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A B S T R A C T 

Supermassive black hole masses ( M BH 

) can dynamically be estimated with various methods and using different kinematic 
tracers. Different methods have only been cross-checked for a small number of galaxies and often show discrepancies. To 

understand these discrepancies, detailed cross-comparisons of additional galaxies are needed. We present the first part of our 
cross-comparison between stellar- and gas-based M BH 

estimates in the nearby fast-rotating early-type galaxy NGC 6958. The 
measurements presented here are based on ground-layer adaptive optics-assisted Multi-Unit Spectroscopic Explorer (MUSE) 
science verification data at around 0 . ′′ 6 spatial resolution. The spatial resolution is a key ingredient for the measurement and 

we provide a Gaussian parametrization of the adaptive optics-assisted point spread function for various wavelengths. From 

the MUSE data, we extracted the stellar kinematics and constructed dynamical models. Using an axisymmetric Schwarzschild 

technique, we measured an M BH 

of (3 . 6 

+ 2 . 7 
−2 . 4 ) × 10 

8 M � at 3 σ significance taking kinematical and dynamical systematics (e.g. 
radially varying mass-to-light ratio) into account. We also added a dark halo, but our data do not allow us to constrain the 
dark matter fraction. Adding dark matter with an abundance matching prior results in a 25 per cent more massive black hole. 
Jeans anisotropic models return M BH 

of (4 . 6 

+ 2 . 5 
−2 . 7 ) × 10 

8 and (8 . 6 

+ 0 . 8 
−0 . 8 ) × 10 

8 M � at 3 σ confidence for spherical and cylindrical 
alignments of the velocity ellipsoid, respectively. In a follow-up study, we will compare the stellar-based M BH 

with those from 

cold and warm gas tracers, which will provide additional constraints for the M BH 

for NGC 6958, and insights into assumptions 
that lead to potential systematic uncertainty. 

K ey words: galaxies: indi vidual: NGC 6958 – galaxies: kinematics and dynamics – galaxies: nuclei. 
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 I N T RO D U C T I O N  

he developments in astronomical instrumentation over the last two
ecades have substantially improved the capability of astronomical
bservations: Remarkably, it is now possible to robustly measure the
ass of supermassive black holes (SMBH) in nearby galaxies with a

recision of less than a factor of 2 using a variety of different methods
e.g. re vie w by Kormendy & Ho 2013 ). Determining robust black
ole masses is a challenging task that requires the best possible spatial
esolution for both photometric and spectroscopic observations and
 E-mail: sabine.thater@univie.ac.at 

2  

a  

p  
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Commons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whi
ophisticated modelling methods. As black holes are per se not
isible, we need to trace the motion of the material that is sensitive
o the gravitational potential of the SMBH. Popular tracers are
ndividual stars (in the Milky Way; Ghez et al. 2008 ; Gillessen et al.
009 , 2017 ), masers (e.g. Miyoshi et al. 1995 ; Kuo et al. 2011 ; Greene
t al. 2016 ; Gao & Ho 2017 ), ionized (e.g. Beifiori et al. 2012 ; Walsh
t al. 2013 ), molecular (e.g. Davis et al. 2013 , 2018 , 2020 ; Onishi
t al. 2015 , 2017 ; Boizelle et al. 2019 , 2021 ; Nguyen et al. 2020 ,
021a ), or atomic gas (Nguyen et al. 2021b ), and unresolved stellar
ystems (e.g. Rusli et al. 2013 ; Saglia et al. 2016 ; Nguyen et al.
017 , 2018 , 2019 ; Krajnovi ́c et al. 2018 ; Thater et al. 2019 ). While
 variety of different tracers and methods are available, it is not
ossible to use a single modelling method to measure M BH for all
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Table 1. Basic properties of NGC 6958. 

Property Notes 

Morphological type S0 1 
Distance (Mpc) 35 ± 8 2 
Physical scale (pc arcsec −1 ) 170 ± 10 –
Inclination ( ◦) 45 ± 4 3 
Position angle ( ◦) 109 ± 5 4 
Sersic index 3.3 5 
Ef fecti ve radius (kpc) 2.59 5 
σ e,star (km s −1 ) 168 ± 5 6 
σ 0,star (km s −1 ) 220 ± 5 6 
Bulge mass (M �) (3.6 ± 1.4) × 10 10 7 

Notes. 1: The galaxy was misclassified in de Vaucouleurs et al. ( 1991 ) and 
we adopt the classification by Sandage & Bedke ( 1994 ) and Laurikainen 
et al. ( 2010 ). 2: Mean distance based on dynamical scaling relations from the 
NASA/IPAC Extragalactic Database (NED). 3: Inclination of the molecular 
gas disc of NGC 6958 derived in the follow-up publication. 4: Derived from 

the MUSE velocity field within an FoV of 5 arcsec. 5: Derived from the light 
model in Section 4.1. 6: Derived by co-adding the spectra of the MUSE data 
cube in elliptical apertures with an ellipticity of 0.15 and a semimajor axis of 
the ef fecti ve radius R eff (15 . ′′ 3) and R eff /8 = 1 . ′′ 9, respectively. 7: Using the 
total mass derived from the Jeans Anisotropic models (Section 4.3) of this 
work and the bulge-to-total ratio ( = 0.45) from Laurikainen et al. ( 2010 ). 
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ifferent types of galaxies. Stellar-based methods can be best used for
arly-type galaxies that usually do not have strongly varying stellar 
opulations nor subcomponents like bars or spiral arms. On the other 
and, gas is typically found in late-type galaxies and can be used as a
racer if the gas follows circular orbits and is not strongly disturbed.
ther methods require the presence of nuclear maser emission or 

n active galactic nucleus. Checks for inconsistencies between the 
ifferent mass determination methods are important for identifying 
ystematic uncertainties associated with the techniques and deriving 
obust massive black hole masses. 

Hitherto, cross-checks between different dynamical modelling 
ethods have only been performed for a handful of objects. While 

he checks give consistent results in a number of cases (Shapiro et al.
006 ; Davies et al. 2007 ; Neumayer et al. 2007 ; Pastorini et al. 2007 ;
appellari et al. 2009 ; van den Bosch & de Zeeuw 2010 ; Feldmeier
t al. 2014 ; Feldmeier-Krause et al. 2017 ; Krajnovi ́c et al. 2018 ),
an y cross-checks rev eal clear discrepancies (e.g. Ferrarese, F ord 
 Jaffe 1996 ; Verdoes Kleijn et al. 2002 ; de Francesco, Capetti
 Marconi 2006 ; Gebhardt et al. 2011 ; Walsh et al. 2012 , 2013 ;
nken et al. 2014 ; Barth et al. 2016 ; Boizelle et al. 2021 ). Fig. 2

n Thater et al. ( 2020 ) shows that M BH determined from ionized
nd molecular gas-based measurements seem to be systematically 
ower than those derived from stellar dynamical models for M BH 

reater than a few 10 8 M �. The origin of these discrepancies cannot
e pinned down easily, because different methods, assumptions, 
nd wavelength ranges are used for different tracers, which probe 
he gravitational potential in different ways. The inhomogeneity 
f the mass measurements and the low-number statistics make it 
hallenging to quantify the effect of the different methods on the 
catter in M BH scaling relations. Hence, providing a measure of 
he systematics from the different methods is mandatory for an in-
epth understanding of the origin of the black hole relations and 
hus of the growth of SMBHs. Particularly, we need to answer 
he questions: How do systematics change the slope of the scaling 
elations? How much of the scatter in the black hole scaling relations
an be attributed to inconsistencies between the various dynamical 
easurement methods? 
As we slowly start to reach a statistically robust galaxy sample 

ith measured M BH , now is the best time to revisit known black
ole mass measurements with different methods for two reasons. 
irst, the high spatial resolution of the Hubble Space Telescope 
HST) allowed for a systematic determination of M BH in a large 
ample of galaxies. Still, the usage of long-slit rather than modern 
ntegral-field spectroscopy limited the precision of early measure- 

ents. The spatial resolution achieved by adding adaptive optics 
AO) to integral-field spectroscop y w as another substantial step 
orward in measuring black hole masses (e.g. Krajnovi ́c et al. 
005 ). Secondly, even most recent dynamical mass measurements 
re affected by systematic biases associated with the modelling 
ssumptions. Discussed are for example radially varying versus 
onstant mass-to-light ratio (M/L; Thater et al. 2017 , 2019 ), the
nclusion of dark matter (Gebhardt & Thomas 2009 ; Rusli et al.
013 ), radially varying versus constant anisotropy (Drehmer et al. 
015 ), and axisymmetric versus triaxial shapes of galaxies (van den 
osch & de Zeeuw 2010 ; Ahn et al. 2018 ). It is thus essential to
nderstand and quantify the systematics as detailed as possible, to 
 v aluate the robustness of the mass measurements and mitigate the
ssociated systematic uncertainties. We decided to perform this test 
y comparing the M BH derived with the widely applied techniques 
f using stars, ionized gas, and molecular gas as tracers of the
ravitational potential. 
c
We first needed to identify a galaxy that offers the possibility to ap-
ly the different modelling methods. Early-type galaxies with bright 
uclear molecular gas discs are prime candidates. We found such 
n object in the mm-Wave Interferometric Survey of Dark Object 
asses sample (e.g. Davis et al. 2017 , 2018 ; Onishi et al. 2017 ) that

rovides high-resolution Atacama Large Millimeter/submillimeter 
rray observations for a large variety of galaxies. In this work,
e targeted the massive fast-rotating early-type galaxy NGC 6958, 
hich shows clear signs of a regularly rotating nuclear molecular gas
isc (see Thater et al. 2020 ). The main properties of NGC 6958 are
iven in Table 1 . 
NGC 6958 is an isolated galaxy (Madore, Freedman & Bothun 

004 ). There is evidence of a recent minor merger (Malin & Carter
983 ; Sarai v a, Ferrari & Pastoriza 1999 ; Tal et al. 2009 ), but the
erger does not affect our M BH measurement as the central stellar

inematics show very regular features (see Section 3). NGC 6958 
as also classified as a low-ionization nuclear emission-line region 
alaxy showing large equivalent width of H α and [N II ] λ6584
mission lines (Sarai v a et al. 2001 ; Annibali et al. 2010 ), which we
ill use to estimate M BH accounting for the non-circular motions of

he ionized gas via asymmetric drift correction. Based on the galaxy’s
f fecti v e v elocity dispersion of 168 km s −1 , the M BH –σ e,star relation
Saglia et al. 2016 ) predicts an SMBH of mass M BH = 1.1 × 10 8 M �
hat at a rather uncertain distance of 35 Mpc (see Table 1 ) is at the limit
o be detectable ( R SoI , 1e8 M � = 0 . ′′ 1) 1 with AO-assisted and interfero-
etric facilities. As shown in Fig. 2 of Thater et al. ( 2020 ), this is the
ass region where gas- and stellar-based M BH seem to be discrepant.
This publication is the first part of our study of using independent

inematic tracers to derive the black hole mass in NGC 6958 and
heck whether the different methods give consistent results. This 
aper will focus on the use of stars as dynamical tracers, and
s composed of five sections. We begin by presenting the AO-
ssisted MUSE integral-field spectroscopic and HST photometric 
bservations in Section 2. We then explain the stellar and ionized
onstant. Within R SoI , the gravitational potential is dominated by the SMBH. 

MNRAS 509, 5416–5436 (2022) 
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Figure 1. Full FoV white-light image of our MUSE observations co v ering 
1 arcmin × 1 arcmin. The rectangle indicates the cut-out 30 arcsec × 30 arcsec 
FoV used in this study. The bright star in the north-west was used for the 
PSF estimations in Section 3.1. 10 arcsec corresponds to 1.7 kpc in physical 
scales. 
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as kinematics extraction in Section 3, where we also include a
etailed e v aluation of the MUSE + AO point spread function (PSF).
n Section 4, we derive the galaxy’s stellar mass distribution and
erform dynamical Jeans Anisotropic and Schwarzschild modelling
f the stellar kinematics to obtain the massive black hole mass. We
onclude this paper by putting our results in context with the M BH 

caling relations and providing a short outlook to the second paper
n this series (Thater et al., in preparation). 

 OBSERVATION S  

.1 MUSE integral-field spectroscopic data 

e obtained AO-assisted Multi-Unit Spectroscopic Explorer
MUSE; Bacon et al. 2010 ) wide-field mode science verification
ata under the science programme 60.A-9193(A) (PI: Krajnovi ́c) at
he Very Large Telescope (VLT) in the night of 2017 September 18.
he Ground Atmospheric Layer Adaptive Optics for Spectroscopic

maging (GALACSI) AO system (Str ̈obele et al. 2012 ) was devel-
ped to optimize the performance of MUSE and consists of four
odium laser guide stars, a deformable secondary mirror on the VLT
T4, and an infrared low-order sensor to provide near-diffraction-

imited observations at visible wavelength. In addition to the four
aser guide stars, we used a slow-guiding star 39 arcsec and a tip-tilt
tar 65 arcsec from the nucleus. Due to bad weather conditions during
he observations, 2 we could not make use of the full AO capabilities
nd achieved a spatial resolution of 0.6 arcsec (Section 3.1). Our
USE observations have a total exposure time of 2040 s divided into

our 510 s on-source inte grations observ ed in the sequence O–S–O–
–S–O, where O are the observations of the target and S of the sky. 
We performed the data reduction using the MUSE data reduction

ipeline (Weilbacher et al. 2020 ) version 2.6. The pipeline includes
ias and sky subtraction, flat-field correction, wavelength, and flux
alibration and telluric correction of each on-source observation.
urthermore, new with version 2.6, wiggles that are visible in the
pectral direction of high signal-to-noise (S/N) data in MUSE AO
bservations are appropriately corrected for. After the data reduction,
e merged the individual exposures with the MUSE pipeline, taking

he respecti ve of fsets into account. In the final data cube, each spaxel
as a size of 0.2 arcsec × 0.2 arcsec and spectral sampling of 1.25 Å.
he total wavelength range co v ered by our data goes from 4700 to
300 Å. Ho we ver, during the observation, the spectral region between
800 and 5970 Å was blocked by a NaD notch filter to a v oid light
ontamination by the sodium lasers of the AO system and we do not
av e an y spectral data in this region. The spectral resolution of the
USE data varies between 2.5 and 2.9 Å (Gu ́erou et al. 2017 ). 
We show the white-light image of the MUSE observation of NGC

958 co v ering the full field of view (F oV) of 1 arcmin × 1 arcmin
n Fig. 1 . In the following analysis, we used the central 30 arcsec ×
0 arcsec of the MUSE FoV as we noted a kinematic twist for radii
arger than 15 arcsec (whereas the kinematics are v ery re gular within
his radius). The cut-out MUSE data cube was then Voronoi binned
Cappellari & Copin 2003 ) to a target S/N of 70 Å−1 for each bin,
esulting in mostly unbinned spaxels in the galaxy centre and bin
izes of 1–2 arcsec at a distance more than 7 arcsec from the centre.
ig. 1 also shows a bright star at a projected distance of about 20
rcsec away from the galaxy centre. We used this bright star for our
SF estimations in Section 3.1. 
 https:// www.eso.org/ sci/ activities/vltsv/musesv.html 
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.2 Imaging data 

GC 6958 was observed with HST several times. In the archive, we
ound a 400 s exposure in the F814W band (PI: P. Goudfrooij, PID:
686) obtained with the Wide Field Camera (WFC) of the Wide Field
nd Planetary Camera 2 (WFPC2; Holtzman et al. 1995 ) and a 1152 s
xposure in the H band (F160W; PI: A. Capetti, PID: 11219) of the
ear Infrared Camera and Multi-Object Spectrometer (NICMOS).
GC 6958 contains a nuclear dust disc, which is less impacted by dust

ttenuation when using a near-infrared image (F160W). In addition,
he galaxy was only observed with one of the WFC chips of WFPC2,
hich has a lower sampling (0 . ′′ 1 per pixel) than the NICMOS image

0 . ′′ 076 per pixel). 
The best possible spatial resolution and proper treatment of the

uclear dust are crucial for measuring the black hole mass in all
pplied dynamical methods discussed in this work. We therefore
ecided to use the F160W NICMOS imaging data for the main
ynamical models and the image in the F814W band to test how
lternative mass models affect our dynamical modelling results (see
ection 4.4.3). Deeper large-scale images are additionally needed

o trace the galactic gravitational potential up to large scales.
his is important for the construction of the orbit library of the
chwarzschild models (Section 4.2). Here, we used an F160W Wide
ield Camera 3 (WFC3) image of NGC 6958 (PI: B. Boizelle, PID:
5909) with a spatial sampling of (0 . ′′ 13 per pixel), and an i -band
mage from the Carnegie Irvine Galaxy Survey (CGS) Project (Ho
t al. 2011 ; Li et al. 2011 ; Huang et al. 2013 ). 

 STELLAR  A N D  I ONI ZED  G A S  KI NEMAT ICS  

n this section, we will show the kinematic extraction of our ground-
ayer AO-assisted MUSE observations. So far, MUSE has only been
sed for two other black hole mass measurements (Mehrgan et al.
019 , den Brok et al. 2021 ) and this is the second paper to present
 stellar-based massive black hole mass measurement using the AO
ode of MUSE. 

https://www.eso.org/sci/activities/vltsv/musesv.html
art/stab3210_f1.eps
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Figure 2. Spatial resolution of our MUSE observ ations deri ved by compar- 
ison of the MUSE white-light image with the HST /WFPC2/F814W image. 
We note that the dust contamination (well visible in the plot of the minor 
axis) can broaden the broad component of the Gaussian to unrealistic scales. 

3

T
t
a
t
e  

h  

d
i  

a
l  

2

o  

p  

u  

o
r  

t
(  

c  

a  

g
(
t
t  

s  

G
r

 

s  

T  

p  

s
G  

W
(
o  

a  

T  

w  

t

Table 2. Gaussian parametrization of the MUSE PSF. 

Method Nucleus Star 
Sp. range FWHM 1 FWHM 2 f1 FWHM 1 FWHM 2 f1 
( Å) (arcsec) (arcsec) (arcsec) (arcsec) 
(1) (2) (3) (4) (5) (6) (7) 

4699–9298 0.61 1.69 0.48 0.60 1.32 0.64 
4820–6820 0.99 0.99 0.93 0.69 1.41 0.62 
4820–5750 0.64 1.69 0.29 0.72 1.43 0.57 
8500–8800 0.57 1.41 0.49 0.56 1.30 0.72 

Notes. Parametrization of the MUSE PSF as double Gaussian centred on the 
galaxy centre (columns 2–4) and double Gaussian centred on the PSF star 
(columns 5–7). In detail: Column 1: Spectral range collapsed for the integrated 
light image. The spectral regions are ordered as ‘white-light’, ‘optical’, ‘blue’, 
and calcium triplet (CaT) range. Columns 2, 3, 5, and 6: FWHM of the two 
Gaussians. Columns 4 and 7: Relative flux of the narrow Gaussian (G1). 

 

o  

w  

o  

Figure 3. Parametrization of the AO-assisted MUSE PSF as a function of 
wavelength. FWHM of the two Gaussian components and the fraction of the 
narrow Gaussian (G1) were derived from the PSF star fit. The two Gaussians 
were fitted for each wavelength bin (width of 500 Å) between 4800 and 9300 
Å . The grey shaded area indicates the wavelength range in which the laser 
guide star light is blocked by the NaD notch filter. 
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.1 Spatial resolution in the GALACSI AO mode 

he quality of the MUSE data can be assessed by estimating 
he spatial resolution, which is composed of the instrumental and 
tmospheric PSF. As the atmospheric PSF changes depending on 
he observational conditions, it needs to be carefully evaluated for 
ach observation. This is a crucial step as the spatial resolution limits
ow far we can probe the dynamics in the centre of the galaxy. For
etermining the PSF, a typical method in dynamical M BH estimation 
s to use a high-resolution image of the galaxy at similar wavelength
nd degrade it via PSF convolution until it matches the integrated 
ight image of the integral-field unit (IFU) data (e.g. McDermid et al.
006 ; Krajnovi ́c et al. 2009 ; Thater et al. 2017 ). 
We first followed this approach by convolving the light model 

f the F814W WFPC2 image (derived in Appendix A) with a PSF
arametrized as the sum of two concentric Gaussians (Fig. 2 ). We
sed the F814W image because it is closest to the wavelength of
ur MUSE observations. From the fit to the white-light image, we 
eco v ered a narrow component of the PSF of 0 . ′′ 61. As the quality of
he AO correction, and therefore the PSF, is wavelength dependent 
Bacon et al. 2017 ), we derived the PSF for the different wavelength
uts that we used to extract the stellar kinematics (see Sections 3.2
nd 4.4.1). The PSF fit is v ery sensitiv e to the dust content of the
alaxy, and we noted large and unrealistic full width at half-maximum 

FWHM) values ( ≈10 arcsec) for the broad Gaussian component in 
he optical and blue spectral region. We therefore carefully masked 
he dust-affected regions and chose (based on the results of the PSF
tar in the next subsection) an upper boundary of 1 . ′′ 7 for the broad
aussian. The PSF parametrizations of the different wavelength 

anges used for the dynamical modelling are shown in Table 2 . 
An alternative approach is to fit the sum of two concentric Gaus-

ians to one of the stars within the full FoV of our MUSE data cube.
he brightest star in our FoV with a projected distance of 20 arcsec
rovides a good handle on the central PSF of our observations. We
ubtracted the galaxy light background and then fitted two concentric 
aussians to the PSF star profile along the x -axis and the y -axis.
hile the MUSE PSF is usually fitted with a MOFFAT profile 

Moffat 1969 ), the two concentric Gaussians also well reproduce 
ur PSF star profile. A few examples of the fit are shown in the
ppendix (Fig. B1 ) and the PSF parametrizations are also shown in
able 2 . From the PSF star measurement in the white-light image,
e derived a narrow Gaussian PSF of 0 . ′′ 60 that is in agreement with

he PSF that we measured using the nucleus of the galaxy. 
Using the PSF star, we also measured the change of the PSF
 v er the full wavelength range using 20 regularly and equally spaced
avelength channels (of 500 Å width). In Fig. 3 , we show the average
f the PSF parameters along the major and minor axes and used the
MNRAS 509, 5416–5436 (2022) 

art/stab3210_f2.eps
art/stab3210_f3.eps
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Figure 4. Integrated MUSE spectrum at observ ed wav elength and best-fitting PPXF fit of NGC 6958 displayed in the MILES spectral range. The integrated 
spectrum (black solid line) was obtained by summing up all spectra of the IFU data cube within a radius of 15 arcsec. This integrated spectrum was fitted using 
the PPXF routine in order to derive an optimal stellar template (red line). We simultaneously fitted the emission lines (blue) and the fit composed of gas and 
stellar continuum is shown in orange. The fitting residuals between spectrum and best-fitting model are shown as green dots and are shifted up by 0.55. Regions 
that were masked in the fit, owing to either the AO NaD notch filter or insufficient sky correction, are indicated as grey shaded regions. 
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ifferences as uncertainties. The spatial resolution clearly impro v es
hen going from the blue to the red end of the MUSE data by about
5 per cent. We noticed a deterioration in the quality of the PSF at
round 8000 Å that likely resulted from incomplete sk yline remo val
n that region. All of our measurements are in agreement with the
tudy of the MUSE PSF by Fusco et al. ( 2020 ) if we assume a poor
atural seeing of about 1.2, as recorded in the raw data, and translate
ur Gaussian measurements into MOFFAT parametrization. Being
aken in mediocre weather conditions, our data set does not reach
he expected resolution that could be obtained with full AO-assisted

USE observations (e.g. Knapen, Comer ́on & Seidel 2019 ), but is
till a significant impro v ement o v er what would have been achieved
n these conditions without AO. Owing to the strong priors on the
road Gaussian when estimating the PSF in the galaxy nucleus, we
sed the PSF values from the PSF star in the dynamical modelling
f NGC 6958 (Section 4). 

.2 Kinematics extraction 

e used the PYTHON implementation of the penalized Pixel Fitting
ethod 3 ( PPXF ; Cappellari & Emsellem 2004 ; Cappellari 2017 ) to
easure the line-of-sight velocity distribution (LOSVD) of each
oronoi bin of the MUSE data. PPXF fits the observed galaxy
pectrum by convolving a linear combination of stellar templates
ith the best-fitting LOSVD. The stellar templates were taken from

he medium-resolution Isaac Newton Telescope Library of Empirical
pectra (MILES; S ́anchez-Bl ́azquez et al. 2006 ; Falc ́on-Barroso et al.
011 ) stellar library (version 9.1). We used the full MILES library
onsisting of 985 stars and fitted the integrated MUSE spectrum
o derive an optimal template. As the MILES templates have a
imilar spectral resolution to the MUSE spectra, 4 we did not need
 ht tps://pypi.org/project /ppxf/
 Note that the MUSE LSF is not uniform o v er the complete wavelength range. 
e have analysed the effect of the non-uniformity on the extracted kinematics 

n Thater et al. ( 2019 ). By not convolving the MILES spectra adaptively to the 
pectral resolution of MUSE, we impose a systematic uncertainty of about 

c  

u  

3
m
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o degrade either of the two data sets. MILES stellar templates
pan the wavelength range of 4760–7400 Å and were fitted to the
avelength range from 4820 to 6820 Å in the galaxy spectrum. We

hose this wavelength range in the galaxy spectrum as we noticed
n increased template mismatch at wavelengths redder than 7000 Å.
he region between 5750 and 6000 Å was blocked in the observation

o a v oid contamination and saturation of the detector by the strong
odium laser light. During the PPXF fit, we masked the blocked
egion and insufficiently removed skylines. We performed two runs:
n one run, we parametrized the LOSVD as a simple Gaussian ( V , σ )
nd used the kinematics for the JAM (Jeans anisotropic modelling)
odelling (Section 4.3). In the second run, we parametrized the
OSVD as Gauss–Hermite polynomial of the order of 6 regulated
y a bias of 0.8. We used the second set of extracted kinematics in
he Schwarzschild modelling (Section 4.2). The stellar continuum
as modelled with a seventh-order additive Legendre polynomial. 
The residuals from the stellar fit showed a richness of emission-

ine features (see Fig. 4 ), such that we decided to fit for the emission
ines and the stellar continuum simultaneously. We were thus able to
etect and measure the H α λ6563 and H β λ4861 Balmer lines and
he [O III ] λλ4959, 5007, [O I ] λλ6364, 6300, [N II ] λλ6548, 6583,
nd [S II ] λλ6716, 6731 forbidden line doublets o v er the whole
USE FoV. We first derived a best-fitting optimal template to the

ntegrated spectrum of the full MUSE FoV (see Fig. 4 ). After having
ound the optimal template (using both stellar continuum and gas
mission information), we reran PPXF on the individual spectra of
ach bin of the MUSE observations and used the global-spectrum
ptimal template to extract the stellar and ionized-gas kinematics
imultaneously. During the fit, we treated the stars and different gas
lements as separate components and assigned individual LOSVD
o each of them. We made sure that doublets were treated as one gas
omponent with a single value for V and σ . We then estimated the
ncertainties using Monte Carlo simulations (with 500 realizations)
 km s −1 in the velocity dispersion that we took into account in the dynamical 
odelling. 

art/stab3210_f4.eps
https://pypi.org/project/ppxf/
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Figure 5. MUSE stellar kinematic maps (left) and kinematic errors (right) 
extracted from our full-spectrum fit. From top to bottom, the panels show maps 
of S/rN, mean velocity ( V ), velocity dispersion ( σ ), and the Gauss–Hermite 
moments h 3 , h 4 , h 5 , and h 6 . The black contours indicate the isophotes from 

the collapsed data cube. North is up and east is to the left. 

Figure 6. MUSE ionized-gas kinematics derived from the simultaneous fit 
of stellar continuum and emission lines. The panels show the ionized-gas 
distribution in log scale, mean velocity (km s −1 ), and velocity dispersion 
(km s −1 ) maps traced by H α, [O III ], and [N II ]. The maps were masked at a 
line significance A/rN below 3. North is up and east is to the left. 

o  

t
g  

n
m  

o  

F  

2  

a  

m  

C  

m  

a  

i  

n  

S
 

k  

s
f  

s
t  

u  

r  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/509/4/5416/6424957 by Bodleian Libraries of the U
niversity of O

xford user on 22 February 2022
n each Voronoi bin as described in Thater et al. ( 2019 ). We
herefore used the standard deviation of the residuals between the 
alaxy spectrum and the best-fitting PPXF model to define a residual
oise (rN) for each Voronoi bin. The signal-to-residual noise (S/rN) 
easures then not only the quality of the data but also the quality

f the spectral fit. Due to the high S/rN of the observations (see
ig. 5 ), we obtained very small stellar kinematic errors of typically
.5 km s −1 for the mean velocity, 4 km s −1 for the velocity dispersion,
nd 0.02, 0.03, 0.02, and 0.02 for the higher order Gauss–Hermite
oments. The errors of the ionized gas kinematics from the Monte
arlo simulations reached typical values of 4–8 km s −1 for the
ean velocity and 5–9 km s −1 for the velocity dispersion. We

lso noticed a decrease of the S/rN for R < 2 arcsec that led to
ncreased errors in this region. The lower S/rN is caused by the
uclear dust disc and we discuss its effect on our M BH measurement in
ection 4.4.1. 
We show our extracted stellar kinematics maps in Fig. 5 and the

inematic maps of the ionized gas in Fig. 6 . As expected from the
election criteria for this galaxy, the extracted stellar kinematics 
eatures of NGC 6958 are very smooth and do not show any
ubstantial irregularities in the central 15 arcsec. After subtracting 
he systemic velocity of 2630 km s −1 , the rotational velocities reach
p to 130 km s −1 , and a clear velocity dispersion peak is visible
eaching up to 250 km s −1 . The h 3 moment also shows the clear
nticorrelation to the mean velocity, and the h 4 moment increases 
MNRAS 509, 5416–5436 (2022) 
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Figure 7. Isophotes of the NICMOS image of NGC 6958 within an FoV of 
20 arcsec × 20 arcsec (top) and a cut-out of the central 6 arcsec × 6 arcsec 
(bottom). The contours of our best-fitting MGE model (red) are superimposed 
on the HST images (black). 
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lightly asymmetrically with increasing radius. Similar features are
lso seen within the higher moments, albeit they do not strongly differ
rom 0. All in all, NGC 6958 has very regular stellar kinematics at
adii < 15 arcsec and is therefore ideally suited for the tests that
e want to perform in this study. The extracted emission-line maps

ho w a dif ferent picture to the stellar kinematic maps. For each of
he three rows in Fig. 6 , we present the ionized-gas distribution, the
ean velocity, and the velocity dispersion of the LOSVD. Based on

he arguments in Sarzi et al. ( 2006 ), we decided our emission line
ts to be unreliable for amplitude-to-residual-noise ratios (A/rN) <
 and in Fig. 6 for each emission-line map masked the bins at lower
/rN (where rN was measured from the rN of the PPXF fit). The
orphology of the ionized-gas distribution and kinematics are very

imilar between the different emission lines but differ strongly from
he stellar kinematics maps. The gas rotates at faster velocities, but
as a similar velocity dispersion in the galaxy centre. It is notable
hat, while the ionized gas shows regular features in the central 5
rcsec, outside of this region, we see very irregular structures largely
ominated by receding motion. The irregular motion of the gas could
e due to its recent acquisition (Malin & Carter 1983 ; Sarai v a et al.
999 ), but we will postpone this analysis to the follow-up publication.
e will also investigate in the follow-up publication, whether it will

e possible to derive the black hole mass from the ionized gas to
ave a comparison of the effects of cold versus warm gas tracers. For
ow, we will focus on the stellar-based dynamical model, described
n the next section. 

 DY NA M I C A L  M O D E L L I N G  

e modelled the stellar kinematics of NGC 6958 using the two
ndependent methods: axisymmetric Schwarzschild modelling and
AM. Both methods are commonly used for M BH determinations and
 cross-comparison of the respective results can serve as check on
he robustness of the measurement (e.g. Ahn et al. 2018 ; Krajnovi ́c
t al. 2018 ; Thater et al. 2019 ; den Brok et al. 2021 ). We refer to
hater et al. ( 2017 , 2019 ) for a detailed description of the methods
nd repeat here just the main assumptions and parameters used in
ur models. 

.1 Mass model 

onstructing dynamical models and deriving black hole masses
equire an estimate of the gravitational potential of the galaxy. We
nferred the stellar potential directly from the luminosity of the galaxy
ultiplied with its (radially varying) M/L. For a precise model of the

tellar luminosity, a combination of high-resolution HST and deep
arge-scale imaging data is essential. 

We used the Multi-Gaussian Expansion (MGE; Cappellari 2002 )
tting routine 5 to parametrize the surface brightness of NGC 6958
ith a sum of two-dimensional Gaussians. We simultaneously fitted

he sky-subtracted NICMOS and the WFC3 images; within a radius
f 7 arcsec, the light distribution was constrained with the high-
esolution NICMOS image and for larger radii with the WFC3 image.

e matched the surface brightness profiles of the two data sets by re-
caling the WFC3 imaging data to the central NICMOS light profiles
nd used the NICMOS imaging for the photometric calibration.
uring the fit, we took the NICMOS PSF into account to obtain

he intrinsic light distribution of the galaxy. This is a crucial step as
he accuracy of our black hole mass measurement depends on how
 ht tps://pypi.org/project /mgefit /

(  

2  

a  
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ell we can describe the stellar mass in the centre of the galaxy. We
enerated the NICMOS PSF using the T inyT im PSF modelling tool
Krist & Hook 2001 ) and parametrized the PSF as a sum of Gaussians.
ig. 7 shows our best-fitting MGE model o v erplotted on the observed
urface brightness distribution of NGC 6958. While the central parts
f the HST image are well fitted with the MGE model, we noticed a
lear isophote twist by almost 30 deg at R > 15 arcsec. Our dynamical
odels do not account for isophotal twists as they assume axisym-
etry. Ho we ver, the centre probed by our stellar kinematics shows no

ignificant isophotal twist and relaxed stellar kinematics (see Fig. 5 ).
e therefore kept the position angle constant while fitting the surface

rightness. The profile of our final MGE is shown in Fig. S1 of the
upplementary material. Our final MGE consists of 10 concentric
aussian components. We converted the flux units into physical units
f L � pc −2 following the guideline and zero-point given by Thatte
 2009 ). For the conversion, we adopted a value of 4.64 mag (Willmer
018 ) for the absolute AB magnitude of the sun in the H band. We
lso took the Galactic extinction of A F160 = 0.026 mag (Schlafly &

https://pypi.org/project/mgefit/
art/stab3210_f7.eps
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Table 3. HST /NICMOS F160W + HST /WFC3 F160W MGE model. 

j log ( I j ) σ j q j log ( M 

const 
j ) log ( M 

var 
j ) 

(L �,H pc −2 ) (arcsec) (M �) (M �) 
(1) (2) (3) (4) (5) (6) 

1 5.751 0.053 0.91 8.373 8.462 
2 5.131 0.207 0.91 8.941 9.028 
3 4.562 0.292 0.91 8.669 8.754 
4 4.57 0.704 0.87 9.424 9.504 
5 4.252 1.52 0.89 9.785 9.856 
6 3.903 3.04 0.89 10.036 10.09 
7 3.145 6.728 0.85 9.946 9.968 
8 2.88 13.311 0.84 10.269 10.261 
9 2.164 31.543 0.82 10.294 10.277 
10 1.443 65.187 0.89 10.239 10.221 

Notes. Column 1: Index of the Gaussian component. Column 2: Surface 
brightness. Column 3: Projected Gaussian width along the major axis. Column 
4: Projected axial ratio for each Gaussian component. Columns 5 and 6: Total 
mass of Gaussian component. In column (5), the constant dynamical M/L 

= 0.91 M �/L �,H from the Schwarzschild modelling (Section 4.2) was used 
to determine the mass of each Gaussian component and in column (6) the 
radially varying stellar M/L from Section 4.4.3 was used. The model has a 
uniform position angle of 110.8 ◦ for all Gaussian components. 
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inkbeiner 2011 ) into account. The converted MGE parameters are 
hown in Table 3 and describe the luminosity of NGC 6958. 

The two-dimensional light parametrization is then (assuming an 
xisymmetric potential and the inclination of the galaxy) deprojected 
nto three-dimensional space. Multiplied with the (radially varying) 

/L in the given band, we thus obtained a model of the mass density
rom which the gravitational potential can be calculated via the 
oisson equation. 
We also used our MGE model to derive the ef fecti ve radius of

he galaxy. We followed the approach described in Cappellari et al. 
 2013 ) and used the routine mge half light isophote of the
YTHON JAM package described in Section 4.3. The derived effective 
adius is 15 . ′′ 3 that translates into 2.59 kpc at a distance of 35 Mpc. 

.2 Axisymmetric Schwarzschild models 

n this first approach, we modelled the collective motion of stars
ithin an FoV of 30 arcsec × 30 arcsec using the axisymmetric 
chwarzschild ( 1979 ) orbit superposition modelling method, with 

he software implementation described in Cappellari et al. ( 2006 ). 
n this method, we calculated the predictions for the Gauss–Hermite 
olynomials up to h 6 and compared them with the observed stellar
inematics. F or v elocity, v elocity dispersion, h 3 , and h 4 , we used
he measured kinematic errors, while for h 5 and h 6 we set the
rrors to a constant 0.15 to account for systematics in the kinematic
xtraction and reduce their influence on the χ2 distribution. We also 
i-symmetrized the MUSE kinematics along PA kin = 109 ◦ as the 
odels are bi-symmetric by construction. PA kin was derived from 

he MUSE velocity field within a radius of 5 arcsec using the routine
it kinematic pa 6 (Krajnovi ́c et al. 2006 ). The Schwarzschild 
odels were computed as described in Thater et al. ( 2019 ) by running
 grid of models of the two free parameters ( M BH and M/L). 

Axisymmetric Schwarzschild models become highly degenerate at 
ow inclinations, so we adopt a fixed i = 45 ◦, which is the inclination
f the nuclear gas disc that likely lies in the galaxy mid-plane (Thater
t al., in preparation). We need to use the inclination of the gas disc
 ht tps://pypi.org/project /pafit /

7

s

s it is not possible to constrain the inclination of the galaxy with
xisymmetric Schwarzschild models (Krajnovi ́c et al. 2005 ; Lipka &
homas 2021 ). Ho we ver, in Section 4.4.2, we discuss ho w the results
ill change for a more edge-on ( i = 90 ◦) model. We also took the spa-

ial PSF and binning of the kinematics into account, before comparing 
he Schwarzschid models to the observations. For our orbit library, 
e sampled the orbits via 41 logarithmically spaced orbit energies, 11 

inearly spaced orbit angular momenta L z , and 11 linearly spaced non-
lassical third integral values I3 . In order to impro v e the smoothness
f the model, each orbit was split into 6 3 suborbits with similar initial
onditions. Additional smoothing was applied by setting a moderate 
egularization of 4 (van der Marel et al. 1998 ). 

We ran a first coarse grid along ( M BH /M �) ∈ [10 6 , 5 × 10 9 ]
nd ( ML 

−1 /M � L 

−1 
�, H ) ∈ [0 . 1 , 3 . 0] to get an indication of the global

inimum of the χ2 distribution. Then, we centred a refined grid on
hat global χ2 minimum with 20 M BH and 16 M/L sampling locations. 
ig. 8 shows our final grid of Schwarzschild models for NGC 6958
ith o v erplotted χ2 contours. From the χ2 distribution, we derived 

he best-fitting parameters to be M BH = (3 . 6 + 2 . 5 
−1 . 3 ) × 10 8 M � and

 / L = 0 . 91 ± 0 . 04 M �/L �,H within 3 σ significance ( �χ2 = 11.8).
ur data revealed a single high-velocity dispersion pixel at 257 km
 

−1 that can be fitted well by a model with M BH = 4 . 7 × 10 8 M � and
 / L = 0 . 91 M �/L �,H . Ho we ver, this Schwarzschild model has too

igh velocity dispersion in the surrounding pixels and therefore a con-
iderably higher χ2 . As this plausible higher mass is included in the
 σ uncertainties of our measurement, we decided for 3 . 6 × 10 8 M �
s final result of our Schwarzschild models. Such a black hole has
n SoI (sphere of influence) of 57 parsec that corresponds to 0 . ′′ 34 at
 distance of 35 Mpc. 

The grid in Fig. 8 also indicates the formally lowest black
ole mass detectable with the spatial resolution of our MUSE 

bservations (blue dashed line). While properly spatially resolving 
he SoI was perceived to be a strict condition for the robustness of
lack hole mass estimates for a long time (see e.g. discussion by
ormendy & Ho 2013 ), Krajnovi ́c et al. ( 2009 ) and Thater et al.
 2019 ) have shown that when using high-quality IFU data and the
ophisticated Schwarzschild modelling method, it is still possible 
o constrain the black hole mass, albeit with more care required
round possible systematics and larger final error budgets (e.g. Rusli 
t al. 2013 ). Fig. 8 implies that we can measure a black hole mass
hat is half of the nominally minimal detectable black hole mass of

6 × 10 8 M �. The robustness of our measurement is illustrated by
he V rms = 

√ 

V 

2 + σ 2 maps in Fig. 8 , given that the model V rms of the
oo low and too high black hole masses significantly deviate from the
bserved V rms . A comparison of the remaining kinematic moments 
or the best-fitting Schwarzschild model and the observation is also 
hown in Figs S2 and S3 of the supplementary material. 

.3 Jeans anisotropic models 

e used the axisymmetric JAM method 7 (Cappellari 2008 , 2020 )
o obtain a second independent M BH . Assuming an axisymmetric 
alaxy shape, JAM predicts the average second velocity moment 
long the LOS 〈 V 

2 
los 〉 1 / 2 . The model 〈 V 

2 
los 〉 1 / 2 is then compared to the

bserved V rms of NGC 6958 (taking the spatial PSF into account).
he modelling depends on the black hole mass M BH , the M/L, and

he anisotropy parameter that describes the flattening of the velocity 
llipsoid along the minor axis. In JAM, the alignment of the velocity
 We used the jam axi proj.py routine, version 6.3.1 of the JAMPY PYTHON 

oftware package that is downloadable at ht tps://pypi.org/project /jampy/. 

MNRAS 509, 5416–5436 (2022) 

https://pypi.org/project/pafit/
file:jam_axi_proj.py
https://pypi.org/project/jampy/
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Figure 8. Results of the axisymmetric Schwarzschild modelling. Left-hand panel: Grid of our Schwarzschild models (indicated as black dots) o v er various 
M/Ls and black hole masses. The o v erplotted contours indicate the �χ2 = χ2 − χ2 

min levels, the green contour indicating the 3 σ confidence interval. The 
best-fitting model was derived as the minimum of the χ2 distribution and is shown as red dot. The grey and blue shaded areas indicate the 3 σ confidence intervals 
for M BH and M/L that we have estimated using J AM sph and J AM cyl , respectively (Section 4.3). Note that the M/L from Schwarzschild is larger than that from 

JAM. This is due to a radial dynamical M/L gradient as explained in Section 4.3. The dashed blue line indicates the smallest black hole mass that we expect 
to robustly detect based on the SoI argument and the achieved resolution. Right-hand panel: Visual comparison between the symmetrized observed V rms map, 
the V rms map of the model with best best-fitting model parameters, and a too high and a too low black hole mass at fixed best-fitting M/L. The black contours 
indicate the observed light distribution of the galaxy. North is up and east is to the left. 
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llipsoid can be chosen to be cylindrical or spherical. We used both
xtreme configurations to test the robustness of our models and call
hem ‘cyl’ and ‘sph’. The definition of the anisotropy parameter
epends on the alignment of the velocity ellipsoid: βcyl 

z ( R, z) = 1 −
 〈 v z 〉 / 〈 v R 〉 ) 2 versus βsph ( r , θ ) = 1 − ( 〈 v θ 〉 / 〈 v r 〉 ) 2 . 

Because of the low inclination of NGC 6958, we did not keep the
nclination as a free parameter. Instead, we set it to 45 ◦ derived from
he molecular gas analysis (same inclination as for the Schwarzschild

odels). Compared to the Schwarzschild method discussed earlier,
ur JAM models are fitted to the central 10 arcsec × 10 arcsec of the
tellar kinematics parametrized by a pure Gaussian (without Hermite
oments). The 10 arcsec FoV was chosen to balance the weight of the

ery central kinematics that are affected by the dynamical potential
f the black hole and the use of more extended kinematics to reduce
he M BH –M/L de generac y. 

We derived the best-fitting JAM model using a Bayesian frame-
ork as implemented in EMCEE (F oreman-Macke y et al. 2013 ) as
escribed in Thater et al. ( 2019 ). 200 w alk ers explored the parameter
pace within the burn-in phase (500 steps) and were tracked during
he post-burn-in phase (500 steps) to generate posterior distributions.
he parameter space was defined by uniform priors in the ranges:

og ( M BH /M �) ∈ [4.8, 9.8], β ∈ [ −1, + 1], and ( ML 

−1 /M � L 

−1 
�, H ) ∈

0 . 1 , 20]. To derive robust results, we carefully ensured that our
arkov chain Monte Carlo (MCMC) chain converged by visually

hecking the burn-in plots and running several Markov chains. We
btained the best-fitting parameters within 99.7 per cent confidence
evel (which is in accordance with 3 σ in a normal distribution) from
he posterior distributions. We fitted JAM models using the formal
inematic uncertainties derived in Section 3.2, but the χ2 of these
odels was dominated by the fit to the many bins at large radii rather

han by the kinematics inside the black hole SoI. For this reason,
he fit was driven by the inaccuracies of the modelling assumptions
e.g. constant anisotropy) rather than the black hole mass and failed
NRAS 509, 5416–5436 (2022) 
o reproduce the kinematics in the black hole SoI within the formal
rrors. These fits gave too large M BH and correspondingly too large
entral V rms values. 

To be able to interpret the M BH returned by JAM, it is essential for
he models to fit the kinematics within the uncertainties inside the SoI,
here the effect of the SMBH dominates. To achieve this, we used
 heuristic approach to deal with systematic uncertainties proposed
y van den Bosch & van de Ven ( 2009 ). It consists of expanding
he confidence level on χ2 by an amount equal to its variance.

hen using a Bayesian approach, this same result is achieved by
ultiplying the kinematic errors by (2 N ) 1/4 , where N is the number

f constraints, as shown in Mitzkus, Cappellari & Walcher ( 2017 ).
 similar approach was also applied by Drehmer et al. ( 2015 )

o impro v e the JAM fit of their central V rms . Ho we ver, here we
if fer from pre vious w orks by k eeping unchanged the kinematic
ncertainties inside the approximate black hole SoI ( R < 0 . ′′ 5), while
nly increasing the uncertainties at larger radii. This ensures that
e have a proper scaling of the M BH errors and additionally makes

ure that the fit is maximally sensitive to the black hole’s kinematic
nfluence while still matching the kinematics at larger radii. 

Our model with modified kinematic errors resulted in M BH =
8 . 6 + 0 . 8 

−0 . 8 ) × 10 8 M �, βcyl 
z of −0.02 ± 0.06, and a dynamical M/L of

 . 83 ± 0 . 02 M �/L �,H for JAM cyl . On the other hand, JAM sph gave a
ignificantly lower M BH = (4 . 6 + 2 . 5 

−2 . 7 ) × 10 8 M �, βsph of 0.38 ± 0.17,
nd a dynamical M/L of 0 . 86 ± 0 . 02 M �/L �,H . The final posterior
istributions of our JAM models are shown in Fig. C1 . The cuts of the
est-fitting JAM models (Fig. 9 ) show that our models with modified
ncertainties for larger radii reproduce the central kinematics very
ell. The M BH measurement from JAM is larger than the mass
easurement from the Schwarzschild models and only the black

ole mass from JAM sph is (within 3 σ ) consistent with the one
erived with Schwarzschild. Also, the M/L measured with both JAM
mplementations is lower than that with the Schwarzschild models.

art/stab3210_f8.eps
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Figure 9. Results of the JAM modelling with cylindrical (JAM cyl ) and 
spherical (JAM sph ) velocity ellipsoid alignment. The panels show cuts of 
the observed V rms = 

√ 

V 

2 + σ 2 (blue dots) along the and minor axis of NGC 

6958. Overplotted are the V rms of the best-fitting JAM models (solid green) 
and models that are within the M BH uncertainty range from our MCMCs 
(green shaded area). 

Table 4. Results of the different M BH measurement methods – fiducial 
models with constant (top) and radially varying (bottom) M/L. 

Method FoV M BH M/L χ2 /d.o.f. 
(arcsec) ( ×10 8 M �) (M �/L �,H ) 

(1) (2) (3) (4) (5) 

Schwarzschild 30 3.6 + 2 . 5 −1 . 3 0.91 ± 0.04 0.86 

JAM cyl 10 8.6 + 0 . 8 −0 . 8 0.83 ± 0.02 0.24 

JAM sph 10 4.6 + 2 . 5 −2 . 7 0.86 ± 0.02 0.21 

Schwarzschild 30 2.9 + 2 . 2 −1 . 8 0.87 ± 0.04 0.87 

JAM cyl 10 7.3 + 1 . 2 −1 . 1 0.80 ± 0.02 0.20 

JAM sph 10 4.1 + 2 . 2 −1 . 8 0.82 ± 0.02 0.18 

Notes. Column 1: M BH measurement method using an inclination of 45 ◦. 
Column 2: FoV of the data used in the methods. Columns 3, 4, and 5: 
Parameters of the best-fitting models [black hole mass M BH , M/L, and the 
χ2 o v er the de gree of freedoms (using the modified kinematic uncertainties 
derived in Section 4.3)]Is it possible to add a vertical line after the 4th column? 
This line would significantly impro v e the understanding of this table. 
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t is important to note that we fit the Schwarzschild models to the full
USE kinematics, while we fit the JAM models only to the nuclear

inematics. For this reason, given that we assume mass-follow-light 
odels in both cases, this M/L difference suggests that the M/L

ncreases with radius. A possible reason for this increase could be 
he dark matter, which we ignored here, but which may start affecting
he total density slope at the largest radii probed by the MUSE data.

e demonstrate the correctness of this interpretation in Section 4.4.5. 

.4 Systematic uncertainties of the measurement 

e summarize the main results of the Schwarzschild and JAM 

odels in Table 4 and from now on refer to them as fiducial models.
n the following section, we show several tests for systematics 
hat should be considered when deriving robust black hole mass 
easurements. The following sections are ordered such that we first 
ook for systematics in the stellar kinematics data, then systematics 
rom the dynamical model assumptions and finally systematics 
rising from the mass model of the galaxy. The tests have a similar
ffect on both the Schwarzschild and JAM models. In order to
eep the section on systematics clear, we explain the results of the
chwarzschild models in the main text and provide the results for

he two JAM implementations in Table C1 . 

.4.1 Systematics in the stellar kinematics extraction 

pplying radially dependent kinematic errors : We noticed that within 
 radius of 2 arcsec from the centre of NGC 6958, our MUSE
inematic maps showed relatively low S/rN ( ≈70) compared to 
urther out ( ≈100), leading to ele v ated kinematic errors in this region.
or detailed maps, see Fig. S5 of the supplementary material. We
arefully inspected the fitting of this region by masking and de-
asking the spectrum but could not impro v e the S/rN significantly.
s the low-S/rN region can also be seen in the blue range of the fit but
isappears in the redder CaT region (next subsections), we believe 
hat the higher S/rN originates from the about 4 arcsec in diameter
xtended nuclear dust disc. The accuracy of the black hole mass
easurement is strongly driven by these central pixels. We therefore 

arried out a Schwarzschild modelling test in which we applied 
adially increasing kinematic errors: ( V err /km s −1 ) = 3.5 + 0.5 ×
 R /arcsec) and ( σ err /km s −1 ) = 4.0 + 0.5 × ( R /arcsec). This change
educed the velocity errors from 4.9 to 3.5 km s −1 (at R = 0 arcsec)
nd increased from 2.5 to 6.0 km s −1 (at R = 5 arcsec), and for the
elocity dispersion errors from 5.0 to 4.0 km s −1 (at R = 0 arcsec)
nd 2.2 to 6.5 km s −1 (at R = 5 arcsec). This procedure is similar
o applying higher weights to the central region of the kinematics
uring the dynamical modelling, but is a strong modification of 
he data set and therefore should only serve as a test for the
ccuracy of the measurement. Schwarzschild models using modified 
entral kinematic errors have the following best-fitting parameters: 
 BH = (4 . 4 + 1 . 8 

−1 . 9 ) × 10 8 M � and M / L = 0 . 88 ± 0 . 04 M �/L �,H . The
erived M BH is slightly higher than the fiducial, but consistent with
he results presented in Section 4.2. 

Exclusion of emission lines in the kinematics fit : Looking at
ig. 4 , it is evident that NGC 6958 shows a richness of ionized gas
mission lines in its central region. While we have simultaneously 
tted the emission lines and the stellar continuum in Section 3.2,

t is also common practice to mask the emission lines during
he spectral fit. In this test, we extracted stellar kinematics maps
y keeping the same spectral co v erage but masking the emission
ines. The resulting kinematics are very similar to the kinematics 
xtracted with fitting the gas emission lines and deviations are 
ithin the very small kinematics errors (see Fig. 10 ). Running
chwarzschild models on this different set of kinematics, the best- 
tting model parameters are: M BH = (3 . 6 + 1 . 7 

−1 . 3 ) × 10 8 M � and M/L
 0.91 ± 0.04 M �/L �,H , which is very close to our main result from

he Schwarzschild modelling. While the exclusion of the emission 
ines during the PPXF kinematics extraction provided a slightly better 
/rN, there is no change to the results of this paper when including

hem. 
Fitting only the blue spectr al r ange of MUSE : While extracting

he stellar kinematics, we noticed a larger discrepancy between 
bserved spectrum and PPXF fit in the red wavelength range 
around 6500 Å) than in the blue (see Fig. 4 ). We therefore tested
he robustness of our result by only fitting the spectral region
etween 4820 and 5750 Å. Doing so, the median S/rN increased
MNRAS 509, 5416–5436 (2022) 
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Figure 10. Comparison between the different stellar kinematics extractions 
with PPXF . Shown are the derived velocity dispersion (top panel) and the V rms 

(bottom panel) of the extraction including gas emission lines (green), without 
including gas emission lines (orange), fitting the blue part of the spectrum 

with emission lines (blue), and fitting the calcium triplet (red). We also show 

the kinematic errors for the extraction including gas emission lines as green 
shaded area. Except for that of the blue part of the spectrum, the extractions 
are consistent within their uncertainties within the central region. 
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rom 104 to 114. We created Schwarzschild models using the same
nputs as with the fiducial model but replacing the stellar kinematic
aps and the corresponding PSF (see Table 2 ). The best-fitting

arameters are: M BH = (3 . 1 + 2 . 2 
−1 . 9 ) × 10 8 M � and a dynamical M/L

f 0 . 84 ± 0 . 04 M �/L �,H . As expected from the lower central V rms 

Fig. 10 ), the obtained black hole mass was lower in this case than
hat for the other three kinematic extractions but consistent within 1 σ
f the measurement uncertainty. While we do not exactly know the
eason for the lower central V rms , there are two possibilities. Either
ur spectral library is not fully representative for the bluer stars
n this spectral range or the dust is hiding the strongly accelerated
tars close to the black hole (as this difference is mostly seen in
he central 2 arcsec), leading to an underestimated black hole mass.
ence, we strongly advise against only using the blue spectral

egion of MUSE if there is any indication of nuclear dust in the
alaxy. 

Fitting only CaT : MUSE offers not only a wide FoV, but also
as the great advantage of providing high-quality spectra over a
ide wavelength range, including also characteristic features like
NRAS 509, 5416–5436 (2022) 
he Ca II triplet around 8500 Å. The Ca II triplet can be used to
btain a black hole mass measurement at a moderately higher spatial
esolution of 0 . ′′ 56 instead of 0 . ′′ 69 (see Table 2 ) and in a wavelength
egime less affected by dust. We therefore also derived kinematic
aps from this spectral feature by only fitting the wavelength

ange between 8500 and 8800 Å. For this PPXF fit, we used the
1 stars from the Phoenix synthetic stellar library (Husser et al.
013 ), which co v ers the spectral range from 8350 to 9020 Å at
 resolution of 1.0 Å. We made sure to degrade those template
pectra to match the instrumental resolution of our MUSE data before
tarting the fitting procedure. Schwarzschild models using the Ca II
riplet kinematics, uncertainties, and PSF as input (while keeping the
emaining inputs the same) yield the best-fitting parameters: M BH =
3 . 5 + 2 . 7 

−2 . 0 ) × 10 8 M � and a dynamical M/L of 0 . 95 ± 0 . 05 M �/L �,H .
he black hole mass measurement is very consistent with the mea-
urements using the optical wavelength range shown in Fig. 4 . Due
o the consistency, this test serves as confirmation that the circum-
uclear dust disc is not significantly affecting the stellar kinematics 
xtraction. 

.4.2 Systematics in the dynamical modelling 

ymmetrization in Sc hwarzsc hild models : All of our dynamical
odels are by construction, axisymmetric. Ho we ver, ho w to deal
ith this assumption is handled differently in Schwarzschild and

AM models. While the unmodified extracted kinematics are fitted
ith JAM, in Schwarzschild models the kinematics are usually

ymmetrized before the dynamical modelling to constrain the free-
om of the models better and reduce the noise of the observa-
ions (Krajnovi ́c et al. 2005 ; van den Bosch & de Zeeuw 2010 ).

e therefore also ran a Schwarzschild model with unmodified
inematics. This run resulted in wider χ2 contours than by bi-
ymmetrizing the kinematics. Ho we ver, the resulting black hole mass
oes not differ significantly: The best-fitting black hole mass using
he unmodified kinematics is M BH = (4 . 0 + 2 . 3 

−1 . 7 ) × 10 8 M � and M/L of
 . 88 ± 0 . 05 M �/L �,H . Hence, the symmetrization of the kinematics
oes not affect our main result. A similar result was also found in
alsh et al. ( 2012 ) when switching on the symmetrization for their
easurement. 
Inclination : When creating the dynamical models, we assumed a

alaxy inclination of 45 ◦ based on the estimated inclination of the
uclear molecular gas disc (Thater et al., in preparation). Ho we ver,
he inclination plays a significant role in the deprojection of the
uminosity model and can therefore bias the final results of dynamical

odels. This is particularly the case for low-inclination galaxies like
GC 6958 (e.g. Lablanche et al. 2012 ; Bellovary et al. 2014 ). For

hose galaxies, the deprojection of the stellar surface brightness to
he luminosity density is strongly degenerate (Rybicki 1987 ; Gerhard
 Binney 1996 ) and the kinematics cannot properly constrain the

nisotropy and mass (e.g. Lablanche et al. 2012 ). To e v aluate possible
ystematics associated with the deprojection of the galaxy, we
lso constructed a Schwarzschild model assuming a nearly edge-on
nclination (89 ◦). The corresponding Schwarzschild models resulted
n M BH = (5 . 7 + 2 . 0 

−1 . 0 ) × 10 8 M � and M/L = 0 . 87 ± 0 . 03 M �/L �,
hich was the highest black hole mass that we got from all of
ur tests with the Schwarzschild models. M BH = 5.7 × 10 8 M �
s still within the 3 σ measurement uncertainties and NGC 6958
s clearly not an edge-on galaxy, such that we decided to not
nhance the systematic uncertainties of the fiducial model due to this
est. 
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Figure 11. Stellar M/L in the H band, metallicity, and age profiles of NGC 

6958 derived from stellar population analysis of the MUSE data. The two 
different colours specify whether the MILES SSP templates were calculated 
with a Salpeter IMF (blue) or a revised Kroupa IMF (cyan). The grey 
line through the Kroupa-revised IMF-based M ∗/L values is the third-order 
polynomial fit derived in Section 4.4.3. The dashed line denotes the ef fecti ve 
radius of NGC 6958, while the yellow shaded area shows where dust is 
affecting the results ( < 2 arcsec). 
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.4.3 Systematics in the mass model 

tellar mass model: As the mass model does not have associated 
rrors, we tested how much using a different mass model changes the
esults. In Section 2.2, we described different imaging data that are 
vailable for NGC 6958. We constructed an alternative MGE model 
sing the F814W image obtained with WFPC2 in combination with 
GS (Ho et al. 2011 ; Li et al. 2011 ) imaging data. As bluer images
re much more prone to dust extinction, using the F814W images 
equired a detailed dust masking. We followed all steps described in 
hater et al. ( 2017 ), applied a dust masking of attenuated pixels, fitted

he surface brightness profile with MGE, and then created dynamical 
chwarzschild and JAM models. We used the same set-up as in the
ducial model, inclination of 45 ◦, increased kinematic errors for 
 > 2 arcsec, and stellar kinematics from the simultaneous fit of
tellar absorption and gas emission. Evaluating these Schwarzschild 
odels, we obtained a formal best fit of M BH = (3 . 1 + 1 . 5 

−1 . 3 ) × 10 8 M �
nd M / L = 4 . 1 ± 0 . 06 M �/L �,I , which is 15 per cent lower than
sing the mass model from near -infrared imaging, b ut consistent 
ith the fiducial model results. 
The results of this test agree with the conclusion from e.g. Nguyen

t al. ( 2018 , 2019 ) that taking different mass models into account
oes not significantly alter the mass measurements provided that both 
ass models are created from images that have a spatial resolution 

lose to the black hole SoI (Yoon 2017 ) and a careful treatment of
ust attenuation was applied (e.g. Cohn et al. 2021 ). 
M ∗/L gradients : In the dynamical models that we presented so

ar, we assumed a constant dynamical M/L within the MUSE FoV. 
o we ver, observ ations have shown that most early-type galaxies have 
e gativ e stellar M/L (M ∗/L) gradients from the centre towards larger
adii (e.g. Tortora et al. 2011 ; Li et al. 2018 ). With an ef fecti ve radius
f 15 . ′′ 3 and a galaxy mass of 8 × 10 10 M �, we expect a small ne gativ e
radient for NGC 6958 (fig. 7 of Li et al. 2018 ). On the other hand,
he presence of nuclear molecular gas might lead to ongoing nuclear 
tar formation (Crocker et al. 2011 ) that would indicate a lower M ∗/L
n the galaxy centre (Davis & McDermid 2017 ). An M ∗/L gradient
or NGC 6958 is therefore expected. If the change in the M ∗/L profile
s of the order of 10 per cent, the ignorance of M/L gradients in the
ynamical models can lead to a significant underestimation of the 
tellar mass in the centre and thus an o v erestimation of the black
ole mass. McConnell et al. ( 2013 ) and Thater et al. ( 2019 ) included
adially varying M ∗/L in their dynamical models and noted a decrease 
n M BH by up to 30 per cent, while Cappellari et al. ( 2002 ) found
egligible effects. 
We followed the approach of Thater et al. ( 2019 ), derived M ∗/L

rofiles for NGC 6958 from the full-spectrum fitting of the MUSE
bservations, and included the M ∗/L variation in our dynamical 
odels. We utilized the PPXF routine and fitted a linear combination 

f MILES Single Stellar Population (SSP) models (Version 11.0; 
azdekis et al. 2016 ) to the co-added MUSE spectra within circular
pertures with radii between 0 . ′′ 5 and 29 . ′′ 5. We used two different
SP model libraries assuming P ado va isochrones (Girardi et al. 
000 ) and (1) a Salpeter ( 1955 ) initial mass function (IMF) and
2) a Kroupa ( 2001 )-revised IMF. For each of the two IMF choices,
e used template spectra in a regular grid of log (age) between 0.1

nd 14.1 Gyr and metallicities ([Z/H]) between −1.71 and 0.22 dex. 
ote that compared to our previous study (Thater et al. 2019 ), we

ut the grid to the safe age ranges specified at the MILES website. 8 

e then fitted those SSP templates to our MUSE spectra between 
 http:// research.iac.es/ proyecto/miles// pages/ ssp- models/safe- ranges.php 

t  

I
e  

S  
820 and 6820 Å and masked the same regions as for the kinematics
xtraction (Section 3.2). Due to a template mismatch caused by 
ad fits in the red wavelength range, we added a ‘red’ mask to
o v er the region between 6350 and 6570 Å. This template mismatch
emains when adding additional lines like [Fe X ] to the PPXF fit.
ur age determination is strongly driven by the H β absorption line

t a rest-frame wavelength of 4861 Å that is contaminated by the
 β gas emission line. To obtain a robust age estimate, we did not
ask the emission lines but added the Balmer lines and forbidden

mission lines to the fit. The Balmer lines were assumed to follow a
haracteristic theoretical Balmer decrement (case B recombination 
ith T = 10 4 K, n = 100 cm 

−3 ), but were allowed to vary their
elative intensities following a Calzetti et al. ( 2000 ) reddening curve.
s in Thater et al. ( 2019 ), we also made use of the regularization to

he weights in age and metallicity to derive a smooth star formation
istory (SFH). The uncertainties were determined from the difference 
etween regularized and non-regularized solutions. 

Fig. 11 shows the mass-weighted M ∗/L, age, and metallicity 
rofiles extracted for the two different IMFs. Like Thater et al. ( 2019 ),
e see a similar trend in the M ∗/L gradients for the two IMFs but a
ifference of about 0.4 M �/L �, the M ∗/L of the Kroupa-revised IMF
eing lower. The stellar M ∗/L derived from the Salpeter IMF are
ot consistent with the dynamical M/L from our dynamical models 
nd we will use the stellar M ∗/L from the Kroupa-revised IMF for
he rest of this section. A ‘light’ Milky-Way-like IMF like a Kroupa
MF appears to better describe the low- to intermediate-dispersion 
llipticals (Cappellari et al. 2012 , 2013 ; Lyubenova et al. 2016 ; Li,
ell w ood & Shen 2017 ), which is confirmed for NGC 6958 by our
MNRAS 509, 5416–5436 (2022) 
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Figure 12. Results of the stellar population analysis. Top: A comparison 
between the integrated MUSE spectrum (black) and the spectral fit (red). 
The representation of the components is the same as Fig. 4 . Bottom: Mass- 
weighted SFHs (age and metallicity bins that contribute to the spectral fitting). 
The greyscale shows the normalized weights of the models. Both panels were 
chosen to reflect the contribution at the edge of our kinematics. 
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ynamical modelling results. We derived stellar M ∗/L values from
.12 M �/L � in the centre to 0.88 M �/L � at about 30 arcsec, which
re consistent with the dynamical M/L from our dynamical models.
riven by variations in metallicity and age, we see a clear stellar M ∗/L
ecrease of 20 per cent within the bulge ef fecti ve radius, flattening
ut at larger radii. The shape of the M ∗/L can be well parametrized
y a third-order polynomial. 9 F or R < 2 arcsec, our deriv ed values
ere strongly affected by the nuclear dust disc of the galaxy, and we

xcluded those values in the fit. We then multiplied each component
 of our MGE with the interpolated stellar M/L ∗ at the corresponding

j radius of the MGE component and included this mass density
nto the dynamical models. From these new models, we obtained a
lack hole mass of (2 . 9 + 2 . 2 

−1 . 8 ) × 10 8 M � in the Schwarzschild models,
esulting in an about 20 per cent decrease in mass. A radially varying
tellar M/L ∗ is usually not explicitly included in the dynamical
odels when deriving black hole masses. However, when the total
ass profile is allowed to differ from the distribution of the tracer

opulation (e.g. by including a dark matter profile), the change in
/L ∗ can be accounted for as well. Furthermore, the difference to

he models with constant M/L is so small, that the models with
adially varying M/L lie within the 3 σ uncertainties of our reported
easurements. 
When inspecting the SFHs at different distances from the centre

Fig. 12 ), we noticed a second younger stellar component of about 4
yr that starts to be visible at 5 arcsec. The SFH might also reveal a

hird low-mass component at an age of about 1.5 Gyr, possibly the
emnant of a recent minor merger that has also been discussed in the
iterature (Malin & Carter 1983 ; Sarai v a et al. 1999 ). Ho we ver, the
.5 Gyr-old stellar component is very uncertain as it appears only in
 single age and metallicity bin. As it is only visible at radii larger
han 15 arcsec, this young component does not affect our dynamical

odels. 

.4.4 Conclusion of the systematics and alignment of the velocity 
llipsoid 

n the previous subsections, we analysed several sources of un-
ertainty. While some of them gave negligible deviations from
he main result M BH = (3 . 6 + 2 . 5 

−1 . 3 ) × 10 8 M �, for others we noticed
ignificant differences that we included as additional systematic
ncertainty in our final result. We found a confirmation of our main
esult by accounting for differences in the kinematics extraction
except for going into the blue region) and also by using different
ass models. Ho we ver, strong biases for both used dynamical
odelling methods are evident from the mass deprojection at

uch a low inclination. Taking all tested systematics into account,
e report M BH = (3 . 6 + 2 . 7 

−2 . 4 ) × 10 8 M � at 3 σ significance as final
esult of the Schwarzschild models. This measurement is con-
istent with our JAM sph models that resulted in more massive
lack holes of M BH = (4 . 6 + 2 . 5 

−2 . 7 ) × 10 8 M � and inconsistent with
 BH = (8 . 6 + 0 . 8 

−0 . 8 ) × 10 8 M � from JAM cyl . One difference between
he models is the alignment of the velocity ellipsoid. Compared
o JAM, the velocity ellipsoid does not have a fixed alignment
n the Schwarzschild models. The tilt angle α of the velocity
llipsoid can be derived from the components of the velocity tensor
ia tan 2 α = 2 〈 v r v θ 〉 / ( 〈 v 2 r 〉 − 〈 v 2 θ 〉 ), where the components are an
utput from the Schwarzschild models (see e.g. Cappellari et al.
 ( M ∗/ L /M �/L �,H ) = (1.12–3.29) × 10 −2 × ( R /arcsec) + 1.50 × 10 −3 ×
 R /arcsec) 2 − 2.24 × 10 −5 × ( R /arcsec) 3 for R ≤ 30 arcsec and constant 
.89 M �/L � for R > 30 arcsec. 

g  

o  

s  

J  

S

NRAS 509, 5416–5436 (2022) 
007 ). α measures the deviation from spherical alignment, which
orresponds to α = 0 ◦. An analogous tilt angle can also be defined
or cylindrical coordinates (see e.g. Cappellari 2008 ; Smith, Evans
 An 2009 ). Fig. 13 shows the misalignment of the Schwarzschild

elocity ellipsoid from cylindrical and spherical alignment for our
est-fitting model. We also explored the axial ratio of the velocity
llipsoid (Cappellari 2008 ) and found ranges between 0.65 and
.9, which indicates that the misalignment is not negligible. It is
learly visible that the velocity ellipsoid has a varying orientation,
hich was also seen in axisymmetric Schwarzschild models for other
alaxies (Cappellari et al. 2007 ). Furthermore, the velocity ellipsoid
f our Schwarzschild model of NGC 6958 is more consistent with
pherical alignment, which could explain why the spherical-aligned
AM models give an M BH that is closer to the measurement from
chwarzschild. 
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Figure 13. The alignment of the velocity ellipsoid from the best-fitting 
Schwarzschild model in the meridional plane projection. The upper panel 
shows the misalignment from a c ylindrical-aligned v elocity ellipsoid. We 
show the non-tilted version in the inset in the top right of the panel. Both 
arrows in the inset indicate the direction of the misalignment. The bottom 

panel shows the misalignment from a spherical-aligned velocity ellipsoid 
(example again in the inset). The values within the black curve are affected 
by the PSF. 

4

O
B
c
i  

T  

e  

t  

a  

a
A
r  

c
=  

o  

i
B  

o  

w  

a  

f
S  

6

c
N  

t  

w  

a
N  

a
c  

&  

o  

t  

i
i  

M  

M  

M  

e  

m  

o  

M  

f  

l
m  

I  

b  

a
 

d  

i  

c  

o  

m  

s
n  

t  

i  

i  

i  

S
b
J  

u
m
t  

 

t  

l  

f  

i  

i  

m
H  

M
s  

C

(

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/509/4/5416/6424957 by Bodleian Libraries of the U
niversity of O

xford user on 22 February 2022
.4.5 The influence of dark matter 

ur dynamical models assume self-consistence (mass follows light). 
reaking this assumption by including dark matter as additional 
omponent in the dynamical models can lead to systematic changes 
n the black hole mass if R SoI is not well resolved (Gebhardt &
homas 2009 ; Gebhardt et al. 2011 ; Schulze & Wisotzki 2011 ; Rusli
t al. 2013 ). NGC 6958 lies in a similar mass range as the galaxies
hat we analysed in Thater et al. ( 2019 ), in particular NGC 584
nd NGC 2784. It is therefore expected that dark matter has only
 negligible contribution within the FoV of our kinematic tracer. 
nalogous to our previous study, we used the radial acceleration 

elation (McGaugh, Lelli & Schombert 2016 ; Lelli et al. 2017 ) and
alculated the total acceleration from our MGE model yielding g dyn 

 1.3 × 10 −9 m s −2 . As long as a galaxy stays in the linear regime
f the radial acceleration relation ( g dyn > g crit = 1.2 × 10 −10 m s −2 ),
t is expected that dark matter only marginally affects the dynamics. 
ased on the calculated g dyn , NGC 6958 lies within the linear regime
f the radial acceleration relation. Ho we ver, the dark matter halo
ill influence orbits that not only go beyond the probed radii, but
lso come close to the SMBH. This might explain the tendency
or moderately larger M BH in the JAM sph models compared to 
chwarzschild models that co v er almost one ef fecti ve radius of NGC
958. 
We decided to test this hypothesis by running the fidu- 

ial Schwarzschild models with a Navarro–Frank–White (NFW; 
avarro, Frenk & White 1996 ) dark halo. We used a similar approach

o the one described in Cappellari et al. ( 2013 ), which in their study
as applied to JAM models. We assumed that the dark matter follows
 two-parameter power-law NFW profile with a spherical shape. The 
FW can then be parametrized as a function of the halo mass ( M 200 )

nd the halo concentration ( c 200 ) that are connected via the M 200 –
 200 relation (Navarro et al. 1996 ). We used equation (8) by Dutton
 Macci ̀o ( 2014 ) in order to make the halo profile a function of only

ne free parameter, M 200 . We then fitted a one-dimensional MGE to
his profile and added those MGE parameters to the galaxy potential
n the Schwarzschild models. The Schwarzschild models were run 
n a three-dimensional grid ( M BH , M ∗/L, M 200 ). Note that in this run
 ∗/L is the stellar M/L and not the dynamical M/L an ymore. F or
 BH and M ∗/L, we kept the grid values from Section 4.2, while the
 200 grid values were varied between 10 12 and 10 14 M �, which is

xpected for a galaxy of ≈10 11 M � stellar mass based on abundance
atching (Moster, Naab & White 2013 ). In order to test the effects

f v ery massiv e (and physically unrealistic) haloes, we extended the
 200 grid to 10 16 M �. Compared to the main runs in this paper,

or this test we sampled the orbits in a smaller orbit library with 21
ogarithmically spaced orbit energies, 8 linearly spaced orbit angular 

omenta L z , and 7 linearly spaced non-classical third integral values
3. The smaller orbit library does not change the best-fitting values
ut mostly has an effect on the contour shape of the χ2 distribution,
nd is therefore sufficient for this test. 

The resulting Schwarzschild grids are shown in Fig. D1 . The
e generac y between M BH , M ∗/L, and M 200 is clearly visible. With
ncreasing dark matter fraction, the M ∗/L decreases and M BH in-
reases. Ho we ver, it is not possible with our MUSE data set (co v ering
ne ef fecti ve radius of NGC 6958) to put constraints on the dark
atter, and the best-fitting χ2 values of the different grids are very

imilar. Small fluctuations between the χ2 values are likely caused by 
umerical errors. The trends of these models and a comparison with
he JAM result are shown in Fig. 14 . Within a dark matter fraction that
s consistent with abundance matching, the change in black hole mass
s not significant and stays within the uncertainties that were given
n the previous tests. Furthermore, taking into account dark matter in
chwarzschild models would remo v e the remaining small difference 
etween Schwarzschild and JAM sph models. The discrepancy with 
AM cyl cannot be explained with dark matter as it would require
nrealistically high dark matter mass haloes (matching those of 
assive galaxy clusters), and seems to predominantly follow from 

he assumption of the velocity ellipsoid as discussed in Section 4.4.4.
Fig. 14 also shows the effect of the inclusion of dark matter on

he measured M ∗/L. Contrary to Fig. 8 , the M/L from JAM is now
arger or equal to that from Schwarzschild. This is because the M/L
rom JAM is a total value, while that from Schwarzschild’s models
s the M ∗/L of the stars alone. Fig. D1 shows that when the dark halo
s small and the stars dominate the total mass in the Schwarzschild

odels, the M/L from JAM and Schwarzschild’s models agree well. 
o we ver, when the dark matter contribution increases, the stellar
 ∗/L must correspondingly decrease as observed. Specifically, the 

tellar and total M/L are approximately related as (equation 23 of
appellari et al. 2013 ) 

 M / L ) JAM 

≈ ( M ∗/ L ) / [1 − f DM 

( r = R JAM 

)] , (1) 
MNRAS 509, 5416–5436 (2022) 
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Figure 14. The effect of dark matter on the measured black hole mass and M/L in the Schwarzschild models. Every point is the best-fitting Schwarzschild 
measurement of one of the grids shown in Appendix E. The colour specifies the �χ2 between the best-fitting model and the minimum χ2 of all Schwarzschild 
models + dark matter. All Schwarzschild results are compared with the best-fitting results from JAM with spherically (grey) and cylindrically (blue) aligned 
velocity ellipsoid. Note that with JAM, we measured a dynamical M/L. 
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here f DM 

( r = R JAM 

) is the fraction of dark matter enclosed within
he region fitted by the JAM models. 

From the χ2 distribution of our Schwarzschild models, it is not
ossible to solve the M BH –M 200 degeneracy. That is why we tried to
uantify the effect of dark matter on the black hole mass by creating
 Gaussian prior from the abundance matched dark halo values and
ultiplying this prior probability with the likelihood probability of

he dynamical models (similar to a Bayesian analysis): 

 posterior ( Model | M BH , M ∗/L, M 200 ) ∝ P likelihood · P prior ( M 200 ) . (2) 

NGC 6958 has a galaxy mass of (8.6 ± 2.0) × 10 10 M � that
esults in log ( M 200 /M �) = 12.9 ± 0.4. Together with a scatter in
he abundance matching relation of 0.1 dex at z = 0 (Moster et al.
013 ), we obtained a Gaussian prior with μ = log ( M 200 /M �) = 12.9
nd σ = 0.5. The likelihood can be directly inferred from the χ2 

istribution of the dynamical models. The posterior probability is
hen calculated as 

ln P posterior ∝ −χ2 / 2 + ln P prior . (3) 

e then assumed that we can compute confidence levels on P posterior 

s usually done on the likelihood alone. Adopting the minimum of
n P posterior as our best-fitting value, we obtained M BH,DM 

= (4.5 ± 2)
10 8 M �. This value is 25 per cent larger than M BH from the fiducial

chwarzschild models but fully consistent with those results. This
est confirms that the inclusion of dark matter in our dynamical
odels does not significantly change our final results. 

 DISCUSSION  A N D  C O N C L U S I O N  

.1 Black hole scaling relations 

ogether with the derived effective velocity dispersion, our estimated
lack hole mass (3 . 6 + 2 . 7 

−2 . 4 ) × 10 8 M � from the Schwarzschild models
an be compared with dynamical black hole masses from the
iterature (most recent compilation by Sahu, Graham & Davis 2019 ).

e first compared our M BH measurement with predictions from the
ulge ef fecti v e v elocity dispersion of 168 km s −1 with different
caling relations. Using the scaling relation by Saglia et al. ( 2016 ) for
NRAS 509, 5416–5436 (2022) 
ower-law early-type galaxies, we estimated (1.1 ± 0.2) × 10 8 M �,
here the uncertainty was derived from the uncertainty in the velocity
ispersion. A similar black hole mass was estimated for the scaling
elation in van den Bosch ( 2016 ). However, our mass measurement
urned out to be three times more massive. On the other hand, Sahu
t al. ( 2019 ) used the central velocity dispersion in their black hole
caling relation analysis to correct for possible contamination of disc
otation. We also derived the central velocity dispersion of NGC 6958
within 1.95 arcsec) yielding 220 ± 5 km s −1 . Inserting this value into
heir black hole mass–central velocity dispersion relation for early-
ype galaxies gives (3.6 ± 0.5) × 10 8 M �. Our derived black hole

ass is therefore neither strongly o v ermassiv e nor undermassive
hen compared to the bulk of literature black hole masses given
GC 6958’s central velocity dispersion. We also compared our
ass measurement with the black hole mass–bulge mass relation

rom Saglia et al. ( 2016 ) for power-law early-type galaxies. Given
GC 6958’s bulge mass of (3.6 ± 1.4) × 10 10 M � (Table 1 ), this

elation yields a black hole mass of (1.1 ± 0.9) × 10 8 M �. Again,
ur measurement is o v ermassiv e compared to the scaling relations
ut we might underestimate the bulge mass due to the limited FoV.
urthermore, our measurement is consistent with the general scatter
f black hole masses at σ e,star ≈ 200 km s −1 . We will further discuss
he implications of our measurement in the context of the scaling
elations and galaxy assembly in Thater et al. (in preparation), where
e will use gas kinematics as an independent tracer to derive the
lack hole mass. 

.2 Summary of our results 

e have presented our central black hole mass measurement of the
enticular galaxy NGC 6958. For that purpose, we obtained AO-
ssisted MUSE science verification data and extracted ionized gas
nd stellar kinematics maps. We used Gaussian LOSVDs for the
onized gas kinematics and LOSVDs parametrized as Gauss–Hermite
olynomials up to the order of 6 for the stellar kinematics extraction.
he ionized gas kinematics have a clear velocity dispersion peak of
70 km s −1 and a regular rotational velocity within 5 arcsec. Ho we ver,
t greater distance from the centre, we notice strongly disturbed
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eatures in the gas rotational velocity map, dominated by receding 
otion. On the other hand, our stellar kinematic maps show very 

egular rotation within 15 arcsec with a maximal rotational velocity 
f 130 km s −1 and a clear and distinct velocity dispersion peak
f 250 km s −1 . We combined the extracted stellar kinematics with
igh-resolution NICMOS F160W images and created axisymmetric 
eans anisotropic and Schwarzschild models. Jeans anisotropic 
odels gave best-fitting black hole masses of (4 . 6 + 2 . 5 

−2 . 7 ) × 10 8 and
8 . 6 + 0 . 8 

−0 . 8 ) × 10 8 M � for spherical and cylindrical alignments of the
 elocity ellipsoid, respectiv ely. From our Schwarzschild models, 
e estimated a black hole mass of (3 . 6 + 2 . 7 

−2 . 4 ) × 10 8 M � and a con-
tant dynamical M/L of 0.91 ± 0.04 M �/L �,H . Two of our three
eterminations are consistent within their uncertainties, while only 
AM cyl is slightly inconsistent. When using a radially varying M/L 

n our dynamical models, we obtained a black hole mass 20 per
ent lower than the fiducial models. When adding a dark halo (based
n abundance matching) to our Schwarzschild models, the black 
ole mass increases by 25 per cent. Our derived black hole mass is
 v ermassiv e compared to most scaling relation but agrees with the
 BH –σ e,star relation within 3 σ . We carefully discuss the systematics 
ith the kinematic data, the mass model, and the dynamical models 

n Section 4 and conclude that we fully co v er the discussed sys-
ematics in our associated uncertainties. The most dominant effects 
ere found to come from inconsistencies in the stellar kinematics 

xtraction (when using only the ‘blue’ spectral range), the well- 
nown problem of the inclination–mass deprojection de generac y 
n low-inclination galaxies and model-dependent differences. In a 
ompanion paper, we will derive the SMBH mass in NGC 6958 
sing ionized and molecular gas as dynamical tracers. A cross-check 
f the three measurements will help to constrain the black hole mass
nd provide additional value in understanding whether the scatter in 
he black hole scaling relations is strongly affected by measurements 
rom different measurement methods. 
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Table A1. HST /WFPC2 F814W + i -band CGS MGE model. 

j log ( I j ) σ j q j log ( M 

const 
j ) 

(L �,H pc −2 ) (arcsec) (M �) 
(1) (2) (3) (4) (5) 

1 5 .136 0 .041 0 .91 8 .186 
2 4 .699 0 .146 0 .90 8 .853 
3 4 .169 0 .416 0 .91 9 .239 
4 3 .912 0 .924 0 .89 9 .664 
5 3 .609 1 .807 0 .87 9 .934 
6 2 .833 3 .806 0 .86 9 .803 
7 2 .654 7 .209 0 .86 10 .179 
8 2 .056 15 .081 0 .88 10 .227 
9 1 .39 31 .787 0 .91 10 .226 
10 − 1 .263 83 .174 0 .91 8 .408 

Notes. Column 1: Index of the Gaussian component. Column 2: Surface 
brightness. Column 3: Projected Gaussian width along the major axis. Column 
4: Projected axial ratio for each Gaussian component. Columns 5 and 6: Total 
mass of Gaussian component. In column (5), the constant dynamical M/L = 

4.1 M �/L � from the Schwarzschild modelling (Section 4.4.3) was used to 
determine the mass of each Gaussian component. 
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s described in the main text, while the right MGE is described in
ppendix A. Top: Count profiles of the photometric data along the 
ajor axis. Overplotted is the best-fitting MGE model (red line) 

nd each Gaussian component (grey lines). The MGE model was 
uilt from the combined photometric information of NICMOS ( R 

7 arcsec) and wide-field WFC3 ( R > 7 arcsec) data. The vertical
ashed line marks the 7 arcsec boundary. Bottom: Residuals of the 
GE model: (Data-Model)/Data. 

igure S2. Comparison between symmetrized MUSE kinematics 
nd best-fitting Schwarzschild model for M BH = 3.6 × 10 8 M �
nd M/L = 0.91 M �/L �,H of the fiducial run. From left to right:
ean v elocity, v elocity dispersion, h 3 , h 4 , h 5 , and h 6 Gauss–
ermite moments. From top to bottom: Symmetrized data, best- 
tting Schwarzschild model and residual maps. Residuals are de- 
ned as difference between the Schwarzschild model and observed 
inematics divided by the observational errors. North is up and east 
o the left. 
igure S3. Same as Fig. S2, but zoom-in to the centre. 
igure S4. Results of the JAM modelling with cylindrical (left) and 
pherical (right) velocity ellipsoid alignment ordered into 2 × 2 
anels. The top left panel shows the observed V rms of NGC 6958,
hile the top right panel shows the best-fitting JAM model obtained 

rom MCMC (fiducial model). Model and data are mostly in good 
greement with each other, but the central V rms is slightly too 
igh. We also show models for a formally too low (bottom left)
nd too high M BH (bottom right). Note that for JAM cyl , the lower
ass black hole reco v ers the central V rms quite well. Furthermore,

oth M cyl and M sph models can reco v er the observed V rms equally
ell. 
igure S5. Comparison of the kinematic maps for the different 
inematics extractions discussed in Section 4.4.1. From left to right, 
he panels show the S/rN, the rotational velocity after subtracting the 
ystemic v elocity, v elocity dispersion, and V rms . From top to bottom,
e show the kinematics extractions masking the gas emission lines, 

imultaneously fitting gas and stellar kinematics, ‘blue’ spectral 
egion, and CaT spectral region. The second row is the extraction 
hat we used for the main result of this paper. Ho we ver, it is
lear that the different approaches did not change the extracted 
inematics significantly (except for ‘blue’). North is up and east to the 
eft. 

lease note: Oxford University Press is not responsible for the content
r functionality of any supporting materials supplied by the authors. 
ny queries (other than missing material) should be directed to the 

orresponding author for the article. 
PPENDI X  A :  M G E  O F  T H E  F 8 1 4 W  WFPC2  + 

 -BAND  C G S  IMAG ES  

e followed a similar approach as in Section 4.1 to obtain a light
odel for NGC 6958 in the i band. As the i band is more affected by

dust extinction than the H band, this light model required a careful
reatment of the dust-affected galaxy centre. We therefore created 
 dust mask following the procedure given in Thater et al. ( 2017 ,
019 ). We generated the surface brightness profile and iteratively 
tted the lower envelope of the not-dust-affected regions with a four-
arameter logistic function (see Fig. A1 ). Masked were all pixels that
ad a surface brightness below this envelope fit. We then applied the
GE routine (Cappellari 2002 ) simultaneously on the dust-masked 
FPC2 and the CGS image as described in Section 4.1. In the central

0 arcsec, the MGE was constrained by the WFPC2 image, while
he CGS image constrains the photometry at larger radii (Fig. S1 of
he supplementary material). The WFPC2 image was used for the 
hotometric calibration. For the conversion, we used 4.53 mag for the
bsolute AB magnitude of the sun (Willmer 2018 ) in the F814W band
nd A F814 = 0.07 mag for the Galactic extinction (NED). TableA1
hows the derived MGE parameters. This MGE model was used in
ection 3.1 to derive the PSF of the MUSE data and in Section 4.4.3
here we tested the effect of different mass models on the robustness
f our black hole mass measurement. 
MNRAS 509, 5416–5436 (2022) 
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Figure A1. Dust masking of the F814W WFPC2 image. Left-hand panel: Every point is a pixel of the WFPC2 image, and the lower envelope fit of the surface 
brightness is given by the red solid line. Each pixel below the red line is masked when creating the MGE. Middle and right-hand panel: Central part of the 
HST /F814W image with and without dust mask. 
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PPENDIX  B:  D O U B L E  GAUSSIAN  

A R A M E T R I Z AT I O N S  O F  T H E  MUSE  PSF  STAR
igure B1. PSF parametrization of the PSF star close to NGC 6958 using a doub
avelength image. Top is the cut along the major axis and bottom along the minor a

olours show the double Gaussian (black), the narrow Gaussian component (cyan
haracterized by their FWHM and the relative flux of the narrow Gaussian (f1). 

NRAS 509, 5416–5436 (2022) 
le Gaussian function. From left to right: White-light, optical, blue, and CaT 

xis. The blue circles show the data points of the PSF star. The fits in different 
), and the broad (grey) Gaussian component of the PSF. The Gaussians are 
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niversity of O

xford user on 22 February 2022

art/stab3210_fA1.eps
art/stab3210_fB1.eps


Stellar-based M BH 

measurement of NGC 6958 5435 

A

T

V

(

C

C

C

C

C

C

C

S

S

S

S

S

S

S

N
J
u
a

F
T
d

PPEN D IX  C :  JA M  RESULT  VA LIDATION  
able C1. Results of the JAM measurement testing different systematics. 

elocity ellipsoid Spectral range i Additional change 

1) (2) (3) (4) 

yl. alignment Optical 45 Fiducial model 

yl. alignment Optical 45 Masked emission lines 

yl. alignment Blue 45 –

yl. alignment CaT 45 –

yl. alignment Optical 89 –

yl. alignment Optical 45 F814 mass model 

yl. alignment Optical 45 Radially varying M/L 

ph. alignment Optical 45 Fiducial model 

ph. alignment Optical 45 Masked emission lines 

ph. alignment Blue 45 –

ph. alignment CaT 45 –

ph. alignment Optical 89 –

ph. alignment Optical 45 F814 mass model 

ph. alignment Optical 45 Radially varying M/L 

otes. Columns 1–4 show the inputs of the dynamical models; columns 5–8 show
AM run, we used the set-up explained in Section 4.3 with the kinematic uncertainti
sing the enhanced kinematic errors. 
 This M/L is in the i band. 

igure C1. MCMC posterior probability distributions of the fiducial JAM models
he contour plots show the two-dimensional distributions for each parameter ( M BH , M
istributions. The errors abo v e the histograms are at 99.73 per cent confidence inte
M BH M/L β χ2 /d.o.f. 
( ×10 8 M �) (M �/L �,H ) 

(5) (6) (7) (8) 

8.6 + 0 . 8 −0 . 8 0.83 ±0.02 −0.02 ±0.06 0.24 

8.7 + 0 . 8 −0 . 8 0.84 ±0.02 −0.01 ±0.06 0.25 

6.9 + 0 . 7 −0 . 7 0.83 ±0.02 −0.02 ±0.06 0.35 

8.1 + 1 . 1 −1 . 0 0.85 ±0.02 −0.01 ±0.12 0.13 

9.0 + 0 . 8 −0 . 8 0.82 ±0.03 −0.04 ±0.04 0.28 

8.6 + 1 . 2 −1 . 3 3.33 ±0.12 a −0.02 ±0.09 0.33 

7.3 + 1 . 2 −1 . 1 0.80 ±0.02 −0.02 ±0.07 0.20 

4.6 + 2 . 5 −2 . 7 0.86 ±0.02 0.38 ±0.17 0.21 

4.7 + 2 . 1 −2 . 3 0.87 ±0.02 0.42 ±0.18 0.21 

2.9 + 1 . 8 −2 . 1 0.86 ±0.02 0.40 ±0.18 0.27 

4.1 + 2 . 3 −2 . 4 0.87 ±0.03 0.40 ±0.16 0.10 

4.8 + 1 . 6 −1 . 7 0.84 ±0.03 0.35 ±0.14 0.25 

4.3 + 1 . 8 −1 . 8 3.45 ±0.12 a 0.36 ±0.15 0.28 

4.1 + 2 . 2 −1 . 8 0.82 ±0.02 0.30 ±0.16 0.18 

 the JAM results. The tests are described in detail in Section 4.4.3. For each 
es ( δkin ) enhanced for R > 0.5 arcsec. The reduced χ2 values were calculated 

 assuming a cylindrical (left) and spherical-aligned (right) velocity ellipsoid. 
/L, β) combination, and the histograms show the projected one-dimensional 

rvals, which corresponds to 3 σ significance. 

MNRAS 509, 5416–5436 (2022) 
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PPENDIX  D :  SC HWARZSCHILD  + DA R K  

ATTER  G R I D S  
igure D1. Results of our Schwarzschild run including a dark matter halo. In the
 BH –M ∗/L grid (like Fig. 8 ) for an increasing dark matter fraction. While runnin
odel. The scale factor is the (M ∗/L) of the grid divided by the starting (M ∗/L) 

ndependently. As expected, with increasing dark matter fraction, the black hole 
atter fraction, the black hole mass increases and the M/L decreases. Contrary to F
odels. This is because the former represents the total M/L, while the latter is that
ust decrease with respect to the total one, as observed. 
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 runs, we have varied M BH , M ∗/L, and M 200 . Each of the panels shows the 
g Schwarzschild models, both M BH and M 200 need to be re-scaled for each 
of the models. The confidence level was derived for each M BH –M ∗/L grid 
mass increases and the M ∗/L decreases. As expected, with increasing dark 
ig. 8 , here the M/L from JAM is larger or equal to that from Schwarzschild’s 
 of the stellar component alone. When dark matter increases, the stellar M/L 
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