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ABSTRACT

We present long-slit near-infrared spectroscopic observations of six nearby (z ~ 0.1) radio-quiet type-2 quasars (QSO2s) from the
Quasar Feedback (QSOFEED) sample. The QSO2s have bolometric luminosities of 1074 erg s~! and stellar masses of 10'%6-113 M.
The observations were obtained with the instrument Espectrégrafo Multiobjeto Infra-Rojo (EMIR) at the 10.4 m Gran Telescopio
Canarias. The nuclear K-band spectra (central ~1-3kpc of the QSO2s) reveal signatures of high-velocity outflows in either the
Pac or Bry lines, depending on the redshift, and in the [Si VI] lines. The broadest kinematic components have a full width at half
maximum (FWHM) of ~1200-2500 km s~!. From the near-infrared hydrogen recombination lines, we derived ionized outflow masses
of Mjien ~ 0.08—20 x 10° M, mass outflow rates of Mo, ~ 0.03—6 Mg, yr~!, and kinetic powers of Eyon ~ 10737408 erg s~!. These
ionized gas outflow masses and mass outflow rates have median values that are 5.9 and 5.8 times larger, respectively, than those
derived from the [Si VI] line. Our study provides evidence, at least for these six QSO2s, that the near-infrared recombination lines
and [Si VI] trace the same outflow (i.e., they have similar kinematics and radii), but they carry different amounts of mass. We detected
warm molecular lines in the six QSO2s, from which we measured total (nuclear) gas masses from 1.1 (0.7) to 32 (13) x 10° Mo,
similar to other QSO2s with warm H, measurements reported in the literature, but we did not find any molecular outflow associated
with them. Based on comparison with five other QSO2s with H, measurements reported in the literature, we find that the four QSO2s
with detected H, outflows have total (nuclear) H, masses that are 2.2 (2.7) times larger, on average, than the seven QSO2s without

detected H, outflows.
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1. Introduction

Accreting supermassive black holes (SMBHs) in the nuclei
of galaxies can undergo several accretion events (Hickox et al.
2014; Schawinski et al. 2015) during the life-cycle of galax-
ies, producing luminous activity episodes known as active
galactic nuclei (AGN). The energy released in these recur-
rent AGN events can have significant effects on the host
galaxy, the so-called AGN feedback. This feedback is capa-
ble of disturbing the gas kinematics (e.g., driving gas
outflows) and producing changes in gas excitation and
metallicity, thus ultimately impacting the formation of stars
(see Harrison & Ramos Almeida 2024 for a recent review).
Although AGN-driven outflows might lead to star forma-
tion quenching when they are powerful enough (negative
feedback), simulations (Mercedes-Feliz et al. 2023) and obser-
vational works have also found evidence of positive feed-
back (i.e., AGN inducing star formation; Cresci et al. 2015a,b;
Santoro et al. 2016; Maiolino et al. 2017; Gallagher et al. 2019;

* Corresponding author: pedrocezar.astro@gmail . com

Bessiere & Ramos Almeida 2022). AGN feedback has become
a key component for analytical and semi-analytical models and
simulations (Harrison et al. 2018) to reproduce the observed
Universe (Di Matteo et al. 2005; Davé et al. 2019; Su et al.
2019; Zinger et al. 2020; Zubovas & Maskelitinas 2023).

To infer the impact of AGN feedback on galaxies, it is
essential to determine how energy couples with the multi-
phase gas. Several studies, mostly focusing on optical emis-
sion lines, have reported the presence of ionized outflows
(Villar-Martin et al. 2016; Fiore et al. 2017; Kakkad et al. 2020;
Hervella Seoane et al. 2023; Speranza et al. 2024; Bertola et al.
2025), which appear to be ubiquitous, at least for luminous
quasars (Harrison et al. 2014; Woo et al. 2016; Rupke et al.
2017; Bessiere et al. 2024). However, the role of outflows in
other gas phases, which may be more relevant in terms of mass
and energy budget, is still largely unconstrained in comparison
with the ionized gas phase (Cicone et al. 2018). Besides, there
is no consensus yet on whether or not the outflows detected
in different phases are different faces of the same phenomenon
(Harrison & Ramos Almeida 2024).
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Coronal  emission  lines  are
ers of outflows in the highly ionized phase (see
Rodriguez-Ardila & Cerqueira-Campos 2025 for a recent
review). They are transitions of highly ionized species with an
ionization potential (IP) > 100eV and mainly associated with
AGN activity (but see Hernandez et al. 2025). Their usually
high critical densities make them good outflow tracers closer
to their launching region. Furthermore, Trindade Falcdo et al.
(2022) showed that coronal lines with IP > 138 eV could be
used to trace the X-ray emitting-gas, confirming that these ions
can probe the highest-ionized component of outflows. Despite
their relevance, coronal line outflow studies are mostly restricted
to nearby low-luminosity AGN (LLAGN; Ly, < 10¥ ergs™!;
Miiller-Sanchez et al.  2011; Rodriguez-Ardilaetal. 2017,
May et al. 2018; Fonseca-Faria et al. 2023; Delaney et al. 2025).
Only a few studies targeting quasars are present in the literature
(Ramos Almeida et al. 2017, 2019, 2025; Speranza et al. 2022;
Villar Martin et al. 2023; Doan et al. 2025).

The study of outflows in the cold molecular gas phase
is of particular interest since it is the fuel for star formation.
Recent studies have investigated cold molecular outflows
at submillimeter wavelengths from nearby AGN and ultra-
luminous infrared galaxies (ULIRGs; Pereira-Santaella et al.
2018; Zanchettinetal. 2021, 2023; Lampertietal. 2022;
Dall’Agnol de Oliveira et al. 2023) to luminous quasars
(Feruglio et al. 2010; Cicone et al. 2014; Vayner et al. 2021;
Ramos Almeida et al. 2022; Audibert et al. 2025). The few
multiphase outflow studies of AGN suggest that although slower
than the ionized outflows, cold molecular outflows carry the
bulk of mass in the outflows (Fiore et al. 2017; Fluetsch et al.
2019, 2021; Garcia-Bernete etal. 2021; Zanchettin et al.
2023; Holden et al. 2024; Speranza et al. 2024), at least in
the local Universe. However, little is known about the warm
molecular gas phase observed in the near-infrared (NIR; H;
gas at temperatures (T) > 1000K) and mid-infrared (MIR;
H, gas at T = 100-1000K) that represents a small frac-
tion of the total molecular gas reservoir (Dale etal. 2005;
Mazzalay et al. 2013; Emonts et al. 2017; Costa-Souza et al.
2024; Zanchettin et al. 2025; Kakkad et al. 2025). While some
works detected NIR warm molecular outflows in nearby low-
luminosity AGN (Tadhunter et al. 2014; Bianchin et al. 2022;
Riffel et al. 2023), at higher luminosities, only six QSO2s have
had their H, kinematics studied in the NIR (Rupke & Veilleux
2013; Ramos Almeida et al. 2017, 2019; Speranza et al. 2022;
Villar Martin et al. 2023; Zanchettin et al. 2025), with four of
them showing warm molecular outflows. Thanks to the James
Webb Space Telescope (JWST), it is now possible to study the
rich MIR spectra of AGN with unprecedented spectral resolu-
tion and sensitivity, including the warm molecular H; lines that
are observed at those wavelengths (Costa-Souza et al. 2024;
Davies et al. 2024; Esparza-Arredondo et al. 2025; Dan et al.
2025; Marconcini et al. 2025; Ramos Almeida et al. 2025).
Recent JWST results show that just a few AGN with strong jet-
interstellar medium (ISM) interactions have signatures of warm
molecular outflows (e.g., Bohn et al. 2024; Costa-Souza et al.
2024, Riffel et al. 2025).

Type-2 quasars are excellent laboratories to study both their
multiphase outflows and host galaxies, thanks to their high-
luminosity, which contributes to driving more powerful out-
flows (Cicone et al. 2014; Fiore et al. 2017) and to obscuration
(Ramos Almeida & Ricci 2017). Obscuration makes it possible
to study the impact of outflows on, for example, the young
stellar populations of galaxies when high angular resolution
data are used (e.g., Bessiere & Ramos Almeida 2022). Study-

important  trac-
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Fig. 1. Sloan Digital Sky Survey gri images of the QSO2s. North is up
and east to the left. Horizontal bars in the top-left corner of each image
indicate the physical size of 5. The images are 40” X 40" in size.

ing luminous quasars at NIR wavelengths is key for multiphase
studies of gas since emission lines from warm molecular, ion-
ized, and highly ionized gas are observed simultaneously. NIR
data have the additional advantage of reduced dust attenuation,
enabling a clearer view of the innermost regions of the outflows
(Ramos Almeida et al. 2017, 2019).

In this work we present K-band spectroscopic observations
of six nearby QSO2s, from which we study the properties of
the low- and high-ionization and warm molecular gas. This
study is organized as follows: In Sect. 2 we present the QSO2
sample studied in this work. Sect. 3 details the observations
and data reduction. In Sect. 4 we analyze the nuclear spec-
tra and study the gas kinematics, including outflow properties.
Finally, in Sects. 5 and 6 we discuss and summarize our find-
ings. Throughout this work we assume the following cosmology:
Hy = 70.0kms™! Mpc‘l, Qpm =0.3,and Q) = 0.7.

2. Sample selection

The Quasar Feedback (hereafter QSOFEED) sample (Ramos
Almeida et al. 2022; Pierce et al. 2023; Bessiere et al. 2024)
includes all the QSO2s in the catalog of Reyes et al. (2008) with
Liom > 1083 Lo (Lpos > 10 ergs™") and redshifts z < 0.14,
comprising 48 galaxies. These criteria guarantee that we selected
the most luminous QSO2s in this optically selected catalog but
at a suitable distance to spatially resolve the multiphase gas
outflows (Ramos Almeida et al. 2022; Speranza et al. 2024), the
dust distribution (Ramos Almeida et al. 2026), and the stellar
populations (Bessiere & Ramos Almeida 2022).

Forty QSO2s from the QSOFEED sample have been
observed in the K-band with the Espectrégrafo Multiobjeto
Infra-Rojo (EMIR) at the 10.4m Gran Telescopio Canarias
(GTC). From those, we selected six QSO2s showing both recom-
bination (either Paa or Bry) and H; emission lines, thus allowing
a multiphase gas characterization (see Table 1). Composite gri
images of the QSO2s are shown in Figure 1. Four of the QSO2s
are in the post-coalescence phase of a galaxy merger, J1440+53
is in the pre-coalescence phase, and J1713+57 is a seemingly
undisturbed galaxy (Pierce et al. 2023).

3. GTC/EMIR observations and data reduction

The six QSO2s were observed with the NIR multi-slit spec-
trograph EMIR (Garzén et al. 2006, 2014, 2022) installed at


https://research.iac.es/galeria/cristina.ramos.almeida/qsofeed/
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Table 1. Main properties of the QSO2s.

Lol

SDSS ID Short Z DL Scale log L[OIlIJ lOg Lbol log L1_4 GHz lOg MBH lOg Trat log M. SFR
ID SDSS [Mpc] [kpe/”] [ergs™'] [ergs™'] [WHz']  [Mo] [Mo] [Moyr']
J080252.92+255255.5 J0802+25 0.0811 369  1.529 42.84 45.50 23.69 82+03 -07+03 113 44.7
J094521.33+173753.2 J0945+17 0.1280 600  2.287 43.32 45.98 24.27 83+08 -03+08 109 14.1
J103408.59+600152.2 J1034+60 0.0511 227  0.998 42.74 45.40 23.07 78+03 -04+03 11.1 12.9
J144038.10+533015.9 J1440+53 0.0370 163  0.735 42.89 45.55 23.27 72+08 04+08 10.6 25.1
J145519.414322601.8 J1455+32 0.0873 398 1.634 42.46 45.12 22.78 77+03 -0.6+04 10.6 12.6
J171350.32+572954.9 J1713+57 0.1128 524  2.050 42.99 45.65 23.37 74+£04 03+x04 11.1 18.2

Notes. (1-2) SDSS ID and short ID to be used throughout this paper; (3—5) SDSS spectroscopic redshift, luminosity distance, and physical scale;
(6-7) extinction corrected [OIII] luminosity from Kong & Ho (2018) and bolometric luminosity obtained from multiplying the [OIII] luminosities
by 454 (Lamastra et al. 2009); (8) radio luminosity from Bessiere et al. (2024); (9—10) black holes mass and Eddington ratio from Kong & Ho
(2018); (11) stellar mass from Pierce et al. (2023); and (12) star formation rate (SFR) over the past 100 Myr from Bessiere et al. (2024).

the Naysmith-A focal station of the GTC at the Roque de los
Muchachos Observatory in La Palma. EMIR has a 2048 x
2048 Teledyne HAWAII-2 HgCdTe NIR-optimized chip with a
pixel size of 0.2”. The observations were carried out in ser-
vice mode between June 2018 and August 2019 as part of pro-
posals GTC77-18A, GTC62-18B, and GTCMULTIPLE2G-19A
(PI: Ramos Almeida). Observing conditions were either clear
or spectroscopic. Previous observations taken as part of these
programs were published in Ramos Almeida et al. (2019) and
Speranza et al. (2022). All spectra were taken with the K-grism,
with anominal dispersion 1.71 ;\/pix and resolving power 1/64 =
4000. The long-slit used has a width of 0.8”. The instrumen-
tal width estimated from ArHg, Ne, and Xe arc lamps was
~6.0 A (~82kms™!). EMIR has a configurable slit unit (CSU)
that allows the user to configure and position slits over the
4’ X 6.67 spectroscopic field of view (FOV). Therefore, depend-
ing on the redshift of our targets, we positioned the 0.8” slit either
in the center of the FOV or shifted to the left or right to ensure
that the wavelength coverage included the emission lines of inter-
est. Before each QSO2 observation, J-band acquisition images
were taken for slit positioning and seeing-determination by mea-
suring the FWHM of several stars in the FOV. The spectra were
then taken following a nodding pattern ABBA, with an offset of
30", for improved sky subtraction. Standard star K-band spec-
troscopic observations followed each QSO2 (with an exposure
time of 4 X 60s = 240s) for both flux calibration and telluric
absorption correction. Table 2 summarizes the main details of the
observations.

The data reduction was done as follows. First, 2D frames
were flat fielded using blue and red flats with individual expo-
sures of 1.5s and 6s to improve the correction in the blue
and red part of the spectra. Bad pixels were masked using
the IRAF (Tody 1986, 1993) task ccdmask. The wavelength
calibration was done using HgAr, Ne, and Xe arc lamps
spectra and the IRAF tasks identify and reidentify. Consecu-
tive pairs of AB and BA frames were subtracted to remove
the sky background and then combined with the IRAF pack-
age lirisdr to obtain the two-dimensional spectra. We then
extracted one-dimensional nuclear spectra of each QSO2 cen-
tered at the peak of the continuum emission and using the
apertures listed on the last column of Table 2 using the IRAF
package apextract. These apertures were chosen based on the
seeing FWHM measured from stars present in the J-band
acquisition images of the QSO2s, which range between 0.8
and 1.4”. At the redshift of the QSO2s, this corresponds to
the central 1.0-3.2kpc of the galaxies. For J1713+57, the
nuclear spectrum is the combination of the two one-dimensional

spectra obtained from the data of two different nights
(see Table 2).

Flux calibration was performed by fitting the continuum of
the standard star observed just after each QSO2, and comparing
them to their known integrated magnitude in the K-band, mak-
ing use of IRAF tasks standard, sensfunc, and calibrate. Telluric
absorption correction was done using the standard star spectrum
and the IRAF task telluric, although for some of the targets the
sky transmission was modeled instead using the ESO tool SKY-
CALC (Noll et al. 2012; Jones et al. 2013; Moehler et al. 2014).
The nuclear spectra of the six QSO2s are shown in Fig. 2.

4. Methodology and results
4.1. Nuclear spectra

The nuclear spectra of the QSO2s show emission lines trac-
ing different gas phases, from low- to high-ionized gas and
warm molecular gas, as shown in Fig. 2. As can be seen from
Fig. 2, the spectra of the two QSO2s with the lowest red-
shifts, J1440+53 and J1034+60 (z 0.04 and 0.05 respec-
tively) do not include the Paa line but Bry, and in the case of
J1440+53, also H, 1-0S(0). The other four QSO2s, which have
redshifts between 0.08 and 0.13, include Paa. Helium lines, such
as HeII 41.8637 um, HeI 11.8691 um, and He112.0587 um are
also detected for some sources. Furthermore, the coronal emis-
sion line of [Si VI]A1.963 um with ionization potential y. =
167 eV (Oliva & Moorwood 1990; Ramos Almeida et al. 2006;
Mazzalay et al. 2013) is ubiquitous in our sample and it is
the second most prominent emission line in the spectra of the
QS0O2s, after Paa. All QSO2s present H, emission lines in their
spectra, which trace molecular gas at T > 1000 K. We detect
H, lines from 1-0S(1) to S(4) in all the QSO2s, also S(0) in
J1440453, and S(5) in JO802+25, J1455+35, and J1713+57.

To quantify the ionized and warm molecular gas kinemat-
ics and fluxes we fit the emission line profiles using Gaus-
sians, as shown in Fig. 3 for J1440453. We fit a first-order
polynomial function to two continuum bands blue- and red-
ward of the emission lines. Then we modeled the emission
line profiles with single or multiple Gaussian components
using an in-house developed code (Speranza et al. 2022, 2024;
Musiimenta et al. 2024) that makes use of the Astropy python
library (Astropy Collaboration 2022). The fits are shown in
Figs. 3 and A.1-A.6. Tables A.1-A.6 list the FWHM, velocity
shift, flux, and flux fraction of each of the Gaussian compo-
nents fit to the emission lines. The velocity shift is relative to the
central wavelength of the narrow component fit to the Paa/Bry
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Table 2. Summary of the GTC/EMIR long-slit observations.

1D Exp. Slit pos.  Spectral range PA Obs. date Seeing FWHM Airmass Star
[s] [A] ] [arcsec]

J0802+25 8 x240s MR 19780-23300 -54 2018 Nov. 25 0.8+0.1 1.01-1.03 HD 76619 (A0%*)
HD 233594 (GO)

J0945+17 8 x240s ML 20810-24 340 25 2018 Dec. 18 14+02 1.02 BD+16 2159 (A2)

J1034+60 8 x240s MR 19780-23300 -60 2019 Mar. 18 1.0+£0.2 1.19-1.22 BD+60 1334 (GO)

J1440+53 8 %2405 MR 19780-23 300 44 2019 Aug. 15 0.8+0.1 1.36-1.46 HD 238495 (AS)

J1455+32 8 x240s MR 19780-23 300 13 2019 Aug. 14 0.8+0.1 1.27-1.39  BD+33 2599 (G3)

J1713457 12 x240s C 20285-23 820 45 2019 Jul. 19 1.0+£0.2 1.70-2.01 HD 238926 (AS)

12 x 240 C 20285-23 820 45 2019 Jul. 21 0.9+0.1 1.32-1.46

Notes. (1) Object ID; (2) exposure time; (3) slit position on the detector: middle left (ML), middle right (MR), and central (C); (4) wavelength
coverage; (5) slit position angle (PA); (6) date of observation; (7) seeing measured from the FWHM of stars in the J-band acquisition images;
(8) airmass; (9) standard star name (spectral type). In the case of J0802+25, HD 76619 was used for flux calibration and both HD 233594 and

HD 76619 for outflow extent determination. *Double or multiple star.

P

23
>
-8

~1-08

6.0

F, [arbitrary units]

T 1-08(1)
TT1-08(0)

11440+53

11034+60
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J1455+32
11713457

10945+17

1.85 1.90 1.95 2.00

: L I : I I
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Rest-frame wavelength (um)

Fig. 2. EMIR K-band nuclear spectra of the QSO2s showing the emission lines detected. The spectra were scaled in the Y-axis with the purpose
of better visualization and smoothed using a 10-pixel boxcar. The spectra of the QSO2s are displayed from top to bottom in order of increasing
redshift. Vertical dashed black lines indicate the position of the atomic lines, and dotted lines indicate the H, lines.

profiles. When two narrow components are fit instead, the veloc-
ity shifts are relative to the amplitude weighted value of the
central wavelengths of the two narrow components. The flux
uncertainties are the quadratic sum of the fit uncertainty obtained
from Monte Carlo simulations and the flux calibration error esti-
mated using the standard stars (average flux calibration error of
26%). In addition, since the emission lines were measured in the
rest frame, a multiplicative factor of (1 +z) was applied to the
fluxes.

Since some of the NIR emission lines present complex kine-
matics, are blended (e.g., [SiVI] and H, 1-0S(3), and/or they
have relatively low signal-to-noise), we performed optical emis-
sion line fits using the available optical Sloan Digital Sky Sur-
vey (SDSS, York et al. 2000; Abazajian et al. 2009) spectra of
the QSO2s to use them as reference for the NIR fits, follow-
ing Ramos Almeida et al. (2019) and Speranza et al. (2022). The

Al2, page 4 of 21

criteria to decide the number of Gaussian components needed
to fit the optical lines was 1) an improvement of >10% in the
reduced y?, following Bessiere et al. (2024) and Speranza et al.
(2024), and 2) line fluxes representing >10% of the total emis-
sion line flux. We then fit the NIR lines using the same number
of Gaussian components as in the optical, and the optical kine-
matics as initial values. H3 was often used as a reference for
Paa, Bry, Hel, and He Il since they must follow similar kine-
matics. For Brd, either Paa/Bry or HB were considered, and
[OIII] 25007 A was used as reference for [Si VI]. For fitting Hy
1-0S(3), that is blended with [Si VI], the fit of H, 1-0S(1) was
taken as reference. Exceptions to the previous are described in
Tables A.1-A.6.

For the warm molecular lines that are not blended, no
initial parameters were considered. In all cases, only one
Gaussian component of FWHM ~ 120-460 kms™! was enough
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Fig. 3. Examples of emission line fits. The rest-frame spectrum of J1440+53 and residuals are shown in black, and the fit model is in red.
Narrow (n), intermediate (i), and broad (b) components are shown in green, blue, and magenta. The spectra were smoothed using a 4-pixel boxcar,
and residuals were scaled up from zero to reduce blank space. Vertical dotted lines correspond to the peak of the narrow component fit to each

line.

Table 3. Ranges of velocity shifts and FWHMSs measured for the differ-
ent components fit to the atomic lines.

Paa/Bry [SiVI]
Component Vs FWHM Vs FWHM
[kms™] [kms™!] [kms™!] [kms™!]
narrow [-112,118] 128-443  [-48,151] 223-593
intermediate [—132,580] 537-1225 [-248,775] 475-1119
broad [-619,—60] 1183-2546 [-618,—-60] 1361-2012

Notes. All velocity shifts are relative to the central wavelength of the
narrow component(s) fit to either Paa or Bry. When two narrow com-
ponents are fit, v, is relative to the amplitude weighted mean wavelength
of the two components. FWHMs have been corrected for instrumental
width.

to reproduce the H, line profiles. The velocity shifts that we
measured for these components, relative to the narrow compo-
nent(s) fit to either Paa or Bry, go from —130 to 60km s7L.
In the case of the atomic lines (i.e., either Paa or Bry, and
[Si VI]), we fit narrow components of FWHM < 600 km s (see
Table 3). Two narrow components instead of one were needed to
reproduce the profiles of J1034+60, J1440+53, and J1713+57.
For all QSO2s but J1034+60, we also fit intermediate compo-
nents. These components are >160 km s~ broader than the nar-
rowest component fit to a given QSO2, and narrower than the
broadest component (see Table 3). Finally, broad components
(b) with FWHM > 1200 km s~ and showing blueshifts of up to
—600kms~! were fit to all the QSO2s. The parameters derived
from the individual fits are shown in Tables A.1-A.6.

In this work we assume that the narrow components,
which exhibit velocities typical of galactic rotation, are trac-
ing gas within the narrow-line region. Since the intermediate
and broad components exhibit velocities and widths that can-
not be explained by rotation alone, and considering that these
QS02s have ionized outflows detected in [OIII]' (Bessiere et al.
2024), we consider them to be associated with outflowing gas.
It is important to stress that these broad components are not
related to the broad-line region of the AGN since this analy-
sis is restricted to a sample of obscured (type-2) AGN, and the
intermediate and broad components are detected in both the per-
mitted and forbidden emission lines. The fraction of flux in the

' QS02s with [OIII] outflows are those having a W80 larger than the
W80 measured for the stellar component (Bessiere et al. 2024).

outflow components (i.e., adding the flux of the intermediate
and broad components, when both are present) is larger than
that in the narrow component, with the exception of J0802+25.
This is common in the case of QSO2s (Ramos Almeida et al.
2017, 2019; Speranza et al. 2022; Hervella Seoane et al. 2023;
Villar Martin et al. 2023; Zanchettin et al. 2025).

4.2. Qutflow properties

From the analysis described in Section 4.1 and following our
criteria to identify outflows, we find ionized outflows in all six
QSO02s, both in the recombination lines and [Si VI]. Outflow
components are not found in the H, emission lines. The follow-
ing sections are focused on estimating the corresponding out-
flow properties, to infer their energetic output, whether there is
a connection between the outflows found at different ionization
levels, and their potential impact on the host galaxies. As pre-
viously mentioned, components (i) and (b) are considered out-
flow, and the derived outflow properties take both components
into account. To estimate the outflow masses (M), mass out-
flow rates (Moy), and kinetic powers (Eyi,), we need the fluxes
and kinematics measured from the nuclear spectra and reported
in Tables A.1-A.6, electron densities (n.), and outflow extents
(Tout)-

4.2.1. Electron densities

Electron density (n.) and temperature (T.) are important indica-
tors of the physical conditions of the ionized gas, and the former
is essential to determining its mass. Moreover, n. is one of the
largest sources of uncertainty for ionized gas masses, potentially
leading to orders of magnitude uncertainties on measured val-
ues (Harrison et al. 2018; Rose et al. 2018; Davies et al. 2020;
Holden et al. 2023; Holden & Tadhunter 2023; Speranza et al.
2024). Here we estimate n, using two distinct methods.

The first method uses the n.-sensitive [SII] 116716,6731 A
doublet in combination with the T-sensitive lines of
[OIII] 244363 A and [OIII] 215007 A (Osterbrock & Ferland
2006). This method (hereafter [SII] method) is sensitive to elec-
tron densities in the range 10% < log n, < 10> cm™ (Rose et al.
2018). The emission line fluxes of the [SII] and [OIII] lines
were measured from the stellar continuum-subtracted SDSS
spectra of the QSO2s from Bessiere et al. (2024), adopting
one Gaussian component to reproduce each emission line.
Since [OII] 14363 A is faint and blended with the much
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Table 4. Electron temperatures and densities obtained from the [SII]
and TR methods.

[SII] method TR method

Quasar Te log n, E(B-V) log n,

(K] [cm™] [mag] [em™’]
226 0.08 0.09 0.12
J0802+25 13544%% 2.71 fggg 0'24t8'8z7; 3'56t8'(})§

+ +0. +0.! +0.!

J0945+17 1243575 2.62755 044755 3.397%
J1034+60 12063f}g§ 2.78f8:8§ 0.27f8:?7 2.99f8:£9
206 0.04 0.08 0.09
J1440+53 16977f§ég 3.03f8.83 0.20f8‘82 3.92f88§
J1455+32 14275fggé 3.06f8:(1)é 0.16t8:8% 3.88f8:82
JI713+57 15718755  2.887T 05 021750  4.067 2

brighter Hy line, we fixed its FWHM to the one obtained for
[OIII] 215007 A. We then used the emission line ratios as inputs
to the python package Pyneb (version 1.1.19; Luridiana et al.
2015), obtaining n. and T, using the function getCrossTemDen
and the errors from the shaded regions of the diagnostic dia-
grams generated in Diagnostic, shown in Fig. B.1. We obtain
2.6 < log ne (cm™) < 3.1 and 12000K < T. < 17000K
(see Table 4). We note that the line fluxes used to infer n. and
T. were not corrected for extinction. On average, the impact
of applying the extinction correction to the fluxes to derive
T, is ~1000-3000 K. For n. the difference is much smaller
(~15 cm™) than the measurement errors, since n, is only weakly
dependent on T., as shown in the diagnostic diagrams shown in

Fig. B.1.

The second method consists of using two
line ratios that involve trans-auroral lines, namely
TR([OI1]) = F(3726+3729)/F(7319+7331) and
TR([SII]) = F(4068+4076)/F(6716+6731) (hereafter TR

method). The [SII] and [OII] line ratios are then compared
to a grid of photoionization models generated with Cloudy
(Ferland et al. 2013), following the procedure described in
Holt et al. (2011), which allows the simultaneous determination
of reddening and n.. This method is sensitive up to much higher
n, than the [SII] method, in the range 2.0 < log n, (cm™3) < 6.5
(Rose et al. 2018). More details can be found in Sect. 2.4 of
Bessiere et al. (2024), from where the corresponding values
of n. were taken. This second method results in electron
densities of 3.0 < log n. (cm~®) < 4.1 and reddening values of
0.2mag < E(B — V) < 0.4 mag (see Table 4). Therefore, except
in the case of J1034+60, for which we get n. values consistent
within the errors using both methods, the densities measured
from the TR method are significantly higher (n]R ~ 6-15xnt>")
than the ones calculated from the [SII] method.

4.2.2. Outflow extent

To measure the spatial extent of the outflows, we fol-
lowed the methodology described in Rose etal. (2018) and
Ramos Almeida et al. (2019). We built spatial profiles of the
blue and red wings of Paa/Bry and [Si VI] (blue and red shaded
areas in the upper panels of Figs. C.1-C.6), avoiding the region
covered by the fit narrow component(s) and any other adjacent
emission lines. Then we produced an average continuum spa-
tial profile from spatial slices blueward and redward of the broad
emission line, and subtracted it from the blue and red broad line
profiles. We finally averaged these continuum-subtracted blue
and red wing spatial profiles and fit the resulting profile with
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a Gaussian to measure the outflow radial size (FWHM,,;). We
also calculate the FWHM of the spatial profile of the narrow
component (FWHM,,;) in the same way (green shaded areas
in the upper panels of Figs. C.1-C.6). In order to inspect the
regions where the broad wings, narrow component, and contin-
uum profiles were extracted, we produce continuum-subtracted
maps of the emission lines, shown in the middle panels of
Figs. C.1-C.6.

Finally, to investigate whether the outflows are spatially
resolved we determined the seeing FWHM (FWHMgeeing) from
the K-band spectrum of the corresponding standard star of each
QSO2, using 4 > 21000 A (to avoid telluric absorption) to
extract the continuum profile and fit it with a Gaussian. We con-
sidered an outflow resolved if its continuum-subtracted profile
FWHM is
F\VHNIoul > FWHMseeing + 365eeings (1)
where FWHMeeing and geeing are the seeing FWHM and its cor-
responding error derived from the standard star spatial profile. If
we find the outflow to be unresolved, we adopt FWHMjcing as
an upper limit for the outflow extent (roy). If it is resolved, then
we computed the size as

— FWHM?

seeing”

@

Table 5 shows the seeing FWHM derived from the K-band spec-
tra of the standard stars (FWHMjecing), the FWHM of the out-
flow (FWHM,,) and narrow (FWHM,,,) components, and the
seeing-deconvolved values (ro, and ry,). The outflow errors
were estimated by adding in quadrature the error propagation of
Equation (2) and the standard deviation of five computations of
FWHM,,, slightly varying the green, red, blue, and continuum
regions shown in Figs. C.1-C.6. From Paez and Bry we mea-
sured outflow extents ranging from 0.3 kpc < 1oy < 2.1kpc. In
[Si VI] the outflow is not resolved for J1455+35, J0802+25, and
J1440+53. For the other three QSO2s, the [Si VI] outflows have
extents of 1.0kpc < 1o < 2.7kpc. The outflow extent found
for J0945+17 in Paa is 2.13 kpc, which is smaller than 3.37 kpc
reported by Speranza et al. (2022) based on integral field data
from Gemini/NIFS. This is because those authors measured the
outflow extent from 2D outflow flux maps, which are sensitive to
fainter structures and probe different position angles, unlike our
long-slit data. In fact, Speranza et al. (2022) reported an outflow
PA ~ 125°, where its extent is maximum, and our slit PA is 25°.
Finally, for the narrow component, we measure extents that are
larger or comparable to the outflow extents within the errors (see
Table 5).

out

Togt = \/FWHMZ

4.2.3. Outflow energetics

For computing the ionized gas mass in the outflow from the
recombination lines, we used either the Paa or Bry extinction
corrected fluxes of their intermediate and broad components
to calculate their luminosities (L = 47rDiF°°“) and then con-
vert them to HB luminosity, assuming Case B recombination
and Te = 10*K (Lyg = Lpw/0.352 and Ly = Lg,,/0.0281;
Osterbrock & Ferland 2006). We performed the extinction cor-
rection using the E(B-V) values reported in Table 4, and assumed
Ry = 3.1 and the extinction law from Cardelli et al. (1989).
Then, following Equation (1) from Rose et al. (2018):
Migon = -0 3)

eff ’
ay ﬁhVHﬁl’le
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Table S. Spatial extents of the outflow and narrow components measured from Paa/Bry and [Si VI].

QS02 FWHMqeeing Line FWHM, Tout FWHM,. Fnar
[arcsec] [arcsec] [arcsec] [kpc] [arcsec] [arcsec] [kpc]
J0802+25 0.74 Paa 097+0.03 0.63+0.06 096+0.09 1.16+0.03 090+0.04 1.37+0.06
[SiVI] 0.65+0.03* <0.738 <1.13 0.87+0.03 046+0.07 0.70+0.10
J0945+17 1.01 Paa 1.37+0.04 093+0.06 2.13+0.15 1.54+0.02 1.17+0.04 2.67+0.08
[Si VI] 1.54+0.18 1.17+0.25 2.67+0.57 1.50+0.05 1.11+0.08 2.55+0.18
J1034+60 1.25 Bry 1.78+0.18 1.27+028 126+028 2.25+0.10 1.87+0.12 1.87+0.12
[Si VI] 1.65 +0.09 1.08+0.23 1.07+0.23 198+0.03 154+0.04 1.53+0.04
J1440+53 0.85 Bry 0.95+0.09" 043+0.23 032+0.17 1.05+0.02 0.62+0.04 0.46+0.03
[SiVI] 0.76+0.10 <0.846 <0.62 094+0.02 041+0.05 0.30+0.04
J1455+35 0.64 Paa 0.77+0.12 043+022 070035 0.90+0.03 0.63+0.04 1.03+0.07
[SiVI] 047+0.07 <0.64 <1.04 0.86+0.05 0.58+0.08 0.94+0.13
J1713+57 1.10 Paa 1.25+0.08 059+0.18 121+036 1.25+0.03 0.59+0.07 1.21+0.15
[Si VI] 1.26+0.17 061+045 125+093 140+0.09 0.86+0.15 1.77+0.31

Notes. Column 2 presents the seeing FWHM measured from the K-band spectra of the standard stars shown in Table 2. In the case of J0802+25
FWHM;ccin, is the average value measured from the stars HD 76619 and HD 233594. Columns 3—5 show the FWHM of the continuum-subtracted
spatial profile of the outflow component and corresponding seeing deconvolved spatial extent (in arcseconds and kiloparsecs). Columns 68 are
the same, but for the narrow component. * Using only the red wing of the line because of blend with H, 1-0S(3) on the blue side of the line.
** Using only the blue wing of the line because the redshifted outflow component is not spatially resolved.

where m, = 8.41 X 107¥ Mo, a%f; =3.03x 10" cm?s7!, and
vip = 6.167x 10 57!, with h = 6.626 x 1073 Js, we calculated
the total ionized gas mass in the outflow.

For estimating the outflow mass of the coronal [Si VI] emis-

sion line, we described its luminosity as
Lisivy = f fne n(Si**) jisivyy(ne, Te) AV, 4
v

where f is the filling factor, n(Si’*) the density of Si>*, and jis; v

its emissivity, which is a function of n. and T.. The n(Si’*) can
be also defined as

n(Si**) ][ n(Si) | [ n(H)
nSH || n) || e M

Following Carniani et al. (2015) and Belli et al. (2024), we
assume that the Si>* is dominant over neutral n(Si>*)/n(Si) = 1.
As in Carniani et al. (2015) we can assume n(H)/n. = (1.2)7!,
asn, ~ n(H) + 2 x n(He) = n(H) + 2 X 0.1 x n(H) = 1.2 X n(H)
when we consider 10% of helium atoms. Then, using Equa-
tion (3) in Carniani et al. (2015), we can write

n(Si**) = [ 3)

1. n(Si UHI-Si
L[SiVI] =(1.2) IJ[SiVI](ne’ Te) <ng> (%)O 10tSi/HI-[Si/Hlo £V,
(6)
and based on Equation (4) of the same paper,
Misiv = 1.06m, (n.) V. 7

Connecting Equations (6) and (7) using f V, assuming that
(ng) = (n.)?, we obtained

: Si J—
Ne J[sivi] (n( 1))@ 10!Si/HI-[Si/Hlo

Misivi =

®)

n(H)

Using Chianti IDL 10.1 (Dere et al. 1997; Del Zanna et al.
2021) we obtain the emissivities (dividing EMISS_CALC out-
put by n.) for the mean [SII] and TR methods electron densi-
ties found in the sample: jisiy(Te = 10°K,n, = 752cm™3) =

24772 x 1072'ergs™'em® and jsivp(Te = 10*°K,n, =
5741 cm™>) = 2.4828 x 107! ergs~! cm?. Since there is no sig-
nificant variation in the derived emissivities, we adopted the
value of jisiviy = 2.48 x 107! ergs™! cm?. Furthermore, we
adopted the solar Si abundance” from Asplund et al. (2021) as

log(esi) = 7.51 and considering that log(es;) = log ([?f(i{l)) ) + 12,

we find [%] = 3.2359 x 107>. Assuming the values of emis-

sivity and solar Si abundance described above, and m, = 8.41 x
10738 M,, , we obtained the [Si VI] mass as

Lisi
Msivy = 1.415x 10732 2BV g 9)

Ne

The corresponding outflow masses calculated from Paa/Bry
and [SiVI] are reported in Table D.2. We find ionized gas
masses of Myion = 0.08—20 x 10°M, from the recombina-
tion lines and of Msiviy = 0.02-2 X 10°M,, from [Si VI]
when assuming TR-method electron densities. When assuming
[SII]-method electrons densities we obtain ionized gas masses
of Myion = 0.5-33 x 10° M, from the recombination lines and
of Misivyp = 0.1-4 X 10° My, from [Si VI]. Then, to compute
the mass outflow rates, we assumed spherical geometry for the
outflow, following Fiore et al. (2017),

. M

Mou = 3 Vou —, (10)
Tout

and we followed the kinetic power definition from

Hervella Seoane et al. (2023):

- Mout
2
Ekin = 2 X Vout-

(11)

From these properties, we have also calculated the cou-
pling efficiency as ¢ = Ein/Lpo and the mass loading fac-
tor 7 = Mqy/SFR. Since the measured velocity shifts (vs) are

2 Since Si is a refractory element, the assumed Solar abundances imply
that a significant fraction of ISM dust has been destroyed, perhaps as a
consequence of the outflow acceleration process (McKaig et al. 2024,
Holden & Tadhunter in prep.).
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projected velocities, besides using voy = Vg to infer the out-
flow properties, we also computed their upper limits adopt-
ing the maximum outflow velocity v, = |v¢| + 20 (e,
to account for projection effects, we measured the velocity in
the wing of the line, under the assumption that this corre-
sponds to the velocity of the gas moving directly toward us;
Rupke & Veilleux 2013; Fiore et al. 2017; Speranza et al. 2022),
where o ~ FWHM/2.355. Table D.1 shows the observed out-
flow properties (e.g., Ne, Tout, Vs, Vmax) directly measured from the
spectra, while Table D.2 summarises the derived outflow prop-
erties (e.g., Mou, Mou, Eiin, &, 77) using the electron densities
estimated with the two methods here considered. The proper-
ties have been calculated separately for each outflow compo-
nent (i.e., b and i, if present) and then added. Assuming the
TR-method electron densities we estimate mass outflow rates
of Muion ~ 0.03—-6 Mg yr~! from the recombination lines and
of M[si vip ~ 0.004-1Mg yr~! from [Si VI]. Their kinetic pow-
ers are Bgion ~ 10373408 ergs~! for recombination lines and
E[SiVI] ~ 1036:6-405 erg s™! for [SiVI]. If instead we assume
[SII]-method electron densities the recombination lines mass
outflow rates are Myjon ~ 0.2—10Myyr~! and from [SiVI]
of Misivj ~ 0.02-2Mg yr~!. The corresponding kinetic pow-
ers are Byjon ~ 10%6#1%ergs~! for recombination lines and
E[SiVI] ~ 10374413 erg s~ for [Si VI].

5. Discussion

Here we discuss the results of our study of the ionized and warm
molecular gas properties of six nearby QSO2s. In Sections 5.1
and 5.3 we focus on the ionized gas outflow properties derived
using TR-based electron densities instead of the [SII]-based
ones, as the findings of recent studies indicate that ionized out-
flows exhibit higher electron densities than non-outflowing gas
(Speranza et al. 2022; Holden et al. 2023). Since the TR lines
are sensitive to higher densities than [SII], they are more appro-
priate for calculating the properties of ionized outflows (see
Holden et al. 2026). In addition, the electron densities derived
from the mid-infrared coronal lines of [NeV] detected in JWST
observations of five QSO2s in the QSOFEED sample are in good
agreement with those obtained from the TR-method and higher
than those from the [SII]-method (Ramos Almeida et al. 2025).

5.1. Energetics of the ionized outflows in QSO2s

Here we have characterized the ionized gas outflows of the
QS02s by means of their Paa or Bry emission lines, which are
less affected by obscuration than the optical emission lines. To
investigate whether these NIR emission lines provide different
outflow properties than those obtained from optical lines (e.g.,
Hg and [OIII]), in Table 6 we compare them with those measured
for the same six QSO2s and for the whole QSOFEED sample of
48 QSO2s, but using optical SDSS spectra. For these QSO2s,
Bessiere et al. (2024) measured the ionized outflow properties
using a non-parametric analysis of the [OIII] 15007 Aemission
line, considering TR-based densities, and assuming an outflow
extent of roy = 0.62kpc. The [OIII] masses were multiplied by
three in order to estimate the total ionized gas masses (Myjon ~
3 X M[OHI]; Fiore et al. 2017)

Focusing first on the ionized outflow properties of
the six QSO2s studied here, we measure higher outflow
masses from the NIR recombination lines, with median
log(Myion [Mp]) = 5.81, than Bessiere et al. (2024), who
reported median log(Mpyjon[Me]) = 4.91 for the same targets
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(i.e., 7.9 times lower than our median measurement; see Table 6).
The largest difference that we found is between the NIR and opti-
cal outflow masses measured for J1034+60 (log(Myion [Mo]) =
7.30 here versus log(Mpion [Me]) = 5.59 in Bessiere et al.
(2024). This is due to the large integrated flux of the broad com-
ponent fit to Bry (78% of the total flux in the line; see Table A.3
and Fig. A.3). Part of these differences can be accounted for by
the different fitting techniques employed in the two works, i.e.,
parametric versus non-parametric. Hervella Seoane et al. (2023)
reported parametric-based median My, values 3.4 times higher
than the non-parametric ones measured for the same targets. This
happens because the parametric analysis considers the integrated
flux of the broad and intermediate components fit to the line pro-
files, while non-parametric methods just use the integrated flux
of the high-velocity wings of the lines. This, together with the
relatively large flux calibration uncertainty of the NIR fluxes (see
Section 4.1), explains part of the difference between the optical
and NIR masses of the same targets. Finally, it is also possible
that the NIR data, less affected by extinction than optical spec-
tra and probing a smaller physical region (seeing limited ver-
sus 3”7 SDSS fiber size), allow us to peer deeper in the outflow
regions, recovering part of the flux that remains undetected in
the optical (Ramos Almeida et al. 2017).

The NIR and optical mass outflow rates (Mpion) are con-
sistent within the errors, having median values of 0.6 and
0.35 M, yr~! respectively. This happens because the higher NIR
outflow masses are compensated by 1) the lower NIR outflow
velocities that we measure from the parametric method, com-
pared to those derived from the non-parametric analysis (see
Hervella Seoane et al. 2023 for a comparison of the outflow
mass rates derived from different methods) and 2) by the larger
outflow radii that we used as compared to the fix value of
0.62 kpc used by Bessiere et al. (2024)°.

The lower NIR outflow velocities that we measured from our
parametric fits also result in lower kinetic energies (Enion) and
coupling efficiencies (€gion) than those derived from optical data
by Bessiere et al. (2024) (median values of log(EHion [ergs™!]) =
40.2 and &gion = 0.0004% in the NIR and 41.1 and 0.003% in the
optical), as Ehion ng. Hervella Seoane et al. (2023) reported
even larger differences between the kinetic energies derived
from the parametric and non-parametric analysis of the same
targets.

Our results suggest that, at least for the QSO2s studied here,
there are no significant variations between the NIR and optical
outflow mass rates and kinetic energies if we account for the
different methodologies used to characterize the physical out-
flow properties. However, the outflow masses that we measure
in the NIR are 7.9 times higher than the optical ones, consid-
ering median values. This is partly due to the use of a para-
metric method to fit the NIR lines and to the flux calibration
uncertainty of the NIR spectra, and possibly to the higher angu-
lar resolution and lower reddening of the NIR data as well,
which allow us to probe deeper outflow regions. The outflow
properties of the six QSO2s studied here are representative
of the whole QSOFEED sample looking at the median val-
ues and ranges of the different outflow properties reported in
Table 6.

We can also compare our outflow energetics with those
obtained from the parametric analysis of the [OIII] line of
18 QSO2s at z = 0.3-0.41 observed with the Gemini

3_ Consequently, the corresponding mass loading factors (Mmion =
Muion/SFR) are also similar between them (median values of 0.022 and
0.013 respectively).
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Table 6. Comparison between the outflow properties of different samples of QSO2s.

. 6 QSO2s EMIR 6 QSO2s SDSS 48 QS0O2s SDSS 18 z ~ 0.3-0.4 QSO2s 4z ~2-35Q8S02s

Properties . . . . .
range median range median range median range median range median

log Myion [Mo] 4.90-7.30 5.81 4.51-5.59 491 3.75-5.88 5.04 4.44-6.43 5.35 5.85-7.88 7.30
Mion [Mo yr™'] 0.03-6.2 0.6 0.1-1.5 0.35 0.04-1.90 0.30 0.02-0.72 0.14 0.2-27 6.2
log Egion [ergs™] 37.8-40.8 40.2 40.2-41.8 41.1 39.3-41.8 40.6 37.2-41.0 39.2 38.7-41.7 40.3
Ertion [%] (0.05-20) x 107* 4 x 107™* (1-8) x 1073 3x 107 (0.1-10) x 1073 2x 10 (0.01-100) x 10 0.8 x 10 (0.02-3) x 107> 1073
THion 0.002-0.482 0.022  0.008-0.106  0.013 0.001-1.408 0.019 . .

Notes. Columns 2-3 are the range and median outflow properties measured here from the near-infrared hydrogen recombination lines (Hion).
Columns 4-7 are the values reported by Bessiere et al. (2024) for the same six QSO2s and for the whole sample of 48 QSO2s. The authors
used [OIII] measurements from SDSS data, adopted a non-parametric approach and TR-based electron densities, and assumed an outflow extent
of 1oy = 0.62kpc. Columns 8-9 are the values reported for 18 QSO2s at z = 0.3-0.41 by Hervella Seoane et al. (2023), using [OIII] from
Gemini/GMOS-S data, adopting a parametric approach, and assuming r,, = 1 kpc. Since they assumed n, = 200 cm~>, here we recalculated their
outflow properties using the median TR-based electron density of the QSOFEED sample (n, ~ 2570 cm™>; Bessiere et al. 2024). Columns 10—
11 are the values reported for four QSO2s at z = 2.0-3.5 from Bertola et al. (2025) and Perna et al. (2025), observed with JWST NIRSpec. In
Bertola et al. (2025) the Ha outflow properties were derived from parametric fits, using an outflow extent of 1o, ~ 1kpc, Vou = max(vig, Voo),
and assuming n, = 1000cm™. In Perna et al. (2025) they used a parametric fit of the HB line, assumed r,, ~ 3kpc, n, = 1000cm™, and
Vour = 1000kms™". Here we recomputed their outflow properties assuming n. ~ 2570 cm™ (Bessiere et al. 2024) and vy = Vs. Bertola et al.

(2025) defined the outflow velocity as vy, = max(vig, Vo), With Vpax ~

(Hervella Seoane et al. 2023).

South Telescope (Hervella Seoane et al. 2023). The authors also
assumed Mpyion ~ 3 X Mjom. This sample of QSO2s have
log(Lyoi[erg s71)) = 44.9-46.7, with a median value of 45.5,
coinciding with the median bolometric luminosity of our sub-
set of six QSO2s. Their outflow extent assumption, of 1kpc,
agrees well with our measurements (median r,, = 1.1kpc).
Since, they assumed n. = 200 cm™3, we multiplied their out-
flow masses by that value of n., and divided them by the median
value of the QSOFEED sample measured with the TR-based
method, which is n, = 2570cm™ (Bessiere et al. 2024). We
did this to make their ionized outflow properties comparable to
ours. The outflow masses measured for the two samples have
medians of log(Mgjon[Mo]) = 5.81 and 5.35 at z = 0.1 and
z = 0.3-0.41, respectively (2.9 times higher in the case of the
low-z QSO2s). The outflow mass rates and kinetic powers are
also lower in the case of the QSO2s at z = 0.3-0.41, with medi-
ans of 0.14 Mg yr~! and 10g(EHiOn [erg s7'7) = 39.2, but they span
similar ranges: log(EHiOn [erg s71]) ~ 37-41 at z = 0.3-0.41 and
~38-41 at z = 0.1. Overall, this comparison suggests that there
is no significant evolution in the outflow properties of QSO2s
from redshift z = 0.1 and z = 0.3-0.41, albeit the samples
are small.

Finally, we compared our outflow energetics with those
of QSO2s at higher redshifts based on data of the JWST
Near Infrared Spectrograph (NIRSpec). Bertola et al. (2025) and
Perna et al. (2025) reported outflow properties from Ha obser-
vations of four QSO2s at z ~ 2.05-3.51 and log Ly, =
45.2-46.2 (see Table 6). Both studies used fixed electron den-
sity values and used different definitions of outflow velocity.
In order to compare to our results, we corrected their out-
flow properties values assuming n, = 2570 em™ and vy =
v, (see Table 6). The median values of log My;,, and Mtion
of the high-redshift QSO2s are 31 and 10times higher than
those of the six low-redshift QSO2s studied here, but the
median kinetic power is only a factor 1.3 higher (see Table 6).
It is also noteworthy that two of the high-z QSO2s have
log(Mgion[Mo]) = 5.8-6.4 and Mgion = 0.2-0.7 Mg yr’l, which
are similar to the properties of the local QSO2s. Despite the
small number of targets involved in this comparison, the out-
flow masses and mass outflow rates of QSO2s at z ~ 2-3.5 are
higher than those of local QSO2s, but their kinetic powers are
comparable.

1.2 X max(vyg, Vo). To infer vs, we assumed that vy ~ 0.1 X Vpax

5.2. Scaling relations

In Fig. 4 we show the relation between mass outflow rate and
bolometric luminosity. Our data points correspond to the mass
outflow rates derived from the hydrogen recombination lines
(either Paa or Bry), using v,y = v and TR-based electron
densities. In Fig. 4 we also include the mass outflow rates of
AGN and ULIRGs at z < 0.5 from Fiore et al. (2017). These
were calculated assuming n, = 200 cm™>, Vo = Viax, and
roww = 1kpc, and using He, HB, or [OIIl] (assuming Myjon, =
Mug =~ 3 X Mionr)). Therefore, we divided the Fiore et al. (2017)
mass outflow rates by 130 (2.1 dex) to account for the differ-
ences in how their outflow velocity was measured relative to
ours, and to avoid assuming an electron density based on [SII]
measurements, which are sensitive to n, ~ 100-3000cm™ (we
refer the reader to Speranza et al. 2024 and Holden et al. 2026
for a discussion on the influence of electron density on the mass
outflow rates). This value of 130 comes from first converting
from Vour = Vimax 1O Vour = Vs, using the ratio of the median val-
ues reported in Hervella Seoane et al. (2023), of ~10 (1.0 dex).
We then converted from n. = 200cm™> to n, = 2570cm™>,
dividing the mass rates by ~13 (1.1dex)*. After doing this,
the values from Fiore et al. (2017) are similar to ours, show-
ing the strong influence of methodology and assumptions on the
outflow mass rate determination (Hervella Seoane et al. 2023;
Harrison & Ramos Almeida 2024). We also included the mass
outflow rates of another four QSO2s from the QSOFEED sample
(Speranza et al. 2024). They were calculated from [OIII] obser-
vations obtained with the integral field unit of GTC/MEGARA,
using a non-parametric analysis, and TR-based electron densi-
ties. Probably because of the non-parametric analysis and the
better sensitivity and spatial coverage of the optical IFU data,
their mass outflow rates are among the highest in Fig. 4.

We also calculated the mass outflow rates of another
two QSOFEED QSO2s that were observed in the NIR using
VLT/SINFONI observations: J1430+13 and J1356+10. For
J1356+10 we used the Paa fluxes and velocity shifts reported
in Zanchettin et al. (2025), and the TR-based electron densities

4 To do this we are assuming that the median TR-electron density of
the QSOFEED sample is representative of the sample of ULIRGs and
AGN in Fiore et al. (2017), which might not be the case.
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Fig. 4. Relation between Muion and Ly, Turquoise points are our ion-
ized mass outflow rates (Mp;on), calculated from either Paa or Bry and
using TR-based electron densities. Data of other QSO2s are shown
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from Fiore et al. (2017), divided by 130 (see text). The dashed and
dotted gray lines are the scaling relations from Fiore et al. (2017) and
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represents the 1o~ confidence interval of the fit.

and Ay values reported in Ramos Almeida et al. (2025). Since
there are no outflow sizes reported for the Paa outflows in
Zanchettin et al. (2025), we took the smaller [OIII] outflow
radius reported by Speranza et al. (2024) for J1356+10. For
J1430+13 we used the Paa fluxes, velocity shifts, and out-
flow sizes from Ramos Almeida et al. (2017), adopting the TR-
based electron density and extinction from Bessiere et al. (2024).
Finally, we added the Paa outflow mass rate reported by
Ramos Almeida et al. (2019) for the QSO2 J1509+04, which
was observed with GTC/EMIR and whose outflow properties
were calculated using the same methodology as here. Fig. 4
shows that the QSO2s studied here occupy the same locus
as the other QSO2s with NIR measurements. Considering all
the data points shown in Fig. 4 with Ly, ~ 102 *ergs™!,
the mass outflow rates are clustered between 0.01 Mg yr!
and 2Mgyr~!, with the exception of J1034+60. Finally, if
we fit all the data points included in Fig. 4 we derive a
scaling relation that is 2.6times lower than that derived by
Davies et al. (2020) from a sample of 291 type-II AGN with
43.0 < log(Lyo [ergs™']) < 48.0. The higher mass outflow rates
reported in Davies et al. (2020) arise from their definition of out-
flow velocity, which is voy ~ 3 X v (Baron & Netzer 2019).

5.3. Coronal line outflows

The QSO2s studied here show [Si VI] outflows with similar kine-
matics and radii as those measured from the recombination lines.
The outflow extents reported for [Si VI] outflows range from tens
to hundreds of parsecs in Seyfert galaxies (Miiller-Sanchez et al.
2011; Rodriguez-Ardila et al. 2017; May et al. 2018) and ~1 kpc
in QSO2s (Ramos Almeida et al. 2017, 2019; Speranza et al.
2022; Villar Martin et al. 2023). Despite the small statistics,
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recent results including ours suggest that coronal line out-
flows in QSO2s show similar extents as those detected in the
recombination lines. The outflow physical properties measured
from [Si VI] when adopting the TR-based electron densities are
M[Si vl ~ 0.004-1.2 Mg yr’l and E[Si v ~ 1(36-5-40.5 erg s~
(see Table D.2). When we consider the velocity of the outflow
as Vmax We find M[SiVI],max ~ 0.08-9.3 M, yI‘_I and E[SiVI],max ~
0.05-6 x 10*¥ ergs~!. Comparing our findings with the litera-
ture is not straightforward, since the few works that computed
these quantities were restricted to LLAGN and Seyferts, and
the method used to estimate those properties did not rely on
the flux of the lines. Miiller-Sanchez et al. (2011) analysed SIN-
FONI data of seven nearby Seyfert galaxies, detecting [Si VI]
outflows and construcing biconical outflow models for them. The
mass outflow rates were inferred using their models maximum
velocities and lateral surface area, assuming n. = 5000 cm™3
and filling factor of f = 0.001. They found [Si VI] mass outflow
rates of 4.0-9.0 M, yr~! for five galaxies, and 120 Mg, yr~! for
NGC2992. They reported kinetic powers in the range 0.06-5 X
10¥ ergs™!. Rodriguez-Ardila et al. (2017) studied the Seyfert
galaxy NGC 1386 in the K-band with SINFONI and using their
measured [Si VI] velocities and angular scales, n, ~ 930cm™
(estimated from the [Ne V] ratio measured with Spitzer), and
f = 0.1, they measured a mass outflow rate of 11 Mg yr~' and
kinetic power of 1.7 x 10" ergs™!. May et al. (2018) studied
the Seyfert ESO 428-G14, and, using similar assumptions as
Rodriguez-Ardila et al. (2017), found mass outflow rates of 3—
8 My, yr~! and kinetic powers of 2-11x10* erg s~!'. However, we
stress that none of the previously discussed works used the line
fluxes to estimate the outflow mass. Here we provide an equation
to work out the coronal outflow mass using the line flux.

As in Fiore et al. (2017), where they found that the mass
in the HB outflows was 3 times those calculated using [OIII],
here we attempted to estimate what fraction of the ionized gas
mass in the outflow is carried by [Si VI]. Fig. 5 shows the ion-
ized and [SiVI] outflow mass and mass rates, including our
six QSO2s and another two with [Si VI] outflow measurements
(Ramos Almeida et al. 2017, 2019). The ionized mass outflow
rates from the recombination lines, and their corresponding out-
flow masses, are the same as in Fig. 4. In the case of [Si VI], for
J1430+13 we adopted the outflow flux, velocity shift, and radius
reported in Ramos Almeida et al. (2017) and the TR-based elec-
tron density and reddening from Bessiere et al. (2024). For
J1509+34, we use all the measurements in Ramos Almeida et al.
(2019) and assumed that the [Si VI] outflow radius is the same as
that reported for Paa. For the eight QSO2s, and considering the
lower limits as values, Myion/Misivi) = [3.0-9.2], with a median
of 5.9, and Myion/Msivy = [2.4-21.5], with a median of 5.8.
In Fig. 5 we also show the linear fits to the data, from which
we found a stronger correlation for the outflow mass (Pearson
r =0.97, p-value = 7.0 X 1075). These fractions need to be con-
firmed in larger samples of QSO2s and AGN. Considering this,
together with the similar kinematics and extents of the outflows
found for [Si VI] and the NIR recombination lines, we conclude
that the low- and high-ionization lines are tracing the same out-
flow events, and not different phenomena (Cicone et al. 2018).

5.4. The warm molecular gas phase

The six QSO2s studied here were selected because they all
showed recombination and H, emission lines in the NIR. How-
ever, we did not find any outflow associated with the H, emis-
sion. The same was found for another five QSO2s in the
QSOFEED sample using the rotational H, lines detected in
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Table 7. List of QSO2s with NIR H, measurements reported in the literature.

QS02 logLyo logLisgu, Onsource  Hj outflow M;“; M M;_‘f; Ref.
[erg s71] [WHz™ ] exp. time [s] detected [10°Ms]  [10°Mg] [10° Mo]
J0802+25 45.50 23.69 1920 No - 10.7+1.6 20.1+3.1 a
J0945+17 45.98 24.27 1920 No - 89+49 11.9+16.5 a
J1034+60 45.40 23.07 1920 No - 129+24 31.9+58 a
J1440+53 45.55 23.27 1920 No - 70+1.3 12.7 £2.7 a
J1455+32 45.12 22.78 1920 No - 07+04 1.1+0.5 a
J1713+57 45.65 23.37 5760 No - 6.1+£2.6 8.8+4.0 a
J1347+12 45.52 26.25 26 880 No - - 21 b
J1430+13 45.82 23.67 3711 Yes 2.6 59 45 C
J1509+04 46.03 23.81 1920 Yes 10 19 26.0 £55 d,a
J1356+10 45.56 24.36 3528 Yes 1.5 5.5 13 C
F08572+3915 NW 45.62 22.59 7200 Yes 52 >52 >52 e

Notes. Columns 2—4 list bolometric luminosity, radio luminosity at 1.4 GHz, and total on-source exposure time of the corresponding NIR observa-
tions. Columns 6-9 list the H, outflow masses when detected, nuclear and total H, masses, and their corresponding references. (a) This work, with
nuclear masses computed from the H, 1-0S(1) line detected in the nuclear spectra shown in Figs. A.1-A.6, extracted with apertures of 0.6-3.2 kpc
and total masses from spectra extracted with apertures of 2.1-6.1 kpc. (b) Villar Martin et al. (2023), with total H, mass was measured from the
central 2.6 x 8.8 kpc?. (c) Zanchettin et al. (2025), with nuclear and total H, masses measured in apertures of 1.2 and 4.8 kpc for J1430+13 and
1.8 kpc and 5.8 kpc for J1356+10. (d) Ramos Almeida et al. (2019), with nuclear H, mass in the central 1.6 kpc and total in 6 kpc, the latter calcu-
lated here using the NIR spectrum. (e) Rupke & Veilleux (2013), with the H, mass in the outflow measured in the central 400 pc. Ly and L 4
from Bessiere et al. (2024), except for FO8572+3915, for which Ly, is from Herrera-Camus et al. (2020) and L, 4 gu, Was calculated using the flux

of 4.89 mJy from FIRST (Becker et al. 1995) and @ = 0.7.

the nuclear JWST/MIRI spectra (Ramos Almeida et al. 2025). It
is noteworthy that the five QSO2s observed with JWST/MIRI
show massive outflows of cold molecular gas, detected in CO(2-
1) using ALMA observations (Ramos Almeida et al. 2022;
Audibert et al. 2025). Nevertheless, recent analysis of deep
NIR integral field spectra from VLT/SINFONI of two of
these QSO2s, J1430+13 and J1356+10, revealed their elu-
sive warm molecular outflows. These outflows have ry, <
2kpc and Mgy, ~ 2.6 and 1.5 X 10 My (Zanchettin et al.
2025). This indicates that detecting warm molecular outflows
is not easy, and indeed, there are only two other QSO2s
with warm molecular outflows reported in the literature so
far (F08572+3915 NW; Rupke & Veilleux 2013 and J1509+04;
Ramos Almeida et al. 2019). This last QSO2, J1509+04, has a
NIR H; outflow reported, but it appears to lack its MIR counter-
part (Ramos Almeida et al. 2025), although further analysis of
the MIRI IFU data is required.

Following Speranza et al. (2022), in order to investigate what
can be driving the presence or not of warm molecular outflows,
we first estimated the H, mass of the six QSO2s studied here

using the relation from Mazzalay et al. (2013):

D 2 FCO[‘I'

My, ~ 5.0875 x 1013( L ) ( H 11‘05“)2), (12)
Mpc/ \ergs~tcm~

where Dp is the luminosity distance and FiP", ) is the

flux measured in H, 1 — 0S(1) corrected by extinction (see
Section 4.2.3 for more details). The H, masses are shown in
Table 7 together with measurements of other QSO2s reported
in the literature.

The nuclear H, masses of the six QSO2s (i.e., measured
from the nuclear spectra shown in Fig. 1) are in the range
(0.7-12.9) x 10> My, They correspond to regions with sizes of
0.6-3.2 kpc (median of 1.3 kpc). In addition, we also computed
H; masses from the lines detected in spectra of the central 3" of
the QSO2s (total H, masses hereafter, corresponding to scales
of 2.1-6.1kpc, with a median of 4.6 kpc), obtaining values of
(1.1-31.9) x 10> M.

Using the measurements shown in Table 7, we find that
the mean nuclear and total H, masses for QSO2s without H,
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outflows are (7.7 +3.9) x 103M,, and (15.4+9.2) x 10°M,,
while for the four QSO2s with H; outflows they are
(20.6 + 18.9) x 103 Mg and (34.0 + 15.4) x 103 M>. Therefore,
the mean nuclear (total) H, mass in QSO2s with H, outflows
2.7 (2.2) times larger than that of QSO2s without H; outflows. If
confirmed for a larger sample, the nuclear and total warm molec-
ular mass can be relevant factors for driving and/or detecting
outflows, but there are counterexamples. For example, J1347+12
(4C12.50) has a higher total H, mass than J1356+10, but there
is no warm molecular outflow reported for it (Villar Martin et al.
2023), despite the massive cold H, molecular outflow detected in
high angular resolution CO ALMA observations (Holden et al.
2024). Another example is J0945+17, for which Speranza et al.
(2024) reported a total H, mass of ~59 x 10° M, measured in
the central ~1” X 1” region using Gemini/NIFS data and no out-
flow detection. It is noteworthy that the discrepancy between the
Gemini/NIFS and our GTC/EMIR measurements is likely due to
the lower sensitivity of our data to fainter structures (see expo-
sure times in Table 7) and to the fact that we are using long-slit
observations along a certain PA, whilst Gemini/NIFS is an IFU.

Other factors that could potentially favor the presence
of warm molecular outflows are the radio luminosities
(Mullaney et al. 2013; Zakamska & Greene 2014) and the AGN
luminosities (Fiore et al. 2017), which are listed in Table 7.
The 1.4 GHz luminosities of the QSO2s with warm molecu-
lar outflows have mean log(L;4gH[W Hz ') = 23.6+0.7,
similar to the sources with no outflow detection,
log(Li 4 [WHz']) = 23.4+0.5, if we exclude 4C12.50.
Regarding the bolometric luminosities, the average values
for the QSO2s with and without H, outflows are 45.8 +0.2
and 45.5£0.3. These average values are therefore consistent
within the dispersion of the sample. Therefore, despite the small
number of QSO2s observed in the NIR, we find that sources
with higher radio and AGN luminosities are not more likely
to have warm molecular outflows (Speranzaetal. 2022), at
least within the luminosity ranges here considered. However,
that does not exclude the possibility that compact, low-power
jets might be contributing to launch molecular outflows in
some of the QSO2s (Mukherjee et al. 2018; Girdhar et al. 2024;
Audibert et al. 2023, 2025).

The widespread lack of warm molecular outflows could also
be explained if the NIR H; lines represent an intermediate and
short phase in a post-shock cooling sequence (see Holden et al.
2023). If the outflow is accelerated by either accretion-disc wind
or jet-induced shocks, the shocked gas will cool from the highly
ionized to the cold-molecular phase. Assuming that the ionized
gas phase is somewhat stable and that the cold molecular gas
accumulates over time, the warm-molecular phase observed in
the NIR could represent a short-lived transitional phase. This
could explain both the lack of warm molecular outflows and the
absence of correlation with L.

Finally, we cannot rule out that deeper observations than
those used here are required to detect H, outflows (see Table 7).
Recently, Zanchettin et al. (2025) detected and characterized the
elusive warm molecular outflow of J1430+13 by using deeper
NIR SINFONI observations (doubling the exposure time) than
those used by Ramos Almeida et al. (2017), and also in the
QS02 J1356+10. The on-source EMIR exposure times of the six
QS02s studied here but J1713+57 were 1920 seconds, which is
shorter than the exposure times of three of the QSO2s with H,
outflows (see Table 7). However, there are also QSO2s with long

5 We included the lower limit reported for F08572+3915NW by
Rupke & Veilleux (2013) in the nuclear and total gas mass averages.

A12, page 12 of 21

exposure times and no molecular outflows detected, as J1713+57
and J1347+12, and also the Gemini/NIFS data of J0945+17
(4000 s; Speranza et al. 2022). Finally, another factor that can be
relevant for the detection of H, outflows is slit orientation. If the
slit does not follow the outflow PA, part of the outflow emission
may be undetected. The four QSO2s with H, outflows detected
were observed with NIR IFUs, unlike the QSO2s without H,
outflows but J0945+17 (Speranza et al. 2022).

Therefore, based on a small sample of eleven QSO2s with
NIR spectra, we find tentative evidence that warm H, outflows
may be associated with higher H, gas masses. This apparent
trend could reflect more efficient coupling between winds and/or
jets and the ISM in systems hosting more massive H, reser-
voirs, or it may simply arise because outflows in such systems
are intrinsically brighter and therefore easier to detect. Neverthe-
less, warm H, outflows are also observed in QSO2s with lower
H, masses than some sources without detected outflows, indi-
cating that a large H, reservoir is not a necessary condition for
the presence of outflows. Larger samples of QSO2s with deep
NIR observations are required to confirm or refute this tentative
trend.

6. Summary and conclusions

In this paper we have investigated the warm molecular, low-
and high-ionization emission lines of six QSO2s from the
QSOFEED sample using K-band spectroscopic observations
from GTC/EMIR. We analyzed their nuclear spectra, modeling
their line emission to characterize the gas kinematics, which
revealed low- and high-ionization gas outflows in all targets.
None of the sources exhibit warm molecular outflows. We esti-
mated the outflow properties from both the recombination and
coronal lines. We summarize our main findings below.

— The QSO2s show low and high-ionization gas outflows with
similar kinematics. For all QSO2s, except J1034+60, besides
a broad component of FWHM ~ 1200-2500 km s_l, it was
necessary to fit an intermediate component of FWHM ~
500-1200kms~!.

— The spatially resolved outflow extents measured from the
recombination lines, of 0.3—-2.1 kpc and from [Si VI], of 1.1-
2.7 kpc, are similar.

— From the NIR recombination lines and adopting
trans-auroral electron densities we found outflow
masses of Mpgyion 0.08-20 x 10°M,, mass rates
of Muion ~ 0.03-6M, yr‘l, and kinetic powers of
Etion ~ 1073403 ¢rgs”! From [SiVI] we found
M[SiVI] ~0.02-2x 10° Mg, M[SiVI] ~0.004-1My yI‘_l, and
E[SiVI] ~ 1036'6_40'5 erg S_1 .

— Considering the direct and physical properties of out-
flows measured for eight QSO2s, we find median out-
flow mass ratios of Myion/Msiviy ~ 5.9 (spanning from
Mtion/Misivip = 3.0-9.2) and median outflow mass rate
ratios of MHion/M[SiVI] ~ 5.8 (MHion/M[SiVI] = 24—215)
From this we conclude that the recombination lines and
[SiVI] trace the same outflows but they carry different
amounts of mass.

— Despite the different methods used to measure the direct
outflow properties from NIR and optical data of the same
QS02s, as well as the higher flux calibration uncertainty of
the NIR data, the median outflow mass that we measure in
the NIR is 7.9 times higher than the optical one. This likely
indicates that the lower extinction and higher angular reso-
lution of the NIR data might be allowing us to probe deeper
and more obscured outflow regions.
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— We find similar outflow mass rates and kinetic powers
between those measured for local QSO2s (z ~ 0.1), and a
sample of QSO2s at z ~ 0.3-0.41. This suggest no strong
evolution of the ionized outflow properties of QSO2s in this
redshift range.

— We expanded the sample of QSO2s with detected warm
molecular emission in the NIR to eleven targets (four with
H; outflows and seven without). We did not find any connec-
tion between the presence of H, outflows and either radio
or bolometric luminosity, but QSO2s with H, outflows have
nuclear (total) H, masses 2.7 (2.2) times larger, on average,
than those without.

Our findings add information to multiphase studies of outflows
in luminous quasars. In particular, this work connects low- and
high-ionization gas outflows, providing an equation to calculate
the coronal gas mass. Furthermore, this study also investigated the
warm molecular gas, stressing the need to further investigate this
elusive outflow gas phase in statistically significant quasar sam-
ples.
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Appendix A: Results from the emission line fits

The results from the emission line fits of the six QSO2s are
shown in Figs. A.1-A.6 and Tables A.1-A.6. For J0802+25,
J0945+17, and J1455+32, Paa and [Si VI] were fit with three
Gaussian components: narrow, intermediate, and broad. For
J1713+57, the same components were fit except for Paa, for
which two narrow components were fit instead of one. Fits of
optical emission lines detected in SDSS spectrum were used as
a reference for the initial parameters. For J0802+25, J0945+17,
and J1713+57, the Hp fit was the reference for Paa, He I, and He
II. Paa was reference for Bré, [O III] for [Si VI], and H, 1-0S(1)
for Hy 1 — 0S(3). For J1455+32, [O III] was used reference for
Paa, He I, He II, and [Si VI], and the rest was the same as for
the other two QSO2s.

In the case of the two lower redshift QSO2s, J1034+60 and
J1440+53, Bry and [Si VI] were fit with two narrow components
and a broad component. For J1440+53, an intermediate compo-
nent was needed as well, and the Hg fit was the reference for Bry,
Bry for Brg, [O III] for [Si VI, and H, 1-0S(1) for H, 1-0S(3).
In the case of J1034+60, the reference fits were the same except
for Bréd, whose reference was Hg.
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Fig. A.1. Same as Fig. 3, but for J0802+25. The spectra were smoothed
using a boxcar of 4 to 6 pixels.

Table A.1. Parameters derived from the fits of the lines of JO802+25.

Line FWHM Vg Flux x 10™'5  Flux fraction

[kms™'] [kms™'] [ergecm2s7!)] [%]

Pac (n) 443£12 0%5 7.74£1.11 56
Pac (1) 719+48  580+32 2.41+0.39 17
Paa (b) 1183 -325 3.52+0.58 25

He II (n) 443 -165+19 1.18+0.18 100

He I (n) 443 42+30 0.95+0.16 100

Bré (n) 445 -84+81 0.3+0.07 100

[Si VI] (n) 593+106 -47+41 1.83+0.45 59
[Si VI] (i) 753186 775+151 0.97+0.3 31
[Si VI] (b) 1361 313 0.28+0.3 9

H, 1-0S(1) (n) 421+19 17+7 1.43+0.21 100

H, 1-0S(2) (n) 453+81 -94+26 0.67+0.17 100

H, 1-0S(3)(n) 420£30 -16+11  1.55+0.26 100

Notes. Emission line and component fit: narrow (n), intermediate (i),
and broad (b). (2) FWHM corrected for instrumental broadening. (3)
Velocity relative to the narrow component(s) of either Paa or Bry. (4)
Integrated line flux. Since the measurements were done in the rest-frame
spectrum, the fluxes include a multiplicative factor of (1+z). Errors were
computed as the quadratic sum of the errors from the fit and the flux
calibration error estimated from the standard star spectrum. Parameters
without errors have been fixed to their initial guess.
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Fig. A.2. Same as Fig. 3, but for J0945+17. The spectra were smoothed
using a 5-pixel boxcar.
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Table A.2. Parameters derived from the fits of the lines of J0945+17.
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Table A.3. Parameters derived from the fits of the lines of J1034+60.

Line FWHM Vs Flux x 10! Flux fraction
[kms~!'] [kms™!'] [ergem™2s7!)] [%]
Bry (nl) 221 63 1.63+0.46 10
Bry (n2) 219+86  -60 1.7+0.79 11
Bry (b) 1496  -127+10  12.03+2.16 78
Bré (n) 270+99  -6+35 2.7+1.14 100
[SiVI] (n1) 223+59 100 2.24+2.26 7
[SiVI] (n2) 230446 -323 8.08+2.15 25
[SiVI] (b) 1508  -194+48  21.3+3.78 67
H, 1-0S(1) (n) 348+20 23x13 4.48+0.82 100
H, 1-0S(2) (n) 452440 -16£19  2.84+0.57 100
H, 1-0S3) (n) 346  -60+£27  2.78+0.68 100

Notes. Same as in Table A.1, but for J1034+60.

Line FWHM Vg Flux x 10>  Flux fraction

[kms™!] [kms™!] [erg cm~2s71)] [%]

Paa (n) 273+11 04 1.94+0.72 33
Paa (i) 83741  -132+14 3.32+1.26 57

Paa (b) 1663 -374+129 0.51+0.33 8

He 1T (n) 272 -53+32 0.12+0.05 41
He II (i) 837 -184+34%* 0.18+0.07 58
HeI (n) 272 62+29 0.2+0.08 45

He I (i) 837 -69+39% 0.24+0.14 54
Bré (n) 540+£198  -79+44 0.26+0.14 100

[Si VI] (n) 290 -48+7 0.59+0.22 31
[Si VI] (i) 762 -248+41 0.62+0.29 33
[Si VI] (b) 1601+£340 -449+288 0.65+0.36 34
H; 1-0S(1) (n) 361x104 -9+45 0.42+0.23 100
H; 1-0S(2) (n) 202+198 -129+78 0.11+0.12 100
H; 1-0S3) (n) 317+61 -71+£20 0.3+0.13 100
H; 1-0S(4) (n) 280+188  -23+38 0.1+0.08 100

Notes. Same as in Table A.1, but for J0945+17. * The shift between the

n and i components was tied following the fit of Paa.
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Fig. A.4. Same as Fig. 3 but for the H, lines detected in J1440+53. The

spectra were smoothed using a 4-pixel boxcar.

Table A.4. Parameters derived from the fits of the lines of J1440+53.
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Fig. A.3. Same as Fig. 3, but for J1034+60. The spectra were smoothed

using a boxcar of 4 to 5 pixels.
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Line FWHM Vs Flux x 10" Flux fraction
[kms~!] [kms™'] [erg cm~2s7)] [%]
Bry (nl) 173423 -20+8 3.61+0.85 30
Bry (n2) 184448 111 0.7+0.32 5
Bry (i) 537458  -49+22 5.48+1.76 46
Bry (b) 1991  -300+131 1.92+0.4 16
Bré (n) 173 -56+10 4.53+0.84 100
[SiVI](nl) 277+120 -44x66 6.93+4.35 27
[SiVI](n2) 247+147 151+133  3.56+3.34 14
[Si VI] (i) 475 -14+320 3.25+3.7 13
[SiVI](b) 20124832 -364+407 11.07+5.77 44
H, 1-08(0) (n) 12321 -36+9 1.62+0.39 100
H, 1-08(1) (n) 15247 2747 4.83+0.88 100
H, 1-0S(2) (n) 165+12  -41+8 2.11+0.41 100
H, 1-0S3) (n) 157+24  -50x10 4.64+1.11 100

Notes. Same as in Table A.1, but for J1440+53.
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Table A.5. Parameters derived from the fits of the lines of J1455+32.

Line FWHM Vg Flux x 10™"®  Flux fraction
[kms™!] [kms~!] [erg cm~2s7)] [%]
Paa (n) 308+54 0+35 0.99+0.41 39
Paa (i) 812+231 89+181 1.04+0.63 41
Paa (b) 1386+492 -60 0.49+1.01 19
He II (n) 308 57+99 0.08+0.05 35
He II (i) 811 146+162* 0.14+0.11 64
HeI (n) 308 167+143 0.06+0.05 44
HeI(i) 811 256+227* 0.07+0.12 55
Bré (n) 416101 68+50 0.1+0.04 100
[Si VI] (n) 301 25+39 0.14+0.07 20
[Si VI] (i) 6254213 48+242 0.19+0.12 27
[Si VI] (b) 177242023 -60 0.35+0.44 51
H, 1-0S(1) (n) 279498 64+63 0.08+0.05 100
Hy 1-0S(3) (n) 282+239 52+61 0.09+0.08 100

Notes. Same as in Table A.1, but for J1455+32. * The shift between the

n and i components was tied following the fit of Paa.

Appendix B: Electron density diagrams

Here we present the electron density and temperature diagnostics
obtained for the QSO2s based on the [SII] method. As explained

Table A.6. Parameters derived from the fits of the lines of J1713+57.

Line FWHM Vs Flux x 10!*  Flux fraction

[kms™!] [kms™'] [erg cm~2s7)] [%]

Paa (nl) 128+28 118+15 0.43+0.19 7
Paa (n2) 284+47  -112+24 0.85+0.37 14
Paa (i) 1225+85 14+50 3.01+1.26 51
Paa (b) 2546+803 -619+370 1.6+£0.97 27

He II (n1) 128 21+50 0.03+0.02 26
He II (n2) 284 -209+50% 0.1+£0.05 73
HeI(n) 128 -5+48 0.03+0.02 100
Bré (n) 278+115  28+56 0.09+0.05 100

[Si VI] (n) 384+87 31£21 0.31+0.15 21
[Si VI] (i) 1119+122 14 0.55+0.29 39
[Si VI] (b) 1966+104 -618 0.55+0.25 38
H, 1-0S(1) (n) 392+35 36+23 0.41+0.17 100
H; 1-0S(2) (n) 462+46 5+30 0.19+0.08 100
H, 1-0S(3) (n) 341423 2117 0.33+0.14 100
H; 1-0S(4) (n) 28471 -11+34 0.08+0.04 100
H, 1-0S(5) (n) 424+61 -9+23 0.29+0.13 100

Notes. Same as in Table A.1, but for J1713+57.* The shift between the
n and i components was tied following the fit of Paa.
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Fig. A.6. Same as Fig. 3, but for J1713+57. The spectra were smoothed
using a boxcar of 4 to 5 pixels.

in Section 4.02.1, we used the [QSH]/M6716,673 1A doublet and
[OIII]A4363A and [OIII]A5007A ratios to infer both n. and T,
using Pyneb (Luridiana et al. 2015). The results found for the
QS02s are shown in Fig. B.1 and values are reported in Table 4.
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Fig. B.1. Diagnostic diagrams of the electron density and temperature
computed from the [SII] and [OIII] ratios generated with Pyneb.
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Appendix C: Outflow extent

Figs. C.1 to C.6 show the spectral regions and spatial profiles
used to calculate the outflow extents. While in the case of the
Pae and Bry all the outflows are spatially resolved, in [Si VI]
the outflows are not resolved for JO802+25, J1440+53, and
J1455+32.
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Fig. C.1. Spectral regions and spatial profiles used to calculate the
outflow extent from Paa (left panels) and [Si VI] (right panels). Top
row: Fits of the nuclear spectrum. The red and blue windows corre-
spond to the wings of the lines, which are dominated by the outflows,
while the green window captures the bulk of the narrow component.
Middle row: Same spectral windows superimposed on the continuum-
subtracted maps showing the line emission along the spectral and spa-
tial directions. Bottom row: Average (i.e., weighted mean of the red
and blue wings) continuum-subtracted spatial profiles of the Paa and
[Si VI] outflows. The red solid line shows the Gaussian fit to the line
profile, while the blue dashed lines corresponds to the seeing spatial
profiles derived from observations of standard stars.
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Table D.1. Direct outflow properties of the QSO2s.

QSO2 /Line Ay log(ne)smy log(ne)rr  Flux x 1079 log(Low) Vout Vimax FWHM Tout
[mag] [em™] [em3] [ergecm™2s7)] [ergs™!] [kms™']  [kms™!] [km s~'] [kpc]
J0802+25  0.7470% 2717008 3567012
Paa (i) 2.41+0.39 41.09 580+32 1191+52 719448  0.96+0.09
(b) 3.52+0.58 41.25 -325 1330 1183 0.96+0.09
[Si VI] (i) 0.97+0.3 40.24  775+151 1415+219 753+186 <1.13
(b) 0.28+0.3 39.7 -313 1469 1361 <1.13
J0945+17  1.367012 2627007 3397008
Paa (i) 3.32+1.26 41.69 -132+14 843438 837+41 2.13+0.15
(b) 0.51+0.33 40.88 -374+129 1786+129 1663 2.13+0.15
[Si VI] (i) 0.62+0.29 40.5 -248+41 895+41 762 2.67+0.57
(b) 0.65+0.36 40.52 -449+288 1809+408 1601+340 2.67+0.57
T1034+60 0.84702 278700 3 99010
Bry (b) 12.03+£2.16 42.46 -127+10 1398+11 1496 1.26+0.28
[Si VI] (b) 21.3+3.78 41.17 -194+48  1475+48 1508 1.07+0.23
T1440+53  0.62705 3.0370% 302700
Bry (i) 5.48+1.76 41.82 -49+22 505+54 537+58  0.32+0.17
(b) 1.92+0.4 41.37 -300+131 1991+131 1991 0.32+0.17
[Si VI] (1) 3.25+3.7 40.05  -14+£320 417+£320 475 <0.62
(b) 11.07£5.77 40.58 -364+407 2073+815 2012+832 <0.62
J1455+32 0.507017 3.0670% 3887005
Paa (i) 1.04+0.63 40.78 89+181 779+267 812+231 0.7+0.35
(b) 0.49+1.01 40.45 -60 1237+419 1386+492 0.7+0.35
[Si VI] (1) 0.19+0.12 39.59 48+242 5794302 625+213 <1.04
(b) 0.35+0.44 39.85 -60 1565+1718 1772+2023 <1.04
1713457  0.6502 288700 4067005
Paa (i) 3.01+1.26 41.49 14+50 1054+88 1225485 1.21+0.36
(b) 1.6+0.97 4121 -619+£370 2781+£776 2546+803 1.21+0.36
[Si VI] (1) 0.55+0.29 40.29 14 964+104  1119+122 1.25+0.93
(b) 0.55+0.25 40.29 -618 2288+89  1966+104 1.25+0.93

Notes. (1) QSO2 ID and emission line component. (2) Ay = 3.1 X E(B — V) obtained from the trans-auroral density estimates from Bessiere et al.
(2024) and shown in Table 4. (3-4) Electron densities from Table 4. (5) Emission line fluxes from Tables A.1-A.6 of Appendix A. (6) Outflow
luminosities (Lyg, Lisivyy). (7-9) Velocity shift (v), Vinax = V5| + 20 (with o0 * FWHM/2.355), and FWHM of the intermediate and broad
components shown in Tables A.1-A.6 of Appendix A. (10) Ouflow extent from Table 5.
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Fig. C.2. Same as in Fig. C.1, but for J0945+17.
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Table D.2. Physical outflow properties obtained from the direct properties reported in Table D.1.

(QSO2 / Line Mout X 106 Mnut/Mtot Moul 1og(Ekin) é: n Mmax 1Og(Ekin,max) gmax Mmax
[Mo] Mo yr'] [ergs™]  [%] Mo yr']  [ergs™]  [%]
n, - [SII] method
J0802+25
Hion 4.01+0.74 0.43 5.5+1.1 41.6 0.01 0.123 16.3+3.3 42.92 0.3 0.364
[Si VI] 0.64+0.24 0.41 >1.2 >41.3 >0.006 >0.026 >2.5 >42.2 >0.05 >0.055
J0945+17
Hion 9.2+3.44 0.66 2.2+0.8  40.57 0.0004 0.154 12.8+4.6 42.73 0.06  0.909
[SiVI] 2.28+0.88 0.68 0.9+0.6  40.65 0.0005 0.065 3.6x1.7 42.45 0.03 0.254
J1034+60
Hion 32.66+8.72 0.78 10.1+3.6  40.71 0.002 0.781 | 111.1+£38.6 43.83 2.7 8.612
[Si VI] 3.56+0.95 0.67 2.0+0.8  40.37 0.0009 0.153 15.1+£5.2 43.01 04 1.167
J1440+53
Hion 5.67+£1.45 0.63 6.2+3.4  41.08 0.003 0.247 | 48.4+20.8 43.56 1.0 1.928
[Si VI] 0.67+0.33 0.58 >1.0 >40.59 >0.001 >0.038 >5.6 >42.86 >0.2  >0.225
J1455+32
Hion 0.52+0.42 0.61 0.2+0.3 38.59 0.00003 0.014 2.1£2.2 41.82 0.05 0.168
[Si VI] 0.14+0.12 0.79 >0.02 >37.37 >0.000002 >0.002 >0.5 >41.52 >0.03 >0.04
J1713+57
Hion 4.2+1.59 0.78 24+2.1 41.44 0.006 0.131 17.6+8.8 43.44 0.6 0.967
[Si VI] 0.76+0.29 0.78 0.6+ 40.84 0.002 0.032 3.0+2.1 42.57 0.08 0.165
n. - TR method
J0802+25
Hion 0.57+0.14 0.43 0.8+0.2 40.75 0.002 0.017 2.3+0.6 42.07 0.04  0.052
[Si VI] 0.09+0.04 0.41 >0.2 >40.45  >0.0009  >0.004 >0.4 >41.35  >0.007 >0.008
J0945+17
Hion 1.56+0.6 0.66 0.4+0.1 39.8 0.00007 0.026 2.2+0.8 41.96 0.01  0.155
[Si VI] 0.39+0.15 0.68 0.2+ 39.88 0.00008 0.011 0.6+0.3 41.68 0.005 0.043
J1034+60
Hion 20.14+9.95 0.78 +3.4 40.5 0.001 0.482 | 68.5+37.1 43.62 1.7 5.309
[Si VI] 2.2+1.08 0.67 1.2+0.7 40.16 0.0006 0.095 9.3£5.0 42.8 0.3 0.72
J1440+53
Hion 0.73+0.21 0.63 0.8+0.5 40.19 0.0004 0.032 6.2+2.8 42.67 0.1 0.248
[SiVI] 0.09+0.04 0.58 >0.1 >39.7 >0.0001 >0.005 >0.7 >41.97 >0.03 >0.029
J1455+32
Hion 0.08+0.06 0.61 0.03+0.05 37.77 0.000005 0.002 0.3+0.3 41.0 0.008  0.025
[Si VI] 0.02+0.02 0.79 >0.004  >36.55 >0.0000003 >0.0003 >0.08 >40.7 >0.004 >0.006
J1713+57
Hion 0.28+0.1 0.78 0.2+0.1 40.26 0.0004 0.009 1.2+0.6 42.26 0.04 0.064
[Si VI] 0.05+0.02 0.78  0.04+0.03 39.66 0.0001 0.002 0.2+0.1 41.39 0.01  0.011

Notes. (1) QSO2 ID and emission line; (2) mass in the outflow, calculated using the [SII]-based density for the upper part of the table and the
TR-based density for the lower part; (3) fraction of the mass in the outflow over total mass (narrow + outflow components); (4) mass outflow

rate; (5) kinetic power, computed as Eyjy = 1/2 Moy X V.
n = M/SFR; (8-11) same quantities as in (4-7), but computed using the maximum outflow velocities vy« = [Vs| + 207
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(6) coupling efficiency defined as & = Exin/Lgot; (7) mass-loading factor defined as
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