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ABSTRACT
The mass-to-light ratio (M/L) is a key parameter in decomposing galactic rotation curves into contributions from the baryonic
components and the dark halo of a galaxy. One direct observational method to determine the disc M/L is by calculating the
surface mass density of the disc from the stellar vertical velocity dispersion and the scale height of the disc. Usually, the scale
height is obtained from near-IR studies of edge-on galaxies and pertains to the older, kinematically hotter stars in the disc,
while the vertical velocity dispersion of stars is measured in the optical band and refers to stars of all ages (up to ∼10 Gyr) and
velocity dispersions. This mismatch between the scale height and the velocity dispersion can lead to underestimates of the disc
surface density and a misleading conclusion of the submaximality of galaxy discs. In this paper, we present the study of the
stellar velocity dispersion of the disc galaxy NGC 6946 using integrated star light and individual planetary nebulae as dynamical
tracers. We demonstrate the presence of two kinematically distinct populations of tracers that contribute to the total stellar
velocity dispersion. Thus, we are able to use the dispersion and the scale height of the same dynamical population to derive the
surface mass density of the disc over a radial extent. We find the disc of NGC 6946 to be closer to maximal with the baryonic
component contributing most of the radial gravitational field in the inner parts of the galaxy (Vmax(bar) = 0.76(±0.14)Vmax).
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1 IN T RO D U C T I O N

The ‘disc–halo’ degeneracy is an important issue when decomposing
H I rotation curves of galaxies, where the contribution from the
baryonic matter is mostly determined by the stellar mass-to-light
ratio (M/L). Unfortunately, the M/L is uncertain due to the challenges
involved in traditional methods used to determine it (van Albada
et al. 1985; Maraston 2005; Conroy, Gunn & White 2009). Accurate
rotation curve decomposition is crucial in determining the potential
of a galaxy and the parameters of its dark matter (DM) halo. The
densities and scale radii of dark haloes are known to follow well-
defined scaling laws and can therefore be used to measure the redshift
of assembly of haloes of different masses (Macciò et al. 2013;
Kormendy & Freeman 2016; Somerville et al. 2018).

A rather direct observational technique of measuring the disc M/L
is from its surface mass density, which can be estimated from the
vertical velocity dispersion and the vertical scale height of the disc
(van der Kruit & Freeman 1984; Bottema, van der Kruit & Freeman
1987; Herrmann et al. 2008; Bershady et al. 2010a). The 1D Jeans
equation in the vertical direction can be used to estimate the surface
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mass density (�) of the disc via the relation:

� = fσ 2
z /Ghz, (1)

where hz is the vertical scale height, σ z is the integrated vertical
velocity dispersion of the exponential disc, G is the gravitational
constant, and f is a geometric factor, known as the vertical structure
constant, that depends weakly on the adopted vertical structure of the
disc. Having estimated �, we can infer stellar mass surface density
(��) and the M/L as ϒ� = ��/μ, where μ is the surface brightness
of a galaxy in physical units (L� pc2), thus breaking the disc–halo
degeneracy.

In Aniyan et al. (2018, hereafter An18), we argued that for the
Jeans equation (equation 1) to work effectively, the scale height and
dispersions must refer to the same population of stars, and in this case
the σ z is expected to fall exponentially with twice the galaxy scale
length. However, usually the vertical dispersions are obtained from
measurements of near-face-on galaxies in the optical bands, whereas
the scale heights are obtained from studies of edge-on galaxies in
the red and near-IR bands (Kregel, van der Kruit & de Grijs 2002).1

1See also Kregel, van der Kruit & Freeman (2005) for a detailed study of the
correlation between the intrinsic properties of edge-on galaxies, i.e. central
surface brightness, scale length, and scale height in the I band.
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Thus, the spectra of star-forming face-on disc galaxies include light
from the younger, kinematically colder population of stars. On the
other hand, the scale heights obtained from observations of edge-on
discs are primarily for the kinematically hotter stars that are above the
dust lane in the galaxies. This mismatch can lead to the surface mass
density being underestimated which can in turn lead to galaxies’ discs
being incorrectly classified as submaximal. This issue has plagued
most of the previous measurements of the surface mass density of
face-on discs (Herrmann & Ciardullo 2009b; Bershady et al. 2011).

In An18, we used integrated light data as well as planetary nebulae
(PNe) as tracers of the kinematics of the disc in the face-on spiral
NGC 628 to demonstrate the presence of two kinematically distinct
populations of disc stars in this galaxy. We also showed the effect
of the cold layer on the total surface mass density of the disc
(see appendix in An18). This is based on an exact solution for an
isothermal sheet of older stars with an embedded very thin layer of
younger stars and gas. Its density distribution is a modified version
of the familiar sech2(z/2hz) distribution. Following this solution,
equation (1) becomes

�T = �D + �C,∗ + �C,gas = σ 2
z /(2πGhz), (2)

where �T is the total surface density of the disc and �D is the
surface density of the older stellar component which is used as the
dynamical tracer (its scale height is hz and its isothermal vertical
velocity dispersion is σ z). �C,∗ and �C,gas are the surface densities
of the cold thin layers of young stars and gas, respectively. An
independent measurement of �C,gas is available from 21-cm and
mm radio observations. As a result, in An18 we showed that the disc
which was primarily considered submaximal (Herrmann & Ciardullo
2009b) appears maximal with Vbaryonic = (0.78 ± 0.11)Vmax.

In this paper, we extend our previous work to describe the
kinematics of the nearby disc galaxy NGC 6946 with the purpose
to establish the method’s general viability. The choice of NGC 6946
is motived by its inclination (∼37◦), as it is not as face-on as
NGC 628, which allows us to derive a more reliable rotation curve,
as well as makes more targets accessible for the analysis. We observe
NGC 6946 with the VIRUS-W integral field unit spectrograph in the
inner regions (30–125 arcsec) to study stellar kinematics through the
absorption lines, and with the Planetary Nebula Spectrograph (PN.S),
which allows us to study the kinematics of the stellar component in
galaxies at low surface brightness values in ellipticals (Pulsoni et al.
2018), lenticulars (Cortesi et al. 2013), and discs (An18) using PNe as
discrete tracers out to large radii. The use of PNe to map kinematics
to large radii in discs showed the presence of a cold younger disc and
a older hotter thicker disc in the Andromeda galaxy in the radial range
14–28 kpc (Bhattacharya et al. 2019). NGC 6946 is a nearby (D =
6.1 Mpc, 1 arcsec = 29.6 pc) disc galaxy with a high star formation
rate (SFR = 4.8 M� yr −1 Lee 2006), which is ∼4 times the SFR
of NGC 628. This contributes to the importance of the NGC 6946
analysis to access differences between the systems. Unfortunately,
the inclination of this galaxy brings in some challenge, as it gets
harder to separate the in-plane dispersion components (σ R and σφ)
from the vertical dispersion (σ z). However, NGC 6946 is closer than
NGC 628, and thus we can achieve higher S/N data for the PNe
which helps in our analysis. With the PN.S., PNe in NGC 6946
can be detected and their velocities measured out to 388 arcsec =
11.5 kpc (equivalent to 4.1 disc scale lengths) reaching a surface
brightness value of 25 mag in B band.

This paper is organized as follows: Section 2 describes
the observations and data reduction for VIRUS-W. Section 3
summarizes the same for the PN.S. Section 4 discusses the
photometric properties and derives scale height of the galaxies.

Section 5 discusses our analysis to derive the surface mass density
of the cold gas in this galaxy. Section 6 presents the analysis
involved in the extraction of a double Gaussian model from our
data. Section 7 discusses the vertical dispersion profile of the hot
and cold stellar components. Section 8 describes the calculation
of the stellar surface mass density. Section 9 explains the rotation
curve decomposition using the calculated surface mass densities.
Section 10 presents our conclusions and scope for future work.

2 V IRUS-W SPECTROGRAPH

2.1 Observations

VIRUS-W is an Integral Field Unit (IFU) spectrograph on the 2.7-
m telescope at McDonald Observatory designed for relatively high-
resolution spectroscopy of low surface brightness regions of galaxies
(Fabricius et al. 2012). VIRUS-W observations for NGC 6946 were
carried out in 2014 October. We were able to get good quality data for
four fields that were positioned on the galaxy at a luminosity weighted
radius of about 1 radial scale length along the major and minor axis,
and cover the radial extend of up to 175 arcsec which corresponds
to ≈20.6 mag arcsec−2 in I band, and the surface brightness in the
V band (in which the VIRUS-W observations were made) is about a
magnitude fainter than the dark V-band sky (see Fig. 4). The positions
of the IFU fields are shown in Fig. 1. The coordinates and exposure
time at each position are given in Table 1. The observations were
carried out in a sky–galaxy–sky observing sequence. This sequence
was repeated at least three times at each field, as indicated in Table 1.
This enabled very good sky subtraction using the automated pipeline
developed for VIRUS-W (see An18 for further details).

We then used the CURE data reduction pipeline (Goessl et al. 2006)
to get the sky subtracted 1D spectra at each of the four fields. Since
the IFU fields cover a large radial extent of NGC 6946 (Fig. 1),
we split the data into two radial bins at luminosity weighted mean
radii of 54 and 98 arcsec, respectively. After further processing (see
Section 6.1), we obtain a 1D summed spectrum for each radial bin that
we use to extract the velocity dispersions from the absorption lines.

3 PLANETA RY NEBU LA SPECTROGRAPH

3.1 Observations and velocity extraction

The PN.S is a double counter-dispersed wide-field spectrograph
designed to discover extragalactic PNe and measure their radial
velocities in a single observation, used on the William Herschel
Telescope on La Palma (Douglas et al. 2002). The data for NGC 6946
were acquired in 2014 September. The weather during the run was
excellent, with typical seeing of ∼1 arcsec. We obtained 11 images
centred on the centre of the galaxy, each with an exposure time of
1800 s following the strategy adopted in An18. We use the PN.S
data reduction pipeline (Douglas et al. 2007) to get the final stacked
‘left’ and ‘right’ image for the [O III] data. The unresolved objects
are candidate PNe, and their relative positions on the left and right
stacked images give us their radial velocities. We also imaged NGC
6946 in H α, using the H α narrow-band filter on the undispersed H α

arm of the PN.S. We then used the [O III] stacked images along with
the H α stacked image to identify the PNe candidates in this galaxy.

3.2 Identification of sources

To identify our PNe and separate them from the H II regions
which also emit in [O III], we use the luminosity function for all
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Resolving the disc–halo degeneracy: NGC 6946 3581

Figure 1. The positions of the four VIRUS-W IFU fields showing the 267 fibres in each field overlaid on a DSS image of NGC 6946. The red circle at a radius
of 75 arcsec shows the separation between our inner and outer radial bins.

Table 1. Coordinates and exposure times for the IFU fields.

Galaxy RA (J2000) Dec (J2000) Exposure time (s)

NGC 6946 20:34:54.04 +60:08:04.8 3 × 800
20:34:47.25 +60:10:23.8 3 × 800
20:34:47.13 +60:08:48.4 3 × 800
20:34:56.34 +60:10:01.6 3 × 800

spatially unresolved [O III] emitters identified in the combined left
and right images of the PN.S. Then we introduce the expected
bright luminosity cut-off for PNe. We include only objects fainter
than this value in our analysis. Objects brighter than the cut-off
are mostly obvious bright H II regions. For more details please see
An18. Consequently, we identified 444 unresolved objects with
[O III] emission in this galaxy. From the measured positions of
these sources on the left and right images, astrometric positions
and line-of-sight (LOS) velocities were derived simultaneously. The
typical measurement error associated with the PNe radial velocities
is <9 km s−1 (see section 3.3 in An18). We then converted our
instrumental magnitudes on to the m5007 magnitude scale m5007 = m0

+ 25.16, using our spectrophotometric standards. These magnitudes
were corrected for foreground extinction using the Schlafly &
Finkbeiner (2011) dust maps. At the distance of NGC 6946, the
bright luminosity cut-off for PNe in this galaxy is expected to be
at m5007 = 23.22. Fig. 2 shows the luminosity function for NGC
6946, including all identified unresolved sources. The dashed line in
the plot shows the position of the bright luminosity cut-off for the
PNe.

Figure 2. The luminosity function for all spatially unresolved [O III] emitters
identified in the combined left and right images of the PN.S for NGC 6946.
The dashed line shows the expected bright luminosity cut-off for PNe. Objects
brighter than the cut-off are probably bright H II regions.

After the identification of 444 sources, the resulting sample
represents a mix of H II regions and PNe since both can have strong
[O III] emission. We again use our empirical relationship between the
([O III]–H α) colour and the m5007 magnitude to discriminate between
PNe and H II regions (Arnaboldi et al., in preparation). Fig. 3 shows
the colour–magnitude diagram used to identify PNe. Thus, we obtain
375 unresolved [O III] sources classified as PNe: 125 per each radial
bin. Earlier observations by Herrmann & Ciardullo (2009a) found
≈70 PNe candidates in this galaxy.
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3582 S. Aniyan et al.

Figure 3. The colour–magnitude plot for [O III] sources in NGC 6946. The
vertical axis is the ([O III]–H α) colour and the horizontal axis is the m5007

magnitude. The PNe lie to the right of the red lines. Only these objects are
used in our analysis.

In addition to H II regions, the historical supernovae are a potential
source of contamination which can bias the PNe luminosity function
(Kreckel et al. 2017). According to the IAU Central Bureau for
Astronomical Telegrams (CBAT) List of Supernovae, there are nine
known historical supernovae in NGC 6946, which is an unusually
high number. However, none of these objects made it into our PNe
sample. We had one unresolved [O III] source at ∼3 arcsec from the
historical supernova SN 2002hh. Yet, this object was classified as an
H II region after applying our colour–magnitude cut. Thus, we do not
have any of these contaminants in our final PNe sample.

4 PH OTO M E T RY A N D S C A L E H E I G H T

NGC 6946 is a late-type spiral galaxy that shows the presence of a
small bulge. Fig. 4 shows the surface brightness profiles of NGC 6946
in four photometrical bands: BVI from Makarova (1999) and 3.6 μm
from Muñoz-Mateos et al. (2009). We use spatial information from
these profiles later in the paper to calculate the M/L ratio as a function
of radius. We also use the 3.6 μm profile to perform bulge–disc
decomposition (shown with red and blue lines in Fig. 4) in order to
account for the bulge contribution during the mass modelling.

The disc scale height (hz) cannot be directly measured for face-
on galaxies. Thus, the scaling relation between the scale height and
scale length (hR) of spiral galaxies is often used to infer hz of a
face-on system. Kregel et al. (2002) studied the scale heights of a
sample of edge-on galaxies in the I band and found strong correlations
with the scale lengths. The use of the I band is justified as it is not
sensitive to the contribution of dust and PAHs, and it traces the older
thicker stellar disc population. Bershady et al. (2010b) found that
log (hR/hz) = 0.367log (hR/kpc) + 0.708 ± 0.095 by fitting the data
from Kregel et al. (2002).2 Thus, using the disc fit to the I-band
surface brightness profile (Fig. 4) we measure the disc scale length
to be equal to 95 arcsec or 2.8 kpc. Throughout the paper, we adopt
the distance to the galaxy D = 6.1 ± 0.6 Mpc from Herrmann et al.
(2008) to be consistent with our previous study of NGC 628 (An18).
We note that this distance is a bit smaller than the distance determined
by Anand, Rizzi & Tully (2018) (7.72 ± 0.32 Mpc) who used the
tip of the giant branch method. Finally, we obtain the scale height of

2Bershady et al. (2010b) scaling is used to convert the scale length into scale
height for an old population of stars.

Figure 4. The surface brightness profiles of NGC 6946 in BVI (Makarova
1999) and 3.6μm band (Muñoz-Mateos et al. 2009) are shown from bottom to
top. The surface brightness is shown in VEGA magnitudes. The contribution
to the light from the stellar disc in I band is shown with blue line. The
contributions to the total light from bulge and disc in the 3.6 μm band are
shown with red and blue lines, respectively. The average error on the surface
brightness is ∼0.01 mag for the 3.6 μm band and ∼0.02 mag in the optical
bands. The radial extent of the Virus-W and PNS data is shown with green
and pink bands, respectively.

Table 2. Photometrical and geometrical parameters of
NGC 6946 measured from the literature data and adopted
in the analysis throughout the paper with the associated
error. The average error on the surface brightness is ∼0.01
mag for the 3.6 μm band and ∼0.02 mag for the I band.

Parameters Value

Scale length (I band)a 95.0 ± 5 arcsec
Scale length (3.6 μm band)b 92.0 ± 1 arcsec
μ0 [I] 19.16 mag arcsec−2

μ0 [3.6] 16.74 mag arcsec−2

Scale height (I band) 376 ± 75 pc
Distancec 6.1 ± 0.6 Mpc
H I inclinationd 37◦ ± 7◦
H I position angled 242◦ ± 10◦

Note. Data from the literature:
aMakarova (1999);
bMuñoz-Mateos et al. (2009);
cHerrmann et al. (2008);
dWalter et al. (2008).

the disc hz = 376 ± 75 pc. We use this value throughout the paper
when we refer to the calculation of the surface mass density and mass
modelling. Following de Grijs, Peletier & van der Kruit (1997), we
assume that the scale height hz for the disc of this late-type spiral is
independent of the galactic radius.

Table 2 summarizes the values of the various parameters of this
galaxy that we use in our analysis of the surface mass density and
mass modelling. Inclination and position angles (PA) are measured
with the tilted-ring modelling of the THINGS H I data (Walter et al.
2008; see Section 9.1). These values agree well with the values
obtained from the PNe. This indicates that there is no evident
disconnect between the gaseous H I disc and the stellar disc, at least
within our covered radii.
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Resolving the disc–halo degeneracy: NGC 6946 3583

Figure 5. Surface mass density of the cold gas (atomic and molecular) in
NGC 6946. The H I density profile derived from THINGS data (Walter et al.
2008) is shown with the dot–dashed line. H2 profile derived from the HERA-
CLES data (Leroy et al. 2009) is shown as the long-dashed curve. The surface
density profile of the total gas is shown as the solid curve. All profiles are
corrected for contribution from helium and heavier elements by a factor of 1.4.

5 SU R FAC E MA S S D E N S I T I E S O F C O L D G A S

To account for the gas contribution to the measured total surface mass
density, and to able to separate stellar from gaseous components, we
derive total cold gas surface density using H I data from the THINGS
survey (Walter et al. 2008) and CO data from the HERACLES
survey (Leroy et al. 2009).

The H I radial surface density profile was derived from the inte-
grated column-density H I map, constructed by summing the primary
beam corrected channels of the clean data cube. We use the same
radial sampling, position, and inclination as for the tilted ring mod-
elling (Section 9.1). The resulting flux (Jy beam−1) was converted to
mass densities (M� pc−2) using equations (5) and (6) in Ponomareva,
Verheijen & Bosma (2016). The error on the H I surface mass density
was determined as the difference in the profile between approaching
and receding sides of the galaxy, and does not exceed ∼0.4 M� pc−2.

The H2 surface mass density profile was obtained from the
CO total intensity map with the same radial sampling, position,
and inclination angles as for the H I profile. The resulting CO
intensities were converted into the H2 surface mass density using
the prescription by Leroy et al. (2009). The error on the H2 surface
mass density was obtained from the HERACLES error maps and
does not exceed ∼0.7 M� pc−2.

The resulting H I and H2 surface mass density profiles together
with the total cold gas profile are shown in Fig. 5 with dot–dashed,
long-dashed, and solid curves, respectively. All profiles are corrected
for the presence of metals and helium and deprojected so as to be
face-on. It is worth mentioning the large amount of molecular gas in
NGC 6946, which significantly dominates the amount of atomic gas
in the inner parts. We note that Crosthwaite & Turner (2007) find
similar results and report the total H2 mass to be equal to 3 × 109 M�,
approximately one-third of the total interstellar hydrogen gas mass.

6 EXTR AC TIN G V ELOCITY DISPERSIONS O F
T H E H OT A N D C O L D C O M P O N E N T S

In this section, we describe in detail the procedure of extracting
accurate velocity dispersions of two stellar components. We present

Figure 6. The DSS image of NGC 6946 with the overlapped velocity
contours from the H I velocity field. The orientation of the major and minor
axis of the H I disc is shown with the dashed lines. Velocity separation of the
contours is 40 km s−1.

the different techniques used to derive dispersions from the stellar
absorption line spectra in the inner parts, and from the PNe data in
the outer regions.

6.1 Stellar absorption spectra

6.1.1 Removing galactic rotation

To remove the galactic rotation and to get rid of any large-scale
streaming motions across the IFU, we measure the local H I velocity
at the position of each fibre from the THINGS data (Walter et al.
2008) and shift each fibre spectrum by this local H I velocity.
Fig. 6 shows the DSS image of NGC 6946 with the overlapped
velocity contours from the H I velocity field. We note that our IFU
observations lie within the stellar disc of the galaxy, as shown in
Fig. 1, while the H I disc is more extended. This method proved
to be preferable to removing the galactic rotation by modelling the
rotation field over the entire IFU using the observed rotation curve,
as the latter gives larger LOS velocity dispersions (σ LOS). However,
our technique introduces an additional small velocity dispersion
component from the H I itself, for which a correction is needed (see
Section 6.1.2).

The VIRUS-W IFU covers a large radial extent of the galaxy. Since
the vertical velocity dispersion (σ z) is expected to fall exponentially
with twice the galaxy’s scale length, we do not want each radial
bin to be too large. We divide our IFU data into two radial bins
corresponding to luminosity weighted mean radii of 54 and 98 arcsec.
The stellar component tends to rotate more slowly than the gaseous
component and neglecting this effect can lead to overestimated
σ LOS. NGC 6946 has an inclination of 37◦, so this asymmetric drift
may affect the measurement significantly. To remove the effects of
differential asymmetric drift, we split the 267 fibres in each IFU field
into a grid of six cells, each with about 44 fibres. The gradient in
asymmetric drift is negligible across the small area of a cell. We sum
the spectra from all fibres in a cell and cross-correlate five of the
summed spectra against the sixth. This gives the shift in velocity to
apply to the five spectra to match the spectrum from the sixth grid.
This procedure gets rid of any differential asymmetric drift across the
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IFU fields. We repeat this exercise for all four IFU fields. The cross-
correlated, asymmetric-drift-corrected spectra were then shifted to
redshift z = 0, before summing up to the final spectra. This approach
has its caveats, as the hot and cold disc components will have
slightly different asymmetric drifts. The difference in asymmetric
drift between the hot and cold components is 5 km s−1 evaluated
at the mean radius for the inner VIRUS-W region and 6 km s−1

for the outer region. At 37◦ inclination, these differences become
3 and 4 km s−1, respectively. These values are uncertain because
of the observation errors in the dispersion, but seem unlikely to
make a significant contribution to the measured velocity dispersions.
Although this effect is expected to be minor for a galaxy with an
inclination of 37◦, it could be an issue for more inclined galaxies.

The final summed spectra from the inner and outer radial bins,
respectively, have an SNR of 105 and 77 per wavelength pixel (each
wavelength pixel is ∼0.19 Å; the resolving power R = 8700, so
the Gaussian σ of the PSF is 14.7 km s−1). We only use the region
between wavelengths of about 5050–5300 Å in our analysis, since
it has the highest resolution and avoids the emission lines at lower
wavelengths. The [N I] doublet emission lines together with the third
peak can be seen at ∼5200 Å (see Fig. 7). Although we exclude the
emission-line region from our velocity dispersion fits, the presence
of these three lines is unexpected. It is hard to definitely conclude
that they come from the galaxy interstellar medium (ISM), because
the heliocentric radial velocity of NGC 6946 is only 40 km s−1.
In An18, NGC 628 (radial velocity 657 km s−1) showed the two
[N I] emission lines at λ = 5197.9 and λ = 5200.3 Å, and they
were clearly at the velocity of the galaxy. The strengths of the two
lines are approximately equal. The sky [N I] lines, which typically
have line ratios 5198/5200 ∼ 1.7, have been successfully subtracted
in the reduction pipeline and do not appear. In NGC 6946, our
strategy for removing galactic rotation means that all lines from
the galactic plane have velocities near zero, relative to the systemic
velocity of the galaxy. We see three emission lines at observed λ

5196.2, 5198.4, 5200.4 Å. Their relative line strengths can be seen
in Fig. 7. NGC 6946 is known to have a significant amount of halo
H I at velocities up to ±100 km s−1, in addition to its planar H I

(Boomsma et al. 2008).3 Thus, we speculate that the three observed
lines come from a superposition of two pairs of [N I] lines: a weaker
pair at near-systemic velocity from the planar gas, and a stronger
pair blueshifted by about 2 Å associated with the negative velocity
gas. The superposition of the two pairs gives three lines as observed,
with their apparent line ratios.

6.1.2 LOSVD and the vertical velocity dispersion

We use PPXF (Cappellari 2017) to obtain the first two moments (the
mean LOS velocity and the σ LOS) for the two Gaussians for the
two VIRUS-W spectra. We fit two and single Gaussian components
to the data for the comparison. The resulting fits are shown in
Fig. 7. Further, we use the Bayesian Information Criterion (BIC;
Schwarz 1978) to judge the preferred model (one-component or
two-component) for the spectra (see equations 3 and 4 in An18 on
how to calculate BIC). The BIC applies a penalty for models with a
larger number of fitted parameters. Thus, between two models, the
model with the lower BIC value is preferred. However, we note that
in case of the similar BIC values, the BIC can only be considered
as a suggested preference. For our data, the two-component fit is

3We thank the anonymous referee for pointing out the presence of the ‘beard’
in this galaxy, which is usually associated with the extraplanar gas.

preferred over the single-component fit in both of the radial bins, this
result is also consistent with the reduced χ2. The results for both fits
are tabulated in Table 3.

PPXF uses a best-fitting linear combination of stellar templates to
directly fit the spectrum in pixel space and to recover the LOS velocity
distribution (LOSVD). We observed template stars of different
spectral types with VIRUS-W as our list of stellar templates, to
avoid resolution mismatch between the stellar templates and the
galaxy spectrum. We assume the two components of the LOSVD to
be Gaussian for this close-to-face-on galaxy, and therefore retrieved
only the first and second moment parameters from PPXF.

PPXF finds an excellent fit to our spectrum, as shown in Fig. 7. It
also returns the adopted spectra of the individual components, which
are consistent with the spectra of red giants. The mean contributions
of the cold and hot disc components to the total light are 52 per cent
and 48 per cent in the inner radial bin and 46 per cent and 54 per cent
in the outer bin. To correct σ LOS values for the contribution of the
H I velocity dispersion, we adopt a correction value to be ∼6 km s−1

(see Section 6.1.1).
We then calculate the vertical component of the stellar velocity

dispersion σ z from the LOS component σ LOS using the following
equation:

σ 2
LOS = σ 2

θ cos2 θ. sin2 i + σ 2
R sin2 θ. sin2 i + σ 2

z cos2 i + σ 2
meas, (3)

where σ R, σ θ , and σ z are the three components of the dispersion in
the radial, azimuthal, and vertical direction, σ meas is the measurement
error on the velocity, and i is the inclination of the galaxy (i = 0
is face-on). Using the epicyclic approximation in the part of the
rotation curve that is close to solid body, we adopt σ R = σ θ , and
for the part of the rotation curve that is flat, we adopt σ R = √

2σθ .
Based on an examination of the THINGS H I velocities along the
galaxy’s kinematic major axis (last panel in Fig. 12), we determine
this galaxy’s rotation curve at radius ≤200 arcsec to be solid body
and beyond 200 arcsec to have a flat rotation curve. We also adopt
the stellar velocity ellipsoid parameter σ z/σ R ratio to be 0.6 ± 0.15
following the result from Shapiro, Gerssen & van der Marel (2003).
This value is consistent with the value used by Bershady et al.
(2010b) and the value found in the solar neighbourhood by Aniyan
et al. (2016). For the discussion regarding the uncertainties of
σ z/σ R measurements for external galaxies and its dependence on
the morphological type please see An18, section 5. The uncertainty
in σ z/σ R is included in the error of σ z as described in section 7.1.2
of An18. We correct σ z values for the small broadening introduced
by subtracting the local H I velocity to remove galactic rotation.
Our results for the stellar σ z values for both stellar components are
presented in Table 3. The errors are the 1σ errors obtained using
Monte Carlo simulations. This was done by running 1000 iterations
where, in each iteration random Gaussian noise appropriate to the
observed SN of the IFU data was added to the best-fitting spectrum
originally returned by PPXF. Then, PPXF was run again on the new
spectrum produced in each iteration. The errors are the standard
deviations of the distribution of values obtained over 1000 iterations.

6.2 Planetary nebulae

6.2.1 Removing galactic rotation

From the PNe velocity field, we also remove the effects of galactic
rotation, similarly to the analysis of the IFU integrated light ab-
sorption spectra. We use H I velocity at the position of each of our
PNe from the THINGS first moment map and then subtract local
H I velocities from the PNe velocities. These velocities, corrected
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Resolving the disc–halo degeneracy: NGC 6946 3585

Figure 7. The PPXF fit results in (a) the inner radial bin at a luminosity weighted mean radius of 54 arcsec and (b) the outer bin at a luminosity weighted mean
radius of 98 arcsec. The upper panel shows the two-component fit to the data whereas the lower panel shows a single component fit. Only the high-resolution
Mgb region of the spectrum was used for the fit. The galaxy spectrum is in black and the best fit from PPXF is in red. The cyan spectra are the two and one
component spectra that PPXF found. The cyan spectra have been shifted vertically so as to be clearly visible. The residuals are shown in green. We note the
presence of three peaks in the wavelength range 5196.2–5200.4 Å which we suggest is due to the superposition of the [N I] doublet emissions from outflows
in the ISM (Boomsma et al. 2008) to the [N I] doublet emission from the regular rotating ISM, see Section 6.1.1 for additional details. The wavelength region
5196.2–5200.4 Å is omitted from the fit.
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3586 S. Aniyan et al.

Table 3. The single and double Gaussian fit from PPXF. For each component, the table gives the
vertical velocity dispersion σz for each of the components. Dispersions have been corrected for
the contribution from the H I velocity dispersion. An estimate of the reduced χ2 and the Bayesian
Information Criterion parameter BIC is also given. Both the smaller chi-squared and the lower
BIC suggest that the two-component model is preferred.

Mean radius Two-component model One-component model
σz,cold σz,hot BIC χ2

red σz BIC χ2
red

(arcsec) (km s−1) (km s−1) (km s−1)

54 26.6 ± 4.9 65.3 ± 12.1 17164 1.225 39.7 ± 6.3 17283 1.410
98 19.3 ± 3.6 64.6 ± 12.2 17351 1.231 29.3 ± 4.7 17462 1.380

for the galactic rotation, are henceforth denoted vLOS. We use vLOS

to calculate the velocity dispersions. As for the VIRUS-W data,
the radius and azimuthal angle (θ ) of the PNe in the plane of
the galaxy were calculated using our estimated PA and angle of
inclination, and the vLOS data were then radially binned into three
bins, each with about 125 PNe. Fig. 8 shows the vLOS versus θ

plots in each radial bin before and after the H I velocities were
subtracted off. The distribution of the vLOS after the correction for
the H I velocities is shown in Fig. 9 for three radial bins, respectively.
The distributions of the data points already suggest the presence of
the two kinematically distinct components as it cannot be well fit
with the single Gaussian distribution, as shown in Fig. 9, and show
a clear indication of a cold kinematic component in vLOS in each
radial bin.

6.2.2 LOSVD and the vertical velocity dispersion

In each radial bin, we remove a few obvious outliers, based on a visual
inspection of the velocity histogram of the objects. A maximum
likelihood estimator (MLE) routine was then used to calculate the
LOS velocity dispersions and the subsequent σ z in each radial bin.
The first iteration in this routine estimates σ LOS for the kinematically
cold and hot component by maximizing the likelihood for the two-
component probability distribution function given by equation (6) in
An18.

In order to calculate the surface mass density using equation (2),
we need the vertical velocity dispersion of the hot component (σ z).
To determine it, we use a second MLE routine. Two parameters are
passed to the function in this stage: σ z1 and σ z2 which are the vertical
velocity dispersions of the cold and hot components, respectively.
The σ LOS values obtained using equation (6) in An18 are passed to
the routine as initial guesses, since the σ z will be very close to the
value of σ LOS for this galaxy. We assume f = σ R/σ z = 1.7 ± 0.42
(see Section 6.1.2) and use inclination i = 37◦ (see Section 9.1).
The PN.S data for the first radial bin are all at radii <200 arcsec,
where the rotation curve is close to solid body. In this bin, we assume
the radial and azimuthal components of the velocity dispersion are
equal i.e. σ R = σ θ . The PN.S data for the second and third radial bin
are all at radii >200 arcsec where the rotation curve is flat and we
use: σR = √

2σθ , where σ R and σ θ are the in-plane dispersions in
the radial and azimuthal directions. Finally, once the initial guesses
are passed to the routine, it calculates the expected σ LOS for the
hot and cold component at each azimuthal angle (θ ) using the
relation:

σ 2
LOS1 = σ 2

z1f
2

2
cos2 θ. sin2 i + σ 2

z1f
2 sin2 θ. sin2 i + σ 2

z1 cos2 i.

σ 2
LOS2 = σ 2

z2f
2

2
cos2 θ. sin2 i + σ 2

z2f
2 sin2 θ. sin2 i + σ 2

z2cos2i.

The subscripts 1 and 2 refer to the components of the cold and hot
populations, respectively. This step depends on the theta-distribution
of the PN in each bin. Thus, the routine then proceeds to calculate
the probability of a particular vLOS to be present at that azimuthal
angle via the equation:

P = N

σLOS1

√
2π

exp

(−(vLOS − μ1 cos θ. sin i)2

2σ 2
LOS1

)

+ 1 − N

σLOS2

√
2π

exp

(−(vLOS − μ2 cos θ. sin i)2

2σ 2
LOS2

)
. (4)

In equation (4), N is the value of the fraction of the cold population
returned by the routine that calculated σ LOS described earlier; μ1

and μ2 are associated with the means of the two components; the
cos θ .sin i term factors for any asymmetric drift present in the data.
Whether we let the code estimate the terms μ1 and μ2 or if we fix
these terms at 0, it made negligible difference to the dispersions. This
shows that there is negligible contribution from the asymmetric drift
in the data in each of our radial annuli. Equation (4) is maximized to
return the best-fitting values for σ z for the hot and cold population of
PNe. The 1σ errors are calculated similar to the method used in the
analysis of the VIRUS-W data. We carry out our Monte Carlo error
estimation by using the double Gaussian distribution found by our
MLE code, to extract about 125 random velocities (i.e. same number
of objects as in each of our bins). We then use this new sample
to calculate the σ z of the hot and cold component using our MLE
routines. This whole process was repeated 1000 times, recording
the dispersions returned in each iteration. The 1σ error is then the
standard deviation of the distribution of the dispersions returned from
these 1000 iterations. The vertical velocity dispersions for the two
components returned from the MLE routine are given in Table 4.
After extracting σ z from σ LOS, the presence of the cold component
seems to remain prominent in bins 1 and 2, but not in bin 3, where
the one component model is preferred. However, the distribution of
the PNe LOS velocities for bin 3 (Fig. 9) still suggests the presence
of the two kinematically distinct components.

The dispersions for the PNe were also corrected for the H I dis-
persion, similarly to the spectra analysis by quadratically subtracting
H I velocity dispersion (∼6 km s−1) from the values of the vertical
velocity dispersions returned by the MLE routine. This dispersion
is evaluated by fitting a plane function to the H I velocities over
the IFU and calculating the rms scatter of the H I velocities about
this plane. We note that this scatter is not the same as the local H I

velocity dispersion as measured from the H I profile width. We also
correct the measured dispersions for the measurement errors of the
individual PNe, as shown in fig. 3 in An18. The rms measuring error
in each radial bin is about 6 km s−1. The formal variance of the
corrected cold dispersion value at all PNe radial bins is negative.
Hence, we show its 90 per cent confidence upper limit in Fig. 10
and Table 4. We carried out a comprehensive analysis using the
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Resolving the disc–halo degeneracy: NGC 6946 3587

Figure 8. Velocity versus azimuthal angle plots in three radial bins, each
with about 125 PNe. The angle θ is in the plane of the galaxy, measured
from the line of nodes. The top panels show the velocity before taking off
the local THINGS velocity and the bottom panels show the velocities after
correcting for galactic rotation. A few outliers were removed based on a
visual inspection of the velocity histogram of the objects in each bin. The
objects within the dashed lines are the ones that were included in our sample
for analysis; no objects were thrown out in the first bin. Each panel shows a
mix of cold population of spatially unresolved emission line objects, plus a
hotter population whose velocity dispersion appears to decrease with galactic
radius.

colour–magnitude cut to discriminate between the H II regions and
PNe (Fig. 3). Unfortunately, removing H II contaminants in disc
galaxies is very challenging. There is a small probability that we may
still have some H II contaminants in our cold component. However,
we do not use the dispersion of our cold component in any further
analysis. Our aim is to separate out the cold component (whether
cold PNe or H II regions) from the kinematically hot component and
then use the σz, hot with the scale height for the same population to
calculate the surface mass density. Hence, the nature of the objects
that contribute to our cold dispersion is irrelevant as long as they are
separated out effectively.

7 V ERTI CAL VELOCI TY DI SPERSI ON
PROFILE

Fig. 10 shows the velocity dispersion results obtained from the
integrated light VIRUS-W data (points at R = 54 and 98 arcsec)
and the PNe from the PN.S data (three outer points) in each radial
bin. At each radius, we show the one-component dispersion (cyan
markers) and then the hot and cold thin disc dispersion from the
double Gaussian fit (black and grey markers). The solid curve in
Fig. 10 is an exponential fit to the hot component data in the form
σz (R) = σz (0) exp (−R/2hdyn), as expected from equation (2) if the
total surface density �T is exponential in radius and has a radially
constant scale height hz. From this exponential fit, we obtain the
best-fitting dynamical scale length to be hdyn = 92 arcsec which is in
excellent agreement with the scale length measured for the 3.6 μm
band as I (R) = I (0) exp (−R/hr,[3.6]) (Table 2). The fitted central
velocity dispersion for the hot component is σz (0) = 87.8 ± 4.9
km s−1. We recall that it is this hot component dispersion that should
be used with the derived scale height from Section 4 to estimate
the total surface mass density of the disc. If we assume a single
homogeneous population of tracers and fit the same exponential
function to the one-component dispersions (cyan markers in Fig. 10),
we find the best-fitting dynamical scale length to be hdyn = 120
arcsec and the central vertical dispersion σz (0) = 49.2 ± 5.1 km s−1,
which is ∼50 per cent smaller than the central velocity dispersion
from the fit to the hot component. The use of this one-component
dispersion for the calculation of the surface mass density would
underestimate the surface density by a factor of ∼2, which would
be enough to make the maximal disc look submaximal, but with
a gradient in the M/L ratio (see the results from Herrmann &
Ciardullo 2009b about the increase in the disc M/L ratio in the outer
disc).

We note that the difference between the one-component disper-
sions and the hot component dispersions decreases with radius and
is almost zero in the outermost radial bin (Fig. 10). This is consistent
with the BIC values shown for the outer radial bin, which favours
the one-component model (Table 4).

8 STELLAR SURFAC E MASS D ENSI TY

Using equation (1) with f = 1/2π (isothermal model, see appendix 1
in An18) and measured hz (Table 2) and σ z from the hot disc (Table 5,
column 2), we calculate the total surface mass density (�T) in each
radial bin (Table 5, column 3).

The stellar mass surface density of the hot disc (�D) is �D = �T

− (�C,∗ + �C,gas), where �C,∗ + �C,gas is the surface density of a
cold thin layer made up of the cold thin disc of stars and the gaseous
disc of the galaxy. While we can directly measure �C,gas (see Fig. 5
and Table 5, column 4), the cold stellar population contribution �C,∗
is not known directly from our data. We can write the equation for
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3588 S. Aniyan et al.

Figure 9. The distribution of the PNe LOS velocities from the bottom panels in Fig. 8 for each radial bin, respectively. The single Gaussian fit to the data is
shown with the black curve. The velocity distributions are not well represented by a single Gaussian: the excess of low-velocity PNe is evident.

Table 4. The σz values calculated from the PN.S data. We give the 90
per cent confidence upper limit for the cold dispersions. The lower BIC
values of the two-component fit suggest it to be the preferred model over
the one-component model, except for the outermost radial bin where the one
component model is preferred.

Mean radius Two-component model One-component model
(arcsec) σz,cold σz,hot BIC σz BIC

(km s−1) (km s−1) (km s−1)

144 ≤12.1 ± 2.3 32.0 ± 6.4 1236 26.5 ± 1.7 1251
242 ≤12.9 ± 3.3 20.9 ± 4.1 1076 18.6 ± 1.2 1090
335 ≤12.3 ± 3.5 14.8 ± 5.9 1062 14.5 ± 1.0 1055

the surface densities of the stellar disc components as

�D = �T − �C,gas

1 + FC
, where FC = �C,∗

�D
. (5)

We can estimate the ratio of luminosities LC/LD of the cold and
hot stellar layers from the integrated spectra. These luminosity ratios
are given in Table 5 (column 5) for the first two radial positions
where the dispersions come from integrated light. From these ratios,
we can then estimate the ratios of the surface densities of the cold
and hot layers, using stellar population models (Bruzual & Charlot
2003).

We showed in An18 (fig. 12) that the thin disc stars in the
solar neighbourhood older than about 3 Gyr have vertical velocity
dispersions almost independent of age, at about 20 km s−1. Stars with
ages younger than about 3 Gyr show a strong age–velocity dispersion
relation, rising from about 10 km s−1 for the youngest stars to about
20 km s−1 at 3 Gyr. We identify stars with ages >3 Gyr as the old
hot population denoted D in Table 5, and stars with ages <3 Gyr as
the young cold populations denoted C∗ in Table 5.

The age difference of the cold and hot stellar populations is also
indicated visually by the spectra of the best-fitting stellar templates
used in the spectral fitting analysis (Fig. 7): the colder population
looks younger, with its stronger H β and (slightly) weaker metallic
lines. Fig. 11 shows an extended section of the PPXF spectra including
the H β region. This region was excluded from the kinematical
analysis, thus is not shown in Fig. 7. Three trends are evident in
the ratio of the cold/hot spectra: (i) H β is stronger in the spectrum
for the kinematically colder component, and shows broader wings;
(ii) the metallic lines such as the Mgb triplet and the 5270 and 5320 Å
Fe-lines are stronger in the kinematically hotter component, and (iii)
the continuum for the colder component is somewhat bluer than for

the hotter component, as seen by reference to the horizontal dashed
line. These three trends are consistent with the colder population
being younger, and follow naturally if the mean temperatures of the
stars which dominate the spectrum are lower in the hotter component.
We note that only the region of spectrum from 5040 to 5310 Å was
used in the PPXF fit.

In An18, we then showed that, if the star formation rate in the disc
has decayed with time like exp (−t/τ ), and if τ > 3 Gyr, then the
ratio of (M/L for the cold component) to (M/L for the hot component)
is about 0.167, almost independent of τ . Assuming NGC 6946 has a
similar age–velocity relation as in the solar neighbourhood, i.e. the
old thin disc is composed of stars with ages between 3 and 10 Gyr
and assuming a star formation rate that decays with time like exp (−
t/τ ), then we can derive the ratio of surface densities of young and old
populations given as FC in Table 5 (column 6) for the first two radial
positions. For the three radial positions using PNe as tracers (R =
4.3–9.9 kpc), we cannot use these arguments, because of possible
contamination of the sample by H II regions, and because the lifetimes
of PNe vary strongly with progenitor mass (Miller Bertolami 2016).
For columns 5 and 6 of Table 5, we therefore adopt the means of the
values found from our integrated light spectra in the first two radial
positions. The values of �D and �C,∗ in columns 7 and 8 follow from
equation (5). The errors for �T, shown in Table 5 are relatively large
(30–40 per cent for most radial bins) – these errors include errors
in all spectroscopic and photometric parameters (scale length and
scale height) used to evaluate �T, and therefore following simple
error propagation overestimates the relative errors between radial
bins.

Table 5 (columns 9–12), gives the total stellar M/L ratios for (�D

+ �C,∗) at each radius in BVI and 3.6 μm photometric bands (Fig. 4).
Prior to derivation of the M/L ratio, all photometric magnitudes were
corrected for the Galactic extinction and inclination effects. From
Table 5, it is visible that values of the mass-to-light ratio (M/L, ϒ�)
vary with radius in every band differently from some previous studies
(Martinsson et al. 2013; Swaters et al. 2014). In our approach, even
if the light declines in the same way as mass (hphot = hdyn), the
ratio of the cold-to-hot component and the contribution from gas
mass also changes with radius, contributing to radial variation of the
M/L values. However, we also do not exclude the contribution of
the observational errors to this radial change in M/L. Interestingly,
the mean value of the ϒ�[3.6] is equal to 0.4, which is lower in
comparison with the current stellar population models that assume
constant ϒ�[3.6] = 0.6 (Meidt et al. 2012; Röck et al. 2015). This
lower value of ϒ�[3.6] can be explained with the very high star
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Resolving the disc–halo degeneracy: NGC 6946 3589

Figure 10. The vertical velocity dispersion as a function of radius in NGC 6946. The black and grey markers indicate the hot and cold velocity dispersions,
respectively, from our two-component fits, the cyan markers are our single-component values. The two inner data points at R = 54 and 98 arcsec were obtained
for integrated light spectra from VIRUS-W and the outer data points are for PNe from PN.S. The solid line denotes an exponential with twice the galaxy’s
dynamical scale length (hdyn = 92 arcsec = 2.72 kpc) fit to the hot component. Our data have been corrected for the H I velocity dispersion and PNe measuring
errors. The cold component from the PN.S data was dominated by our errors, and we show the 90 per cent upper limits for these values. The errors bars are the
1σ errors obtained from Monte Carlo simulations.

Table 5. Parameters for NGC 6946 at the five radii where the velocity dispersion of the hot disc was measured (inner two radii from integrated light, outer three
from PNe). All surface densities are in units of M� pc−2. The columns are (1) radius (kpc); (2) vertical velocity dispersion σz of the hot disc; (3) total surface
density �T from equation (2); (4) observed surface density �C,gas of the gas layer; (5) ratio of luminosities of cold and hot layers from the integrated spectra in
rows 1 and 2, and adopted mean of rows 1 and 2 in rows 3–5; (6) the ratio FC of the stellar surface densities of the cold and hot layers from Bruzual & Charlot
(2003); (7) the surface density �D of the hot layer from equation (5); (8) the stellar surface density �C,∗ of the cold layer; (9)–(12) total (�D + �C,∗) stellar
M/L ratio in BVI and 3.6 μm bands. We note the absence of the last measured point of the ϒ� in optical bands as our data do not extend far enough.

R σz �T �C,gas LC/LD FC �D �C,∗ ϒ� [B] ϒ� [V] ϒ� [I] ϒ� [3.6]
(kpc) (km s−1) (M� pc−2) (M� pc−2) (M� pc−2) (M� pc−2)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

1.6 65.3 420 ± 152 25.5 ± 4 52/48 0.18 334.32 60.17 2.48 ± 0.9 2.36 ± 0.85 1.31 ± 0.47 0.48 ± 0.17
2.9 64.6 411 ± 157 17.7 ± 4 46/54 0.14 345.0 48.3 3.61 ± 1.2 3.61 ± 1.2 2.07 ± 0.69 0.72 ± 0.24
4.3 32.0 101 ± 31 14.3 ± 5 49/51 0.16 74.74 11.95 1.1 ± 0.34 1.1 ± 0.34 0.73 ± 0.23 0.26 ± 0.12
7.2 20.9 43 ± 16 8.3 ± 4 49/51 0.16 29.91 4.78 0.91 ± 0.34 1.12 ± 0.41 0.74 ± 0.28 0.29 ± 0.12
9.9 14.8 21.5 ± 19 5.2 ± 5 49/51 0.16 14.05 2.24 – – – 0.47 ± 0.4

formation rate for this galaxy (4.76 M� yr−1; Walter et al. 2008). As
was shown by Querejeta et al. (2015), the flux of the Spitzer 3.6 μm
band represents not only the light from the old stellar population,
but also that emitted by the warm dust heated by young stars and
re-emitted at longer wavelengths, and its contribution can be as high
as 30 per cent at the regions of high star formation activity. Moreover,
AGB stars also peak at 3.6μm, significantly contributing into the total
flux, but not into the stellar mass of a galaxy. Ponomareva et al. (2017)
also shown that the use of the 3.6 μm luminosities corrected for the
non-stellar contamination can even decrease the scatter in the Tully–
Fisher relation. Thus, if we assume the non-stellar contamination
of ∼30 per cent for NGC 6946, the values of the ϒ�[3.6] will
increase towards the mean value of ∼0.7. Moreover, the mean value
of ϒ�[3.6] = 0.4 is in agreement with the ϒ�[3.6] derived as a
function of the [3.6]–[4.5] colour for a sample of spiral galaxies
(Ponomareva et al. 2018, see equation 13). In comparison with

NGC 628 (An18), we find the mean ϒ� to be lower for the NGC 6946
independently of a photometrical band. This is consistent with the
difference in total star formation rate between the two galaxies:
Walter et al. (2008) give the SFR for NGC 628 as 1.21 M� yr−1 and
for NGC 6946 as 4.76 M� yr−1, indicating that the stellar population
in NGC 628 is likely to be older in the mean. This is also consistent
with the above-mentioned non-stellar contamination in the 3.6 μm
band.

9 ROTAT I O N C U RV E D E C O M P O S I T I O N

9.1 Observed H I rotation curve

We derive the observed rotation curve of NGC 6946 using THINGS
data (Walter et al. 2008). As the galaxy is large and well-resolved,
we use the 2D tilted-ring modelling approach (Begeman 1989) to
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3590 S. Aniyan et al.

Figure 11. The upper panel shows the spectrum for the hot component for
the inner radial zone in NGC 6946. The lower panel shows the ratio of the
cold to the hot spectra, pixel by pixel. The spectral region between 5050 and
5300 Å used for the fit is indicated with vertical arrows. The [N I] emission
lines at ∼5200 Å have been omitted from the fit.

derive the rotation curve from the observed velocity field. First,
the velocity field was constructed using the Gauss–Hermit poly-
nomial fitting function and then corrected for the skewed velocity
profiles that reflect random motions (Ponomareva et al. 2016).
The results of the tilted-ring modelling are shown in Fig. 12. We
find the position and inclination angles to be 242 and 37 degrees,
respectively. We fix these values to derive the final rotation curve
for the receding and approaching sides of the galaxy, shown in
the bottom panel of Fig. 12. It is clear that the rotation curve
of NGC 6946 is well-behaved, reaching the flat part at ∼170
arcsec. The difference between the approaching and receding sides
of the rotation curve was adopted as the error on the rotational
velocity.

9.2 Stellar distribution

The rotation curve and the 3.6 μm surface brightness profile of
NGC 6946 indicate the presence of the small bulge component.
As our spectral observations do not cover the central region of the
galaxy, the bulge does not contribute to the derived total surface mass
density. Therefore, to include the contribution from the bulge to the
total observed rotation curve, we fit the bulge component to the 3.6
μm profile (Fig. 4) and then convert its luminosity into mass using
ϒ�[3.6] = 0.6 (Meidt et al. 2012; Querejeta et al. 2015; Röck et al.
2015).

Thus, we have all of the baryonic components contributions and we
model their rotation curves using a spherical potential for the bulge
and the exponential total disc component, using the derived central
surface mass density (�0 = 758.84 ± 162 M� pc−2), dynamical
scale length (hdyn = 2.72 kpc) and I-band scale height (hz = 376
pc), inferred from the measured I-band scale length (Section 4). We
model the rotation curves of all the baryonic components with the

Figure 12. Kinematic fits to the H I THINGS data for NGC 6946. The top
three panels show the systemic velocity, position angle, and inclination as
a function of radius. The black solid lines indicate the average values that
were used in the fit for the rotational velocity. The bottom panel shows the
H I rotation curve of the galaxy. The blue and red data points are for the
approaching and receding side of the galaxy, respectively. The black curve is
the average rotation curve for both sides. The optical radius (Ropt ∼ 3.2 hR)
of the galaxy is indicated with the black arrow.

same radial sampling as was used for the derivation of the observed
rotation curve.

9.3 Mass modelling

The total rotational velocity of a spiral galaxy can be presented as the
quadratic sum of the rotational velocity for its baryonic components
and a dark halo:

V 2
tot = V 2

bar + V 2
halo, (6)

where Vbar is the rotational velocity of the baryonic components of
a galaxy (stars and gas) and Vhalo is the velocity of a DM halo.
From our analysis, we have direct measurements on all baryonic
components of the disc, using dynamically obtained surface mass
density, and of the bulge from the 3.6 μm profile. Thus, we can
model the total baryonic rotational velocity curve and then fit the
rotation curve of the DM halo so that Vtot matches Vobs as closely
as possible. Since we have directly measured total surface mass
density of the disc, we do not have the usual uncertainties related
to the disc M/L that are a major concern in decomposing rotation
curves.
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Resolving the disc–halo degeneracy: NGC 6946 3591

Figure 13. The rotation curve decomposition for NGC 6946 by fitting a pISO halo (top panel) and an NFW halo (bottom panel). The observed H I rotation
curve is shown as black dots. The magenta dashed line is the rotation curve from the total baryonic component: bulge + gas + disc with the 1σ errors. The
blue line represents the total rotational velocity: V 2

tot = V 2
bar + V 2

halo. The short blue vertical lines show the 1σ errors of the modelled total rotational velocity.
1kpc = 33.8 arcsec.

We estimate the maximum rotational velocity of the baryonic
rotation curve (blue line in Fig. 13) at 2.2 hdyn to be equal to
Vmax(bar) = 130 km s−1 with the typical error of 13 per cent due to the
error on the central surface brightness and the negative covariance

between the hR,dyn and the σ z(0) (see An18 for more details). In
comparison with the maximum velocity of the total rotation curve at
2.2 hdyn (Vmax = 170 ± 10 km s−1), we find our disc to be closer to
maximal with Vmax(bar) = 0.76(±0.14)Vmax.
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Table 6. The derived parameters of the fitted DM haloes from the mass
modelling. Solely based on the value of the χ2

red, the pISO model may be a
better fit to the data.

pISO NFW
RC ρ χ2

red C R200 χ2
red

(kpc) (10−3 M� pc−3) (kpc)

2.8 ± 0.2 57.6 ± 8 0.93 10.8 ± 1 169.3 ± 7 1.1

For our further analysis, we use two different DM halo models:
the pseudo-isothermal (pISO) and the NFW halo. The pISO halo
rotation curve is parametrized by its central core density ρ0 and its
core radius Rc:

V
pISO

DM (R) =
√

4πGρ0R2
c

[
1 − Rc

R
tan−1

(
R

Rc

)]
, (7)

while the NFW halo (Navarro, Frenk & White 1997) is parametrized
by its circular velocity V200 at the virial radius R200 and its central
concentration c:

V NFW
DM (R) = V200

[
ln(1 + cx) − cx/(1 + cx)

x[ln(1 + c) − c/(1 + c)]

]1/2

, (8)

where x = R/R200.
Thus, we keep the rotation curve of the baryons fixed, and use

the GIPSY (van der Hulst et al. 1992) task ROTMAS to fit the
rotation curves for the dark haloes. The results from this modelling
is presented in Fig. 13 (the top panel is for the pISO halo and the
bottom panel for the NFW halo). The derived parameters of the fitted
DM rotation curves are presented in Table 6. The error on the total
rotational velocity (blue line in Fig. 13) follows from the error on
the central surface density. Although the rotation curve shapes for
the pISO and NFW haloes are similar, the pISO rotation curve is a
slightly better fit, with χ2

red = 0.93 versus χ2
red = 1.1 for the NFW

halo.
Fig. 14 shows the χ2 maps of the 2D parameter space between

the main parameters of the DM haloes. It is clear that derived dark
halo parameters for the pseudo-isothermal and NFW models have
significant covariance: the coloured ellipses in each panel represent
the 1σ–5σ values from inside to outside. The errors quoted in Table 6
are the 1σ uncertainties.

1 0 C O N C L U S I O N S

We use absorption line spectra in the inner regions and PNe in the
outer regions of the galaxy NGC 6946 to trace the kinematics of
the disc. We show that there exists a younger, kinematically colder
population of tracers within an older and hotter component.

When attempting to break the disc–halo degeneracy by measuring
the surface mass density of the disc, using the velocity dispersion and
the estimated scale height of the disc, it is crucial that the dispersion
and the scale height pertain to the same population of stars. The scale
height, obtained from near-IR studies of edge-on galaxies is for the
older population of thin disc stars. We use this scale height with
the dispersion of the hotter component to calculate the surface mass
density. This density is a factor of 2.3 times greater than the surface
density we would get if we assume a single homogeneous population
of tracers. This factor is large enough to make the difference between
concluding that a disc is maximal or submaximal.

We find that the observed vertical velocity dispersion of the hotter
component follows an exponential radial decrease. In comparison,
the central velocity dispersions for the hot components in NGC 628

Figure 14. χ2 map in the 2D parameter space of the dark halo parameters.
The upper panel shows the covariance between the density and radius of
the core of the pISO model of the dark halo. The lower panel shows the
covariance between the virial radius and concentration of the NFW dark halo
model. The ellipses represent the 1σ–5σ values from inside out.

and NGC 6946 do not differ by much: 73.6 ± 9.8 km s−1 for NGC
628 and 87.8 ± 4.9 km s−1 for NGC 6946. The B-band magnitudes
from Walter et al. (2008), −19.97 and −20.61, respectively, suggest
that the brighter galaxy has a higher central σ z.

The dynamical scale length of the galaxy (derived by fitting
σz (R) = σz (0) exp (−R/2hdyn) to the hot component velocity dis-
persions in Fig. 10) agrees well with the photometric scale length of
the galaxy (derived by fitting I (R) = I (0) exp (−R/hr,[3.6]) to the
3.6 μm surface brightness distribution in Fig. 4). In this case, the
expected M/L in this galaxy should be close to constant over the
radial region probed by our study (see Section 8). We find that in
all four photometric bands (BVI and 3.6 μm), the M/L varies with
radius, but within the errors being consistent with a radially constant
value. Moreover, we find that M/L in the 3.6 μm band has a lower
value than assumed by single stellar population models (Meidt et al.
2012; Querejeta et al. 2015; Röck et al. 2015). Interestingly, its mean
value over all radii agrees well with the ϒ�[3.6] derived as a function
of the [3.6]–[4.5] colour for a sample of spiral galaxies (Ponomareva
et al. 2018). We suggest that lower values of the ϒ�[3.6] are due to
the contamination from dust and AGB stars of the 3.6 μm flux. The
maximum correction of 30 per cent (Querejeta et al. 2015) would
increase the mean ϒ�[3.6] by a factor of two.
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Resolving the disc–halo degeneracy: NGC 6946 3593

Decomposing the rotation curve of this galaxy, after taking into
account the hot and cold stellar components, leads to a maximal
disc (Vmax(bar) = 0.76(±0.14)Vmax). The disc contributes about
76 per cent of the rotation curve at its peak, which is consistent
with our previous study of NGC 628 (78 per cent). The molecular
gas makes an unusually large contribution in the inner parts of this
galaxy, and the baryons together dominate the radial component of
the gravitational field out to a radius of about 8 kpc.
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Macciò A. V., Ruchayskiy O., Boyarsky A., Muñoz-Cuartas J. C., 2013,
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