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1 INTRODUCTION

ABSTRACT

The decomposition of the rotation curve of galaxies into contribution from the disc and
dark halo remains uncertain and depends on the adopted mass to light ratio (M/L) of
the disc. Given the vertical velocity dispersion of stars and disc scale height, the disc
surface mass density and hence the M/L can be estimated. We address a conceptual
problem with previous measurements of the scale height and dispersion. When using
this method, the dispersion and scale height must refer to the same population of stars.
The scale height is obtained from near-IR studies of edge-on galaxies and is weighted to-
wards older kinematically hotter stars, whereas the dispersion obtained from integrated
light in the optical bands includes stars of all ages. We aim to extract the dispersion for
the hotter stars, so that it can then be used with the correct scale height to obtain the disc
surface mass density. We use a sample of planetary nebulae (PNe) as dynamical tracers
in the face-on galaxy NGC 628. We extract two different dispersions from its velocity
histogram — representing the older and younger PNe. We also present complementary
stellar absorption spectra in the inner regions of this galaxy and use a direct pixel fitting
technique to extract the two components. Our analysis concludes that previous studies,
which do not take account of the young disc, underestimate the disc surface mass den-
sity by a factor of ~2. This is sufficient to make a maximal disc for NGC 628 appear
like a submaximal disc.

Key words: Galaxies: kinematics and dynamics — Galaxies: evolution — Galaxies: spi-
ral — dark matter

These halo parameters are cosmologically significant, because
the densities and scale radii of dark haloes follow well-defined

The 21 cm rotation curve of galaxies flatten at large radii, indi-
cating the presence of dark matter in these galaxies. The rotation
curves can be decomposed into contributions from the stellar
and gas discs, plus the dark halo, and in principle allow us to
estimate the parameters of the dark halo. The decomposition of
these rotation curves into contributions from the disc and the
dark halo depends strongly, however, on the adopted mass-to-
light ratio (M/L) of the stellar disc (Van Albada et al. 1985).
Choosing different M/L can result in a maximal disc or a sub-
maximal disc, with very different dark halo contributions, both
of which can fit the observed rotation curves equally well. Thus,
the M/L is critical to obtain the parameters of the dark haloes
of disc galaxies, such as their scale densities and scale lengths.
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scaling laws and can therefore be used to measure the redshift
of assembly of haloes of different masses (Maccio et al. 2013;
Kormendy & Freeman 2016).

Several techniques have been used to break the disc-halo
degeneracy but they all present challenges. One such technique
is the adoption of the maximum-disc hypothesis (Van Albada
et al. 1985). This method involves adopting a M/L such that
there is maximum contribution from the disc without exceed-
ing the observed rotation curve. However, there is still argu-
ment about whether this hypothesis is correct. Another tech-
nique used to estimate the M/L is from stellar population syn-
thesis models. However, this method involves several significant
assumptions about the star formation and chemical enrichment
histories and the initial stellar mass function, and it needs an
accurate account of late phases of stellar evolution (Maraston
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2005; Conroy et al. 2009). The M/L obtained using these meth-
ods (in the K-band) have typical uncertainties of ~ 0.3 dex (see
for e.g. Conroy 2013; Courteau et al. 2014), enough to allow a
maximal or sub-maximal solution in most mass modeling de-
compositions.

One of the more direct methods to break the disc-halo de-
generacy uses the vertical velocity dispersion of tracers in the
discs to measure the surface mass density of the disc (e.g. Van
der Kruit & Freeman 1984, Bottema et al. 1987, Herrmann et al.
2008, Bershady et al. 2010a). Using the 1D Jeans equation in the
vertical direction, the vertical luminosity-weighted velocity dis-
persion o, (integrated vertically through the disc) and the ver-
tical exponential disc scale height &, together give the surface
mass density X of the disc via the relation:

T = fo?/Gh, (D

where 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. For exam-
ple, for an isothermal disc with p(z) o« sech?(z/2h.), the factor
f = fiso = 1/2m, whereas f = f,, = 2/3n for a vertically expo-
nential disc with p(z) o« exp(—z/h;) (Van der Kruit & Freeman
2011). Van der Kruit (1988) advocated for an intermediate case
where p(z) o« sech(z/h,), for which f = f,,, = 2/x*. Thus, hav-
ing adopted a vertical structure for the stellar disc, we need two
observables to estimate the surface mass density of the disc:
the scale height and the vertical velocity dispersion. The sur-
face brightness of the disc and the surface mass density (X from
equation 1) together give the M/L of the disc, which is needed
to break the disc-halo degeneracy.

The scale height £, of the thin disc is typically about 300
pc (see for e.g. Gilmore & Reid 1983), but cannot be measured
directly for face-on galaxies. Studies of edge-on disc galaxies
show a correlation between the scale height and indicators of
the galaxies’ mass scale, such as the absolute magnitude and the
circular velocity. Yoachim & Dalcanton (2006) show the corre-
lation of the scale heights of the thin and thick disc with circular
velocity of edge-on disc galaxies using R-band surface photom-
etry. Similarly, Kregel et al. (2005) used I-band surface photom-
etry of edge-on disc galaxies to derive correlations between the
scale height and intrinsic properties of the galaxy such as its
central surface brightness. We can, therefore, estimate the scale
height statistically using other known features of the galaxy.

The other parameter, the vertical stellar velocity dispersion
o, of the disc, can be measured in relatively face-on galaxies
from:

e gspectra of the integrated light of the disc.
e the velocity distribution of a population of stellar tracers
(such as planetary nebulae).

Using the integrated light to measure o, is challenging because
high resolution spectra of low surface brightness discs are re-
quired to measure the small velocity dispersions (e.g. for the
old disc near the sun, Aniyan et al. (2016) find o, ~ 20 km
s71). Another challenge comes from the fact that near face-on
galaxies are rare, so dynamical analyses are required in galax-
ies with larger inclinations to extract the vertical component o,
from the observed line-of-sight velocity dispersion (LOSVD)
oros- NGC 628 is one of the few galaxies (the only one in our
sample), which is so nearly face-on that the in-plane compo-
nents of the stellar motion makes a negligible contribution to
the LOSVD. Van der Kruit & Freeman (1984), Bottema et al.

(1987) and Bershady et al. (2010a) have used this method and
find that the disc M/L is relatively low and the discs are sub-
maximal.

The DiskMass Survey (DMS; Bershady et al. 2010a) used
integral-field spectroscopy to measure the stellar kinematics of
the discs of near face-on galaxies observed with the SparsePak
and PPak instruments. The DMS measured stellar kinematics
for 46 galaxies and calculated their vertical velocity dispersions
from the absorption line spectra of the integrated disc light.
They then combined these dispersions with the estimated scale
heights to calculate the surface mass density of the disc (us-
ing equation 1). Bershady et al. (2011) find that the dynamical
stellar M/L obtained from the surface mass density is about 3
times lower than the M/L from the maximum disc hypothesis
and conclude that discs are submaximal.

Herrmann et al. (2008) and Herrmann & Ciardullo
(2009a,b) observed 5 near-face-on spirals (including our target
galaxy NGC 628) using PNe as tracers. The advantage of using
PNe as tracers over integrated light work is that it enables one to
extend the analysis to the outer regions of the disc. Herrmann &
Ciardullo (2009b) find that 4 of their discs appear to have a con-
stant M/L out to ~ 3 optical scale lengths. Beyond this radius,
o, flattens out and remains constant with radius. Herrmann &
Ciardullo (2009b) suggest that this behaviour could be due to an
increase in the disc mass-to-light ratio, an increase in the contri-
bution of the thick disc, and/or heating of the thin disc by halo
substructure. They also find a correlation between disc maxi-
mality and whether the galaxy is an early or late type spiral.
They note that the later-type (Scd) systems appear to be clearly
submaximal, with surface mass densities less than a quarter of
that needed to reproduce the central rotation curves, whereas in
earlier (Sc) galaxies (like NGC 628), this discrepancy is smaller,
but still present; only the early-type Sab system M94 has evi-
dence for a maximal disc (Herrmann & Ciardullo 2009b).

An important conceptual problem has, however, been over-
looked in the earlier studies described above. Equation 1 comes
from the vertical Jeans equation for an equilibrium disc. It is
therefore essential that the vertical disc scale height A, and the
vertical velocity dispersion o, should refer to the same popula-
tion of stars.

The red and near-infrared measurements of the scale
heights of edge-on disc galaxies are dominated by the red gi-
ants of the older, kinematically hotter population. The dust layer
near the Galactic plane further weights the determination of the
scale height to the older kinematically hotter population: e.g. De
Grijs et al. (1997). On the other hand, the velocity dispersion o,
is usually measured from integrated light spectra near the Mg
b lines (~ 5150 — 5200 A), since this region has many absorp-
tion lines and the sky is relatively dark. The Call triplet region
at ~ 8500 A is also a potential region of interest with several
strong absorption features. However, there are many bright sky
emission lines in this region, which makes the analysis more
difficult. The Call triplet wavelength regions are also affected
by Paschen lines from young hot stars and are not dominated by
the red giants alone (see Figure 6 and associated discussion in
Iodice et al. 2015). The discs of the gas-rich galaxies for which
good HI rotation data are available usually have a continuing
history of star formation and therefore include a population of
young (ages < 2 Gyr), kinematically cold stars among a popu-
lation of older, kinematically hotter stars. The red giants of this
mixed young + old population provide most of the absorption
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line signal that is used for deriving velocity dispersions from the
integrated light spectra of galactic discs.

Therefore, in equation 1, we should be using the velocity
dispersion of the older disc stars in combination with the scale
heights of this same population for an accurate determination
of the surface mass density (Jeans 1915). In practice, because
of limited signal-to-noise ratios for the integrated light spectra
of the discs, integrated light measurements of the disc velocity
dispersions usually adopt a single kinematical population for the
velocity dispersion whereas, ideally, the dispersion of the older
stars should be extracted from the composite observed spectrum
of the younger and older stars.

Adopting a single kinematical population for a compos-
ite kinematical population gives a velocity dispersion that is
smaller than the velocity dispersion of the old disc giants (for
which the scale height was measured), and hence underesti-
mates the surface density of the disc. A maximal disc will then
appear submaximal. This problem potentially affects the usual
dynamical tracers of the disc surface density in external galax-
ies, like red giants and planetary nebulae, which have progeni-
tors covering a wide range of ages. It therefore affects most of
the previous studies. It is consistent with the discovery by Her-
rmann & Ciardullo (2009b), mentioned above, that the later-
type (Scd) systems appear to be clearly submaximal, because
these later-type systems are potentially the most affected by the
contribution of the younger planetary nebulae to the velocity
dispersion (see however Courteau et al. 2014 and Courteau &
Dutton 2015). A recent study of the K-giants in the V-band in
the solar neighbourhood by Aniyan et al. (2016) showed that
the young stars contribute significantly to the total light and that
the velocity dispersion derived assuming a single population of
tracers (red giants) leads to the disc surface mass density being
underestimated by a factor ~ 2.

Our goal in this paper is to use the kinematics and scale
height of the older stars as consistent tracers to estimate the to-
tal surface density of the disc (older stars + younger stars +
gas). The distribution of the older stars will be affected by the
gravitational field of the thinner layer of younger stars and gas.
Their dynamical contribution is often neglected in estimates of
the disc surface density. If we assume that the layer of younger
objects and gas is very thin, and take the velocity distribution
of older stars as isothermal, then there is an exact solution for
the density distribution of the older stars (see Appendix A).
Their density distribution is a modified version of the familiar
sech?(z/2h,) relation for the simple isothermal, and Equation 1
becomes:

ET = ED + EC,* + 2C,gﬂs = O—z/(ZHGhz) (2)

where Zr is the total surface density of the disc, Zp is the surface
density of the older stellar component which we are using as the
dynamical tracer (its scale height is 4, and its integrated vertical
velocity dispersion is 0;). ¢, and Z¢ .,y are the surface densi-
ties of the cold thin layers of young stars and gas respectively.
An independent measurement of Z¢ ., is available from 21 cm
and mm radio observations. We will see later (Table 6) that the
contributions of the cold layers to the total surface density can
be significant.

In this paper, we present our observations of our most face-
on galaxy NGC 628 (M74) to extract a two component veloc-
ity dispersion for the motion of the hot and cold disc compo-
nent independently. We combine velocity dispersion data from
two sources: (1) an absorption line study of the integrated disc
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light using spectra from the VIRUS-W IFU instrument on the
107-inch telescope at McDonald Observatory, and (2) the ve-
locity distribution of planetary nebulae observed using the plan-
etary nebula spectrograph (PN.S) on the William Herschel Tele-
scope. Section 2 describes the observations and data reduc-
tion for VIRUS-W, and section 3 summarises the same for the
PN.S. Section 4 discusses the photometric properties and de-
rives scale height of NGC 628 and section 5 briefly summarises
the adopted parameters that goes into our analysis in the calcula-
tion of the surface mass density of the disc. Section 6 discusses
our analysis to derive the surface mass density of the cold gas
in this galaxy and section 7 details the analysis involved in the
extraction of a double Gaussian model from our data. Section
8 discusses the vertical dispersion profile of the hot and cold
stellar components, and section 9 describes the calculation of
the stellar surface mass density. Section 10 explains the rotation
curve decomposition using the calculated surface mass densi-
ties. Section 11 lists our conclusions and scope for future work.
In the Appendix, we discuss the dynamical effect of the cold
disc component on the hot component.

2 VIRUS-W SPECTROGRAPH

The VIRUS-W is an optical-fibre-based Integral Field Unit
(IFU) spectrograph built by the University Observatory of the
Ludwig-Maximilians University, Munich and the Max-Planck
Institute for Extraterrestrial Physics, and used on the 2.7m Har-
lan J. Smith Telescope at the McDonald Observatory in Texas.
The IFU has 267 fibres, each 150 u m-core optical fibers with a
fill factor of 1/3. With a beam of £/3.65, the core diameter cor-
responds to 3.2” on sky, and the instrument has a large field of
view of 105” x 55" (Fabricius et al. 2012). We use the high res-
olution mode of the instrument which has a spectral resolving
power of R ~ 8700 or an average velocity resolution of about
14.7 km s~! (gaussian sigma of the PSF). The spectral coverage
is 4802 — 5470 A. The instrument is ideally suited for the study
of the absorption features in the Mgb region (~ 5175 A). We
summed the spectra over the IFU, excluding those affected by
foreground stars, to produce summed spectra of high signal-to-
noise ratio (SNR) at two mean radii. The high SNR allows us to
measure velocity dispersions somewhat lower than the velocity
resolution (sigma) of the instrument.

2.1 Observations

NGC 628 is a large nearby galaxy, much larger than the field
of the IFU. It was observed in October 2014. We were able
to observe several fields around the galaxy with a luminosity
weighted radius of about 78”. This corresponds to about 1 scale
length in the R-band (Fathi et al. 2007; Mollenhoft 2004). We
positioned the IFU along the major and minor axis as well as at
intermediate position angles. Our IFU positions on the galaxy
are shown in Figure 1. The distribution of fields around the
galaxy allows us to separate the contributions to the line of sight
velocity dispersion from the vertical and in-plane components
of the stellar motions in the disc. Since the fields cover a large
radial extent on the galaxy, we decided to split the data into
two radial bins, at luminosity-weighted radii of 62” and 109”
respectively.

The position and exposure time at each position is given in
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Figure 1. The positions of the VIRUS-W IFU fields overlaid on a DSS image of NGC 628. The position of the 267 fibres in each field are also shown.
The circle at 85" shows where we separated our data into the inner and outer radial bin.

Table 1. Each of the galaxy exposures were preceded and fol-
lowed by a sky exposure of equal time. We repeated this sky ->
galaxy -> sky sequence at least thrice at each field, as indicated
in column 3 of Table 1. This enabled very good sky subtraction
using the automated pipeline developed for VIRUS-W.

RA (J2000)  Dec (J2000)  Exposure Time (s)
1:36:49.00  +15:47:02.7 3 x 800
1:36:34.36 +15:47:02.1 3 x 800
1:36:45.19 +15:47:02.1 3 x 800
1:36:37.85 +15:46:06.5 3 x 800
1:36:45.46 +15:48:00.0 3 x 800
1:36:38.10  +15:47:59.1 3 x 800
1:36:41.16 +15:48:56.9 5 % 800

Table 1. Coordinates and exposure times for the IFU fields in NGC 628.

2.2 Data Reduction and Extraction of Spectrum

The raw data were reduced using the automated pipeline
’CURE’ which was orginally developed for HETDEX, but later
adapted for VIRUS-W data reductions. The pipeline uses the bi-
ases and dome flats obtained during observation to debias and
flat field correct the raw data. The pipeline then uses the ob-
served arc frames for the wavelength calibration of the images.
The final step is extraction of the spectrum from each fibre and
then subtracting the sky. The sky frames preceding and succeed-
ing the galaxy image are averaged and scaled to match the expo-
sure time of the galaxy frame, which is then subtracted from the
galaxy image. The data were reduced in log-wavelength space.
The velocity step of the spectrum is ~ 11 km s~!. As a check on
the stability of the instrument we independently measured the
dispersion of a few arc lines. Our measured values agree with
the dispersions quoted in Fabricius et al. (2012) with o ~ 14
km s~! near the Mgb region. As an added check, we combined
all of our sky images to produce a 2D sky image with very high

counts. We then measured the wavelengths of some known sky
emission lines in the 1D spectrum from one of the fibres in this
2D image and compared them with the Osterbrock et al. (1996)
wavelengths. This comparison is shown in Table 2. Since the po-
sitions of the emission lines in this spectrum match the known
values, we cross-correlated the other 266 fibre spectra with this
spectrum to see if there are any significant shifts in the wave-
length solution. The shifts obtained from the correlation peak
are all < 2 km s™!. Thus the VIRUS-W is a very stable instru-
ment and the errors in the wavelength system make a negligible
contribution to the error budget.

The sky subtracted images from the reduction pipeline
were combined and the spectra from each fibre in each field
were summed to get a single spectrum at each of our two radial
bins. The spectrum from each fibre was corrected for variations
in systematic velocity over the IFU before they were summed
together. This is explained in detail in section 7.1.

Measured Wavelength ~ Osterbrock Wavelength
A A
5202.89 5202.98
5238.81 5238.75
5255.97 5256.08

Table 2. Comparison between the measured wavelengths of the sky
lines from one of the fibres of our combined sky spectrum and the values
from Osterbrock et al. (1996). This fibre was then cross-correlated with
the other fibres to check for any significant wavelength shifts. The shifts
were all < 2 km s~!, indicating that errors in the wavelength system
make a negligible contribution to the error budget.

3 PLANETARY NEBULA SPECTROGRAPH

Planetary nebulae (PNe) are part of the post-main-sequence
evolution of most stars with masses in the range 0.8 to 8 M. Up
to 15% of the flux from the central stars of PNe is reprocessed
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into the [OIII] emission line at 5007 A (Dopita et al. 1992).
These objects are plentiful in stellar populations with ages be-
tween 0.1 and 10 Gyr. The above properties make PNe useful
probes of the internal kinematics of galaxies. They can be de-
tected in galaxies out to many Mpc. They are easier to detect
at large galactocentric radii where the background continuum is
fainter, and are therefore an important complement to integrated
light absorption-line studies.

The planetary nebula spectrograph (PN.S) is an imaging
spectrograph designed for efficient observation of extragalactic
PNe, and is used for the present project (Douglas et al. 2007). It
operates on the 4.2 m William Herschel Telescope at La Palma,
and has a field of view of 10.4 x 11.3 arcmin?. The PN.S has
a ’left’ and ’right’ arm in which the light is dispersed in oppo-
site directions. Combining these two counter-dispersed images
allows the PNe to be detected and their radial velocities to be
measured in a single observation. The PN.S also has an undis-
persed Ha imaging arm which can help to distinguish HII re-
gions and background Ly« emitters from the PNe.

The PN.S is used by the PN.S collaboration, so far mainly
on early-type galaxies (Coccato et al. 2009; Cortesi et al. 2013)
plus a study of PNe in M31 (Merrett et al. 2006). Arnaboldi
etal. (2017) describe a new survey of nearby face-on disc galax-
ies, aimed at measuring the internal kinematics of these discs,
and illustrate the analysis of the new PN.S data for the proto-
typical galaxy NGC 628. The present paper presents the first
results derived from these measurements in an attempt to break
the disc-halo degeneracy.

3.1 Observations, Data Reduction, and Velocity
Extraction

The data for NGC 628 were acquired over two nights during
a 4 night observing run in September 2014. The weather dur-
ing the run was excellent, with typical seeing being ~ 1”. We
obtained 14 images centred on the centre of the galaxy, each
with an exposure time of 1800s. At the redshift of NGC 628,
the wavelength of the [OIII] emission is near 5018 A.

A detailed description of the data reduction can be found
in Douglas et al. (2007) and Arnaboldi et al. (2017). The au-
tomated reduction procedure debiases and flat-field-corrects the
raw images from the left and right arms, using bias frames and
flats obtained during the observing run. Cosmic rays are re-
moved using a custom-built routine in the pipeline. The wave-
length calibration of the dispersed images was improved for this
project by implementing a higher-order polynomial fit to the arc
line calibration images taken during the observing run. After
wavelength calibration, the 14 left and right arm images were
stacked to create the final dispersed galaxy images.

Simultaneously with the [OIII] imaging, NGC 628 was
also observed in Hea, using the Ha narrow band filter on the
undispersed Ha arm of the PN.S. The He arm and the reduction
of these data are described in Arnaboldi et al. (2017).

3.2 Identification of Sources

Identification of PNe in late type galaxies brings in a new set of
challenges, due mainly to contamination from HII regions. HII
regions can also have strong [OIII] emission, and it is important
to distinguish them from true PNe candidates.

Arnaboldi et al. (2017) describes the extraction of [OIII]
emitters in the stacked left and right arm images for NGC 628.
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After removing extended sources, we were left with a catalogue
of 716 spatially unresolved [OIII] sources. From the measured
positions of these sources on the left and right images, astromet-
ric positions and LOS velocities were derived simultaneously.

We converted our instrumental magnitudes to the mso;
magnitude scale used by Herrmann & Ciardullo (2009b), using
our spectrophotometric calibration. This is accurate to within
0.05 mag. This allows us to directly compare our results to the
values in Herrmann & Ciardullo (2009b). From here on, we
shall only be using these msyy; values. The bright luminosity
cut-off for PNe in this galaxy is expected to be msp; = 24.73
(see Figure 2).

Our sample of 716 identified sources is still a mixture of
spatially unresolved HII regions and PNe, since both can have
strong [OIII] emissions. In the companion paper, Arnaboldi
et al. (2017), we detail how we separated the spatially unre-
solved HII regions from PNe in the disc of NGC 628 using an
[OIII]/Her color-magnitude cut that accounts for the apparent
[OIII] magnitude of the bright cut-off in the PNLF and the large
[OIII]/Ha emission line ratio of bright PNe.

The line-of-sight velocity distributions of the HII regions
and the PNe have different second moments (o g) in different
radial bins. The ;g for the PNe correlates with msgg;. There
is a kinematically cold population near the PNLF bright cut off,
and then the velocity dispersion increases towards fainter mag-
nitudes. This correlation is reminiscent of the age-magnitude-
(vertical velocity dispersion) relation of the K-giant stars in the
solar neighbourhood as shown by Aniyan et al. (2016) (also see
Figure 10 in this paper).

Another possible source of contaminants in the
emission line sample are historical supernovae. Ac-
cording to the IAU Central Bureau for Astronomi-
cal Telegrams (CBAT) List of Supernovae website
(http : //www.cbat.eps.harvard.edu/lists/Supernovae.html),
there are three known historical supernovae in NGC 628.
None of these objects made it into our PNe sample. An [OIII]
emission line source was found at a distance of 1.6” from SN
2002ap. However, on applying our colour-magnitude cut, this
object was classified as an HII region. We, therefore, conclude
that these contaminants are removed from our PNe sample by
the colour-magnitude cut as well.

Figure 2 shows the luminosity function, including all 716
sources, and indicates the position of the bright luminosity cut-
off for the PNe. The colour-magnitude cut on our 716 emission
objects left us with about 400 objects. The LOS velocities for
this sample are then used to calculate the velocity dispersions
for the hot and cold PNe components.

3.3 Velocity errors

Space and wavelength information are closely related in an
imaging spectrograph like the PN.S (see section 3.2). The left
and right PN.S images are registered on the best quality image,
which had the best seeing etc, so there is some correlation be-
tween the frames. In order to get an empirical estimate of the
radial velocity measuring errors associated with each PN, we
divided our 14 left and right images into two sets and then inde-
pendently identified the unresolved [OIII] sources in each set.
We had to split our sample into a set of 8 images and 7 images,
since the 'reference image’ used to stack the other images was
common to both sets. We assume the radial velocity errors de-
pend only on the total counts, not on the number of frames and
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Figure 2. The luminosity function for all spatially unresolved [OIII]
emitters identified in the combined left and right images of the PN.S.
The dashed line shows 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 HII regions.

that the velocity error of a single measurement at each count
level, for all 14 frames, is the (rms of the difference between
two velocity measurements at that count level)/ V2, if there was
no correlation between different images. However, since we had
one image in common between the two sets, we carried out
monte carlo simulations on the two image sets and the com-
bined final image and found that the typical radial velocity error
of a single measurement at each magnitude in the final image
is (1/1.805) times the rms velocity difference between the two
image sets at the same magnitude. Figure 3 shows the error ex-
pected for a single measurement from the whole set of 14 im-
ages, as a function of the msyy; magnitude. Objects used in the
subsequent analysis are those to the right of the vertical dashed
line, which marks our bright cut-off. Most of these objects have
estimated radial velocity errors between about 4 and 9 km s™'.
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Figure 3. The measuring error for our sample of objects as a function of
apparent magnitude. The magnitude system is the same as in Herrmann
& Ciardullo (2009b). The dashed line shows the bright luminosity cut-
off for this galaxy. Only the objects fainter than this magnitude were
used in our analysis. The solid curve is the best fit to the data.

4 PHOTOMETRIC PROPERTIES AND SCALE
HEIGHT

We use BVRI surface brightness profiles from Mollenhoff
(2004), consistent with the Herrmann & Ciardullo (2009b) anal-
ysis. Mollenhoff (2004) tested their fit procedures extensively
with artificial galaxies, including photon noise and seeing con-
volution. The statistical errors were found to be very small.
The relevant errors were the systematic errors like the non-
correct sky-subtraction, non-uniformness of the sky, errors in
the determination of the seeing point-spread-function (Mollen-
hoff 2004). To estimate the error contributions of these effects,
artificial galaxy images with typical sky levels, shot noise and
seeing convolution were fitted with their 2-dimensional mod-
els. The sky level and the PSF were artificially set to different,
slightly wrong values and the effect in the resulting photometric
parameters was studied. They conclude that the errors due to in-
accurate sky levels or PSF determinations are ~ 5% for the basic
photometric parameters i.e the central flux density and the scale
lengths (Mollenhoff 2004). We will adopt this error estimate in
our analysis.

Determining the scale height for a face-on disc like NGC
628 is challenging. We need to make use of previous studies
of edge-on discs that find correlations between the scale height
and other properties of the galaxy such as its circular velocity
(Yoachim & Dalcanton 2006) or its I-band scale length (Kregel
et al. 2002). Since NGC 628 is so nearly face-on, it is diffi-
cult to measure its circular velocity V, directly. We attempted
to make an independent estimate of the scale height, using the
absolute magnitude of NGC 628 to estimate its circular velocity
and hence the scale height. We used HI data for NGC 628 from
the THINGS survey to determine V. = 180 + 9 km s~'. Our
analysis for determining the rotation curve is detailed later in
section 10. Yoachim & Dalcanton (2006) find the scale heights
h, of the thin disc and circular velocities of edge-on galaxies
(see Figure 9 in Yoachim & Dalcanton 2006) follow the rela-
tion k. = 305(V,(km s™!)/100)*° pc. This study took the ver-
tical density distribution to be isothermal. We use this relation
to estimate i, = 518 + 23 pc, which is much higher than the
scale height of the MW ~ 300 pc. Yoachim & Dalcanton (2006)
mention that for massive galaxies with large circular velocities
(Ve > 170 km s7!), their derived value for the scale height of
the thin disc is larger than that for the MW. This could be be-
cause these galaxies have more prominent dust lanes, which
may substantially obscure our view of the thin disc and lead to
an overestimate of its scale height. Since the method described
in Yoachim & Dalcanton (2006) is known to be uncertain for
large dusty galaxies, we attempt to derive the scale height via
alternate methods.

Herrmann & Ciardullo (2009b) reason that the scale height
for NGC 628 should be in the range 300 — 500 pc based on the A,
values obtained based on correlations of scale height with Hub-
ble type (De Grijs & van der Kruit 1996), scale length (Kregel
et al. 2002), and K-band central surface brightness of the galaxy
(Bizyaev & Mitronova 2002). They further argue that for the
thin stellar disc to be stable against axisymmetric perturbations,
it should satisfy the Toomre (1964) criterion: o > 3.36GX/k,
where oy is the radial component of the dispersion, G is the
gravitational constant, X is the surface mass density of the disc,
and k is the epicycle frequency. Factoring these constraints into
their analysis, they claim that /2, = 400 + 80 pc is a reasonable
estimate of the scale height of NGC 628. However, disc stabil-
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ity arguments are not very well-established and have significant
uncertainties associated with them.

Kregel et al. (2002) studied edge-on galaxies in the I-band
and found correlations between the scale height and the I-band
scale lengths. Using the redder I-band photometry minimises
the effect of dust in the galaxy, while at the same time minimis-
ing the effects of PAHs that are a problem in the NIR wave-
lengths. Bershady et al. (2010b) fit the Kregel et al. (2002) data
and find the relation: log(hg/h;) = 0.367 log(hg/kpc) + 0.708 +
0.095. Using this relation for NGC 628, and adopting the I-band
hg = 73.4+3.7” from Mollenhoff (2004) and distance = 8.6+0.3
Mpc (Herrmann et al. 2008), we get h, = 397.6 + 88.3 pc.

However, we could not access the surface brightness pro-
file data from Mollenhoff (2004). We only had the central sur-
face brightness and scale length of the fit to the data in the var-
ious bands. In order to verify that the scale lengths from Mol-
lenhoff (2004) was reasonable, we decided to check the 3.6 um
surface brightness profile for NGC 628 from the S4G survey
(Muiioz-Mateos et al. 2013; Salo et al. 2015). Figure 4 shows
the surface brightness profile of NGC 628 at 3.6 um. It is clear
from the figure that NGC 628 has a pure exponential disc with
the scale length /36 = 69.34” (Salo et al. 2015). The 3.6 um
scale length agrees fairly well with the I-band scale length from
Mollenhoft (2004). The red and green lines in Figure 4 are the
fits to the bulge and disc respectively. While the total bulge
light contributes only 6.5% to the total light of the galaxy, the
bulge light dominates within the central 1.5 kpc and, therefore,
it needs to be taken into account in the mass modelling.
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Figure 4. 3.6 um surface brightness profile from the S4G survey
(Muiloz-Mateos et al. 2013; Salo et al. 2015). The y-axis shows the sur-
face brightness profile (in AB magnitude) and the x-axis is the distance
along the semi-major axis (with a pixel scale of 0.75 arcsec/pixel). The
bottom panel shows the residuals between the data and the fit. The red
and green lines are the fits to the bulge and exponential disc respectively.
The bulge contributes only 6.5% of the total light in this galaxy.

The relation from Kregel et al. (2002) uses the I-band scale
length. Having accurately determined the A6 from Salo et al.
(2015), we use the relation from Ponomareva (2017) between
the scale lengths in i-band and 3.6 um band, calibrated for a
sample of 20 disc galaxies. This relation is shown in Figure 5.
This gives us the scale length in i-band via the relation: log(h;) =
0.9log(hs6) + 0.19 = 0.05. This gives us the scale length in the
SDSS i-band as 70.3 = 8.1”, which is close to the I-band scale
length from Mollenhoft (2004). Using this value for the i-band
scale length, gives us a scale height &, = 386.9 + 89.6 pc.
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Figure 5. Relationship between the SDSS i-band scale length and the
3.6 um scale length from Ponomareva (2017). The solid line is a linear
fit to the data. The dashed line is a line with slope = 1.

The scale height obtained using the Mollenhoff (2004)
photometry is remarkably close to the scale height estimate got
using the 3.6 um photometry. We will therefore use the Mol-
lenhoft (2004) photometry in all further analysis, and adopt the
scale height value as i, = 397.6 + 88.3 pc.

5 ADOPTED PARAMETERS

In order to proceed with the calculation of the surface mass den-
sities and the subsequent M/L of the disc, we need to establish
the values that we will adopt for certain parameters. These pa-
rameters are obtained from previous literature values and are
listed in Table 3.

The stellar velocity ellipsoid parameter, o, /oy, is rather
uncertain for external galaxies. However, it is important to adopt
a value for this parameter in order to convert our observed line-
of-sight velocity dispersions to the vertical velocity dispersion.
Solar neighbourhood studies have estimated this parameter to
be between 0.5 — 0.7 (see Wielen 1977;Woolley et al. 1977; Bi-
enaymé 1999; Dehnen & Binney 1998 ). Van der Kruit & de
Grijs (1999) studied a sample of edge-on spiral galaxies and es-
timated their typical o,/o. This analysis involves several dy-
namical assumptions and scaling arguments. They do not find
any trend in o,/o as a function of morphological type or ro-
tational velocity of the galaxy. Shapiro et al. (2003) studied six
nearby spiral galaxies and combined their data with the results
from Van der Kruit & de Grijs (1999). They find a marginal
trend of a declining o./or with Hubble type. However, these
results have significant errors. For later type spirals, it can be
argued that the o, /o doesn’t show any trend, and seem to have
a constant value of ~ 0.6 albeit with large uncertainties (see
Figure 5 in Shapiro et al. 2003). We, therefore, adopt the o, /og
to be 0.60 + 0.15 (uncertainty at 25%) for this galaxy. This is
similar to the value adopted by the DMS team (Bershady et al.
2010b). It is interesting to note that the error on this stellar ve-
locity ellipsoid parameter has a negligible effect on the total er-
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ror budget for a galaxy as face-on as NGC 628 (see Figure 5 in
Bershady et al. 2010b).

Parameters Value/ Description Data source
Inclination 8.5° +£0.2° Walter et al. (2008)
Distance 8.6 + 0.3 Mpc Herrmann et al. (2008)

Scale length (I-band) 73.4+3.7" Maollenhoff (2004)

Scale height 397.6 + 88.3 pc Kregel et al. (2002)

o /oR 0.60 £0.15
Photometry BVRI bands Mollenhoff (2004)
Photometry 3.6 wm band Salo et al. (2015)

Table 3. The parameters for NGC 628 adopted from the literature and
used in our analysis.

The inclination was determined via kinematic fit to the HI
data from the THINGS survey (Walter et al. 2008). This proce-
dure is detailed in section 10.

6 SURFACE MASS DENSITIES OF THE COLD GAS

As mentioned in section 1, our velocity dispersion analysis
gives the total surface density of the disc, including the gas. We
do however need the surface density of the cold gas to derive the
separate surface densities of the hot and cold stellar components
(see Table 6), because these components have different flatten-
ings which should, for completeness, be included when comput-
ing their contributions to the rotation curve. We derived the HI
surface density profile using the THINGS HI data for NGC 628
(Walter et al. 2008). We created an integrated column-density
HI map by summing the primary beam-corrected channels of
the clean data cube. The radial surface density profile was then
derived by averaging the pixel values in the concentric ellipses
projected on to the HI map. We will use the same radial sam-
pling, position and inclination for obtaining the rotation curve
(see section 10.1).

50 r r r

R
- H2
Total gas

¥ (Mgpce™2)

Rad (kpc)

Figure 6. Surface mass density of the cold gas in NGC 628. The HI
density profile from Walter et al. (2008) is shown as the dot dashed line
and the H2 profile derived using the CO profile from 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.

The resulting pixel values were converted from flux den-
sity units [Jy/beam] to column densities [atoms cm™?2], using
equation 5 in Ponomareva et al. (2016). The resulting HI sur-
face density profile is shown in Figure 6 in the dot dashed line.
We adopted the error on the surface density as the difference be-
tween surface density profiles of the approaching and receding
sides of the galaxy.

We derived the H2 surface density profile by using the CO
profile from the HERACLES survey (Leroy et al. 2009). We
then converted the CO intensities into H2 surface densities fol-
lowing the method outlined in Leroy et al. (2009). The resulting
H2 profile is shown in Figure 6 as the long dashed curve. The
error on the H2 densities were obtained from the HERACLES
error maps for NGC 628.

The HI and H2 surface mass density profiles gives us the
total gas surface mass density in this galaxy. This is shown as
the solid line in Figure 6. All profiles were de-projected so as
to be face-on and were corrected for the presence of helium and
metals.

7 EXTRACTING VELOCITY DISPERSIONS OF THE
HOT AND COLD COMPONENTS

7.1 Stellar Absorption Spectra
7.1.1 Removing Galactic Rotation

For the VIRUS-W data, the automated pipeline ‘CURE’ returns
a two dimensional FITS image, where each row represents a fi-
bre spectrum and the x-axis is the wavelength dimension. Our
goal is to measure the line of sight velocity dispersion (o ps)
without including the effects of galactic rotation across the field
of the IFU. One option for removing galactic rotation would
be to model the rotation field over the IFU using the observed
rotation curve. Alternatively, we could use the local observed
HI velocity at the position of each of the IFU fibres, and we
have chosen this option. We used the 21 cm HI data from the
THINGS survey (Walter et al. 2008). We assume that the spec-
trum from each fibre is shifted in velocity by the local HI veloc-
ity. Although this procedure removes the galactic rotation and
any large scale streaming motions across the field of the IFU,
it will however introduce an additional small component of ve-
locity dispersion to the apparent stellar velocity dispersion. This
is because the motion of the gas is not purely circular and we
will need to correct for its (small) effect on the derived stellar
dispersion.

Initially, we made a double Gaussian analysis to derive the
velocity dispersion for the hot and cold components of the disc.
To get sufficient SNR for this double Gaussian analysis, we sum
up all the shifted spectra (one from each fibre) over the IFU
field, to get a single spectrum (at each radial bin). IFU fibres
that fell on stars in the field are excluded from the sum. We used
the penalized pixel-fitting code pPXF developed by Cappellari
& Emsellem (2004) (see also Coccato et al. 2011; Cappellari
2017) to get the mean velocity and velocity dispersion of the
two components. This code uses a list of stellar templates to di-
rectly fit the spectrum in pixel space to recover the line of sight
velocity distribution (LOSVD). pPXF can fit up to six higher
moments to describe the LOSVD. It has options to fit either 1 or
2 LOSVD to the given spectrum, each with up to 6 moments. We
used stars of different spectral types observed with VIRUS-W as
our list of stellar templates. This avoids any problems of reso-
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lution mismatch between the stellar templates and the galaxy
spectrum. pPXF then finds a best-fit spectrum to the galaxy
spectrum, which is a linear combination of different stellar tem-
plates. We assume the two components of the LOSVD to be
Gaussian for this nearly face-on galaxy, and therefore retrieved
only the first and second moment parameters from pPXF.

The final summed spectra used in our analysis have an
SNR of 79 and 62 per wavelength pixel for the spectrum from
the inner and outer radial bins respectively (each wavelength
pixel is ~ 0.19 A). These SNR values are empirical estimates
obtained by taking into consideration the contribution of the
galaxy and sky shot noise and the readout noise of the detec-
tor. The VIRUS-W instrument has a wavelength-dependent res-
olution, offering the highest resolution R ~ 9000, around the
Mgb region (1 ~ 5160 A). Therefore, we only used the region
between wavelengths of about 5050 — 5300 A in our analysis,
since it has the highest resolution and avoids the emission lines
at lower wavelengths. The [NI] doublet emission lines from the
interstellar medium of the galaxy can be seen at ~ 5200 A (see
Figure 7). These are not residual sky lines: they appear at the
redshift of the galaxy.

7.1.2  Measuring the LOSVD

As explained in section 7.1.1, we did a double Gaussian fit to
the data, fitting for two moments for each component. In this
case, pPXF returns the velocity and the line-of-sight (LOS) dis-
persions for the two component and for the single component
fit. Adding more parameters to the model invariably improves
the fit to the data. We therefore need to quantitatively decide
whether the 2 Gaussian or single Gaussian model is a more ap-
propriate fit to the data. To do this, we used the Bayesian In-
formation Criterion (BIC; Schwarz 1978), which is calculated
using the relation:

BIC = -2-InL + k - In(n), 3)

where £ is the maximized value of the likelihood function of the
model, n is the number of data points or equivalently the sample
size and k is the number of free parameters to be estimated.
Under the assumption that the model errors are independent and
are Gaussian, equation 3 becomes:

BIC = n - In(RS S /n) + k - In(n) )

where RSS is the residual sum of squares.

The BIC penalises the model with the larger number of
fitted parameters and, between 2 models, the model with the
lower BIC value is preferred. The values of the BIC for our
VIRUS-W spectra are tabulated in Table 4. Since the model with
the lower value of BIC is preferred, the two component fit is
preferred over the single component fits in both radial bins.

We then attempted to carry out a triple Gaussian fit to the
data, to check if we have any contribution from the thick disc.
However, we could not get a third component in our fit when the
data were divided into two radial bins. The degeneracy between
the hot thin disc and the thick disc component, led to errors that
were unacceptably large. We were able to get a third component
with a dispersion consistent with a thick disc component if we
only considered one radial bin and summed up the data from all
the fibres. However, this third component may just be an artefact
of the gradient of the velocity dispersion, since we are summing
up the data over such a large radial extent. The information cri-
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terion that we used to judge the best model also rejects the three
component fit. Therefore, we conclude that there is no signifi-
cant thick disc contribution present in our data.

pPXF found an excellent fit to our spectrum for the two-
component case, as shown in Figure 7. It returns the adopted
spectra of the individual components, and the 2 spectra that it
returns are consistent with the spectra of red giants. The mean
contributions of the cold and hot disc components to the total
light are 36% and 64% respectively. Figure 8 compares the two
components found by pPXF in the inner radial bin. These are a
linear combination of unbroadened stellar spectra, identified by
pPXF as the best fit to our galaxy spectrum. The colder com-
ponent with the smaller dispersion (in red in Figure 8) are also
weaker lined as compared to the hotter component. This shows
that the colder component is in fact the younger of the two com-
ponents.

As mentioned earlier, since we used the THINGS HI data
to remove rotation across the fields, we need to correct these two
dispersion values for the contribution from the scatter of the HI
velocities about the mean smooth HI flow over the field of the
IFU. This correction was determined by fitting a plane function
V = ax + by + c to the HI velocities at the (x, y) location of the
individual VIRUS-W fibres at each IFU pointing. The rms scat-
ter of the HI velocities about this plane is 2.5 km s~!. We note
that this is the rms scatter of the mean HI velocities from fibre to
fibre, which is not the same as the HI velocity dispersion. Cor-
recting for this scatter changes the observed dispersions by only
a very small amount. Table 4 shows our results after subtracting
this value quadratically from the pPXF results.

The errors on the ops are computed from monte carlo
simulations. This was done by running 1000 iterations where,
in each iteration, random Gaussian noise appropriate to the ob-
served SN of the IFU data was added to the best fit spectrum
originally returned by pPXF. 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 iter-
ations. The errors on o, presented in Table 4 take into account
the errors on the inclination, o, /o value, as well as the monte
carlo errors on o ps. The errors on the LOS dispersions are the
dominant source of errors.

Mean Radius 2 component Model 1 Component Model
(arcsec) Oz cold Oz hot 2 oz 2
(kms~") (kmsl)  Ared BIC (kmsl)  Ared BIC
62 16.7+3.6 554+64 095 17923 319+1.1 104 18107
109 152+38 509+89 1.11 19021 251+12 115 19064

Table 4. The single and double Gaussian fit from pPXF. For each com-
ponent, the Table gives the vertical velocity dispersion o, for each of
the components; see section 7.1.3. Dispersions have been corrected for
the contribution from the HI velocity dispersion. An estimate of the re-
duced y? and the Bayesian Information Criterion parameter BIC defined
in equation (3) is also given.

7.1.3  Extracting the Vertical Velocity Dispersion

The vertical component of the stellar velocity dispersion o, was
calculated from the line of sight component o s by first calcu-
lating the azimuthal angle (6) to each fibre. The angle 6 is mea-
sured in the plane of the galaxy, from the line of nodes. Then
the LOS dispersion is given by:

S, S TR I, JEEHY IS I, SN SR
02 g = 02 cos® 6. sin” i+ 0% sin” . sin i+07; Cos™ i+0,,, (5)
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Figure 7. The pPXF fit results in (a) the inner radial bin at a luminosity weighted distance of 62" and (b) the outer bin at a luminosity weighted distance
of 109”. The upper panel shows the 2 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 dark green.
The [NI] doublet emission lines from the galaxy at ~ 5200 A have been omitted from the fit.
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Figure 8. The two components found by pPXF in the inner radial bin of
NGC 628. The spectrum in red represents the cold component, which
is weaker lined than the hot component in black. The colder component
found by pPXF is thus younger than the hotter component.

where o, 0y and o, are the three components of the disper-
sion in the radial, azimuthal and vertical direction, 0,..s are the
measurement errors on the velocity and i is the inclination of
the galaxy (i = 0 is face-on). This galaxy is too face-on to solve
independently for the in-plane velocity dispersion components.
We wish to remove the small contribution that the planar com-
ponents make to the LOS distribution, so we adopt o = 0y
for R < 80" where we take the rotation curve to be close to
solid body. This is a fair assumption, based on an examination
of the THINGS HI velocities along the galaxy’s kinematic ma-
jor axis. We also adopt the o, /o ratio to be 0.60 + 0.15 (see
Table 3), which is consistent with the value used by Bershady
et al. (2010b) and the value found in the solar neighbourhood.
Equation 5 then gives o, in terms of o ps. Since NGC 628 is
almost face-on, the ;o5 and o, values are almost the same.

Our choice to remove the rotation and streaming across
the IFU fields by using the local HI velocities introduced a
small additional broadening of the LOS velocity distribution,
as described above. This small broadening (~ 2.5 km s™!) was
quadratically subtracted from the dispersion values returned by
pPXE. Our results for the stellar o, values are presented in Table
4. The errors are the 1o errors from monte carlo simulations (as
explained in section 7.1.2).

7.2 Planetary Nebulae
7.2.1 Removing Galactic Rotation

As in the analysis of the IFU integrated light absorption spectra,
we again need to remove the effects of galactic rotation from the
PNe velocity field. We used the THINGS HI data as before, and
obtained the HI velocity at the position of all our PNe from the
THINGS first moment data. There appeared to be a small sys-
tematic offset ~ 15 km s~! between our PNe velocities and the
THINGS HI data. We calculated this offset by cross-correlating
the two data sets and determining the velocity of the correlation
peak. This offset was then subtracted from the PNe velocities.
The local HI velocities were then subtracted from these offset-
corrected PNe velocities.

These velocities, corrected for the offset and with the
galactic rotation removed are henceforth denoted v, s . They are
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the velocities that are used in our analysis to calculate the veloc-
ity dispersions. As for the IFU data (section 7.1.3), the radius
and azimuthal angle (6) of the PNe in the plane of the galaxy
were calculated, and the v;ps data were then radially binned
into 3 bins, each with about 130 PNe. As explained in section
3.3, we applied a colour-magnitude cut using the [OIIIl] and Her
magnitudes, to separate out the contamination from likely HII
regions. Figure 9 shows the v;ps vs 6 plots in each radial bin
before and after the HI velocities were subtracted off.

7.2.2  Extracting the LOSVD

In each radial bin, we remove a few 30 outliers, consistent with
the analysis by Herrmann & Ciardullo (2009b), who clipped
their sample of PNe to remove high-velocity contaminants from
their sample. These outliers could be halo PNe or thick disc
objects, and should be removed from our sample. Only a small
number of objects in each radial bin have velocities > 30. A
maximum likelihood estimator (MLE) routine written in python
was then used to calculate the LOS velocity dispersions and the
subsequent o, in each radial bin.

The first iteration in this routine estimates o og for the two
components. The routine maximises the likelihood for the two-
component probability distribution function given by:

P(uy, 01, 142,02) =
1 N —u)? 1-N —n)?
[_ exp (_ (VLos 2/11) )+ exp (_ (vros zllz) )]
2z Lo 2071 o 2073

(6)

In equation 6, u; and y, are the mean LOS velocities and
o and o, are the LOS dispersions of the cold and hot com-
ponent respectively. N is the fraction of the cold tracers in the
data.

7.2.3  Extracting the Vertical Velocity Dispersion

In order to calculate the surface mass density using equation
1, we need the vertical velocity dispersion of the hot compo-
nent and the scale height of the same component. For NGC 628,
which is a near face-on system, the o, value will be very close
to the o ps values. To determine this value, we again use an
MLE method. Two parameters are passed to the function in this
stage: 0 and 0, which are the vertical velocity dispersions of
the cold and hot components respectively. The o5 values ob-
tained using the method described above are passed to the rou-
tine as initial guesses, since the o, will be very close to the value
of ops for this galaxy. We assume f = o,/og = 0.60 £ 0.15
and use inclination i = 8.5° + 0.2° (see Table 3). The PN.S data
are all at radii > 80" where the rotation curve is flat, and we use
the epicyclic approximation: o = V20, where o and oy are
the in-plane dispersions in the radial and azimuthal directions.
Now there is only one unknown o, which we need to calculate.

Once the initial guesses are passed to the routine, it calcu-
lates the expected o ps for the hot and cold component at each
azimuthal angle () using the relation:

2 2
o, f e . e .
Olps1 = —=— cos® 0.sin’ i + o2, f2 sin® 6. sin? i + 0, cos® i
2 2
onf
2 _ Y9 20 @i, 2 22 2, 2 2.
Olos2 = - cos~6.sin" i + 0, f“sin” 0.sin" i + 07,,C0S”i
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Figure 9. Velocity vs azimuthal angle plots in 3 radial bins, each with
about 130 PNe. The angle 6 is in the plane of the galaxy and measured
from the line of nodes. The top panels show the velocity before correct-
ing for galactic rotation and the bottom panels show the velocities after
the THINGS HI velocities have been subtracted off. A few objects with
velocity > 30 were removed from the sample. The objects within the
dashed lines are the ones that were included in our sample for analysis.
Each panel shows a cold population of spatially unresolved emission
line objects, plus a hotter population whose velocity dispersion appears
to decrease with galactic radius.

The subscript 1 and 2 refers to the components of the cold and
hot populations respectively. The code then proceeds to calcu-
late the probability of a particular v, s to be present at that az-
imuthal angle via the analytic equation:

P —(Vios — M1 €os 6. sini)? ) N

. Y (
= exp
oros1 V2r 202 0,
1-N (—(sz — s cos . sin i)z)
ex

Oros2 V2n

In equation 7, N is the value of the fraction of the cold pop-
ulation returned by the routine that calculated o, os described
earlier. u; and u, were fixed at 0 km s~ in our analysis. We
tried to leave the two means as parameters to be estimated by
the code, but since NGC 628 has such a low inclination, these
parameters would not converge. It is difficult to get an estimate
of the asymmetric drift in such a face-on galaxy. So we assumed
that the mean of the cold PNe were at the same velocity as the
gas, at 0 km s~!. We did try changing the mean of the hot PNe up
to an asymmetric drift of 5 km s~! but this did not cause any sig-
nificant changes in the o, values. Equation 7 is then maximised
to return the best fit values for o, for the hot and cold population
of PNe. The 1o errors o, are calculated similar to the method
used in the analysis of the VIRUS-W data. We carried out our
monte carlo error estimation by using the double Gaussian dis-
tribution found by our MLE code, to pull out about 130 random
velocities (i.e same number of objects as in each of our bins).
The errors on the inclination and o, /o were also incorporated
as Gaussian distributions in the simulation. We then used this
new sample to calculate the o, 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
1o error is then the standard deviation of the distribution of the
dispersions returned from these 1000 iterations.

N

2
207652

The parameters returned from the MLE routine that does
the double Gaussian decomposition is given in Table 5. Figure
10 shows the o, vs radius for NGC 628. The data points at a
radius of 62” and 109” come from the VIRUS-W spectra in the
inner field. Similar to the VIRUS-W analysis, we need to correct
the dispersions for the PNe, because of the scatter in the the lo-
cal THINGS HI velocity which we used to remove the galactic
rotation. This correction was done as for the IFU data analysis
by quadratically subtracting this small dispersion (~ 2.5 km s™!)
from the values of the dispersions returned by the MLE routine.
We also need to correct the measured dispersions for the mea-
suring errors of the individual PNe, as shown in Figure 3. The
rms measuring error in each radial bin is about 6 km s~!. The
formal variance of the corrected cold dispersion value at a ra-
dius of 208" is negative. Hence we show its 90% confidence
upper limit in Figure 10 and Table 5.

The PNe population selected by the colour-magnitude cut
(see section 3.2) includes a population of kinematically cold
sources. If this cold component had not been present, Herrmann
& Ciardullo (2009b) would probably have measured larger ve-
locity dispersions and higher surface mass densities. From the
analysis of the cold and hot PNe population, as well as the
identified HII regions (Arnaboldi et al. 2017), the PNe near
the bright cut-off of the PNLF are kinematically colder than
the HII regions at the same msyy; magnitude, with oy /o pye
~ 2. Thus, these cold bright PNe are unlikely to be contami-
nant HII regions, since the LOS velocity distributions of the two
classes of objects are so different. Work done by Miller Berto-
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lami (2016) suggests that PNe from massive progenitors evolve
very fast. Thus massive progenitors, i.e. young massive stars,
produce bright PNe that are still kinematically very cold.

8 VERTICAL VELOCITY DISPERSION PROFILE

Figure 10 shows the results obtained from the integrated light
VIRUS-W data (points at R = 62 and 109”) and the plane-
tary nebulae from the PN.S data (3 outer points) in each radial
bin. At each radius, we show our one component dispersion, and
then the hot and cold thin disc dispersion from our double Gaus-
sian fit. The dispersions obtained from Herrmann & Ciardullo
(2009b) are also plotted for comparison.

The black square markers in Figure 10 show the radial
dependence of the dispersion for the hotter old component of
the stars and PNe, measured as described in the previous sec-
tion. If the total surface density of the disc follows an expo-
nential decline with radius, and the scale height of the old disc
is constant with radius (as we are assuming), then we expect
the vertical velocity dispersion to fall with radius, following
0. (R) = 0.(0)exp(—R/2hyy,), wWhere hqy, is the scale length
for the total (old + young stars + gas) surface mass density of
the disc. We note that the photometric scale length varies with
the photometric band, and A4y, need not be equal to any of the
photometric scale lengths. A fit of the above equation for o,(R)
gives the mass scale length Ay, which is also the scale length
that should be used for calculating the rotation curve of the ex-
ponential disc (see section 10). Our fit of o,(R) is shown as the
solid curve in Figure 10: we find that the central velocity dis-
persion of the old disc population is o,(0) = 73.6 + 9.8 km s~!
and the mass scale length A, = 92.7” + 13.1”, with significant
covariance. The mass scale length is somewhat longer than the
I-band scale length (Table 3), presumably because of the sub-
stantial contribution of the gas to the surface density at larger
radii (see Table 6).

Figure 10 shows in red the PNe velocity dispersions de-
rived for this galaxy by Herrmann & Ciardullo (2009b). Our
one-component PNe velocity dispersions agree well with their
results. We note that the difference between the one component
dispersions and our hot component dispersions decreases with
radius and is quite small for our outermost radial bin. This is
consistent with the BIC values shown for the outer radial bin,
which does not favour the two component model in the outer
bin. The one component value for the last bin is also closer to
our exponential disc curve than the two component value.

Mean Radius 2 component Model 1 Component Model
(arcsec) T2 cold Tz hot (o8]
(km s~1) (kms™1) BIC (kms™1) BIC
132 46+1.6 33.8+33 1269 265+1.8 1272
208 <67+04 226+21 1160 18.6+1.3 1164
293 6.2+ 1.7 175+2.6 1124 145+1.0 1118

Table 5. The o, values calculated from the PN.S data. We give the 90%
confidence upper limit for the cold dispersion in the second radial bin
(see section 4.2.3 for details). The lower BIC values of the two compo-
nent fit (except in the outermost radial bin) make it the preferred model
over the one component model.

Having calculated the o, in each radial bin in NGC 628,
we can now proceed to calculate the surface mass density X of
the disc using equation 2.

We now compare our results for the surface density of the
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disc, using a two-component (hot and cold) disc model, with the
single-component analysis of Herrmann & Ciardullo (2009b).
Herrmann & Ciardullo (2009b) adopted an intermediate verti-
cal density distribution for their disc, with the geometric factor
f in equation 1 to be equal to 1/1.7057. We adopt an isother-
mal model as described in Appendix A. A simple isothermal
model with no additional cold layer has the sech?(z/2h.) verti-
cal density distribution. This distribution is exponential at large
z and flat near z = 0. In the presence of a significant cold layer,
the sech? distribution is offset from zero, as shown in equation
A7. For very small values, the offset parameter b ~ X /2y (this
is true for our two inner radii). With a realistic surface density
of kinematically cold gas and stars, the vertical distribution in
equation A7 becomes close to exponential throughout. This ef-
fect is demonstrated in Figure 11 where we adopt an offset pa-
rameter of 0.5 and compare the sech? distribution with and with-
out taking into account this offset. The offset distribution is close
to an exponential beyond a height of ~ 200 pc. This compares
well with the study by Wainscoat et al. (1989) who found that
the vertical surface brightness distribution of edge-on spirals in
the NIR is close to exponential.

Using our scale height value i, = 397.6 + 88.3 pc (see
Table 3), which is almost the same as the value adopted by Her-
rmann & Ciardullo (2009b), and our o,(0) = 73.6 + 9.8 km s~!
for the hot component, our total central surface mass density is
2(0) = 505 + 175 My, pc2. This is a factor of 1.7x larger than
the value calculated by Herrmann & Ciardullo (2009b). Note
that we use an isothermal model of the vertical distribution as
opposed to the intermediate model dopted by Herrmann & Cia-
rdullo (2009b). Using the central surface brightness and scale
lengths from Mollenhoff (2004) and Salo et al. (2015), we cal-
culate the central luminosity of NGC 628 in units of Lopc™.
This is corrected for foreground extinction using Schlafly &
Finkbeiner (2011) dust maps. Our central surface mass density
divided by the calculated central luminosity gives the central
M/L in various photometric bands. The M/L in the R band
is found to be 2.0 + 0.7, about 1.4x larger than the value of
1.4 + 0.3 obtained by Herrmann & Ciardullo (2009b). Photo-
metric errors of 5% have been included in the error estimate
(Mollenhoff 2004; Muioz-Mateos et al. 2013).

9 STELLAR SURFACE MASS DENSITY
9.1 Isothermal model including cold component

The equilibrium of the hot disc is determined by its own gravita-
tional field plus the gravitational field of the cold layer (gas and
young stars) which we can consider as external fields. The pres-
ence of these external fields changes the vertical structure of the
old disc and affects the derived surface density and M/L values
for the old disc. We discuss this in more detail in Appendix A.
We therefore use equation 2: a'f =2aGh.Xr = 2aGh,(Zc + Xp)
to determine the surface mass density of the disc. We use the
old disc population as a tracer of Xr, which is the parameter
that determines the baryonic rotation curve.

The thin cold layer comprises gas and young stars, which
we write as ¢ = X¢ gas + Zc,« Where Z¢ g is known directly
from radio observations of the THINGS survey (Walter et al.
2008) and the HERACLES survey (Leroy et al. 2009) as dis-
cussed in section 6. The stellar contribution X , is not known
directly from our data. In the following section, we estimate the
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Figure 10. The o, per radial bin in NGC 628. 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, and the points in red are the Herrmann & Ciardullo (2009b) PNe data. The data
points at R = 62" and 109" 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, fit to the hot component. Our data have been corrected for the HI velocity
dispersion and PNe velocity errors (see section 4.2.3 for more details). The errors bars are the 1o errors obtained from monte carlo simulations.
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Figure 11. An illustration of a sech? distribution (in red) with an off-
set parameter of 0.5, taking into account the contribution from the cold
layer of gas and young stars. It is identical to an exponential profile
(shown in blue) beyond z ~ 200 pc. A sech? distribution without any
offset is shown in black for comparison.

effect of the cold gas layer at the five radii in NGC 628 (2.6 kpc
to 12.2 kpc) where we have velocity dispersion data.

From equation A10 in the appendix, the velocity dispersion
of the isothermal sheet is 0'3 = 2nGh,(Ec + Zp). The adopted
scale height i, = 398 + 88 pc (see section 4). If &, is constant
with radius, the radial variation of a'g will follow the total sur-

face density rather than the surface density of the isothermal
sheet. In NGC 628, the gas fraction of the total surface density
is significant at larger radii (Table 6).

9.1.1 The surface density of the cold stellar sheet

Our goal is to calculate the rotation curve contribution from the
baryons in the disc. Assuming that the disc is a hot isothermal
stellar layer X, plus a thin young cold layer X, we measure the
total surface density £ = Z-+Xp. The cold layer . is made up
partly of the gas sheet and partly of the thin young stellar disc.
The cold stellar layer is thin, and the hot stellar layer is thicker,
and their shape affects the calculated rotation curve. This is a
second order effect, but it would be useful to know both of the
stellar surface densities Xp and ¢ ..

The velocity dispersion analysis gives the total surface
density

2:T = Z:D + 2:C,gas + ZC,*

of the disc. We can make an estimate of the ratio of cold to hot
stellar contributions X¢ ./Zp from our IFU study in the inner
parts of NGC 628 which gives the fraction of light that comes
from the two stellar components. Their M/ L ratios need to be es-
timated from stellar population synthesis. In the outer regions,
the PNe analysis gives the fraction of cold emission-line ob-
jects, but deriving the fractional mass of the underlying cold
stellar population is uncertain because (a) of possible contami-
nation of the sample by HII regions, and (b) the young PNe have
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more massive progenitors, and the lifetimes in the PNe phase are
very strongly dependent on their progenitor masses (e.g. Miller
Bertolami 2016).
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Figure 12. Vertical velocity dispersion oy vs stellar age for the solar

neighbourhood, for stars with [Fe/H] > —0.3; data from Casagrande
etal. (2011).

Our IFU study analysed the integrated light spectrum as
the sum of two velocity components (hot and cold, or young
and old), without specifying the age range of either component.
The age range is needed to calculate their M/ L ratios, and we es-
timate the age ranges from the observed age-velocity dispersion
relation (AVR) in the solar neighbourhood. Figure 12 shows the
vertical velocity dispersion oy vs age for the solar neighbour-
hood Casagrande et al. (2011) stars from the Geneva Copen-
hagen survey. In order to exclude most thick disc stars, Figure
12 includes only stars with [Fe/H] > —0.3. The dispersion rises
from about 10 km s~! for ages < 1 Gyr to about 20 km s~! at
4 Gyr and then remains approximately constant. If the AVR in
NGC 628 has a similar shape, then the cold stellar component
would be made up of stars younger than about 3 Gyr.

The (cold, hot) component contributions to the integrated
light spectrum shown in Figure 7 (close to the V-band) are given
as percentages L¢/Lp in the first two rows of Table 6. From
Bruzual & Charlot (2003), we compute the expected (M/L)y
ratios for populations younger and older than 3 Gyr, assuming
a disc age of 12 Gyr and a star formation rate that decays with
time like exp(—#/7). For 7 > 3 Gyr, the M/L ratios for the young
and old populations vary with 7 almost in lockstep, and the ra-
tio Fc = X¢ ./Zp is about 0.12, almost independent of 7. The
surface densities of the stellar disc components are then
= % and 3¢, = FeZp. ®)
In the first two rows of Table 6, we use values of F. derived
from the (cold, hot) component contributions to the integrated
light spectrum as described above. In the following rows, where
the velocity dispersions come from PNe, we adopt the mean
value of 0.12 for F¢ from the integrated light spectra. Table 6
gives F¢, Xp, Z¢ . and finally the (M/L)y ratio for the stellar
component at each radius i.e (Xp + X..)/L. We can compare
the observed values of (M/L)y with those calculated from the
Bruzual & Charlot (2003) models. The calculated (M/L)y is in
the range 2.3 to 2.9 for the star formation rate parameter 7 > 3

D
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Gyr, in fair agreement with our values in Table 6 for the stellar
disc of NGC 628. The weighted mean of our (M/L);¢ values
from Table 6 is 0.75 +0.18. This value is similar to the disc stel-
lar (M/L);6 ~ 0.6 obtained from population synthesis studies
(Meidt et al. 2014; Norris et al. 2014).

10 ROTATION CURVE DECOMPOSITION
10.1 Observed HI rotation curve

Obtaining the rotation curve of a near-face-on galaxy, such as
NGC 628, is challenging. The uncertainty associated with the
inclination is substantial and is the main contributor to the error
budget of the rotational velocity. Therefore, we approach this
task in several steps. First, we estimate an approximate value for
the average inclination angle by placing this galaxy on the 3.6
um Tully-Fisher relation from Ponomareva et al. (2017). This
gives us an initial guess of the inclination angle = 9°.

We then use the HI data for NGC 628 from the THINGS
survey (Walter et al. 2008) to get the rotation curve for this
galaxy. After smoothing and masking the original data cube, we
constructed a velocity field by fitting a Gauss-Hermite polyno-
mial to the velocity profiles. This velocity field is corrected for
the skewness of the profiles, in order to remove non-circular
motions, using the technique described in Ponomareva et al.
(2016). We then derive the rotation curve from the velocity
field by fitting a tilted-ring model (Begeman 1989), using the
Groningen Imaging Processing System (Gipsy, Van der Hulst
et al. 1992). During the tilted ring modelling, we account for
the outer warp of the disc, which can be clearly seen in the up-
per panel in Figure 13 (see Mulcahy et al. 2017). We find the
average inclination across all radii to be 8.5° + 0.2° (Figure 13,
middle panel). We derive the rotation curve of the galaxy by
keeping the inclination fixed at this value. The resulting rotation
curve is presented in the bottom panel of Figure 13, with red
and blue curves indicating the receding and approaching sides
of the galaxy respectively. We adopt the difference between the
receding and approaching sides as the 1o~ error in the measured
rotational velocity. The full error in the rotational velocity was
calculated by also taking into account the uncertainty in the in-
clination.

We now proceed to calculate the contribution to the ob-
served rotation curve from the gas. An integrated column—
density HI map was created by summing the primary beam-
corrected channels of the clean data cube. The radial surface
density profile is then derived by averaging the pixel values in
the concentric ellipses projected on to the HI map. We use the
same radial sampling, position and inclination as those for the
rotation curve derivation.

The column density profile was then corrected for the pres-
ence of helium and metals by multiplying the measured densi-
ties by 1.4. The Gipsy task ROTMOD was used to compute the
corresponding rotation curve assuming an infinitely thin expo-
nential gas disc. In addition to the atomic gas, we also adopt
the CO data from Leroy et al. (2009) to derive the rotational
velocity for the molecular gas (see section 6 for details).

10.2 Stellar Distribution

One of the largest sources of uncertainty for the mass modelling
is the stellar disc mass, which usually depends on the adopted
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Figure 13. The results of the tilted-ring modelling for NGC 628. Upper
panel: position angle as a function of radius. The outer warp is mod-
elled beyond 250”. Middle panel: inclination angle as a function of ra-
dius. The mean value of 8° is adopted for our analysis. Bottom panel:
observed HI rotation curve is shown in black. The red and blue curves
show the velocity of the receding and approaching sides of the galaxy
respectively. The dashed vertical line indicates the optical radius.

M/L. However, for NGC 628 we have measured the surface
density of the stellar component directly. We measured the dy-
namical scale length for the total surface mass density X7 (see
section 8). This included the cold and hot stellar disc as well
as the gas disc. However, we do not have a handle on the scale
height of the total baryonic disc component represented by Zr.
The adopted scale height of 398 pc is for the old disc compo-
nent. The scale height of £; will be some combination of the
scale heights of the cold and hot component. In order to test the
effect of various scale heights on the rotation curve decompo-
sition, we adopted a range of scale heights from 100 — 400 pc.
Figure 14 shows the effect of the scale heights on the rotation
curve of the baryonic component.

As discussed in section 4, a small bulge component is
present in NGC 628 (Muiioz-Mateos et al. 2013). While the to-
tal bulge light contributes only 6.5% to the total light of the
galaxy, the bulge light dominates within the central 1.5 kpc and,
therefore, we need to include it in our mass modelling. We con-
vert the 3.6 um bulge surface brightness from Salo et al. (2015)
into the surface mass density using the stellar M/L for 3.6 ym =
0.6 (Meidt et al. 2012; Querejeta et al. 2015; Rock et al. 2015)
and My(3.6 um) = 3.24 mag (Oh et al. 2008). We model the
bulge using the same Gipsy task ROTMOD assuming a spher-
ical potential. The rotation curves of all the baryonic compo-
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nents were modelled with the same sampling as was used for
the derivation of the observed rotation curve.

Figure 14 shows the observed rotation curve in black.
The dashed curves in various colours are the bulge + the cen-
tral total surface mass density with a dynamical scale length
(hgyn = 92.7”) fit as an exponential disc with varying scale
heights. We note that a difference of 100 pc in scale height only
changes the peak of the rotational velocity of the baryonic com-
ponent (Vi) by 1 km s™!. Thus the adopted scale height has a
negligible effect on the rotation curve decomposition.

10.3 Mass modelling

The total rotational velocity of a spiral galaxy can be calculated
using the relation:
Ve = Vi + Viios ©)

tot bar

where V,,, is the circular velocity associated with the grav-
itational field of the total baryonic content: cold disc+hot
disc+gas, and V), is the circular velocity for the dark halo.
As the observed HI rotation curve (V,,;) traces the total gravi-
tational potential of a galaxy, we can derive the rotation curve
of the dark matter halo by fitting various parameters until V,,,
matches V,,, as closely as possible. Moreover, for this galaxy,
we have an independently measured surface density distribu-
tion for the stellar disc components, so we do not have the usual
unconstrained stellar M/L. This allows us to fix the baryonic
rotation curve and only fit the rotation curve of the dark matter
halo. This breaks the usual disc-halo degeneracy and allows us
to test the maximality of the disc directly.

For our analysis we use two models of the dark matter rota-
tion curves: spherical pISO (pseudo isothermal) and NFW-halo.
The pISO halo has a central core and is parameterised by its
central density (o) and the radius of the core (R,.). Its rotation
curve is given by:

Vi (® = \/4”GPOR%[1 - %’“”'I(R%)] 1o

The NFW halo (Navarro et al. 1997) is parameterised by its
mass (M»go) within the viral radius (R»go) and its concentration
(c). Its rotation curve is given by:

ln(l+cx)—cx/(1+cyc)]”2 (11
x[In(1 +c¢)—c/(1 +¢)]

where x = R/Ryo0 and Vyy is the circular velocity at Rago.

Equations 10 and 11 describe the circular velocity distribu-
tion of the dark halo as it is now, modelled by the two particular
models which we are using (pISO and NFW). The state of the
dark halo now is almost certainly very different from what it
was like before the baryons condensed to form the disc. Based
on the present understanding of the formation of the dark halo,
it probably formed with a density cusp as seen in almost all N-
body simulations (e.g. Navarro et al. 2010). Cusped haloes are
however rarely observed in disc galaxies at low redshift (e.g. Oh
et al. 2011). Their absence is usually interpreted as the effect of
feedback from rapid star formation as the stellar disc is forming
(e.g. Brook et al. 2011), which transforms the inner cusps into
the approximately flat cores that are observed.

In addition to this major restructuring of the dark haloes,
many authors have considered the effect of slow (adiabatic) for-
mation of the disc and bulge on the large scale structure of the
dark halo. Blumenthal et al. (1986) proposed a simple method

Vo' (R) = Vago
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Figure 14. The effect of the scale height on the rotation curve decomposition. The black data points are the observed HI rotation curve from the
THINGS survey. The coloured dashed lines are the total baryonic rotation curve assuming scale heights of 100 — 400 pc. A difference of 100 pc in the

scale height results in a 1 km s~!change in the peak of the baryonic rotation.

for calculating the restructuring of the dark halo under adiabatic
contraction of the disc and bulge, based on the adiabatic invari-
ance of the angular momentum of dark matter particles. Subse-
quent works have argued that this simple method overestimates
the readjustment of the halo relative to calculations in which
the other adiabatic invariants are also included (Wilson 2003;
Gnedin et al. 2004; Jesseit et al. 2002). Abadi et al. (2010) use
N-body simulations and find that the halo contraction is less
pronounced than found in earlier simulations, a disagreement
which suggests that halo contraction is not solely a function of
the initial and final distribution of baryons. Wegg et al. (2016)
compared the dark halo rotation curves of the Milky Way ob-
tained from the MOA-II microlensing data (see their Figure 12).
They find that the adiabatically contracted halo according to the
classical Blumenthal et al. (1986) prescription is inconsistent
with the revised MOA-II data at the 10 level. The prescription
of Gnedin et al. (2004) is consistent only if the initial halo has
low concentrations (see Wegg et al. 2016 for details).

The evolution of dark haloes is not simple. We have briefly
discussed cusp-core transformation, which probably occurs dur-
ing the strong star formation around z = 2 to 3. Adiabatic con-
traction, if it is significant, is presumably an extended process
that goes on throughout the growth of the disc. Furthermore,
cosmological simulations indicate that haloes continue to grow
by accretion up to the present time, with typically half or more
of their mass growth taking place since z = 1 (Mufoz-Cuartas
et al. 2011). While we can measure the basic parameters of dark
haloes at the present time, as described in this paper, we do
not see an obvious earlier stage at which one would want to
identify a pristine dark halo and estimate its parameters from its
present state. We do not therefore attempt to go beyond our ini-

tial goal, of determining the decomposition of the rotation curve
of galaxies into the contributions from the disc and dark halo at
the present time.

The Gipsy task ROTMAS was again used to find the ro-
tation curves for the dark haloes. We ran the models for each
of the two dark matter haloes separately, keeping the rotation
curves of the total baryonic component fixed. As demonstrated
in the previous section, the scale height makes a negligible con-
tribution to the rotation curve decomposition. We therefore fit an
exponential with Z7(0) = 505 + 175 Mypc~? and (dynamical)
scale length = 92.7” along with a scale height = 397.6 pc (this
is our adopted scale height for the hot stellar disc). The results
from this modelling are presented in Figure 15 (the top panel
is for the pISO halo and the bottom panel for the NFW halo).
Although the rotation curves for the two haloes have a similar
shape, the pISO halo works marginally better in our case with a
x%, = 1.17 compared to a x2,, = 1.21 for the NFW halo.

There is a significant negative covariance between the Ay,
and the o~(0). Taking our o~(0) in units of km s~'and hgyn in
units of arcsecs, the cov(o(0), hgy,) = —118.12. The fractional
error on the peak of the baryonic rotation curve can be calcu-
lated as:

AV aryonic : z : Ah, n : z ’
( by ) - (M*‘(O)) + 0.25(—‘” ) + 0.25(Ah~)
Vbary(mic 0—:(0) hdyn h

z

cov(o(0), hgyn)

where the A terms represent the errors on the respective values.
The corresponding values for our data are:
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( A\/baryonic

Vba.ryonic

2
) =0.018 + 0.005 + 0.012 — 0.017

This gives us a 13% error on the peak of the baryonic rota-
tion curve. Therefore, our estimated Vigryonic = 141.0 = 18.8
km s7' and V,,, = 180 + 9 km s~'(from our observed ro-
tation curve). Taking into account the covariance between the
terms, we find our disc to be maximal with Vyuryonic = (0.78 +
0.11)V,,... We note that the M/L for the bulge component re-
mains at 0.6 even when the bulge rotation curve was not con-
strained to this value. The derived parameters of the fitted dark
matter rotation curves are presented in Table 7. We note that
the scale length derived for the pISO model is rather short for
a luminous galaxy such as NGC 628 (Kormendy & Freeman
2016). The error on the total rotational velocity (blue curve in
Figure 15) follows from the error on the central surface density
described in section 5.

R) NEW

Rc Po X C Rago Xha
(kpe) (107 Mgpe™) (kpe)

0.69 +0.09 642.9 +159.8 .17 25.1+21 117.2+4.1 1.21

Table 7. The derived parameters of the fitted dark matter haloes from
the mass modelling.

The derived dark halo parameters for the pseudo isother-
mal and NFW models have significant covariance. This is
demonstrated using the y> maps of the 2D parameter space as
shown in Figure 16. The coloured ellipses in each panel rep-
resent the 1o to 5o values from inside to outside. The errors
quoted in Table 7 are the 1o values.

For the purpose of the rotation curve analysis shown in
Figure 15, we simply needed the radial distribution of the total
baryon surface density Xr. It may however be of interest for the
reader to see how each of the components of X contributes to
the rotation curve. We are able to derive the radial surface den-
sity distributions separately for the hot and cold stellar discs, as
described in section 9.1.1, although extra errors are introduced
in the process. The surface density distribution of the gas is ob-
served directly.

The dynamical scale length derived from Figure 10 refers
to the total baryonic surface density of the disc of NGC 628. To
demonstrate the contribution of the individual components to
the rotation curve, we need to estimate their scale lengths. Fig-
ure 17 shows our X and X, radial distributions from Table 6.
Fitting exponential profiles to these distributions gives an esti-
mate of the scale lengths for the hot and cold stellar components
as ~ 65” + 17”. The errors are relatively large, as we have only
five points on each profile. We note that the two stellar compo-
nents are expected to have equal scale lengths, from the way in
which they were derived; see equation 8.

Figure 18 shows the contribution of the various baryonic
components to the rotation curve. We stress that this figure is for
the purpose of illustration only, and that our adopted parameters
for the individual stellar components have large errors, as ex-
plained above. In Figure 18 the green dot dashed line represents
the rotational velocity of the atomic + molecular gas, using data
from the THINGS and HERACLES surveys (Walter et al. 2008;
Leroy et al. 2009). The red dot-dashed line is the bulge compo-
nent. The blue and red dashed line represent the cold and hot
stellar disc respectively. The purple curve with error bars is the
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total baryonic rotational velocity. This is a bit different from the
corresponding curve in Figure 15 due to the significant errors
involved in deriving the parameters of the hot and cold stellar
discs individually.

11 CONCLUSIONS

The disc-(dark halo) degeneracy in spiral galaxies has been an
important problem in dark halo studies for several decades. One
of the more direct methods of breaking this degeneracy is by
measuring the surface mass density of the disc and hence its
mass-to-light ratio, using the velocity dispersion and the esti-
mated scale height of the disc. However, it is essential that the
measured vertical velocity dispersion and the disc scale height
pertain to the same stellar population.

In the disc of a typical star-forming spiral galaxy, the colder
young stellar component provides a significant contribution to
the number density of kinematical tracers like red giants and
planetary nebulae which have stellar progenitors with a wide
range of ages. Through its red giants, which are a significant
contributor to the integrated light spectra that are used for veloc-
ity dispersion measurements, the colder young population can
have a substantial influence on the observed vertical velocity
dispersion of the disc.

The other observable, the scale height of the disc, is usually
measured from red or near-IR surface photometry of edge-on
galaxies, away from the central dust layer. The estimated scale
heights are then close to the scale heights of the older disc pop-
ulation.

Using integrated light absorption line spectra and veloci-
ties for a large sample of PNe in the face-on disc galaxy NGC
628, we show that the velocity distribution of disc stars does
indeed include a young kinematically cold population and an
older kinematically hotter component. We argue that previous
integrated light and PNe studies have underestimated the sur-
face density and M/L ratio of discs because they were not able
to account for the contribution from the younger colder disc
population in their velocity dispersion analysis.

To estimate the surface density of the disc, using equation
2, we use the velocity dispersion o, of the older hotter compo-
nent of the disc together with the old disc scale height /2, mea-
sured from red or near-IR photometry of edge-on spiral galax-
ies. Together, o, and h, pertain to the same stellar population
and act as consistent tracers of the total gravitational field of the
baryonic disc (hot + cold stellar disc + gas disc). For NGC 628,
this leads to a surface mass density that is ~ 2 times larger than
the values derived from previous estimates of disc density from
disc velocity dispersions. This factor agrees well with our ear-
lier estimates for the solar neighbourhood (Aniyan et al. 2016),
and is large enough to make the difference between concluding
that a disc is maximal or sub-maximal.

We find that the observed vertical velocity dispersion of the
hotter component follows an exponential radial decrease, as ex-
pected for an exponential disc of constant scale height. From the
velocity dispersion distribution, we estimate a dynamical scale
length and central total surface density for the disc, which are
then used in the rotation curve modelling. In the presence of a
thin cold layer of gas and young stars with surface density X,
the density distribution of the hot isothermal layer has the form

2

O—Z 2
G2 sech”(|z|/2h, + b)

p() =


a.v.zasov
Выделение
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Figure 15. The rotation curve decomposition for NGC 628 by fitting a pISO halo (top panel) and a NFW halo (bottom panel). Observed HI rotation
curve is shown as black dots. The magenta line represents the rotational velocity of all the baryons i.e the disc, gas, and the bulge. The black curve
shows the rotation of the dark halo. This galaxy is clearly maximal demonstrated by the fact that the baryons are dominant in the inner parts of the
galaxy.

where tanh(b) = 27Gh,Z¢/o2. The total surface density is then Decomposing the rotation curve of this galaxy, after tak-
Yr=Xc+2Xp= a-f / Znth. We find that the ratio F, = 2¢./2p ing into account the hot and cold stellar components, leads to a
appears to be about 12% in the inner regions of of NGC 628, maximal disc. The rotation of the baryonic component is ~ 78%
and our calculated M/L for the total stellar component (hot + of the total rotational velocity of this galaxy.

cold) is approximately constant with radius. This is the first report from a larger study of nearby near-
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Figure 16. x> map in the two dimensional parameter space for our de-
rived dark halo parameters. The upper panel shows the covariance be-
tween the density and radius of the core of the pseudo isothermal model
of the dark halo. The lower panel shows the covariance between the
virial radius and concentration of the NFW dark halo model. The el-
lipses represent the 10~ — 5o values from inside out.

face-on spirals, using a combination of VIRUS-W data and
PN.S data for 5 northern galaxies and data from the WiFeS
IFU spectrograph for 3 southern galaxies. The analysis of these
galaxies is currently underway.
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APPENDIX A: EFFECT OF THE COLD LAYER ON
THE EQUILIBRUM OF THE ISOTHERMAL SHEET

Previous studies that looked at calculating the surface mass
density of the disc, ignored the gravitational field of the cold
layer (gas and young stars). In this Appendix, we estimate the
effect of the cold layer on the structure and surface density of
the isothermal disc (see Binney & Tremaine II: problems 4.21
& 4.22).

A1l The distribution function for the isothermal disc

The stellar energy is E = v*/2 + ®, where v is the stellar veloc-
ity and @ the potential. The distribution function has the form
f(E) o exp(—E/c?) where o is the stellar velocity dispersion.
Write ® = o2¢. The distribution function for the isothermal
sheet is

Po
2no?

f= exp (—17/207 — §).
The velocity distribution is isothermal and everywhere gaussian,
and the density is

p(2) = po exp(—¢)
where we take ¢(0) = 0. Write z/h, = £. The 1D Poisson equa-
tion is
2
d—zz = 47TGp
or
) d*¢ _ 8xGp.h’
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or

d*¢
2 iz exp(—¢) (A1)
for h2 = o0?2/(8nGp,). Equation Al has the solution ¢ =
In cosh2(§/2), d¢/d{ = tanh(£/2), and

p = po exp(~@) = po sech®((/2) = p, sech?(z/2h,).

Atlarge |z|, p — exp(—|z|/h;). The surface density is £ = 4p.h,,
and the vertical force is K, = —87Gp.h, tanh (z/2h;).

A2 The isothermal sheet in the presence of the cold layer

We model the disc as an isothermal sheet of hot disc population,
plus a thin layer of cold disc population (gas and young stars)
with surface density Z.. The total density is then

op (2) + Zc6(2)

where pp(z) is the density distribution of the isothermal sheet
in the presence of the extra component. The vertical force and
potential for the cold layer are:
K, = -2nGZc z/Iz
(DC = zﬂGZC.|Z|

With the extra component, the energy is E = v?/2 + @,
where @ = @, + O and D), is the potential of the hot isother-
mal sheet. Write ® = o2¢. The distribution function for the
isothermal sheet is

Po

Jo = exp (=v*/207 - ¢)
2no?
and
Pp = po €Xp(—9). (A2)

Write z/h, = {. The 1D Poisson equation for the isothermal
sheet is

&’ 8nGp,h?
2 d?ZD =~ xp(=ép—dc)

where ¢¢c = 2aGZch, |{|/o?. With ¢ = ¢p + ¢c, equation A2
becomes
5 d*¢ _ 81Gp.h’
ez~ o2

4

exp(=¢) (A3)

for |{| > 0. The solution to equation A3 gives the potential ¢
and the density distribution pp for the isothermal sheet in the
presence of the cold layer. We look for a solution of the form

h2(1/2 + b

such that ¢(0) = 0 and ¢’ = tanh(|{|/2 + b) — 27aGh.Zc/ 0'2 as
¢ — 0. Equation A4 is a solution if

tanh(b) = 27Gh.Z¢ /0> (AS)
and
87Gp, cosh®(b) hZ [o? = 1. (A6)
The density of the isothermal sheet is then

pp(&) = po cosh®(b) sech®(£1/2 + b). (A7)



24 S. Aniyan et al.

and its surface density is
4p.h,

= T+ anh®)’ (A8)

D

A2.1 The surface density of the isothermal disc
At large [z], equation A7 becomes

pp o exp(=lzl/h;)

and the photometric scale height is approximately equal to the
natural scale parameter /1, defined in equation A6. From equa-
tions A6 — A8, we eliminate the parameter p,. In terms of its
surface density £, and the observables Z¢, &, and o, the den-
sity distribution of the isothermal sheet is

2

_ O—z 2
p() = 87 sech™(|£1/2 + D), (A9)

the scaling equation A6 becomes
2

2nGh,’

and equation A5 defines the offset parameter b. From equations
A5 and A10, b is approximately the surface density fraction
2c/(Zc + Zp) in the cold layer.

Xr=2c+2Xp= (A10)

A3 Summary

o In the presence of the cold gas layer Z., the isothermal

sheet has the form
ol 2
p(2) = 87r—Ghz sech”(|z|/2h, + b)

where tanh(b) = 22Gh, ¢ /o2,

e The total surface density £y = Z¢ + Xp = 0'3 /2nrGh;).

e The scale parameter h, for the isothermal sheet ~ the ex-
ponential scale height for the hot disc.

e The radial dependence of 0'2 (R) o< Z7(R), if h, is constant.
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ABSTRACT

We present the stellar velocity maps of 25 massive galaxies located in dense environments
observed with MUSE. Galaxies are selected to be brighter than Mg=-25.7 magnitude, reside
in the core of the Shapley Super Cluster or be the brightest galaxy in clusters richer than
the Virgo Cluster. We thus targeted galaxies more massive than 10'> My, and larger than 10
kpc (half-light radius). The velocity maps show a large variety of kinematic features: oblate-
like regular rotation, kinematically distinct cores and various types of non-regular rotation.
The kinematic misalignment angles show that massive galaxies can be divided into two cate-
gories: those with small or negligible misalignment, and those with misalignment consistent
with being 90°. Galaxies in this latter group, comprising just under half of our galaxies, have
prolate-like rotation (rotation around the major axis). Among the brightest cluster galaxies
the incidence of prolate-like rotation is 57 per cent, while for a magnitude limited sub-sample
of objects within the Shapley Super Cluster (mostly satellites), 35 per cent of galaxies show
prolate-like rotation. Placing our galaxies on the mass - size diagram, we show that they all fall
on a branch extending almost an order of magnitude in mass and a factor of 5 in size from the
massive end early-type galaxies, previously recognised as associated with major dissipation-
less mergers. The presence of galaxies with complex kinematics and, particularly, prolate-like
rotators suggests, according to current numerical simulations, that the most massive galaxies
grow predominantly through dissipation-less equal-mass mergers.

Key words: galaxies: elliptical and lenticular, cD — galaxies: formation — galaxies: evolution
— galaxies: kinematics and dynamics — galaxies: clusters: individual — galaxies: structure

1 INTRODUCTION

The orbital structure is a powerful tracer of the formation pro-
cesses shaping galaxies. As galaxies acquire gas, accrete satellites
or merge with similar size objects, new populations of stars are cre-
ated and the mass and luminosity distributions evolve. The changes
in the gravitational potential have a direct influence on the allowed
and realised trajectories, providing for a variety of observed stellar
kinematics. As observers, we thus hope to constrain the ingredi-
ents (and chronology) which shaped galaxies by probing the spatial
variations of the line-of-sight velocity distribution (LOSVD).
Theoretical insights, based on analytical and numerical work,
are crucial for the interpretation of the observed stellar kinemat-
ics of galaxies (see e.g., de Zeeuw & Franx 1991). In an idealised

* E-mail:dkrajnovic @aip.de

© 2017 The Authors

system with triaxial symmetry, assuming a gravitational potential
expressed in a separable form (e.g. Stéickel potentials as introduced
by Eddington 1915), there exist a few families of dissipation-less
orbits which stars can adopt: box orbits, short-axis tubes, inner and
outer long-axis tubes (de Zeeuw 1985). In such systems, symme-
try changes, for example between spherical, oblate or prolate axial
symmetries, limit the stability of orbital families. de Zeeuw (1985)
showed that a purely oblate spheroid should consist of only short-
axis tubes, and therefore show a typical streaming around its mi-
nor axis, unless there is an equal amount of stars on both prograde
and retrograde orbits canceling out the net streaming. A prolate
spheroid allows only inner and outer long-axis tubes, and stream-
ing around the major axis of the galaxy. The argument can also be
reversed to state that galaxies with only long axis tubes cannot be
oblate and axisymmetric, or even triaxial, and that a galaxy with
short axis tubes does not have prolate symmetry.
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The velocity maps of triaxial spheroids, viewed at random
angles, can exhibit a rich variety of kinematic features. This is a
direct consequence, as pointed out by de Zeeuw & Franx (1991),
of the freedom in the direction of the total angular momentum re-
sulting from the orbital mixture, and the momentum vector which
can lie anywhere in the plane containing the major and minor axis
of the galaxy. This was illustrated by Statler (1991) with models
viewed along various orientation angles, and associated with ac-
tually observed galaxies with complex kinematics (e.g. NGC 4356
and NGC 5813; van den Bosch et al. 2008; Krajnovi¢ et al. 2015,
respectively)

Observational studies using long-slits were able to investigate
velocity features along selected angles (often along the minor and
major photometric axes), and revealed that a majority of galaxies
exhibit negligible rotation along their minor photometric axis (e.g.
Davies et al. 1983; Davies & Illingworth 1983; Bender et al. 1994),
while a few massive elliptical galaxies show more complex rotation
indicating the presence of long-axis tubes and significant rotation
around their major axis (e.g. Illingworth 1977; Schechter & Gunn
1979; Wagner et al. 1988). A major change in this field came from
the proliferation of the integral-field spectrographs (IFS) and their
ability to map the distribution of velocities over a significant frac-
tion of the galaxy. The last decade of IFS observations has revealed
that the vast majority of galaxies actually has very regular velocity
maps within their half light radii (e.g. Emsellem et al. 2004; Kra-
jnovi¢ et al. 2011; Houghton et al. 2013; Scott et al. 2014; Fogarty
et al. 2015; Falcon-Barroso et al. 2017).

The ATLAS?P project (Cappellari et al. 2011a) addressed this
more specifically via a volume limited survey of nearby early-type
galaxies, demonstrating that galaxies with complex velocity maps
comprise only about 15% of the local population of early-type
galaxies (Krajnovi¢ et al. 2011), and that the majority is consis-
tent with oblate rotators (notwithstanding the presence of a bar, see
Krajnovic et al. 2011; Weijmans et al. 2014). The regular and non-
regular rotator classes seem to reflect a significant difference in
their specific stellar angular momentum content, allowing an em-
pirical division of early-type galaxies into fast and slow rotators
(Emsellem et al. 2007, 2011). Krajnovi¢ et al. (2008) also empha-
sised the fact that axisymmetric fast rotators have regular velocity
fields which qualitatively resemble those of disks. The internal or-
bital structure of these galaxies can, however, be complex, as ev-
idenced by the range of photometric properties (e.g. disk-to-bulge
ratio) and the common presence of tumbling bars.

There are several caveats which need to be emphasised.
Firstly, the intrinsic shape of a galactic system is seldom well de-
fined by a single number, e.g., the apparent ellipticity varies with
radius. Along the same lines, the terms “triaxial” or “oblate” sys-
tems may not even be appropriate when the intrinsic ratios and/or
the position angle of the symmetry axes change with distance from
the centre: the gravitational potential of a galaxy could smoothly
vary from oblate in the centre to strongly triaxial or prolate in the
outer part, with the main symmetry axes not even keeping the same
orientation. Secondly, ellipsoids are certainly a very rough approx-
imation when it comes to describing the intrinsic shapes of galax-
ies, as they have overlapping components with different flattenings,
varying bulge-to-disk ratios, and often host (tumbling) bars. While
the observed kinematics of fast rotators (including also higher mo-
ments of the LOSVD, Krajnovi¢ et al. 2008, 2011; van de Sande
et al. 2017) seem to indicate that their internal orbital structure
is dominated by short-axis tube orbits (and streaming around the
minor axis), numerical simulations of idealised mergers and those
performed within a cosmological context naturally predict the co-

existence of multiple orbital families, the central and outer regions
often being dominated by box and short-axis tube orbits, respec-
tively (e.g. Jesseit et al. 2005; Hoffman et al. 2010; Rottgers et al.
2014).

The division of galaxies into fast and slow rotators connects
also with two dominant channels of galaxy formation (as reviewed
in Cappellari 2016). Present spirals and fast rotators are mostly de-
scendants of star forming disks and their evolution is dominated by
gas accretion, star formation, bulge growth and eventual quench-
ing. The slow rotators may also start as turbulent star-bursting disks
at high redshift (e.g. Dekel et al. 2009; KereS et al. 2009), or be
hosted by haloes with small spin parameters (Lagos et al. 2017),
but the late evolution of most slow rotators is dominated by merg-
ers with gas poor galaxies (De Lucia & Blaizot 2007; Dekel et al.
2009; Williams et al. 2011; Kaviraj et al. 2015). The first channel
therefore favours regular kinematics and internal orbital structure
dominated by short-axis tubes, while the second channel implies
dynamically violent redistribution of orbits and the creation of tri-
axial or prolate-like systems, which include a significant fraction of
long-axis tubes. A strong mass dependence has been emphasised,
with more massive galaxies being more likely to follow the second
channel (Rodriguez-Gomez et al. 2016; Qu et al. 2017).

A clear manifestation of the triaxial nature of galaxies is a
non-zero value of the kinematic misalignment angle, ¥, the an-
gle between the photometric minor axis and the orientation of the
apparent angular momentum vector (Franx et al. 1991). In an ax-
isymmetric galaxy, the apparent angular moment coincides with the
intrinsic angular momentum and is along the minor axis, hence
¥ = 0. Triaxial galaxies can exhibit any value of ¥, while pro-
late galaxies with significant rotation would have ¥ closer to 90°.
Galaxies with large W exist (Franx et al. 1991; Cappellari et al.
2007; Krajnovi¢ et al. 2011; Fogarty et al. 2015; Tsatsi et al. 2017)
and are typically more massive than 10'! M, (but for dwarf galax-
ies see e.g. Ho et al. 2012; Rys et al. 2013). It is, however, not clear
if prolate-like systems feature prominently at high mass and if this
links preferentially to a specific channel of galaxy evolution.

Galaxies at the top of the mass distribution are intrinsically
rare. They are mostly found in dense environments, often as the
brightest members of groups or clusters. Brightest cluster galaxies
(BCGs) are usual suspects, and are known to have low amplitude
or zero rotation (Loubser et al. 2008; Jimmy et al. 2013; Oliva-
Altamirano et al. 2017). Still, current surveys of massive galaxies
have so far offered little evidence for large ¥ values or clear-cut sig-
natures for strong triaxiality (e.g. Veale et al. 2017b). In this work,
we present preliminary results from an observation-based survey,
the M3G (MUSE Most Massive Galaxies; PI: Emsellem) project,
aimed at mapping the most massive galaxies in the densest galaxy
environments at z ~ 0.045 with the MUSE/VLT spectrograph (Ba-
con et al. 2010). We focus on presenting the stellar velocity maps,
emphasising the relatively large number of prolate-like systems,
i.e., galaxies with rotation around the major axis. The orbital dis-
tribution of galaxies exhibiting large values of ¥ (and having net
rotation around the major axis) are thought to be dominated by
long-axis tubes: we will thus refer to such cases as prolate-like ro-
tation'. However, as mentioned above, and discussed in Section 4,

1" An alternative name used in the literature is minor-axis rotation, as the
gradient of the velocities is along the major axis, and it should be differen-
tiated from rotation around the minor axis present in oblate axisymmetric
systems. To avoid any ambiguity, next to the defined prolate-like rotation,
we will use the nomenclature from Krajnovi¢ et al. (2011), where regular
rotation is used for oblate rotators with velocity maps consistent with those
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we caution the reader that this does not imply that these are prolate
systems. Presenting the complete survey, its data products and sub-
sequent results is beyond the scope of the current publication and
will be presented in forthcoming papers.

In Section 2 we briefly report on the observations and the data
analysis. We present the main results on the rotational characteris-
tics of the M3G sample in Section 3, which is followed by a discus-
sion in Section 4 and a brief summary of conclusions in Section 5.

2 OBSERVATIONS AND ANALYSIS

In this section we briefly describe the M3G sample of galaxies,
the observations and the extraction of the kinematic information.
Further details on these aspects will be presented in a following
M3G paper (Krajnovié et al. in prep.).

2.1 The M3G sample and MUSE observations

The M3G sample comprises 25 early-type galaxies selected to be
brighter than -25.7 magnitude in the 2MASS K —band and found
in the densest environments. We created two sub-samples of galax-
ies: one consisting of the brightest galaxies in the densest known
structure, the core of the Shapley Super Cluster (SSC) (Shapley
1930; Merluzzi et al. 2010, 2015), and the other targeting BCGs
in rich clusters. We selected galaxies in the SSC using the 2MASS
All Sky Extended Source Catalog (XSC, Jarrett et al. 2000; Skrut-
skie et al. 2006) centred on the three main clusters near the core
of the SSC: Abell 3562, 3558 and 3556 (Abell et al. 1989). This
selection yielded 14 galaxies, with 3 being BCGs. The comple-
mentary sub-sample of BCGs was defined using a parent sample
of clusters richer than the Virgo Cluster and observed with the HST
(Laine et al. 2003). We included 11 BCGs residing in clusters with
richness larger than 40, where the richness is defined as the num-
ber of galaxies with magnitudes between m5 and m3 + 2 within an
Abell radius of the cluster centre (5 is the magnitude of the third
brightest cluster galaxy). Here we also used the information given
in Laine et al. (2003). The full M3G sample therefore consists of
14 galaxies in the SSC, and 14 BCG (three being in the SSC). In
this paper we use 2MASS photometry as a reference, but as part of
the M3G project, we have collected photometry from other imaging
campaigns, which will be described in detail in future papers.

In addition to the visibility requirement that the galaxies are
observable from Paranal, we imposed a selection criterion based on
the distance and size of the galaxies: these had to be such that the
MUSE field-of-view covers up to two effective radii of each target.
The effective radii were collected from the XSC catalog, using the
k_r_eff keyword. The most massive galaxies in the SSC have the
right combination of parameters to satisfy this criterion, while the
additional 11 BCGs were selected to be at similar redshifts. The
galaxies span the redshift range 0.037 < z < 0.054, with a mean of
z=0.046. The redshift of the SSC is assumed to be 0.048 (Metcalfe
et al. 1987). Adopting cosmology Hy = 70 km s™! Mpc™!, Qy =
0.3, Qy = 0.7, 1”7 is 904 pc at the mean redshift of the sample,
while this scales changes from 735 to 1050 pc between galaxies
(Wright 2006).

The observations of the sample were performed within the
MUSE Guaranteed Time Observations (GTO) during ESO Periods

of discs, while non-regular rotation is used for twisted and complex velocity
maps.
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94 - 99 (starting in the fall of 2014 and finishing in the spring of
2017). The observing strategy consisted of combining a short Ob-
serving Block (OB) of exposures during better-than-average seeing
conditions (< 0.8”) to map the central structures, and a set of OBs
with longer exposure times to reach a sufficient signal-to-noise ra-
tio (S/N) at two effective radii. The high spatial (short exposure
time) resolution MUSE data will be presented in a forthcoming
paper. The total exposure time for each galaxy varied from about
2 to 6 hours. The brightest galaxy in the sample (see Table 1 for
details) was mosaiced with 2 X 2 MUSE fields, each observed up
to 6h. All individual OBs consisted of four on-target observations
and two separate sky fields sandwiched between the on-target ex-
posures. On-target observations were each time rotated by 90° and
dithered in order to reduce the systematics introduced by the 24
MUSE spectrographs.

2.2 Data reduction and kinematics extraction

Data reduction was performed as the observations were completed.
This means that several versions (from v1.2 to the latest v1.6) of the
MUSE data reduction pipeline (Weilbacher et al. 2014) were used.
Despite continued improvement of the reduction pipeline, given
the brightness of the M3G sample, and the nature of the current
study, the differences in the reductions do not affect the results and
conclusions presented here. All reductions followed the standard
MUSE steps, producing the master calibration files of the bias and
flat fields, as well as providing the trace tables, wavelength calibra-
tion files and line-spread function for each slice. When available we
also used twilight flats. Instrument geometry and astrometry files
were provided by the GTO team for each observing run. These
calibrations files, as well as the closest in time illumination flats
obtained during the night, were applied to the on-target exposures.
From separate sky fields we constructed the sky spectra which were
associated with the closest in time on-target exposure, and from the
observation of a standard star (for each night) we extracted the re-
sponse function as well as an estimate of the telluric correction.
These, together with the line-spread function (LSF) and the astro-
metric solution, were used during the science post-processing. The
final data cubes were obtained by merging all individual exposures.
As these were dithered and rotated, a precise alignment scheme was
required. This was achieved using stars or unresolved sources, and
for a few cases in which the MUSE field-of-view was devoid of
such sources, using the surface brightness contours in the central
regions. The final cubes have the standard MUSE spatial spaxel of
0.2”7%0.2"” and a spectral sampling of 1.25 A per pixel.

As a first step before extraction of the kinematics, we pro-
ceeded to spatially bin each data cube to homogenise the signal-
to-noise ratio throughout the field-of-view via the Voronoi binning
method (Cappellari & Copin 2003)>. We first estimated the S/N
of individual spectra from the reduction pipeline propagated noise,
masking all stars or satellite galaxies within the field-of-view. Spa-
tial binning is ultimately an iterative process, in which our goal
was to achieve relatively small bins beyond one effective radius, but
which provide a sufficient signal for extraction of robust kinemat-
ics. The quality of the extraction was measured using the signal-to-
residual noise ratio (S/rN), where the residual noise is the standard
deviation of the difference between the data and the model (as ex-
plained below). S/rN was required to be similar to the target S/N
in bins at large radii. As the data quality varies between galaxies,

2 Available at http://purl.org/cappellari/software
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Figure 1. An example of the pPXF fit to a spectrum extracted within an effective radius from PGC047177, which also shows ionised gas emission. The
observed spectrum is shown in black and the best fit in red. Green dots are residuals. Light green shaded areas were masked and not fitted. These include the
strongest emission-lines expected between 4500 A and 7000 A, as well as potential strong sky lines or telluric residuals.

it is possible for some galaxies to have sufficiently small bins in
the central regions with S/rN ~ 100, while for some galaxies S/rN
~ 50 is the most that can be achieved for a reasonable bin size. For
this work, we set the target S/N required by the Voronoi binning
method to 50 for all galaxies. Additionally, before binning we re-
moved all spectra (individual spaxels) with S/N less than 2.5 in the
continuum (based on the pipeline estimated noise)>. In this way we
excluded the spectra at the edge of the MUSE FoV, which essen-
tially do not contain any useful signal and limited the sizes of the
outermost bins.

Stellar kinematics were extracted using the pPXF method*
(Cappellari & Emsellem 2004). Our pPXF set up included an ad-
ditive polynomial of the 4th order, and we fitted a line-of-sight ve-
locity distribution parametrised by Gauss-Hermit polynomials (van
der Marel & Franx 1993; Gerhard 1993) with the mean velocity V,
the velocity dispersion o and the higher order moments /3 and h4.
We masked all potential emission-lines and a few narrow spectral
windows with possible sky-line residuals. Finally, we limited the
fit to blue-wards of 7000 A, to exclude potentially strong telluric
and sky residuals. For each galaxy, a pPXF fit was first performed
on the spectrum obtained by summing all MUSE spectra within one
effective radius (covering an elliptical area equivalent to X R?) and
using the full MILES stellar library (Sdnchez-Blazquez et al. 2006;
Falcén-Barroso et al. 2011) as templates. The MUSE LSF signifi-
cantly varies with wavelength with a full-width half maximum from
2.85 A at 5000A to 2.5 A at 7000 A (Guérou et al. 2017). We
used the parametrisation of the LSF from Guérou et al. (2017) and
convolved the MILES templates to the MUSE LSF (varying with
wavelength). Possible emission-lines were masked. As an exam-
ple, we show the fit to the spectrum extracted within the half-light
redius of one of our galaxies in Fig. 1.

This first global pPXF fit provides an optimal set of stellar
templates, which we propagate for each individual Voronoi-binned
spectrum, using the same pPXF set-up. The quality of the fit was
checked via the S/rN of each bin, where the residual Noise was the
standard deviation of the difference between the data and the best-
fit pPXF model. As outlined above, this S/rN was required to be
at least 50 over most of the field-of-view. We extracted up to the

3 The value of S/N ~ 2.5 was selected as a compromise between removing
too many pixels in the outer regions and reducing the size of the outermost
bins.

4 See footnote 2 for software availability.

4th Gauss-Hermit coefficient, but in this work we will primarily
focus on the mean velocity maps of our 25 galaxies. The velocity
dispersion and higher order velocity moments maps, as well as the
analysis of the angular momentum will be presented in a future
paper. The global velocity dispersion values are given in Table 1.

3 PREVALENCE OF LONG-AXIS ROTATION IN
MASSIVE GALAXIES

The velocity maps for the full M3G sample are shown in Fig. 2.
The sample is split into BCGs (first 14 maps) and non-BCGs from
the SSC. In each subgroup galaxies are plotted in order of decreas-
ing 2MASS K-band absolute luminosity. There are several note-
worthy features in these maps, which we interpret within the kine-
matic classification system of the ATLAS3P survey (Krajnovié et al.
2011). To start with, we note that almost all galaxies show some
level of rotation. While the maximum velocity amplitudes reached
within the two effective radii covered by our MUSE observations
are often low (= 30 — 50 kmy/s), only one galaxy, e) PGC 043900,
does not show a clear indication for net streaming motion within the
field of view. This is somewhat different from the trend expected
from the ATLAS® data (Emsellem et al. 2011; Krajnovi¢ et al.
2011), where a few of the most massive systems (about 15 per cent
for galaxies more massive than 2 X 10" M), can be characterised
as having no net rotation. Other studies of massive galaxies (e.g.
Veale et al. 2017b) also find a large number of galaxies with negli-
gible net rotation. It is likely that, as in the case of NGC 4486 (Em-
sellem et al. 2014), our MUSE data are of such quality and extent
that the rotation is revealed even in systems such as r) PGC 047590,
where the amplitude of the rotation is only 30 km/s°.

The coverage beyond one effective radius helps to determine
the net rotation trend, but also reveals changes in the kinematics.
This is especially noticeable among BCGs, where the velocity maps
change orientation (e.g. b) PGC 048896), or there is a loss of coher-
ent motions (e.g. h) PGC 065588). Non-BCGs, which we will call
satellites in this context, do not show such changes. It might be the
case that the changes are found at larger radii (as for some lower-

3 A similar change of kinematic classification based on higher quality kine-
matics could happen to NGC 5846, another ATLAS?P “non-rotator” with a
hint for prolate-like rotation in the SAURON data.

MNRAS 000, 1-11 (2017)
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Figure 2. The mean stellar velocity maps of the M3G sample galaxies. Galaxies are divided in two groups, the BCGs and satellites (non-BCGs in the SSC).
BCGs are plotted in the first 14 panels starting from the top left, followed by satellites (as indicated with “SAT”). The two groups of galaxies are ordered by
decreasing K-band absolute magnitude. The values in the lower right corner of each panel indicate the range of the velocities, where the negative are shown
with blue and positive with red colours, as indicated by the colourbar. Black dashed contours are isophotes plotted in steps of one magnitude. All velocity maps
are approximately 1’ x 1’ in size. Full red ellipses indicate the size and the orientation of the half-light region, specified by the ellipticity of the galaxy and
the semi-major axis length equal to the 2MASS Ks-band effective radius. Green and brown lines indicate the orientation of the kinematic and the photometric
major axes, respectively. Letters in upper right corner of each panel (“PRO”, “TRI” and “OBL”) indicate broad shape-related categories of the galaxy based
on the kinematic misalignment (see Fig. 3 for details). The letters in front of the galaxy names will be used in text for easier location of the object.

mass fast rotators, Arnold et al. 2014), but there is no clear evidence
for this within 2 R,.

massive galaxies, and found within the group of satellites. Galax-
ies that belong to this class are v) PGC046860, u) PGC047177, y)

PGC047273, x) PGC047355 and w) PGC097958. Their dynamical

Another striking feature is that there are galaxies which show
regular rotation, with peak velocity in excess of 200 km/s. These
galaxies are in fact among the lower luminosity bin of our set of

MNRAS 000, 1-11 (2017)

masses (see Section 4) are around 10'> M, and they are all among
the most massive galaxies with regular rotation. Their existence is


a.v.zasov
Выделение

a.v.zasov
Выделение


6  Davor Krajnovic et al.

+ PRO
so{ [ * _______________________
— -‘- TRI
(/)]
® 60-
° o
BCG
340_ B saT
S
>204 | | oy
OBL
oll 14 L +

£ . N(gal)

Figure 3. Distribution of the kinematic misalignment angle as a function of
ellipticity, both measured within the effective radius of M3G sample galax-
ies. Red circles show BCGs, while blue squares are non-BCGs in the SSC
(we call them satellites or SAT for simplicity). The symbol with an upper
limit error bar is PGC 043900, the system with no net rotation and, there-
fore, no reliable PAy;, measurement. Horizontal lines at ¥ = 15°and 75°are
used to guide the eye for an approximate separation of shapes of galaxies,
between mostly oblate (indicated with “OBL”), triaxial (“TRI”) and pro-
late (“PRO”). These divisions are not meant to be rigorous but indicative.
Colours on the right-hand side histogram follow the same convention as
shown on the main plot and the legend.

expected (e.g. Brough et al. 2007; Loubser et al. 2008; Veale et al.
2017b; Lagos et al. 2017), although their number likely decreases
with increasing mass (e.g. Krajnovi¢ et al. 2011; Jimmy et al. 2013;
Houghton et al. 2013; Veale et al. 2017b; Brough et al. 2017). The
fact that these galaxies are not found among BGCs is indicative of
their less violent evolution maintaining the regular rotation. How-
ever, there is also the case of a) PGC 047202, the largest and the
most luminous galaxy in the SSC, and a BCG, which shows high
level of rotation, albeit non-regular.

Non-regular rotation is the most common characteristics of the
M3G velocity maps. It is especially among BCGs, but it also occurs
in non-BCGs. The existence of kinematically distinct cores (KDC),
counter-rotation, the radial variation of the kinematic position an-
gle, as well as the analysis of the velocity features beyond the effec-
tive radius will be discussed in a future paper. Here we quantify the
kinematic misalignment angle ¥ as the difference between the po-
sition angle defined by the photometric major axis (PAyyo) and the
global kinematic position angle (PAy;,) approximately within 1 ef-
fective radius. We measure PAy;, using the method presented in Ap-
pendix C of Krajnovi¢ et al. (2006)°®, which provides a global orien-
tation of the velocity map. PAy,,; was measured by calculating the
moments of inertia’ of the surface brightness distribution from the
MUSE white-light images (obtained by summing the MUSE cubes
along the wavelength dimension). At the same time, the method
provides the global ellipticity €. As we used MUSE cubes for both
PAyi, and PA, they were estimated approximately within the
same region. In Table 1 we report the measured photometric and
kinematic position angles as well as other relevant properties used
in this paper.

6 See footnote 2 for software availability.
7 The routine can be found within the MGE Package (Cappellari 2002) at
http:/www.purl.org/cappellari/

Kinematic and photometric position angles are shown in Fig. 2
as green and brown lines, respectively. Systems with regular rota-
tion have almost overlapping lines, while systems with non-regular
rotation often show that the kinematic misalignment angle ¥ is
close to 90°. To quantify this, we also present the distribution of
¥ as a function of the galaxy projected ellipticity e for the M3G
sample in Fig. 3. We split galaxies into BGCs and satellites and
draw two horizontal lines at 15° and 75° to separate oblate, triaxial
and prolate geometries.

The most noteworthy characteristic of Fig. 3 is that galaxies
seem to group in two regions, one with low and one with high V.
Galaxies with W < 15° are generally consistent with having oblate
symmetries. Their velocity maps look regular, and all galaxies with
high rotation amplitudes are found in this group. In order of ris-
ing ellipticity these BCGs are: 1) PGC 004500, m) PGC 049940,
a) PGC 047202, j) PGC 018236 and i) PGC 019085. Their intrin-
sic shapes are likely not axisymmetric, as their velocity maps show
kinematic twists and are not regular, but the velocity maps are close
to aligned with their photometric axes.

Galaxies with ¥ significantly larger than O (and lower than
90) cannot be axisymmetric as their net angular momentum is not
aligned with one of the principle axes. Very indicative is also that
9 galaxies have ¥ > 75°. A closer examination shows rotation
around the major axis within a large fraction of the half-light ra-
dius. These galaxies exhibit prolate-like rotation, as it is defined in
Section 1 within a significant part of the MUSE field-of-view. The
rotation amplitude is, as in the case of other non-regular rotators,
typically small, mostly around 50 km/s or lower, and the observed
(luminosity-weighted) rotation has to be supported by the existence
of long-axis tube orbits.

There are 4 galaxies with 15° < ¥ < 75°: h) PGC 065588,
p) PGC 047154, g) PGC 015524 and d) PGC 046832 (in order of
decreasing ¥). The first three have similar rotation pattern as other
galaxies with prolate-like rotation. Strictly speaking the ¥ values
are inconsistent with 90°, but their velocity maps resemble those
of galaxies with prolate-like rotation. We will, therefore, also re-
fer to them as having prolate-like rotation. On the other hand, d)
PGC 046832 exhibits a very complex velocity map with multiple
changes between approaching and receding velocities, but its ve-
locity map does not resemble prolate-like rotation, and its ¥ is sig-
nificantly smaller than for other galaxies in this group. Therefore,
we will not consider it to have prolate-like rotation. Another special
case is e) PGC 043900, which does not have any rotation and its ¥
is not well defined. Therefore, it is plotted as an upper limit.

The prolate-like rotation comes in two flavours. It can be
present across the full observed field-of-view (approximately 2 ef-
fective radii), for example in n) PGC007748, h) PGC065588 and
r) PGC047590, but most galaxies have it within a specific area,
either outside the central region (but within one effective radius,
s) PGC099188), or more typically covering the full half-light ra-
dius (e.g. k) PGC047752, f) PGC003342, ¢) PGC007300 or b)
PGC048896). In these cases, the rotation at larger radii either dis-
appears (e.g. t) PGC047197) or there is a change in the kinematic
position angle and the rotation is consistent with being around the
minor axis (f) PGC003342, ¢) PGC073000, b) PGC048896). The
change in the kinematic position angle is relatively abrupt and oc-
curs over a small radial range. Therefore, such galaxies could even
be characterised as having large-scale KDCs, with the central com-
ponent exhibiting prolate-like rotation. More typical and standard
size KDCs are found in a few M3G targets (i) PGC019085 and d)
PGC046832), but these will be discussed in more detail in a future
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Table 1. General properties of the galaxies.

Prolate-like rotation in massive galaxies

Name Mk PAkin PA ot b € T R, log (M) BCG Fig.2
2MASS mag [degree] [degree] [degree] [km/s] [kpc]  [log(Mo)]

Y] ) 3) 4) 5) (6 7 ®) ) (10) (11
PGC003342 -26.34 139.2 +29.7 36.7+£03 775+297 025 270.0+1.6 245 12.283 1 f)
PGC004500 -25.85 157.3+£29.7 1535+14 3.8+29.7 0.11 2565=+1.6 13.2 12.026 1 )]
PGC007748 -25.76 143.7 + 8.8 66.0 = 0.8 77.7+88 028 2656=+1.2 159 12.072 1 n)
PGCO015524 -26.10 1165+ 126 1729+75 564+146 0.19 2729+14 207 12.233 1 2)
PGCO018236 -25.93 529 +45 65.7+0.5 128+45 031 2745+15 18.3 12.142 1 i)
PGCO019085 -26.04 1195+ 11.8 1253 +0.3 58+11.8 052 2612+14 284 12.358 1 i)
PGC043900 -26.46 146.7+89.1 1775+ 1.7 <90 024 3767+22 258 12.539 1 e)
PGC046785 -26.39 63.5+40 754+147 119+152 007 3339+1.8 18.2 12.464 3 0)
PGC046832 -26.59 1679+ 11.8 1457+9.6 222+152 032 3119+x14 214 12.359 2 d)
PGC046860 -25.89 56.0 + 1.8 576+ 1.0 1.6+20 033 2828=+1.2 13.0 12.038 3 V)
PGC047154 -26.29 71.1+£129 1342+02 63.1+129 0.16 3195+22 16.0 12.254 3 p)
PGC047177 -25.89 953+2.0 98.4 + 1.3 3.1+24 037 2873+1.5 15.3 12.104 3 u)
PGC047197 -25.99 2424297 1184+2.1 858+298 023 301.7+1.8 14.3 12.136 3 t)
PGC047202 -27.19 166.4 £2.8 1722 +25 58+38 026 3189+22 393 12.668 2 a)
PGC047273 -25.69 96.8 +2.3 93.6 +2.2 32+£32 024 20613+14 18.4 12.064 3 y)
PGC047355 -25.79 86.2 + 1.0 81.9+1.2 43+16 024 2529+13 14.8 12.026 3 X)
PGC047590 -26.09 46.9+29.7 1324+38 855+299 021 2888=+2.1 16.8 12.254 3 r)
PGC047752 -25.89 3.0+£29.7 89.9+33 869+299 022 261017 212 12.073 2 k)
PGC048896 -26.70 87.7 £ 13.1 30£05 847131 050 3220+19 349 12.611 1 b)
PGC049940 -25.83 514 +9.1 51.7+1.9 03+93 0.14 2986=+1.7 12.6 12.078 1 m)
PGC065588 -26.05 136.1 £2.3 62.1 1.1 74025 0.09 2740=+2.1 22.3 12.309 1 h)
PGC073000 -26.65 66.6 50 160.8 +0.3 858+50 030 283.6+18 304 12.450 1 c)
PGC097958 -25.79 454+ 1.5 473+0.3 19+15 029 2859+x13 9.70 11.972 3 w)
PGC099188 -25.99 149.7 £ 29.7 62.1+14 87.6+297 0.13 2242+12 262 12.198 3 s)
PGC099522 -26.09 1029 = 11.1 89.4+9.8 135+148 025 2346=x09 19.0 12.036 3 q)

7

Notes: Column 1: names of galaxies; Column 2: Absolute magnitudes; Column 3: kinematic position angle; Column 4: photometric position angle: Column

5: kinematic misalignment error; Column 6: ellipticity; Column 7: velocity dispersion within the effective radius; Column 8: effective radius based on the

j-r_eff 2MASS XSC keyword; Column 9: stellar mass; Column 10: galaxy is a BCG - 1, galaxy is a BCG in the SSC - 2, galaxy is a “satellite” in the SSC -
3; Column 11: the letter referring to the position of the object in Fig. 2. Absolute K-band magnitudes are based on the 2MASS K-band total magnitudes and
the distance moduli obtained from NED (http://ned.ipac.caltech.edu). The same distance moduli were used to convert sizes to kiloparsecs. Note that while we
report actual measurements for the kinematic and photometric position angles, the kinematic misalignment ¥ for PGC043900 is an upper limit, as there is no
net streaming in this galaxy. The stellar mass reported in the last column was estimated using columns 7 and 8, and the virial mass estimator from Cappellari

et al. (2006).

paper devoted to the analysis of the high spatial resolution MUSE
data cubes.

Finally, for a few galaxies there is evidence for a significant
change beyond one effective radius in the properties of the velocity
maps: regardless of regular or non-regular rotation within the ef-
fective radius, the outer parts show no rotation. They are, however,
characterised by a spatially symmetric shift of velocities to larger
values compared to the systemic velocity of the galaxy. Examples
are the BCGs: m) PGC049940, i) PGC019085 and g) PGC015524.
Except for stressing that such velocities at larger radii are only
found in the BCGs, we will postpone the discussion of these fea-
tures to a future paper when it will be put in the full context of the
kinematics of M3G galaxies.

4 DISCUSSION

In Fig. 4 we place the M3G sample on the mass - size diagram.
We indicate the type of observed kinematics with different sym-
bols and colours and also add the galaxies from the ATLAS??
magnitude-limited sample for comparison. Galaxy masses and
sizes for ATLAS?” galaxies were obtained from Cappellari et al.
(2013b). For M3G objects we used their 2MASS sizes (XSC key-
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word j_r_eff), defining the size as R, = 1.61xj_r_eff as in Cap-
pellari (2013). Masses of the sample galaxies were approximated
using the virial mass estimator M,, = 5 x (R,02)/G (Cappellari et al.
2006), where o, is the effective velocity dispersion extracted from
the MUSE data within an ellipse of area equal to 7 X R,

Using the full M3G sample, up to 44 per cent of galax-
ies have prolate-like rotation (here we include h) PGC 065588, p)
PGC 047154 and g) PGC 015524 with ¥ > 60°). The M3G objects
located in the SSC form a magnitude-limited subsample within a
well defined environment. This subsample contains 5/14 (35 per
cent) galaxies with prolate-like rotation (including three BCGs).
The fraction of prolate-like rotation is higher among BCGs. In our
sample there are 8/14 BCGs with prolate-like rotation, or 57 per
cent. A comparison with the ATLAS3” sample indicates that galax-
ies with prolate-like rotation are mostly found in massive galaxies
and that they are typical for dense environments. This can be some-
what quantified using the literature data.

Within the ATLAS®® sample there are six known galax-
ies with prolate-like rotation (NGC 4261, NGC 4365, NGC 4406,
NGC 5485, NGC 5557 and NGC 4486), while Tsatsi et al. (2017)
found 8 new systems in the CALIFA sample (LSBCF560-
04, NGCO0810, NGC2484, NGC4874, NGC5216, NGC6173,
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NGC6338, and UGC10695; Falcén-Barroso et al. 2017)3. Together
with the previously known cases such as NGC1052 (Schechter &
Gunn 1979), NGC4589, NGC5982 and NGC7052 (Wagner et al.
1988), this means a total of 17 galaxies with apparent prolate-like
rotation were previously known in the nearby universe. The MAS-
SIVE survey (Ma et al. 2014) found 11 galaxies with kinematic
misalignment larger than 60°, whereas 7 of those have ¥ > 75°
and can therefore be considered to have prolate-like rotation (Ene
et al. 2018). These galaxies are: NGC 708, NGC 1060, NGC 2783,
NGC 2832, NGC 7265, NGC 7274, and UGC 2783, where all of
them except NGC7274 are classified as BCGs or brightest group
galaxy (BGG). Combining the M3G sample of galaxies with
prolate-like rotation with those from the literature, we see that such
rotation typically does not occur for M, < 10'' My, and that for
M, 2 10'? M, velocity maps with prolate-like rotation correspond
to the most populated kinematic category.

Within the M3G sample, the prolate-like rotation is mostly
found in BCGs, but is also present in non-BCGs. However, all
galaxies in the M3G sample are members of groups or clusters
of galaxies. Even when including the literature data, most galax-
ies with prolate-like rotation have been observed in galaxy clusters
or groups. A similar finding is reported by the MASSIVE survey
(Ene et al. 2018), where galaxies with prolate-like rotation are al-
most exclusively found in BCGs/BGGs, and generally misaligned
galaxies (¥ > 15°) are rare in the low density environments, but
common among the BCGs/BGGs or satellites. As the creation of
non-regularly rotating, massive galaxies with low angular momen-
tum (typical hosts for prolate-like rotation) can a priori occur in
any environment (e.g. Cappellari et al. 2011b; Veale et al. 2017a),
we expect that galaxies with prolate-like rotation, if rare, still ex-
ist outside of dense environments. The evidence that this might
be so could be seen in recent merger galaxies, such as NGC 1222
(Young et al., submitted) or NGC 7252 (Weaver et al. 2018). These
galaxies are in late merging phases, and have not yet fully set-
tled, but show prolate-like rotation of the stellar component. What
makes them significantly different from other prolate-like systems,
is their richness in atomic and emission-line gas, as well as ongo-
ing star formation, implying that there are multiple ways of creat-
ing prolate-like kinematics. Such galaxies seem however rare, as
(Barrera-Ballesteros et al. 2015) does not report a significant in-
cidence of large kinematic misalignment in mergers. A survey of
massive galaxies across various environments could constrain the
dependence of prolate-like rotation on the environment, as well as
offer new possible scenarios for their formation.

Numerical simulations suggest that prolate-like rotation may
be the outcome of binary mergers for specific orbital configura-
tions (e.g Lokas et al. 2014). For example, major (1:1) dissipation-
less mergers in the study by Naab & Burkert (2003) exhibit rota-
tion around the minor axis. Furthermore, the orbital structure and
the shapes of remnants of major collisionless mergers indicate sig-
nificant triaxiality and dominance of orbits that support triaxial or
prolate shapes (Jesseit et al. 2005, 2009; Rottgers et al. 2014). Nu-
merical simulations of binary (disk) mergers often end up with
mildly elongated and low angular momentum remnants, with triax-
ial shapes and prolate-like rotation (Hernquist 1992; Naab & Burk-
ert 2003; Cox et al. 2006; Hoffman et al. 2010; Bois et al. 2011;
Moody et al. 2014). More specifically, Tsatsi et al. (2017) empha-
sised that a polar merger of gas-free disc galaxies can lead to a

8 We excluded NGC 5485 as it is already in ATLAS3P sample. UGC10695
is only a candidate for prolate-like rotation.
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Figure 4. The distribution of the M3G sample on the mass size plane. The
M3G sample is shown with symbols that have black edges and dominate
the high-mass end. For reference we also show galaxies from the ATLAS>P
sample with coloured symbols. The shape and the colour of the symbol is
related to the kinematic type as indicated in the legend. The classification
is taken from Krajnovi¢ et al. (2011) with the following meanings: RR -
regular rotation, NRR - non-regular rotation, and PRO - prolate-like rota-
tion (nominally the latter are part of the NRR group, but we highlight them
here). Diagonal dashed lines are lines of constant velocity dispersion cal-
culated using the virial mass estimator. The green shaded region shows the
expected region where galaxies growing through dissipation-less mergers
should lie, assuming major 1:1 mergers (dot-dashed red line) and multiple
minor mergers (dotted blue line). The orange hatched region encompasses
the mass - size evolution of major merger remnants depending on the merger
orbital parameters, as explained in Section 4.

prolate-like remnant. Ebrovéd & Lokas (2015), looking at a broader
set of merging configurations, found that radial orbits are more
likely to produce prolate-like rotation, other orbital configurations
(specific combinations of orbital and disk angular momentum) not
being excluded.

Similar results are recovered in numerical simulations set
within a cosmological context. Cosmological zoom-in simulations
produce galaxies with prolate-like rotation (Naab et al. 2014). The
Ilustris (Vogelsberger et al. 2014), EAGLE (Schaye et al. 2015)
and cosmo-OWLS (Le Brun et al. 2014) numerical simulations
find that there is an increasing fraction of (close to) prolate shapes
among the most massive galaxies (Velliscig et al. 2015; Li et al.
2016, for EAGLE+cosmo-OWLs and Illustris, respectively). Ma-
jor mergers seem to be ubiquitous among galaxies with prolate-like
rotation (Ebrova & Lokas 2017). Specifically, a late (almost dry)
major merger seems to be crucial to decrease the overall angular
momentum and imprints the prolate-like rotation. A recent study
by Li et al. (2018) on the origin of prolate galaxies in the Illus-
tris simulation, shows that they are formed by late (z < 1) major
dissipation-less mergers: galaxies might have a number of minor or
intermediate mass mergers, but the last and late major merger is the
main trigger for the prolate shape. Similarly to the findings from
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idealised binary mergers, most mergers leading to prolate-like sys-
tems have radially biased orbital configurations. Lower-mass rem-
nants may allow a broader set of possible orbital parameters, mass
ratios as well as gas content among the (higher angular momentum)
progenitors leading to prolate-like rotation (Ebrovd & fokas 2017).

Prolate-like rotation does not strictly imply that the galaxy has
a prolate mass distribution (or potential). This is nicely illustrated
with idealised Stickel potentials, where prolate systems allow only
inner and outer long-axis tube orbits (de Zeeuw 1985). Hence pro-
late galaxies can have velocity maps that either show prolate-like
rotation or no-rotation. This is indeed found for the Illustris prolate-
like galaxies; about 51% of actually prolate galaxies (using a tri-
dimensional account of the mass distribution) show prolate-like ro-
tation while the others have no net rotation (Li et al. 2018), pre-
sumably as they contain both prograde and retrograde long-axis
tube orbits. Nevertheless, galaxies with prolate-like rotation cannot
be oblate spheroids.

Velocity maps of the M3G sample objects with prolate-like ro-
tation show spatial variations, sometimes changing at larger radii to
rotation around the major axis. This suggests more complex shapes,
supporting various types of orbital families (de Zeeuw & Franx
1991). A classical example of such galaxies is NGC 4365 (Ben-
der 1988), which has a large KDC and outer prolate-like rotation.
Its orbital distribution is complex with both short- and long-axis
tubes responsible for the formation of the observed (luminosity-
weighted) kinematics (van den Bosch et al. 2008). This is also a
characteristic of high-mass merger remnants, which often contain
a large fraction of box orbits, short- and long-axis tubes, varying
relatively to each other with radius (e.g. Rottgers et al. 2014). With
such caveats in mind, it is worth assuming for a moment that M3G
galaxies with prolate-like rotation are actually significantly triaxial
and close to being prolate. Prolate galaxies in the Illustris simula-
tion are found only at masses larger than 3 x 10" Mg, and above
10" M,, 62 per cent of galaxies are prolate or triaxial, 43 per cent
being prolate (Li et al. 2018). This is coincidentally close to our
observed fraction of prolate-like systems (44%) within the M3G
sample, although we should stress that the M3G sample is not a
complete or representative sample.

Notwithstanding the actual frequency and shape of galaxies
with prolate-like rotation, they cluster in a special region of the
mass - size diagram, as Fig. 4 shows. The M3G sample lies on
an extension of the arm-like protuberance arising from the cloud
of galaxies at high masses and large sizes. The M3G data extend
this arm by almost an order of magnitude in mass and a factor
of 5 in size. At masses below 6 x 10" Mg covered by previous
surveys, galaxies that were found on this extension were typically
old and metal-rich slow rotators characterised by a deficit of light
(cores) in their nuclear surface brightness profiles (Emsellem et al.
2011; Cappellari et al. 2013a; Krajnovi¢ et al. 2013; McDermid
et al. 2015). Specifically, their kinematic properties and the core-
like light profiles were used as an indication that the formation
of these galaxies was different from other galaxies populating the
mass - size plane, which are characterised as star-forming disks, or
bulge dominated, oblate and fast rotating early-type galaxies (Cap-
pellari et al. 2013a; Cappellari 2016). The most likely formation
process of galaxies populating that extension is through dissipation-
less mergers of already massive galaxies: these may provide a way
to explain their kinematics, low angular momentum content, cores
in light profiles (through binary black hole mergers, e.g. Ebisuzaki
et al. 1991; Milosavljevi¢ & Merritt 2001) and old stellar popula-
tions.

The M3G extension of the arm supports this picture in two
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additional ways. Firstly, it shows that while these galaxies span a
large range in both mass and size, their effective velocity disper-
sions are not very different, as expected in major dissipation-less
mergers (e.g. Hopkins et al. 2009; Bezanson et al. 2009; Naab et al.
2009). Following the argument outlined in Naab et al. (2009), if a
massive galaxy grows via equal-mass mergers (of progenitors with
similar sizes and/or velocity dispersions), both the mass and the
size of the remnant will increase by a factor of 2, while it will fol-
low a line of constant velocity dispersion in Fig. 4. We illustrate
this path with a red dot-dashed line, where products of consecutive
equal-mass mergers would fall, for example starting with systems
of M= 6 x 10! My, and R, = 7 kpc, representative of the most
massive galaxies in the local Universe. The same increase in mass
achieved through multiple minor mergers (with smaller mass, size
and velocity dispersion progenitors) would lead to a size increase
by a factor of 4, while the velocity dispersions would typically be
reduced by a factor of 2. This corresponds to the blue dotted line in
Fig. 4, starting from the same main galaxy progenitor (see also fig.
2 in Bezanson et al. 2009).

Equal mass merger simulations show that the relation between
the mass and the size of galaxies also depends on the merger param-
eters, such as the pericentric distance, type of the orbit and its an-
gular momentum (Boylan-Kolchin et al. 2006). This study showed
that depending on the merger orbit, the mass - size relations follows
R, ~ M, where @ = 0.7—-1.3. We add this range of possibilities on
Fig. 4 as a hatched region, indicating the possible location for mas-
sive galaxies after major mergers, and fully encompassing M3G
sample galaxies. A caveat in this simple argument is that some of
the massive galaxies today will start merging as more compact ob-
jects in the early Universe, as is evident from the evolution of the
mass - size relation with redshift (van der Wel et al. 2014) and im-
plied by compact size of high redshift quiescent galaxies and their
subsequent evolution (e.g. van Dokkum et al. 2008, 2010).

Inevitably the merger history of massive galaxies will be a
combination of multiple minor mergers and a small number of ma-
jor (or even equal) mass mergers (e.g De Lucia & Blaizot 2007;
Johansson et al. 2012; Naab et al. 2014). The evidence for such
a combination is visible in the differences between the central re-
gion (about 1 R,) and the outskirts, as they often do not share the
same kinematics or stellar populations, which will be the topic of
future papers. The tightness of the region on the mass - size dia-
gram within which the M3G galaxies lie suggests that the growth
of the most massive galaxies (> 10'> M,,) and, in particular, BCGs
is dominated by major mergers. This would be consistent with the
findings by Li et al. (2018) that also links such massive mergers
with prolate-like rotation. Given that more than half of the BCGs in
our sample exhibits prolate-like rotation, we speculate that indeed
most of these experienced a late major (dry) merger, between two
massive (possibly both central) galaxies. A radial bias in the orbital
configurations for such mergers leading to an increase fraction of
prolate-like rotators may naturally emerge from the preset of phase-
space distribution of massive galaxies, also relative to the large-
scale structures (West et al. 1995; Niederste-Ostholt et al. 2010;
West et al. 2017).

5 CONCLUSIONS

In this work, we report that a large fraction of galaxies more mas-
sive than 10'> My, show prolate-like rotation. This is shown by the
analysis of MUSE data of the magnitude-limited sample of massive
galaxies in the Shapley Super Cluster and a matching (in luminos-
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ity) sample of BCGs. This M3G sample consists of 25 galaxies, of
which 14 are BCGs, 11 are satellites in the SSC and 3 are BCGs in
the SSC. We present their stellar velocity maps, and measure their
kinematic misalignment angles, showing that 44 per cent of galax-
ies in the M3G sample have their main rotation around their major
axes. Selecting only BCGs the fraction increases to 57 per cent,
while in a magnitude limited subsample of satellites, prolate-like
rotation is detected in 35 per cent of galaxies.

The prolate-like rotation is suggestive of a triaxial or close
to prolate intrinsic shape. For most of our galaxies rotation am-
plitudes are low, but velocity maps typically shows net streaming.
These kinematics indicate a violent assembly history, with at least
one major dissipation-less merger. The M3G data support a sce-
nario where the final growth of the most massive galaxies is domi-
nated by late dissipation-less merging of similar mass systems. This
could be associated with the prevalence of prolate-like rotation in
the most massive BCGs and is consistent with the location of these
systems within a mass - size diagram, which we extend by almost
an order of magnitude in mass and a factor of 5 in size.

The current sample suggests that there is a rather narrow path
for climbing the last rung of the galaxy mass ladder, which would
be characteristic of dense cluster environments. Answering whether
or not such very massive systems require the merging of already
central systems would require a more extended studies and a closer
look at relevant simulations. The fact that BCGs seem to show an
alignment trend with respect to the larger-scale structures may be
a interesting avenue to consider, as it would naturally explain a
bias in the orbital configuration for equal-mass massive and late
mergers. Interestingly enough, prolate-like rotation is also found in
lower-mass galaxies (e.g. as seen by the ATLAS®P and the CALIFA
surveys, as well in some dwarf galaxies). This further suggests that
galaxies with prolate-like rotation should be present in low galactic
density regions, while the progenitors may be quite different (i.e.
gas-rich).
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ABSTRACT

MS2 is one of the best studied starburst galaxies in the local universe, and is consequently a benchmark
for studying star formation feedback at both low and high redshift. We present new VLA H I
observations that reveal the cold gas kinematics along the minor axis in unprecedented detail. This
includes the detection of H I up to 10 kpc along the minor axis toward the South and beyond 5 kpc
to the North. A surprising aspect of these observations is that the line-of-sight H I velocity decreases
substantially from about 120kms~! to 50kms~! from 1.5 to 10 kpc off the midplane. The velocity
profile is not consistent with the H I gas cooling from the hot wind. We demonstrate that the velocity
decrease is substantially greater than the deceleration expected from gravitational forces alone. If the
H I consists of a continuous population of cold clouds, some additional drag force must be present,
and the magnitude of the drag force places a joint constraint on the ratio of the ambient medium to
the typical cloud size and density. We also show that the H I kinematics are inconsistent with a simple
conical outflow centered on the nucleus, but instead require the more widespread launch of the H I
over the ~ 1 kpc extent of the starburst region. Regardless of the launch mechanism for the H I gas,
the observed velocity decrease along the minor axis is sufficiently great that the H I may not escape
the halo of M82. We estimate the H I outflow rate is much less than 1 Mg yr—! at 10 kpc off the
midplane.

Keywords: galaxies: individual(M82 — galaxies: ISM — galaxies: starburst — intergalactic medium —

ISM: jets and outflows — ISM: molecules

ApaM K. LEROY', JEFFREY G. MANGUM?®, ALBERTO BoLaTTo?, KATIE M. KEATING®, KARIN

1. INTRODUCTION

Galaxies with substantial star formation rates often
have large-scale winds that represent material flowing out
of the galaxy along the minor axis (e.g.

; Veilleux et all[2005). These winds are most hkely
driven by young, massive stars, which have substantial
stellar winds and explode as core—collapse supernovae.
The material in these winds can entrain all phases of the
interstellar medium, and is expected to be preferentially
metal-enriched by the nucleosynthetic products in super-
nova ejecta. If the material in these winds escapes the
galaxy, the winds can enrich the circumgalactic and inter-

alactic medium (e.g. [Borthakur et alll2013; Werk et all
@) and regulate the growth and metal-enrichment his-
tories of galactic disks (e.g. |Oppenheimer & Davd[2008;
Peeples & Shankai [2011). Observational evidence of the
removal of metal-encirched material includes the metal-
licity of the intergalactic medium, the mass-metallicity

relationship, and the sizes and luminosities of galactic
disks.
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MS82 is arguably one of the best-studied galaxies with

a starburst-driven wind (Lynds & Sandage 1963). Its

two key properties are its proximity at only D = 3.63
Mpc (Freedman et al! 1994; Gerke et al! 2011) in the
M81 group and that the galaxy is observed nearly
edge on, which makes it particularly well-suited to
observe the outflow along the minor axis.  Stud-
ies of this galaxy across the electromagnetic spec-
trum have detected multiple phases of the wind mov-
ing at multiple velocities, ranging from plasma tem-
peratures of 30 — 80 million Kelvin at X-ray ener-
gies (Schaaf et all[1989; [Strickland & Heckman [2009) to
warm, ionized gas traced by visible-wavelength features
such as Ho (McKeith et al! [1995;
2009) to atomic H I and molecular gas at temperatures
of 100 K or less (Seaquist & Clark 2001 lter 1
[2002; [Salak et alll2013; mmw)
Observations of visible emission lines along the minor
axis showed line Sphttlng in position velocity diagrams
11978; [Amirkhanyan et all 1982), and
subsequent Fabry—Perot data exhibited good evidence
for a large-scale, biconical outflow (Bland & Tully [1988).
The region with double-peaked emission lines begins
about 300 pc from the midplane and has been detected
to about 1 kpc 1990). McKeith et al!
(1995) derived an inclination of 80° for the galactic disk,
and a cone opening angle of 30° (semi-angle 15°) at > 1
kpc. Their model starts as a cylindrical flow and transi-
tions to a bicone at about 300 pc, and then radially accel-
erates to a terminal velocity of 600 kms~! on the surface
of the bicone. The material inside the bicone is the much
hotter fluid observed at X-ray energies and predicted
to have a terminal velocity several times greater than

the ~ 500 km s~! escape velocity (Strickland & Heckman
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2009).

The line of sight velocities of 120 — 140 kms~! rela-
tive to systemic for the cold atomic and molecular gas
traced by H T and CO are substantially slower than
the emission traced at shorter wavelengths. The cold
gas could be entrained in the hot gas, although sim-
ulations suggest that only a small fraction of the cold
gas should survive a significant amount of acceleration
(Scannapieco & Briiggen 12015; [Schneider & Robertson
2017), except perhaps if the clouds are supported by
magnetic fields (McCourt et all 2015). Another possi-
bility is that the winds are driven by radiation pres-
sure through momentum transfer from starlight to dust
grains embedded in the gas (Murray et all 2005, 2010;
Andrews & Thompson 2011).  Recent hydrodynamic
simulations by [Zhang et all (2017) suggest that clouds
accelerated by the radiation field last significantly longer
than clouds entrained in the hot outflow. Both the
atomic and molecular gas show double-peaked lines that
suggest the hot, conical outflow is bounded by a sheath of
cooler material (Walter et all[2002). [Leroy et all (2015)
conclude that the cold H I and CO help to confine the
hot outflow. The best evidence for this connection begins
approximately 1.5 kpc from the disk. At these distances
the H I and CO exhibit double-peaked profiles indica-
tive of a bicone, a velocity gradient consistent with the
outflow, and spatial coincidence with features at other
wavelengths (see Figure 16 in [Leroy et all[2015).

In this paper we present new, wide-field H I obser-
vations of M82 obtained with the Karl G. Jansky Very
Large Array (VLA) combined with previous observations
with the 100-m Robert C. Byrd Green Bank Telescope
(GBT). These observations show the H I intensity and
kinematics over approximately 20’ x 20" with a resolution
of 24”. Based on the distance D = 3.63 Mpc, lkpc ~ 1.
These observations therefore trace the H I outflow up to
a projected distance of 10 kpc along the minor axis. The
next section describes our observations in further detail,
and the following section presents a mass model for M82.
We use this mass model in §lto explore various explana-
tions for the minor axis kinematics, and summarize our
results in §5l Except where otherwise noted, we adopt an
inclination of 80° for the disk of M82 (Lynds & Sandage
1963; McKeith et all[1993).

2. OBSERVATIONS

We observed M82 in the L band with the VLA in the
B, C, and D configurations in 2015 and 2016, and com-
bined these data with L band observations from the GBT
obtained between 2003 and 2009. The VLA observations
were centered on M82 at o = 9:55:52.72, 6 = +69:40:45.7
(J2000), and on-source integration times in the B, C,
and D configurations were ~ 378, 294, and 168 minutes,
respectively. The GBT observations consist of 40 ses-
sions that include the M81/M82 and NGC2403 galaxy
groups. The GBT observations were used to construct
an 8.7° x 21.3° map centered at o = 8:40:37.0, § =
+69:17:16 (J2000) and have a total integration time of
approximately 187 hours. This GBT map includes data
previously described in |Chynoweth et all (2008, 12009,
2011)).

2.1. VLA Data Processing

We set the VLA correlator to observe the full, polarized
L-band continuum with 1 MHz channels across the full
range ~ 1—2 GHz. We also configured spectral windows
to target the HT and OH lines at higher spectral resolu-
tion. For the H I line, which is the focus of this paper, we
used 2048 3.906 kHz channels centered on the H I line at
the velocity of M82. For the OH lines, we used a slightly
coarser channel width of 7.812 kHz. We calibrated the
amplitude, bandpass, and phase with measurements of
13314305 (3C 286; amplitude and bandpass; flux density
= 15.0Jy at 1.4 GHz) and J0921 + 6215 (B-configuration
phase; flux density = 1.186+0.003 Jy/beam at 1.55 GHz),
and J0841 + 7053 (C- and D-configuration phase; flux
density = 3.340 4+ 0.018 Jy /beam at 1.57 GHz), respec-
tively, using standard techniques. This observation strat-
egy mirrored that used successfully for THINGS, VLA
ANGST, and LITTLE THINGS (Walter et all 2008;
Hunter et all2012; |Ott et all[2012). While M82 was ex-
tensively observed by the VLA in the 1980s (Yun et all
1993,11994), the current observations are more sensitive,
have higher velocity resolution, and have much better
dynamic range due to upgrades from the early 1990s to
late 2000s that improved sensitivity and bandwidth. The
later is particularly important, given M82’s substantial
continuum emission.

As the continuum emission from M82 is quite strong,
we self-calibrated all measurements. The reduction in
phase residual following self-calibration resulted in a fac-
tor of three to five improvement in peak signal-to-noise
for all measurements. After self-calibration, we split out
the spectral window containing H I, binning the data
to have 8s integrations. We identified line free channels
from the integrated spectrum of the u — v data. We
then fit and subtracted a first order polynomial from
each visibility measurement. We combined all of the
continuum-subtracted visibility data for all four observa-
tions, in the process binning the data to a final channel
width of 5 km s™1.

We imaged the data in stages to account for the sub-
stantial absorption in the center of M82, . First, we cre-
ated a high resolution image with Briggs weighting pa-
rameter robust = 0 and no v — v taper. This image had
a beam size of ~ 5”. The surface brightness sensitivity
of this image was too poor to study the outflow in detail,
but yielded a good initial model of the inner part of the
galaxy. We cleaned in interactive mode until the max-
imum residual appeared comparable to the noise in the
image. We then imaged the data again, beginning from
the model output by the previous run, and this time used
robust = 0.5 weighting to emphasize surface brightness
sensitivity slightly more. Again, we cleaned until the
maximum residual was comparable to the noise. Then,
starting from the model output by that imaging run, we
imaged the data with an 18” u — v taper. This dramat-
ically improved the surface brightness sensitivity of the
data. Because this step began with the previous, higher-
resolution model, we achieved a substantial improvement
in surface brightness sensitivity without significant, neg-
ative impact due to the strong absorption in the center.
We cleaned this image until the maximum residual again
resembled the noise of the image and smoothed the out-
put image to have a round, 24” beam (FWHM).
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Figure 1. Log of the M82 H I column density (left) and velocity field (right). The velocity scale in kms~—! is shown on the right colorbar.
The major axis is oriented at PA = 67° (black, dashed line). The outline of our biconical frustum model (green, dashed line) is oriented
along the minor axis with an opening angle of § = 20° (see §[£.2). Also shown are the outlines of various 1 kpc wide slices along the minor
axis used to compute position-velocity diagrams and a scale bar with a projected length of 5 kpc. The absence of H I at the center position

is because there is H I absorption of the bright continuum source.
2.2. GBT Data Processing

The M81/M82 and NGC 2403 area was observed by
moving the telescope in declination and sampling every
3’, with an integration time of 1-3 seconds per sample
(the integration time varied with the observation ses-
sion). Strips of constant declination were spaced by 3’,
and the telescope was moved in right ascension to form
a basket weave pattern over the region. The GBT spec-
trometer was used with a bandwidth of either 12.5 or 50
MHz, depending on the observation session. The com-
bined bandwidth for the final map is 10.5 MHz, and has
a velocity range from —890 to 1320kms~!. The typ-
ical system temperature for each channel of the dual-
polarization receiver was ~ 20 K.

The GBT data were reduced in the standard man-
ner using the GBTIDL and AIPS data reduction pack-
ages. Spectra were smoothed to a channel spacing
of 24.4 kHz, corresponding to a velocity resolution of
5.2kms™'. A reference spectrum for each of the nine
observation sessions was made from an observation of
an emission-free region, usually from the edges of the
maps. The reference spectrum was used to perform
a (signal-reference)/reference calibration of each pixel.
These calibrated spectra were scaled by the system tem-
perature and corrected for atmospheric opacity and GBT
efficiency. We adopted the GBT efficiency from equa-
tion one of [Langston & Turnerl (2007) for a zenith atmo-
spheric opacity of 79 = 0.009. The frequency range ob-
served was relatively free of radio frequency interference
(RFI) and less than 0.3% of all spectra were adversely
affected. The spectra exhibiting RFI were identified by
tabulating the root-mean-square (RMS) noise level in
channels free of neutral hydrogen emission. Spectra that
showed unusually high noise across many channels were
flagged and removed. The observations were then grid-
ded using the AIPS task SDIMG, which also averages po-
larizations. After amplitude calibration and gridding, a
1st-order polynomial was fit to line-free regions of the

spectra and subtracted from the gridded spectra using
the AIPS task IMLIN. The effective angular resolution,
determined from maps of 3C286, is 9.15 £ 0.05". To con-
vert to units of flux density, we observed the calibration
source 3C286. The calibration from Kelvin to Janskys
was derived by mapping 3C286 in the same way that
the HI maps were produced, and the scale factor from
K/Beam to Jy/Beam is 0.43 £ 0.03. Due to the patch-
work nature of the observations, the RMS noise varies
considerably across the datacube, ranging between 6 — 30
mJy/beam. The average RMS noise in the final data
cube is 20 mJy per 24.4 kHz channel.

2.3. Construction of Combined Data Products

The VLA-only cube still exhibits “bowling” and other
large scale artifacts, in part due to the absence of short
and zero spacing data. To deal with this, we combined
the VLA cube with the GBT cube. First, we extracted a
subcube centered on M82 from the larger M81 GBT sur-
vey. We then masked channels dominated by Galactic
emission, carried out one additional round of first-order
baseline fitting, applied the primary beam taper of the
VLA data to the GBT data, and combined the VLA
and GBT data with the CASA task feather. This com-
bination removed or suppressed most of the large scale
artifacts that were present in the VLA-only cube. After
the combination, we corrected the cube for the primary
beam response of the VLA. The final cube has a channel
width of 5kms™!, beam size of 24” (FWHM) , and cov-
ers the primary beam of the VLA out to its half power
point (= 32’). Before the primary beam correction, the
cube had an rms noise of ~ 0.4 mJy beam ™! at this res-
olution and channel width, equivalent to ~ 4 K noise for
~ 1050 K/Jy.

We converted the cube to have units of Kelvin, and
also made a version of our H I cube with individual chan-
nels in units of column density. To do this we used the
5 km s~! width of each channel and assumed optically
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Figure 2. M82 H I intensity in twelve velocity channels after continuum subtraction. The central white area is due to H I absorption
toward the center of the galaxy. The velocity for each channel is relative to the systemic velocity of M82. The major axis is oriented at
PA =67° (black, dashed line). The projected size of 5 kpc and the 24" FWHM beam diameter are shown in the upper left panel.

thin H I emission so that N ~ 1.823 x 10 cm™2 Iy;
with Iy in K kms™!. To highlight only bright, posi-
tive emission, we also created a mask that included all
regions of the cube where the intensity exceeded a signal-
to-noise ratio of five over two successive channels. This
corresponds to a column density limit of ~ 7 x 10'? cm?
across a 10kms™! velocity range. We used this mask to
create integrated intensity and intensity-weighted mean
velocity maps. Note that most of our analysis focuses on
direct analysis of the cubes.

The integrated H I intensity map and velocity field
are shown in Figure [[I and channel maps of H I inten-
sity in select velocity channels are shown in Figure
The H T intensity map shows substantial H I extending

along the major axis for over £5 kpc. The H I emission
to the left (East) shows a significant spur that extends
up (North) from the disk starting at about 4 — 5 kpc.
This is the tidal stream seen in previous H I observa-
tions (Cottrell 1977; lvan der Hulsti [1979; [Appleton et al.
1981); [Yun et alll1993,[1994). This feature is labeled ”NE
Spur” in Figures[[land2l Our data also show some of the
extensive pair of streams that extend west of the major
axis, and then toward the South (Yun et alll1993). This
feature is labeled ”SW Spur” in Figures [ and The
H I emission along the minor axis extends approximately
5 kpc toward the North and 10 kpc toward the South.
MS2 is to the North of M81, so the southern part of M82
is closer to M8I.
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Figure 3. MS82 minor axis position-velocity diagram. The
grayscale and contours show the integrated H I intensity within
+0.5 kpc along the minor axis as a function of projected distance
from the midplane. The velocity field has been shifted to the sys-
temic velocity of 211kms~! (dotted line). H I is clearly detected
up to 10 kpc to the South (left) and to about 6 kpc to the North
(right). Also shown are the ballistic velocities for test particles
(dashed lines) for the mass model presented in §3l Three trajecto-
ries are shown in each direction. The central trajectory is aligned
with the symmetry axis of a bicone tilted 6 = 10° relative to the
plane of the sky, while the other two trajectories are inclined by
+8° relative to the symmetry axis. This simple, ballistic model is
not a good match to the data.

The H I velocity field shows some evidence of ro-
tation, similar to the molecular gas (Young & Scoville
[1984; Yun et alll1993;[Leroy et all2015), although not as
regular as the K —band stellar rotation curve measured

by |Greco et all (2012). The H I rotation curve exhibits

several drops in velocity (Sofue et all [1992), which are
most likely due to the influence of the bar
[1991) and the tidal interaction 1993). The

velocity field along the minor axis has a steep gradient
within about 1 kpc, where it decreases rapidly by over
100kms~! toward the South and increases rapidly by
over 100kms—! toward the North. This spatial extent
is where the start of the outflow is observed at other
wavelengths (McKeith et all [1995;

2009). The amplitude of the velocity field then decreases
toward the systemic velocity of M82. This is particu-
larly prominent toward the South, where continuous, al-
beit filamentary, H I is detected out to 10 kpc from the
midplane. At this point the velocity has decreased to
approximately half the value at 1 kpc. Figure Bl shows
a position-velocity diagram along the minor axis within
a synthesized slit of width £0.5 kpc relative to the cen-
ter of M82. The boundaries of this slit are shown on
Figure [

3. MASS MODEL

We developed a mass model for M82 based on mea-
surements of the stellar surface photometry, stellar kine-
matics, and simulations of its interaction history within
the M81 group. This model includes a bulge, a disk,
and a dark matter halo and was constructed with the
galpy software package 2015). We took the
physical length scale of the bulge and disk components
from the wide-field, near-infrared surface photometry of
Ichikawa et all (1995). They performed a bulge-disk de-
componsition and found the bulge light along the ma-
jor axis is well fit by a de Vaucouleurs R'* law with
an effective radius of 21” (K’'—band) to 29” (H—band).

150
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Figure 4. M82 rotation curve model and observations. The data
points (with error bars) are the stellar kinematics measured by
(2012) with the 2.29um CO bandhead in the near-
infrared K—band. The lines show the rotation curve (dashed)
and three individual components (dotted) calculated from the mass
model described in §31 The bulge component is the most signifi-
cant component near the center of the galaxy, the disk dominates
out to several kpc, and the halo at larger radii.

We adopt a physical radius of r. = 0.36 kpc for this
component, which we model with a Hernquist potential
[1990) with a = 0.2 kpc (with the relation
a = r./1.8153). [Ichikawa et all ) measured an ex-
ponential disk scale length of 40”, and we adopt a phys-
ical disk of s = 0.6 kpc. We model the exponential disk
with the galpy implementation of the|Smith et all (2015)
prescription to describe an exponential disk as three
Miyamoto-Nagai disks (Miyamoto & Nagai [1975). We
set the vertical scale height to A, = 0.1 kpc. This quan-
tity was not calculated by Ichikawa et all (1995), but the
exact choice does not appreciably impact the kinematics
above the midplane. Lastly, we model the dark matter
halo as a[Navarro et all (1996, NFW) profile. H I obser-
vations of the M81 group show long tidal features that
are good evidence of past interactions between M81 and
MS82, as well as between M81 and NGC 3077

[1977; [Yun et al.[1993). [Oehm et all (2017) performed a
thorough simulation study of various scenarios for the
interaction history of the M81 group and placed con-
straints on the dark matter profiles of the largest mem-
bers. We adopt their NF'W parameters of Rogg = 164
kpc, po = 8.81 x 1073 Mg, pc~3, and ¢ = 11.17.

There are two free parameters in the mass model:
the masses of the bulge and disk components. We
adjust these parameters until we obtain a reasonably
good match to the major axis rotation curve measured
by |Greco et all (2012). That rotation curve was mea-
sured from the CO 2.29um bandhead that is promi-
nent in the near-infrared spectra of giant and super-
giant stars. This rotation curve is shown in Figure [
along with the rotation curves of the three mass com-
ponents. The mass we adopt for the bulge component
is 2 x 10? Mg, although we note that much of this mass
may not be in the form of the old stellar population char-
acteristic of classical bulges. One reason is that there is
good evidence from stellar spectroscopy that the cen-
tral light distribution is dominated by young supergiants

Rieke et all [1993; [Forster Schreiber et al!l 2001, 2003;
Greco et alll2012), rather than the old stellar population
typical of classical bulges. A substantial fraction of the
mass in the central region is also in the form of atomic

and molecular gas (Young & Scovilld [1984; [Walter et. all
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2002; [Leroy et alll2015). Regardless of the exact form of
the mass, this component dominates the rotation curve
in the central 0.5 kpc. We normalize the disk component
to 8 x 10° My kpc™2, and this is the most prominent
component out to about 2 kpc. The total mass of our
model is in good agreement with the total dynamical
mass of ~ 10'°M, derived by [Greco et all (2012), and
the range of 10971°M, derived by previous studies, al-
though those studies analyzed a smaller range of radii
(Young & Scovilld [1984; |Goetz et all [1990; Sofue et al.
1992).

4. ANALYSIS
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Figure 5. HI column density vs. distance from the midplane in
the same +0.5 kpc region used to construct Figures [B] and The
central £1 kpc is masked as there is significant H I absorption near
the midplane. The right axis shows the equivalent surface density
of neutral Hydrogen calculated from 8 x 10721 Ng.

We detect substantial H I emission along the minor
axis out to at least 5 kpc to the North and 10 kpc to the
South (Figure[). The total H I intensity is also greater
toward the South than toward the North, and there is
more molecular gas and dust to the South (Walter et al.
2002; Leroy et all 2015). Figure Bl shows the H I col-
umn density as a function of distance from the midplane
along the minor axis in the same +0.5 kpc region used
to construct Figure [Bl

The spatial distribution and kinematics of the H I gas
are a poor match to the outflow traced by the hottest gas.
Strickland & Stevens (2000) discuss how the hot wind
fluid traced by their X-ray observations may acceler-
ate cold clouds by ram pressure. [Strickland & Heckman
(2009) estimate the terminal velocity of the wind is
Voo = 1410 — 2240kms~!, which is greater than the
escape velocity of vese = 460kms™' for M82. The
minor axis kinematics of the warm, ionized gas traced
by Ha and other visible-wavelength lines suggest ve-
locities of 500 — 600kms~! for an 80° disk inclina-
tion (McKeith et all [1995; [Shopbell & Bland-Hawthorn
1998). The velocity of the warm ionized gas is conse-
quently substantially lower than the hot wind fluid, and
closer to M82’s escape velocity (Heckman et all [2000).
The H I kinematics are similar to the warm, ionized
gas, as well as the colder, molecular gas traced by CO
(Walter et al!l2002; Leroy et alll2015). The similar kine-
matics supports the hypothesis that the warm ionized
gas and the cooler atomic and molecular gas are cospa-
tial, but they are not cospatial with the hot wind fluid
detected at X-ray energies.

Further evidence that the warm ionized gas and cooler
atomic and molecular gas are cospatial comes from
measurements of line splitting along the minor axis
that suggests both gas phases trace the edge of a bi-
cone that surrounds the higher temperature X-ray fluid.
This evidence includes the Fabry-Perot observations of
Bland & Tully (198%) and line splitting in longslit spec-
troscopy. [Heckman et all (1990) used longslit spec-
troscopy to derive an opening angle of 60° (and angles
of 30 — 40° between the symmetry axis of the cone and
the plane of the sky). IMcKeith et all (1995) derived a
smaller cone opening angle of 30° at > 1 kpc. Line split-
ting is also observed in the colder gas traced by H I and
CO. [Leroy et all (2015) derived a smaller cone opening
angle of 13 — 20° for this cold gas. The velocity spread
of the minor axis H I observed in our new observations
is more consistent with the smaller opening angle de-
rived by [Leroy et all (2015). A possible explanation for
the discrepancy between the measurements from warm,
ionized gas and colder atomic gas are that the later mea-
surements were made further from the midplane, where
the outflow may be more columnated.

4.1. Minor Axis Velocity Decrease

The most remarkable feature of the minor axis H I
kinematics is the decrease of the typical velocity ampli-
tude from about 100kms~! to 50kms~! over the pro-
jected distance range from about 1.5 kpc to 10 kpe (Fig-
ure [B)). This decline is very obvious along the minor
axis toward the South. The kinematics to the North
are broadly consistent with this same velocity profile, al-
though the H I intensity is substantially less and the gas
is only detected to about 5 kpc in projection.

The velocity amplitude decrease from 1.5 to 10 kpc is
not consistent with H I clouds that have been accelerated
by the wind and then launched on ballistic trajectories,
and consequently demonstrate that an additional force is
required. This is because the inferred outflow velocities
of these clouds is on order 500 — 600 km s~ (for 80° disk
inclination) at a projected height of 1.5 kpc and the mass
of M82 is insufficient to slow the clouds by 50% from 1.5
kpc to 10 kpe. This point is illustrated by the dashed
lines in Figure Bl The lines show the projected veloc-
ity of a test particle calculated with galpy and the mass
model for M82 developed in §8l The middle line shows
the trajectory for a test particle on the symmetry axis
of the bicone (at an angle of 10° relative to the plane of
the sky) and the other lines show test particles at £8°
on the nominal edges of a cone with a 16° opening angle.
The H I kinematics clearly decrease much faster than ex-
pected from gravitational forces alone. They are also in-
consistent with cooling of the H I gas from the hot wind.
H I produced from cooling in a hot wind should have the
velocity of the hot wind, which [Strickland & Heckman
(2009) estimate to be as high as ~ 2000kms~'. The
H I kinematics also demonstrate that the cold H I clouds
do not experience continual acceleration, nor even free
expansion into the halo of M82.

One possible explanation for this decrease in projected
velocity is that the inclination of the bicone is substan-
tially different from the stellar disk, as this would de-
crease the H I outflow velocity. We find that the H I ve-
locities do diminish by the required amount from 1.5 —5
kpc if the symmetry axis of the cone is tilted toward us by
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Figure 7. Integrated mass outflow rate within +0.5 kpc of the
minor axis derived from the surface density shown in Figure [f] and
the velocity profile of the best-fit model. The central £1 kpc is
masked as there is significant H I absorption near the midplane.

30° relative to the plane of the sky. However, in this case
the H I velocities continue to decrease to the systemic ve-
locity, and do not reproduce the relatively flat velocity
profile seen from 5 — 10 kpc. Other possible explanations
include that the H I experiences some additional drag
force, the H 1 does not represent a continuous stream
of material, but instead is forming in situ (although not
from the hot wind), and that the H I kinematics have
been substantially affected by tidal interactions.

If the H I consists of clouds flowing outward along the
edge of the bicone, they could experience a drag force
if they encounter ambient material outside of the bi-
cone. This material could be halo gas of M82 that is
not part of the wind, or tidal material that is approx-

imately stationary relative to the wind. We model the
drag force with the drag equation firag = Capampv®A4,
where Cy is the drag coefficient, pgmp is the density of
the ambient medium, v is the velocity of the H I rel-
ative to this medium, and A is the cross section of a
typical H T cloud. We then make the assumption that
CapampA < 7~2. This would be true if CyA were con-
stant and pgmp o< r~2. The coefficient Cy; is approx-
imately constant for spheres (of constant cross section
A) in a supersonic flow, while pgmp o 772 is charac-
teristic of mass outflow at a constant rate at constant
velocity. Based on measurements by [Leroy et all (2015),
we expect the density profile is somewhat steeper with
Pamb < 7 37~% for the dust and molecular gadi. To
maintain our assumption in this case would require the
drag coefficient to increase with r, which could happen
if the Reynolds number decreased with radius. We find
that the addition of a drag force with CypampA o< 772
provides a reasonable match to the data. This model is
shown in Figure [0

If the velocity change of the H I gas is due to a
drag force imposed by the ambient medium, the non-
gravitational deceleration of the test particles that best
match the data constrain the product of CypampAci- If
we assume these are spherical clouds of H I gas with uni-
form density p. and radius R, the non-gravitational

8 While [Leroy et all ) did measure r~2 for H 1, that is
more due to the abundance of tidal material, than because the
wind material follows r—2.
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deceleration is:

d_U:§Cd (pamb>v_gl (1)

dt 4 Pecl Rcl
At 2 kpc from the midplane, the deprojected H T ve-
locity is about 500kms~' and the best-fit model has a
non-gravitational deceleration of 1.8 x 10~ "cms~2. For
R. = 10 pc, the density ratio is ~ 0.0044(0.5/Cy). If the
cloud particle density is 10 cm ™3, the ambient medium at
2 kpc from the midplane must be relatively dense with
0.044cm™3. This is substantially denser than the hot
wind, although the wind has much larger velocities so it
is unlikely to be the same medium. If drag forces decel-
erate the H I gas, then the ambient medium responsible
for the deceleration must be distinct from the hot wind,
and at higher density than the typical hot, coronal gas
of galactic halos. This could be due to material stripped
out of the disk by the tidal interaction with M81. The
tidal interaction may also be the main origin of the de-
crease in the H I velocity, rather than a drag force due
to the ambient medium.

The combination p.R. in Equation 1 is the column
density of the clouds in the outflow. If the majority of
the material in the cloud is H I, then this quantity can
be measured with H I emission maps or UV /visible ab-
sorption line studies with sufficiently high resolution and
sensitivity. Such a measurement, combined with the ac-
celeration and the velocity of the clouds, could then be
used to solve for the ambient density required to pro-
duce the observed deceleration. The angular size of a
~ 10 — 20 pc cloud at the distance of M82 is 0.5 — 1”.
This is a challenge for current H I facilities, but may be
feasible with UV /visible absorption line studies toward
background sources.

Similar to [Leroy et all (2015), we have used the mass
distribution and velocity information to derive the mass
flux associated with the H I emission. Under the as-
sumption that all of the H I is associated with an out-
flow, Figure [0 shows the mass flux computed from the
product of the mass surface density (Figure [H), the ve-
locity from our outflow model, and the +0.5 kpc width of
the central region of our position-velocity diagram. The
main differences from the calculation and figure shown
in [Leroy et all (2015) are that we used a smaller region
width (1 kpe, rather than 3 kpc) and we used the velocity
profile, rather than a fixed outflow speed of 450kms~1.
While the mass flux we have derived near the midplane
is lower than in [Leroy et all (2015), largely because of
the smaller region width, the mass flux is detected out
to about twice the distance from the midplane, although
it drops to a fraction of a solar mass per year beyond
4 kpc. This is also approximately the point where the
mass flux is comparable to the outflow rate computed by
Strickland & Heckman (2009) for the hot gas. This H I
outflow rate is about an order of magnitude less than the
star formation rate.

The H I velocity decrease along the minor axis may be
so substantial that the H I will not escape the halo. At
a projected height of 10 kpc, the line of sight velocity
has dropped to 50 kms~! relative to the systemic veloc-
ity, which corresponds to an inclination-corrected outflow
velocity of about 300 kms~!. This is sufficiently compa-
rable to the escape velocity of our mass model that the

ultimate fate of the gas will depend on assumptions in
our model for the drag force on the cold gas, the impact
of tidal forces in the M81 group, and the halo model for
MS82. Within the context of our model, the H T would
finally stall at 70-80 kpc after about 500 Myr. The H I
gas could consequently form a cold “fountain” as pro-
posed by [Leroy et al! (2015), rather than substantially
add to the intergalactic medium. We searched in our
data for any evidence of material that is falling back,
but do not see any. This included a careful inspection of
the non-masked data, which has somewhat greater sen-
sitivity, although at the expense of more artifacts.

4.2. Biconical Frustum

A simple bicone model is not a good match to the
spatial and velocity distribution of the H I gas. Fig-
ures [I and 2 clearly show the H I gas does not have a
conical shape. The opening angle derived from line split-
ting in the cold gas by ILeroy et all (2015) is also smaller
than values derived closer to the plane from the warm,
ionized gas (Heckman et all[1990; McKeith et all [1995),
which suggests the cold gas is more columnated. Another
argument against a simple bicone is the presence of out-
flowing material at offset positions parallel to the minor
axis. Figure [l shows five slices parallel to the minor axis
that are 1 kpc wide and offset at +2,41,0,—1, and —2
kpc along the midplane. Figure [§ shows the position ve-
locity at each of those five positions. This figure clearly
shows the H I velocity profile observed within +0.5 kpc
of the minor axis (Center) is also seen in positions offset
by as much as +2 kpc, albeit at somewhat lower inten-
sity. A simple bicone with an opening angle of 8° (half
width) would have no flux within about £7 kpc of the
major axis in the offset positions at +2 kpc. While the
intensity at these offset positions could be explained with
a larger opening angle, a larger opening angle would also
produce a much larger range of velocities at each position
that would not be consistent with the observations.

We have consequently compared the data to a bicon-
ical frustum, rather than a simple bicone. Since a frus-
tum is a conical shape with the top removed, we use this
representation to model the origin of the outflow from
a broader region of the disk than the single point of a
cone. This shape is a better physical match to the spa-
tial extent of the starburst, yet maintains the relatively
narrow range of velocities observed further from the mid-
plane (see [Westmoquette et alll2011], for the application
of a frustum to NGC 253). We find that a frustum ra-
dius of 1 kpc at the midplane and an opening angle half
width of 8° is a reasonable match to the data. The out-
line of this biconical frustum is shown in Figure [l and
position-velocity diagrams for this model are shown on
the right side of Figure 8 at the same five offset positions
as the data on the left. The choice of a 1 kpc radius
at the midplane was motivated by the physical extent of
the starburst region (~ 500 pc [Forster Schreiber et al
2003), but increased to provide a better match to the
observed position-velocity diagrams. The velocity of the
gas in the model was calculated at each point based on
the radial distance from the center of the model. The
velocity includes gravity and drag forces as in Figure [6]
and was normalized such that the initial velocity of the
gas matches the observed H I kinematics at 1.5 kpc from
the midplane. The model does not include any material
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Figure 8. Five position-velocity diagrams offset for the observed H I gas (left) and a model biconical frustum outflow with an R=1kpc
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marked in Figure [[] while the model shows the projected position-velocity diagram of a model filled biconical frustum with ¢ = 10° and
opening angle 6 = 8° (half width). The model includes both the gravitational deceleration and the drag force shown in Figure
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closer than 1.5 kpc from the center, as we assumed this
region is substantially affected by the disk kinematics.
The main disagreement between the model and data are
that the model has a somewhat broader velocity distri-
bution. This could be because our simple model adopts a
uniformly filled frustum. The model would better match
the data if the material were more concentrated on the
symmetry axis, although physically that would be in con-
flict with the expected location of the hot wind. At larger

distances, the density is assumed to decrease as n oc r—2.

4.3. Alternative Scenarios

It is also possible that the H I gas does not repre-
sent a continuous population of clouds flowing from the
disk, but is instead partially or completely produced in
situ. In this case, one potential origin is the dissociation
of molecular gas. The molecular gas measurements from
Leroy et all (2015) within a few kpc of the midplane show
similar kinematics as the atomic gas; however, the mass
density of molecular gas is substantially lower than the
H I off the midplane, and decreases much more rapidly
with distance from M82. Deeper molecular gas obser-
vations would help to further test this hypothesis, along
with calculations of the disassociation rate.

Another possibility is that the H I gas has radiatively
cooled from the hot phase (Wang [1995ah). The ba-
sic physical picture, which was developed in detail by
Thompson et all (2016), starts with cool gas clouds in
the disk that are initially accelerated and shredded by
the hot wind. The addition of this cloud material then
increases the mass loading in the wind, and then this
additional mass seeds thermal and radiative instabilities
that precipitate cool gas out in the wind at larger dis-
tances. Following the wind model of |Chevalier & Clegg
(1989), a key dimensionless parameter is the mass load-
ing parameter 3, which describes the ratio of the mass
outflow rate My in the wind to the star formation rate
M,, that is My = BM,. The radiative cooling requires
some minimum mass loading due to the shape of the
cooling function. For the case of M82, [Hoopes et all
(2003) find weak evidence of cooling on large scales
and [Strickland & Heckman (2009) estimate a fairly low
mass loading factor of 8 = 0.2 — 0.5 in the core, al-
though the wind could be strongly mass loaded on larger
scales. [Thompson et all (2016) therefore conclude that
their model may not apply to M82, and note the addi-
tional complication of tidal material. The monotonic de-
cline in the characteristic H I velocity with projected dis-
tance also does not seem consistent with radiative cool-
ing because the velocity profile is inconsistent with the
inferred velocity profile for the hot wind.

There is some phenomenological similarity between the
velocity decrease in M82 on kpc scales and the ionized
gas kinematics observed in nearby AGN on scales approx-
imately an order of magnitude smaller. Studies of Seyfert
galaxies such as NGC 1068 (Crenshaw & Kraemen[2000),
Mrk 3 (Ruiz et all 2001), and NGC 4151 (Das et al.
2005) are reasonably well matched with constant accel-
eration to 100-300 pc, followed by constant deceleration
to the systemic velocity. |[Everett & Murray (2007) ex-
plored Parker wind models to explain the ~ 100 pc out-
flows in AGN, but found no self-consistent temperature
profile that could explain all of the kinematics. They did

note that the generic hydromagnetic winds explored by
Matzner & McKee (1999) could explain the acceleration,
and there are morphological similarities between that
model and the observations of May & Steiner (2017), but
it was not clear how to explain the deceleration without
interaction with the surrounding medium.

5. SUMMARY

We have presented new VLA observations of the
archetypical starburst galaxy M82, and combined them
with earlier observations from the GBT. These data trace
H I emission out to a projected distance of 10 kpc from
the center of the galaxy with an angular resolution of
~ 24". The velocity amplitude to both the North and
South decreases from about 140 — 50 km s~ over a pro-
jected distance of 1.5 — 5 kpc from the midplane. The
H I intensity is substantially greater to the South, where
H I is detected out to a projected distance of 10 kpc.

These minor axis H I kinematics are not consistent
with continual acceleration of the atomic gas from the
midplane, nor with gas clouds launched on approxi-
mately ballistic trajectories. The H I gas is also three
to four times slower than the inferred velocity of the hot
superwind fluid traced by X-ray data, and therefore the
H T gas is not consistent with material that has cooled
from that phase. The H I kinematics are more similar
to the molecular and warm, ionized gas that appears to
trace the outer sheath of the superwind, although the
warm, ionized gas has only been measured closer to the
midplane.

We use a new mass model for M82 to demonstrate that
an additional force is required to slow the H I gas, and
that the observed velocity profile is consistent with drag
caused by the ambient environment. This requires that
the H I gas is spatially distinct from the hot superwind
fluid, and is not just the cool tail of the temperature
distribution. The magnitude of the required drag force
constrains the density ratio of the clouds and ambient
medium, as well as the typical cloud size, which could be
tested with future, higher resolution H I observations.
The high velocities and density contrast between the
outflow and ambient medium would also produce shock-
heated gas, which may contribute to the X-ray emission.

One alternate possibility is that the H T gas is not a
continuous stream of material flowing from the disk, but
rather is partially or completely produced in situ by dis-
sociation of the molecular gas and/or adiabatic cooling of
the warm, ionized gas that forms the interface between
the superwind and the ambient medium. We disfavor
this scenario because it does not naturally explain the
systematic decrease in the H I velocities with distance
from the midplane, at least not without a similar drag
force on that material. There is also a very substantial
velocity contrast between the superwind and the other
phases. Deeper observations of the molecular and es-
pecially the warm ionized gas that extend further from
the midplane would help reveal the extent to which that
material shares the same kinematic profile as the H I gas.

A final possibility is that the H I along the minor axis
is largely tidal debris viewed in projection near the mi-
nor axis. Such a superposition would be an unfortunate
coincidence, and does not appear consistent with either
the symmetric kinematic profile about the midplane or
the larger-scale tidal streams of H I. Deeper, wider-field
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H 1 observations, combined with new models of the in-
teractions in the M81 group, could help to quantify the
contribution of H I tidal streams, if any, to the H I ob-
served along the minor axis.

The ultimate fate of the H I gas is unclear. Our de-
tection of the velocity decrease along the minor axis,
combined with our new mass model for M&82, demon-
strates that there is likely some additional drag force
that slows the cold phase of the wind. This velocity de-
crease lowers the wind speed to be comparable to the
escape velocity from the halo, and thus the ultimate fate
of the gas could be fallback onto the disk in a cold foun-
tain on ~ 100 Myr timescales, long-term residence in the
circumgalactic medium, or escape into the intergalactic
medium. How the gas is distributed among these three
scenarios depends on any additional drag forces on the
wind at larger distances, details of the halo mass distri-
bution, and the tidal field of the M81 group.

The National Radio Astronomy Observatory is a facil-
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de-sc0015525. The work of AKL is partially supported
by the National Science Foundation under Grants No.
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THE DRAGONFLY NEARBY GALAXIES SURVEY. IV. A GIANT STELLAR DISK IN NGC 2841
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ABSTRACT

Neutral gas is commonly believed to dominate over stars in the outskirts of galaxies, and investigations of the disk-
halo interface are generally considered to be in the domain of radio astronomy. This may simply be a consequence
of the fact that deep HI observations typically probe to a lower mass surface density than visible wavelength data.
This paper presents low surface brightness optimized visible wavelength observations of the extreme outskirts of the
nearby spiral galaxy NGC 2841. We report the discovery of an enormous low-surface brightness stellar disk in this
object. When azimuthally averaged, the stellar disk can be traced out to a radius of ~70 kpc (5 Res or 23 inner disk
scale lengths). The structure in the stellar disk traces the morphology of HI emission and extended UV emission.
Contrary to expectations, the stellar mass surface density does not fall below that of the gas mass surface density at
any radius. In fact, at all radii greater than ~20 kpc, the ratio of the stellar to gas mass surface density is a constant
3:1. Beyond ~30 kpc, the low surface brightness stellar disk begins to warp, which may be an indication of a physical
connection between the outskirts of the galaxy and infall from the circumgalactic medium. A combination of stellar
migration, accretion and in-situ star formation might be responsible for building up the outer stellar disk, but whatever
mechanisms formed the outer disk must also explain the constant ratio between stellar and gas mass in the outskirts
of this galaxy.

Keywords: galaxies: disks — galaxies: evolution — galaxies: formation — galaxies: individual (NGC
2841) — galaxies: stellar content — galaxies: structure



1. INTRODUCTION

The sizes of galaxy disks and the extent to which
they have well-defined edges remain poorly understood.
Galaxy sizes are often quantified using Rs5, the isopho-
tal radius corresponding to B = 25 mag arcsec™2, but
this is an arbitrary choice. In fact, the literature over
the last three decades has produced conflicting views re-
garding whether there is a true physical edge to galactic
stellar disks. Early studies seemed to show a trunca-
tion in the surface brightness profiles of disks at radii
where star formation is no longer possible due to low
gas density (van der Kruit & Searle 1982), but more re-
cent investigations have found examples of galaxy disks
where the visible wavelength profile is exponential all the
way down to the detection threshold (Bland-Hawthorn
et al. 2005; van Dokkum et al. 2014; Vlajic et al. 2011).
There is considerable confusion in the literature regard-
ing the relationship between the profile shape and the
size of the disk. Most disks fall in one of three classes of
surface brightness profile types (Pohlen & Trujillo 2006;
Erwin et al. 2008): Type I (up-bending), Type I (down-
bending) and Type III (purely exponential). The exis-
tence of Type II disks has been pointed to as evidence
for physical truncation in disks. However, while the po-
sition of the inflection in the profile can certainly be
used to define a physical scale for the disk, this scale
may not have any relationship to the ultimate edge of
the disk (Bland-Hawthorn et al. 2005; Pohlen & Trujillo
2006).

The common view in the literature is that the HI
disks of galaxies are considerably larger than their stellar
disks. This arises from the observation that HI emission
extends much further in radius than the starlight de-
tected in deep images (van der Kruit & Freeman 2011;
Elmegreen & Hunter 2017). A rationale for this is the
possible existence of a minimum gas density thresh-
old for star formation (Fall & Efstathiou 1980; Ken-
nicutt 1989), although this idea is challenged by the
fact that extended UV (XUV) emission is seen in many
disks at radii where the disks are known to be glob-
ally stable (Leroy et al. 2008). Studies suggest that
large scale instability is decoupled from local instabil-
ity, and the latter may be all that is required to trig-
ger star formation. For example, a study by Dong et
al. (2008) analyzed the Toomre stability of individual
UV clumps in the outer disk of M83. They found that
even though the outer disk is globally Toomre stable,
individual UV clumps are consistent with being Toomre
unstable. These authors also found that the relation-
ship between gas density and the star-formation rate of
the clumps follows a local Kennicutt-Schmidt law. In a
related investigation, Bigiel et al. (2010) carried out a

combined analysis of the HI and XUV disks of 22 galax-
ies and found no obvious gas surface density threshold
below which star formation is cut off, suggesting that
the Kennicutt-Schmidt law extends to arbitrarily low
gas surface densities, but with a shallower slope.

On the basis of these considerations, it is far from clear
that we have established the true sizes of galactic disks
at any wavelength. Absent clear evidence for a physi-
cal truncation, the ‘size’ of a given disk depends mainly
on the sensitivity of the observations. This basic fact
applies to both the radio and the visible wavelength ob-
servations, and relative size comparisons which do not
account for the sensitivity of the observations can be
rather misleading. For example, it is commonly seen
that the gas in galaxies extends much further in sin-
gle dish observations than it does in interferometric ob-
servations, because single dish observations probe down
to lower column densities (Koribalski 2016). At visi-
ble wavelengths, the faintest surface brightness probed
by observations has been stalled at ~ 29.5 mag arcsec ™2
for several decades (Abraham et al. 2017), with this sur-
face brightness ‘floor’ set by systematic errors (Slater et
al. 2009).

The Dragonfly Telephoto Array (Dragonfly for short)
addresses some of these systematic errors and is opti-
mized for low surface brightness observations; see Abra-
ham & van Dokkum (2014) for more details. Dragon-
fly has demonstrated the capability to routinely reach
~32 mag arcsec” 2 in azimuthally averaged profiles (van
Dokkum et al. 2014; Merritt et al. 2016).

In this paper, we present ultra-deep visible wavelength
observations taken with Dragonfly of the spiral galaxy
NGC 2841. This galaxy is a particularly clean example
of XUV emission in an isolated environment (Afanasiev
& Sil’chenko 1999). It is notable for being the archetype
for the flocculent class of spiral galaxies. The disk is
globally Toomre-stable (Leroy et al. 2008) and it shows
no evidence for grand design structure, although near-
infrared observations do show some long dark spiral fea-
tures in its interior (Block et al. 1996). Our aim is to
determine if the stellar disk, as traced by visible wave-
length light, extends at least as far as the neutral gas
mapped by the THINGS survey (Walter et al. 2008),
and the XUV emission mapped by GALEX (Thilker et
al. 2007). Instead of just comparing sizes of disks in dif-
ferent wavelengths, we will compare mass surface den-
sities up to the sensitivity limit of the respective data
sets. Throughout the paper, we assume the distance to
NGC 2841 is 14.1 Mpc (Leroy et al. 2008).

In §2 we describe our observations and the specialized
reduction techniques we have adopted in order to obtain
deep profiles with careful control of systematic errors.
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Our results are presented in §3, and our findings are
discussed in §4.

2. OBSERVATIONS AND DATA REDUCTION

Broadband images of NGC 2841 were obtained be-
tween 2013 and 2016 using Dragonfly as part of the
Dragonfly Nearby Galaxy Survey (Merritt et al. 2016).
Dragonfly is comprised of multiple lenses with their
pointing offset from one another by a few arcminutes.
Between 2013 and 2016, the number of lens and camera
subsystems on the Array increased from 8 to 24. A total
of 3351 ten-minute exposure images of NGC 2841 were
obtained in Sloan g and r bands, distributed over the
multiple cameras. Sky flats were taken daily at twilight
and dawn. Data reduction was carried out using the
Dragonfly Pipeline, full details for which can be found
in Zhang et al. (2018 in prep). The full-width at half
maximum (FWHM) of the final combined NGC 2841
image is 7 arcseconds.

The ultimate limiting factor in low surface brightness
observations of nearby galaxies is the wide-angle point-
spread function (PSF; Slater et al. 2009; Abraham & van
Dokkum 2014; Sandin 2015). The largest-scale compo-
nent of the PSF is the so-called ‘aureole’ (Racine 1996;
King 1971). In conventional telescopes, the aureole is
dominated by scattered light from internal optical com-
ponents (Bernstein 2007). An important point empha-
sized in Zhang et al. (2018 in prep) is that this stellar
aureole varies on a timescale of minutes, and so its origin
is most likely atmospheric. DeVore et al. (2013) suggest
that high-atmosphere aerosols (mainly ice crystals) are
the culprit. An efficient way to detect the existence of
atmospheric conditions which result in prominent stel-
lar aureoles is to monitor the photometric zeropoints
of individual exposures and identify those with devia-
tions from the nominal zeropoint for a given camera at
a given air mass. In our analysis of data from NGC
2841, exposures with a photometric zeropoint deviant
from the nominal zeropoint by more than ~0.1 mag
were excluded from the final combined image. Out of
the 3351 exposures obtained, 1034 were used. Most of
the exposures excluded were taken in obviously marginal
weather conditions (e.g., thin clouds). However, ~25%
of the exposures were identified as having wider-than-
normal wide-angle PSFs only by using the procedure of
monitoring the zeropoint values of the exposures.

Sky subtraction was done in two passes. In the first
pass, a sky model was fit to the SEXTRACTOR (Bertin &
Arnouts 1996) background map for each image and sub-
tracted. Sky-subtracted frames were then used to cre-
ate an average combined image (including both g and r-
band data). SEXTRACTOR was run on this average com-
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bined image to produce a segmentation map. A mask
was created by growing the segmentation map with set-
tings to capture sources all the way out to their low
surface brightness outer edges. In the second pass, sky
models were fit to the SEXTRACTOR background map
of non-sky-subtracted images again, but this time the
mask was input into SEXTRACTOR for the creation of
the background map. This ensures we do not over sub-
tract the sky by fitting a sky model to ultra-faint galaxy
light. After this careful sky subtraction procedure, there
were no residual large-scale gradients visible to the eye
in an image where non-sky pixels were masked. In order
to measure any residual large-scale gradients not obvi-
ous by visual inspection, a third order polynomial was
fit to a masked image. The peak to peak range of sky
background model values are 0.05% the sky value for
both the g and r-band images. This was measured on a
57 by 70 arcminute image of NGC 2841, with the long
edge aligned in the north-south direction. It is impor-
tant to note, however, that the regions responsible for
the 0.05% variation in sky are all on the edges of the
image, and do not overlap with NGC 2841.

The sky background and its error was determined by
measuring the flux in elliptical annuli placed around
NGC 2841 in each of the ¢ and r-band Dragonfly im-
ages. Randomly placed elliptical annuli were used to
sample the sky because the error in the sky value de-
pends on the scale over which the sky is measured. For
example, the variance in a sample of 10x10 pixel sky
boxes will be different to a sample of 100x100 pixel sky
boxes. The outer-most data points in the surface bright-
ness profile are the most sensitive to the accuracy of
the sky background measurement, therefore, that is the
scale on which it is critical to know the sky background
error. The shape of the sky sampling “box” was chosen
to be an elliptical annulus because that most resembles
the shape within which we have to determine the sky
for the surface brightness profile. 1000 elliptical annuli
were placed randomly in a 30 by 30 arcminute region
around NGC 2841. The ellipticity and position angle of
the elliptical annuli was fixed to be that of the largest
surface brightness profile isophote. The annuli sizes were
allowed to randomly vary but not below the size of the
largest surface brightness profile isophote. In order to
sample the local sky background values, the elliptical
annuli were not allowed outside of a 30 by 30 arcminute
region around NGC 2841. A mask was created so that no
light from any sources was included in the determination
of the sky level. First, the segmentation map produced
by SEXTRACTOR (Bertin & Arnouts 1996) was grown
to include the faint outer extents of the sources. For
the brightest stars, as well as NGC 2841, the mask was
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then grown further until no light was visible from these
sources using the histogram stretch option in SAOImage
DS9. The average and standard deviation of all the sky
value measurements in the 1000 elliptical annuli were
used to define the sky value and the error on the sky
value, respectively. The mean sky surface brightnesses
in g and r band were 21.1 mag arcsec™2 in g-band and
20.2 mag arcsec” 2 in r band. The percentage errors on
these sky levels were 0.01% and 0.007%, corresponding
to limiting surface brightness levels of 30.9 and 30.6 mag
arcsec 2 for the g and r-band images, respectively. The
error in the sky value is the dominant source of uncer-
tainty in the surface brightness profile at large radii.

The HI map used in comparisons below was taken
from The HI Nearby Galaxy Survey (THINGS),
made using data from the NRAO Very Large Array
(VLA) (Walter et al. 2008). We obtained a far UV
(FUV) map of NGC 2841 from the Galaxy Evolution
Explorer (GALEX) Nearby Galaxies Survey (Gil de Paz
et al. 2007) using the Detailed Anatomy of Galaxies
(DAGAL) image repository (Knapen 2015).

3. ANALYSIS AND RESULTS
3.1. Size of the stellar disk

Our images of NGC 2841 in g-band and (g-r) color
are shown in Figure 1, together with maps of FUV and
HI emission. Figure 1’s g-band image shows a giant
disk extending as far as the HI and XUV emission. This
disk is visible out to ~60 kpc radius, which is ~4 Rgs
(Rg5 = 14.2 kpc). To guide the eye, three pairs of arrows
are marked in Figure 1, colored red, orange, and blue,
corresponding to radii of 14.2 kpc (R25), 30 kpc, 60 kpc
respectively. The orange arrows (30 kpc) mark the edge
of the well-studied inner disk of this commonly-observed
galaxy (Block et al. 1996; Leroy et al. 2008; Sil’chenko
& Afanasiev 2000; Afanasiev & Sil’chenko 1999). The
disk beyond ~30 kpc appears warped in all three wave-
lengths. Interestingly, there may be two distinct warped
disks, which is most obvious in the (g-r) color and HI
images. The peaks of the HI disk correspond to the
peaks seen in the XUV and the visible wavelength data,
which suggests that, at large radii, stars in this galaxy
are mainly in a disk and are not part of a stellar halo.

In order to make g and r-band surface brightness pro-
files, stars and other sources were masked so that they
did not contribute to the low surface brightness outer
disk. The method used to create the mask for mak-
ing the surface brightness profile was similar to that for
measuring the sky level. The only difference is that
NGC 2841 was removed from the segmentation map
used to create the mask and the step to mask NGC
2841 by visual inspection in SAOImage DS9 was not

applied. The mask for the bright star to the east of the
galaxy (see Figure 1) overlaps with the central bulge of
NGC 2841. Based on previous surface brightness pro-
files created of the inner disk, the bulge is no longer
dominant beyond 60 arcseconds (Boroson 1981), so we
can safely fit a pure exponential disk to the surface
brightness profile beyond 200 arcseconds, and this is
where the surface brightness profile in this paper be-
gins. To create the profile, isophotes were fitted using
the iraf.stsdas.isophote.ellipse routine (Jedrze-
jewski 1987) in PyRAF!. An initial x and y coordinate
for the center of the galaxy was input, but the center,
position angle and ellipticity of isophotes were allowed
to vary. However, beyond a radius of ~35 kpc, there
is no longer enough signal to noise for the ellipse-fitting
routine to allow these parameters to vary, and so the
ellipse shape is fixed beyond that radius. The routine
also extracts the average unmasked pixel value in each
isophote. The g and r-band surface brightness profiles
of NGC 2841 are shown in Figure 2, where the error bars
include random as well as systematic sky-errors.

The visible light in the outskirts of NGC 2841 is clearly
part of an extended disk, because the visible wavelength
morphology of the galaxy traces the HI and UV disks.
A 21-cm kinematic study of the galaxy shows there is
a warp in the gas disk (Bosma 1978). Visually, g and
r-band light beyond ~30 kpc is dominated by a warped
outer disk, aligned with the HI and the UV star forming
disk. The warp is most obvious in the g-r color, and the
HI images. As a further indicator of a stellar disk warp,
the position angle of the fitted elliptical isophote jumps
from -30 +1.5 degrees clockwise from the y-axis within
30 kpc to -26.5 at 30 kpc. Note, however, that the po-
sition angle is not allowed to vary in the ellipse fitting
routine beyond ~35 kpc due to low signal to noise. Be-
cause the disk is warped, and because the surface bright-
ness profile appears to up-bend, a two-exponential disk
model is most appropriate and this was fit to the galaxy
surface brightness profile. The inner and outer disks
have scale lengths of 3.1£0.1 kpc and 13+3 kpc, respec-
tively. The two-disk model is shown in Figure 2, with
the solid grey line being the sum of the two components.
Our measured surface brightness profile extends to ~70
kpc, which is ~23 inner disk scale lengths.

3.2. Is the outer disk light contaminated by scatter
from the wide-angle PSF?

As described in the Introduction, the wide-angle
point-spread function can play an important role in

1 PyRAF are products of the Space Telescope Science Institute,
which is operated by AURA for NASA
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Figure 1. A panchromatic view of NGC 2841. Top left: Dragonfly g-band image. The color image embedded in the center
was taken from the Sloan Digital Sky Survey data release 14 skyserver website (Abolfathi et al. 2017). Top right: Dragonfly
(g-r) color image. Bottom left: GALEX FUV image. Bottom right: THINGS HI image. The arrows (red, orange, blue) in
each image mark the following radii along the galaxy: Ras (14.2 kpc), 30 kpc, 60 kpc. The UV, HI gas and visible wavelength
emission are traced out to similar radii in the disk of NGC 2841, with the peaks of the visible wavelength disk corresponding to
the peaks of the HI and UV emission.
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Figure 2. Top: Surface brightness profile of NGC 2841 in
Sloan g and r-band. A 2-disk model is fit to the surface
brightness profile. The inner and outer disks have disk scale
lengths of 3.1+0.1 kpc and 13+3 kpc respectively. Plotted
in a lighter shade of green and red with lines connecting
the data points is the derived surface brightness profile after
masking the UV bright regions. Bottom: The (g-r) color
profile. The error bars in both plots include RMS and sky
errors.

the measurement of profiles at very low surface bright-
ness levels. Since the visibility of the stellar aureole
varies as a function of atmospheric conditions, part of
the data reduction pipeline for Dragonfly data rejects
science exposures with zeropoints that deviate from a
nominal zeropoint by more than ~0.1 mag. This proce-
dure removes the science exposures most contaminated
by scattered light from the PSF. To test the significance
of remaining contamination, we convolved a measured
PSF with a one-dimensional model galaxy profile sim-
ilar to NGC 2841 to observe the change in the surface
brightness profile at large radii. A bulge central surface
brightness of gy = 20.1 and bulge effective radius of
R. = 0.94 kpc was used (Boroson 1981) together with
the two-disk model found in this paper.

The measured PSF has a radius of 10 arcmin and
spans 18 magnitudes in surface brightness. The inner
part of the PSF was measured using the brightest un-
saturated star in the field. The outer part of the PSF
was measured using the brightest saturated star in the

field. The IRAF? routine pradprof was used to com-
pute a radial profile around each star, which was then
median binned in the radial direction to remove contam-
ination by other sources. We note that this can only
overestimate the PSF compared to the PSF that would
be obtained without contamination from other sources.

The outcome of this exercise was that, because of the
careful control of systematics in our experimental setup,
the surface brightness profile of NGC 2841 remains un-
affected by the wide-angle PSF down to at least u = 32

mag arcsec 2.

3.3. How is the extended light distributed?

Is the extended visible wavelength emission from NGC
2841 simply the visible wavelength counterpart of the
UV knots identified by GALEX? Or is this light truly
distributed at all azimuthal angles around the disk?

To explore whether the visible wavelength light in
the outer regions of NGC 2841 is entirely the visible
wavelength emission from the UV knots identified by
GALEX, we measured the ¢ and r-band surface bright-
ness profiles again after masking out the UV bright re-
gions to see how much signal is left outside of the star
forming regions. This surface brightness profile is shown
also shown in Figure 2 as line-connected green and red
data points for the g and r-band profiles, respectively.
While the surface brightness profiles in both g and -
band have dimmed (by ~ 20% beyond 30 kpc) as a re-
sult of this masking, the overall shape and extent of the
light profiles remain similar. We therefore conclude that
the outer disk light is not simply the visible wavelength
counterpart of the UV knots identified by GALEX.

A surface brightness profile averages light from all an-
gles. This means in the low surface brightness galaxy
outskirts the profile shape might be dominated by fea-
tures in a small azimuthal wedge of the galaxy. To see
if there is extended galaxy emission at all azimuthal
angles, surface brightness profiles for azimuthal wedges
were measured and plotted in Figure 3. While there
is scatter in the profile in different azimuthal wedges,
there is consistently light at all angles, lending further
evidence to a smooth underlying disk that is the contin-
uation of disk visible in Figure 1.

3.4. Mass of stellar disk and comparison to the gas
disk
The stellar and the gas mass surface density profiles of
NGC 2841 are shown in Figure 4. The stellar mass sur-

2 IRAF is distributed by the National Optical Astronomy Ob-
servatory, which is operated by the Association of Universities for
Research in Astronomy (AURA) under a cooperative agreement
with the National Science Foundation.
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Figure 3. Top: The surface brightness profile of NGC 2841
in the Sloan g filter is shown again in green data points with
error bars. Dotted green line profiles are azimuthal wedge
g-band profiles. The darkest dotted line corresponds to the
darkest green wedge shown in the top right-hand side im-
age, with subsequent lighter shades of green corresponding
to other lighter green wedges. Bottom: The (g-r) color pro-
file is shown again in black. Dotted grey lines are the az-
imuthal wedge color profiles. The darkest grey dotted line
corresponds to the darkest green wedge shown in the top
right-hand side image, with subsequent lighter shades of grey
corresponding to other lighter green wedges. The error bars
in both plots include RMS and sky errors and are indicative
of error bar size for all azimuthal wedge profiles.

face density was calculated in the same way as described
in van Dokkum et al. (2014), using relations given in Bell
& de Jong (2001):

logo(p[M pe™?]) = — 0.4(,[mag arcsec™?] — DM)
+1.49(g — )

+1.64 + log,,(1/C?) (1)

Using a distance of 14.1 Mpc (Leroy et al. 2008), DM =
30.7 is the distance modulus and C = 0.0684 is the con-
version factor from arcsecond to kiloparsecs.

Since the mass density depends on color, we explored
the impact of color on the inferred mass density using
two different approaches. Densities obtained using both
approaches are shown in Figure 4, as error bars and as
shaded regions. In the first approach, we used the mea-
sured (g-r) color, and its uncertainty, which includes

80
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RMS and sky errors in both filters. The uncertainties
in the mass measurements using this approach are dis-
played as error bars and include color and g-band RMS
and systematic sky errors. In the outskirts, sky errors
dominate. This is the most conservative indication of
how well the stellar mass in the outskirts of NGC 2841
can be measured. The second approach, which is plotted
as the shaded region in Figure 4, was to use the mea-
sured (g-r) color within 40 kpc, and a constant value of
0.65 beyond that. This choice of color is indicated by the
grey horizontal line in the lower panel of Figure 2. Our
rationale for adopting this constant color is because be-
yond 50 kpc the measurements of (g-r) color have very
large uncertainties due to uncertainties in the sky level
in both ¢ and r-band. One can view the shaded region
as a potential stellar mass surface density profile if the
color in the outer disk remains at a constant 0.65 be-
yond 40 kpc. The errors indicated by the shaded region
in the stellar mass surface density in Figure 4 include
both RMS errors and systematic sky-errors in the g-
band data.

The gas mass surface density was calculated using
equation Al from Leroy et al. (2008):

YeasMope 2] = 0.020cosi Iojem [K kms™!]  (2)

where ¢ = 1.29 is the inclination in radians (Leroy et
al. 2008). Iziem is the 21 cm flux from the THINGS
HI map. This gas mass equation includes a factor 1.36
to reflect the presence of helium. The gas mass surface
density is plotted in green in Figure 4. Error bars shown
account for the RMS scatter in each isophotal annulus.
The shaded grey region is where the THINGS HI map
and the GALEX FUV map has no detection at their
respective sensitivity limits.

To better illustrate the relationship between stellar
and gas mass, the ratio of the two is plotted in Figure 4
on the right-hand axis, in red. The ratio of stellar mass
to gas mass remains remarkably constant (at 3:1) from
just beyond ~20 kpc, to the limit of the THINGS data.
Remarkably, at the sensitivity limit of the THINGS sur-
vey and at the current depth of Dragonfly’s observations
of NGC 2841, there is no radius at which the mass sur-
face density of HI gas begins to dominate over that of the
stars. This has been measured out to 50 kpc, or 16 in-
ner disk scale lengths. At radii greater than 50 kpc, the
uncertainty in the sky levels of both the g and r Dragon-
fly images means the stellar mass is not measured with
enough precision to conclude it is greater than the gas
mass. However, the color in the disk beyond 50 kpc
would have to be bluer than (g-r) = 0.3 in order for the
stellar mass to drop below that of the gas mass.

3.5. Timescales
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Figure 4. The mass surface density of stars and gas

(Z4, Zgas [Mo pc™2]) and the ratio of the two (Zi/Zgas)
are plotted as a function of radius for NGC 2841. The error
bars include the RMS uncertainty and the systematic error
due to sky uncertainty in the g-band image and the (g-r)
color used to calculate the stellar mass surface density. The
shaded profiles assume that the color in the outer disk be-
yond 40 kpc is a constant. See the text for more details.

The gas depletion time (Xgas/Xsrr) and the stellar
mass buildup time (X./Xgpr) for NGC 2841 are plot-
ted as a function of radius in Figure 5. The star for-
mation rate (SFR) surface density used was obtained
from the GALEX FUV image using equation 1 taken
from Wilkins et al. (2012):
1 pc—2]
=10"34 Lpyv[ergs s'Hz_, kpc_Q] Bruv

Ysrr[M@ year™
(3)

where Bpyy varies with the slope of the initial mass
function (IMF'). The value used here is 0.9 4+ 0.18, based
on the Kennicutt 1983 IMF (Kennicutt 1983). The SFR
surface density is also plotted in Figure 5, on the right-
hand axis, in red. The SFR and HI mass surface den-
sity error bars only includes the RMS scatter in each
isophotal annulus. The error bars in 3, /Ygpr include
fractional errors in ¥, and Ygpr added in quadrature.
For X, the error bars were calculated using two methods
in the same way as in Figure 4: the error bars include
the g and (g-r) errors while the shaded profile uses a
(g-7) color model and only include the g-band errors.
The stellar mass buildup and gas depletion timescales
remain constant from beyond ~20 kpc, the same region
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Figure 5. The stellar mass buildup time (X, /3srr, blue)
and gas depletion time (Xgas/XsFr, green) and SFR surface
density (black) are shown as a function of radius. The error
bars include the RMS uncertainty in the HI, UV, g-band and
r-band measurements, as well as the systematic error due to
sky uncertainty in the g-band image and the (g-r) color used
to calculate the stellar mass surface density.

with a constant 3:1 ratio of stellar to gas mass surface
density. The stellar mass buildup time in this region is
250 Gyr and the gas depletion time is on the order of 70
Gyr. Both of these timescales are much longer than the
age of the Universe.

4. DISCUSSION
4.1. The origin of outer disk stars

The underlying stellar disk in NGC 2841 discovered
using Dragonfly is gigantic, reaching beyond the size
of the most sensitive HI and UV disk observations to
~T70 kpc (~5 Rgs or ~23 inner disk scale lengths). The
surface brightness profile of the galaxy shows an up-
ward bending break at 30 kpc, when the g-band surface
brightness is ~28 mag arcsec™2. Similar upward bend-
ing (Type I) surface brightness profiles are common at
large radii, measured using a combination of photome-
try and star counts (Barker et al. 2009, 2012; Watkins et
al. 2016). Of note is a multi-object spectroscopy study
of stars in M31 by Ibata et al. (2005), which traced
disk stars out to ~70 kpc. In NGC 2841, the position
of the upbend corresponds to the start of a low surface
brightness warp in the outer disk. This warp is visible
in both g and r-band, THINGS HI and GALEX UV
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e [M- year
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images. One common assumption is that in the outer
disks of galaxies, neutral gas is the dominant baryonic
component based on the observation that in general HI
disks extend much further than stellar disks (van der
Kruit & Freeman 2011; Elmegreen & Hunter 2017). A
comparison of the stellar mass to gas mass surface den-
sities shows that for NGC 2841, there is no radius at
which the mass surface density of gas begins to domi-
nate over that of the stars. Beyond ~20 kpc, NGC 2841
also has the interesting property that the stellar to gas
mass surface density ratio is a constant 3:1.

A central question is: how did this giant stellar disk
form? There are three main ways to populate the outer
disk with stars: (1) stellar migration, (2) accretion of
stars, and (3) in-situ star formation. Note that one
mechanism does not preclude the others. We discuss
the merits and weaknesses of each of these possibilities
below.

(1) Stellar Migration: Sellwood & Binney (2002)
showed that transient spiral arms in galaxy disks can
scatter stars into orbits at different radii, but allow the
stellar orbits to remain circular. Subsequent simulations
by Roskar (Rosgkar et al. 2008a,b) showed that a down-
ward bending (type II) surface brightness profile can be
explained by a star formation threshold combined with
stellar migration, which can move stars beyond their for-
mation radius. There are several issues with appealing
to stellar migration to populate the outer disk of NGC
2841. Firstly, it is unclear whether stellar migration can
move so much mass to such a large range of radii beyond
30 kpc. Watkins et al. (2016) has similar concerns with
appealing to stellar migration as a means of populating
the outer disk of three nearby galaxies, where stars have
to be moved several disk scale lengths beyond the ex-
tent of spiral arms. Secondly, stellar migration should
not create an upwards bending surface brightness pro-
file. Thirdly, the stars, as well as the gas, beyond 30 kpc
are in a warped disk, and it is unclear how the migrated
stars would end up in such a warped orbit. Perhaps the
stars were displaced to large radius long ago and the
warp was induced by a later interaction that warped
both the stars and the gas.

(2) Accretion: In order for accreted stars to build up
a co-planar disk, incoming stars need to have a nar-
row range in angular momenta that matches the existing
disk, otherwise simulations show that the accreted stars
tend to end up in a bulge or stellar halo (Toomre 1977;
Schweizer 1990). In between these extremes lies infall
with a slight mismatch in angular momentum, the re-
sult of which is a warped disk (Binney 1992). The warp
in the disk of NGC 2841 beyond 30 kpc may hint at past
accretion onto the disk with a slightly different angular
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momentum than that of the underlying stellar popula-
tion. A quarter of a century ago, Binney (1992) noted
presciently that: “...it is by no means inconceivable that
warps are in direct physical contact with material that is
only now joining the galactic system”. Since our data for
NGC241 extends out to ~60 kpc, it is tempting to asso-
ciate the outer warped disk in this system with material
that has only recently infallen. If this interpretation is
correct, we have reached far enough into the outskirts
of NGC 2841 to be probing its circumgalactic environ-
ment, and may be witnessing a slightly more evolved
part of the cool-flow driven galactic component referred
to by Bland-Hawthorn et al. (2017) as the ‘proto-disk’.

The total stellar mass in the disk beyond ~30 kpc
(where the warped disk starts to dominate) is 1.440.2 x
108 Mg. For comparison, the Small Magellanic Cloud
has a stellar mass of ~7x10%® Mg (Dooley et al. 2017).
The outer disk could potentially be formed by one or
several small accretion events with the angular momenta
of incoming dwarf galaxies almost aligned with that of
NGC 2841.

The similarity in angular momenta required in this
scenario may not be particularly improbable, since it
seems that satellites of nearby galaxies can map out or-
ganized structures. Well-known examples include the
Great Plane of Satellites around M31 (Ibata et al. 2013)
and the Vast Polar Orbital structure around the Milky
Way Galaxy (Pawlowski et al. 2015). One hypothesis for
the existence of these planar structures is accretion along
large scale filamentary structures (Ibata et al. 2013). If
this is the case, the accreted dwarf galaxies could de-
posit their gas and stars onto the outer disk, possibly
creating a constant stellar mass to gas mass ratio after
a few rotations.

(3) In-Situ Star Formation: Stars in the outer disk of
NGC 2841 clearly trace the distribution of the HI gas.
This observation tends to favor a model in which the
stars were formed in-situ. However, at the current SFR,
it would take ~200 Gyr to build up the outer disk stel-
lar mass. On the other hand, the global star formation
in the Universe was much higher in the past than to-
day, peaking at redshifts of 2-3, with a SFR an order
of magnitude greater than today (Madau & Dickinson
2014). At a star-formation rate that is 10 times that of
the current SFR in NGC 2841, it would take ~15 Gyr
to build up the outer disk stellar mass. This is only
slightly longer than a Hubble time, so such a scenario
could be made to work. If in-situ star formation is re-
sponsible, then it begs the question of how the outer
disk achieved such high levels of star formation in the
past. The entire disk is currently Toomre stable and
star formation is occurring in UV knots. It is possible
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the gas density in the outer disk was higher in the past,
but this may not be enough to stimulate sufficient star
formation. Cormier et al. (2016) compared a sample of
HI-rich galaxies to a control sample and showed that
there is no increase in molecular gas mass or SFR in
the outer disk in the HI rich sample. The difference was
that the HI rich sample was able to able to sustain star
formation in the outer disk for a longer period of time.
Other studies support this by showing that gas depletion
takes longer than a Hubble time and that SFRs and the
Toomre stability parameter are not correlated (Bigiel et
al. 2010). Semenov et al. (2017) carried out simulations
that suggest global gas depletion times are long because
only a small fraction of gas is converted into stars before
star-forming regions are disrupted. Therefore, gas has
to cycle in and out of the star-forming state many times
before being turned into stars.

None of the mechanisms described above strike us as
unreasonable, so perhaps the most likely scenario is that
the outer disk of NGC 2841 is being built up by a com-
bination of multiple mechanisms. For example, cool
flow infall of gas which somehow triggers in-situ star-
formation. However, one then wonders how these mech-
anisms conspired together to result in a constant ratio
between stellar and gas mass surface density beyond ~20
kpc.

The present paper reports results for a single galaxy,
NGC 2841, the results from which indicate that with
experimental setups optimized for low surface bright-
ness imaging, stellar disks can be probed out to radii
where the disk starts to warp. This may be an indica-
tion we are seeing parts of the disk that encroach upon
the circumgalactic medium. Future papers will carry
out similar analyses on other galaxies in the Dragonfly
Nearby Galaxies survey, four of which have accompany-
ing THINGS HI data. If NGC 2841 is any guide, the

key questions for understanding galactic outskirts must
now include: what fraction of massive spirals contain
enormous underlying stellar disks? Are these disks al-
ways more massive than gaseous disks revealed by HI
imaging? Is the mass ratio of stars to gas a constant in
the outer disk, as seen in NGC 28417 At ultra-low sur-
face brightness levels, do stellar disks always trace HI,
and are these disks always warped in a manner consis-
tent with infall? Is the geometry of the warps correlated
with the positions of companion galaxies, as would be
expected if the warped disk is built up by infall, and
companion galaxies trace dark matter filaments? This
long list of questions befits the richness of the phenom-
ena being revealed at low surface brightness levels in
the outskirts of galaxies. In any case, it seems to us
that the key to answering these questions is to approach
them in the appropriate panchromatic context, focusing
on comparisons of surface mass densities, and not just
on arbitrary definitions of the ‘sizes’ of disks at various
wavelengths.
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