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Abstract

Supermassive black holes at the centre of galaxies gain mass through accretion disks. Dif-
ferent models predict that quasi-spherical winds, expelled by the black hole during accretion,
have a key role in galaxy evolution by regulating star formation, the distribution of metals
over kiloparsec scales, and by sweeping ambient gas to the outskirts of galaxies. Nonetheless,
the mechanism driving these outflows and the amount of energy exchanged between the wind
and the galaxy’s interstellar medium (ISM) remains unclear. Here, we analyze of the kine-
matical properties of these winds in a sample of nearby active galaxies using MOKA

3Dtool,
which considers the clumpy nature of the ISM. We provide the evidence that outflows ex-
hibit a regular trend in radial velocity, initially constant or slightly decreasing, followed by
rapid acceleration starting at approximately 1 kpc from the nucleus, despite the seemingly
complex kinematics. The observed behavior agrees with current theoretical understanding of
Active Galactic Nuclei (AGN) outflows, where a momentum-driven phase transitions to an
energy-conserving phase beyond 1 kpc. The constant velocity of the momentum-driven wind
is then rapidly accelerated following the inefficient Compton cooling of post-shock material.
The measured radial terminal velocities of the outflows are larger than the escape velocities
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from the host galaxies, confirming the role of outflows in shaping the galaxy evolution, as a
manifestation of AGN feedback.

Multi-wavelength observations of active galactic nuclei (AGN) powered by accretion of matter
onto super massive black holes (SMBHs) have revealed the presence of multi-phase winds,
observed from pc scale in the X-rays (v ⇠ 0.1c) to kpc scale for molecular, ionized and atomic
outflows (v ⇠ 10

2 � 10
3 km s�1), at both low and high redshift [1–9]. The exact role and

impact of these winds in the context of galaxy evolution, the regulation of star formation, and,
more broadly, their contribution to feedback mechanisms is still debated and lack a pivotal
observational confirmation. Nonetheless, a plethora of observations and theoretical models
suggest that during the most intense active phase of AGN in cosmic history, happening at z ⇠
1-3, energetic winds propagating through the galaxy quench star formation by ejecting the gas
reservoir out of it and by heating the ISM [3–5, 10–13]. The outflows powering mechanisms and
their energetic impact on the ISM have not been established yet, therefore the characterization
of outflow physical properties is crucial to understand how galaxy evolution processes, such
as star formation regulation and gas depletion, are ultimately affected by the AGN feedback
mechanism.

Outflows are mostly detected in the ionized phase by the presence of prominent broad
line wings in optical nebular lines, such as [OIII]�4959, 5007 and [NII]�6548, 6584, mostly
tracing warm (T ⇠ 10

4 K) gas ionized by the central AGN [7, 8, 14]. Even though nearby,
low-luminosity galaxies do not host winds as powerful as those at z ⇠ 1-3, thanks to their
proximity they represent the best candidates to constrain the energy exchange mechanism
between AGN-powered phenomena (outflows and jets) and the ISM. During the last decade,
the comprehension of this mechanism has been improved by spatially resolved, integral field
unit (IFU) observations, which have proven to be essential in providing a more comprehensive
understanding of outflow properties. In particular, IFU observations of nearby AGN winds
allow us to characterize in detail the outflow kinematics and structure from nuclear up to
galactic scales, taking advantage of the spatial resolution reaching down to a few pc scale for
the nearest sources and the high sensitivity that can be achieved [15–18].

To constrain the outflow and galactic disc properties, it is pivotal to adopt a kinematic
model tailored to account for the complexity of the observed data. Indeed, the impact of the
outflow on the host mainly depends on the amount of carried energy, which depends on the
outflowing gas mass, velocity and extent, which are affected by geometrical projection effects
and therefore often assumed. The advent of modern ground- and space-based facilities has led
to significant improvements in terms of spatial resolution [e.g. 17, 19, 20]. Nevertheless, there
are still several uncertainties that affect mass and kinematics measurements.

Most kinematic models rely on assumptions regarding the physical gas properties, and
most importantly they are not designed to fully reconstruct the 3D structure of the emitting
gas, therefore increasing the uncertainties on the estimated outflow properties [e.g. 21–23].
As an example, most models assume an analytic smooth gas emissivity which is an extreme
simplification of the clumpy and inhomogeneous emission observed in nearby sources. In such
a scenario, the observed complexity of gas emission and kinematics cannot be modelled with
such simplified models and therefore requires a more comprehensive and accurate analysis.

We apply our novel 3D kinematic model MOKA
3D, presented in [24] (M23, hereafter),

to accurately measure the kinematics of ionized AGN-driven outflow in a sample of galaxies
selected from the MAGNUM (Measuring AGN Under MUSE) survey [16, 25, 26] and listed
in Tab. 1. Our sample is composed of ten Seyfert galaxies with an inhomogeneous flux
distribution in the ionised outflow region and complex kinematics that so far made difficult to
derive reliable kinematical parameters using standard modelling (see Target Selection). Indeed,
the complexity of the data, together with the limited capabilities of available kinematic models,
could only provide coarse estimates of the outflow velocity, with coarse estimates of the outflow
inclination. We take advantage of the capabilities of MOKA

3D to model this complexity and
infer the intrinsic outflow velocity profile, providing a spatially resolved analysis of the outflow
geometry and kinematics.

MOKA
3D is a three-dimensional kinematic model that allows us to reproduce the clumpy

ionised structures observed in spatially resolved data, finally providing the intrinsic 3D depro-
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jected gas geometry and kinematics (see M23 and Methods for a more detailed description).
In order to remove the degeneracies which are present when deriving 3D structures from the
observed 2D projections on sky, we minimized the numbers of free parameters by considering
conical outflows with pure radial velocities: the cones where divided into concentric conical
shells and free parameters were, for each shell, only the outflow velocity (Vout) and inclination
with respect the line of sight (�).

As an example of the model capabilities, we discuss the results of the modelling for the
nearby Seyfert-II galaxy NGC 1365, which has already been extensively studied with standard
techniques [26]. Figure 1 shows from top to bottom the observed, modelled and residual
moment maps and from left to right the integrated [OIII]�5007 emission, line-of-sight velocity
and velocity dispersion maps. With MOKA

3D we retrieve the outflow and disc intrinsic (i.e.
de-projected) velocity profiles as a function of the distance from the AGN. Figure 1 shows that
we can accurately reproduce the clumpy ionised outflow emission with a conical geometry and
a radial velocity field combined with a rotating disc to model the gas emission in the galaxy
disc (the same applies to the rest of the sample, see Sec. 1.4 and Supplementary Figs. 4-6).

For this galaxy, we found that the outflow geometry is well reproduced by dispersing clouds
in a cone with a total aperture of 120� and average inclination with respect to the line of sight
(LOS) of 81� ±10. The observed ionised emission is explained with constant radial motions
within each conical shell. For this specific galaxy, we divided the outflow in 8 concentric shells
of fixed width of 3.800. We derived intrinsic radial velocities from ⇠ 900 km s�1 in the inner
shell up to 1500 km s�1 in the outer shell, spanning distances from 0.4 to 2.7 kpc from the
AGN.

As a comparison, [26] analyzed the ionised gas kinematics in the same source, assuming
as outflow velocity the peak of the broad component used to fit the line profile. With this
assumption and not accounting for projection effects, they found a decelerating outflow ve-
locity profile. In particular, with their assumption they do not account for the broadening
of the velocity profile at larger distances, which crucially determine the higher intrinsic out-
flow velocity. Instead, taking into account projection effects and considering that the outflow
physical velocity extends beyond the peak of the broad component (i.e., reaching the 1% and
99% percentile of the line flux), our best-fit model reveals an accelerating profile up to the
maximum outflow extension. Finally, Figure 1 also shows that, despite the observed com-
plex kinematics, the intrinsic velocity field can be explained as a simple radial flow, with the
complexity mostly due to the clumpy distribution of ionised clouds (see also M23).

Figure 2 shows the derived radial velocity profiles for all galaxies in the sample (see Target
selection), normalized to the outflow velocity averaged across the radius within 1 kpc. All
galaxies are characterized by a constant or slightly decreasing velocity up to ⇠ 1 kpc, after
which we observe a rapid acceleration in which the outflow radial velocity almost doubles
within 3-5 kpc. We note that the present sample spans a wide range of distances (from ⇠
3 to 50 Mpc), and therefore the similarities in the radial velocity profiles are not related to
the apparent angle projected on the sky. Indeed, in Circinus, NGC 4945 and Cen A, i.e. the
nearest sources, the observed field of view (FOV) is not wide enough to encompass the 1 kpc
scale. In these three nearby galaxies (D  4 Mpc), we measured a constant average outflow
velocity up to their maximum extension, consistent with the other targets. Considering the
results for the total sample, the radial velocity trend suggests that at an average distance
from the central engine of ⇠ 1 kpc, the outflow accelerates leading to an increase of the radial
velocity up to a factor of ⇠ 2. The mean properties for the outflow and disc kinematics and
geometry, averaged across different shells are summarized in Table 2, together with the number
of shells used.

The simple theoretical model of [28] states that an expanding bubble, driven by the nuclear
wind, interacts with the host ISM and generates shocks. Then, if the gas shocked by the
approaching wind is able to cool efficiently or not, it will determine whether the expanding
bubble is in a momentum- or energy-conserving phase, respectively. Therefore, the cooling
efficiency of the shocked gas has an important role on the velocity of the outflowing gas shells.
Assuming inverse Compton cooling as the most common cooling process [29, 30], the gas is
expected to experience a first isothermal momentum-conserving phase with constant velocity,
followed by an acceleration when transitioning to the energy-conserving phase. When the wind
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reaches a critical radius of ⇠ 1 kpc, the cooling time becomes equal to the flow time and the
wind cannot cool efficiently anymore: the thermal pressure of the post-shock material then
accelerates the shell of swept-up gas to much larger velocities (for details of theoretical models
see Supplementary Sec. 2).

Figure 2 shows how closely the observations qualitatively match the scenario just described.
Indeed, the proposed scenario suggests that the gas entrained in the wind is cooling efficiently
up to the acceleration point and maintaining a constant or slightly decreasing velocity profile
by dissipating the wind kinetic energy through radiation. On larger scales, the r�2 decrease
of the AGN radiation energy density finally makes the cooling time longer than the flow
time and the energy that is not radiated away causes a violent acceleration of the wind (see
Supplementary Sec. 2 for details). Although the physical model is obviously oversimplified,
in Fig. 2 we report three profiles of outflow velocity as predicted by the mentioned theoretical
model, to highlight thestriking similarities with the observed outflow properties, suggesting
that this model is well suited to describe the physics behind the observed velocity profiles.
Such profiles are obtained solving the equation of motion for the momentum- and energy-
driven regimes of [27], using three different stellar velocity dispersion values and a SMBH
mass of 108 M�(see also caption of Fig. 2 and Supplementary Sec. 2).

Thanks to MOKA
3D we can also fit and de-project the rotational velocity profile of the

ionised gas in the galaxy disc and thus, following the prescription in [31], we compute the
minimum velocity for the outflowing gas to escape the host galaxy (see Sec. 1.5 for a detailed
discussion of the modelling of the galaxy potential using two different methodologies). Figure
3 shows the ratio between the outflow and the escape velocities as a function of the distance
from the nucleus. Shaded areas represent the ratio between the outflow and the velocity
necessary to escape from the galaxy potential, reaching a 20 or 100 kpc radius.

We find that in most sources the outflow radial velocity is always higher, up to three times
than the escape velocity (see e.g. NGC 4945 and Cen A) and thus the gas is free to escape
at any radius. In NGC 7582, IC 1657, and IC 5063 the Vout/Vesc ratio is slightly larger than
unity up to a scale of 1 kpc, and then steeply increases through the acceleration of outer
shells. Circinus shows a Vout/Vesc ratio which is slowly increasing with radius, as the outflow
velocity remains on average constant up to the edge of the FOV, while the escape velocity
decreases with the distance from the SMBH. Finally, we highlight the two interesting velocity
profiles of NGC 5728 and NGC 2992. For these two sources, the smooth deceleration of the
outflow on the ⇠ 1 kpc scale might prevent the gas being expelled, establishing a condition
of Vout/Vesc  1 for an extensive physical scale. The subsequent acceleration, presumably a
result of the transition from a momentum- to energy-driven phase, translates into a drastic
increase of the ratio, making it possible for the gas to escape. The trend in Figure 3 suggests
that the gas entrained in the outflow can reach the galaxy outskirts, so that AGN-powered
galactic winds cause feedback by expelling gas, playing a key role in regulating the SMBH
growth and star formation by sweeping the ambient gas out of the host potential.

As previously mentioned, AGN-driven outflows may have a crucial role in shaping galaxy
properties and evolution and thus it is mandatory to carry out detailed studies to derive the
intrinsic outflow physical properties. In particular, characterising the winds’ kinematics and
entrained mass is the first step to constrain the outflow kinetic power and thus the amount
of energy transferred to the galaxy ISM. Comparing the outflow kinetic power to the AGN
bolometric luminosity (Lbol) provides an estimate of the coupling efficiency factor between the
wind and the AGN. While this comparison offers important insights on the potential impact of
AGN-driven outflows on the host evolution, it should be noted that systematic uncertainties
still affect the kinetic coupling efficiency and thus linking such observationally-derived coupling
efficiencies to theoretical predictions is not straightforward [8, 15, 23, 32]. In particular,
energetic winds can drastically influence star formation within the host by perturbing and
expelling substantial amounts of gas out of the host galaxy, possibly explaining the observed
dearth of massive star-forming galaxies in the local Universe [33].

Our results highlight how crucial it is to achieve high intrinsic spatial resolution and analyse
observations with accurate kinematical models in order to uncover the energy-driven phase
of AGN winds. Indeed, the theoretically predicted energy-driven regime is established at
distances � 1 kpc, at which the intrinsic [OIII] luminosity is much smaller compared to that
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in the circumnuclear region. This means that if both the momentum- and energy-driven
regimes are established in an AGN outflow, the latter is harder to observe compared to the
former because of the lower luminosity of the emitting gas at larger distances. In all our
targets the non-detection of the fainter and more distant energy-driven regime could lead us
to assume (incorrectly) much lower intrinsic outflow velocities. If this situation held at all
redshifts, it would mean that only the brightest and slowest innermost shells of the outflow
would normally be detected in high-z AGN. This would lead to underestimates of the intrinsic
outflow velocities and thus the Vout/Vesc ratios, with major consequences for the broad picture
of galaxy evolution. Thus observational limitations, especially at high-z, might cause one to
miss contributions to the feedback mechanism. We stress the need to obtain robust estimates of
the ejected mass rates to specify the efficiency of this channel, and ultimately better understand
the AGN feedback mechanism.

In this study, we have provided a spatially-resolved observational confirmation of the AGN
outflow acceleration regime. Moreover, we demonstrate the importance of spatially resolved
observations and a suitable model to interpret them. We see that the inefficiency of post-shock
cooling is what leads to acceleration of the gas shell and pushes it out of the host potential
[34, 35]. Our results for the behavior of AGN winds conform closely to theoretical predictions
of expanding bubbles, and represent a major step forward in understanding phenomena such as
AGN feedback and the mechanism powering it, and the co-evolution of SMBH and their hosts
[e.g., for successful applications of MOKA

3Din deriving AGN-driven outflows properties both
at low- and high-z see 36–38]. In addition, they improve our understanding of the impact of
outflows on the ISM. In future work, we will apply our model to several other low- and high-z
galaxies, providing key insight into the outflow intrinsic properties in different environmental
conditions.

1 Methods
1.1 Observations and spectroscopic analysis

The galaxies in our sample were observed by the optical integral field spectrograph Multi
Unit Spectroscopic Explorer (MUSE, [39]) at the Very Large Telescope (VLT) in Wide Field
Mode (WFM) configuration. The data consist of data cubes with two spatial and one spectral
extension. We analysed each data cube by means of a set of custom Python scripts to first
subtract the stellar continuum, and then fit multiple Gaussian components to the emission
lines, thus finally obtaining an emission-line model cube for each emission line of interest. For
a more detailed description of the data reduction and the spectroscopic analysis we refer to
[16, 40, 41]. To map outflow properties, we used the [OIII]�5007 and [NII]�6584 emission
lines. They are both optimal tracers of the ionised phase of outflows on 10

2 � 10
3 pc, as they

can only be produced in low-density regions and therefore do not trace the sub-parsec scales
of the broad line region.

We created moment maps of the ionised emission from the cube fit: the integrated line flux
(moment of order 0), the flux-weighted LOS velocity (moment of order 1) and the velocity
dispersion maps (moment of order 2). See top panels in Fig. 1 and Supplementary Figs. 4-6 for
the observed moment maps of our sample. These maps are fundamental to provide a first hint
of the ionised gas kinematics and morphology, to be used as starting guess for the modelling
with MOKA

3D. As stressed in M23, any kinematic model able to reproduce the observed
moment maps does not guarantee that the derived properties are a faithful representation of
the outflow features and physical properties, due to the high level of degeneracy affecting this
kind of analysis, and thus a more accurate line profile modelling is needed (see Sec. 2.6 in
M23 for a detailed discussion on outflow kinematic degeneracies).

1.2 Target selection

Our sample is composed of ten nearby AGN from the MAGNUM survey. These sources are
selected by cross-matching the optically selected AGN samples of [42] and [43], and Swift-BAT
70-month Hard X-ray Survey [44], choosing only sources observable from Paranal Observatory
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(-70� < � < 20
�) and with a luminosity distance DL 6 50 Mpc. Distance and SMBH mass

of the galaxies in our sample are listed in Tab. 1. In total, the MAGNUM sample collects
⇠ 80 sources, of which we selected those showing a well-shaped (bi)conical outflow emission
traced by [OIII]�5007 or [NII]�6584 emission lines. Moreover, we decided to select sources
spanning the widest possible range of distances, i.e. from NGC 4945 (⇠ 3.7 Mpc) to IC 1657
(⇠ 50 Mpc) with different scale outflows, from ⇠ 500 pc in Cen A and NGC 4945 up to ⇠ 5
kpc in IC 5063. As a consequence of their vicinity and of the high MUSE spatial resolution,
all sources show clumpy ionised gas distribution, which is not a selection criterion. In order
of distance, the sample is composed by: NGC 4945, Centaurus A, Circinus, NGC 5643, NGC
1365, NGC 7582, NGC 2992, NGC 5728, IC 5063, IC 1657 [16, 24–26, 45].

1.3 Data modelling with MOKA
3D

To model and interpret the kinematics of line emission we adopted the innovative tool MOKA
3D

presented in M23. MOKA
3D is a three-dimensional kinematic model that assumes a spherical

or cylindrical geometry populated with a 3D distribution of emitting clouds. These clouds are
weighted according to the observed line flux in each spaxel and spectral channel of the data
cube. The outflow clouds follow a simple radial velocity field which is free to vary with radius
and is based on the chosen geometry and the cloud position in the 3D space. Compared to
the routine presented in M23, here we improve the tool by implementing a more sophisticated
fitting procedure. In particular, in this updated version we reproduce the spatially resolved
gas properties as a function of the distance from the nucleus, instead of fitting the outflow
spatially-averaged properties. Some sources in our sample show that the outflow morphology
is difficult to constrain due to its superposition with the galaxy disc in projection (e.g. NGC
5643, IC 1657, NGC 1365). Therefore, we combined two kinematic components (outflow +
disc) to model the total emission and best reproduce the observed features. We modeled the
outflow with a bi-conical, spherically symmetric model and the disc as a cylindrically sym-
metric model. In our routine we fit the gas properties dividing the outflow and the disc in
concentric shells of fixed width. The number of shells and thus their intrinsic width is tailored
to the outflow size in each source in order to minimise their overlap, once projected on the plane
of the sky. The free model parameters in each shell are two: the outflow (disc) intrinsic radial
(rotational) velocity and inclination with respect to the line of sight. First, we masked the
outflow spatial shape in the observed moment maps and fitted the rotating gas disc emission
in concentric annuli of fixed width, setting each annulus rotational velocity and inclination as
free parameters, finally reproducing the observed ionised emission in the galaxy disk. Then, we
created a separate model cube for the outflow, assuming that the model clouds follow a radial
motion (see Eq. 3 in M23) and combined it with the disc model cube. As discussed in M23,
to fit the outflow emission in each source we fixed the position angle (�), the outflow conical
aperture, and the centre of the outflow model, being parameters that can be constrained from
observations. To infer the centre of the outflow model we collapsed the total [OIII]� 5007
emission and performed a 2D Gaussian fit to the collapsed image. For the peculiar case of Cen
A, which have an highly obscured nucleus, we measured its centre position from the intersect
of the major and minor disc axis. We fixed the outer aperture of the conical model measuring
the minimum angle that enclose the observed conical-shaped ionised emission. Then, we fixed
the position angle measuring the bisectrix of the conical model starting from the measured
centre. Finally, we fitted the outflow emission in each shell, while keeping fixed the underlying
rotating disc with the best-fit properties derived from the previous fit, aimed at inferring only
the disc properties. To do this, we compared the observed and modeled spectra shell by shell.
In particular, we compared the observed and modeled percentile velocities at 1% and 99% of
the emission line integrated over each conical shell, requiring that they differ by no more than
5%. In each shell the free parameters are the intrinsic velocity and the inclination with respect
to the line of sight. As a result, we obtained the velocity and inclination as a function of the
distance from the nucleus, for each shell of each model (see Supplementary Sec. 1 and Sup-
plementary Fig. 1). As previously outlined, the fits of the disc and outflow emission are two
independent procedures for each galaxy. Therefore, for each individual fit, the total number of
free parameters are two, i.e., the velocity and inclination (see Tab. 2). A detailed discussion
of the MOKA

3D goodness of fit estimator used to infer the best-fit parameters, as well as the
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procedure to estimate the parameter uncertainties is presented in Supplementary Sec. 3. In
Supplementary Figs. 4-6, we show the observed, modelled and residual moment maps for each
source in our sample. The intensity maps (top left for each source in Supplementary Figs.
4-6) show a clear bi-conical axis-symmetric geometry in each source except Circinus, where the
counter cone is probably obscured by the galactic disc [46]. In each case except NGC 5728 and
IC 1657, the redshifted cone is more dust obscured than the approaching one, as expected in
Seyfert galaxies with axis-symmetric conical winds, as the counter-cone is typically partially
or totally hidden by the galaxy disc [see e.g. 16]. To fit the emission of the ionised gas in
the disc, we adopted a thin disc geometry with a disc width of 100 for each source, without
including any intrinsic velocity dispersion for the disc clouds. As a consequence, just a few
clouds of the disc model will fall in each spaxel and thus we expect higher residuals from the
disc-dominated region compared to the outflow-dominated spaxels. This effect can be ascribed
to the assumption of modelling the emission from the disc with a thin disc geometry, which
is not accounting for non-circular motions and deviations from the simple disc geometry (as
disc bulges or thick clumps which deviate from the thin disc geometry).

MOKA
3D reproduces both the clumpy ionised emission and complex observed velocity

fields demonstrating that the observed complexity can be ascribed to the clumpy medium
and not to the velocity field, which instead can be modelled with a smooth velocity function.
It is worth noticing that such complexity cannot be reproduced by assuming analytical flux
functions which cannot account for the clumpy ISM morphology [e.g. 21, 22, 47–49]. We
observe that the effect of increased velocity dispersion perpendicular to bi-conical outflows in
NGC 5643, NGC 5728 and IC 5063 (see [50] for a tentative explanation) is not well reproduced
with MOKA

3D. These features are tracing an enhancement of the turbulence in the ISM which
is possibly due to the interaction with the radio jet, and thus cannot be reproduced by our
outflow + disc model. Anyhow, the feature is not affecting our modelling of the outflow
properties. It is important to stress that the underlying disc emission is negligible to model
and reproduce the intrinsic outflow properties. Indeed, in our MAGNUM sample we measured
on average rotating disc velocities in a range from a few tens of km s�1 in the inner shells up
to ⇠ 250 km s�1 in the outer regions. Such velocities are considerably smaller compared to
the intrinsic outflow velocities at each radius and thus will not affect our results.

1.4 MOKA
3D

fitting and outflow velocity

Our results for the intrinsic outflow average velocity are generally consistent with previous
kinematic analysis (see averaged velocities listed in Tab. 2). In particular, we compare the
results for Circinus, NGC 4945, and NGC 7582 with our previous analysis in M23, where we
fitted the data of each source imposing a constant and average outflow velocity and inclination.
Here we demonstrated that a constant outflow velocity is still the optimal fit for Circinus and
NGC 4945, up to the observed scales. In particular, M23 found that the outflow properties are
reasonably well reproduced with a cone axis inclination of � = 80

� ± 2
� and � = 70

� ± 5
� and

constant outflow velocity of vr = 550 ± 20 km s�1, and vr = 1200 ± 50 km s�1, for Circinus
and NGC 4945, respectively. In this work, we found � = 75

� ± 5
� and � = 72

� ± 7
� and

average outflow velocity of vr = 517±37 km s�1, and vr = 1010±90 km s�1, for Circinus and
NGC 4945, respectively. The mentioned average outflow properties presented as a result of this
work are estimated by computing the mean and standard deviation of the best-fit values in the
various conical shell, as reported in Fig. 2. On average, the outflow properties reported in M23
and in this work, for Circinus and NGC 4945 are totally consistent. For NGC 7582 instead, to
quantify the improvements with respect to our previous analysis and to demonstrate that an
accelerating velocity profile is better suited to reproduce the observed features in NGC 7582,
we compared the goodness of fit estimator () for the new best fit model and the one presented
in M23. We found that our new routine improves the fitting of a factor of ⇠ 2, i.e. acc/const

= 0.42, with acc and const a revised version of the goodness of fit estimator presented in
M23 for the accelerating and constant velocity models, respectively. A detailed discussion on
the  parameter, as well as the procedure to derived the best-fit parameters uncertainties is
presented in Supplementary Sec. 3. Finally, we discuss the nature of the discrepancies in the
best-fit values derived in this work with respect those presented in M23. With our improved
tool we found � = 71

�±5
� and vr = 660±150 km s�1, in M23 instead are reported an outflow
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inclination and radial velocity of � = 88
� ± 2

� and vr = 630 ± 30 km s�1. We observe that
the estimates of the radial velocity provided with the two methods are consistent within the
uncertainties. On the other hand, in this work we found an outflow axis which is more inclined
towards the observer with respect to the estimate provided in M23. Nevertheless, since in this
work we also accounted for the emission originating from the underlying disc and performed
an estimate of the radial profile of the outflow inclination which shows consistency among
different shells (see Supplementary Fig. 1, top panel), we believe that the result provided in
this work is more reliable. Consistently with our averaged result, [68] and [56] studied the
same MUSE WFM data of the Circinus galaxy and assumed an outflow velocity of ⇠ 750 km
s�1 and 400 km s�1, respectively, derived from [OIII] channel maps and from the FWHM of
the broad [OIII] component, respectively. In NGC 4945 and NGC 1365, [69] found ionised
outflow velocities of 800 km s�1 and 500 km s�1, respectively, using the W70 maps as a proxy
of outflow velocity. No previous studies addressed the ionised gas properties of the outflowing
gas in Cen A. [70] and [71] traced the outflow velocity in NGC 5728 and found maximum values
of 400 km s�1 and 740 km s�1, from Pa� and [SiVI] emission, respectively. [45] confirmed
ionised outflow velocities above 1000 km s�1 in NGC 2992, consistently with our results and in
contrast with previous analysis [e.g. 72]. In NGC 5643, [73] and [25] found outflow velocities
up to 700 km s�1 and 450 km s�1, respectively. In the latter, the outflow velocity is measured
as the velocity at 10% of the [OIII] line flux. Taking into account projection effects and
considering all the line profile, both these estimates are consistent with our results. To our
knowledge, the only estimate of the ionised outflow velocity in IC 1656 is provided by [56].
They used the non-parametric velocity dispersion w80 from slit spectra as proxy of outflow
velocity and found velocities of ⇠ 400 km s�1, which is below our spatially resolved estimate.
Lastly, [74] found projected ionised flux-weighted maximum outflow velocities of ⇠ 300 km s�1

in NGC 7582, which is not consistent with our results even de-projecting the outflow velocity.
The possible reason for this inconsistency might be that they are observing the flux-weighted
gas velocity and thus are not taking into account the contribution from the gas producing the
fainter line wings, which would lead to assume a higher outflow velocity.

1.5 Escape velocity

We computed the escape velocity profile for all our MAGNUM galaxies following two dif-
ferent methodologies. First, based on the prescription of [31], we assumed a spherically
symmetric galaxy and modelled the potential as in a singular isothermal truncated sphere
(to avoid the mass to diverge we truncated the sphere at the halo radius, i.e., Rmax =
Rhalo). Then, to be as conservative as possible, we assumed as disc velocity (Vrot) the max-
imum disc velocity measured with MOKA

3D. Finally, we can describe the escape velocity
as: vESC(r) = Vrot

p
2 (1 + ln (Rmax/r)), with r describing the distance from the AGN. The

second method to estimate the escape velocity profile is based on [75]. In brief, we build a
dynamical mass model using the galpy [76] python package and derive the total rotation curves
and escape velocity curves. Our mass model consists of a dark matter (DM) halo, a stellar
disk, and a gaseous disk. We modeled the DM halo through an NFW profile, deriving its virial
mass M200 and concentration c from the stellar-to-halo mass relation of [77] and the M200 � c

relation of [78], respectively. For the stellar disk, we assume a double-exponential profile with
scale-length Rd and scale-height Rd/5, where Rd is equal to the half-light radius R50 divided
by 1.68 (correct for a pure exponential disk, Sérsic index n = 1). We determine R50 from the
size-M⇤ relation for a disc galaxy (n = 1) at z⇠ 0 [79] adopting the stellar masses listed in Tab.
1. We model a gaseous disc of Mgas adopting the values listed in Tab. 1. In doing so, we derive
the escape velocity profile of the total mass distribution. Finally, despite the two methods
have different assumptions, we derived consistent values for the escape velocity profile. Since
both models are well suited to compute the escape velocity in our sample, we decided to adopt
the estimates from the first one as it is simpler and does not rely on measurements of galactic
properties (e.g. stellar masses, gas mass, SMBH mass) to set the galaxy dynamics.
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ID D MBH M⇤ Mgas

[Mpc] [log(M�)] [log(M�)] [log(M�)]
NGC 4945 3.7 6.15 9.7 9.8
Circinus 4.2 6.54 10.9 9.9

NGC 7582 22.7 7.74 10.5 9.3
Centaurus A 3.8 7.77 9.8 9.4
NGC 1365 18.6 7.30 10.9 10.4
NGC 2992 31.5 7.36 10.8 10.7
IC 5063 45.3 8.24 11.1 9.0

NGC 5643 17.3 6.44 X X
NGC 5728 44.7 7.53 11.1 9.4
IC 1657 50.5 7.67 10.6 X

Table 1: Properties of the galaxies in the sample. From left to right: Source ID, distance in Mpc,
SMBH mass, stellar mass, and gas mass. The SMBH masses (NGC 4945: [51], Circinus: [52], NGC
7582: [53], Cen A: [54], NGC 1365: [55], NGC 2992: [55], IC 5063: [56], NGC 5643: [57], NGC
5728: [58], IC 1657: [56]), stellar masses (NGC 4945, NGC 7582, Cen A, NGC 2992, NGC 1365,
IC 5063, NGC 5728: [59], Circinus: [60], IC 1657: [61]) and gas masses (NGC 4945: [62], NGC
7582:[63], Cen A:[64], NGC 2992:[65], NGC 1365:[66], IC 5063:[67], NGC 5728: [58], Circinus: [60],
are taken from the literature. The X indicates that to our knowledge there are no estimates from
the literature, therefore a stellar and gas mass of 1010 M� and 1010 M� are assumed in order to
compute the escape velocity, respectively.

Galaxy Fit parameters
ID R⇤

0 Vr,blue Vr,red �blue �red ✓⇤ �⇤
blue �⇤

red Nout �disk V20kpc
ESC

[kpc] [km s�1] [km s�1] [�] [�] [�] [�] [�] [�] [km s�1]
NGC 4945 0.54 1008 ± 41 930 ± 35 72 ± 4 101 ± 6 100 50 230 8 (4.4) 80 ± 9 240
Circinus 0.61 515 ± 38 — 74 ± 6 — 110 65 — 6 (5) 61 ± 8 400

NGC 7582 3.28 650 ± 52 645 ± 57 70 ± 4 112 ± 6 120 116 296 8 (4.4) 80 ± 8 300
Centaurus A 0.46 760 ± 52 730 ± 52 90 ± 6 93 ± 4 80 305 125 8 (3.1) 107 ± 4 240
NGC 1365 2.7 975 ± 35 620 ± 37 84 ± 8 92 ± 13 120 230 50 8 (4) 125 ± 7 365
NGC 2992 5.3 700 ± 37 710 ± 50 81 ± 7 120 ± 6 110 60 240 7 (3.1) 80 ± 7 310
IC 5063 6.5 775 ± 70 1110 ± 64 70 ± 7 110 ± 3 80 60 230 8 (3.1) 80 ± 4 380

NGC 5643 2.10 710 ± 57 770 ± 54 80 ± 3 86 ± 4 100 275 95 8 (3.1) 75 ± 8 190
NGC 5728 6.4 800 ± 42 890 ± 54 82 ±3 100 ± 7 90 55 235 8 (2.2) 80 ± 5 370
IC 1657 4.8 710 ± 55 650 ± 48 86 ± 3 103 ± 4 100 94 274 8 (2.5) 102 ± 8 290

Table 2: Galaxy properties and best-fit parameters of the ionised outflows in the sample. The
asterisks indicate the parameters kept fixed during the fitting procedure. From left to right:
Source ID, outflow extension in kpc (R0), mean blue-shifted and red-shifted outflow radial velocity
(< Vr,blue >, < Vr,red >) computed across all shells (i.e., radii), inclination with respect to the LOS
of (bi)conical outflows (�blue, �red), outer semi-aperture of the conical model (✓), P.A. measured
counter-clockwise from north (�), number of concentric outflow shells (Nout, and shell width in
arcsec), disc mean inclination (�disk) and wind velocity at radius R0 to reach the 20 kpc scale (see
Sec. 1.5). Semi-apertures and position angles are fixed before the fit. The uncertainties on the free
parameters are estimated performing a fit of the emission integrated over the maximum radius R0,
with a wind opening angle of ✓. Outflow radial velocity profile for each source are shown in Fig. 2.
For NGC 2992 we adopted two different outflow radii: the red-shifted and blue-shifted cones have
an extension of 35” and 20”, respectively.
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Figure 1: Comparison between observed and modelled moment maps for NGC 1365. From top to
bottom, panels show the observed, MOKA

3D modelled and residual moment maps. From left to
right: integrated flux, line-of-sight velocity and velocity dispersion maps from [OIII]�5007 emission
(see Methods). The cross marks the position of the outflow center. North is up and East is to the
left.

Figure 2: Intrinsic outflow radial velocity profile as a function of the distance from the AGN
in logarithmic scale. The points represent the best-fit value of the radial velocity in each shell as
inferred with MOKA

3D. The outflow velocity profiles, as well as their uncertainties, are normalized
to the outflow mean velocity within 1 kpc from the AGN. The derivation of the outflow velocities
uncertainties is presented in Supplementary Sec. 3. Error bars represent 1-� uncertainties as
computed using Supplementary Eq. 2. Solid, dashed, and dotted black lines represent the trend
predicted by the model of [27], assuming a stellar velocity dispersion of 125, 150, and 200 km s�1,
a SMBH mass of 108 M�and assuming that the AGN driving is sustained for 107 yr. Details of
the model predictions are presented in Supplementary Sec. 2.
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Figure 3: Ratio between the outflow intrinsic radial velocity and the host galaxy escape velocity
as a function of the distance from the AGN, color-coded by the source name. The dashed black
line marks the ratio under which the outflowing gas is bounded by the host potential. The model
used to compute the host potential and thus the escape velocity at different radii is discussed in
Sec. 1.5. Shaded areas represent intervals of the escape velocity estimated for a particle to reach
a maximum radius between 20 and 100 kpc using the Equation presented in Sec. 1.5.
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