoretical works suggest
the existence of a two-stage mechanism (Zubovas & King 2012;
Faucher-Giguere & Quataert 2012). Radiative forces and/or
magneto-centrifugal forces accelerate out from the immedi-
ate vicinity of the accretion disc, a very fast wind (Proga
2007; Fukumura et al. 2015) which then shocks against the ISM

and accelerates the swept-up gas, thus producing the galactic-
scale, massive outflows observed in the neutral and molecular
gas component (e.g., Tombesi et al. 2015; Bischetti et al. 2019;
Smith et al. 2019; Veilleux et al. 2020). However, the study of
this phenomenon is very complex as it involves multi-phase
gas over scales ranging from a few gravitational radii up to
tens of kiloparsecs (e.g., Cicone et al. 2018; Arav et al. 2018;
Harrison et al. 2018), and our understanding is still far from
being complete.

Outflows originating from the inner regions around super-
massive black holes (SMBHs) are detected in a substantial frac-
tion of active galactic nuclei (AGNs; ~50%) as blueshifted
absorption lines in the UV and X-ray spectra of luminous AGNs
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(Crenshaw et al. 2003) as the gas intercepts the light from the
background QSO. The AGN UV absorption lines are classi-
fied according to their widths: narrow absorption lines (hereafter
NALs; FWHM <500kms™"), broad absorption lines (BALs;
FWHM > 2000 km s~!), and the intermediate class between them
(mini-BAL). The relation between these two types of absorp-
tion lines has not been understood yet; however, one explanation
is that these features correspond to different inclination angles
(Elvis 2000; Ganguly et al. 2001).

Recently, Rodriguez Hidalgo et al. (2020; RH20 hereafter)
presented a survey of ultra-fast outflows (UFOs) at 2 < 7z < 4.7,
mainly probed by CIV and NV absorptions in luminous QSOs
(with bolometric luminosity Log(Lgy ergs™!) = 46.2-47.7, mea-
sured for 21 sources) with speeds between 0.1c and 0.2¢, sim-
ilar to the UFOs typically observed in the X-ray spectra of
AGNs (Tombesi et al. 2010; Gofford et al. 2013). They identi-
fied 40 UFOs from a starting sample of 6760 Baryon Oscilla-
tion Spectroscopic Survey (BOSS) QSOs, finding that ten of the
40 show extreme velocities (vy, > 50000kms™!) and six of
the 40 QSOs show at least two absorption troughs with veloci-
ties larger than 30 000 km s™! up to ~60 000 km s~!, and just two
of them exhibit three BAL systems. Such large velocities imply

. : v 2 3
large kinetic energy rates, such as Exufo ~ Mufo X U, o Uito

(since the mass outflow rate Myg, o vygo X RZ;), and UFOs usu-

ally exhibit an Ex ug as large as 10% of Lpo (Tombesi et al.
2012; Gofford et al. 2015). UFOs therefore gained immediate
attention as a key mechanism for injecting, into the surround-
ing ISM, an amount of energy large enough to affect the host
galaxy evolution significantly. The Ex yf, of these winds depends
on Uyf,, column density (NVy), and distances Ryg, from the cen-
tral SMBH. However, accurately constraining these quantities
is difficult and typically requires time-consuming, multi-epoch
spectroscopy. Although the number of these systems is still lim-
ited, observing a variable UFO give us the unique opportunity
to obtain crucial information on the nature of outflows and their
potential effect on the host galaxy. The time variability of BAL
profiles is indeed a powerful tool for studying the origin and the
evolution of such outflows, and putting constraints on the life-
time and Rys,.

Bruni et al. (2019) identified a hyper-luminous AGN in the
Wide-Field Infrared Survey Explorer (WISE)/Sloan Digital Sky
Survey (SDSS)-selected Hyper-luminous quasar (WISSH) sur-
vey, J1538+0855 at z ~ 3.567, with BAL features exhibiting
a maximum velocity of ~0.16c. This object has been exten-
sively studied at rest-frame UV and optical wavelengths, exhibit-
ing pervasive signs of outflows at all scales from parsecs up
to tens of kiloparsecs (Vietri et al. 2018; Travascio et al. 2020).
Vietri et al. (2018) reported the presence of broad-line (parsec-
scale) and narrow-line (kiloparsec-scale) region outflows
showing similar kinetic powers, possibly revealing the same out-
flow in two different gas phases. Travascio et al. (2020) reported
the presence of a blueshifted broad emission component of the
Lya, providing evidence for outflowing gas reaching distance
of 20-30kpc from the QSO and, for the first time, the detec-
tion of a bright ~75kpc wide nebula in the C IV emission
line, thereby revealing a metal-enriched component of the CGM
around J1538+0855.

In this paper, we present the discovery of a multi-component
ultra-fast BAL outflow in J1538+0855 which exhibits high and
complex variability across time. This finding is based on multi-
epoch optical spectroscopy from a set of observations described
in Sect. 2. In Sect. 3 we perform a study of the kinematic and
temporal properties of the three separate BAL components; in
Sect. 4 we describe the fitting technique used to get column

A87, page 2 of 14

densities of the absorption troughs, and the photoionisation and
density analysis. In Sect. 5 we report the derived distance and
provide an estimate of EK’ufO. We summarize our results and
conclude in Sect. 6. Throughout this work we assume a A cold
dark matter (CDM) cosmology with Hy = 70kms~! Mpc~! and
Qp =0.7.

2. Observations

In this paper we present the analysis of the following spectro-
scopic data:

— SDSS and BOSS. The SDSS observations were carried out
as part of the SDSS DR10 and DR14 releases (Gunn et al.
2006). The observation of the SDSS spectrum was per-
formed on May 4, 2006 and covered a broad wavelength
range spanning from 3800 to 9200 A at a spectral resolu-
tion of R ~ 2000. The BOSS observation was performed
on April 16, 2012 and taken with the same telescope as that
of SDSS observations, but with a different spectrograph cov-
ering a wavelength range from 3650 to 10400 A (R ~ 2000).

— VLT/MUSE. J1538+0855 was observed with Multi Unit
Spectroscopic Explorer (MUSE) on July 26, 2017, as part
of the ESO programme ID 099.A-0316(A) (PI F. Fiore).
The observation consists of four exposures of 1020s each.
The average seeing was ~0.9 arcsec. We refer readers to
Travascio et al. (2020) for a detailed description of the data
reduction.

— LBT/MODS. The observation with the MODS spectrograph
on the Large Binocular Telescope (LBT) was performed on
June 28, 2018. We obtained four exposures of 675s using the
red G670L grating with a 1 arcsec slit width and the seeing
was ~0.9 arcsec during the spectra acquisition. The spectra
of the star BD+33 2642 were also obtained to flux calibrate
and remove the atmospheric absorption; arc lamps were also
used for the wavelength calibration. These spectra were flat-
field corrected and wavelength calibrated by the INAF-LBT
Spectroscopic Reduction Center in Milan, where the LBT
spectroscopic pipeline was developed. Flux calibration and
telluric-absorption correction were performed with our own
python routines.

— Subaru/FOCAS. We conducted spectroscopic observation
with Subaru/FOCAS (PI. T. Misawa) on June 18, 2021,
using VPH650 grating with a slit width of 0.4 arcsec. The
total integration time was 3600s. The typical seeing was
0.7 arcsec during the observation. The spectroscopic stan-
dard star Hz44 was also observed. We reduced the FOCAS
data in a standard manner with the software IRAF. Wave-
length calibration was performed using a Th-Ar lamp.

Table 1 lists a summary of the optical spectroscopic observations
of J1538+0855 analysed in this paper.

3. Results
3.1. BAL detection

We first normalized each spectra to the continuum to cor-
rectly identify the absorption features. To this end, we fitted the
continuum with a power-law function and emission lines with
Gaussian components for Lya, NV, SilV, CIV, Hell, and CIII],
masking the regions showing absorption troughs, which can
affect the continuum estimation. The model fitting was per-
formed in the spectral range 1210-2000 A excluding the spec-
tral region 1570-1631 A, that is the unidentified emission
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Table 1. Journal of rest-frame UV observations.

Observation ID Instrument R Arange Observation date  Seeing
(D 2 3) “4) 5 (6)
SDSS 2006 SDSS™ 2000  3800-9200 2006-05-04 1.4
SDSS 2012 BOSS® 2000 3650-10400 2012-04-16 1.4
MUSE 2017 VLT/MUSE 1750  4800-9300 2017-07-26 0.9
MODS 2018 LBT/MODS 2000  5000-10000 2018-06-28 0.9
FOCAS 2021 Subaru/FOCAS 2500  3700-6000 2021-06-18 0.7

Notes. (1) Identification name adopted throughout the paper, (2) spectrograph, (3) resolution, (4) wavelength range of the instrument in A,
(5) dates, and (6) seeing of the optical observations. ®The plate, MJD, and fibre identifying the SDSS spectrum is 1724-53859-376 and for

the BOSS spectrum it is 5206-56033-202.

—— SDSS 2006

300

200 -

Flux (10~'7erg/s/cm?/A)

1400 1500 1600 1700

Restframe wavelength (A)

Fig. 1. SDSS 2006 spectrum of J1538+0855 (grey), showing our best-fit
model (red). We fitted a power law (blue) to the spectrum and Gaussian
functions for the emission lines (green curves). The grey bands repre-
sent the regions masked during the continuum and emission lines’ fit.

feature (Nagao et al. 2006) and 1687-1833 A where there are
heavily blended emission lines such as NIVA1719, Alll11722,
NIII]A1750, and Fell multiplets (Nagao et al. 2006). The best-fit
model was derived through y?> minimization. We also followed
the prescription presented in RH20 as an alternative method to
normalize the QSO spectra (see Appendix A for more details).
Figure 1 shows the best-fit model of the continuum following
our procedure. In all but FOCAS observations, our continuum
estimate is consistent with that of RH20 by using R;, R,, and
R4 regions to define the underlying power-law continuum (see
Appendix A).

We measured the Balnicity index (BI) for each observation
as a proxy to define the BAL systems and to provide a measure
of the total BAL strength. We used the same definition of BI as
in RH20, which is slightly different from the original definition
introduced by Weymann et al. (1991), since it assumes the min-
imum and maximum velocity of a BAL-trough region at 30 000
and 60000km s, respectively, corresponding to the velocity
interval of an absorption system associated with a CIV line lying
between NV and SilV emission lines. To identify and character-
ize the absorption features in velocity space, the spectral regions
must contain contiguous absorption that reaches >10% below
the continuum across at least 1000 kms~!:

30000
Bi-- [ [1 - M]Cdv, (1)
6

0000 0.9

where f(v) is the continuum-normalized flux, which was divided
by 0.9 to avoid shallow absorptions, and where the square
bracket is positive if the absorption fluxes are below the 90%
level of the normalized flux. The C factor can assume two values,
that is 1 when the square bracket value is continuously positive
over a velocity interval of our choice and zero otherwise.

We identified a three-component absorption system, namely
A, B, and C (see Fig. 2), in the range ~1240-1390 10%, which
we associate with the CIV line. Usually, CIV BALs are found
between SilV and CIV emission lines, and absorption appear-
ing between Lya and SilV, as in our case, can be caused by
SilV absorption. In the case of J1538+0855, we can rule out
the hypothesis of absorptions being due to SiIV due to the
lack of CIV absorptions at similar velocities. Indeed no cases
are reported in the literature with SilV absorption without the
corresponding CIV absorption (Filiz Ak et al. 2013; Bruni et al.
2019; see RH20 for a detailed discussion). Given their extremely
high velocities (>0.1c, see Fig. 3), these CIV absorbers can be
classified as UFOs.

The absorption troughs show a large variation in profile and
strength at different epochs, with a partial fading of the BAL
in 2017 (B and C troughs) up to the total disappearance of the
BAL system in 2021 (see Fig. 3). The A trough has a smooth
profile and mostly varies in strength; conversely, B and C troughs
show sub-components undergoing distinct changes. Specifically,
the C trough exhibits a sub-component at low velocity which
significantly weakens over time, producing a big change in the
total profile. This could be likely due to an opacity variation in
the absorption trough limited to the low velocity gas.

The exceptional variability of the three BAL components
is shown in Fig. 4, with varying BI values, for the deepening
or weakening of the troughs, or the disappearance of a specific
trough (BI = O for B and C troughs in the 2017 epoch) up to the
disappearance of the total BAL system in 2021 epoch (BI = 0 for
A, B, and C troughs). The BAL velocity, estimated from the min-
imum and maximum wavelengths of the BAL troughs, are in the
range ~0.13-0.18¢, as shown in Fig. 5, with values consistent
between all epochs for each trough (see Appendix B). Table 2
lists the BI and velocity values of the three components mea-
sured from all the spectra. We note that the FOCAS spectrum
shows weaker CIV absorption features, which do not satisfy the
BI criterion.

We searched for SilV, NV, OVI, and Ly« absorption fea-
tures with the same vy, as found for the CIV troughs. Figure 2
shows the normalized spectra with the observed locations of CIV
absorption troughs A, B, and C marked as grey-shaded regions,
along with the expected positions of the corresponding SilV, NV,
and Lya. We note that MUSE, MODS, and FOCAS data do not
cover the spectral region associated with possible ultra-fast NV

A87, page 3 of 14
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Fig. 2. Comparison of the optical spectra of J1538+0855 taken at different epochs (see Table 1, with the observed locations of CIV absorption
troughs A, B, and C marked as grey-shaded regions. The expected positions of the corresponding SilV (pink), NV (cyan), Lya (green), and OVI

(coral) absorption are also shown as shaded regions.

CIV velocity offset (unit of ¢)
0.18 ~0.16 ~0.14 Z0.12

~0.20 - ~0.10
2.0 . ,
—— SDSS 2006
SDSS 2012
18 —— MUSE 2017
—— MODS 2018
1.6 FOCAS 2021

0.8}

Flux normalized to continuum
-

0.6

—50000 —45000 —40000 —35000 —30000

CIV velocity offset (km s1)

—60000 —55000

Fig. 3. Normalized spectra of J1538+0855 in the rest-frame 1240—
1390 A region, where the three highly blueshifted CIV BAL are
detected. The horizontal dashed line represents the 90% level of the
continuum-normalized flux (solid line).

and Lya BALs. We were able to recover SilV, NV, and Lya BAL
systems in the SDSS spectra (see Sect. 4 for further details).

Furthermore, a comparison between epochs reveals that at
the velocity of the A, B, and C CIV troughs, the flux variation
computed for different ions appears to modulate similarly to the
corresponding CIV troughs (see Fig. 7). The implications of this
behaviour are discussed in Sect. 3.2.
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@ A (~1283 A, ~51,520 km s)
| W B (~1316 A, ~45,130 km s~ )

800
=K C (~1345 A, ~39,510 km s71)

=
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S
T

Balnicity index (km s™1)

2014 2016 2018 2020

Epoch

2006 2008 2010 2012

Fig. 4. Balnicity index of A, B, and C BAL troughs in J1538+0855 at
each observing epoch. The grey-dashed line indicates the zero level.

3.2. Variability

We measured the strength of the absorption troughs A, B, and
C in all the spectra to study their variability in detail. For each
epoch, we calculated the absorption strength, Ag, as described in
Capellupo et al. (2013), which is defined as the fraction of the
normalized continuum flux removed by absorption (0 < Ag < 1)
within the velocity interval that varied between two consecutive
epochs (the higher the absorption feature, the higher Ag). A sin-
gle value of Ag was adopted for each trough based on the aver-
age flux within the velocity interval that varies. The latter must
be at least 1200kms~! in width and the flux difference in this
region must be at least 40~ (see Eq. (1) in Capellupo et al. 2012)
to be included as a varying region (Fig. 6 highlights the varying
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CIV velocity offset (unit of ¢)
).18 —0.16 —0.14

—0.20 —( —0.12 —0.10

—— SDSS 2006

0.8

Flux normalized to continuum
no

0.6

—35000

50000 —45000 40000
CIV velocity offset (km s71)

—60000 —55000 —30000

Fig. 5. SDSS 2006 continuum-normalized spectrum of J1538+0855,
showing highly blueshifted (>0.1c) BAL signatures (A, B, and C) asso-
ciated with CIV absorption, bluewards of the SilV emission line. In light
pink are indicated absorptions below 90% of the continuum. Green-
dashed lines represent the minimum and maximum velocity estimated
for the BAL outflow in each trough, respectively. The horizontal dashed
line represents the 90% level of the continuum-normalized flux (solid
line).

region found between the first two epochs, i.e., 2006 and 2012,
see Appendix C for the other epochs).

The value of As and AAg give a direct measurement of
the strength of the BAL and the change in absorption strength
between two epochs in only the varying spectral region, respec-
tively. As reported in Fig. 6, we find that the CIV A trough shows
a deepening (i.e., Ag is higher than the previous epoch) from
epochs 20062012 at the low velocity end of the absorption on
a timescale of Aty = 1.30year, with no significant variation
in the trough at a higher velocity. Figure C.1 shows the varying
regions for the A troughs between epochs (i) 2012-2017, where
it gets shallower in a similar velocity range as that of 2006-2012;
(i1) 2017-2018, where it gets deeper over the total velocity inter-
val of the trough; and (iii) 2018-2021, where the BAL disappears
(see Appendix C).

As for B and C troughs, they change in concert, in spite
of their different outflow velocities (i.e., they are caused by
absorbers with a similar physical condition). In particular, they
gradually disappear from 2006 to 2017, after that they get deeper
in 2018 and disappear again in 2021 (see Figs. C.2 and C.3).

Two different scenarios can explain the observed variability
of the different components of the BAL UFO, that is to say the
motion of the gas across our line of sight and changes in ion-
ization. The fact that the variability behaviour of the A trough is
different from that of B and C components clearly suggests a dif-
ferent origin among them. Figure 7 shows the ratio of the SDSS
2012 to SDSS 2006 spectrum; we note that they are the only two
spectra covering the position of the corresponding ultra-fast NV
and Lya BALs. On the one hand, looking at the variation in the
CIV and in the spectral regions corresponding to other ions with
a different ionization state such as SilV, Lya, and NV, we find
that for troughs B and C, SilV is almost stable, while CIV, NV,
and Lya are variable, which is inconsistent with the gas motion
scenario. On the other hand, for trough A, the variability of SilV
matches that observed for CIV, NV, and Ly« transitions. These

CIV velocity offset Skm s~ 1)
—55000 —54000 —53000 —52000 —51000 —50000" —49000 —48000

b L.
=
q: \
= 10p /\\,\ M
S /
N
N
= /‘M \/
I 1= ,‘ ———————————————————————————————
—
Z
0.8 j
0.7 j
—— SDSS 2006
SDSS 2012
06 1265 1270 1275 1280 1285 1200 1295 1300

Restframe wavelength (A)

Fig. 6. Comparison of the spectra at the location of the CIV A trough,
between SDSS 2006 and SDSS 2012 epochs. The shaded region marks
the interval of velocity that varied between the two epochs, within
which the parameter Ag (the fraction of the normalized continuum flux
removed by absorption) was derived for each epoch. The dashed line
represents the 90% level of the continuum-normalized flux.

1.2¢ A B C B

ool e ‘SDSS 2012/S ‘SS 2006 ‘ ‘ (‘I‘V ]
—55000 —50000 —45000 —40000 —35000 —30000

121 ‘ ‘ ‘ ‘

1.0

0.8

06 —55000 —56000 —4.’;000 —46000 —35000 —30000

121 ‘ B

1.0 1

0.8 Lya

06 —55000 —56000 —45000 —/16()00 —35000 —30000

121 ‘ ‘ ‘ ‘ ‘

1.0

08 SilV

0.6

. . . .
—50000 —45000 —40000 —35000

BAL Velocity offset (km s1)

.
—55000 —30000

Fig. 7. SDSS 2012 and SDSS 2006 ratio spectra for CIV (top panel),
NV (second panel), Lya (third panel), and SilV (bottom panel) absorp-
tion regions. The light-blue bands highlight the common variability
spectral range of A, B, and C BAL absorption features in the velocity
space.

findings are confirmed by the Spearman correlation test run over
the flux ratio between the SDSS 2006 and 2012 epochs in the
spectral region associated with the CIV BAL and that of NV,
Lyea, and SilV assuming the same velocity (see Table 3). This
result supports a gas motion scenario for trough A, at least for
these two epochs, and a change in ionization as the cause of the
observed variability for the B and C troughs. We compared the
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Table 2. Properties of the multi-component BAL in J1538+0855.

BAL component  Epoch BI Umin Umax Atyes
(1) (2 3) “4) 5) (6)
A 2006 330;;8 50460 53490 -
2012 430;;30 48900 53700 1.30
2017 280;??0 49660 53580 1.16
2018 800;;80 49000 54010 0.20
2021 - - - 0.65
B 2006 560;28 43290 47050 -
2012 200;‘3‘8 43940 46450 1.30
2017 - - - 1.16
2018 110;28 43950 46010 0.20
2021 - - - 0.65
C 2006 620;18 38160 40920 -
2012 330;_28 38160 40920 1.30
2017 - - - 1.16
2018 130;‘1‘20 39840 41360 0.20
2021 - - - 0.65

Notes. (1) Component of the BAL UFO; (2) observation epoch; (3) Bal-
nicity index; (4) minimum and (5) maximum velocity of the BAL trough
in kms™'; and (6) rest-frame time in years elapsed since the previous
observation.

BI and the continuum luminosity at 1450 A, Ly4s0, for troughs B
and C excluding the two epochs with BI = 0, finding a strong
correlation (p-value < 1 x 107*; Trevese et al. 2013), while
BI and L4509 do not correlate for trough A (excluding the last
epoch with BI = 0, p-value = 0.6), suggesting the gas motion as
the origin of its variability (Gibson et al. 2008). These findings
allowed us to adopt a hybrid scenario in which both gas motion
and a change in ionization are responsible for BAL variability in
J1538+0855.

4. lonization and total column density

A careful analysis of the SDSS spectra in the region on the
shortward side of the Lya emission allowed us to recover BAL
features corresponding to NV, Lya, and SilV lines at the same
velocity as CIV BAL troughs (see Fig. 8). To derive their ionic
column densities N, we modelled the normalized spectrum
1(A) = Fops(A)/F. where F o is the observed flux and F. is the
continuum flux. We adopted the apparent optical depth (AOD,
Savage & Sembach 1991) method to measure Nion!, relying on
the 7(1) = — In(/(12)) relation between the intensity and the opti-
cal depth. The AOD method was used to find lower limits on Njo,
for singlets and contaminated doublets, or upper limits on N,
in the case there were no detection of absorption troughs. We
first fitted the CIV troughs by assuming the following Gaussian
optical depth profiles (in the velocity frame):
where 7 is the line-centre optical depth, Av is the velocity shift
from the line centre, and b is the Doppler parameter. We adopted
two Gaussian components to account for the asymmetric profiles
of each trough. We then fitted the absorption from NV, Lya, and
SilV ions at the velocities measured for the CIV UFO by adopt-
ing the following procedure: (i) Av and b for each component of

7(v) = T9€

' We treated unresolved doublets as single lines, with a summed oscil-

lator strength and weighted average wavelength (e.g., Hamann et al.
2018).
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Fig. 8. Continuum-normalized SDSS 2006 spectrum showing, from
right to left, the best-fit model of the UFO BALSs’ troughs for CIV
(blue), SilV (purple), NV (red), and Lya (gold) ions. The spectrum
includes many lines of the Ly forest which we masked (vertical gold
lines) during the fitting procedure. The continuum level is represented
as a horizontal magenta line.

NV, Lya, and SilV absorption lines were fixed to match the best-
fit values of the CIV troughs, (ii) the ratio of the 7 of the two
Gaussian components describing each trough were fixed to that
of the corresponding CIV trough, and (iii) the narrow absorption
lines from the Lya forest were masked.

This avoids blending with the Lya forest features and
allowed us to place upper limits on Nj,,. By integrating the best-
fit optical depth profiles over the troughs:

3.7679 x 10
Nion = —f fT(U)dU’

1 €)

where A is the laboratory wavelength and f is the oscillator
strength of the considered species. We used the numerical code
Cloudy 17.02 version (Ferland et al. 1998, 2017) to compute the
fraction of ionic species by varying the ionization parameter U and
assuming gas in photoionisation equilibrium, solar abundances
(Lodders 2003), and the broad-band spectral energy distribution
of J1538+0855 (Saccheo et al., in prep.). Figure 9 shows the theo-
retical curves of U and measured Ny assuming the column density
Njon derived for CIV, NV, SilV, and Ly« ions for the A compo-
nent of the UFO BAL in J1548+0855. The grey-shaded region in
Fig. 9 represents the range of Ny and U values that are consis-
tent with both upper limits on SilV and NV and the lower limit of
the CIV, respectively. We adopted the mean value of these ranges
as the best estimate for the ionization parameter and total col-
umn density, that is U =~ 0.11 and Ny =~ 3.13 X 10 cm™2,
respectively, taking relativistic effect into account (Luminari et al.
2020). Following the same method, we also derived U ~ 0.04 and
Ny =~ 2.12 x 10" cm™2 both for B and C troughs.

5. Physical parameters of the BAL UFO in
J1538+0855

5.1. Estimate of the distance of the ultra-fast outflows

5.1.1. Component A of the UFO

The gas transverse motion scenario allowed to place an upper
limit on the distance of the absorbing gas responsible for the A
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Fig. 9. Theoretical values of U and computed Ny assuming the N,
lower limit for CIV (solid blue curve), and upper limits for NV (orange-
dashed curve), SilV (green-dashed curve), and Lya (red-dashed curve)
ions for the A component of the UFO BAL in the SDSS 2012 spectrum
of J1548+0855.

component of the UFO from the continuum source. Following
Capellupo et al. (2013), we estimated the size of the continuum
region at a particular wavelength, D,. For estimating D,, we con-
sidered a standard thin accretion disc that emits as a black body
at an effective emitting wavelength 1 and we used Wien’s dis-
placement law (kT = hc/A, with h being the Planck constant,
k the Boltzmann constant, and ¢ the speed of light) to translate
the temperature to the wavelength corresponding to maximum
black-body emission to estimate the radius of the disc at that
wavelength (Peterson 1997). Following Morgan et al. (2010),
the size of the accretion disc can be rewritten as follows:

4/3 2/3 1/3
Ainax L
=9.7x 10‘5( M“;; ) ( ) ( Bol ) cm, “)

NLEdd

where Mgy is the BH mass, Lpo/Lgda(= Agdq) is the Edding-
ton ratio, 7 is the radiative efficiency, and A« is the maximum
black-body emission wavelength. We used Mpy = 5.5 x 10° M,
and Aggq = 1, as found by Vietri et al. (2018). Adopting a stan-
dard 7 = 0.10 and Apax = 1300 A based on the location of the
CIV BAL troughs in J1538+0855, we find D300 = 2 X Ri300 =
0.003 pc.

We then derived the absorption strength As and measured
its variations (AAg) between the two epochs consistent with the
gas motion scenario (2006-2012 yr). We calculated the crossing
speed of the outflow component, as indicated by Capellupo et al.
(2013). Specifically, we assumed their crossing disc model and
that the A trough in J1538+0855 was always saturated during
our monitoring campaign: a circular disc crosses a larger cir-
cular continuum source along a path through the centre of the
background circle. In this case, the distance travelled by the A
absorber is d = VAAgDj300. Also considering Aty = 1.30yr
between SDSS 2006 and 2012 for which a transverse gas motion
scenario is favoured, the derived transverse velocities 1S Ucross =
d/Ateq = 640kms~! to cross the continuum source. Assuming
that the crossing speed is equal to the Keplerian rotation speed
around the BH, we constrained the location of the A component
of the BAL UFO in J1538+0855 at R < 58 pc.

out

Mgy

R
1 109 M,

max

5.1.2. Components B and C of the UFO

A change in the ionizing flux scenario sets an upper limit on
the distance between the clouds responsible for B and C troughs
and the continuum source. In this case, by assuming that the gas
is in photoionisation equilibrium and following Narayanan et al.
(2004), the ionization parameter is given by

1 912 A AL,
= A, ©)
4nR; . nec Jo he

with AL, being the spectral energy distribution of J1538+0855
and n, being the hydrogen number density, which is a function
of the recombination time . as follows:

1

(6

ne ~ >
Ureclrec

where @ec = 2.8 1072 cm?s™! (Arnaud & Rothenflug 1985) is
the recombination rate coefficient for CIV — CIII. By assuming
a recombination time equal to Aty = 1.30yr between SDSS
2006 and 2012, it is therefore possible to derive a lower limit on
ne > 8700 cm™3. This results in an upper limit on Ry, for the B
and C troughs at Rflf < 1.9kpc, adopting U ~ 0.04 as found
from Cloudy photoionisation simulations (see Sect. 4).

5.2. Kinetic power of the ultra-fast outflows

We also provide an estimate of the kinetic power for each com-
ponent of the BAL UFO following Hamann et al. (2019). We
estimated the kinetic energy Ex uf, by assuming an expanding
shell at a certain velocity (v,g,) with a global covering factor Q*
(the fraction of 4r steradians covered by the outflow as seen from
the central QSO) and at a radial distance, Rys,:

2 2
N R Y
Exuo = 485105 -2 | D1} (Ruso -
Ko 8 (0.15)(5X10220m*2 Ipc) {8000kms ')
@

For component A, we derived Ex uf by using Ry, = Réut <
58 PC; Vufo = Umax = 93700 km s3; that is the velocity estimated
from the maximum wavelengths, which is representative of the
bulk velocity of the outflowing gas (see Fig. 5 and Table 2);
Q = 0.15 (based on the incidence of CIV BALs in SDSS QSOs,
e.g. Gibson et al. 2009; Hamann et al. 2019); and Ny = 3.13 X
10'” cm™2 as derived from photoionization models (see Sect. 4).
Dividing E’K’ufo by a characteristic flow time given by Ryfo/Umax,
we find a kinetic power of EK,ufO < 1.37x10% erg s71. Similarly,
by assuming Ryr, = RES and Ny = 2.12 x 10" cm™2, we find
Exuto < 1.94 x 10% ergs™ and Ex o < 1.33 x 10* ergs™! for
trough B and C, respectively.

In Fig. 10 we report the EK’ufo values for A, B, and C com-
ponents in J1538+0855 as a function of the Lp, compared
to the values reported for a large collection of outflows by
Fiore et al. (2017) and Miller et al. (2020). The upper limit con-
straints on the distance of the different components of the UFO
BAL imply EK’ufO values consistent with ~0.2—-5% of the Ly, of
J1538+0855.

2 The outflow clumpiness was not taken into account, i.e., we assumed
a volume filling factor of unity, and therefore EK,ufO should be consid-
ered as an upper limit.

3 By assuming v,¢, = vso, the velocity at 50% of the line flux, as was
done for X-ray UFOs, EKYufO decreases by a factor of ~13%.
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Table 3. Results of Spearman’s correlation test of the ratio between
SDSS 2006 and 2012 spectra.

BAL component ITons o p-value

(1) 2 3) 4)

A CIV-NV 038 12x10™
CIV-Lye 044 53x107°
CIV-SilV 029 3.5x1073

B CIV-NV  0.12 0.30
CIV-Lyae -0.21 0.07
CIV-SilV ~ 0.18 0.11

C CIV-NV 058 1.0x107
CIV-Lya 039 4.1x10™*
CIV-SilV  -0.14 0.21

Notes. (1) Component of the BAL UFO, (2) spectral ratio comparison
between different ions, (3) Spearman rank, and (4) significance level.
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Fig. 10. Kinetic power as a function of bolometric luminosity for CIV
BAL J1538+40855 (red and magenta stars) and a compilation of AGNs
showing different types of outflows from Fiore et al. (2017), i.e., ion-
ized [OIII] (red crosses), BAL outflows (orange stars), and X-ray UFOs
(green triangles), and BAL outflow from Miller et al. (2020; blue open
triangles).

6. Summary and conclusions

We have presented the analysis of extremely high-velocity and
highly variable CIV BAL troughs discovered in the luminous
QSO J1538+0855 at z ~ 3.6, based on spectroscopic observa-
tions taken at five different epochs spanning about 17 years in
the observed frame (see Table 1). We report on the detection of
a three-component BAL UFO (~40000-54 000 km s, show-
ing variability both in strength and shape, and disappearing and
reappearing at different epochs. The number of similar UFOs
detected so far is still limited (only two out of 40 BAL UFOs
in RH20 show three distinct components). The study of the
evolution of the BAL features in this unique system gives us the
opportunity to shed light on the physical properties of the BAL
UFO and its potential effect on the host galaxy.

By looking at the presence of NV, OVI, and SiIV absorp-
tions at similar speeds of CIV BALs, we find that the troughs
changed in a similar manner and the variability trends are not
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the same for all components, that is the components B and C
varied in concert, while the A component exhibits a different
behaviour. These findings allow us to support a hybrid scenario
as the origin of the variability, that is changes in the ionization
state for B and C troughs and transverse motion of the absorbing
material responsible for the A component across our line of sight
between 2006 and 2012. The disappearance of B and C troughs
observed during the 2017 epoch, and the total disappearance of
all three BAL components observed in 2021, could be the result
of the combination of such scenarios. On the one hand, for B and
C components, a sufficient increase in the ionization parameter
and/or a reduction in the amount of shielding material between
the radiation source and the outflow could cause the coordi-
nated disappearance of the troughs, leading to reduced ionic col-
umn densities (e.g., De Cicco et al. 2018). On the other hand,
the BAL material responsible for the A component could just be
moved out from our line of sight, causing its disappearance, but
still existing (e.g., Capellupo et al. 2012; Filiz Ak et al. 2012;
De Cicco et al. 2018). The transverse motion scenario responsi-
ble for the variability observed during the 2006 and 2012 epochs
implies an upper limit of R, < 58 pc for the outflowing gas
of the A trough if Keplerian-dominated tangential motion is
assumed. Variations in the A trough have been confirmed by
subsequent observations, but the lack of spectroscopic data at
A < 1200 A does not allow us to pinpoint their origin. By assum-
ing that the variations observed for the CIV A component are
due to gas motion, in particular during the epochs 2017 and
2018 which correspond to the shortest observed variability time
(Atese = 0.20yr), the transverse velocity is veross = 6500 km s7L.
This leads to a minimum upper limit estimate of the distance
ROAm’min < 0.6 pc. This absorber would be placed at a distance
consistent with the CIV broad line region radius of J1538+0855
(RSY, = 0.4pc, Liraetal. 2018). This would be in agreement
with the expectation of some popular models of BAL outflows
(Murray et al. 1995; Proga et al. 2000), which predict that they
are co-spatial (or lying just beyond) the BLR. In this case, by
assuming Ryjo = Rf)*ut’ min 10 Eq. (7), EK’ufO would decrease by
a factor of ~100. Similarly, by assuming the change in ioniza-
tion as the cause for B+C component variability over Aty =
0.20 yr, we obtain Rfdfmin < 740 pc. Such an upper limit is com-
patible with the typical distance of tens of parsecs found by
He et al. (2019) based on the study of absorption troughs’ vari-
ability due to ionization changes in a large sample (~900) of

BAL QSOs. The assumption of R,z = RBC  would imply an

out,min
upper limit estimation on the kinetic power of EK,ufo < 7.46 X
10% ergs™! and Ex ufo < 5.42 % 10% ergs™! for B and C troughs,
respectively.

It is therefore evident that to overcome the limitations of
present data in accurately constraining Ex uf, the following will
be necessary: (i) a spectral monitoring to probe the existence
of BAL variability on much shorter timescales than a year and
(ii) conclusive information of the presence of PV absorption
blueshifted as the CIV trough, which cannot be derived due to
the low quality of the data in the corresponding spectral region
(%930-970 A). It is worth noting that a detection of this ion in
the UFO would imply a Ny = 10?>7 cm™2 (e.g., Capellupo et al.
2014) and EK’ufO would increase by a factor of 3 dex, which is
high enough to consider that these UFOs play a key role for an
efficient AGN feedback mechanism (i.e., EK’ufo ~ 0.01-0.05 x
Lg,1; Faucher-Giguere & Quataert 2012; Di Matteo et al. 2005.)

We plan to perform high-resolution (R = 40000) spec-
tral monitoring using instruments such as VLT/UVES and Sub-
aru/HDS on a timescale from days to weeks and even up to a
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few months, so as to better constrain physical properties such
as Ny, for example from PV variability, and Ry, which will
be used for estimating EK’ufO of the UFO in J1538+0855. Inter-
estingly, the detection of a BAL variation occurring on Afye
of ~20days would imply a distance of RY, ~ 0.04pc, that

out

is to say a factor of 10 smaller than the CIV BLR radius
in J1538+0855, and RC 390pc for troughs B and C.

t
High-resolution spectro(s)léopy is also needed to fully resolve

the BAL troughs and enable the identification of blueshifted
narrow absorption lines in the UV spectrum, which can trace
another phase of the outflows in J1538+0855. Finally, the pres-
ence of such a CIV UFO may be considered as a promising
mechanism for the origin of the extended (~75 kpc) CIV nebula
surrounding J1538+0855 discovered by Travascio et al. (2020).
AGN-driven outflows are indeed invoked to deposit metal-
enriched gas up to large distances from the host galaxy and
explain the presence of a non-pristine circumgalactic medium
(e.g., Choi et al. 2020). Deep MUSE data will be needed to probe
the existence of a blueshifted component in the emission pro-
file of the CIV nebula (i.e., similarly to the one discovered for
the Lya nebula), which would support the scenario of QSO-
driven CIV outflows that can propagate up to the scale of the
CGM.
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Appendix A: RH20 continuum normalization

The method used by RH20 to normalize the QSO spectra is
based on a power law anchored to the value of the continuum in
three well-defined spectral regions. Specifically, RH20 used the
regions of 1701-1725 A (R)) and 1677-1701 A (R»), and 1280-
1284 A (R3) or 1415-1430 A (Ry4) regions to define the slope.
Since both R3 and Ry regions can be affected by emission and/or
absorption features, they firstly fitted a power law by using R,
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R», and Rj3 ranges. They compared the result at the midpoint of
region Ry, considering those slopes that fall within three times
the median error on the flux in region R4 to be good; other-
wise, they anchored the slopes using Ry, R, and R4 regions. Fig.
A.1 shows the application of the RH20 continuum normalization
method to the spectra of J1538+0855 taken in 2006, 2012, 2017,
2018, and 2021.
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Fig. A.1. Spectra of J1538+0855 (grey), showing our best-fit model for each epoch (red). The grey bands represent the regions masked during
the continuum and emission lines’ fit. We fitted a power law (blue) to the spectrum and Gaussian functions for the emission lines (green curves).
The best-fit power law derived following the method of RH20 is shown as a solid magenta line, along with points R; (median flux of points with
rest-frame wavelengths between 1701 and 1725 A), R, (1677-1701 A), R; (1280-1284 A), and R4 (1415-1430 A) being used to define and anchor
the power-law slope. The green triangle was used as reference for the continuum level since the R4 point falls within the red end of the SilV

emission line.
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Appendix B: Detection of CIV BAL UFOs

In this appendix, the continuum-normalized

spectra of

J1538+0855 taken at different epochs (See Table 1) are

CIV velocity offset (unit of c)
—0.20 —0.18 —0.16 —0.14 =0.12
20

—0.10

1.8

SDSS 2012

0.8

Flux normalized to continuum

0.6

!
|
H L Lo H .
~60000 55000 —50000  —45000  —40000  -35000
CIV velocity offset (km s7!)

CIV velocity offset (unit of c)
27[)0.20 —0.18 —0.16 —0.14 —0.12

—30000

—0.10

T T 1 1 IR T
1 1 1 [
| | | [
| | | [
1 1 1 [
1 1 1 [
1 1 1 [

1.8

1.6

1.2r

BJM‘I C_

—— MODS 2018

Flux normalized to continuum

|
|
1
-

;: ”””””” L — W?'J M e

—60000  —55000 50000 —45000  —40000 85000
CIV velocity offset (km s1)

—30000

presented. Fig. B.1 shows the rest-frame wavelength region
bluewards of the SilV emission line with the CIV BAL UFO
troughs at the corresponding velocities from 2012, 2017, 2018,
and 2021 spectra.
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Fig. B.1. Light pink regions represent the absorptions below 90% of the continuum. Green-dashed lines indicate the minimum and maximum
velocity estimated for the BAL outflow in each trough. The horizontal dashed line represents the 90% level of the continuum-normalized flux.
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Appendix C: Definition of BAL variability

In this appendix, comparisons of the continuum-normalized spec-
traof J1538+0855 between two consecutive epochs are presented.
Fig. C.1 shows the CIV A trough comparison along with the veloc-
ity interval varied between two epochs, marked as a grey band, and
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defined tobeatleast 1200kms~! in width with the flux difference in
this region being at least 40-. For each epoch, we derived — within
this velocity interval — the Ag parameter, which is defined as the
fraction of the normalized continuum flux removed by the absorp-
tion. Fig. C.2 and C.3 show the same as Fig. C.1, but for B and C
troughs’ velocity interval, respectively.
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Fig. C.1. Comparison of spectra taken at two consecutive epochs over the velocity interval of the CIV A trough. The shaded region marks where
the spectrum varies between the two epochs, which is used to define the region within which the A; absorption strength is measured. The dashed

line represents the 90% level of the continuum-normalized flux.
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Fig. C.2. Comparison of spectra taken at two consecutive epochs over the velocity interval of the CIV B trough. The shaded region marks where
the spectrum varies between the two epochs, which is used to define the region within which the A absorption strength is measured. The dashed
line represents the 90% level of the continuum-normalized flux.
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Fig. C.3. Comparison of spectra taken at two consecutive epochs over the velocity interval of the CIV C trough. The shaded region marks where
the spectrum varies between the two epochs, which is used to define the region within which the A absorption strength is measured. The dashed
line represents the 90% level of the continuum-normalized flux.

A87, page 14 of 14



