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ABSTRACT

MUSE observations of NGC 5813 reveal a complex structure in the velocity disper-
sion map, previously hinted by SAURON observations. The structure is reminiscent of
velocity dispersion maps of galaxies comprising two counter-rotating discs, and may
explain the existence of the kinematically distinct core (KDC). Further evidence for
two counter-rotating components comes from the analysis of the higher moments of
the stellar line-of-sight velocity distributions and fitting MUSE spectra with two sep-
arate Gaussian line-of-sight velocity distributions. The emission-line kinematics show
evidence of being linked to the present cooling flows and the buoyant cavities seen
in X-rays. We detect ionised gas in a nuclear disc-like structure, oriented like the
KDC, which is, however, not directly related to the KDC. We build an axisymmetric
Schwarzschild dynamical model, which shows that the MUSE kinematics can be re-
produced well with two counter-rotating orbit families, characterised by relatively low
angular momentum components, but clearly separated in integral phase space and with
radially varying contributions. The model indicates that the counter-rotating compo-
nents in NGC 5813 are not thin discs, but dynamically hot structures. Our findings
give further evidence that KDCs in massive galaxies should not necessarily be con-
sidered as structurally or dynamically decoupled regions, but as the outcomes of the
mixing of different orbital families, where the balance in the distribution of mass of the
orbital families is crucial. We discuss the formation of the KDC in NGC 5813 within
the framework of gas accretion, binary mergers and formation of turbulent thick discs
from cold streams at high redshift.

Key words: galaxies: elliptical and lenticular, cD – galaxies: formation – galaxies:
evolution – galaxies: kinematics and dynamics – galaxies: nuclei – galaxies: structure

1 INTRODUCTION

The vast majority of early-type galaxies are kinematically
simple objects. Their stellar motions can easily be predicted
from their light distributions, confirming they are largely
oblate anisotropic systems (Cappellari et al. 2013b). The

⋆ E-mail:dkrajnovic@aip.de

SAURON (de Zeeuw et al. 2002) and ATLAS3D (Cappellari
et al. 2011) surveys showed that within their half-light ra-
dius the majority of early-type galaxies (∼ 85 per cent ) have
simple disc-like velocity maps aligned with their light distri-
butions (Krajnović et al. 2008, 2011), and that they have
relatively high specific angular momentum, and, therefore,
are referred to as fast rotators (Emsellem et al. 2011).

The topic of this paper is about an exception to the
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rule. The minority of early-type galaxies, those with irreg-
ular velocity maps (Krajnović et al. 2011) and low specific
angular momenta, referred to as slow rotators (Emsellem
et al. 2007, 2011), can also exhibit spectacular kinematic
features (Emsellem et al. 2004; Krajnović et al. 2011). The
most eye-catching features on velocity maps are certainly
kinematically distinct cores1 (KDC), which come in a variety
of forms. Often they are found in objects which have no net
rotation at larger radii and only the KDC part of the galaxy
rotates. In other cases, when the outer body shows rotation,
the axis of rotation of the KDC and the outer body are
misaligned by approximately 90◦or 180◦(counter-rotation).
Other misalignments are also observed, but are rare (Franx
et al. 1991; Krajnović et al. 2011).

The first object with a KDC to be discovered was
NGC5813 (Efstathiou et al. 1980, 1982), the subject of this
study. As kinematic studies of elliptical galaxies became
more numerous in the late 1980s and early 1990s, the number
of known KDCs also increased (Franx & Illingworth 1988;
Jedrzejewski & Schechter 1988; Bender 1988; Franx et al.
1989; Carollo & Danziger 1994). From the earlier studies
it was clear that KDCs are frequent in massive ellipticals
(Bender 1988), but the ATLAS3D survey showed that, while
the KDC host galaxies span a range of masses, they make
only a small fraction (7 per cent) of the total population of
early-type galaxies (Krajnović et al. 2011). KDCs are, how-
ever, numerous among slow rotators (∼ 42 per cent), but
very rare among fast rotators (∼ 2 per cent; Emsellem et al.
2011).

Detection of KDCs is obviously a question of spa-
tial resolution. McDermid et al. (2006), using OASIS, an
integral-field spectrograph with higher spatial resolution
than SAURON, found a number of small KDCs, typically of
only a few hundred parsecs in diameter. These KDCs were
actually found in fast rotators and seem to be only counter-
rotating (oriented at 180◦ with respect to the main body).
The same study showed that these small KDCs should be
considered different from the large KDCs found (mostly) in
slow rotators, as they have younger stellar ages, often asso-
ciated with gas and dust. Moreover, the authors argued that
the small KDCs are essentially the product of recent accre-
tion of relatively minor amounts of gas, which rejuvenates
the nuclei, and the KDC is visible temporarily only because
the mean velocity is a luminosity weighted measurement,
and as such is biased by bright young stars. As the stel-
lar population of the small KDC stars ages, its imprint on
the observed kinematics on the host body will diminish and
eventually disappear.

The large KDCs are made of old stars, with colour
or stellar population gradients similar to other early-type
galaxies of the same mass (Franx & Illingworth 1988; Car-
ollo et al. 1997a,b; Davies et al. 2001; Kuntschner et al.
2010; McDermid et al. 2015), but their origin is not com-
pletely understood. The distinct nature of the angular mo-
mentum vector of the KDC with respect to the rest of the
host galaxy suggests a KDC of external origin, and an evi-
dence for mergers. The observation that the surface bright-

1 Sometimes they are called kinematically peculiar cores, or kine-
matically decoupled components or cores, but the decoupling na-
ture of these structures is not confirmed.

ness profile of NGC5813 can be described with two com-
ponents (Efstathiou et al. 1980), was generalised by Kor-
mendy (1984), who suggested that the KDC in NGC5813 is
a remnant of a small galaxy, and a similar argument could
be applied to other KDCs. The light profiles of KDC host
galaxies are, however, not different from other slow-rotators
of similar masses (Forbes et al. 1995; Carollo et al. 1997a,b),
and the similarity of stellar populations within the KDC
and the outer body of the galaxy is not consistent with this
’core-within-a-core’ scenario (Franx & Illingworth 1988). In
particular, if cores originated as small ellipticals, one should
observe positive metallicity gradients (core would be metal
poorer than the rest of the galaxy), but the opposite to this
is observed in KDC hosts (e.g. Efstathiou & Gorgas 1985;
Franx & Illingworth 1988; Bender & Surma 1992; Mehlert
et al. 1998; Davies et al. 2001; Kuntschner et al. 2010).

Other possible scenarios for the formation of KDCs in-
clude the disruption of a satellite galaxy during a minor
merger, where the angular momentum of the KDC is the
consequence of the orbital angular momentum of the satel-
lite (Franx & Illingworth 1988), a dissipative merger of gas
rich (spiral) galaxies, or accretion of external gas, where in
both cases some of the acquired gas settles into the nucleus of
the main progenitor and forms stars (Bender & Surma 1992).
While KDCs seem to be indicators of past merger history,
Jedrzejewski & Schechter (1988) pointed out that photomet-
ric evidence (i.e. shells) are not often associated with KDCs.
This, however, is consistent with an early formation (sup-
ported by the old ages of stars within KDCs), where galaxies
are built through hierarchical merging of small bodies, pos-
sibly partially gaseous, at an early epoch (Bender & Surma
1992).

The formation of KDCs has to be considered within the
cosmological picture of galaxy formation, namely that there
seems to be two phases of mass assembly for massive galaxies
(e.g. Oser et al. 2010), where the first one is dominated by
vigorous star formation fed by cold streams (Kereš et al.
2005; Dekel et al. 2009), followed by the accretion of already
formed stars from satellites (e.g. Naab et al. 2007; Feldmann
et al. 2011; Johansson et al. 2012; Lackner et al. 2012).

There is one other group of kinematically complex
galaxies, which are found on both sides of the slow – fast
rotator division line, but make up only 4 per cent of the to-
tal population of early-types in the nearby Universe. These
galaxies were named by Krajnović et al. (2011) double-sigma

galaxies, or 2σ, because of unusual velocity dispersion maps.
Velocity dispersion maps of 2σ galaxies are characterised by
two symmetrically off-centered peaks along the major axis.
The velocity maps can, however, have a variety of struc-
tures: from no net rotation to counter-rotating cores, and
even a multiple reversal of rotation direction (for examples
of velocity and velocity dispersion maps of 2σ galaxies see
figs C.5 and C.6 of Krajnović et al. 2011).

The 2σ galaxies are simpler systems than KDC hosts,
and their internal structure is better understood. They are
also typically less massive (< 5× 10

10 M⊙, Cappellari et al.
2013b) than galaxies with KDCs, such as NGC5813, but
KDCs are also found in galaxies populating the same range
in mass as 2σ galaxies. The two-dimensional spectroscopy of
these galaxies revealed a double-peaked structure in the line-
of-sight velocity distribution (LOSVD) indicating they are
made of two separate kinematics components which counter-
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rotate (e.g. NGC4550, Rubin et al. 1992; Rix et al. 1992).
Dynamical models based on the orbit superposition have
shown that such galaxies are indeed made of two counter-
rotating components, both having high angular momenta
(Cappellari et al. 2007). Furthermore, the two components
are characterised by different stellar populations (e.g. Coc-
cato et al. 2011, 2013; Johnston et al. 2013). Given the
flatness of these galaxies, and the high angular momen-
tum of each separate component, 2σ galaxies are consistent
with being made of two counter-rotating discs of comparable
masses, where the details of their kinematic features (rota-
tion or no rotation in the velocity maps, the shape and the
separation of the two peaks in the velocity dispersion maps)
depend on the relative masses and characteristic sizes of the
discs. For example, NGC4550 seems to be made of equally
massive discs, while the counter-rotating discs in NGC4473
are approximately split 30-70 per cent in mass (e.g. Cappel-
lari et al. 2007).

The origin of 2σ galaxies is currently associated with
accretion of gas, where the accreted external gas settles in
the equatorial plane, but with an opposite angular momen-
tum. The source of the gas can be a nearby object, such
as in the case of NGC5719/NGC 5713 pair (Vergani et al.
2007; Coccato et al. 2011), or, as recent numerical simula-
tions suggest, a 2σ galaxy could sit in a locus of two cold
streams, which feed the galaxy with gas and exert different
torques resulting in the formation of the prograde and ret-
rograde disks of relative contributions proportional to the
properties of the streams (Algorry et al. 2014).

In this paper, we study NGC5813 with MUSE (Bacon
et al. in prep.), focusing on its KDC, and the fact reinforced
by new observations that its KDC is the result of the super-
position of two counter-rotating structures, similar to what
is found in 2σ galaxies. This has strong implications on the
formation history of this kind of galaxies and the origin of
(at least some) KDCs in massive slow rotators. We argue
here that the KDC in NGC5813 is indeed an orbital com-
posite, in a similar way as found in NGC4365 by van den
Bosch et al. (2008).

We start with a summary of general properties of
NGC5813 (Section 2) relevant for this study. The obser-
vations and data reduction are presented in Section 3. The
main evidence supporting our picture are the MUSE stel-
lar kinematics presented in Section 4 and the Schwarzschild
dynamical models from Section 5. In Section 6 we present
emission-line kinematics from MUSE obeservations, which
show that the present gas distribution is not related directly
to the KDC. We summarise the main results and discuss
the possible origin of the KDC in NGC5813 in Section 7.
Throughout this paper we assume NGC5813 is at a distance
of 31.3 Mpc (Tonry et al. 2001).

2 GENERAL PROPERTIES OF NGC 5813

NGC5813 is one of the two brightest galaxies in the
NGC5846 group (Mahdavi et al. 2005). This is an isolated
group which consists of three parts dominated by NGC5846,
NGC5831 and NGC5813. Spectroscopic observations (Efs-
tathiou et al. 1982; Davies et al. 1983; Carollo et al. 1993;
Emsellem et al. 2004) revealed that NGC5846 shows very
low mean motion, while NGC5831 and NGC5813 both har-

bour KDCs. NGC5846 and NGC5813 have similar K-band
magnitude (-25.01 and -25.09, respectively, Cappellari et al.
2011), while Cappellari et al. (2013b) derived masses of
3.7 and 3.9 × 10

11M⊙, respectively (constrained within the
SAURON observations). NGC5831 is a smaller and a less
massive system.

The optical imaging and spectroscopy show that
NGC5813 is unusual both kinematically and photometri-
cally. The light profile in the observations of Efstathiou
et al. (1982) indicated a "two-component structure" and was
markedly different from other elliptical galaxies. There are
a number of ways one could parameterise such a light dis-
tribution, and this is evident in the variety of approaches in
the recent work.

The nuclear region can be fit by a Nuker double power
law (Lauer et al. 1995), but also with a core-Sérsic (Graham
et al. 2003), as done by Richings et al. (2011). Outer regions
(beyond 2.′′5) are well fit with a combination of a Sérsic and
an exponential (Krajnović et al. 2013a), while fitting the
HST imaging Dullo & Graham (2012) and Rusli et al. (2013)
agree that the best fit is achieved through a combination of a
Sérsic and a core-Sérsic profiles, where the core-Sérsic has a
low Sérsic index (n=2.8 or 2, respectively), while the outer
profile is close to exponential. Therefore, the outer profile
of NGC5813 is remarkably similar to those found in disc
galaxies. This outer exponential profile led Dullo & Graham
(2014) to classify NGC5813 as an S0 galaxy.

The isophotes show a change in both their flatten-
ing and their orientation (e.g. Dullo & Graham 2014). Not
considering the behaviour in the sub-arcsecond region, the
change in ellipticity is prominent beyond 10′′, roughly where
the KDC stops, and changes from being approximately con-
stant at 0.1 (within 10′′) and continuously increasing to
about 0.3 in the outskirts. The position angle exhibits a
slightly more complex behaviour. Within the central 20′′, it
continuously changes with radius (within about 15◦), but
there is a noticeable difference between the KDC region
(< 10

′′) where it reaches a maximum (about 150◦) and the
outer region where it flattens to about 135◦.

Carollo et al. (1997b) and Tran et al. (2001) detected
dust in the central region of NGC5813. The dust is observed
in two distinct morphological configurations, as filaments
and what appears to be a nuclear disc. The filaments are
similarly distributed like the ionised gas converging on the
nucleus, while the dust disc, a thin slab of dust about 1′′ in
size, cuts the nucleus in half and it is oriented at ∼ 148

◦.
This orientation is only a few degrees different from the ori-
entation of the KDC (Krajnović et al. 2011), as well as the
nuclear disc-like kinematic feature seen in the ionised gas,
which we present in Section 6.2. The V-I HST colour im-
ages indicate that what appears to be a double nucleus in
NGC5813 is likely a consequence of dust obscuration (Car-
ollo et al. 1997b).

The sub-group of NGC5813 is rich in diffuse X-ray
emission. Mahdavi et al. (2005) find that X-ray emission
profile of NGC5813 differs from the one of NGC5846, in
the sense that it is less steep, more luminous and more ex-
tended. This could be interpreted as a consequence of differ-
ent formation histories, where NGC5846 experienced more
interaction with smaller galaxies (for evidence of a recent
merger see Goudfrooij & Trinchieri 1998).

The AGN activity of NGC5813 is currently not high.
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It is detected in NVSS (Condon et al. 1998) at 1.41 GHz,
as well as at 8 GHz (Krajnović & Jaffe 2002). At the spa-
tial resolution of the latter study (2-3′′) the radio source is
unresolved. Perhaps the most telling evidence of past, but
also quite recent AGN activity are the X-ray observations
analysed by Randall et al. (2011), which present a case for
three buoyant cavities, lifted by the AGN jet which operated
in time intervals of 90, 20 and 3 million years. The cavities
rise approximately along the minor axis of the stellar body,
where the emission-line gas is also located, as detected on the
Hα narrow-band observations (Goudfrooij et al. 1994; Ran-
dall et al. 2011; Werner et al. 2014) and in various ionised
emission-lines (Section 6, Sarzi et al. 2006), as well as in
100K cold gas (Werner et al. 2014).

3 OBSERVATIONS AND DATA REDUCTION

MUSE2 is a general purpose second generation instrument
operating at UT4 of ESO’s Very Large Telescope. It is an
integral field spectrograph with a field-of-view of 60′′

× 60′′,
covered by 24 individual spectrographs, each supplied with a
slicer of 48 mirrors arranged in 4×12 stacks. This configura-
tion allows a wide spectral range (we use the nominal 4800 -
9300 Å), a spatial sampling of 0.′′2, and a spectral resolution
ranging from R = 1500 − 3500 across the wavelength do-
main. It clearly supersedes other optical spectrographs that
were used to observe our target.

NGC5813 was observed during the first commission-
ing run on February 11, 2014, in fair weather conditions,
with recorded DIMM seeing ranging between 0.′′6 and 0.′′8
during the total 1.4h of integration. An a posteriori esti-
mate of seeing using the ’white light’ reconstructed image
on a few globular clusters found in the field suggests that
the final point-spread-function (PSF) had a full-width-at-
half-maximum (FWHM)< 0.′′7. The exposure sequence com-
prised four on-source 20 min integrations and two offsets
to observe a blank sky region, each of 2 min in duration,
positioned about 7′ in the south-west direction (along the
minor axis of the galaxy). The observing sequence was: S-
O-O-O-S-O, where O is an object (on-target) and S is a
sky (off-target) observation. Each on-target observation was
dithered, but not rotated. The data were reduced using the
v1.0 version of the pipeline.

The data reduction follows the standard steps adapted
for MUSE and described in Weilbacher et al. (in prep)3.
The pipeline works on pixel tables, large tables with infor-
mation on all pixel values, corrected for bias and flat-field
and their location on the CCD. Master bias, flat field and
arc calibrations solutions are created using a set of standard
calibrations observed on the same night. Each exposure (on-
and off-target) was reduced separately, but in the same way,
consisting of a subtraction of bias and flat-fielding. After
determining the trace of the spectra, geometric and wave-
length calibrations are used to transform the location of the
spectra on the CCD into the focal plane spatial coordinates

2 Some illustration of MUSE capabilities are found in (Bacon
et al. 2014).
3 A recent and short description is given in Weilbacher et al.
(2014)

(in arcsec) and wavelengths (in Ångström). This was fol-
lowed by the application of an astrometric solution. The
standard star GD 108 was observed at the beginning of the
same night and prepared within the MUSE pipeline. No-
tably, the response curve was smoothed using a piecewise
cubic polynomial function to remove high-frequency fluctu-
ations.

Sky was removed for each on-target cube separately, us-
ing one of the two closest in time sky cubes. The method
implemented in the MUSE pipeline consists of two steps.
Firstly, the reduction software determines a representative
sky spectrum (continuum and sky lines) from each of the
sky exposures. These sky spectra are then adapted using
the information on the line-spread function for each of the
24 MUSE channels and removed from the on-target observa-
tions. In particular, the first sky was applied to the first on-
target observations, the last sky on the last two on-target ob-
servations, while the middle on-target observation was sky-
subtracted using an average sky-continuum from the two sky
observations.

The last step in the reduction was the merging of in-
dividual observations. As there were only simple shifts be-
tween the observations, the shifts were reversed and pixel
tables were combined, producing a science-ready data cube.
Throughout the reduction the pipeline calculates and prop-
agates the formal noise at each step.

4 STELLAR KINEMATICS

4.1 Binning of the MUSE datacube

Prior to extraction of the stellar kinematics, the MUSE cube
of NGC5813 was spatially binned using the Voronoi tes-
sellation method of Cappellari & Copin (2003). The target
signal-to-noise ratio (S/N) was 130, where this ratio was es-
timated as the ratio of the flux and the square root of the
pipeline produced variance at 5500 Å. We also created a
binned cube with a target S/N=70 for testing and for the
extraction of emission-line kinematics (see Section 6).

For the reliable extraction of stellar kinematics it is of-
ten sufficient to have a lower S/N (≈ 40 per Å), but we chose
a relatively high S/N in order to improve on the systemat-
ics possibly introduced by the specific dithering pattern used
during the observations. The median S/N per pixel at 5500Å
of the MUSE data cube is 10, with the central regions reach-
ing 100. The final choice of the target S/N was a compromise
between the fact that we wanted to limit the sizes of the cen-
tral bins, such that they are smaller or comparable to the
seeing disc, but large enough to provide sufficient signal for
a robust extraction of the kinematic features.

4.2 MUSE kinematics

We use the publicly available penalised Pixel Fitting
(pPXF)4 method of Cappellari & Emsellem (2004) to de-
termine the LOSVD of stars. This method uses the Gauss-
Hermite parametrisation of the LOSVD (van der Marel &
Franx 1993; Gerhard 1993), which are used to estimate de-
partures in shape of the LOSVD from a Gaussian, such as

4 http://purl.org/cappellari/idl/
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Figure 1. MUSE spectra of the central region of NGC 5813, integrated within a circular aperture of a radius of 10′′, showing the pPXF
(top) and GANDALF (bottom) fits. The bottom spectrum is shortened and shows only the fitted region. The fit is limited to the region
blue ward of 7000Å, as the spectra are significantly influenced by the tellurics and imperfect sky subtraction in the red. For the pPXF fit,
we masked regions around the prominent emission (and sky) lines, but they are fitted with GANDALF. Legend shows the components
of the fit and the prominent lines of interest. The pPXF fit gives a S/rN of 200, while GANDALF fit provides a S/rN of 255.

the skewness and kurtosis. pPXF builds an optimal spec-
tral template from a library of stellar (or galaxy) spectra,
which when broadened with a given Gauss-Hermite func-
tion, will best fit the observed spectrum. We used the entire
MILES5 library of stellar spectra (Sánchez-Blázquez et al.
2006; Falcón-Barroso et al. 2011). The resolution of the stel-
lar library (2.50Å, or σ = 48 km/s at 6560Å) is smaller, but
very similar to the resolution of the MUSE spectra, which
show a changing resolution: at 5000 Å of 2.74 (69 km/s), at
6000 Å of 2.59 (54 km/s) and at 7000 Å of 2.54 (46 km/s).
As the resolution is significantly lower than the stellar veloc-
ity dispersion in NGC5813, we did not convolve the spectral
library to the same resolution of the MUSE data.

5 MILES library is available from http://miles.iac.es

Both the library and the MUSE spectra were logarith-
mically rebinned and the pPXF fit was performed in two
steps. The purpose of the first step was to derive the op-
timal template by fitting the full spectral library (∼ 1000

spectra) to a representative spectrum, which was created by
collapsing the full NGC5813 data cube. We set up pPXF
using 6 moments of the LOSVD (V , σ, h3, h4, h5, and h6),
and we added a 4th order additive polynomial. We used
the default value for the penalisation (0.4). Finally, we lim-
ited the wavelength range used for the fit to λ < 7000Å,
and excluded the regions with possible emission lines. We
also excluded the region around the strong 5577 Å sky line
which was not removed well for all spectra. A fit to a spec-
trum extracted from a circular aperture is shown on the top
panel of Fig. 1. In order to verify the extracted kinematics,
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Figure 2. Maps of LOSVD moments of NGC 5813. Top row: the mean velocity, the velocity dispersion, Gauss-Hermite coefficient h3.
Bottom row: Gauss-Hermite coefficients h4, h5 and h6. Colour scale is given by the colour bar at the bottom, while the ranges for each
moment are shown on the lower-right corner of each map. When plotting the h3 and h5 maps we subtracted the medians of 0.012 and
-0.015, respectively. The black contours are isophotes from the white light MUSE image. The straight line on the mean velocity map
shows the orientation of the KDC and the inner photometric major axis (PA=146◦). The dashed line on the velocity dispersion map
shows the outer (global) photometric major axis (PA=135◦), which coincides with the orientation of the 2σ peaks. The diamond symbol
is the location of the bin used in Section 4.3 and Fig. 4. North is up and East to the left.

we fitted various spectral regions. For example, we fitted the
full wavelength range and the SAURON wavelength range
(4570 - 5200 Å) for comparison. These fits resulted in the
same general trends and kinematic features.

In the next step we run pPXF on the individual spectra
of the MUSE data cube using always the optimal template
constructed from the five spectra with non-zero weights as-
signed by the pPXF fit in the first step. For each MUSE
spectrum we estimated S/rN, where the rN (residual noise)
was estimated as the resistant standard deviation of the dif-
ference between the spectrum and the pPXF best fit, limited
only to the wavelength region used in the fit (also exclud-
ing emission-lines). The central regions are characterised by
S/rN of around 130, which then steadily drops to about 90
at the distance of 28′′.

The uncertainties were estimated running Monte Carlo
simulations for each bin, where the original spectrum was
randomly perturbed 500 times. The level of perturbation is
determined from the rN value of the original pPXF fit to
the spectrum. The only change to the pPXF set up was in

the removal of the penalisation during the Monte Carlo sim-
ulations. Average uncertainties on V and σ are 3 km/s and
4 km/s, respectively, while for the h3 to h6 Gauss-Hermite
moments they are ∼ 0.013. Errors are constant across the
field with a dispersion of about 0.5 km/s for V and σ, and
0.0025 for the Gauss-Hermite moments, with a small ten-
dency for an increase in the outermost (edge of the field)
bins.

Figure 2 presents the kinematic maps of NGC5813:
the mean velocity, velocity dispersion and the higher or-
der Gauss-Hermite coefficients: h3 − h6. The MUSE data
confirm what has been observed already before (Efstathiou
et al. 1982; Emsellem et al. 2004): the KDC in the central
10′′ of the velocity map, followed by a zero level mean mo-
tion, and the complex structure in the velocity dispersion
maps consisting of a central peak, a nearly circular region
with a significantly lower σ values around it, the subsequent
rise and the final decrease of the velocity dispersion values.
The h3 map shows anti-correlation with the KDC velocity
structures and, as expected, the h5 map shows a correla-
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NGC5813: counter-rotating nature of KDCs 7

Figure 3. Comparison of MUSE (black circles) and SAURON
(red open squares) velocity and velocity dispersion values along
the photometric major axis (at large scales). Note the similarity
of the two kinematics measurements, but the higher quality of
MUSE data, both in terms of smoother variations and higher
spatial resolution.

tion. The median values of h3 and h5 maps are not zero, but
0.012 and -0.015, respectively. This is possible due to a mi-
nor template mismatch, but within the errors, the maps are
consistent with zero outside the KDC region. For presenta-
tion purposes we removed the median values when plotting.
h4 has a relative drop in the very centre (associated with
the central rise in σ), surrounded by an elevated region cor-
responding to the KDC area, which then falls off towards
the edges. The h6 map is essentially flat.

4.3 Kinematic evidence against two thin

counter-rotating discs

In the case of NGC5813, the most striking is the structure on
the velocity dispersion map. In Fig. 3 we show the similari-
ties between the SAURON and MUSE velocities and velocity
dispersions along the major axis of NGC5813. The existence
of the complex structure on the velocity dispersion maps is
already clear on the SAURON kinematics (Emsellem et al.
2004), but due to the shape of the field-of-view of the final
SAURON mosaic, and the noise in the velocity dispersion
map, it was not possible to recognise the specific shape of
the high σ structure. The MUSE data show that the region
with the elevated velocity dispersion is symmetric and flat-
tened along the photometric major axis (and not, for exam-
ple, distributed in a circular ring). Furthermore, the velocity
dispersion map consists of two distinct peaks along the pho-
tometric major axis of the galaxy (the velocity dispersion
is lower along the minor axis). The peaks occur around 11′′

from the centre, coinciding with the edge of the KDC, as
can be seen in Fig. 3.

This shape is in a striking resemblance to the shapes
of the velocity dispersion maps found in 2σ galaxies, made
of two counter-rotating discs (for examples of velocity and
velocity dispersion maps see figs C.5 and C.6 of Krajnović
et al. 2011). As discs counter-rotate, the combined LOSVD
is broadened and deformed, where the relative speed of ro-

Figure 4. Gaussian LOSVDs extracted at position (-7.5,-8.0)
and 10.9′′ away from the nucleus in the south-east region of the
high velocity dispersion are. All LOSVDs are normalised such
that their integral is equal to one. The single component LOSVD
is shown by black full line, while the two separate LOSVD, per-
taining to the prograde and retrograde motion are shown with
blue (dashed) and red (dot-dashed) lines, respectively. A com-
bined LOSVD (adding prograde and retrograde components) is
shown by a green (dotted) line. The systemic velocity from a sin-
gle component fit was removed from all LOSVDs.

tation might even induce a clearly separated two peak shape
of the LOSVD (e.g. as in NGC4550, see Rix et al. 1992).
In general, the broadening does not have to be sufficient for
such a separation in two peaks (the relative speeds are not
sufficiently different for such a separation), but instead man-
ifests itself in a general broadening of the LOSVD along the
major axis (e.g. as in NGC4473). The suppression of the
mean rotation is also a direct consequence of the counter-
rotation. If the two components have similar masses and dis-
tributions (e.g. disc thickness and scale lengths) then there
will be no net rotation. If, however, one component is domi-
nant within a certain region, the result will be an interchange
of rotation, which can result in a counter-rotating core (e.g.
NGC0448 Krajnović et al. 2011), or a disappearance of ro-
tation in the central region (NGC4550) or at larger radii
(NCG4473, Emsellem et al. 2004; Foster et al. 2013)

NGC5813 is, however, probably not made of two
counter-rotating, relatively thin, discs like a typical 2σ
galaxy. A typical 2σ galaxy has ellipticity larger than 0.5,
although there are cases with 0.3-0.4 ellipticites in the outer
regions (Krajnović et al. 2011). NGC5813 shows a signifi-
cant change in ellipticity with radius, being 0.1 within the
KDC region and somewhat flatter at larger scales (ellip-
ticity of 0.27). Furthermore, as seen on Fig. 2, the KDC is
oriented at approximately 145◦, but the two peaks in the ve-
locity dispersion are oriented at approximately 135◦. These
two orientations are also reflected in the varying position
angle of the major axis, which changes from about 145◦in
the central 5′′ to 135◦ beyond the central 10′′ (e.g. Dullo &
Graham 2014). It is certainly telling that the orientations of
the kinematic features are linked to those of the photometric
body, but they are not compatible with two thin discs. Even
if discs are misaligned (one at 135◦ and the other at 145◦),
it would be difficult to account for such significant cancel-
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lation of the observed mean motion outside of the KDC. If
there are two counter-rotating components, they are likely
not fast rotating discs.

If the LOSVDs of NGC5813 are indeed made of two
counter rotating components, it could be possible to extract
each component separately, as for NGC4550 or some other
galaxies (Coccato et al. 2011, 2013). In the cases where the
disentangling of the components is successful, there is typi-
cally a substantial difference in stellar populations, and, even
if co-rotating, a substantial difference in kinematics (e.g.
Johnston et al. 2013; Fabricius et al. 2014). In this case, as
is shown below, there seems to be no age difference between
the prograde and retrograde kinematics components, while
there is a certain difference in the metallicity. This makes the
disentangling of the components more difficult, and there-
fore we attempted to separate the components only at one
representative spatial location.

We used the pPXF ability for two component fitting
and, to probe the stellar population differences, we made use
of the single stellar population spectra from the MIUSCAT
model library (Vazdekis et al. 2012), designated as safe6,
spanning a range of ages 0.06 - 14 Gyr, and metallicities
[Z/H]=-0.4 – 0.22. We first ran pPXF in a single compo-
nent mode, using the full MIUSCAT library (200 spectra),
and determined which stellar templates were used in the fit.
Our selected spectrum can be fitted with four MIUSCAT
templates, which are all old (11-14 Gyr) and have a typi-
cal metallicity of either -0.4 or 0.2. From these we selected
two with significant weights, and the largest difference in
the metallicity (ages did not differ), assigned then to each
component and ran pPXF in the two component mode. In
all cases we used Gaussian LOSVDs. We selected a bin in
the south-east region of the high velocity dispersion values
(marked by a diamond in Fig. 2).

Resulting LOSVDs are shown in Fig. 4. There are: the
LOSVD of the single component fit (similar to the kine-
matics presented in Fig. 2, but limited to only the first two
moments), retrograde and prograde LOSVDs from the two
component pPXF fits7, and a combined LOSVD of the ret-
rograde and prograde components. As one would expect,
the single component LOSVD is rather similar to a com-
bined LOSVD of the retrograde and prograde components,
and this explains the characteristics of the observed V and
σ maps. The two components are different in their velocity
dispersions and mean velocities. The difference in the lat-
ter, for this spatial bin, is only about 100 km/s, and much
less than the velocity dispersions (326 km/s and 196 km/s
for prograde and retrograde components, respectively). The
large velocity dispersions of both components and their rel-
ative low separation in the velocity indicate that NGC5813
is not made of two discs. We postpone the discussion on
the implication of this result to Section 7, but stress that
the process of spectral disentangling is highly degenerate,
especially if there is no significant difference in stellar pop-
ulation, or the separation in velocities is small. Therefore,
the results presented in Fig. 4 should be interpreted with
caution.

6 MIUSCAT library is available from http://miles.iac.es.
7 We define the retrograde component as the one that has a sys-
temic velocity lower than the single component fit.

5 AN APPROXIMATE DYNAMICAL MODEL

OF NGC 5813

If NGC5813 kinematics are a result of two counter-rotating
structures, orbit-based dynamical models can be used to de-
duce the relative mass fractions of the components and the
distribution of the orbits that constitute them. We use the
Schwarzschild (1979, 1982) orbital superposition method for
constructing asymmetric galaxies, with the code defined in
Cappellari et al. (2006) and Cappellari et al. (2007). Those
papers explain the workings of the code in detail, which we
do not repeat here, but give a brief overview of the necessary
steps and choices for starting parameters.

5.1 Mass models and the Schwarzschild three

integral method

The essence of the Schwarzschild method is the construction
of a library of orbits, possible in the gravitational potential
defined by a mass model. The orbits from the library are
then combined building a model galaxy, which is projected
on the sky, calculating the observables comprising the mass
distribution and the histograms of the LOSVDs at each po-
sition on the sky. These are compared to the original mass
model and MUSE kinematic observations. The model is con-
strained using the non-negative least-square method (Law-
son & Hanson 1974). Evidently, there are three crucial ingre-
dients needed to robustly constrain the dynamical models: a
mass model, a representative orbit library, and high-quality
kinematics.

We use the parametrisation of light of NGC5813 from
Table B2 of Cappellari et al. (2006), which is based on the
Multi-Gaussian Expansion method (MGE, Emsellem et al.
1994a) and constructed from an HST/WFPC2/F814W im-
age and a ground-based image from the MDM observatory
in the same filter. The step from the MGE to a mass model
is accomplished by deprojecting the observed surface bright-
ness using the formulas given in Monnet et al. (1992), Em-
sellem et al. (1994b), Cappellari (2002), as well as the ro-
bust approximations from Cappellari et al. (2002), assuming
axisymmetry and a certain (constant) mass-to-light ratio,
M/L. The stellar orbits are then calculated within the po-
tential defined by the stellar density and a central massive
black hole. For the deprojection we assume the inclination of
89◦, but we also run a model with inclination of 60◦, which
gave essentially the same results.

The orbit library needs to be sufficiently large to pro-
vide a complete set of basis function that can describe the
distribution function of a galaxy. The fundamental problem
is that the orbits are essentially δ-functions while the distri-
bution function is smooth. Cappellari et al. (2006) resolved
this issue by adding up a large number of ’dithered’ orbits
started from adjacent initial conditions. Each orbit is defined
with three integrals of motion: energy E, the z-component
of the angular momentum Lz and the third integral I3. The
orbits are here sampled on a three dimensional grid with 41
energy points (corresponding to the representative radius of
the orbit), and at every energy we used 10 angular and 10
radial sectors, arranged in a polar grid, with the number
of ’dithers’ equal to six for each dimension of the grid (for
detailed visualisation of the orbital starting scheme and the
dithering pattern see fig. 6 of Cappellari et al. 2006). Ac-

c© 2014 RAS, MNRAS 000, 1–17



NGC5813: counter-rotating nature of KDCs 9

counting for prograde and retrograde orbits, the complete
orbit library consist of more than 1.7 million orbits.

The potential within which the orbits are integrated
is defined by the choice of symmetry, mass model and ad-
ditional (dark) sources of gravity (central black hole and
the dark halo). We run the axisymmetric version of the
Schwarzschild code limiting the possible orbits to various
sorts of short axis tubes (de Zeeuw 1985), but other resonant
and chaotic orbits can occur. The observations presented in
Sections 2 and 4.3 indicate that the galaxy is at least weakly
triaxial. Our approximation is, however, sufficient for the
purposes of the present study, as we are not interested in the
detailed shape of the galaxy. We want to test if the MUSE
kinematics (the KDC and the 2σ peaks structure on the
velocity and velocity dispersion maps, respectively) can be
reproduced by two counter-rotating orbital families, which,
given the orientation of the KDC, have to rotate around
the minor (short) axis. As much as they could be present,
the long-axis tubes and box orbits are not expected to con-
tribute much to the observed kinematics, and we are not
interested in determining the mass of the black hole (Mbh),
dark matter contribution to the overall M/L, or the three
dimensional shape of the galaxy.

Finally, crucial constraints for a Schwarzschild model
are provided by the MUSE kinematics (Section 4). As the
model is by construction axisymmetric, we symmetries the
MUSE data using point-(anti)symmetry around the global
photometric axis (PA=135◦), averaging the values at posi-
tions: [(x,y), (x,-y), (-x,y), (-x,-y)], but keeping the original
errors for each point.

5.2 Orbital space of NGC 5813

We construct a Schwarzschild model of NGC5813 assuming
M/L=4.81 (as in Cappellari et al. 2006) and a Mbh from
the recent MBH - σ relation of McConnell & Ma (2013).
Using the effective velocity dispersion of 210 km/s (Cappel-
lari et al. 2013b), the expected Mbh = 2 × 10

8 M⊙. At the
distance of 31.3 Mpc this black hole will have a radius of
the sphere of influence of less than 0.′′2, which is below our
resolution elements (the seeing was about 0.′′7 FWHM). Al-
though Schwarzschild models constrained with high quality
IFU data can probe scales about 3 times smaller than the
seeing resolution (e.g. Krajnović et al. 2009), we do not fit for
the MBH. Therefore, we are not concerned about the exact
shape of the PSF, which we parameterise with a single Gaus-
sian (σpsf = 0.3′′). We are primarily interested in the region
between about 1-30′′, the region dominated by the KDC
and the outer, non-rotating parts of the galaxy which show
the 2σ structure. We also ignore the contribution of the dark
matter halo. The half-light radius of NGC5813 is about 57′′,
and the MUSE field-of-view, as large as it is, still samples
just above a half of the effective radius. The contribution of
the dark matter within this region is expected to be moder-
ate (∼15 per cent), but Cappellari et al. (2013a) find about
47 per cent of dark matter within the half radius. Their
Jeans anisotropic model (Cappellari 2008), however, has a
quality flag 0, indicating a problematic data or model (Cap-
pellari et al. 2013b). The comparison of the model, which
reproduces well all major kinematics features, with the data
is shown in Fig. A1 of Appendix A.

In Fig. 5 we show the orbital space of the Schwarzschild

model. There are 19 panels, each showing a polar grid of or-
bital starting position for a given energy (represented with
the radius of a circular orbit at that energy). The radii were
chosen to sample the KDC and the surrounding region. Each
panel is divided in the right and left side, corresponding to
prograde and retrograde orbits, respectively. The definition
of what is prograde and retrograde is arbitrary, and we as-
sign the component responsible for the KDC to be the pro-
grade component. High angular momentum orbits are found
in the lower right and left corners of the panels. Orbits with
an increasing I3 values are found higher above the x-axis.
The colour contours show the relative mass weights assigned
to orbits in the construction of the model.

Two important results can be seen in this figure. Firstly,
in every panel there is a significant fraction of mass assigned
into both prograde and retrograde orbits, but this fraction
is changing with radius. Within the region of the KDC, and
especially the region where the observed rotation curve is
rising (<5′′), the orbital space is dominated by the prograde
orbits (∼ 70 per cent). This ratio diminishes towards the
visible end of the KDC, where about half of the orbits have
one and the other half the opposite spin. In the region of
the 2σ peaks (∼10 – 25′′), and at the largest radii probed
by the model (∼30′′), the retrograde component is slightly
more dominant.

Secondly, the orbital space of NGC5813 lacks high an-
gular momentum orbits, located at the right and left corners
of the semicircles. Instead, at each energy, orbits are defined
with both moderate Lz and I3 integrals. There is, however,
a difference between the two components, where the retro-
grade orbits are characterised with a typically smaller an-
gular momentum compared to the prograde orbits. In all
panels the retrograde orbits are confined to the region with
R/Rc < 0.5, while this is not the case for the prograde or-
bits. This implies that the prograde component is overall
rotating faster. This is also likely what drives the slight im-
balance in the mass fractions beyond the KDC, where the
net rotation needs to be zero.

We run several models with different starting param-
eters: the inclination (also at 60◦), the orientation of the
symmetry axis (also at PA=145◦, the orientation of the inner
photometric major axis and the KDC), the black hole (an
order of magnitude smaller and higher mass) and the M/L
ratio (with ∆ M/L=1). We also constrained the models with
the kinematics extracted at the target S/N of 70 (same as
used for the ionised gas extractions). All these changes gave
rather similar orbital configurations always characterised by
two components, where the ratio of the prograde to retro-
grade orbits changes from the initial 70:30 in the centre to
50:50 towards the end of the KDC region, while in the outer
regions the orbital families had a 45:55 ratio.

This implies that the best fitting orbital space is made
of two, relatively thick, short-axis tube orbit families, which
permeate the system. The structures are counter-rotating,
but they are not thin discs made of stars at high angular mo-
mentum orbits with low third integral. Instead they are co-
spatial vertically thick components, approximately identical
in mass in the outer parts, but with the prograde component
dominating in the centre (within the KDC). In Section 7 we
will discuss further the implication of this orbital structure.
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Figure 5. Integral space of an axisymmetric orbit-superposition model for NGC 5813. Each panel plots the meridional plane (R,z) for
a given energy with the starting positions of orbits shown with white dots. Energies are presented with the radius of the corresponding
circular orbit in arcsec (green numbers in the upper left corner). Prograde orbits are shown on the right side (with a ‘+’ sign), while the
retrograde on the left side (with a ‘−’ sign) of each panel. The radius of the circular orbit is the size of the horizontal axis (measured
from the centre). Orbits with the highest angular momentum are found in the right and left corners. Over-plotted is the fraction of
mass assigned to orbits at constant energy. The percentage of the total mass assigned to prograde and retrograde orbits are printed
above the corresponding side of the panel. We show only a subset of radii, covering the KDC and the outer body fully within the MUSE
observations. The colour bar represents the relative colour coding of the orbital mass weights, where 1 represents the largest mass weight
assigned to an orbit at the given energy.

6 EMISSION-LINE KINEMATICS

NGC5813 is known to have an extended and morphologi-
cally complex distribution of ionised gas (Sarzi et al. 2006;
Randall et al. 2011), and it has a complex filamentary dust
distribution with an apparent nuclear dust disk (e.g. Carollo

et al. 1997b; Tran et al. 2001). Werner et al. (2014) detect
also cold (100 K) [Cii] gas, which is co-spatial with the Hα
emission-line as well as the lowest entropy X-ray hot gas.
The complex and multi-phase gas content of NGC5813 is
most likely related to the cooling associated with the AGN
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Figure 6. MUSE ’narrow’ band image of Hα emission in
NGC 5813. The image as obtained by summing the flux within
a narrow range around Hα+ [Nii] complex (between 6615 – 6640
Å), estimating the continuum level around that region and di-
viding it out. North is up and East to the left. Contours are the
isophotes from the MUSE white light image.

activity cycles (Randall et al. 2011). We investigate here if
there is a connection between the gas content and the stel-
lar KDC. A more thorough investigation of the emission-line
gas properties we postpone to a future study.

6.1 Distribution and kinematics of emission-line

gas

In Fig. 6 we show the Hα + [Nii] image summing the MUSE
data cube between 6615 and 6640 Å. The strong Hα + [Nii]
features consist of two major filaments, one in the North-
East direction, and the other in the South-South-West di-
rection. Some other, less pronounced, filaments and knots
are also visible, notably in the East part of the map. Other
emission-lines typically follow the features seen here in Hα
+ [Nii] emission, although some are less prominent. Having
the spectral information, we can proceed further and mea-
sure the kinematics of ionised gas.

We use Gandalf (Sarzi et al. 2006; Falcón-Barroso
et al. 2006) to measure fluxes and kinematics of the fol-
lowing emission-lines: Hβ, [Oiii]λλ4959,5007, [Ni]λλ5198,
[Ni]λλ5200, [Oi]λλ6300,6364, Hα, [Nii]λλ6547,6583, and
[Sii]λλ6716,6731. Fig. 6 shows that emission is abundant in
certain regions and therefore we decided to change the bin-
ning from the high S/N used for the stellar kinematics. We
again used the Voronoi-binning code of Cappellari & Copin
(2003) setting the target S/N to 70 (again at 5500 Å). This
S/N is sufficient to robustly estimate the absorption features
before attempting to fit the emission-lines, but it results in
smaller bins: now we have more than 4000 spectra, which
within the central 10′′ are rarely binned and have the orig-
inal 0.′′2 sampling. The central S/rN (of the pPXF fit) to
these spectra approaches 140.

The extraction of emission-line kinematics consisted
first of a fit to the stellar continuum using pPXF and
the MILES library, followed by a fit to the observed spec-

trum in which the optimal template (obtained from the first
pPXF fit) is combined with several Gaussians mimicking the
emission-lines. The call to pPXF differed somewhat from the
one in Section 4.2, as we parameterised the LOSVD with
only four moments and used the 10th degree multiplicative
polynomial. The fitted region was the same as for the kine-
matics. An example of a GANDALF fit to a spectrum within
a central circular aperture is shown on the lower panel of
Fig. 1.

We set up Gandalf to fit freely only Hα and the stronger
line of the [Nii] doublet, while the kinematics of other for-
bidden lines were tied to the [Nii] line and of Hβ to Hα.
This means that kinematic information could potentially be
different only for Hα and [Nii] doublet, but fluxes of all lines
were independently estimated.

We show the distribution of all detected lines in the Ap-
pendix B (Fig. B1), while in Fig. 7 we show the fluxes, ve-
locities and velocity dispersion for Hα and [Nii]. Only those
bins for which the lines had an Amplitude-to-residual-Noise
(A/rN) ratio8 greater than 3 are plotted (following Sarzi
et al. 2006). With this criterion all of the fitted lines, except
[Ni], were detected, but [Oi] was detected only in a very
limited region, still following the general distribution of the
[Nii] line. The distribution of Hα or [Nii] on Fig. 7 closely
resembles what is seen on the reconstructed image in Fig. 6.
Similar structure was also seen in the SAURON maps of
[Oiii] and Hβ emission-lines, but at ∼ 5 times lower spatial
sampling(Sarzi et al. 2006).

Hα and [Nii] lines show similar and complex kinematic
structures. Compared to the systemic velocity of the galaxy,
the ionised gas in the southern arm is receding, while the
northern arm shows both receding (east side of the arm) and
approaching (west side of the arm) material. The measured
velocity dispersion is relatively uniform over both arms and
other filaments, typically between 60 km/s and 120 km/s
(note that the instrumental resolution at the wavelength of
Hα is about 50 km/s and was not removed from the maps).
The highest velocity dispersion values, in the excess of 220
km/s are found slightly off-centred towards the west.

Emission-line gas is distributed almost in a polar con-
figuration, extending close to the minor axis of the galaxy,
and co-spatial with direction of the radio emission and the
location of buoyant cavities in the X-ray emitting gas (Ran-
dall et al. 2011). The distribution of the emission-line gas
in the southern region is marked by two regions with no
detections. These cavities in the emission-line gas are cen-
tred on approximately (5′′,-5′′) and (15′′, -15′′), and they are
co-spatial with the two innermost cavities in the X-ray gas.
Given that the cold gas is most likely produced by thermally
unstable cooling from the hot phase, Werner et al. (2014)
suggest that the filamentary emission-line gas is linked to
the buoyant cavities and the jet activity, where the rela-
tivistic plasma interact with the filaments and drags them
out from the centre.

6.2 Central emission-lines kinematics

Both Hα and [Nii] emission-lines show peaks in the velocity
dispersion in the very central region, not coinciding with the

8 The amplitude refers to the amplitude of the fitted Gaussian.
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Figure 7. Emission-lines Hα (top) and [Nii] (bottom) in NGC 5813. From left to right: A/rN map where only emission-lines with
A/N> 3 are shown (region with no reliable emission is coloured grey), logarithm of emission-line flux (in units of 10−20 erg/s/cm2), the
mean velocity and the velocity dispersion of a single Gaussian. Contours are the isophotes from the MUSE white light image.

centre of stellar distribution (which is about 1′′ to the West).
The peaks in emission-line velocity dispersion also coincide
with a region which shows a different velocity structure of
the ionised gas compared to the outer parts. Zooming in onto
the central 10′′

×10
′′, the different kinematics in the central

3′′ becomes apparent. We show this on Fig. 8. Coinciding
with the nuclear dust disc seen on HST images (Tran et al.
2001), somewhat more extended (∼ 3

′′), but with nearly
the same orientation, there is a kinematic structure with
approaching side in the North-West and the receding side
in the South-East. The approaching North-West side seems
limited to the central 2′′, surrounded by receding material.
This interface between the approaching and receding ma-
terial is also characterised by the peak in the velocity dis-
persion. The South-East side is more extended but also not
uniform, showing two regions of increased velocities. This
complex is present in both Hα and [Nii] emission-lines and
displays similar distribution and kinematics. Given that it
is spatially associated with the dust disc, it is possible that
the velocity structure has the same inclination as the dust
disc (nearly edge-on). The disc nature of the feature might,
however, be difficult to reconcile with the off-centred high
velocity dispersion peak and the non-regular spatial distri-
bution of velocities mentioned above. It is likely that the
observed motions are not solely of gravitational origin.

The higher S/N of MUSE data and the small size of the
structure are possibly the reasons why this kinematic feature
was not seen previously in the SAURON data (Sarzi et al.
2006). Alternatively, it could also be a feature that is asso-
ciated more with Hα and [Nii] than with the lines observed
within the short SAURON wavelength range (e.g. [Oiii]
which was used to derive the kinematics). In the MUSE
data, Hβ and [Oiii] are essentially not detected in the very
centre, although there is a hint of the kinematic structure
on the [Oiii] maps (see maps on Fig. B1). This might also
explain why McDermid et al. (2006), who presented higher
spatial resolution observations of SAURON sample galaxies
with OASIS, also did not see this feature.

Of particular interest is the fact that the central ionised
gas rotation is oriented similar to the KDC and the nuclear
dust disc (shown with a line on Fig. 8). We stress that the
region of the high velocity dispersion in both Hα and [Nii]
emission does not coincide with the centre of rotation, but
surrounds the region of the approaching side of the central
kinematic feature. As it arises where there is a reversal in
the velocities, this could indicate shocks and the turbulent
nature of the interstellar medium, linked with the relativistic
plasma of the jets and the buoyant cavities.
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Figure 8. Kinematics of Hα (top) and [Nii] (bottom) emission-
lines within the central 10× 10′′. The mean velocity is on the left
and the velocity dispersions on the right. The solid line on the
velocity maps indicates the coinciding orientations of the stellar
KDC and the dust disc visible on the HST images. The dashed
vertical and horizontal lines indicate the position of the galaxy
centre. Contours are the isophotes from the MUSE white light
image.

6.3 The multiphase gas, the activity and the

KDC of NGC 5813

The central, possibly disc-like, kinematic structure revealed
by MUSE is different from the rest of the ionised gas dis-
tributions. Its orientation is perpendicular to the radio jet
and the direction of rising X-ray cavities, but it is oriented
similar like the KDC. Is this gas feature related to the KDC?

Stars within the KDC region are old and there is no
evidence for any significant current star formation in this
region (Kuntschner et al. 2010). The cold gas that is ob-
served in NGC5813 is likely a result of cooling instabili-
ties, which also seem to be typically present in cold-gas-rich
systems (Werner et al. 2014). The spatial link between the
orientation of the jet and the cavities filled with relativistic
particles and the emission-lines gas detected in MUSE obser-
vations, suggests that these gas filaments are being dragged
outwards by the jet and the bubbles. As described in Werner
et al. (2014), the hot particles can penetrate the filaments
and heat the cold gas, both contributing to its distraction
and creation, depending on their energy.

If this scenario is correct, we are not seeing an inflow
of the gas towards the centre, which settles in a disc-like
structure and eventually creates stars and contributes to
the stellar content and the kinematics of the KDC. On the
contrary, we are seeing a gas reservoir which resides in the

equatorial plane of the galaxy, and which could originate
from the stellar mass loss, a relatively recent accretion or
even be a remnant of a gas disc, which was, at an early
epoch, responsible for the creation of the prograde rotating
structure and the KDC. Currently this gas could be serving
as the AGN fuel reservoir. The jet and the buoyant X-ray
cavities are lifting and dragging the material from this gas
reservoir, which is being cooled and forms a multiphase gas
structure, as observed in the cold [Cii] or warmer Hα and
[Nii] emission. The velocity structure of the northern Hα
arm actually connects to the central gas disc, possibly sup-
porting the evidence that gas is being lifted from the surface
of the disc, but retaining its angular momentum.

Therefore, the observations suggest that the present gas
in NGC5813 is not of high relevance for the KDC. Fur-
ther investigations of the properties of the emission-line gas,
which could be used to asses this scenario, are beyond the
scope of this paper, but we note that high spatial resolution
observation of the cold gas phase centred on the nucleus
would be beneficial.

7 DISCUSSION

Previous sections presented MUSE observations of
NGC5813 and their analysis. Here we summarise the
evidence for the counter-rotating nature of the KDC and
discuss the possible formation scenarios of NGC5813.

7.1 The counter-rotating nature of the KDC in

NCG5813

The stellar kinematics of NGC5813 observed with MUSE
suggests that this galaxy is made of two counter-rotating
components. This is primarily based on the velocity disper-
sion map, which features an elongated structure with two
peaks along the major axis of the galaxy, located some 11′′

from the nucleus. The appearance of the σ-peaks coincides
with the visual end of the rotation and the KDC. In their
spatial distributions, the velocity and the velocity disper-
sion maps are similar to maps of 2σ galaxies, for which it
has been shown that they are made of two counter rotating
structures.

The stellar populations of NGC5813 are old everywhere
(Kuntschner et al. 2010). The pPXF fit based on stellar pop-
ulation models selects typically a few old stellar templates
for reproducing the observed spectra, which, however, differ
in metallicity. Fitting two templates of old ages, but different
metallicities to a spectrum in the region of the σ peaks, re-
turns two velocity components, with mean velocities on the
opposite sides of the systemic velocity for that spectrum.
While this method is strongly degenerate, it suggests that
there are two physical components with different sense of
rotation.

An orbit-superposition model, which fits the stellar
kinematics well, provides further evidence for the two com-
ponent nature of NGC 5813. The two model components
have opposite spins, where the prograde component typi-
cally has a higher angular momentum on average, Finally,
the mass fractions assigned to the orbits vary with radius,
but both orbital families are present everywhere. Within the
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KDC region, the prograde component is more dominant, ex-
plaining the KDC appearance, but in the outer regions the
components contribute with essentially the same fraction of
mass (small differences could be attributed to the difference
in the angular momenta).

The KDC region is also characterised by a drop in the
velocity dispersion and a strong h3 moment, which is anti-
correlated with the mean velocity. This is typically seen in
systems where the LOSVD can be constructed of two compo-
nents, a fast and a slow rotating (Bender et al. 1994; Scorza
& Bender 1995), both in cases of co- and counter-rotation.
This is consistent with the orbital space of the Schwarzschild
model, which shows that the prograde component within the
KDC has a higher angular momentum than the retrograde
component.

While the evidence for two counter-rotating structures
in NGC 5813 are strong, it is also quite clear that these struc-
tures are not counter-rotating thin discs, like in a typical 2σ
galaxy. NCG5813 is more massive than a typical 2σ galaxy.
The shape of NGC5813 is also not as flat as in known 2σ
galaxies. Moreover, the best fitting orbital space is not popu-
lated by high angular momentum orbits. Therefore, in spite
of the fact that the outer light profile is best fit with an
exponential (or almost exponential), the observed kinemat-
ics are not well described by a large-scale disc, or discs. No
net rotation in the outer regions would be compatible with
a disc only if it is seen exactly at an inclination of zero de-
grees (face-on). To show rotation, the KDC would then need
to be made of a distinct component seen at a higher incli-
nation. However, assuming the flattening within the KDC
region (ǫ ∼ 0.1) is due to an inclined disc, the disc would
be viewed at an inclination of about 25◦, while the outer
disc would be required to be at about 45◦ (ǫ ∼ 0.3). The
stability of such a configuration even in a triaxial system
is questionable. Furthermore, the two LOSVD components
both have relatively high velocity dispersions, also arguing
against the presence of thin discs.

A simple solution is that the KDC is an orbital com-
posite, a result of a mixture of two components with dif-
ferent distribution of masses and similar, but not exactly
the same, distribution of counter-rotating orbital families.
A similar finding was already reported for another kinemat-
ically spectacular galaxy: NGC4365 (van den Bosch et al.
2008). This system is more complex than NGC5813, as the
axes of rotation of the KDC and the outer body are perpen-
dicular to each other, where the outer body is in a prolate-
like rotation. Still, the triaxial models of van den Bosch et
al. show that stars that make the KDC in NGC4365 are
part of prograde short axis tubes which permeate the full
system and the KDC is visible only due to an unbalance in
the relative weights in the central 6′′ between the various
orbital families.

The origin of the unbalance in the known orbital distri-
bution of KDC is not clear. A variety in possible formation
processes for KDCs is highlighted by the range in the stel-
lar populations (Bender & Surma 1992; Carollo et al. 1997b;
Kuntschner et al. 2010) and kinematic properties (Krajnović
et al. 2008, 2011) of galaxies with KDCs. What then are the
possible formation scenarios for NGC 5813 and its KDC?

7.2 Assembly of NGC 5813

KDCs were heralded as show cases of merger driven for-
mation scenarios. Galaxies harbouring KDCs do not differ
from other, similar mass, slow rotator early-type galaxies.
Still, there are significant characteristics of NGC5813 which
point out to some possible formation pathways.

The spatially uniform and old age of the stellar popu-
lation in NGC5813 argues for an early assembly, or alterna-
tively, a later assembly of the system comprising stars cre-
ated at high redshift (z ∼ 3.5, Kuntschner et al. 2010). The
negative metallicity gradient (Efstathiou & Gorgas 1985;
Gorgas et al. 1990; Kuntschner et al. 2010), constant abun-
dance of the α elements relative to iron (Kuntschner et al.
2010), together with the finding in this paper that the two
components permeate the (observed) body of the galaxy, ar-
gue against scenarios in which the KDC is a remnant of an
accreted compact galaxy (Kormendy 1984; Franx & Illing-
worth 1988).

Furthermore, kinematic observations presented here ar-
gue against the origin of the KDC as a compact high-z el-
liptical which grows in size (and mass) via minor mergers, a
scenario invoked to explain the rapid size evolution of qui-
escent galaxies (e.g. Naab et al. 2009; Hopkins et al. 2010),
but see also (e.g. Carollo et al. 2013; Poggianti et al. 2013;
Belli et al. 2014) for an alternative scenario. A growth of
NGC5813 via intermediate to minor mergers (e.g. mass ra-
tios of 1:5 to 1:10) is, however, not supported by the outer
exponential profile of this galaxy. Hilz et al. (2013) show that
such merger should increase the Sérsic index to high values
(n> 5), comparable to those found in giant ellipticals.

Processes that could be considered in the case of
NGC5813 include:

(i) Accretion of gas from a gas-rich companion which
forms a disc-like structure in a principle plane of the system
(e.g. Franx & Illingworth 1988). This pathway is invoked
for the creation of 2σ galaxies. An example is presented by
Coccato et al. (2011), who show evidence for two counter-
rotating discs in NGC5719, a galaxy which is stripping gas
from its companion NGC 5713 (Vergani et al. 2007). How-
ever, there is no strong kinematic evidence for thin discs
in NGC5813, and NGC 5813 is a more massive system.
Furthermore, the Schwarzschild model suggests a lack of
high angular momentum orbits, and an existence of orbits
with high vertical extent (above the equatorial plane). A vi-
able pathway, however, is an early formation of the counter-
rotating thin disc created from accreted gas, which due to
subsequent interaction with satellites in the (sub)group envi-
ronment was destroyed (dynamically heated and thickened).

(ii) A major merger (mass ratios of 1:1) between two gas-
rich spirals, or between a spiral and an early-type galaxy
(e.g. Bender & Surma 1992). Recent simulations (Hoffman
et al. 2010; Bois et al. 2011; Moody et al. 2014) show that
binary mergers of galaxies, where at least one progenitor has
a moderate gas content (e.g. 15-50 per cent), can produce
KDCs and 2σ galaxies. Subsequent mergers of such galaxies
can result in disruption of the KDC (Bois et al. 2011), or
even an increased probability to host them (Moody et al.
2014). This should be taken into account as NGC5813, a
central galaxy in a (sub)group, likely experienced a few sim-
ilar mass mergers. The analysis of the orbital structure of
the remnants by Hoffman et al. (2010) reveals that KDCs
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are indeed a consequence of the balance of relative contri-
butions of orbital types spread throughout the system. Bois
et al. (2011) show that if the spin of one of the progenitors is
retrograde with respect to the orbital spin of the merger, the
resulting KDC is also an orbital composite, with 2σ veloc-
ity dispersion features. Even initially prograde orientation
of spins can result in a KDC, due to strong reactive forces
which can cause the change in the orbital spin directly before
the final coalescence (Tsatsi et al. 2015).

(iii) A formation as a natural consequence of the the hier-
archical clustering scenario, where the galaxy sits on an in-
tersection of filaments bringing cold gas (Kereš et al. 2005,
2009). A scenario was put forward as a case for the cre-
ation of counter-rotating disc galaxies (essentially the 2σ
galaxies), where two streams are feeding the host dark mat-
ter halo with gas (Algorry et al. 2014). If there is a suffi-
cient difference in time between the arrival of the material
(i.e. first through one filament and then through the other),
two discs with opposite spins can be created. A simultane-
ous feeding would likely result in a single component due
to the collisional nature of gas, if the gas has not already
fragmented into molecular cloud complexes. This scenario
is somewhat problematic for NGC5813 as there is no ev-
idence for an age difference of stars. However, if the two
feeding events happened early, were relatively short in dura-
tion and occurred within a few Gyr, it is essentially impossi-
ble to distinguish between the stellar populations. Moreover,
given that NGC5813 is one of the two most massive galax-
ies in the NGC5846 group (and a centre of a sub-group) it
is natural to imagine that the progenitor of the present day
galaxy was formed on a location of merging cosmic filaments.
The penetrating cold gas streams are rich in material and
drive strong instabilities creating giant star forming clumps
within the galaxy disc (Dekel et al. 2009). Two streams,
feeding the galaxy with material of opposite angular mo-
menta could produce two thick and turbulent discs, which
through a subsequent evolution could start resembling the
two orbital families seen in NGC5813.

All these scenarios require gas to be present during the
formation event. The gas-rich formation scenarios have dif-
ficulty accounting for a partially depleted core in NGC5813
nuclear surface brightness. The currently favourite scenario
for creation of cores requires a binary black hole interaction
in a dissipation-less merger (Begelman et al. 1980; Milosavl-
jević & Merritt 2001). The core might have been created
later, during the subsequent evolution of NGC5813 as a cen-
tral galaxy in a group. The constraint to this scenario is that
the merger (or mergers) can destroy the original disc-like
structure, but needs to keep the counter-rotation present.
Furthermore, the existence of fast rotators with partially
depleted cores (Krajnović et al. 2013b) suggest there could
be more unexplored pathways in creating kinematically disc-
like structures and removing stars from the nuclei.

NGC5813 is a massive galaxy, containing stars consis-
tent with being created early, within a short period of time.
As a central galaxy in a (sub)-group it should have experi-
enced both phases of the mass assembly (Oser et al. 2010).
In cosmological studies, galaxies with KDCs are still rare
(Naab et al. 2007, 2014), found in remnants of systems that
went though a dissipation-less similar mass merger. When
analysed, these systems have various types of orbits (short

axis tubes, long axis tubes and box orbits), and the KDC
is seen as an orbital composite (Jesseit et al. 2007; Röttgers
et al. 2014). Slow rotator merger remnants, however, do not
fully resemble the observed galaxies: they are typically too
flat and, in particular, the velocity maps of KDCs are not
yet comparable to the observed systems (Naab et al. 2014).
More work is required here, and a promising pathway in
creating counter-rotating components (and KDCs in appear-
ance) could be through cold streams which can create thick
discs. The hope is that the halo mass and the properties of
the streams will influence the outcomes, potentially creat-
ing a range of systems from less massive 2σ galaxies (with
thin counter-rotating discs) to more massive, NGC5813-
type galaxies with KDCs (with thick counter-rotating discs).

The case of NGC5813 (together with NGC4365) sug-
gests that KDCs could often be integral parts of the com-
plete bodies of galaxies. It is the balance of orbits that
makes KDCs visible. More KDC galaxies, spanning a range
of masses, should be observed and analysed in a similar way
to determine if NGC4365 and NGC5813 are typical or spe-
cial objects, and if the KDCs are decoupled or integrated
structures. The spatial sampling, field-of-view, the spectral
resolution and its efficiency make MUSE the right instru-
ment to achieve this.
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APPENDIX A: COMPARISON OF THE

SCHWARZSCHILD DYNAMICAL MODEL AND

THE MUSE KINEMATICS

In Fig. A1 we show a comparison between the MUSE kine-
matics and the Schwarzschild dynamical model from Sec-
tion 5. The MUSE data were symmetrised using the point-
(anti)symmetry as the model is by construction axisymmet-
ric. The quality of the fit can be seen in the bottom row of
maps which show the residuals between the model and the
data, divided by the errors. The Schwarzschild model gen-
erally reproduced well the kinematics, with an exception of
the centre, which suggests the model likely requires a higher
black hole mass.

APPENDIX B: OTHER EMISSION-LINES

DETECTED WITHIN THE MUSE

WAVELENGTH RANGE

As described in Section 6, we fitted a set of
emission-lines typically found in the MUSE wave-
length range: Hβ, [Oiii]λλ4959,5007, [Ni]λλ5198,
[Ni]λλ5200, [Oi]λλ6300,6364, Hα, [Nii]λλ6547,6583
and [Sii]λλ6716,673. Of these only All lines expect [Ni] is
not detected, and [Oii] is detected on a much smaller area
compared to the other lines. Hα and [Nii] are shown in the
main text (Fig. 7, and in Fig. B1 we show the distribution
and kinematics of all other deteceted lines.
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Figure A1. Comparison between the MUSE kinematics (top) and the Schwarzschild model kinematic predictions (middle) from Section 5.
From left to right are shown: the mean velocity, the velocity dispersion and the higher-order Gauss-Hermite moments h3 - h6. The bottom
row shows the residuals between the Schwarzschild model and the MUSE kinematics, divided by the observational errors.
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Figure B1. From top to bottom: Emission-lines Hβ, [OIII]λ4959,5007, [OI]λ6300, [SII]λ6716 and [SII]λ6731. From left to right: A/rN
map, logarithm of emission-line flux (units of of 10−20 erg/s/cm2), the mean velocity and the velocity dispersion of a single Gaussian.
Extraction of these emission-lines is explained in Section 6, but note that the velocity and velocity dispersion of Hβ was fixed to that
of the Hα and of the forbidden lines to [NII]. This means that the lower four rows have the same kinematics, but different fluxes and
distributions. Contours are the isophotes from the MUSE white light image.
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