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ABSTRACT

We used MUSE adaptive optics data in narrow field mode to study the properties of the ionised gas in MR 2251−178 and
PG 1126−041, two nearby (z ' 0.06) bright quasars (QSOs) hosting sub-pc scale ultra-fast outflows (UFOs) detected in the X-ray
band. We decomposed the optical emission from diffuse gas into a low- and a high-velocity components. The former is characterised
by a clean, regular velocity field and a low (∼80 km s−1) velocity dispersion. It traces regularly rotating gas in PG 1126−041, while in
MR 2251−178 it is possibly associated with tidal debris from a recent merger or flyby. The other component is found to be extended
up to a few kpc from the nuclei, and shows a high (∼800 km s−1) velocity dispersion and a blue-shifted mean velocity, as is expected
from outflows driven by active galactic nuclei (AGN). We estimate mass outflow rates up to a few M� yr−1 and kinetic efficiencies
LKIN/LBOL between 1−4 × 10−4, in line with those of galaxies hosting AGN of similar luminosities. The momentum rates of these
ionised outflows are comparable to those measured for the UFOs at sub-pc scales, which is consistent with a momentum-driven wind
propagation. Pure energy-driven winds are excluded unless about 100× additional momentum is locked in massive molecular winds.
In comparing the outflow properties of our sources with those of a small sample of well-studied QSOs hosting UFOs from the litera-
ture, we find that winds seem to systematically lie either in a momentum-driven or an energy-driven regime, indicating that these two
theoretical models bracket the physics of AGN-driven winds very well.

Key words. quasars: individual: MR 2251−178 – quasars: individual: PG 1126−041 – ISM: jets and outflows –
techniques: imaging spectroscopy – galaxies: ISM

1. Introduction

Feedback from active galactic nuclei (AGN) is expected to have
a significant impact on the formation and evolution of massive
galaxies (e.g. Silk & Rees 1998; Harrison 2017). Active galactic
nuclei activity can effectively inhibit star formation (so-called
negative feedback) both via the injection of thermal energy into
the circumgalactic medium, which delays its cooling and sub-
sequent accretion onto the host (Ciotti & Ostriker 1997; Fabian
2012), and via the production of galaxy-scale outflows capa-
ble of driving a significant fraction of the gas reservoir out of
the galaxy (Zubovas & King 2012; Pontzen et al. 2017). On the
other hand, AGN can also promote star formation (“positive”

? The reduced datacubes are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/644/A15

feedback) by enhancing gas pressure in the interstellar medium
(Silk 2013; Cresci et al. 2015).

Virtually all current theoretical models of galaxy evolu-
tion include AGN feedback as a key ingredient to explain
the properties of high-mass galaxies at various redshifts (King
2003; Booth & Schaye 2009; Weinberger et al. 2017), and cur-
rent galaxy-scale hydrodynamical simulations predict a multi-
phase medium around AGN-hosting systems with properties
compatible with those observed (e.g. Gaspari et al. 2017, 2020;
Ciotti et al. 2017; Richings & Faucher-Giguère 2018). However,
despite the widespread success of these models, the physics of
the interplay between AGN and the interstellar medium (ISM)
remains elusive, with different possible candidates for both the
initial feedback mechanism (winds, jets, radiation) and the mode
by which feedback communicates with the gas reservoir (energy
or momentum-driven feedback; for a comprehensive review, see
King & Pounds 2015).
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From an observational point of view, AGN-driven outflows
are commonly detected at virtually all redshifts using a vari-
ety of tracers covering the entire electromagnetic spectrum
(Cicone et al. 2018). Optical emission lines such as Hα and
[O iii]λ5007 have been routinely used to study the warm (T ∼
104 K) ionised component of the wind in tens of thousands of
low-z AGN (e.g. Woo et al. 2016) and in a few hundred high-z
systems, up to z ' 3.5 (Harrison et al. 2012; Cresci et al. 2015;
Brusa et al. 2015; Carniani et al. 2015; Bischetti et al. 2017).
Deep sub-mm and radio observations have revealed the presence
of a neutral (both atomic and molecular) component of the wind
as traced mainly by H i, CO and OH lines (Morganti et al. 2005;
Feruglio et al. 2010; Maiolino et al. 2012; Cicone et al. 2014;
González-Alfonso et al. 2017; Fluetsch et al. 2019), which is
thought to contribute substantially to the overall mass outflow
budget, especially in low-luminosity AGN (Fiore et al. 2017).
Outflows of neutral atomic gas can also be seen at optical wave-
lengths via the NaID line (e.g. Baron et al. 2020). However,
while fundamental in characterising the properties of the wind
on a galaxy scale, these data carry little information on how such
winds generate from within the active nucleus and propagate into
the ISM.

Instead, X-ray data make it possible to dig deeper within the
nuclear region and provide fundamental clues on the wind prop-
erties at sub-pc scales via the study of blue-shifted Fe K high-
ionisation absorption lines (Pounds et al. 2003; Reeves et al.
2009; Gofford et al. 2013, 2015; Nardini et al. 2015). In particu-
lar, a comprehensive study of a sample of 42 Seyferts observed
with XMM-Newton carried out by Tombesi et al. (2010a, 2011,
2012, 2013) revealed that about 40% of the sources host so-
called ultra-fast outflows (UFOs). These are X-ray winds with
mild-relativistic velocities (vout ∼ 0.1c) and very high kinetic
luminosity (∼1042−1045 erg s−1), potentially enough to quench
star formation within their host (Hopkins & Elvis 2010). Clearly,
targeting galaxies hosting UFOs with multi-wavelength observa-
tions is an excellent strategy for studying the AGN-ISM inter-
play on different physical scales. Connecting the properties of
nuclear X-ray winds with those of the galactic-scale outflows
is critical to understanding their acceleration and propagation
mechanisms, and, ultimately, their effect on the host galaxy.

The goal of this study is to relate the properties of galaxy-
scale ionised outflows, traced by optical emission lines, to those
of X-ray UFOs, in two nearby (z = 0.06) bright quasars (QSOs),
MR 2251−178 and PG 1126−041. In particular, we took advan-
tage of the unprecedented resolution, sensitivity, and spectral
coverage offered by MUSE in its adaptive optics (AO)-assisted
narrow field mode (NFM) to map the outflow components and
to compute their energetics in detail.

This paper is structured as follows. In Sect. 2, we present
our observations and data reduction strategies. In Sect. 3, we
describe the approach adopted to derive the properties of the
ionised gas from the MUSE data. Our results on the kinemat-
ics and energetics of the ionised gas are presented in Sect. 4,
with further discussion in Sect. 5. Conclusions and final remarks
are drawn in Sect. 6. Throughout this work we adopt a ΛCDM
flat cosmology with Ωm,0 = 0.27, ΩΛ,0 = 0.73 and H0 =
70 km s−1 Mpc−1.

2. Data

2.1. Observed targets

Our sample consists of two QSOs hosting the most powerful,
well-established X-ray winds at z < 0.1 that were visible in the

southern sky at the time of the MUSE observations. Details on
these objects are provided below.

The MR 2251−178 system is a radio-quiet, type 1 lumi-
nous (log(LBOL/L�)∼ 12.15, see Table 1) quasar, the first QSO
to be identified via X-ray observations (Cooke et al. 1978;
Ricker et al. 1978), and the first system for which X-ray absorp-
tion by warm photoionised gas was established (Halpern 1984).
The absorbing gas, which is variable in terms of ionisation
state and column density (Pan et al. 1990) and visible also in
UV (Ganguly et al. 2001), was found to feature a high-velocity
and highly-ionised outflowing component traced by Fexxvi
(Gibson et al. 2005). In the last decade, the sub-pc scale UFO
of MR 2251−178 was characterised in detail thanks to sev-
eral X-ray observations at different resolutions, energies and
epochs, indicating spatially and temporally variable outflows
with velocities in the 0.04−0.14c range (Gofford et al. 2011,
2013; Reeves et al. 2013).

The circumgalactic environment of MR 2251−178 is pecu-
liar. The QSO lies in the outskirts of a loose, irregular clus-
ter (Phillips 1980) and is surrounded by a giant (200 kpc-wide)
emission-line nebula detected in [O iii] and Hα (Bergeron et al.
1983; di Serego Alighieri et al. 1984; Macchetto et al. 1990). The
nebula is characterised by regular kinematics (Shopbell et al.
1999) but is in apparent counter-rotation with respect to the gas
located within the host galaxy (Norgaard-Nielsen et al. 1986).
While the filamentary morphology of the nebula resembles that
of the gaseous envelopes surrounding powerful radio galaxies,
this QSO shows only a weak radio emission with a double jet-
like appearance (Macchetto et al. 1990). Both internal mecha-
nisms (such as AGN-driven winds) and external ones (merger
debris, cooling flow) have been proposed as possible origins of
this extended gaseous structure. We discuss the nature of this neb-
ula further in Sect. 5.1.

The object PG 1126−041, also known as Mrk 1298, is a
radio-quiet AGN with a luminosity in between those of typi-
cal Seyferts and QSOs (log(LBOL/L�) ∼ 11.62). As opposed
to the previous system, in PG 1126−041 the outflow component
was first detected in UV absorption using data from the Inter-
national Ultraviolet Explorer (IUE) by Wang et al. (1999), who
reported outflow speeds in the 1000−5000 km s−1 range, while
only weak features were visible in the ROSAT X-ray spectrum.
This QSO was later the target of a multi-epoch observational
campaign aimed at constraining the properties of its central
engine with XMM-Newton (Giustini et al. 2011). These obser-
vations revealed a complex X-ray spectral variability (which
was previously noticed by Komossa & Meerschweinchen 2000)
on timescales of both months and hours, and the presence of
a highly ionised X-ray absorber at sub-pc scales with out-
flow velocity of about 0.055c, variable on timescales of a few
kiloseconds.

2.2. MUSE observations and data reduction

MUSE data for these two objects were collected on 8 May
2019, 4 Aug 2019, and 6 Aug 2019, under programme 0103.B-
0762 (PI G. Cresci). The data consisted of two observing blocks
(OBs) for each target, for a total of eight exposures of 480 s
(MR 2251−178) and 12 exposures of 460 s (PG 1126−041) each,
together with four 100 s sky exposures for each galaxy. The
nominal seeing derived from the DIMM measurements during
the observations were ∼0.84′′ for MR 2251−178 and ∼0.48′′
for PG 1126−041. The exposures were dithered and rotated by
90 degrees in order to remove the pattern produced by the 24
channels associated with each IFU, as well as to optimise the
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cosmic-ray removal and background subtraction. The sky expo-
sures were used during the data reduction to create a model of
the sky lines and sky continuum, to be subtracted from the sci-
ence exposures. The data reduction has been carried out with the
MUSE pipeline v1.6, using ESO Reflex, which gives a graphi-
cal and automated way to execute the Common Pipeline Library
(CPL) reduction recipes with EsoRex, within the Kepler work-
flow engine (Freudling et al. 2013).

Data for MR 2251−178 (PG 1126−041) consist of a cube
of 381 × 354 (362 × 357) spaxels, for a total of about 135
(129) thousand spectra covering a field of view of 9.65′′ × 8.97′′
(9.17′′×9.05′′). Spaxel size is of 25×25 mas2. Each spectrum is
sampled by 3681 channels covering the λλ4750−9350 Å spec-
tral range with a channel width of 1.25 Å. Spectral resolution
in this range varies almost linearly from R ∼ 1750 (FWHM of
∼170 km s−1) in the blue to R ∼ 3600 (FWHM of 83 km s−1)
in the red. Details on the MUSE spatial resolution are given in
Table A.1 and discussed in Appendix A.

2.3. General properties of the QSOs

Table 1 lists the main physical properties of the two QSOs, most
of which are derived in the present study. The new AO-assisted
data provide a more refined estimate for the coordinates of the
two QSOs, for which we took the peak intensity observed at rest-
frame λ5100 Å, and for their redshift, for which we measured
z = 0.064 in MR 2251−178 and 0.060 in PG 1126−041 using
the bright [O iii] doublet towards the galactic nuclei. We note
that, at these z, the MUSE NFM resolution of ∼0.1′′ (FWHM)
corresponds to a spatial scale of about 120 pc, which is perfectly
adequate to describe the detailed structure and kinematics of the
ionised gas in the central 12 × 12 kpc2, corresponding to the
MUSE field of view.

The quoted LBOL for MR 2251−178 is the mean of two dis-
tinct measurements, the first using the rest-frame λ5100 Å lumi-
nosity with bolometric correction from Richards et al. (2006),
and the second from the 2−10 keV luminosity (Nardini et al.
2014) using the bolometric correction from Lusso et al. (2010),
which depends on the optical-to-X-ray spectral index, αox =
−1.05. Similarly, in PG 1126−041 we took the mean between
the LBOL derived from the 2−10 keV luminosity (Giustini et al.
2011) using αox = −1.62, and that derived by Veilleux et al.
(2013) using the combined λ5100 Å and 8−1000 µm luminosi-
ties. The uncertainties on log(LBOL) reported in Table 1 are given
by half the difference between the two measurements.

Following Vestergaard & Peterson (2006), black hole masses
MBH were determined from our MUSE data using the FHWM of
the component of the Hβ line coming from the broad line region
(BLR, see Sect. 3.1), and either the BLR Hβ luminosity or the
rest-frame λ5100 Å luminosity. The two methods gave perfectly
compatible results, and we took the scatter in the relations of
Vestergaard & Peterson (2006) as the main uncertainty on these
values.

The velocity vUFO and column density NH,UFO of the gas
associated with the sub-pc scale UFOs are taken from previous
X-ray studies. For PG 1126−041, we adopted vUFO = 0.055c
and NH,UFO = 7.5 × 1023 cm−2 from Giustini et al. (2011). In
MR 2251−178, at least two distinct high-speed components are
detected in X-ray, the first with vUFO = 0.14c and NH,UFO = 5 ×
1021 cm−2 (Gofford et al. 2011), the second with vUFO ∼ 0.052c
and NH,UFO > 1.5 × 1023 cm−2 (Reeves et al. 2013), where only
a lower limit on NH,UFO can be determined given the degeneracy
with the ionisation parameter in the line modelling.

Table 1. Main physical properties of the two QSOs presented in this
work.

MR 2251−178 PG 1126−041

RA (J2000) 22h54m05.936s 11h29m16.704s

Dec (J2000) −17◦34′53.87′′ −04◦24′06.66′′
z 0.064 0.060
DL Mpc−1 287.8 269.0
Scale 1.23 kpc/′′ 1.16 kpc/′′

log(LBOL/L�) 12.15 ± 0.11 11.62 ± 0.15
log(MBH/M�) 8.43 ± 0.43 7.75 ± 0.43
vUFO/c 0.14, 0.052 0.055
NH,UFO/1023 cm−2 0.05, &1.5 7.5

3. Method

We now describe in detail the approach adopted to derive
the properties of the ionised gas from the sky-subtracted flux-
calibrated MUSE data cubes. Our method consists of three steps.
In the first, we focus on modelling the broad emission lines orig-
inating from within the nuclear regions of our galaxies (the so-
called broad-line regions; BLR). In the second step, the previ-
ously built model is used as a template to remove the contami-
nation of the (unresolved) nuclear emission from all the spaxels
in the MUSE data, caused by the extended wings of the point
spread function (PSF). Finally, in the last step, we focus solely
on the (narrow) emission lines from the diffuse ionised gas.

3.1. Modelling the BLR spectrum

The goal of this step is to extract a template model for the Balmer
(Hα and Hβ) and [Fe ii] emission lines originating from within
the BLR. This step is crucial as our results are dependent on how
well the fainter emission from diffuse gas can be separated from
the brighter BLR component. Hence, it is imperative to select
and model a portion of the data domain where emission lines
from both BLR and diffuse gas have a high signal-to-noise ratio
(S/N) and can be visually identified and separated. The central
spectrum, which we took as the spectrum integrated within a
radius of 2 spaxels from the system centre, can be used for this
purpose in MR 2251−178. In PG 1126−041, we instead took the
spectrum integrated within 2 spaxels at a small offset (+0.2′′
in Dec) with respect to the centre, because at this location the
narrow [N ii] doublet, originating from within the diffuse gas,
is more easily recognised on top of the broad Hα line from the
BLR. This allowed us to better separate the contribution of dif-
ferent components (Hα from the BLR and from the diffuse gas,
[N ii] from the diffuse gas) that are severely blended in the cen-
tral spectrum. For simplicity, we hereafter refer to these spectra
as “nuclear”, in spite of the differences described.

We modelled the nuclear spectrum via a hybrid approach
combining the use of analytical functions, spectral templates,
and ad-hoc adjustments driven by the data. The spectrum is
decomposed into the sum of different components: continuum
emission from stars and AGN, broad (&1000 km s−1) Balmer
and [Fe ii] emission lines originating from the BLR, and nar-
row (.1000 km s−1) emission lines from different atomic species
([O iii], Hα, Hβ, [N ii], [S ii] and [O i]). All these components
were fitted to the data simultaneously in the λλ4700−7000 Å
wavelength range using the following assumptions.

As in our systems, the AGN outshines the light from stars,
we did not model the stellar continuum in detail but instead used
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a third-order polynomial to approximate the overall continuum
underneath the emission lines. A third-order polynomial makes
it possible to reproduce the large-scale modulations visible in
our spectra without affecting the fit of the individual lines.

Following Cresci et al. (2015), we describe the Hα and Hβ
BLR lines as broken power-law distributions convolved with
Gaussian functions. These particular functional forms allow us
to model asymmetric line profiles with a variable degree of
“cuspness” at their centre. Given that the broad Hα and Hβ
lines show clear differences in our nuclear spectra, we chose
to model each line independently. The [Fe ii] BLR lines were
modelled using the semi-analytic templates of Kovačević et al.
(2010), which comprise a total of 65 individual emission lines at
λλ4000−5500 Å. These lines were grouped within five distinct
sets (four of which are fully theoretical, while the fifth is based
on the spectrum of I Zw 1), of which the relative intensity was
free to vary, while we imposed the same velocity shift and width
for all lines.

We describe the diffuse gas emission from individual species
using multiple Gaussian components, each having its own cen-
troid, amplitude, and width. Individual line profiles can be
complex in this sources; for instance, a minimum of three com-
ponents are required to reproduce the shape of the [O iii] line.
After having decided the number of components N required to
reproduce a given “reference” line, we made the strong assump-
tion that all the various atomic species trace the same emitting
region, thus imposing that the velocity profile of each individual
line be a re-scaled version of the reference one1. For both QSOs
examined, the adopted reference line is the bright [O iii]λ5007
emission line, which does not suffer from significant contami-
nation from the BLR. We neglected variations in the shape of
the different lines induced by the MUSE variable spectral resolu-
tion, since typical line widths measured in the nuclear regions are
always larger (by a factor &3) than the instrumental broadening.
This significantly decreases the number of degrees of freedom
for the diffuse gas modelling down to 3N + m − 1, with m being
the number of atomic species considered. This stratagem is cru-
cial to breaking the degeneracy between BLR and diffuse emis-
sion and to providing physically meaningful results (see Sect. 5).
We note that this assumption was used only in this particular
step, and we dropped it when modelling the diffuse gas alone
(Sect. 3.3).

We set up our model and fitted it to the data using our
own python routines2. We then made a final improvement.
We assume that, in the regions dominated by the Hα and Hβ
lines (approximately at λλ4730−4930 Å and λλ6400−6680 Å
rest frames), deviations from our best-fit model are solely due
to limitations in our BLR description. This assumption is justi-
fied by the fact that the broad wings of the Balmer lines show
quite a few “bumps” (especially in MR 2251−178), indicating
that the assumed broken-power-law description does not fully
capture their complexity. Under this assumption, we used the
residual from our best-fit profile as a correction term to our BLR
model in the region of the Balmer lines, so that our final model
perfectly matches the data in those regions. The use of this data-
driven correction term implies the injection of a small amount
of noise into our model. However, among all spaxels in the dat-
acube, our nuclear spectra have the highest possible S/N, thus
their use as a template to clean the data from BLR emission does
not bias our analysis. Clearly, this BLR correction term may con-

1 Lines are re-scaled in the velocity space, not in the wavelength space.
2 Specifically, we made use of the curve_fit routines from the scipy
library.

tain important information on the physics of the BLR, of which
the study is, however, beyond the purpose of this work.

We show the results of our modelling in Fig. 1, where we
focus on two regions encompassing the brightest lines (Hβ and
[O iii] in the left panels, Hα and [N ii] in the right panels) in the
nuclear spectra of MR 2251−178 (top panels) and PG 1126−041
(bottom panels). The models (solid red lines) reproduce the data
(solid black lines) remarkably well, which is also thanks to the
(small) correction term added to the BLR emission. The magni-
tude of this term can be seen in the inset below each panel, which
zooms-in on the residuals (defined as the difference between the
data and the model) derived with or without such correction. In
general, the amplitude of the correction is of the order of the
residuals in the [O iii] line, the exception being the Hα line in
MR 2251−178 whose profile shape is very complex and where
the correction gets larger. Interestingly, after this data-driven
adjustment, the Balmer BLR lines appear to have a double-
peaked shape, reminiscent of that produced by an unresolved
rotating disc. By construction, all emission lines from diffuse
gas are re-scaled versions of the [O iii]λ5007 line. Blue-shifted
wings can be seen in the [O iii] lines, indicating the presence of
an outflow. In PG 1126−041, [Fe ii] emission fully accounts for
the extended red wing close to the [O iii] line.

3.2. Removing the contribution from the BLR

We then proceeded to remove the contamination of the BLR
emission from the entire dataset. As the BLR was unresolved, we
expected its emission to be spatially distributed like the MUSE
PSF. The latter, given the AO-nature of our data, should be
roughly made by a combination of an AO-corrected narrow core
surrounded by a broad (seeing-limited) halo. The presence of
this halo is particularly relevant, as bright sources – such as the
BLR – can contaminate spaxels located far beyond the nominal
spatial resolution. The exact shape of the PSF strongly depends
on the observing conditions and is difficult to determine a priori,
especially for AO observations.

To address this problem, we used pPXF software (Cappellari
2017) to model the whole datacube under the assumption that
the contribution of the BLR emission to each spectrum is only a
re-scaled version of that determined within the nuclear region. In
practice, for each system, we produced a BLR template made by
the sum of the best-fit [Fe ii] lines, Balmer lines, and the polyno-
mial found in Sect. 3.1. We then used pPXF to fit each spectrum
in the datacube with a combination of our BLR template, which
can only be re-scaled in amplitude, and multiple Gaussian com-
ponents for the spatially resolved diffuse emission. With respect
to the previous step, we allowed for a larger freedom in the mod-
elling of the diffuse gas by assuming that the flux ratios of the
different Gaussian components can vary freely amongst the dif-
ferent atomic species, so that different lines can have different
total profiles. We still constrain the central velocities and veloc-
ity widths of all components to be the same in all the species con-
sidered, under the assumption of unique, underlying large-scale
kinematics. Finally, the BLR component of the fit is subtracted
to the original datacube, producing a “cleaned” cube containing
only narrow lines from the various atomic species.

A couple of factors, however, complicate this procedure. A
first concern is that the described approach leads to a poor fit
to the spaxels around the centre, where the broad Hα and Hβ
components appear to give different contributions to the spec-
trum with respect to what we inferred from the nuclear region.
This issue is a consequence of the variation of the PSF with
wavelength due to the AO-assisted nature of our data, with
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Fig. 1. Representative regions of optical nuclear spectrum (solid black lines) for MR 2251−178 (upper panels) and PG 1126−041 (lower panels),
along with their respective best-fit models (solid red lines). The left-hand panels focus on the Hβ and [O iii] lines, while the right-hand panels are
centred on the Hα and [N ii] lines. The models are given by the sum of the [Fe ii] and Balmer emission lines from the nuclear region (solid purple
and green lines, respectively), diffuse gas emission from individual atomic species (solid blue lines), and a third-order polynomial (dashed yellow
lines). Emission from diffuse gas is modelled with three Gaussian components. Residuals (data minus model) are shown below each panel; red
solid (black dashed) lines are used for models with (without) the BLR correction term (see text). The red vertical band in the bottom-right panels
marks a region contaminated by a sky-subtraction residual and is not fitted by our model.

the Strehl ratio being higher in the red (Hα) than in the blue
(Hβ). To account for this, we break the assumption of rigid re-
normalisation of the full BLR model, which is instead split into
two sub-regions (above and below the 5700 Å rest-frame) that
can scale separately in the fit. Figure 2 shows a representative
spectrum of MR 2251−178 to demonstrate that the approach
described leads to a much better fit to the data in the regions
around the Hβ line. Details on the MUSE PSF in the two spec-
tral regions are provided in Appendix A.

A second concern is the number of narrow components
required to reproduce the data. This can vary across the field
due to either an intrinsic variation in the complexity of the line
profile, or to variations in the S/N. In order to decide the opti-

mal number of components that are used in each spaxel, we
adopted the following statistical approach. We first fit the whole
datacube multiple times, each time using a fixed number of nar-
row components ranging from one to three. We found this range
to be optimal given that even the most complex profile in our
data can be accurately described by three components, while a
single component is sufficient to model the fainter lines in the
external part of the field of view, where the S/N is small, and
the dynamics of the system are simpler. Then, for each spaxel
we compared the distribution of the residual in a wavelength
range encompassing the bright [O iii] line using a Kolgomorov-
Smirnov (KS) test. In practice, we ask whether the residuals of
a model with n + 1 components differ statistically from those
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Fig. 2. Representative spectrum taken at 0.34′′ from centre of
MR 2251−178 (black lines in all panels), and best-fit models (red lines)
derived by re-normalising the BLR contribution either as a whole (top
panels), or for the red and blue regimes separately (bottom panels), as
discussed in the text. The green lines show the contribution of the BLR
emission to the full spectrum. The separate normalisation leads to a
much better fit to the Hβ line (left panels).

of a model with n components, starting from n = 1. If they do,
we set n = n + 1 and re-do the test, otherwise we set to n the
optimal number of components for that particular spaxel. This
method does not rely on any particular likelihood estimator, and
accounts only for the relative improvements that an additional
fitted component would bring to the model. We can change our
acceptance tolerance by varying the p-value threshold3 of the
KS test. We experimented with different values and visually ver-
ified their effect on the final model, finding that 0.6 < p < 0.9
is the optimal range to describe our data. The fiducial p-values
adopted are 0.75 for MR 2251−178 and 0.8 for PG 1126−041.
Maps showing the number of components are presented in the
section below.

3.3. Modelling the diffuse emission

In this step, we focused on the continuum and BLR-subtracted
cubes to extract the properties of the emission lines from the
diffuse ionised gas. While the latter were already modelled by
pPXF in the procedure above, re-fitting these lines on the cleaned
dataset brings two advantages. The first is that we have fewer
free parameters, as we do not need to model the complex BLR
emission. The second advantage consists of a larger freedom in
selecting the desired functional forms to fit the data, bypassing
the limitations of pPXF of using solely Gauss-Hermite functions.
In practice, however, we found that a multi-Gaussian represen-
tation of the line profiles is perfectly satisfactory for the two
datasets in question. In order to increase the S/N in the exter-
nal regions of the datacube, we employed a Voronoi tessella-

3 0 ≤ p ≤ 1, where 0 (1) minimises (maximises) the number of com-
ponents required.

tion of our data using the method of Cappellari & Copin (2003).
This consists of generating an adaptive spatial binning, with grid
elements that can vary in size and shape, ensuring a minimum
S/N across the whole dataset. We required each Voronoi bin
to have a minimum S/N of 15 in the [O iii] line4. The multi-
Gaussian fit follows the same statistical methodology described
in Sect. 3.2. In this step, we explicitly modelled the following
emission lines: Hβ, [O iii]λ4959, [O iii]λ5007, [N ii]λ6548, Hα,
[N ii]λ6583, [S ii]λ6716, and [S ii]λ6731. We treated the [O iii]
and [N ii] lines as doublets, fixing both the [O iii] λ5007/λ4959
line ratio and the [N ii] λ6583/λ6548 line ratio to the theoret-
ical value of 3. Fainter lines, such as [He i], [O i]λ6300 and
[O i]λ6364, are detected (especially around the nuclear region)
but not modelled.

The line shapes can be complex as they result from the mix-
ture along the gas line of sight that follows the galaxy’s global
kinematics with material showing strong “peculiar” motions
(such as in an outflow). As the main target of our study is the
outflowing gas, which is commonly traced by the broader com-
ponent of the lines, we need to develop an automated method to
separate it from the remaining “non-peculiar” kinematic compo-
nent. For this purpose, we post-processed our best-fit model of
the diffuse gas as follows.

For any given line profile, we first determined its peak veloc-
ity vpeak as the velocity corresponding to the line peak. We then
flagged all Gaussian components that had at least a fraction, fHV,
of their flux at relative velocities |v − vpeak| above a given thresh-
old, vHV, as “high-velocity” (HV). If more than one component
satisfies the condition above, these are merged together in a sin-
gle HV component, and we label the remaining portion of the
line profile as “low-velocity” (LV). This classification based on
vpeak is well suited for our QSOs where emission lines from dif-
ferent species peak at similar velocities, and the HV compo-
nents are always sub-dominant, but it may not be optimal in
cases where vpeak varies significantly from one line to another
or when the flux is dominated by the HV components. We note
that, with the classification adopted, even lines described by a
single component can be classified as HV if their velocity width
is sufficiently large. After experimenting with different values,
by visual inspection of the profiles we found that fHV = 0.4 and
vHV = 300 km s−1 give the optimal separation between the HV
and LV components. These values correspond to the requirement
that about half of the flux in each HV component lies at veloci-
ties &3−4σ from the line peak, with σ being the typical velocity
dispersion of the LV component (∼80−100 km s−1).

Figure 3 synthesises our modelling procedure for the diffuse
gas. The number of components used in each Voronoi bin varies
across the field (left-hand panes) and typically peaks in the cen-
tral regions where the S/N is higher, decreasing at larger radii.
Furthermore, MR 2251−178 shows a clear dichotomy where
fewer components are required to reproduce the emission in the
east-west direction (where the dense shells of the nebula lie)
while more components are needed in the direction perpendic-
ular to it. We discuss this further in Sect. 4.1. Individual line
profiles are shown in the right-hand panels of Fig. 3. These are
well fit by our model, and, in particular, the HV component accu-
rately traces the extended blue wings of the emission lines. In the
section below, we use these HV components to infer the proper-
ties of the outflowing gas.

4 Computed as the integrated S/N in the λλ5000−5015 Å rest-frame
range.
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Fig. 3. Multi-component fit for dif-
fuse gas emission lines of MR 2251−178
(top panels) and PG 1126−041 (bot-
tom panels). Left-hand panels: iso-
intensity contours for the integrated
[O iii] line (black lines); the background
colours show the number of compo-
nents used in each Voronoi bin. The
[O iii] maps are derived by integrating
the (unbinned) BLR-subtracted cubes
in the λλ4930−5030 Å rest-frame range
and are spatially smoothed to a FWHM
resolution of 0.25′′. Contours are spaced
by a factor of 2, the outermost being
at 3× the rms noise. The crosses in
cyan mark the bins at which the spectra
shown in the right panels are extracted.
Right-hand panels: representative spec-
tra in a range encompassing the Hβ
and [O iii] lines for the BLR-subtracted
cubes (black lines), our best-fit mod-
els (blue lines), and their HV sub-
components alone (orange lines).

4. Results

4.1. Distribution and kinematics of ionised gas

Figure 4 offers an overview of the distribution and the kine-
matics of the ionised gas in MR 2251−178 and PG 1126−041,
as derived from our modelling of the [O iii] and Hα lines. The
moment-0 (intensity), moment-1 (velocity field), and moment-2
(dispersion field) maps for the LV and HV components of these
lines are shown separately in order to better trace their distinct
spatial and velocity distributions. The moment-1 and -2 maps
are clipped to a peak S/N5 of 3. This significantly improves
the quality of such maps, especially close to the borders, where
contamination from HV components with a low S/N are impor-
tant. Moment-2 maps have not been deconvolved for instru-
mental broadening, which gives minimum observable velocity
dispersions σMUSE of about 50 km s−1 around the Hα line and
65 km s−1 around the [O iii] doublet.

We focus first on the LV component in MR 2251−178, which
dominates the diffuse gas emission beyond ∼0.5′′ from the cen-
tre and traces the extended nebula around the galaxy very well.
The nebula seems to be composed by a series of thin shells of
ionised gas, which wrap around the system and extend in the
east-west direction up to the edge of our field of view. Each

5 Computed as the ratio between the peak of the line in the model (or
the peak of each component, for the LV and HV maps) and the standard
deviation of the residuals within a small spectral window around the
line.

shell shows several sub-structures that are particularly evident
in the Hα intensity map, possibly because of the better spatial
resolution achieved by the AO system at these wavelengths. The
velocity field of the nebula is peculiar: while a clear velocity
gradient is visible, its direction does not match the orientation of
the shells perfectly. This mismatch suggests that the nebula can-
not be described simply by a series of layers in spherical expan-
sion from a central point, but that more complex kinematics are
at work here. Furthermore, the moment-2 maps reveal that the
material in the shell is described by an exceptionally low veloc-
ity dispersion (∼80 km s−1), of the order of the MUSE spectral
resolution, which is at odds with expectations from a more tur-
bulent AGN-driven wind origin. We discuss the origin of this
nebula further in Sect. 5.1.

The LV component in PG 1126−041 is somewhat less spec-
tacular. In this galaxy, the emission from diffuse gas is more
centrally concentrated, and even for the brightest lines the S/N
drops dramatically (and the Voronoi grid becomes very coarse)
beyond the central ∼1′′. Still, a large-scale velocity gradient
seems to be visible, especially in the Hα line, which shows a
velocity difference of about 350 km s−1 across its length. The
LV Hα morphology and the orientation of its velocity gradient
match those of the broad-band optical image of PG 1126−041
from the DSS6. We therefore interpret this velocity gradient as
that of a regularly rotating disc, whose kinematics appear to

6 Retrievable from the NASA/IPAC Extragalactic Database: https:
//ned.ipac.caltech.edu/

A15, page 7 of 18

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038889&pdf_id=3
https://ned.ipac.caltech.edu/
https://ned.ipac.caltech.edu/


A&A 644, A15 (2020)

MR 2251-178 PG 1126-041

3 kpc

3 kpc

3 kpc

3 kpc

3 kpc

3 kpc

Fig. 4. Distribution and kinematics of diffuse ionised gas in MR 2251−178 (left-hand panels) and PG 1126−041 (right-hand panels). For each
system, the set of six panels on top (middle, bottom) show the moment-0 (moment-1, moment-2) map for the [O iii] (first row) and the Hα (second
row) emission lines from diffuse gas. The different columns show the maps derived for the whole line, or for the LV and the HV components
separately. Moment-1 and moment-2 maps are clipped at a peak S/N of 3. Moment-1 maps are relative to the systemic velocity of the QSOs, given
by their estimated redshift.

be relatively undisturbed by the presence of an active galactic
nucleus.

While the LV components preferentially trace the large-scale
kinematics, the HV components are more informative of the
nuclear activity. As expected, in both systems the HV compo-
nent appears to be preferentially concentrated towards the galac-
tic centre, featuring a negative (i.e. blue shifted) bulk velocity
ranging from a few tens to a few hundreds of km s−1, and a veloc-
ity dispersion of 400−800 km s−1. These are all clear signs of
the presence of AGN-driven outflows from the central regions of
MR 2251−178 and PG 1126−041. We note that in both QSOs the

HV component appears to be more spatially extended in [O iii]
than in Hα. This is likely caused by the different brightnesses of
the two lines, with the HV-component of the latter falling below
our S/N threshold beyond the central ∼1′′. In MR 2251−178, the
outflow appears to be extended in the north-south direction. The
inferior S/N achieved in PG 1126−041 prevents us from study-
ing the detailed spatial distribution of the outflow; yet, its size
appears to be at least of ∼1′′, thus much larger than the MUSE
angular resolution (Fig. A.1). The energetics of these kpc-scale
outflows and their connection to the sub-pc-scale X-ray wind are
discussed in Sect. 4.3.
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We focused here on the two brightest lines in our dataset,
the [O iii] and the Hα. We verified that the distribution and kine-
matics of the other atomic species that we modelled (Hβ, [N ii],
[S ii]) were consistent with the pattern traced by these two lines,
although their lower S/N strongly limits the study of the HV
component.

4.2. Outflow electron densities

Converting the luminosity of the HV components into an outflow
mass requires measurements of the wind electron density, ne.
In general, ne can be estimated from the [S ii]λ6716/[S ii]λ6731
ratio (e.g. Osterbrock & Ferland 2006), which is measured in the
regions of the outflow using the HV-components of the [S ii]
lines alone. Unfortunately, in both galaxies the [S ii] doublet
sits on top of the extended (red) wing of the BLR Hα line,
and by visually inspecting our nuclear fits (Sect. 3.1) we find
that the detailed shape of this wing is not accurately captured
by our broken power-law BLR model. This biases our estimate
of the [S ii] fluxes, for which we need a different approach.
We therefore made a new, ad-hoc model for a small spec-
tral region surrounding the [S ii] doublet (λλ6680−6780 rest-
frame), consisting of a fifth-order polynomial for the BLR Hα
wing, and two Gaussian components for each of the two [S ii]
lines, representing the low- and high-velocity parts of the dou-
blet. Ideally, we should apply this model to the spectrum inte-
grated within an aperture that fully encloses the outflow mate-
rial. This can be done in PG 1126−041, where we extracted
and modelled a series of spectra using various apertures within
all the possible Rout (see Sect. 4.3), finding in all cases values
for ne within ∼1000−2000 cm−3. Contrastingly, MR 2251−178
presents a strong velocity gradient in the region of its outflow
(see moment-1 maps in Fig. 4), which would artificially broaden
the [S ii] lines when integrated over a large area. Thus, in this
galaxy we used a much smaller aperture (0.05′′), which we cen-
tred at different locations within the outflow region, finding val-
ues for ne within ∼500−1000 cm−3. The intervals of ne derived
here are used in the next section to compute the masses of the
outflowing ionised gas.

To illustrate the described approach, in Fig. 5 we show rep-
resentative fits to the [S ii] doublets. Clearly, both the Hα wings
and the [S ii] lines are very well reproduced, and the LV and
HV-components are sufficiently separated. There are cases, how-
ever, where the component separation is more ambiguous, but
we stress that our results would not vary significantly if we used
the entire lines, rather than the HV components alone, to derive
ne. We also note that the relation between the [S ii] ratio and ne
of Osterbrock & Ferland (2006), which we adopted in our calcu-
lations, is perfectly compatible with the recent re-calibration by
Kewley et al. (2019) for the range of line ratios that we find.

Given the emission lines available in our data, here we esti-
mated the electron density using the “classical” method based on
[S ii] ratios. We note that the use of different density tracers (such
as the auroral or transauroral lines, e.g. Holt et al. 2011) or of
methods based on the ionisation parameter (e.g. Baron & Netzer
2019) tend to output densities higher by about one order of
magnitude (Davies et al. 2020), and consequently lead to lower
ionised gas masses (but see also Mingozzi et al. 2019, whose
results suggests that these higher densities might be related to
specific brighter and denser clumps that do not dominate the bulk
of the outflow mass).

4.3. Outflow energetics

We now determine the physical properties of the kpc-scale out-
flow in MR 2251−178 and PG 1126−041. In what follows, we

Fig. 5. [S ii] emission lines and related models for MR 2251−178 (top
panel) and PG 1126−041 (bottom panel). The black lines show the spec-
trum extracted within an aperture of 0.05′′ (for MR 2251−178) and 0.5′′
(for PG 1126−041) from the systems’ nuclei. The red lines show our
best-fit models, with separate contributions from the wings of the BLR
Hα (green lines), and the HV- and LV-components of the [S ii] doublets
(orange and blue lines, respectively).

assume that the outflow material in the QSOs is traced by the HV
components discussed in Sect. 4.1, and that it can be described
as a collection of ionised gas clouds all having the same electron
density ne

7.
As before, we focused on the two brightest lines ([O iii] and

Hα) for which the HV components are more clearly visible,
which we used as independent estimators for the outflow prop-
erties. Following Cresci et al. (2017), the mass of the outflowing
ionised gas can be computed from the luminosity of the HV-Hα
line LHα

HV as

MHα
out = 3.2 × 105

 LHα
HV

1040 erg s−1

 (100 cm−3

ne

)
M�. (1)

The same quantity can be derived from the HV-[O iii] line, fol-
lowing (Cano-Díaz et al. 2012 see their Appendix B):

M[OIII]
out = 5.33 × 104

 L[OIII]
HV

1040 erg s−1

 (100 cm−3

ne

)
1

10[O/H] M�, (2)

where 10[O/H] is the oxygen abundance in solar units.

7 A variable cloud density implies a non-unitary multiplicative fac-
tor C ≡ 〈ne〉

2/〈n2
e〉 in Eqs. (1) and (2). A constant ne yields C = 1

(Cano-Díaz et al. 2012).
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The mass outflow rate, Ṁout, at a given radius Rout is derived
using the simplified assumptions of spherical (or multi-conical)
geometry and a constant outflow speed vout. Following Lutz et al.
(2020), we have

Ṁout = H
Moutvout

Rout
= 1.03 × 10−9

( vout

km s−1

) ( Mout

M�

) (
kpc
Rout

)
H M� yr−1,

(3)

where H is a multiplicative factor that depends on the adopted
outflow history. We assumed a temporally constant Ṁout dur-
ing the flow time Rout/vout, which leads to a radially decreasing
density for the outflowing gas (ρ ∝ R−2, i.e. an “isother-
mal” case) and gives H = 1. This choice agrees with the
“time-averaged thin-shell” approach (Rupke et al. 2005), and
it has been extensively used in the literature to describe the
energetics of the ionised and neutral phases of outflows (e.g.
Arav et al. 2013; Heckman et al. 2015; González-Alfonso et al.
2017; Veilleux et al. 2017). We note that some other works pre-
ferred to adopt H = 3 (e.g. Maiolino et al. 2012; Cicone et al.
2014; Feruglio et al. 2017), corresponding to a constant volume
density for the outflowing gas as resulting from a decaying out-
flow history where Ṁout = 0 at the time. This is, however, at odds
with the presence of UFOs in our sources.

The kinetic energy Ekin and luminosity Lkin (sometimes
called “kinetic rate” and indicated as Ėkin) are given by

Ekin = 9.94 × 1042
(

Mout

M�

) ( vout

km s−1

)2
erg (4)

Lkin = 3.16 × 1035
(

Ṁout

M� yr−1

) ( vout

km s−1

)2
erg s−1, (5)

and, finally, the momentum rate ṗout is computed as

ṗout = 6.32 × 1030
(

Ṁout

M� yr−1

) ( vout

km s−1

)
dyn. (6)

Equations (1)–(6) make use of different ingredients (vout,
Rout, ne, luminosity and metallicity), most of which can be deter-
mined using our model for the HV components. In particular, we
made use of “outflow velocity maps”, derived as follows for the
two lines in question. For a given Voronoi bin k, we define the
outflow velocity vout(k) as

vout(k) = max (|v5(k) − vsys|, |v95(k) − vsys|), (7)

where v5 and v95 are, respectively, the fifth and ninety-fifth veloc-
ity percentiles of the modelled HV profile in that bin, and vsys is
the bulk (or systemic) velocity of the galaxy, given by its newly
determined redshift. This definition is based on two assumptions.
The first reflects our ignorance on the true morphology of the
outflow and on its orientation with respect to the observer: as
projection effects are unknown, we make the ansatz that what
best represents the intrinsic outflow speed is the velocity tail
of the profile, that is, the v5 or v95 in Eq. (7). These values
are certainly better suited to represent vout than the mean (or
median) velocity of the line, which is strongly affected by projec-
tion effects and by dust absorption (e.g. Cresci et al. 2015). The
second assumption is that the outflow material comes from the
nuclear region, and thus speeds must be computed with respect
to the systemic velocity of the galaxy (the vsys in Eq. (7)) rather
than to any other (local) reference frame. This is justified by the
fact that the HV component indeed appears to be confined within
the central region, as shown in Fig. 4.

Figure 6 shows maps for the two velocity terms that appear
in Eq. (7) for the [O iii] and Hα lines in MR 2251−178 and
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Fig. 6. Top panels: [O iii] and Hα velocity maps showing fifth (first
row) and ninety-fifth (second row) velocity percentiles of the HV com-
ponents in MR 2251−178. The dashed circles show the maximum Rout
adopted for the calculation of the momentum boost. The green filled
circles indicate the size of the PSF halo, which is markedly smaller than
the spatial extent of the data. Bottom panels: same as for PG 1126−041.
The green dashed circle in the Hα panel shows the outflow radius cor-
rected for the effect of the PSF.

PG 1126−041. As before, only HV components with peak S/N
above 3 are considered. As expected for an outflow traced by
optical emission lines, |v5 − vsys| > |v95 − vsys| in virtually all
spaxels, thus vout is, in practice, given by the first term alone.
Both systems show maximum vout slightly above 1000 km s−1.
Interestingly, in MR 2251−178 vout is larger at the centre and
decreases at larger radii, which can be interpreted as due to pro-
jection effects in a spherically expanding wind. In PG 1126−041,
instead, the kinematic pattern is less clear. In general, the out-
flows are not perfectly circular, and it is not straightforward
to identify a characteristic outflow radius. However, under the
assumption of constant Ṁout and vout, Eq. (3) is expected to hold
at any Rout.
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Table 2. Physical properties of the ionised outflow in MR 2251−178 and PG 1126−041 as derived from our analysis of the Hα and [O iii] lines.

Line Hα [O iii]

Parameter Mout Ṁout Ekin Lkin/LBOL ṗout Mout Ṁout Ekin Lkin/LBOL ṗout
Units (106 M�) (M� yr−1) (1056 erg) (10−4) (LBOL/c) (106 M�) (M� yr−1) (1056 erg) (10−4) (LBOL/c)

MR 2251−178 3.67+1.21
−0.85 4.29+5.36

−2.08 0.47+0.29
−0.21 3.69+7.03

−2.63 0.18+0.29
−0.11 3.41+2.49

−1.46 2.91+3.17
−1.54 0.39+0.38

−0.20 2.23+3.65
−1.59 0.11+0.16

−0.07
PG 1126−041 0.37+0.14

−0.12 0.97+1.06
−0.39 0.04+0.06

−0.02 1.91+8.76
−1.15 0.12+0.27

−0.06 0.52+0.19
−0.17 0.60+0.47

−0.22 0.05+0.03
−0.02 1.10+1.77

−0.57 0.07+0.08
−0.03

The empty circles drawn in Fig. 6 indicate the maximum
possible outflow radius, Rmax, which we take as equal to the
maximum spatial extent of the HV component in the lines anal-
ysed. Outflows in our QSOs are much more extended than the
seeing-limited halos of the MUSE PSFs, which are shown as
filled green circles with a radius of 2Rhalo (see Appendix A for
the core/halo decomposition of the PSFs) in Fig. 6. This indi-
cates that the outflows are spatially resolved. A correction such

as R′max =

√
R2

max−R2
halo yields R′max ' Rmax in all cases, with the

largest difference occurring for the Hα outflow of PG 1126−041
(black vs. green dashed circles in Fig. 6).

To calculate the quantities in Eqs. (1)–(6), along with their
associated uncertainty, we adopted a Monte Carlo approach
where we randomly extracted N = 104 possible Rout between
0.5 × PSFFWHM , a proxy for the minimum resolved spatial
scale (taken from Table A.1), and Rmax. The luminosity asso-
ciated with a particular extraction was computed from the flux
of the HV component within that aperture. Similarly, for vout
we took a random velocity extracted within Rout from the maps
shown in Fig. 4. For ne, we assumed a uniform distribution
within the ranges determined in Sect. 4.2: 500−1000 cm−3 for
MR 2251−178 and 1000−2000 cm−2 for PG 1126−041. For sim-
plicity, we assumed the metallicity to be about solar, and we ran-
domly sampled it in the −0.3 < [O/H] < 0.3 range. The Hα/Hβ
flux ratios that we derive from integrated spectra of the HV com-
ponents are consistent with negligible dust extinction, thus no
corrections for the estimated luminosities are required.

With all the elements at our disposal, we then computed
Eqs. (1)−(6) N times, take the medians of the resulting distri-
butions as representative values for our measurements, and used
the eighty-fourth and sixteenth percentiles for their upper and
lower uncertainties. Table 2 summarises the outflow properties
in MR 2251−178 and PG 1126−041, including our estimates for
the kinetic efficiency Lkin/LBOL, and for the so-called “momen-
tum boost”, that is the ratio between the momentum flux of the
outflowing gas ṗout and the momentum flux initially provided
by radiation pressure from the AGN (LBOL/c, where LBOL is
taken from Table 1). Despite the limitations associated with these
measurements, both the Hα and the [O iii] lines give compat-
ible values for the properties of the outflow in MR 2251−178
and PG 1126−041. In all cases, mass outflow rates are mod-
est (0.6−4.3 M� yr−1) and the kinetic efficiency is small (1−4 ×
10−4). These values are in good agreement with the Ṁout−LBOL
and Lkin−LBOL scaling relations reported by Fiore et al. (2017),
which corroborates the validity of our method and indicates that
MR 2251−178 and PG 1126−041 are similar to the bulk of the
galaxy population featuring AGN-driven ionised winds.

We discuss the implication of these findings on the physical
mechanisms associated with the AGN wind further in Sect. 5.2.
We stress that our analysis only accounts for the ionised com-
ponent of the outflow, and it is indeed possible that the presence

of a neutral (atomic and/or molecular) component may signifi-
cantly increase the overall outflow mass and energy budget (e.g.
Cicone et al. 2014; Fluetsch et al. 2019).

5. Discussion

5.1. The origin of the nebula around MR 2251−178

As we know from several previous studies (e.g. Bergeron et al.
1983; Macchetto et al. 1990; Shopbell et al. 1999), MR 2251−
178 is surrounded by a a huge emission-line nebula, with a
total size of ∼200 kpc and ionised gas mass of ∼6 × 1010 M�.
Early kinematic estimates based on the Hα and [O iii] lines
indicate that the extended regions of the nebula counter-rotate
with respect to the regions immediately surrounding the QSO
(Norgaard-Nielsen et al. 1986; Shopbell et al. 1999), suggesting
the presence of (at least) two distinct origins for the ionised
gas around MR 2251−178. Different origins have been proposed
for the extended nebula, including tidal debris from an interac-
tion with a companion, debris from a major merging event, out-
flow from the QSO, cooling flow, or photo-ionisation of a large
H i envelope. The latter option seems to be in better agreement
with the regular large-scale kinematics suggested by the data.
Unfortunately, interferometric H i data are not available for this
source, and only a tentative Na i absorption feature is visible in
our MUSE data, which is too faint to be modelled.

As our MUSE data only cover the innermost ∼12 × 12 kpc2

region, they cannot provide information on how the central
regions are related to the outer parts. However, it is possible
to confirm the counter-rotating nature of the inner nebula: we
find red-shifted (blue-shifted) motion towards the east (west), in
contrast with the large-scale kinematics found by Shopbell et al.
(1999). Both the [S ii] and the [N ii] BPT diagrams, shown in
Fig. 7, indicate that the AGN is by far the primary excitation
driver for the nebula, although star formation may be relevant in
the very centre and a few composite regions are present.

As discussed in Sect. 4.1, in spite of the fact that the ionised
gas is structured in a series of shells, the low-velocity dispersion
and the orientation of the velocity gradient in the LV component
(see Fig. 4) do not favour gas outflowing from a past nuclear
activity as an origin. Also, while the velocity gradient may recall
that of a regularly rotating disc, the fact that velocities in the
red-shifted region drop down to zero beyond a few kpc from the
centre indicates that the inner nebula is not made by cold gas
in circular orbits within the gravitational potential of the host.
Instead, the complex morphology and kinematics of this neb-
ula closely resemble those of the extended emission line regions
(EELRs) around fading AGN studied by Keel et al. (2015), who
concluded that photo-ionisation of tidal debris from minor merg-
ers or flybys are the most likely origins for these structures.

Clearly, a detailed study of the metallicity of the ionised
nebula is key to understand its origin. We attempted a
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Fig. 7. Left panels: spatially resolved [S ii]- and [N ii]- BPT diagrams
for MR 2251−178. Each dot corresponds to a single Voronoi bin. Red
(blue) dots represent regions whose excitation is dominated by star for-
mation (AGN), green dots are used for composite (in the [N ii]-BPT)
or LI(N)ER (in the [S ii]-BPT) excitation regimes. Solid and dashed
black lines show the separation between the different regimes, from
Kewley et al. (2001, 2006) and Kauffmann et al. (2003). Only lines with
S/N > 2 are used. Right panels: [S ii]- and [N ii]- BPT maps, colour-
coded according to the dominant excitation regime. Darker colours
indicate higher [S ii] (top panel) or [N ii] (bottom panel) intensities.
Iso-intensity contours show the integrated [O iii] line, smoothed to a
FHWM resolution of 0.25′′. The ionisation of the nebula is vastly dom-
inated by the AGN.

first-order metallicity calculation using the procedure of
Storchi-Bergmann et al. (1998), which made use of the [N ii]/Hα
and the [O iii]/Hβ ratios alone and was specifically designed for
the diffuse gas in active galaxies. Unfortunately, this resulted in
a positive [O/H] gradient ranging from solar-like values at the
centre of the nebula to ∼10 times solar at R ' 5 kpc, which we
find unrealistic. We believe it is more likely that the gradients in
line ratios are due to radial variations in the ionisation field rather
than in the metal content. Interestingly, though, some numerical
models of major mergers predict positive metallicity gradients
for the merger remnant, as high-Z gas is moved inside-out by
the enhanced AGN feedback activity (e.g. Cox et al. 2006). As
MUSE wide field mode observations of this system are ongo-
ing, we leave a more detailed study of the small- and large-scale
metallicity structure of the nebula – along with its extended kine-
matics – to a future work.

5.2. Physical mechanisms for the wind propagation

Relating the momentum boost of these kpc-scale outflows to
that derived for the sub-pc-scale high-speed (∼0.1c) wind traced
by X-ray offers fundamental clues on the physical mechanism
associated with the wind propagation. Following the theoreti-
cal model of King (2010), the X-ray wind is pushed by radi-
ation pressure from the AGN and shock-heats the surround-
ing gas, inflating a hot bubble. Inverse-Compton is the primary
cooling process at work, and the bubble evolution depends on
the cooling timescale. For short cooling timescales, most of the

Fig. 8. Momentum boost for MR 2251−178 (red markers) and
PG 1126−041 (blue markers) as a function of the outflow velocity.
Crosses show the high-speed, sub-pc-scale wind observed in X-ray
by Reeves et al. (2013) and Giustini et al. (2011) (see text). Filled and
empty squares are used for the kpc-scale ionised outflow from the Hα
and [O iii] lines, respectively, as derived in this work. Dashed hori-
zontal (dotted diagonal) lines show predictions for a momentum-driven
(energy-driven) wind.

bubble energy is radiated away, and the expanding (cold) shell
communicates with the ambient medium only via its ram pres-
sure, transferring its momentum flux to it (“momentum-driven”
regime). Long timescales imply that the bubble keeps expanding
while conserving its energy (“energy-driven” regime), efficiently
sweeping up a considerable portion of the ISM and driving out-
flows of several thousands of M� yr−1. This simple model may
not capture additional effects due to the non-spherical geome-
try (Zubovas & Nayakshin 2014) or to the multi-phase nature of
the wind (Faucher-Giguère & Quataert 2012), but has the con-
siderable advantage of predicting an MBH−σ relation in broad
agreement with the observations.

In Sect. 4.3, We already determined the momentum boosts
for the galaxy-scale ionised outflows in MR 2251−178 and
PG 1126−041. We now use X-ray measurements from the litera-
ture to determine the sub-pc-scale energetics in a similar manner.
Following Nardini & Zubovas (2018), we assumed that the UFO
was launched from the escape radius resc ≡ 2GMBH/v2

UFO, that
is, the radius at which the observed outflow speed, vUFO, corre-
sponds to the escape velocity from the black hole, and we write
the mass outflow rate as

ṀUFO ' 0.3
(

Ω

4π

) (
NH,UFO

1024 cm−2

) (
MBH

108 M�

) (vUFO

c

)−1
M� yr−1, (8)

where Ω is the solid angle subtended by the wind, NH,UFO is
the gas column density, and vUFO is the outflow speed. We took
MBH, vUFO, and NH,UFO from Table 1 and assumed fiducial val-
ues of Ω/4π between 0.1 and 0.2, roughly corresponding to the
detection rate of UFOs per source per observation in local AGN
samples (e.g. Tombesi et al. 2010b). The UFO momentum rates,
ṗUFO, were determined using a formula analogous to Eq. (6): we
find 0.66+1.24

−0.43/(LBOL/c) for PG 1126−041 and &0.19/(LBOL/c)
(lower limit) for MR 2251−178.

Figure 8 shows the momentum boost as a function of the
outflow speed for MR 2251−178 and PG 1126−041. Prediction
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Fig. 9. Ratio between galaxy-scale and sub-pc-scale outflow momentum rates for different QSOs hosting UFOs. Measurements for individual
galaxies are shown as squares (ionised outflows), circles (molecular outflows), and diamonds (atomic outflows) with error-bars. Systems are
ordered by increasing LBOL. The horizontal dashed line shows the prediction for momentum-driven winds ( ṗout/ṗUFO = 1), individual predictions
for energy-driven winds are shown as orange rectangles. Our Hα and [O iii] measurements for MR 2251−178 and PG 1126−041 are shown
separately using filled and empty symbols, respectively.

for momentum conserving (energy conserving) winds are shown
with dashed horizontal (dotted diagonal) lines originating from
the X-ray data points. Error bars on the UFO momentum rates
are large, especially in the case of MR 2251, where only a rough
lower limit can be established. While these uncertainties are dif-
ficult to overcome, our measurements indicate that the momen-
tum rate of the kpc-scale outflow is roughly compatible with
that of the sub-pc-scale wind, favouring a “simple” momentum-
driven scenario for these two galaxies. We note that, given the
measured outflow velocities, an energy-driven scenario would be
favoured only if the momentum fluxes were underestimated by
about two orders of magnitude. Unless the AGN-driven outflow
in MR 2251−178 and PG 1126−041 is completely dominated by
a massive component of molecular gas, we find it unlikely that a
perfectly energy-driven mechanism is at work here.

However, the hypothesis of massive molecular outflows
associated with these systems is not unrealistic. Various studies
(e.g. Carniani et al. 2015; Fiore et al. 2017; Bischetti et al. 2019;
Fluetsch et al. 2019) have compared molecular and ionised out-
flow rates in different AGN-hosting galaxies as a function
of their LBOL. Given the typical LBOL of our galaxies (some
1045 erg s−1), outflow rates for a hypothetical molecular com-
ponent may indeed exceed those measured for the ionised gas
by a factor of ∼100. Unfortunately, the correlation between the
different outflow phases is very uncertain, and only with dedi-
cated molecular gas observations (e.g. with ALMA) can a more
complete picture of the outflow properties in these systems be
achieved.

5.3. Comparison with other QSOs

While the galaxy-scale (ionised) outflows in MR 2251−178
and PG 1126−041 appear to be propelled by momentum-driven
winds, one may wonder whether the same occurs in other QSOs.
In order to answer this question, we gathered high-quality mea-
surements from the literature for another eight well-studied
QSOs, including a lensed system at z ' 3.9 (APM 08279+5255),
hosting both UFOs at sub-pc scales and galaxy-scale molecu-
lar/atomic outflows. For each of these sources, we re-computed
the UFO mass outflow rate (and the wind energetics, sub-
sequently) using Eq. (8), starting from known estimates for
MBH, NH,UFO, and vUFO. All estimates for molecular outflows
were re-scaled to the same luminosity-to-mass conversion fac-
tor, αCO = 0.8 (K km s−1 pc2)−1 M�, which is typical of QSOs

and starburst and sub-millimetre galaxies (Downes & Solomon
1998; Carilli & Walter 2013; Bolatto et al. 2013). This allowed
us to build a small, yet reliable high-quality sample for which the
outflow properties were determined homogeneously. References
for each system are given in Appendix B, and the detailed prop-
erties of pc- and galaxy-scale winds resulting from this analysis
are listed in Table B.1. We present our main results below.

Figure 9 shows the ratio between the momentum rate of the
galaxy-scale outflow ( ṗout) and that of the pc-scale wind (ṗUFO)
for all galaxies in our sample, and compares it to predictions for
momentum-driven or energy-driven regimes (horizontal dashed
line and orange rectangles, respectively). We reiterate that the
ṗout values used for MR 2251−178 and PG 1126−041 refer to
the ionised gas, and not to molecular/neutral outflow as in the
other sources considered. Remarkably, with the exception of
IRAS 17020+45448 all measurements for ṗout/ ṗUFO seem to be
compatible with one regime or the other, with no system being
markedly located at an intermediate position. This demonstrates
that the two theoretical regimes proposed, in spite of their sim-
plicity, capture the physics of the AGN wind propagation very
well.

However, the interpretation of Fig. 9 is not straightforward,
and two possible scenarios can be discussed. One possibility
is that, at any given time, galaxy-scale winds are either in a
momentum-driven or in an energy-driven regime, transiting from
one regime to the other when certain physical conditions are met.
Within the framework described by King & Pounds (2015), this
transition may occur when central black holes have grown suf-
ficiently to comply with the MBH−σ relation. When this hap-
pens, feedback transits from a little efficient (momentum-driven)
phase, where the black hole still accretes material at a fast
pace, to a highly efficient (energy-driven) regime, which causes
the ejection of most of the ISM out of the galaxy, eventually
quenching the black hole growth and star formation processes
altogether. In this framework, the lack of intermediate regimes
shown by Fig. 9 would indicate that the transition occurs over
short timescales. Clearly, independent measurements for MBH
and σ would be needed to test this hypothesis.

The scenario proposed, however, is not supported by
most recent theoretical models of AGN feedback (e.g.
Richings & Faucher-Giguère 2018; Costa et al. 2020), which

8 For which ṗout is very uncertain; see discussion in Longinotti et al.
(2018, Sect. 3.1).
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predict energy-driven galaxy-scale outflows in virtually all cases.
In this context, observed sub-energy-driven regimes would be
attributed to an inefficient coupling between the UFO and the
ISM, causing only part of the kinetic energy of the former to
be transferred to the latter. As a possible counter-argument to
this interpretation, we note the bimodality shown by the QSOs
in Fig. 9 implies a coupling “efficiency factor” that is either ∼1
or very close to whatever value is required by the momentum-
driven regime, which is somewhat difficult to justify. However,
we stress that the observed bi-modality does not arise in sim-
ilar studies on different QSO samples (e.g. Smith et al. 2019).
A homogeneous, multi-phase study of a larger sample of QSOs
hosting both sub-pc and galaxy-scale winds and featuring a wide
range of LBOL is required to confirm the trend shown by Fig. 9.

5.4. Timescales

An important caveat associated with momentum boost argu-
ments is that they implicitly assume that the QSO radiation force
(LBOL/c) powering the pc-scale UFO is the same as that pow-
ering the galaxy-scale wind. However, flow timescales τflow ≡

Rout/vout for galaxy-scale outflows are of the order of the Myr,
while LBOL can substantially vary on much shorter timescales.
Therefore, comparing the energetics of the two components is
done under the assumption that the LBOL measured at the current
epoch, which powers the UFO, does not differ dramatically from
the LBOL averaged over the entire duration of the flow. In this
context, the exceptionally high ṗout of IRAS 17020+4544 can be
interpreted as due to a much higher AGN luminosity at previous
epochs, when the molecular outflow was launched. In fact, this
is the only QSO in our sample for which τflow (∼2 Myr) is sig-
nificantly lower than the time that the UFO would take to inject
a total amount of kinetic energy equivalent to that of the large-
scale wind (τkin ≡ Ekin/Lkin,UFO ∼ 60 Myr). This implies that the
UFO and the molecular outflow that we observe in this system
are not causally connected. Yet, the fact that all the other sources
in Fig. 9 are compatible with the predicted regimes suggests that
the underlying assumption of approximately constant LBOL over
the flow time is physically motivated, at least for the targets pre-
sented here. Analogous considerations apply to the case where
the UFO duty cycle is much shorter than the flow time.

6. Conclusions

Galaxy-wide winds produced by AGN are routinely observed
around galaxies at all redshifts at which AGN are observed.
They are thought to have a fundamental impact on galaxy evo-
lution, in particular by quenching star formation in high-mass
systems. Despite substantial observational efforts, the physi-
cal mechanism by which the wind propagates from the (sub-
pc-scale) nuclear region to the (kpc-scale) interstellar medium,
eventually leading to galaxy-scale outflows, is still elusive.
Progress in this direction can only be achieved by studying
the properties of the wind on different physical scales (e.g.
Tombesi et al. 2015, 2017; Feruglio et al. 2015; Veilleux et al.
2017; Smith et al. 2019; Bischetti et al. 2019; Mizumoto et al.
2019; Gaspari et al. 2020).

To pursue this methodology, in this work we used MUSE
NF-mode data to study the properties of the ionised gas around
two systems, MR 2251−178 (z = 0.064) and PG 1126−041
(z = 0.060), which host massive, sub-pc-scale, ultra-fast
(∼0.1c) outflows visible via blue-shifted Fe K absorption line in
their nuclear X-ray spectrum (Gofford et al. 2011; Giustini et al.
2011). Our MUSE data cover a region of about 12 × 12 kpc2

around the nucleus, and have sensitivity, spatial and spectral res-
olutions that are optimal to study the kinematics of the ionised
gas from the Hα and [O iii] emission lines. We employed a
method based on a multi-component analysis of the line pro-
files, which allowed us to disentangle the large-scale emission
of the diffuse gas from the nuclear (unresolved) emission of the
BLR, as the latter contaminates the whole field of view due to the
extended wings of the MUSE AO-assisted PSF. Emission from
diffuse gas is further decomposed into a HV component, which
traces the large-scale, more turbulent outflowing material, and
an LV component, which exhibits more regular and quiet kine-
matics.

Our results can be summarised as follows.
– In both systems, the HV component is spatially concentrated

within a few kpc of the centre and features a HV dispersion
(up to ∼800 km s−1) and a mean blue-shifted speed of several
tens of km s−1 in MR 2251−178, or a few hundred km s−1 in
PG 1126−041. Undoubtedly, this component traces a nuclear
outflow driven by the AGN.

– The LV component in MR 2251−178 is structured in a series
of concentric shells distributed in the east-west direction,
tracing the inner regions of the giant (200 kpc-wide) ionised
nebula that surrounds this galaxy. Its kinematics show a clean
velocity gradient, which is misaligned with respect to the ori-
entation of the shells, and a low-velocity (∼80 km s−1) dis-
persion. We speculate that tidal debris from recent minor
mergers or flybys can explain the observed properties of this
structure.

– An LV component in PG 1126−041 is likely associated with
the regularly rotating disc of the galaxy, which does not seem
to be perturbed by the nuclear activity.

– Outflows are characterised by small mass rates (0.6−
4.3 M� yr−1) and poor kinetic efficiencies (1−4 × 10−4).

– The momentum rates associated with the large-scale Hα
and [O iii] outflows are compatible with those inferred from
the sub-pc-scale measurements in the X-rays, which is in
agreement with a momentum-driven wind propagation. Pure
energy-driven winds were excluded unless our outflow rates
were underestimated by about two orders of magnitude,
which may occur in the presence of a massive molecular
wind.

– We compared the outflow energetics of MR 2251−178 and
PG 1126−041 with those of a small sample of well-studied
QSOs from the literature, each hosting both sub-pc-scale
UFOs and molecular and/or atomic winds on galaxy scales.
We find that, in all systems but one, winds are either in a
momentum-driven or in an energy-driven regime. Uncertain-
ties associated with the variability of the UFOs and the UFO-
to-ISM coupling efficiency prevent us from establishing
whether or not the observed bi-modality is intrinsic to the
physics of AGN-driven winds.

A caveat associated with this study is the lack of information on
atomic or molecular gas, which prevents us from determining in
full the outflow energetics in the two QSOs in question. Follow-
up observations (e.g. with ALMA) are essential to obtaining a
more complete picture of the outflow properties in these systems
and to provide useful constraints to AGN-driven wind theories.
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Appendix A: The AO-assisted PSF of MUSE NFM
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Fig. A.1. MUSE AO-assisted PSF for MR 2251−178 (top panels) and PG 1126−041 (bottom panels) as traced by intensity of BLR emission.
Leftmost and central panels: separate PSF maps for the blue regime (λλ4800−4900 Å) and for the red regime (λλ6500−6650 Å). Each map is
normalised to its peak value. Iso contours are the same for all maps and spaced by a factor of 2. Rightmost panels: azimuthally averaged PSF
profiles (empty squares, one data point in every three is plotted for better clarity) and the enclosed energy fraction (thick dashed lines). The solid
lines show our best-fit models, given by the sum of a Gaussian core (dotted lines) and a Moffat halo (thin dashed lines).

In this appendix, we describe the MUSE NFM PSFs derived
from our modelling of the BLRs in two different spectral
regimes, as discussed in Sect. 3.2. The PSF maps, obtained
by integrating the BLR models over the λλ4800−4900 Å (the
“blue” regime) and λλ6500−6650 Å (the “red” regime) rest-
frame ranges, are shown in Fig. A.1, together with their
azimuthally-averaged profiles. The full width at half maximum
(FWHM) of the PSF profile in MR 2251−178 (PG 1126−041) is
76 (46) mas for the red regime and 106 (68) mas for the blue
regime. However, most of the light falls far beyond such dis-
tances: in MR 2251−178 (PG 1126−041), half of the total energy
is enclosed within a diameter of 440 (270) mas in the red and 640
(440) mas in the blue. These estimates are reported in Table A.1
(along with the MUSE velocity resolution in the red and blue
regimes) and clearly indicate that, as expected, the AO works
better at longer wavelengths, leading to a more centrally con-
centrated PSF (i.e. a higher Strehl ratio). Also, the MUSE data
for PG 1126−041 have better angular resolutions that those of
MR 2251−178, which is in agreement with the superior seeing
conditions during the observations (∼0.48′′ vs. ∼0.84′′). Over-
all, the fact that our BLR-traced PSFs agree with expectations
from AO-assisted observational techniques is an excellent vali-
dation of our BLR modelling scheme, and, in general, a promis-
ing starting point for our analysis.

We further decomposed the PSF profiles into the sum of a
core and a halo component, which we modelled with a Gaus-
sian and a Moffat profile, respectively. This model has four free
parameters (one for the core, two for the halo, plus the normal-
isation), which we fitted to the data to determine their optimal

Table A.1. Main PSF properties and velocity resolution of our MUSE
data for two different spectral ranges, λλ4800−4900 Å (“blue”) and
λλ6500−6650 Å (“red”).

MUSE-NFM spatial and spectral resolution
MR 2251−178 PG 1126−041

Blue Red Blue Red
(1) PSFFWHM 106 76 68 46 mas
(2) PSFD50 640 440 440 270 mas
(3) σMUSE 65 50 65 50 km s−1

Core/halo PSF decomposition
(4) Rcore 52 48 39 37 mas
(5) Rhalo 393 387 297 317 mas
(6) fcore 0.14 0.31 0.18 0.38

Notes. (1) FWHM of the MUSE PSF; (2) Diameter enclosing half of the
total PSF energy; (3) minimum resolved velocity dispersion; (4)−(5)
core and halo radii, defined as the standard deviations of the best-
fit Gaussian and Moffat components; (6) fraction of energy enclosed
within the core.

values. In all cases, we find a unique and well-defined minimum
χ2 in the parameter space9. Our best-fit model gives a very good
description of the PSF profiles, as shown in the rightmost panels
of Fig. A.1.

9 We also attempted a fit using two Moffat functions, but found that
such model is highly degenerate.
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We define core and halo “radii”, Rcore and Rhalo, as the stan-
dard deviations of the Gaussian and Moffat components. These
values are used to compare the PSFs with the spatial extent of the
outflows in Sect. 4.3 and are reported at the bottom of Table A.1,
along with the fraction of the total light enclosed within the core,
fcore.

Appendix B: Supplementary material

Table B.1 lists the main parameters used in the calculation of
the UFO and the galaxy-scale outflow energetics for the QSOs
studied in Sect. 5.3. We provide the appropriate references for
each system below.

IRAS 05189+2524. We estimated the black hole mass from
the MBH−σ relation (Kormendy & Ho 2013) using the two val-
ues of σ determined by Dasyra et al. (2006, 137 km s−1) and
Rothberg et al. (2013, 265 km s−1) as a range. Moreover, LBOL
was taken from Veilleux et al. (2013), while the UFO velocity
and column density were taken from Smith et al. (2019). The
galaxy-scale outflow is seen via different tracers: CO (Lutz et al.
2020), OH (González-Alfonso et al. 2017), and Na (Rupke et al.
2017). The OH and Na phases dominate the energetics, and we
sum them for the purpose of determining the global outflow
properties.

In the I Zw 1 system, MBH was accurately measured by
Huang et al. (2019) via a dedicated reverberation mapping cam-
paign. We took LBOL from Veilleux et al. (2013) and the proper-
ties of the X-ray wind from Reeves & Braito (2019), who also
determined a large value for the wind-covering factor (here we
assume Ω/4π = 0.5). A CO wind is undetected in this QSO.
Instead, there is evidence for a neutral outflow (Rupke et al.
2017), which we used in our calculations.

For PDS 456, we adopted the MBH determined by
Nardini et al. (2015) using the λ5100 Å luminosity and the Hβ
FWHM. We took the averaged LBOL from two different esti-
mates: the first from the λ5100 Å luminosity with bolomet-
ric correction (Richards et al. 2006), and the second using the
λ1350 Å luminosity from Hamann et al. (2018). The proper-
ties of the X-ray UFO come from Nardini et al. (2015), where
they specifically determined a wind opening angle Ω/4π of 0.5.
A galaxy-scale outflow was detected in CO by Bischetti et al.
(2019) and consists of an extended component, in turn par-
titioned into four different blobs, and a compact component,
which largely dominates the energetics of the system. For the
purpose of measuring the outflow energetics, we considered both
components together.

With Mrk 231, as for PDS 456, MBH was derived
using the λ5100 Å luminosity and the Hβ FWHM (from
Nardini & Zubovas 2018). We took LBOL from Veilleux et al.
(2013), and the X-ray wind velocity and NH,UFO from
Feruglio et al. (2015). The molecular (CO) outflow ener-
getics come from Lutz et al. (2020), who used data originally
from Cicone et al. (2012). A large-scale outflow is also observed

in OH González-Alfonso et al. (2017), but with properties that
are compatible with those of the wind detected in CO. Following
Nardini & Zubovas (2018), we assumed the CO-based estimates
as representative for the large-scale outflow.

For the system IRAS F11119+3257, MBH also comes
from the λ5100 Å luminosity and the Hβ FWHM (from
Nardini & Zubovas 2018), and LBOL from Veilleux et al. (2013).
X-ray wind properties are from Tombesi et al. (2015). Molecu-
lar outflows are observed in both OH (Tombesi et al. 2015) and
CO (Veilleux et al. 2017), but on different physical scales, with
the former being confined within 1 kpc from the centre and the
latter being visible at greater (∼15 kpc) distances. It is therefore
likely that the two molecules trace distinct outflow episodes. For
simplicity, we only show the CO energetics, but that determined
for the OH is compatible within the quoted uncertainties.

Concerning IRAS 17020+4544, we inferred the black hole
mass from the MBH−σ relation of Kormendy & Ho (2013) using
the [O iii] velocity dispersion (125 km s−1 Wang & Lu 2001)
as a proxy for the stellar σ. We bracketed the value of LBOL

using two measurements: the first from the λ5100 Å (Hao et al.
2005) and the second (more conservative) from that assumed
in Longinotti et al. (2015), from which we also took the X-ray
wind properties. The properties of the CO molecular outflow
are from Lutz et al. (2020). In Longinotti et al. (2018), the out-
flow properties of this QSO were found to be compatible with
an energy-driven regime (although with large uncertainties).
The differences here are due to the factor of ∼5 lower cover-
ing factor assumed for the UFO, and the factor of ∼20 lower
gas column density, which arised as we interpreted the entry
log(NH,UFO/cm−2) = 23.99+0

−1.86 in Table 2 of Longinotti et al.
(2015) as a truncated Gaussian distribution, leading to a median
log(NH,UFO/cm−2) ' 22.73.

For MCG-03-58-007, as before, MBH was inferred from
the MBH−σ using the [O iii] velocity dispersion (185 km s−1,
Braito et al. 2018) as a proxy for σ. The LBOL is bracketed by
the two values quoted in Braito et al. (2018), determined using
either [O iii] or IR luminosities. From the same work, we took
the properties of the X-ray wind, for which we considered only
the slowest of the two components observed, which is the only
one persisting in different observations. The properties of the CO
outflows were taken from Sirressi et al. (2019).

With APM 08279+5255, unlike the other systems consid-
ered, this is a lensed QSO at z ' 3.9. While lens models cannot
very accurately constrain the value of the magnification µ, on
which most quantities relevant to this analysis depend, indirect
methods indicate µ = 4 as the best possible choice (Saturni et al.
2018). We considered this value for the magnification and took
MBH and LBOL from Saturni et al. (2018). The X-ray wind prop-
erties come from Chartas et al. (2009), using only the slowest
component (see their Table 3, model 8, absorber 1), which was
also identified separately by Hagino et al. (2017). The proper-
ties of the CO molecular outflow are taken from Feruglio et al.
(2017) using their model with µ = 4.
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Table B.1. Main physical properties for the QSOs studied in Sect. 5.3, and for their pc-scale and galaxy-scale winds.

AGN properties X-ray wind Galaxy-scale wind

Parameter log(LBOL/L�) log(MBH/M�) vUFO NH,UFO ṗUFO Ekin ṗout Tracer
Units c (1024 cm−2) (LBOL/c) (1056 erg) (LBOL/c)

IRAS 05189+2524 12.22 8.50+0.37
−0.46 0.11 ± 0.01 0.27+0.23

−0.12 0.32+0.60
−0.22 37.3+5.7

−4.3 6.35 ± 1.03 OH+Na
I Zw 1 12.01 6.97+0.06

−0.07 0.26 ± 0.01 0.60 ± 0.15 0.12+0.04
−0.03 6.2+1.8

−1.4 0.40+0.14
−0.10 Na

PDS 456 13.61 ± 0.10 9.24 ± 0.17 0.25 ± 0.01 0.69 ± 0.09 0.64+0.38
−0.24 6.4+9.6

−3.8 0.23+0.35
−0.14 CO

Mrk 231 12.60 ± 0.10 8.38 ± 0.09 0.067 ± 0.008 0.27+0.36
−0.15 0.11+0.16

−0.06 12.8 2.77+0.71
−0.56 CO,OH

IRAS F11119+3257 12.67 ± 0.10 8.29 ± 0.15 0.25 ± 0.01 6.4+0.8
−1.3 1.72+1.08

−0.67 522+311
−214 2.66+0.96

−0.72 CO,OH
IRAS 17020+4544 [11.13, 11.79] 7.59 ± 0.08 0.09 (a)0.05+0.36

−0.05 0.05+0.32
−0.04 51.0 89.2+60.5

−35.9 CO
MCG-03-58-007 [11.62, 11.95] 8.34 ± 0.05 0.075 ± 0.01 0.78 ± 0.32 1.70+1.06

−0.77 0.57 ± 0.03 0.81+0.60
−0.28 CO

(b)APM 08279+5255 14.24 10.1 ± 0.4 0.18 ± 0.04 0.35+0.35
−0.17 0.16+0.36

−0.11 179 2.82 CO

Notes. The UFO mass rates are computed using Eq. (8) with (Ω/4π) in the range [0.1, 0.2], with the exceptions of I Zw 1 and PDS 456, for which
covering fractions of 0.5 are directly measured. (a)The original entry from Longinotti et al. (2015) is log(NH,UFO/cm−2) = 23.99+0

−1.86, which we
interpret as a truncated Gaussian distribution. (b)A magnification of µ = 4 is assumed.
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