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ABSTRACT

In early type galaxies, externally accreted gas is thought to be the main source of gas replenishment at late times. We use MUSE
integral field spectroscopy data to study the active S0 galaxy NGC 5077, known to have disturbed dynamics, indicative of a past
external interaction. We confirm the presence of a stellar kinematically distinct core with a diameter of 2.8 kpc, counter-rotating
with respect to the main stellar body of the galaxy. We find that the counter-rotating core consists of an old stellar population, not
significantly different from the rest of the galaxy. The ionised gas is strongly warped and extends out to 6.5 kpc in the polar direction
and in a filamentary structure. The gas dynamics is complex, with significant changes in the position angle as a function of radius.
The ionised gas line ratios are consistent with LINER excitation by the AGN both in the nucleus and at kiloparsec scales. We discover
a nuclear outflow with projected velocity V ∼ 400 km/s, consistent with a hollow outflow cone intersecting the plan of the sky. The
properties of the misaligned gas match predictions from numerical simulations of misaligned gas infall after a gas-rich merger. The
warp and change in the gas orientation as a function of radius are consistent with gas relaxation due to stellar torques, that are stronger
at small radii where the gas aligns faster than in the outer regions, driving gas to the nucleus. The stellar and gas dynamics indicate
that NGC 5077 has had at least two external interactions, one that resulted in the formation of the counter-rotating core followed by
late time external gas accretion. NGC 5077 illustrates the importance of external interactions in the replenishment of the galaxy gas
reservoir and the nuclear gas content available for black hole fuelling.
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1. Introduction

Counter-rotating or strongly misaligned structures of gas or stars
are fairly common in early-type galaxies (e.g. Franx & Illing-
worth 1988, Kannappan & Fabricant 2001, Falcón-Barroso et al.
2004, McDermid et al. 2006, Sil’chenko et al. 2009, Krajnović
et al. 2011, Raimundo et al. 2017, Johnston et al. 2018). Stel-
lar kinematically distinct cores (KDCs), i.e. misaligned cores of
stars that show an abrupt change of more than 30◦ in their kine-
matic axis (Krajnović et al. 2011), are found in ∼ 13% of the
ATLAS 3D sample of early type galaxies (Ebrová et al. 2020
and references therein). The presence of misaligned ionised or
molecular gas (kinematic misalignment angles of more than 30◦
with respect to the stellar main body rotation), is also common.
Out of the early-type galaxies with gas detections, which cor-
respond to ∼ 70% of galaxies in the ATLAS 3D sample, 41%
show misaligned gas (Davis et al. 2011). S0 galaxies in par-
ticular, tend to have a large fraction of gas in counter-rotation
(∼ 20 − 40%, e.g. Kuijken et al. 1996, Pizzella et al. 2004, Bu-
reau & Chung 2006, Katkov et al. 2014). Counter-rotation cor-
responds to a kinematic misalignment of 180◦ between the stel-
lar and gas kinematic angles and is likely caused by the stel-
lar discs, which tend to align externally accreted gas either in
co-rotation or counter-rotation (e.g. van de Voort et al. 2015).
The presence of misaligned structures is a clear indication that
the galaxy underwent an external accretion event (Bertola et al.
1992, Davis & Bureau 2016), such as a major or minor merger,

gas transfer from a neighbour galaxy, gas accretion from the im-
mediate environment triggered by a flyby, or by the accretion
of primordial gas through large scale filaments. This is because
the gas that originates from stellar mass loss is expected to co-
rotate with the stars. To change the angular momentum of a large
mass of gas and create large kinematic misalignments or counter-
rotation, one would need a significant amount of energy, unlikely
to be met by secular processes in the galaxy (e.g. Dumas et al.
2007, Davies et al. 2014). For galaxies with a low content of na-
tive gas, such as some early-type galaxies, the external accretion
of gas may provide the necessary fuel to promote one or more
episodes of star formation (e.g. Kaviraj 2014, Davis & Young
2019) or to fuel an Active Galactic Nucleus (AGN) (Raimundo
et al. 2017). It has been shown from numerical simulations that
the presence of misaligned or counter-rotating structures are as-
sociated with the flow of gas towards the nucleus and the poten-
tial fuelling of the AGN (e.g. Negri et al. 2014, Capelo & Dotti
2017, Taylor et al. 2018). One of the best observational examples
of such phenomenon is the active galaxy MCG–6-30-15 where
the entire reservoir of gas available for AGN fuelling consists
of counter-rotating gas (Raimundo et al. 2017). The detection of
counter-rotating molecular gas in the nucleus of this galaxy indi-
cates that an external accretion event was able to drive gas to the
innermost regions of the galaxy, which fulfils two of the require-
ments thought to be necessary for AGN fuelling: the presence
of gas and the dynamical mechanisms necessary to transport the
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gas to the black hole (e.g. Storchi-Bergmann & Schnorr-Müller
2019 and references therein).

MCG–6-30-15 is until now the only active galaxy for which
a detailed study of the stellar counter-rotating core, counter-
rotating gas dynamics and the impact on black hole fuelling has
been carried out (Raimundo et al. 2013, Raimundo et al. 2017).
Identifying galaxies with counter-rotating gas is mostly done
serendipitously (e.g. Raimundo et al. 2013). We have started a
study of counter-rotating gas in the nuclei of galaxies to investi-
gate the hypothesis that external gas accretion can replenish the
AGN fuelling reservoir at scales of tens to hundreds of parsecs.
The target of the present work, the galaxy NGC 5077, is known
to have an active nucleus with characteristics of low-ionisation
nuclear emission-line regions (LINERs) and to have ionised gas
that is kinematically misaligned with respect to the main stel-
lar body of the galaxy (e.g. Bertola et al. 1991). The particular
stellar/gas configuration and the presence of the ionising radia-
tion from the AGN provides an opportunity to study the external
accretion event and the AGN properties in this galaxy.

In this work we use for the first time integral field spec-
troscopy data of NGC 5077 to determine the full extent, dynam-
ics and excitation mechanisms of the ionised gas and to constrain
the properties of the external accretion event.

2. Target and data analysis

NGC 5077 is an early-type galaxy classified as S0 according to
RSA (Sandage & Tammann 1987, Temi et al. 2007) and the
brightest of a small group of 8 galaxies (e.g. Sánchez-Portal
et al. 2004, Tal et al. 2009) in a group environment with density
ρ = 0.23 galaxies/Mpc3 (Annibali et al. 2010). It is located at
z = 0.00936, corresponding to a physical scale of 220 pc/arcsec
and a luminosity distance of 46.4 Mpc. It has a low level AGN
with LINER properties (Zhang et al. 2008, Annibali et al. 2010).
The central black hole has a large mass, and is one of the limited
number of supermassive black holes with a dynamically mea-
sured mass: MBH = 8.55+4.35

−4.48×108 M� (de Francesco et al. 2008,
for the cosmology parameters used in Kormendy & Ho 2013).
There are several indications that NGC 5077 underwent an ex-
ternal accretion event: the overall ionised gas distribution has a
polar configuration, approximately orthogonal to the stellar ma-
jor axis (Bertola et al. 1991). There is also a counter-rotating
stellar core in the nucleus(Caon et al. 2000) and faint dust lanes
and filaments observed (Tran et al. 2001, Simões Lopes et al.
2007) pointing towards a past external interaction.

We use archival data on NGC 5077 from the MUSE op-
tical integral field spectrograph on the Very Large Telescope
(VLT) (Programme ID: 094.B-0298) to investigate the stellar
and gaseous properties of the galaxy. The data were processed
using the command line tool esorex (version 3.12.3) and the
ESO recipes for the MUSE pipeline (version 2.2.0) (Weilbacher
et al. 2014). The procedure for data reduction is similar to what
is described in detail in Raimundo et al. (2019). The only dif-
ference is the sky correction. As there are no sky exposures we
used a dark region of the field of view and a sky mask to do the
sky correction during the recipe muse_scipost. The final cube
has a spatial and spectral dimension of 321 × 312 × 3681 pix-
els, covering a field of view of 1 × 1 arcmin2, which at the red-
shift of NGC 5077 corresponds to ∼ 13 × 13 kpc. The pixel
spatial sampling is 0.2 × 0.2 arcsec2 and the spectral sampling
is 1.25 Å. The wavelength range covered by the observations is
4750 - 9350 Å and the spatial resolution of the data is estimated
to be 0.8 arcsec from a star that is observed south west of the

galaxy. The median spectral resolution across the field of view
is σ = 60 ± 6 km s−1 (FWHM = 2.6 Å) at 5577 Å, σ = 44 ± 8
km s−1 (FWHM = 2.37 Å) at 6923 Å, and σ = 37 ± 4 km s−1

(FWHM = 2.42 Å) at 8399 Å based on the fitting of unblended
sky lines (Raimundo et al. 2019).

To increase the signal-to-noise (S/N) ratio of the data, we
produce two spatially binned data cubes using the Voronoi bin-
ning technique described by Cappellari & Copin (2003). The
first data cube is binned based on the S/N level of the continuum
at 5500 Å, to a minimum S/N ∼ 50 per spatial pixel (i.e. S/N
= 40/Å) to determine the stellar kinematics. To determine the
stellar kinematics we use the latest Python implementation of the
Penalized Pixel-Fitting (pPXF) method (van der Marel & Franx
1993, Cappellari & Emsellem 2004, Cappellari 2017), with the
full suite of stellar templates from MILES (Sánchez-Blázquez
et al. 2006, Falcón-Barroso et al. 2011) to determine the stellar
line of sight velocity distribution (for more details see Raimundo
et al. 2019). Since the stellar and gas spatial distributions are
roughly orthogonal, we found that binning the data-cube based
on the continuum S/N resulted in loss of spatial resolution in the
regions of low stellar flux but still strong gas emission. There-
fore we created a second spatially binned cube based on the S/N
in the Hα line measured in the pure gas emission cube (calcu-
lated by subtracting the best fit pPXF model for the stellar emis-
sion from the observed spectra). We use an approach similar to
Rosales-Ortega et al. (2012) but for the Hα+[N II] line complex.
We identify a spectral band that covers the Hα+[N II] emission,
with a width of 80 Å centred at the peak of the Hα emission lines,
and two adjacent spectral bands that cover the continuum (i.e.
line-free emission). We then define the signal in the emission
features as the mean of the difference between the pixel flux val-
ues within the emission spectral band and the mean of the fluxes
in the two continuum bands, divided by the square root of the
number of spectral pixels in the emission band. The noise is de-
termined from the MUSE pipeline data reduction which provides
a cube with the variance in each spatial and spectral pixel. To de-
termine the ionised gas dynamics we use the available feature in
the latest implementation pPXF, that allow us to simultaneously
fit the stellar features and emission lines using a set of gaussian
templates. More details will be presented in Section 3.3.

3. Results and Discussion

3.1. Stellar kinematics

We show the results of the pPXF stellar kinematics analysis in
Fig. 1. The stellar light distribution in the galaxy is relatively
smooth, as can be seen from the light contours (integrated in the
full MUSE spectral range) in the left panel of Fig. 1. The central
and right panels of Fig. 1 show the stellar line of sight velocity
and stellar velocity dispersion, respectively. The stellar rotation
velocity is low, with values up to ∼50 km/s. The stellar velocity
dispersion is higher in the centre of the galaxy (250 - 300 km/s
in the central 10 arcsec) and along the major axis, and lower
along the minor axis of the galaxy. The region of high velocity
dispersion coincides with the presence of a stellar kinematically
distinct core (KDC), clearly seen in the flip of the direction of the
velocity vector in the middle panel of Fig. 1. This KDC has also
been seen by Caon et al. (2000) and we determine its diameter to
be 12.6 arcsec ∼ 2.8 kpc. We calculate the kinematic position an-
gle of the KDC and of the main stellar body of the galaxy using
the method of Krajnović et al. (2006) implemented in the routine
fit_kinematic_pa as used by Cappellari et al. (2007). The KDC
is consistent with a misalignment of 180 degrees, i.e. counter-

Article number, page 2 of 14



S. I. Raimundo : External gas accretion provides a fresh gas supply to the active S0 galaxy NGC 5077

−20−10 0 10 20 30
offset [arcsec]

−30

−20

−10

0

10

20

30

off
se

t
[a

rc
se

c]

5.0

5.5

6.0

6.5

7.0

7.5

L
og

F
lu

x
[1

0−
20

er
g

s−
1

cm
−

2
]

−20−10 0 10 20 30
offset [arcsec]

−30

−20

−10

0

10

20

30

off
se

t
[a

rc
se

c]

−40

−20

0

20

40

V
[k

m
/s

]

−20 −10 0 10 20 30

offset [arcsec]

−30

−20

−10

0

10

20

30

off
se

t
[a

rc
se

c]

100

150

200

250

300

σ
[k

m
/s

]

Fig. 1. Two-dimensional maps of integrated light, stellar velocity and stellar velocity dispersion. Left panel: map of integrated light within the
MUSE spectral range. The isophotes are shown as contours of 50%, 10%, 5%, 1% and 0.5% of the peak flux value. Regions with lower flux were
masked out of the image. Middle panel: line of sight stellar velocity. Right panel: stellar velocity dispersion. North is up, east is left and the origin
is defined as the position of the AGN. 10 arcsec corresponds to 2.2 kpc. The point source south of the nucleus is a foreground star that was masked
out in the centre and right panels.

rotation, with a kinematic position angle (PA) of 209.5 ± 22.5
degrees compared with the kinematic PA of 17.5 ± 2.5 degrees
for the main body of the galaxy. The high velocity dispersion ob-
served in the core indicates the presence of random stellar mo-
tions along the line-of-sight, and is likely due to the large mass
of NGC 5077, but it is also possible that the inferred high veloc-
ity dispersion is partially the result of the superposition of orbits
from the co-rotating and counter-rotating stars.

3.2. Stellar and gas misalignment

Extended ionised gas emission is detected in NGC 5077 with
a distribution that is significantly misaligned with respect to
the main stellar body of the galaxy, and distributed along the
galaxy’s apparent minor axis, as also noted in previous work
(Bertola et al. 1991). The MUSE data allows us to determine
for the first time the extent of the gas distribution and the two-
dimensional gas velocity map. In Fig. 2 we show the ionised gas
distribution as traced by the total emission in the wavelength re-
gion of the Hα λ6563 and [N II] λλ6548,6583 emission lines,
similar to what was done to calculate the S/N of the emission
features (Section 2). The map in Fig. 2 shows the S/N of the to-
tal emission per unbinned spatial pixel within this wavelength
band, with the spatial pixels with S/N < 3 masked out. Fig. 2 is
mostly for visualisation purposes since it highlights pixels where
significant signal is detected and illustrates the filamentary mor-
phology of the ionised gas distribution. Bertola et al. (1991) esti-
mate a total extent for the ionised gas as 30 × 15 arcsec. We find
that the extent is actually almost twice as large, with ionised gas
observed out to the edge of the field of view of our data cube, to
a projected distance of ∼ 30 arcsec (6.5 kpc) from the nucleus.
With the current data we cannot constrain if the emission ex-
tends further out beyond our field of view, as we are limited by
the noise at the edge of the MUSE field-of-view and the size of
the field-of-view itself.

The strong misalignment between stellar and gas distribution
can be clearly seen in Fig. 2 where we overlap the contours for
the integrated light on the ionised gas emission. The large scale
gas distribution is filamentary and clumpy and distributed almost
perpendicularly (in projection) to the stellar distribution. There
are several changes of gas distribution PA as a function of ra-
dius: there is a change in PA at r >∼4 arcsec from the centre
when the gas becomes almost perpendicular to the major axis
of the galaxy, and then at r > 10 arcsec. The gas emission for
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Fig. 2. Map of the signal-to-noise ratio per spatial pixel of the Hα +
[N II] emission in logarithmic scale. The S/N refers to the integrated
continuum-subtracted spectrum in the waveband of Hα + [N II] emis-
sion. The map illustrates the filamentary structure of the ionised gas
distribution with the contours showing the isophotes of integrated light
from Fig 1. North is up, east is left.

r > 10 arcsec starts following what appears to be tidal features
seen in projection, with spiral-like regions of increased gas emis-
sion. The smaller radii regions have a lower PA offset from the
stellar kinematic PA. In the west side the spiral arm is more pro-
nounced, extending to the north and showing a filamentary struc-
ture surrounded by low level emission with an orientation paral-
lel to the major stellar axis of the galaxy (as seen in projection).
On the east side the emission is also filamentary and extends in
two directions, a stronger component to the south and a weaker
component with bright spots in the north-east direction. Previ-
ous work by Caon et al. (2000) detected extended gas emission
but not the extended filamentary emission that we see in the N-S
direction both east and west of the nucleus.

3.3. Ionised gas dynamics

The galaxy spectra show several emission lines (Hβ λ4861,
[OIII] λλ4959,5007, [OI] λ6300,6364, Hα λ6563, [NII]
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Fig. 3. Nuclear spectrum of NGC 5077 extracted from an integrated region of 1 × 1 arcsec2 (black solid line). The region is centred at the position
of the AGN as given by the peak of the Hα integrated emission. The best fit model is shown in red. The two emission line components (green and
orange) are shown in the middle of the panels, with a vertical offset for illustration purposes. The residuals from the fit are shown in grey in the
bottom of each panel. The top panel shows a wide wavelength range while the two bottom panels show a zoom-in of the spectral region of the Hβ
and [O III] emission lines (left) and the Hα, [N II] and [S II] emission lines (right). The emission lines are well represented by the presence of two
kinematic components, one with velocity dispersion ∼ 210 km/s and another one with ∼ 640 km/s.

λλ6548,6583 and [SII] λλ6716,6731) that trace ionised gas. We
start by analysing the emission features in the nuclear spectrum.
In Fig. 3, we show the nuclear spectrum (black solid line) and the
result of the pPXF best fit model (red solid line) for that region.
The individual emission lines are shown in orange and green and
the residuals from the fit are shown in grey at the bottom of each
panel. We find that in the nuclear region two sets of emission
lines are needed to reproduce the observed spectrum. One of the
components is relatively narrow (shown in orange in Fig. 3) and
the second component is broader (shown in green), redshifted by
∼ 100 km/s with respect to the systemic velocity of the galaxy
and with velocity dispersion of σ = 640 km/s (vFWHM = 1500
km/s). We find that this second component is present both in the
Balmer and in the forbidden lines ([O III], [N II], [S II]), indi-
cating that it is not a manifestation of the broad line region of
the AGN but most likely of the complex kinematics and non-
circular motions in the narrow line region. Previous work (Bal-
maverde & Capetti 2014, Cazzoli et al. 2018) have also found
evidence of this second component. The detection of a broad line
region component and hence the classification of NGC 5077 as
a type 1 AGN is however, still being argued. While Balmaverde
& Capetti (2014) find that there is no secure detection of a third
component (associated with the Hα emission from the broad line
region) Cazzoli et al. (2018) find that the addition of a broad Hα
component reduces the residuals in their fit. In this work we find

that two components are able to reproduce the emission lines in
the nucleus of NGC 5077, as can be seen in Fig. 3. While a weak
broad emission line component may be present, our spectra does
not show strong evidence for emission from the broad line re-
gion.

To determine the overall gas dynamics in the galaxy we fit
the full data-cube using pPXF. Since the stellar and gas distribu-
tions are not fully co-spatial, the size and spatial distribution of
the bins for the two binned data-cubes described in Section 2, are
different. We therefore adopt an approach similar to Ganda et al.
(2006) to ensure that the stellar contribution is accurately deter-
mined in regions of strong gas emission but weak stellar emis-
sion. The bins in the data cube binned as a function of S/N in
the continuum will be called ‘star bins’ while the bins in the data
cube binned as a function of S/N in the emission lines will be
called ‘gas bins’. First we fit the stellar kinematics in the emis-
sion line binned data cube (i.e. data cube binned as a function
of Hα+[N II] signal), using the best-fit stellar kinematics from
Section 3.1 as starting values. The spectrum in each gas bin is
calculated from the mean of the spectra in all the star bins that
overlap with the gas bin. We use pPXF to determine the stellar
kinematics in the gas bins, with the emission lines masked out of
the fit. The stellar line of sight velocity moments from this fit are
recorded and used as input for the subsequent analysis. The fol-
lowing step is to use the data cube binned as a function of Hα+[N
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Fig. 4. Maps of ionised gas distribution and dynamics based on the Hα narrow emission. Top panels show the full field-of-view and bottom panels
a zoom-in of the inner 10 × 10 arcsec2. 10 arcsec corresponds to 2.2 kpc. From left to right: Hα flux, velocity and velocity dispersion. The flux
value is per spatial pixel (0.2 ×0.2 arcsec2). The overlaid grey contours show the galaxy light isophotes while the white contours are Hα flux
contours. North is up, east is left.
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Fig. 5. Flux maps for [O III], [N II] and [S II]. The figures only show regions where each of the lines was detected at an amplitude to noise ratio
A/N > 5. The overlaid grey contours show the galaxy light isophotes. Orientation and scale is similar to that of Fig. 4.

II] signal and fit the stellar features and emission lines simultane-
ously. The stellar kinematics are held fixed to those determined
in the step above, but the weights of each of the stellar templates
and the additive Legendre polynomials are free to vary. We as-
sume that the velocity and velocity dispersion of all the ionised
gas species are tied and we use a single gaussian component per
narrow line, with the flux of each line as a free parameter in
the model. In the central regions of the galaxy we use a second,
broader component for each line (as observed to be necessary in
the spectrum of the nucleus - Fig 3). We also use a reddening
curve (Calzetti et al. 2000, with RV = 4.05) to account for the
presence of dust, with E(B-V)gas as a free parameter in the fit and
assuming that the intrinsic Hα/Hβ flux ratio is 2.86 Osterbrock
(1989).

In Fig. 4 we show the ionised gas velocity and velocity dis-
persion based on the results for the Hα narrow emission line.
The second broader component (σ ∼ 640 km/s) is only detected
in the nucleus and we do not show it in the figures. A zoom-in
of the central 10 × 10 arcsec2 narrow line emission is shown in
the bottom panels of Fig. 4. The distribution of flux for the other

species is shown in Fig. 5 and the line fluxes are corrected for
reddening using the output from pPXF. Pixels where the ampli-
tude to noise in each line is A/N < 5, were masked out in the
figures and all the maps shown were smoothed using a boxcar
filter (running mean) of 2 × 2 pixels similar to the point-spread
function (PSF) half-width at half maximum.

The velocity map of the gas (Fig. 4) shows redshifted veloc-
ities east of the nucleus and blue-shifted velocities west of the
nucleus. The velocity profile is irregular in the central 8 arcsec
along the major axis of the galaxy, a spatial region that coincides
with the stellar counter-rotating core. As can be seen in the bot-
tom panels of Fig. 4, the line of zero velocity has an S-shape,
with increased velocity dispersion (200 - 300 km/s) observed in
the nucleus and in a cone-like shaped region towards the north
out to a distance of r ∼ 3 arcsec, and towards the south, but with
weaker emission. Increased velocity dispersion is also observed
in two regions that extend out to 15 - 20 arcsec to the east and
to the west, with σ ∼ 100 − 200 km/s. A close inspection of the
spectra in these regions of higher velocity dispersion shows that
the increased velocity dispersion is not caused only by a broad-
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Fig. 6. Spectrum of the region of high velocity dispersion north of the nucleus, covering the Hα, [N II] and [S II] emission line complexes. To
reproduce the emission, a model with three emission line components is necessary - see text for details.

ened emission line (due to turbulent motions for example) but by
the superposition of more than one emission line component. It
is likely that we are seeing different gas components along our
line of sight, with slightly different velocities and locations.

Most of the gas is in the nucleus of the galaxy (r < 10 arc-
sec ∼ 2.2 kpc). However, we detect faint tails, separated by 180
degrees and approximately symmetric. In the north side we see
hints of a double tail. Additionally we see regions of high gas ve-
locity dispersion at r > 5 arcsec which are composed of double
sets of emission lines, suggesting that we are seeing the super-
position of two different gas components along our line of sight.
Previous work suggested that the observed ionised gas lies in a
warped polar ring (Bertola et al. 1991), which would give the
gas emission a characteristic ‘S’-shape (e.g. van Albada et al.
(1982)). If that is the case, the tails would be caused by a warp
in the gas ring/disc at larger radii, and the regions of high veloc-
ity dispersion would correspond to superposition of two different
regions of the disc along our line of sight, caused by the warp.

3.3.1. Nuclear gas outflow

Fig. 6 shows the spectrum of the region of high velocity disper-
sion north of the nucleus, corresponding to the integrated emis-
sion in a 1 × 1 arcsec2 region, located 3 arcsec north of the
nucleus. We model the spectrum from this region using a set
of three gas components, which are necessary to reproduce the
observed line emission. To verify that the data favours a model
with three components instead of just two, we calculate the nor-

malised residuals for the fit with two components and the fit with
three components, given by (data - model) / 1σ uncertainties, as
in equation 13 of Andrae et al. (2010). We compare the distri-
bution of residuals from each of the two models with a gaussian
distribution with mean µ = 0 and variance σ2 = 1. To eval-
uate which of the models is a better representation of the data
(and therefore the one for which the residuals match a gaussian
distribution best), we do a Kolmogorov-Smirnov test where we
compare each of the model residuals to a gaussian distribution
and calculate the respective p-values. We find that the p-value
for the three-component model is p = 7.346 × 10−4 compared
with p = 2.8 × 10−5 for the two-component model. The higher
value of p-value for the three-component model means that this
model is a better representation of the data, as its residuals more
closely approximate a gaussian distribution than those of the
two-component model. One of the gas components (green line)
has relatively low velocity (v ∼ 40 km/s, σ ∼ 100 km/s), tracing
a rotational component and matching the velocity of motion of
the large scale gas distribution perpendicular to the major axis of
the galaxy (Fig. 4, bottom panel, centre). A second component
(blue line) shows redshifted velocities of v = 430 km/s and σ ∼
110 km/s and a third component (orange line) shows blue-shifted
velocities of v = -380 km/s and σ ∼ 150 km/s. The blue-shifted
component is mostly detected at the edges of the high velocity
dispersion cone. In the south side of the high velocity dispersion
cone, ∼ 2 arcsec south of the nucleus, the emission is dominated
by the blue-shifted component (v ∼ -350 km/s) and the rotational
component. The bicone geometry and the blue-shifted/redshifted
emission, indicate that we are seeing an AGN driven outflow.
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Fig. 7. Maps of the [O III] distribution and dynamics. Panels show a zoom-in of the inner 10 × 10 arcsec2. 10 arcsec corresponds to 2.2 kpc. From
left to right: [O III] flux, velocity and velocity dispersion. The overlaid grey contours show the galaxy light isophotes. The two black crosses in the
right panel show the position of the two radio sources found by Filho et al. (2006). North is up, east is left.

The lack of a young stellar population and the geometry of the
outflow disfavours a supernova driven outflow. Observing both
blueshifts and redshifts at the same position along the line of
sight and the more pronounced blue-shifted emission along the
edges of the bicone are in agreement with models of AGN driven
outflows along a hollow bicone that intercepts the plane of the
sky (e.g. Bae & Woo 2016, Venturi et al. 2017). In Fig. 7 we
show the flux, velocity and velocity dispersion of the one com-
ponent fit to the [O III] emission in the nucleus where the outflow
is more clearly visible.

Due to the complexity of the line emission and limited S/N,
it is not possible to separate the line emission into individual
emission components in every spatial bin. To show the velocity
distribution of the gas we use the [O III] emission line, which
has the advantage of not being affected by contamination from
neighbouring lines, as opposed to [N II] and Hα. Fig 8 shows the
[O III] integrated emission in velocity bins of 200 km/s, with the
rest-frame 5007 Å corresponding to velocity zero. Only emission
above 2σ is integrated to avoid adding noise. As can be seen in
the panels of Fig 8, the [O III] has a complex velocity structure.
The broad emission in the nucleus can be clearly seen in all pan-
els, extending from the -600 km/s to the 800 km/s velocity bin,
in agreement with the large velocity dispersion and 100 km/s
redshift detected in the nuclear gas emission (Section 3.3). The
blue-shifted part of the outflow can be seen in the top left panel,
in the regions of emission north and south of the nucleus and
along the direction of the stellar counter-rotating core (PA ∼ 209
degrees). The redshifted part of the outflow is seen in the +400
km/s and +600 km/s panels, north of the nucleus. It is also clear
that the extended emission to the west (seen in the -400 km/s
and -200 km/s panels) has a higher absolute velocity than the ex-
tended emission to the east (seen in the +200 km/s panels), sug-
gesting that the overall gas motion has a small blueshifted offset,
which means that the gas velocity distribution is kinematically
asymmetric (e.g. Chung et al. 2012) or that a gas component is
located in the foreground of the galaxy, between the galaxy and
the observer.

It is not clear if the broad velocity component (σ ∼ 650 km/s)
detected in the nucleus is the base of the outflow. It is likely the
case since it is redshifted by 100 km/s. If that is the case, the
outflow accelerates from the nucleus until the position of max-
imum blue-shifted and red-shifted velocities observed in Fig 8.
Since the nuclear broad velocity component is mostly confined
to a spatial region consistent with the size of the PSF, it is likely
unresolved in our observations, and the high σ could be due in
part to complex dynamical motions in the central 100 parsecs of
the galaxy.

We compare the ionised gas emission with the dust dis-
tribution in NGC 5077. We use a Hubble Space Telescope
(HST)/WFPC2 archival image of NGC 5077 using the F702W
filter to map the distribution of dust in the galaxy. Fig. 9 shows
the image residuals after subtracting isophotes from the HST im-
age. The residuals with dark colours highlight regions of obscu-
ration by dust and clearly show the filamentary nature of the dust
in NGC 5077, consistent with a previous occurrence of an ex-
ternal accretion event. The white contours show the ionised gas
distribution, and correspond to the levels of 5, 8, 10 and 25 of
the S/N in the Hα+[N II] emission of Fig. 2. The green con-
tours show the location of the highest velocity dispersion gas,
corresponding to σ = 200 km/s and σ = 250 km/s in Fig. 4. In
the east-west direction, the dust distribution and the regions of
higher ionised gas flux (shown with the white contours) are co-
spatial, suggesting that they have a similar origin. There is an ad-
ditional dust component along the major axis of the stellar light
distribution (north-south) in the same direction as the outflow. In
this direction, the inner regions of the outflow cone (shown by
the green contours of increased velocity dispersion) are aligned
with the north-south nuclear dust distribution. This can be more
clearly seen in the region located at ∼ 2 - 3 arcsec north of the
nucleus, where the northern part of the outflow overlaps with a
region of dust absorption (shown by the dark brown colours in
Fig. 9). Dust has been observed to be carried by outflows from
the AGN (e.g. Baron et al. 2018) and it may be obscuring part
of the outflowing gas emission, in particular in the south of the
nucleus, where the outflow is not detected beyond 800 pc from
the nucleus.

The outflow cone must intersect the plane of sky, due to the
observed blue-shifted and red-shifted emission corresponding to
the front and back sides of a hollow outflow cone. The north part
of the outflow is dominated by the redshifted emission while the
south part of the outflow is dominated by the blue-shifted emis-
sion, which means that the south part of the outflow is pointing
towards the observer. The material in the outflow likely origi-
nates in the disc of the galaxy and is being driven outwards by
the AGN, meaning that the outflow cone partially intersects the
disc of the galaxy. The gas and dust in the disc of the galaxy may
be a remnant of the external interaction that created the counter-
rotating stellar core.

There is a detection of two very strong radio sources in the
nuclear regions of NGC 5077 using high spatial resolution obser-
vations (Filho et al. 2006). The authors note that without spectral
information they cannot identify the origin of the radio emission
(i.e. if it is coming from the AGN). We show the position of the
radio sources overlaid with the [O III] velocity dispersion in the
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Fig. 8. Tomography analysis of the [O III] 5007 Å emission. The maps show the [O III] emission integrated in velocity slices of 200 km/s each.
Each panel shows the emission for a slice, with the central velocity of the slice (measured with respect to the systemic velocity), indicated in the
top left corner. The last panel in the bottom right corner shows the summed emission from all the velocity slices. The images are in square root
scale to highlight the high velocity emission from the nuclear regions. The size of each panel is 40 x 40 arcsec with the x and y axis labels showing
the arcsec offset from the centre, as in Fig. 4.

right panel of Fig. 7. The coordinates for the radio emission are
as given in Table 3 of Filho et al. 2006, while the [O III] reference
frame is that of the MUSE datacube, which matches the coordi-
nates of the HST images and Gaia DR3 source positions. Filho
et al. (2006) find that these radio knots are extended, but consid-
ering the high spatial resolution of the radio observations (∼ 0.1
arcsec), we can see that the radio emission originates from out-
side the nucleus of the galaxy (i.e. the peak of gas emission and
stellar light). The radio emission is spatially located in the region
of the blue-shifted part of the outflow. In AGN driven outflows
there is often a similar orientation of radio emission and outflow
as we see here in NGC 5077, but not a perfect spatial correla-
tion (Müller-Sánchez et al. 2011, Fischer et al. 2019). The radio
emission is in some cases associated with a jet that is interacting
with the interstellar medium and transferring angular momentum
to the gas to power the AGN outflow. In the case of NGC 5077,
the radio emission may be caused by synchrotron emission from
relativistic particles that are accelerated in the shocks caused by
the AGN outflow (e.g. Zakamska & Greene 2014, Fischer et al.
2019).

3.4. Excitation mechanisms

We use the observed spatially resolved narrow emission line
fluxes to investigate the excitation mechanisms at work in NGC
5077. The diagnostics we use are based on line flux ratios (Bald-
win et al. 1981, Veilleux & Osterbrock 1987), also known as
BPT diagrams (Fig. 10). We only include spatial bins where all
the diagnostic lines are detected above an amplitude to noise
level A/N > 3. Hβ is the weakest line and therefore the main fac-
tor in constraining the spatial regions where the BPT analysis can
be carried out. In general, Hβ and [O III] are much weaker than
Hα and [N II]. Panel a) of Fig. 10 shows the spatial regions anal-
ysed, colour coded to facilitate the reading of the BPT diagrams.
Panels b) and c) show the [O III]λ5007/Hβ vs [NII]λ6583/Hα
and the [O III]λ5007/Hβ vs [SII](λ6716 + λ6731)/Hα diagnos-
tics, respectively. To identify excitation mechanisms based on
these line ratios we use the theoretical regions defined by Kew-
ley et al. (2006), which are shown as solid and dashed lines in
the panels b) and c) of Fig. 10.

As can be seen from the location of the points in panels a),
b) and c) of Fig. 10, the line ratios are consistent with the ex-
citation conditions of LINERs for most of the regions in NGC
5077. Part of the outer regions (r > 10 arcsec, 2.2 kpc) may also
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Fig. 9. Ellipse fitting residuals showing the filamentary dust on the HST
WFPC2 F702W band image. The residuals with dark colours highlight
regions of obscuration by dust. The white contours show the distribution
of ionised gas while the green contours show the gas velocity dispersion
levels of σ = 200 km/s and σ = 250 km/s to show the direction of the
AGN driven outflow. The dust follows the flux distribution of ionised
gas in the east-west direction. In the north-south direction the dust is
located in the same direction as the outflow.

some contribution of star formation in addition to AGN, based
on panel a). While typically LINER-like excitation is caused by a
(low-luminosity) AGN, for some galaxies the LINER-like exci-
tation is due to the presence of stars in the post-AGB phase (e.g.
Stasińska et al. 2008, Singh et al. 2013, Levan et al. 2017). The
argument is that in the post-AGB phase the stars become suffi-
ciently hot to generate ionising photons that are able to produce
LINER-like emission (Binette et al. 1994). If this is the case, it
means that the stars responsible for the gas excitation must be
older than 1 Gyr.

As a second diagnostic we determine the equivalent width of
the narrow component of the Hα line (WHα) to build a WHAN
plot of WHα vs [N II]/Hα (Cid Fernandes et al. (2011)), which
has shown to be a good discriminator between excitation by
AGN and excitation by post-AGB stars (Cid Fernandes et al.
2010). This diagnostic is also especially valuable for galaxies
with weak lines (Cid Fernandes et al. 2011), which is the case
for Hβ in NGC 5077. The equivalent width is determined from
the Hα flux and continuum of the spectral fitting, but similar re-
sults are obtained when integrating the narrow Hα emission di-
rectly in the spectrum. Panel d) of Fig. 10 shows the equivalent
width of Hα (WHα) as a function of the [N II]/Hα ratio, with the
dashed lines outlining the classification regions in Fig. 6 of Cid
Fernandes et al. (2011). The left-hand side of panel d) shows the
region where pure star forming galaxies (SF) are located, while
sAGN and wAGN show where strong AGN (e.g. Seyferts) and
weak AGN (e.g. LINERS) are located, respectively. The region
labelled with ‘HOLMES’ (Hot Low Mass Evolved Stars) indi-
cates that there is a significant contribution of post-AGB stars to
the gas excitation. This region is typically populated by galaxies
that have stopped forming stars. Galaxies with AGN can still be
located in the HOLMES region, but the ionisation photon output
from the AGN is comparable or weaker to that of HOLMES (Cid
Fernandes et al. 2011).

From Fig. 10 we can infer that in NGC 5077 there is sig-
nificant excitation by AGN throughout most of the field-of-view,
including in the tidal arm to the north. The AGN activity is weak,

characteristic of LINER, as can be seen from the location of all
data points in panel c). Most of the LINER conditions are domi-
nated by AGN excitation as opposed to post-AGB stars (panel
d), except for some locations north and south of the nucleus
and along the major stellar light distribution, where excitation by
post-AGB stars makes a dominant contribution to the gas exci-
tation (dark blue crosses.) Additionally, there is further evidence
of AGN (LINER-like) activity in NGC 5077 from the presence
of nuclear X-ray emission with log LX(2−10keV) = 6.8+1.6

−1.5 × 1039

erg/s (Gültekin et al. 2012).
There are two other notable examples of S0 galaxies with de-

coupled extended ionised gas and an active nucleus, NGC 4993
and Mrk 3. NGC 4993 has a relatively weak AGN (LX (0.5−8keV) =

2×1039 erg s−1), and Levan et al. (2017) argue that the line ratios
observed are not caused by the AGN but by hot post-AGB stars
or shocks, similar to what has been found in other early-type
galaxies without AGN. Mrk 3, another S0 galaxy with ionised
gas out to ∼ 5 kpc scales, also shows excitation by AGN (Gnilka
et al. 2020), although the AGN in Mrk 3 is more luminous (Lbol
= 2 × 1045 erg s−1) than NGC 5077. NGC 5077 appears to have
a weak AGN but bright enough to dominate as the excitation
mechanism. Alternatively, it is possible that the AGN in NGC
5077 was more luminous in the past.

3.5. Stellar population

We use the stellar population synthesis code STARLIGHT (Cid
Fernandes et al. 2005, 2009) to model the stellar population
age and metallicity in the galaxy, to determine if there is evi-
dence of recent star formation. We use the set of theoretical stel-
lar spectral templates from the E-MILES evolutionary popula-
tion synthesis models (Vazdekis et al. 2016), covering a range
of stellar ages (0.0631 - 17.7828 Gyr) and metallicities (-2.32
< [Fe/H] < 0.22). The procedure for the modelling is similar
to that described in Raimundo et al. (2019) for the AGN host
Mrk 590. More details can be found there and in Cid Fernan-
des et al. (2004), Cid Fernandes et al. (2005) and references
therein. We use as input the data cube binned to a minimum
S/N of 50 and model the spectrum for each bin. We assume a
Calzetti dust reddening curve (Calzetti et al. 2000) to model the
host galaxy reddening and STARLIGHT fits the V-band contin-
uum extinction (AV ) at each spatial bin. The fitted wavelength
range is 4644 − 9000 Å. Fig. 11 shows the results of the mod-
elling: the luminosity-weighted mean stellar age (<log t>) in the
left panel, the luminosity-weighted mean metallicity (< Z >)
in the central panel and AV on the right. Our results of an old
stellar population in the nucleus of the galaxy agree with those
found by Annibali et al. (2007), who used long-slit spectroscopy
to determine the stellar population within a radius of 2.85 arc-
sec from the centre. We find that there is a slight negative gra-
dient of stellar age outside the nucleus. We observe a younger
stellar population with age <log t > lower than 10 outside the
nucleus. We note that the modelled stellar age and metallicity
are less reliable in the outskirts of the galaxy and for this rea-
son in Fig. 11 we only show the results from STARLIGHT for
the central regions of the galaxy, where the stellar flux is greater
than 1% of the peak flux. There is no evidence of recent (< 1
Gyr) star formation in the galaxy and the stellar population is
dominated by old stars. From our analysis, the age of the stellar
counter-rotating core is similar or slightly older than the stel-
lar age in the main body of the galaxy, which points towards an
early formation of the counter-rotating core. It is expected that
the stellar population difference between kinematically distinct

Article number, page 9 of 14



A&A proofs: manuscript no. ngc5077_accepted

Fig. 10. BPT spatially-resolved diagrams for the regions of NGC 5077 where ionised gas (Hβ, [O III], Hα, [N II] and [S II]) is significantly
detected. The left panel shows colour-coded regions to facilitate the identification of spatial trends. Panels b) and c) each show a different line ratio
diagnostic and panel d) shows the Hα equivalent width as a function of [N II]/Hα (WHAN plot). The labels and solid/dashed lines indicate the
plausible excitation mechanisms in each region of the diagram (see text for description). The coloured symbols match the line ratios measured to
the corresponding colour-coded regions of the left panel. The diagrams show that there is a dominant contribution of AGN excitation in most of
the regions (green circles and light blue crosses). The dark blue crosses show regions where post-AGB stars make an equal or larger contribution
than AGN to the ionising field.

cores and the main body of the galaxy gets diluted by time, since
the original accretion event (McDermid et al. 2006). This finding
also supports the possibility that two external accretion events
took place: one that formed the stellar counter-rotating core and
a more recent one that resulted in the accretion of the decoupled
distribution of ionised gas.

3.6. Origin of the gas

Due to the dynamical configuration observed, with the gas sig-
nificantly misaligned and in a polar configuration with respect
to the major axis of the galaxy, the origin of the gas can be
clearly identified as external, as also seen for several other galax-
ies in similar configurations (e.g. Sil’chenko et al. 2019, Gnilka
et al. 2020), as secular processes are not able to explain large
quantities of misaligned gas (Caldwell et al. 1986, Kannappan
& Fabricant 2001). The properties of NGC 5077 match rather
well the predictions from numerical simulations by van de Voort
et al. (2015), where an early type galaxy can show a misaligned
gas distribution caused by late-time gas accretion after a gas-rich
major merger. This is to the best of our knowledge the first time
that the prediction of van de Voort et al. (2015) of a warped mis-
aligned gas disc is being confirmed by observations.

van de Voort et al. (2015) carried out a numerical simula-
tion as part of the FIRE simulations Hopkins et al. (2014), of
an early-type galaxy that underwent a major merger event (1:4
stellar mass ratio with a gas-rich galaxy). They predict that the
merger will cause strong inflow of gas, followed by strong out-
flow where the gas is pushed out of the galaxy (and a signif-
icant fraction is actually expelled). Roughly 0.5 Gyr after the
merger, the galaxy starts a late-time accretion of misaligned gas,
leftover from the major merger and from minor satellites. Once
the amount of accreted gas decreases, the gas starts its process
of gravitational relaxation, and forms a misaligned warped disc
(Fig. 1 of van de Voort et al. 2015). The warp in the disc is caused
by the gravitational torques of the stellar potential. In an axisym-
metric potential, the gas will feel a gravitational torque from the
stars, which is larger at smaller radii and therefore causes the
realignment to happen faster in the nucleus. Since the gas is sub-
ject to dissipative forces, it will collide and reduce its angular
momentum until it is in one of the most stable configurations,
co-rotating or counter-rotating with the stars (e.g. van de Voort
et al. 2015). The result is that before the gas reaches a stable con-

figuration, it will go through a relatively long phase (∼ 2 Gyr) in
a misaligned warped disc, with changes in the PA of the gas as
a function of radius, due to the fact that the centre of the disc
aligns faster than the outskirts. This is similar to what we ob-
serve in NGC 5077. The gas distribution in NGC 5077 is sig-
nificantly misaligned from the stellar major axis, with the inner
regions of the gas disc showing a smaller angular misalignment
than the outer regions. Below we summarise the observations of
NGC 5077 that match what is predicted by the simulations of
van de Voort et al. 2015.

The stellar counter-rotating core in NGC 5077 has an old
stellar population and a large diameter, typical of the kinemati-
cally distinct cores found in slowly rotating galaxies (McDermid
et al. 2006). Such KDCs are formed at early epochs (via a ma-
jor merger or in-situ star formation after the accretion of gas)
and no difference is expected to be seen in terms of the stellar
population age (McDermid et al. 2006). Counter-rotating stellar
cores, or KDCs can be long-lived and survive subsequent merger
or gas accretion events (Ebrová et al. 2020). A KDC is also seen
in the simulation of van de Voort et al. 2015. It is then likely that
the ionised gas distribution we see now has been formed from a
more recent accretion event (after the major merger, as hypoth-
esised by van de Voort et al. 2015). This is also supported by
the irregular gas velocity profiles we observe that indicate that at
least part of the gas is not in equilibrium.

The stellar distribution of the galaxy is smooth (Fig. 1), with
a regular velocity field and currently shows no signs of having
been disrupted by a gravitational interaction. We also do not de-
tect a significant stellar component associated with the polar gas
distribution, which would have been expected for the case of a
recent major merger with another galaxy (e.g. Tal et al. 2009)
or by strong tidal interactions. In the scenario of van de Voort
et al. 2015, this is expected since they estimate that the signa-
tures of the merger (shells and tidal tails) disappear before the
gas aligns with the disc. Gas misalignments are not expected to
be associated with merger signatures in the stellar photometry.
It is possible that there is a low luminosity diffuse stellar com-
ponent that we do not detect, for example after one of the minor
mergers, as stars in low-mass satellite galaxies can be easily torn
during the merger and spread out into the stellar halo (e.g. Bul-
lock & Johnston 2005). Gas is more susceptible to perturbations
due to its dissipative nature, and can be perturbed or transferred
from another galaxy during a close encounter or accreted from
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Fig. 11. Results from the stellar population synthesis modelling with starlight. Left: Luminosity weighted mean stellar age. Centre: Luminosity
weighted mean metallicity. Right: V-band extinction (AV ). Integrated flux levels below 1 per cent of the peak flux were masked out of the image,
as well as foreground stars.

nearby gas triggered by a flyby (Kannappan & Fabricant 2001),
without necessarily involving stellar perturbations. The metallic-
ity of the gas is also what we expect from a merger and not from
infall of primordial gas through filaments. [N II] is significantly
detected in almost all regions where Hα is also detected. The
line ratio [N II]/Hα is typically > 0.5 as can be seen in Fig. 10,
and oxygen lines are detected, which indicates that the gas is not
primordial (e.g. Caldwell et al. 1986, Watkins et al. 2018). This
suggests that what we are seeing is not infall of gas through a
filament but accretion of gas from leftover material from a major
merger event, transfer from a neighbour galaxy or the disruption
and accretion of a low mass satellite galaxy.

3.6.1. Group environment

The simulated early type galaxy of van de Voort et al. 2015 is
in a dense group, which acts as the source for the late time gas
accretion (mainly through the accretion of satellites). NGC 5077
is also located in a group of galaxies which is not covered by the
field-of-view of the MUSE data. In Fig. 12 we show the neigh-
bouring region of NGC 5077, from a Digitized Sky Survey 2
(DSS2) I-band image. The top panel shows the group of galax-
ies Holm 514 of which NGC 5077 is a member, together with
NGC 5076 and NGC 5079. The bottom panel is a zoom in of the
top panel, showing NGC 5077 with gas contours overlaid and a
fourth group member, Holm 514D highlighted with a red circle.
The other point sources are foreground stars. Based on the orien-
tation of the tails of ionised gas, both Holm 514D and NGC 5079
are candidates for having provided some of the gas for NGC
5077 or for flybys that triggered the accretion of gas from the
outskirts of NGC 5077 (leftover gas from a major merger for
example). NGC 5079 is a barred spiral galaxy (SB(rs)bc pec de
Vaucouleurs et al. 1991) at a projected distance of 40 kpc and
Vsys = 2242 km/s while for NGC 5077 Vsys = 2806 km/s. The
estimated neutral hydrogen (H I) mass of NGC 5079 is ∼ 109 M�
Bottinelli et al. (1982) (although the source is possibly confused
in their measurements). Radio observations at 1.4 GHz show that
the emission in NGC 5079 is extended in the direction of NGC
5077 (Wrobel & Heeschen 1984). In the case of spiral galaxies,
the H I gas envelope is typically more extended than the stellar
body, and that can explain why in tidal interactions or flybys the
gas is stripped first (and not the stars) (Chung et al. 2012). Spa-
tially resolved observations of neutral gas (H I) would allow us
to constrain the origin of the gas, as gas transfer from companion
galaxies typically shows H I bridges (Morganti et al. 2006).

The late time gas accretion could have originated from the
accretion of one or more small gas-rich satellite galaxies, which
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Fig. 12. I-band (6950 - 9000 Å) images of the neighbouring region of
NGC 5077 obtained from the Digitized Sky Survey (DSS2) catalogue.
Top: Image of the Holm 514 galaxy group containing NGC 5077, NGC
5076 and NGC 5079. Bottom: Zoom in on NGC 5077. The red circle
shows the position of Holm 514D one of the galaxies in Holm 514.
The cyan circles show the positions of X-ray point sources detected by
Chandra. The white contours show the Hα distribution in NGC 5077.

have by now disappeared. That would explain the disturbance
to the gas (but not the stars). There is an Hα blob, a region of
stronger Hα emission at the edge of the MUSE field of view
(shown as a red square in the left panel of Fig. 13). The exci-
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Fig. 13. Line diagnostics for two regions of NGC 5077: the Hα blob to the north east and the X-ray point source west of the nucleus. The left panel
shows the regions studied over-imposed on the Hα flux map of Fig. 4. The red square indicates the Hα blob and the cyan circle the X-ray point
source. The lines and labels in the central and right panels are similar to those in Fig. 10. The Hα emission region matches the line ratios expected
for a star-forming region while the X-ray point source matches AGN excitation conditions.

tation conditions are typical of star-forming regions, in contrast
with the rest of the emission in NGC 5077 which is mostly con-
sistent with LINER-like excitation conditions Fig. 10). The re-
gion of strong Hα emission appear to be at the end of the weak
filaments in Fig. 2, that extend from the east side of the nucleus
towards the north east edge of the field-of-view. This region is
blue-shifted with respect to the systemic velocity of the galaxy,
with v = −310 km/s, indicating that it is either in the foreground
of the galaxy or moving towards the observer. It also shows very
low velocity dispersion (σ = 19 km/s). It is not clear if the Hα
blob is a remnant of a disrupted gas-rich satellite that has been
accreted by NGC 5077. As it is detected at the edge of the field-
of-view, the low signal in the continuum does not allow us to
detect a possible stellar population. Based on the Hα flux in this
region, we calculate a total Hα luminosity LHα = 4.5 × 1035

erg/s in a 220 pc × 220 pc region, which corresponds to a star
formation rate of 2×10−6 M�/yr using the relation from Kenni-
cutt (1998). Targeted observations of the outskirts of NGC 5077
and its companion galaxies (Holm 514D) would allow us to in-
vestigate the origin of the gas observed in NGC 5077.

The ionised gas distribution somewhat resembles NGC 4993,
the host of the binary neutron star merger GW170817 an S0
galaxy that also underwent an external accretion event (Levan
et al. 2017). Similar between these two galaxies is the decoupling
between gas and stars, presence of dust lanes and the spiral-like
features in the gas emission and the filamentary nature of the
gas at large radii. We hypothesised that NGC 4993 may have
had a similar history of external accretion as NGC 5077, possi-
bly explained by the scenario of van de Voort et al. (2015). The
S0 galaxy Mrk 3 (Gnilka et al. 2020), is another example of a
galaxy with a large decoupled distribution of gas and the pres-
ence of dust lanes caused by accretion of gas from a companion
galaxy. Such similarities point towards a common set of observ-
ables after an external accretion event in S0 galaxies.

3.7. Black hole fuelling

In terms of the consequences of this external accretion event to
the black hole, we see that the external accretion event provided
a fresh supply of gas to the galaxy. There is little gas co-spatial
with the major stellar distribution, which indicates that even if
there is some residual gas in the stellar disc, most of the gas in

the galaxy has been externally accreted. Ionised gas is detected
down to the spatial resolution of the data (FWHM = 0.8 arc-
sec, which corresponds to a radial distance of 0.4 arcsec ∼ 90 pc
from the nucleus) and shows misaligned motions. The nuclear
gas appears to have a rotation component (Fig. 8) in addition to
the outflow. The dynamics of the gas shows that it is being af-
fected by the stellar gravitational potential of the disc and losing
angular momentum due to collisions, as it aligns itself in a co-
rotating or counter-rotating orientation with respect to the stel-
lar rotation. Accretion of misaligned gas can then be an efficient
way to drive gas to the nucleus, and to promote the fuelling of the
black hole. NGC 5077 has detections of prominent rotational H2
lines in the mid infrared (Panuzzo et al. 2011), a tracer of molec-
ular gas. The mass of gas available for black hole fuelling can be
determined from future observations of the molecular gas mass
in NGC 5077.

In Fig. 12 we see that there are several X-ray point sources
detected within the region of the galaxy (cyan circles), in ad-
dition to the X-ray emission coming from the nucleus of NGC
5077. While off-nucleus X-ray point sources may be caused by
AGN in the background of the galaxy, the closer the X-ray point
sources are to the centre of the galaxy, the more likely it is that
they are associated with NGC 5077. There is one X-ray point
source (CXOGSG J131930.6-123925), identified as part of NGC
5077 (Wang et al. 2016), that has ionised gas significantly de-
tected at its location. The position of this off-nucleus X-ray point
source is indicated by a cyan circle in the three panels of Fig. 13.
From the contours in the left panel of Fig. 13, we can see that
the position of the X-ray point source corresponds to a region of
increased Hα flux. The central and right panels of Fig. 13 show
the BPT and WHAN line diagnostic diagrams, which suggest
that at the X-ray point source position (cyan circle), there are
AGN-like excitation conditions. The following is speculation,
but one hypothesis to explain both the presence of off-nucleus
X-ray emission and the AGN-like excitation conditions detected
at its position, is accretion of gas (possibly promoted by the re-
cent inflow of fresh gas into the galaxy) onto an offset inter-
mediate or supermassive black hole. Such offset black holes are
expected in galaxies in which a minor or major merger occurred
(e.g. Comerford et al. 2009), but it is not clear if that is what we
are seeing in NGC 5077 and at the moment this is just a spec-
ulative hypothesis. Due to the low X-ray flux of the off-nucleus
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X-ray point source (LX = 4.75×1038erg/s, Wang et al. 2016) it
could also have a stellar origin (e.g. be a bright X-ray binary or
supernova), and coincide with a region of increased Hα flux and
AGN-like excitation conditions.

Compared with MCG–6-30-15, the brightest AGN host with
counter-rotating gas and stars (Raimundo et al. 2017), NGC
5077 appears to be at an earlier stage of the gas accretion
process. In MCG–6-30-15 the ionised and molecular gas were
aligned with the major axis of the galaxy but counter-rotating.
The only large scale signature of interaction in MCG–6-30-15
was the presence of dust lanes. In NGC 5077 the accretion of
gas is relatively recent and the gas appears to still be settling, as
seen from the changes in PA as a function of radius. Curiously,
MCG–6-30-15 also showed an AGN driven outflow. According
to the scenario of van de Voort et al. 2015, MCG–6-30-15 could
be a later stage of the gas relaxation process that is currently
occurring in NGC 5077. The AGN in MCG–6-30-15 is more lu-
minous than NGC 5077, presumably having already been fuelled
by the counter-rotating gas.

The large scale AGN-like excitation conditions in NGC 5077
can indicate that the black hole had a burst of activity in the
past, possibly right after the major merger. The simulations of
van de Voort et al. 2015 show that there was a strong inflow of
gas due to the first major merger followed by an outflow that
removed most of the gas from the galaxy. Some part of this gas
could have fuelled the black hole for a short period of time. The
misaligned gas that we currently see in NGC 5077 will continue
to lose angular momentum and flow to the nucleus. The gas that
we currently see in the nucleus may already be fuelling the black
hole. It is expected that, as more gas reaches the nucleus, the
black hole fuelling reservoir will significantly increase in mass
(as seen in MCG–6-30-15) and fuel the future AGN activity in
the galaxy.

4. Conclusions

Externally accreted gas can replenish the internal gas reservoir
of early-type galaxies and may contribute to the fuelling of the
black hole. To investigate the presence of counter-rotating struc-
tures in AGN host galaxies, we analysed observations of NGC
5077, an S0 active galaxy that shows an extended and dynam-
ically decoupled distribution of ionised gas. Previous work has
sampled the ionised gas along the galaxy’s major and minor axes
but this is the first time that the full extent and geometry of the
ionised gas distribution is mapped and analysed, and that the ori-
gin of the misaligned gas is constrained.

We confirm the presence of a stellar kinematically decoupled
core (KDC), close to counter-rotation with respect to the main
body of the galaxy, and with a diameter of 2.8 kpc. The stellar
age of the KDC is similar to that of the rest of the galaxy, indicat-
ing that it was not formed recently, as the difference in stellar age
has been diluted. The galaxy shows low stellar velocity rotation
(v < 50 km/s), and an increased stellar velocity dispersion in the
KDC (σ ∼ 250 - 300 km/s). The gas distribution shows a strong
warp and decoupled dynamics and is detected out to ∼ 6.5 kpc.
The gas velocity and velocity dispersion maps show complex
dynamics and evidence for various gas components with slightly
different velocities and positions along the line of sight. The gas
PA changes as it approaches the nucleus, towards the direction
of rotation of the stellar counter-rotating core. Gas is detected
in the nucleus, down to the spatial resolution of our data at a
radius of ∼90 pc from the central supermassive black hole. We
detect an AGN driven outflow with maximum projected veloc-
ity of V ∼ 400 km/s in the north-south projected direction. The

outflow geometry is a hollow bicone that intersects the plane of
the sky, with the south portion of the bicone pointing in the di-
rection of the observer. The dominant excitation mechanism of
the ionised gas is AGN, based on the ionised gas line ratios and
the Hα equivalent width. The AGN in NGC 5077 is currently
at a low luminosity level, log LX(2−10keV) = 6.8+1.6

−1.5 × 1039 erg/s
(Gültekin et al. 2012), but the large physical extent of the ionised
gas suggests that the AGN may have been more luminous in the
past.

We present for the first time, observational evidence of the
theoretical scenario proposed by van de Voort et al. 2015, where
the accretion of misaligned gas can create a warped gas distri-
bution, with the central regions aligning first with the stellar ro-
tation. Supported by the numerical simulations of van de Voort
et al. 2015, the most likely scenario for NGC 5077 is that several
Gyr ago it went through a major merger with another galaxy, that
resulted in the formation of the stellar counter-rotating core we
currently observed. Most of the major merger gas was promptly
removed temporarily or permanently from the galaxy by super-
nova driven outflows. Late time accretion (in the following 1 - 2
Gyr) of misaligned leftover gas from the merger (possibly trig-
gered by flybys) or the accretion of small gas-rich satellites, pro-
vided fresh gas to the galaxy. When the accretion rate of gas
decreased, the process of gas relaxation due to the stellar gravi-
tational torques started to dominate, causing a significant warp to
the gas, with the smaller radii gas aligning first. This is the stage
that we currently observe in NGC 5077. It is expected that in the
future, the gas will continue to lose angular momentum to end
up in a stable configuration, i.e. co-rotating or counter-rotating
in the same direction as the stars, similar to what is currently ob-
served in MCG–6-30-15, an active galaxy with counter-rotating
gas. The stellar torques to the gas can be an efficient method to
drive gas to the nucleus and replenish the black hole fuelling
reservoir.

NGC 5077 is part of an increasing number of active early-
type galaxies in which the majority of the gas observed origi-
nated in an external accretion event. While a first look at the opti-
cal broadband image of NGC 5077 would not immediately iden-
tify the disturbances, ionised gas observations combined with
the presence of a stellar distinct core clearly show that at least
two accretion events have taken place. This highlights the im-
portance of external accretion events for the gas supply in early
type galaxies and to the replenishment of the reservoir of gas
available for black hole fuelling.
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