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Introduction: We present the results from the observations of the galaxy NGC 
628 with the Planetary Nebulae Spectrograph (PN.S) equipped with the Hα arm. 
With the third PN.S arm, the Hα arm, we measure the Hα fluxes, in addition to 
fluxes and line-of-sight velocities (LOSV) of monochromatic, spatially unresolved 
[OIII] 5007Å sources, in the nearly face-on disc of NGC 628.
Methods: The narrow band color ([OIII] 5007Å–Hα) vs m5007 magnitude diagram 
does separate planetary nebulae (PNe) from single compact ionized HII regions 
and supernovae remnants (SNRs), which also emit in [OIII]5007 Å. The goals are 
to detect bona fide PNe in the face-on spiral galaxy NGC 628 (M74) so that 
we can measure the velocity dispersion of the stars perpendicular to the main 
plane of the disc. By associating the velocity dispersion orthogonal to the disc 
of the evolved stars whose scale height is measured for edge-on discs in the 
near-infrared wavelengths, we can measure the surface mass density directly and 
break the disc-halo degeneracy.
Results: This study motivates and validates the empirical selection criteria for 
PNe with the PN.S in star forming discs, while the modelling of the disc
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dynamics, based on the selected PN samples, is done in companion papers. We 
classified 442 PNe and 251 spatially isolated, unresolved HII regions: the PN.S 
with the Hα arm increased the number of known PNe in NGC 628 by a factor 
4. In this study, we find evidence for two kinematically distinct PN populations 
in the NGC 628 disc. The kinematically ‘cold’ PN population dominates the PN 
luminosity function (LF) close to the bright cut-off magnitude, indicating that the 
PN massive, short-lived progenitors dominate the PNLF bright cut-off in NGC 
628. The ‘warmer’ PN component increasingly dominates at fainter magnitudes. 
The velocity dispersion orthogonal to the disc plane of these two populations are 
σz,cold = 8.8 km–1 and σz,warm = 26.1 km–1 respectively, over a range of radii 80’’ to 
425’’.
Discussion: The cold and warmer components contribute to the total sample of 
the PN population in NGC 628 with the ratio 46% (cold) and 54% (warm). Once 
the velocity dispersion of the old component is matched with the population’s 
scale height, the decomposition of the rotation curve for NGC 628 leads to a 
maximal disc, with the rotation of the baryonic component accounting for 78% 
of the total rotational velocity in NGC 628. 

KEYWORDS

galaxies: individual NGC 628, hii regions, instrumentation: the Planetary Nebulae 

Spectrograph (PN.S), ISM, planetary nebulae, kinematic and dynamics, supernovae 

remnants 

1 Introduction

The Planetary Nebulae Spectrograph (PN.S; Douglas et al., 2002) 
mounted on the 4.2 m William Herschel Telescope on La Palma has 
been used extensively to map the planetary nebula (PN) populations 
as kinematical tracers in the low surface brightness regions of 
nearby (D ≤ 20 Mpc) early-type galaxies (hereafter ETGs), to 
trace the their total angular momentum, mass distributions and 
intrinsic 3D shapes (Coccato et al., 2009; Cortesi et al., 2013; 
Morganti et al., 2013; Arnaboldi et al., 2017; Arnaboldi et al., 2019; 
Pulsoni et al., 2018; 2023). As PNe are the nebular end phases of 
intermediate to low mass stars, e.g., 8 – 1 MꙨ, whose strongest 
optical emission is at [OIII] 5007 Å, once detected they can be used 
as beacons to trace the motions of the parent stars in any 1 Gyr 
and older populations. In ETGs, the continuum light is dominated 
by old stellar populations (Thomas et al., 2005; Greene et al., 2012; 
Barbosa et al., 2021); hence those stars in the PN phase can be 
detected and their line-of-sight velocity (VLOS) measured with 
the PN.S. Because of its large field of view (FoV) 10 arcmin × 
11 arcmin and a high spectral resolution which allows to reach 
accuracy of few kms–1 for any velocity measurements, the PN.S 
delivers an observing parameter space which is competitive for 
mapping discrete velocity fields in nearby galaxies. The PN.S data 
map the velocity fields out to six Re on average for massive ETGs 
(Pulsoni et al., 2018; Pulsoni et al., 2023), where Re is the effective 
radius containing half of the stellar light. When measuring the 
kinematics of discrete tracers, the PN.S instrument is advantageous 
vs IFU observations, for example, with MUSE whose FoV covers the 
very central high surface brightness regions out to 1 - possibly 2Re
(see Roth et al., 2021; Spriggs et al., 2021; Scheuermann et al., 2022; 
Soemitro et al., 2023; Jacoby et al., 2024). To cover O(100) sq. arcmin 
area with MUSE, one would need 100 MUSE pointings, while this 
area coverage is achievable with one single PN.S pointing.

The study of discrete stellar tracers like PNe in star forming 
discs presents additional challenges with respect to ETGs, since 
ionized HII regions (Ciardullo et al., 2002) from OB stars and 
young supernovae remnants (SNRs), caused by ejecta shocks in a 
cold interstellar medium (ISM, Kreckel et al., 2017), also emits in 
[OIII] 5007 Å and blur the picture. The morphological constraints 
applied to the [OIII] 5007 Å emissions to select the PN candidates in 
ETGs (e.g., selection of spatially unresolved-monochromatic [OIII] 
5007 Å emission with no-continuum, see Arnaboldi et al., 2002; 
Douglas et al., 2002), may not be sufficient to select only bona 
fide PNe in these systems. The selection of PN candidates in star-
forming galaxies requires additional diagnostics that are based on 
the line-ratios among strong lines, like [OIII] 5007 Å and Hα 
6563 Å plus [NII] lines (Baldwin et al., 1981; Ciardullo et al., 2002; 
Arnaboldi et al., 2003; Kreckel et al., 2017; Roth et al., 2021), by 
requesting that the [OIII] 5007 Å flux is at least three times that of 
the Hα 6563 Å plus [NII] lines (Herrmann and Ciardullo, 2009a).

The identification of PNe in nearly face-on disc galaxies 
is kinematically interesting because their line-of-sight velocity 
distribution (LOSVD) allows the measurement of the velocity 
dispersion orthogonal to the disc plane for an evolved population of 
stars which dominates the continuum light at redder wavelengths. 
Both kinematic and scale length measurements for nearly face-
on discs are at the basis of any attempts to determine the surface 
mass density in discs (van der Kruit and Freeman, 1984) and 
resolve the disc-halo degeneracy (Herrmann and Ciardullo, 2009b; 
Bershady et al., 2010; Aniyan et al., 2016; Aniyan et al., 2018; 
Aniyan et al., 2021). For these efforts, it is essential that the vertical 
disc scale heights hz and the vertical velocity dispersion σz should 
refer to the same population of stars (Aniyan et al., 2016).

An example of such studies is the measurements of the 
kinematics for the PN population in the nearly face-on spiral NGC 
628 (M74). This spiral galaxy is at ∼ 9.0 Mpc distance, and its 
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PN population was studied extensively by Herrmann et al. (2008); 
Herrmann and Ciardullo (2009a) and Kreckel et al. (2017). 
NGC 628 has a strong metallicity gradient 12 + log(O/H) = 
8.834–0.485 × R dex R25

−1 as measured using direct abundances 
based on observations of the temperature sensitive auroral lines 
(Berg et al., 2015). NGC 628 has been observed at 21 cm wavelength 
as part of the THINGS HI survey (Walter et al., 2008). Based on 
previous studies of the HII regions (Lelièvre and Roy, 2000), SNRs 
(Kreckel et al., 2017) and PNe (Herrmann and Ciardullo, 2009a), we 
can thus compare, calibrate and assess any systematics affecting the 
[OIII] 5007 Å discrete emitter sample that is selected from the PN.S 
left/right arms plus the Hα images. Once validated, these empirical 
calibrations and selection criteria for the PN candidates become 
the basis for the surface mass determinations carried out in the 
companion papers by Aniyan et al. (2018) for NGC 628 and Aniyan 
et al. (2021) for NGC 6946. After validating the empirical criteria 
for the selection of PNe in star forming populations, we are then 
equipped to study the dynamics of discrete stellar tracers in discs 
with the PN.S CDI + Hα imaging in any star-forming galaxies, thus 
reaching potentially out to R25 and beyond in these systems.

In this paper we present the optical layout of the PN.S 
instrument, the data acquisition and calibrations of the PN.S 
equipped with the Hα arm in Section 2. In Section 3 we describe 
the catalog extraction, selection and validation using a combination 
of [OIII] and Hα colors. In Section 4, we illustrate the luminosity 
functions and spatial distributions of PNe and HII region candidates 
in NGC 628; we present the residual velocity distributions of the 
different nebulae populations with respect to the HI 21 cm rotation 
in Section 5. We illustrate the results on the kinematics of the PN 
population and the properties of the cold and warm components 
in the disc of NGC 628 in Section 6. In Section 7 we discuss our 
findings and in Section 8 we present our summary and conclusions. 
In the Appendix we provide the complete catalogue of PNe and 
of the isolated, spatially unresolved HII regions in NGC 628. 
We also further provide the flux calibration for the Hα arm. In 
the rest of the paper, we adopt a distance to NGC 628 of D = 
8.6 ± 0.3 Mpc (Herrmann et al., 2008) hence 1”= 41.7 pc. 

2 PN.S equipped with the third arm: 
optical layout, operations and 
calibrations

The PN.S is a slitless imaging spectrograph designed for the 
detections of extragalactic PNe (Douglas et al., 2002). It was 
mounted at the 4.2 m William Herschel telescope at La Palma. 
The PN.S has a field of view of 10.4 × 11.3 arcmin2. Figures 1a 
shows the optical layout of PN.S with the two [OIII] 5007Å arms 
(left/right), that are produced by a concave grating (obtained with 
two plane gratings). Once the light passes through a narrow band 
filter centered on the red-shifted [OIII] 5007Å emission at the 
systemic velocity of the galaxy under study, it is dispersed in opposite 
directions in the two arms, such that the continuum light from stars 
will appear as streaks, while the nearly monochromatic [OIII] 5007Å 
emission from PNe associated with the galaxy light will appear as 
unresolved sources, in space and wavelength. By combining these 
two counter-dispersed images, the PNe can be identified and their 
line-of-sight (LOS) velocity measured in a single observation. The 

addition of the Hα arm includes the insertion of a beam-splitter, 
i.e., a dichroic, that reflects the red light off the beam, through the 
Hα camera filter and optics, see Figures 1b. The beam-splitter has a 
97% transmission in the wavelength range 4950–5050Å and a front 
reflection larger than 80% at the wavelength range 6500–6640Å. The 
third arm is equipped with a narrow band filter centered at the Hα 
emission, plus a broad band filter that matches the R band. Because 
the two filters for the Hα arm have different optical thickness, an 
offset is required to keep the Hα camera on focus, when changing 
filters from narrow to broad, and vice versa.

The filter specification for the broad R and narrow Hα filters 
are such that the R band pass band samples the spectra energy 
distribution around the Hα emission, and the FWHM of the narrow 
Hα filter covers the entire velocity range of the PN.S [OIII] narrow 
band filter set. The Hα filter has a diameter 139 mm ± 0.5 mm, and 
a thickness of 8 mm. The central wavelength is 6595 Å± 5Å and 
FWHM of 120 Å ± 5Å with a transmission T > 0.8. The broad band 
filter for the Hα arm has a special R band continuum (top hat) filter 
with a specification of the Cut-on> 6100Å, and a Cut-off< 6900Å, i.e., 
Half-power width of < 800Å with a diameter 139 mm ± 0.5 mm and 
a thickness 8 mm. The Hα arm is operated with the 2k×2k Marconi2 
CCD and it has a pixel scale of 0”.27 pix−1.

The PN.S was designed to measure velocities in addition to 
detecting nebulae. This is especially valuable in face-on discs: 
because of scatter by giant molecular clouds in the disc, young 
and intermediate-old population of stars may have different velocity 
dispersion σz orthogonal to the disc plane, see Aniyan et al. (2016) 
and references therein. Order of magnitude estimates of the velocity 
dispersion σz for the young thin disc population is given by the 
HI 21 cm RMS, of the order of 10 kms-1 (Das et al., 2020). To be 
able to disentangle different populations according to their σz and 
measure the velocity dispersion of the cold component in the thin 
disc, the wavelength calibrations require a velocity accuracy of few 
kms–1. In addition to image processing and implementing color 
selection, to remove contribution from HII regions and SNRs, the 
identification of PN population in face-on discs motivates further 
developments in order to improve the wavelength calibration and 
geometric distortion correction in the PN.S original pipeline and 
thus achieve more accurate LOSV measurements. 

2.1 Observations and calibration steps for 
[OIII] 5007 Å CDI and Hα imaging

Once the PN.S left/right arms are operated in standard mode as 
described in Douglas et al. (2002), Douglas et al. (2007), the Hα arm 
can acquire images of the same pointing of the sky simultaneously. 
In standard operations, the PN.S is equipped with three CCDs, that 
are remotely operated from the instrument controller. Exposure 
times for the two CCDs mounted on the left and right arms 
are set independently from the exposure time of the third CCD 
on the Hα arm.

The data for NGC 628 were acquired over two nights in 
September 2014 at the WHT. The weather during the run was 
photometric with typical seeing FWHM ∼1”. The observations for 
the galaxy NGC 628 consisted of 14 left and right exposures of 
1800 s each with the PN.S [OIII] left/right arms, and a sequence 
of 17 exposures of 900 s each with the Hα arm equipped with 
the narrow Hα filter. No broad R band images were acquired. At 
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FIGURE 1
(a) Left panel. The optical layout of the PN.S showing the [OIII] left and right arms. The pair of diffraction gratings on the right split the light beam into 
two identical spectrograph arms, each with opposite dispersion directions. (b) Right panel. The optical arrangement of the PN.S showing the Hα arm. 
The “B/S first surface” label indicates the beam splitter. The optics to the left of the Beam splitter are the standard PN.S optics. Below the Beam splitter 
sits the Hα filter and the Hα camera.

the redshift of NGC 628 the observed wavelength of the [OIII] 
emission is close to 5018 Å. At the location of the [OIII] line for 
the NGC 628 PNe, the pixel scale in the direction of dispersion is 
0.769Å pixel–1 (or 1.30 pixel Å–1). At the same location, the half-
power wavelengths for the filter pass-band are 4999 and 5043Å. 
The wavelength of [OIII] emitters in NGC 628 is very close to the 
midpoint of the filter passband. Flux calibrations of the PN.S [OIII] 
and Hα arms were carried out by observing spectro-photometric 
standard stars at low airmasses during photometric nights. See 
Supplementary Appendix SC for a detailed description of the zero-
point calibration of [OIII] and Hα fluxes. We summarize hereafter 
the main (Equations 1–4) which relate the instrumental magnitude 
m0 defined as:

m0 = –2.5 log(counts(ADU)s–1) (1)

corrected to outside the atmosphere, to the AB magnitude and 
m5007 (Jacoby, 1989) systems. The transformations are:

mAB,[OIII] =m0 + (18.02 ± 0.12) (2)

m5007 =m0 + 24.66 (3)

for the PN.S [OIII] left/right images, and

mAB,Hα =m0 + (22.83 ± 0.11) (4)

for the Hα images taken with the PN.S Hα camera. 

2.2 Improved wavelength calibration and 
geometric distortion corrections for the 
PN.S

The data reduction pipeline for the PN.S [OIII] left/right arms 
is a combination of IRAF and FORTRAN scripts and a detailed 

description is provided in Douglas et al. (2007). The code debiases 
and flat field corrects the raw images from the PN.S left/right arms 
(L/R in what follows) using bias frames and sky flats obtained 
during the observing run. Cosmic rays are removed using a specific 
developed routine in the pipeline.

The calibration step specific to the PN.S pipeline is the 
wavelength calibration and distortion correction of the counter-
dispersed imaging, or CDI for short. Such a calibration is achieved 
using a pair of dispersed images of a regular pin-hole mask in the 
PN.S L/R arms. The pin-hole mask is illuminated with a Cu-Ne-
Ar lamp and four arc lines at wavelength 5009, 5017, 5031 and 
5038 Å are visible for each pinhole in the mask. An automated task 
in the PN.S pipeline called alignspot identifies and centroids the pin-
hole monochromatic arc lamp images and fits a joint polynomial 
for position and wavelength. The solution represents a map from 
position on the sky reference frame (X, Y) and wavelength (λ; i.e., 
the arc lines) to the (x, y) position on the CCDs {x, y} = f (X, Y, λ). 
For pairs of detected sources in the L/R CCDs, the mapping can be 
uniquely inverted to transform {xL, yL, xR, yR} to {X, Y, λ}. These 
mapping functions allow us to correct spatial distortions introduced 
by the spectrograph. The velocities of the [OIII] spatially unresolved 
monochromatic pairs in the L/R arms are evaluated using a rest 
wavelength of the [OIII] line of 5006.8Å (Douglas et al., 2007). In 
the standard PN.S pipeline, the geometric transformation corrects 
for shifts, rotation and linear terms in wavelength, which ensures 
an accuracy of ≈20 kms–1, as verified by in-depth comparison with 
independent PN observations in NGC 3379 (Douglas et al., 2007) 
and in M31 (Merrett et al., 2006). An instrument velocity dispersion 
of 20 km–1 is completely adequate to map the kinematics of massive 
ETGs with LOS velocity dispersions of 100 km-1 or larger. For the 
current project, we drastically improved the efficiency of alignspots
by applying a higher order geometric distortion correction such that 
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FIGURE 2
RMS plot from the PN.S alignspots calibration, before and after the 
higher order geometric distortion correction. Y0 is the y coordinate of 
the emission lines in the image of the pin-hole mask before and after 
the correction of the residual distortion by the larger order 
polynomial. The goal of this step is to correct for the spatial distortions 
introduced by the spectrograph.

the RMS of the velocity calibrations is only a few kms–1 for the high 
S/N arc lines.

Figure 2 shows the RMS of the geometric transformation with 
the higher order polynomial, up to quadratic terms in (x, y). 
The L/R images obtained for a given pointing are then stacked 
to create the deep field images. In the best seeing image, up to 
15–20 USNO B1 stars are identified, then used to determining the 
relative offsets and alignment of images. They are further used to 
transform images to sky coordinates, using the IRAF tasks geomap
and geotrans (Douglas et al., 2007).

Error determination for the VLOS measurements–In order to get 
an empirical estimate of the radial velocity measurement errors 
associated with PN detections, the 14 science L/R images were 
divided into two sets and independently identified the unresolved 
sources in each set. Figure 3 shows the error distributions of the 
velocity pairs. As most of the PNe candidates are going to have 
apparent m5007 magnitudes fainter than m∗ = 24.75, the estimated 
radial velocity errors are typically between 4 and 9 km-1 hence in the 
range of accuracy required for the measurement of σz in thin discs; 
see Figure 3 in Aniyan et al. (2018) for additional details.

Photometric error and completeness–The PN.S magnitudes were 
extensively compared with literature values for PN samples in ETGs 
and disc galaxies, e.g., M31, giving typical dispersion values of 
σm5007 = 0.13 mag1. Based on extensive analysis of PN.S samples in 
ETGs (Douglas et al., 2007; Coccato et al., 2009; Cortesi et al., 2013) 
detectability reaches ∼95% at R > 1Re radial distances. The scale 
length in I band of NGC 628 is 73”.4 ± 3”.7 (Möllenhoff, 2004), so any 

1 This value was determined independently from Gaussian fits to residual 

magnitudes for samples for hundred (NGC 3379; Douglas et al., 2007) 

and few thousands PNe (M31; Merrett et al., 2006). The error increased 

to 0.3 at Δm = 4 mag below the PNLF bright cut off.

FIGURE 3
Velocity error (pairs) as function of m5007. Distribution of the ΔV/1.805 
pairs vs m5007. The normalization factor is introduced as the two sets 
of images are registered to the same high image quality 
reference frame.

PN sample detected at larger radial distances would reach similar 
completeness.

Data reduction Hα arm–As this was the first PN.S project that 
extensively used the Hα arm, the reduction pipeline for the Hα 
imaging data was developed from scratch using standard IRAF 
packages and CCD reduction techniques. The Hα raw images were 
de-biassed and flat fielded, and then the exposures were aligned and 
registered with reference to the image with the best seeing; they 
were then co-added to reach better S/N for the faint sources. Stars 
were selected in the combined image, and in the DSS image of the 
same field to compute the astrometric solution for the Hα image. 
The plate solution was computed with the IRAF package ccmap and 
the world-coordinate system (wcs for short) information was added 
in the header of the combined Hα image with the package ccsetwcs. 
We now have combined images for the [OIII] 5007 Å L/R arms as 
well as the corresponding combined Hα narrow band image for the 
same field. In Figure 4 we show the surveyed region in the NGC 628 
(M74) disc in the deep PN.S L(eft) dispersed image and the narrow 
Hα image with few bright HII regions indicated.

3 [OIII] 5007Å sources for NGC 628: 
source selection, catalog extraction 
and validation

In star-forming late-type discs, HII regions that are ionized by 
hot OB stars do emit in [OIII] 5007Å, hence additional criteria 
must be applied to distinguish them from PNe. As the former are 
nebulae ionized by OB stars, their Hα emissions are the dominant 
line, e.g., see Peña et al. (2007); Kniazev et al. (2005). Furthermore 
their apparent [OIII] 5007Å magnitudes may be brighter than that 
for the bright cut-off of the PNLF at the distance of NGC 628 
(Hermann et al., 2008; Kreckel et al., 2017). Ciardullo et al. (2002) 
and Herrmann and Ciardullo (2009a) showed that the ratio 
[OIII] 5007Å to Hα can be used as an excellent criterion for 
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FIGURE 4
(a) Left [OIII] 5007Å Narrow band dispersed image from the PN.S L arm. Monochromatic spatially unresolved sources with red circles are bright HII 
regions, with no continuum; East is down and North is on the Left. (b) Hα image of NGC 628 registered on the [OIII] PN.S L image. This narrow band Hα 
image is not continuum subtracted.

discriminating PNe from HII regions, whenever HII regions are 
spatially unresolved. Once the ratio R = I([OIII]5007Å)/I (Hα + 
[NII]) is plotted against the m5007-m∗, where m∗ is the apparent 
magnitude of the PNLF bright cut-off at the distance of that PN 
population, the true PNe occupy a locus corresponding to [OIII] 
5007Å line fluxes which are brighter than the Hα fluxes by a factor 
≥3. Herrmann and Ciardullo (2009a) carried out a survey of PNe 
in NGC 628 and confirmed them spectroscopically according to the 
above selection. Our goal is (i) to measure the [OIII] 5007Å and Hα 
fluxes in the PN.S L/R plus Hα set of images for all [OIII] 5007Å 
unresolved sources, (ii) match them to the NGC 628 PNe sample 
from Herrmann and Ciardullo (2009a) and then (iii) infer the 
selection criteria for the true PNe empirically. We further validate 
the selection criteria for the PN.S PN sample by cross matching 
these [OIII] monochromatic spatially un-resolved sources with the 
SNR candidates selected by Kreckel et al. (2017) from the MUSE 
observations of NGC 628. 

3.1 Selection criteria with PN.S CDI + Hα 
for PNe in NGC 628 – Matching sources 
with the sample

We proceed as follows. On the NGC 628 PN.S L/R images, 
pairs of [OIII] 5007Å spatially unresolved monochromatic sources, 
without continuum, are identified using Sextractor (Bertin and 
Arnouts, 1996). The total number of identified pairs is 693. Then we 
measured the Hα flux in a matched aperture at the position of each 
[OIII] 5007Å source on the Hα registered image. Sextractor in dual 
image mode (e.g., detection of a source on the [OIII] 5007 Å PN.S 
L image, and photometry in matched apertures on the [OIII] PN.S 
L and Hα images) is utilized to measure positive fluxes for 623 
[OIII] 5007Å detected sources. The remaining 70 [OIII] 5007 Å L/R 
pairs do not have corresponding Hα fluxes, either because the PN.S 
L/R pairs fall in a subregion of the PN.S L/R FoVs that do not 
overlap spatially with the Hα image, or there is no positive Hα flux. 

We note here that our color and morphological selection criteria 
of [OIII] 5007Å sources identify preferentially HII regions which 
are isolated and spatially unresolved. We can then use the results 
from the survey by Leliévre and Roy (2000) in the NGC 628 outer 
disc as benchmark to verify number density, luminosity function 
and spatial distribution for the selected HII regions (Herrmann and 
Ciardullo, 2009a).

As already reported in Aniyan et al. (2018), the number counts 
of the 693 [OIII] 5007Å emitters show a steep increase at m5007 ≈ 
25. The rapid increase in the number counts at this apparent m5007
magnitude is consistent with the contribution to the [OIII] 5007Å 
emitters from the PN population in the NGC 628 disc, as such 
apparent magnitude is comparable with that of the PN luminosity 
function (PNLF) bright cut-off at the distance of NGC 628 (D ≈ 
9 Mpc, Aniyan et al., 2018). We thus build the color-magnitude 
diagram (CMD) where the [OIII] 5007 Å - Hα color is computed 
from the one second normalized instrumental color m0,[OIII] – m0,Hα
vs. m5007. We note that the instrumental magnitude m0,Hα may 
contain a possible contribution from the 120Å wide continuum 
at the Hα wavelength, in addition to the Hα and NII line fluxes. 
Differently, the m0,[OIII] of the selected pairs in the PN.S L/R images 
does not have any contributions from the adjacent continuum, as 
these PN pairs are selected to be monochromatic emissions with no 
underlying continuum streaks at the positions of the emissions. The 
CMDs for the 623 [OIII] 5007Å detected sources with [OIII] and Hα 
measured fluxes are shown in Figure 5.

We then matched the sky positions of the PN.S [OIII] 
5007 Å emitters with Hα flux to the 102 PNe from the 
Herrmann and Ciardullo (2009a) sample, with a 2’’ tolerance 
aperture and identify them on the CMD. The spectroscopically 
confirmed PNe from Herrmann and Ciardullo (2009a) do cluster in 
a locus of the CDM that is delimited by the following selections:

mHα ≤ 3.2× (m5007 –m∗) + 1.7 ; m5007 ≥m∗ = 24.75 (5)

The first criterion specifies a larger [OIII] 5007Å flux in these 
sources with respect to the flux of the Hα emission: it effectively 
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FIGURE 5
Color magnitude diagram ([OIII] - Hα) vs. m5007 for the spatially 
unresolved [OIII] 5007 Å monochromatic emitters with no continuum 
selected in the PN.S L/R arms + Hα. The continuum black line shows 
the selection criteria for the PNs vs HII regions expressed in 
Equation 5. In the lower panel, blue open circles indicate the PN.S 
[OIII] emitters matched with the Herrmann and Ciardullo (2009a) 
spectroscopically confirmed PN sample in NGC 628; black pentagons 
indicate the PN.S [OIII] emitters matched with SNR candidates from 
Kreckel et al. (2017). In the middle panel, green triangles indicate the 
selected PNe in NGC 628 according to Equation 5. The spatially 
un-resolved-monochromatic [OIII] emitters with no continuum and 
no Hα flux in a 2″ aperture centered on the [OIII] sources are not 
shown in these CMDs. The uppermost panel shows the number 
counts for all the [OIII] 5007Å sources (red histogram), the selected 
PNe (green dashed histogram, including those with no detected Hα 
flux with the green continuum line histogram), and the PN matched 
with Herrmann and Ciardullo (2009a); blue histogram). The number 
counts per magnitude bin of PN.S [OIII] pairs matched with the
Kreckel et al. (2017) SNR candidates are also shown (black histogram).

maps the Herrmann and Ciardullo (2009a) criterion of the line ratios 
into PN.S magnitudes for the [OIII] CDI and Hα arm. The second 
one selects the sources with apparent m5007 equal or fainter than 
the apparent magnitude m∗≈24.75 of the PNLF bright cut-off at the 
distance of NGC 628. Of the 623 PN.S [OIII] 5007 Å emitters with 
Hα fluxes and hence measured [OIII] - Hα colour, 372 sources are 
selected as PNe and 251 sources as HII regions, on the basis of the 
criteria specified in Equation 5. The selected PNe are indicated by the 
green triangles in Figure 5. With the addition of the 70 [OIII] 5007 Å 
emitters with no Hα emission, the entire PN sample in NGC 628 
comprises 442 PN candidates. This PN sample extends the known 
number of classified PNe in NGC 628 by a factor larger than four.

Possible [OIII] emissions from SNRs in NGC 628 - In a 
star forming disc galaxy like NGC 628, [OIII] 5007Å emitters 
may include SNRs as suggested previously in Herrmann and 
Ciardullo (2009a) and more recently by Kreckel et al. (2017). 
As in Aniyan et al. (2018), we looked at the IAU Central 
Bureau for Astronomical Telegrams (CBAT) List of Supernovae 
website (https://www.cbat.eps.harvard.edu/lists/supernovae.html). 

There are three known historical supernovae in NGC 628; none 
of these objects made it into the current sample of [OIII] 5007 Å 
emitters. An [OIII] 5007Å emission line source was found at a 
distance of 1”.6 from SN 2002ap. However, on applying the colour-
magnitude cuts in Equation 5, this object was classified as HII 
region. We then focus on the list of SNRs candidates provided 
by Kreckel et al. (2017), from the IFS MUSE study of several 
fields in NGC 628. We crossmatched the SNR (ra, dec) positions 
with those of the 693 [OIII] 5007Å pairs. After several tests, we 
adopted a search radius of 2″, as a larger one would lead to double 
identifications. We matched 22 sources with the SNR candidates 
listed in Kreckel et al. (2017). Of these sources, 17 fall in the region 
of the m0,[OIII] – m0,Hα vs. m5007 CMD excluded by Equation 5 
(see black pentagons in Figure 5) or are found at radii < 80”; 
the remaining five SNRs according to Kreckel et al. (2017) have a 
matching [OIII] 5007 Å pair in our PN sample in the innermost 
annual radial bin 80’’ to 170”.

Further estimate on possible contaminations by Supernovae (SN) 
and SNRs–Possible source of contaminants of any [OIII] 5007 Å 
selected emission line samples are historical SN. According to 
Aniyan et al. (2018) there are three historical supernovae in NGC 
628, and none of them is included in the NGC 628 selected PN.S 
sample. Kreckel et al. (2017) identifies SNRs from [OIII] 5007 Å 
emissions in the MUSE observations of the luminous central regions 
in NGC 628. As it is discussed in their paper, the [OIII] 5007 Å 
fluxes from these sources are “bright”, and if mis-classified, might 
affect the estimates of the bright cut-off of the PNLF for a sample 
PNe selected only on the basis of their [OIII] 5007Å emissions. In 
Figure 5, the pentagon symbols indicate the matched [OIII] PN.S 
pairs to the Kreckel et al. (2017) SNR candidates. A sizeable fraction 
(17/22 or 77%) of this SNR sample is rejected as PN candidates on 
the basis of our CMD selection, using the [OIII] – Hα color. The 
remaining five which are classified SNRs from Kreckel et al. (2017) 
are included in our PN sample in the radial range 80” – 170”.

We can then address what the estimate of the fraction of SNRs 
in extragalactic PN samples would be in other strong star forming 
galaxies, when the latter are selected from their [OIII] 5007Å 
emissions only. We proceed from the results of the extended PN 
survey in the Large Magellanic Cloud by Reid and Parker (2013) 
who selected 750 PNe. The survey of SNRs in LMC is presented 
in Maggi et al. (2016); these authors report that there is a total of 
59 confirmed SNRs in the LMC, based on their X-ray emissions. 
These SNRs may contaminate an [OIII] 5007 Å emission only-
PN selected sample, if no additional line diagnostic is applied, as 
discussed in Kreckel et al. (2017).

While the LMC and NGC 628 are galaxies of different 
morphological types; their optical colour, average oxygen abundance 
values and radial gradients (in the radial ranges covered by the PN.S 
survey in NGC 628) are similar though. LMC is one of the very few 
galaxies for which there is a deep PN survey (with few hundreds 
PNe) as well as SNR survey, that can be used to simulate a mock 
to estimate contamination by SNR for M74 OIII/Hα sample.

Any [OIII] 5007Å narrow band survey would include a 
morphological selection, as the extragalactic PN candidates must be 
spatially unresolved in natural seeing conditions. The angular size of 
an unresolved [OIII] 5007Å emitter in the PN.S CDI, under natural 
seeing (1″), corresponds to 43 pc diameter in NGC 628 (M74). 
At the distance of the LMC 1’’ = 0.24 pc, hence any unresolved 
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[OIII] emission in M74 would have a diameter of ≤180″ at the LMC 
distance. From the X-ray radius, there are only 13 SNR in LMC 
whose radius < 100″, and about 35 with radius < 200”. By applying 
our morphological criteria to the LMC SNRs, only those SNRs with 
radii < 100″ may contaminate a PN sample selected from the [OIII] 
5007Å emission and morphological criteria only, at 9 Mpc distance. 
This is an upper limit, as we are not applying the CMD criterion from 
the additional Hα emissions to the SNRs in the LMC. On the basis 
of the LMC PN vs SNR, then about NSNR/NPN  ≈13/750 = 1.7% of 
the total PN sample would be misclassified SNRs, at 9 Mpc distance, 
on the basis of morphological (spatial) criteria applied to the [OIII] 
5007 Å emission only. 

4 Luminosity functions and spatial 
distributions of PNe and HII regions in 
NGC 628

Having selected PNe and HII regions on the basis of their 
instrumental color m0,[OIII] – m0,Hα and m5007 magnitudes, we 
now validate their classification by using their LFs and spatial 
distributions against independent measurements. While the PN.S 
has been devised to carry out kinematics measurements for discrete 
sources, it measures consistent magnitudes to PN literature data sets 
with a dispersion of σm5007 = 0.13 mag, see Section 2.2 and reference 
therein. Regarding the spatial completeness: in the case of NGC 628, 
the dynamical study carried out by Aniyan et al. (2018) showed 
already that the PN sample in the three radial bins investigated in this 
work is photometrically complete, e.g., PN number density follows 
the surface brightness profile in V band, as shown by the comparison 
of their determined dynamical scale length values (hdyn, their 
Figure 17) vs. that computed photometrically by Möllenhoff (2004).

4.1 PNLF and HII number counts

Figure 6 shows the HII number counts and PNLF in the three 
radial bins that have more than 130 candidates in each bin. We 
describe their properties in turn. In these three radial bins, the 
HII number counts are nearly flat vs. the apparent m5007 in the 
magnitude range 23–26, with a turn-off at m5007 > 26. We can 
compare them with the luminosity function (LF) measurements of 
singularly detected HII regions in the NGC 628 disc by Leliévre and 
Roy (2000). The HII LF measured by Leliévre and Roy (2000) has 
a turnover at about log L(Hα)= 37.0 with γ = 0.2 ± 0.3, which is 
consistent with a flat LF. The apparent magnitude of the bright cut-
off of the PNLF at the distance of NGC 628, m5007 ≈ 25.00 does 
correspond to a log L(Hα) value log L(Hα) = 37.5 for a [OIII]/Hα 
ratio = 1.002 (see [OIII]/Hα ratio for the unresolved HII region in 
the Virgo cluster in Gerhard et al. (2002)). Such a flat LF implies 
that the number of singularly detected, e.g., isolated, and unresolved 
HII regions are either constant or decreasing at apparent fluxes
m5007 ≈ 25.0. This prediction from the HII LF from Leliévre and Roy 

2 For typical HII regions, such ratio is < 1.0, which would lead to [OIII] 

5007Å fluxes brighter than corresponding PNLF cut-off m∗
5007 in NGC 

628. Hence the corresponding [OIII] 5007Å sources would not be 

included in the PN candidate sample for NGC 628.

FIGURE 6
Number counts of the isolated, spatially unresolved HII regions 
(dashed line histograms) and the PNLF of the selected PN candidates 
in three radial bins (continuum line histogram). The radial bins are 
selected to have more than 130 PN candidates in each bin to allow for 
the kinematical decomposition of the LOSVD as in Aniyan et al. (2018). 
The PNLFs show a clear rise at m5007 ∼ 25 and a decline at magnitude 
∼27. The number counts of isolated, spatially unresolved HII regions 
are flat in the magnitude range 23–26 mag, similarly to what 
measured by Leliévre and Roy (2000) for isolated HII regions 
in NGC 628.

(2000) is consistent with the number counts of our isolated spatially 
unresolved HII regions in the three radial bins in NGC 628.

The spatially unresolved monochromatic [OIII] 5007 Å pairs 
that are detected in the PN.S L/R arm images at magnitudes m5007 > 
25 show a rapid increase instead. The number counts reach a peak 
at m5007 in the range 26.25–26.5, to be then followed by a decline 
at fainter magnitudes. Such rise at magnitudes fainter than 25.0 is 
associated with the population of the PN in the NGC 628. Once we 
select the bona fide PNe using Equation 5 from the PN.S L/R pairs 
and Hα sources, their number counts, e.g., PNLFs, in the three radial 
bins are shown in Figure 6. 

4.2 Radial number density profiles of PNe 
and HII regions

We then compare the number density profiles of PNe and HII 
regions with the surface brightness profiles in the V-band for the 
stars in the NGC 628 disc. The azimuthally averaged Hα surface 
brightness as function of galactocentric distance traces the star-
formation rate in discs (Kennicutt, 1998), while PNe trace light 
instead. Hence the radial profiles of these discrete tracers may show 
different behaviours in those discs where there is star formation cut-
off at an outer radius, as it occurs in NGC 628. The average Hα 
surface brightness in NGC 628 shows a cut-off at a galactocentric 
distance R ∼ R25 ≈ 312’’ (Figure 3 in Leliévre and Roy, 2000), while 
the light follows an exponential profile at these outer regions. Thus 
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one expects different spatial gradients for PNe/HII regions at these 
radii, with lower surface number density values for HII regions.

In Figure 7, we show the surface brightness data points in the V-
band from Cornett et al. (1994) and compare them with the suitably 
rescaled surface number density profiles for PNe and HII regions. 
The offset values are computed independently in the innermost 
radial bin (80” – 170″) for each sample. For the PN sample, the 
scaling factor in the inner radial bin corresponds to a luminosity 
specific PN number value of α1.5 = N1.5/Lbol = 2.26 × 10−8 PN L-1

Ꙩ, 
where N1.5 is the number of PNe within 1.5 mag from the PNLF 
bright cut-off in that radial bin, divided by the bolometric luminosity 
in the same bin3. For the HII regions, the surface number density 
is scaled to the surface brightness in the same bin; the conversion 
factor is then kept fixed for the two outer radial bins. The three 
PN surface number density values follow the surface brightness 
profile from the exponential disc in NGC 628, as expected from the 
hypothesis that PN trace the light of their parent stellar population 
(Buzzoni et al., 2006). At R ∼ R25 in NGC 628, the outermost PN 
number density value follows the exponential profile with μv ∼ 21 
mag arcsec-2 and Rh = 73’’.4 ± 3’’.7 (Möllenhoff (2004); see dashed 
blue line in Figure 7). Differently, the values for the individual 
HII regions, selected from their spatially unresolved [OIII] 5007 Å 
emissions, present a hint of a cut-off in the outermost radial bin. 
Such a deviation from the exponential profile is in agreement with a 
sharp decrease of the azimuthally averaged Hα surface brightness 
Σ(Hα) reported by Leliévre and Roy (2000) at R ∼ R25 ≈ 312’’ 
distance.

5 Distinct velocity distributions for the 
nebulae populations in the nearly 
face-on disc galaxy NGC 628

NGC 628 is a nearly face-on disc galaxy whose inclination 
is estimated to be i = 8◦.5 ± 0◦.2 (Walter et al., 2008). Such an 
inclination leads to a measurable overall rotation field in the disc for 
any tracers as cold as the HI; see the HI velocity field for NGC 628 in 
Walter et al. (2008) for reference. As the HII regions are tracers of the 
young massive populations of stars, their LOSVD over the entire disc 
should display a LOSVD similar to that measured for the integrated 
21 cm emission of the neutral atomic HI gas over the same area. Any 
tracers associated with older stellar populations would be affected 
by the secular evolution of the disc (Sellwood, 2014) or accretions 
events (Quinn and Goodman, 1986; Hopkins et al., 2008). As a 
consequence, these dynamically older populations would lag behind 
the rotation of the HI gas and show larger velocity dispersions, 
see, for example, the rotational lag of the PNe sample in the 
disc of Andromeda (Merrett et al., 2006). The effects of secular 
evolution and/or accretion events in a disc leave imprints like those 
measured for the age-velocity dispersion relation (AVDR) for the 
intermediate/older starts in the MW disc (Casagrande et al., 2011; 
Aniyan et al., 2016), and in the stellar disc of the Andromeda galaxy 
(Dorman et al., 2015; Bhattacharya et al., 2019). We can thus further 

3 The luminosity in the bin is estimated from the V band surface brightness 

profile. The bolometric correction from the optical V-band is applied 

following the approach illustrated in Buzzoni et al. (2006).

FIGURE 7
Comparison of the NGC 628 surface brightness profile in V band from 
Cornett et al. (1994) vs. number density values in three radial bins from 
color selected unresolved HII regions (Σ(NHα) – full red squares) and 
PN candidates (Σ(NPNe) - green full circles). The last point for the HII 
number density shows a decrease at a radius of ≈300″ equivalent to 
R25 for this disc galaxy. The blue dashed line shows the exponential 
profile fit to the NGC 628 surface brightness 
in V-band (Möllenhoff, 2004).

corroborate our PN.S selection criteria for PNe and unresolved HII 
regions by computing their LOSVD over the surveyed region over 
most of the NGC 628 disc and quantify their residual velocities from 
that of the HI at the tracers’ positions in the disc.

In Figures 8a, we show the LOSVD for the CMD selected 
PNe and HII regions respectively and describe them in turn. The 
LOSVD for the HII regions is characterized by a distribution with 
a suggestive double peak, which one would associate with the 
approaching/receding component of maximum VROT  along the line-
of-sight. The confirmed presence of a double-peaked distribution 
would indicate a population of tracers that is dynamically cold and 
similar to the HI gaseous disc. For the selected PNe, Figures 8a 
shows two histograms, one computed for the color selected PNe 
and a second one for the PNe with no Hα emission. Both LOSVDs 
are broader than the HII distribution, with wings, and therefore 
suggestive of populations of tracers which are kinematically 
“warmer” than the HII regions.

The top flat, possibly double-peaked, LOSVD for the HII regions 
in NGC 628 is suggestive of a global rotation on top of the 
distribution of velocities along the line-of-sight. As we are interested 
in the velocity dispersion component orthogonal to the disc plane, 
then one must account for any residual rotation along the line-of-
sight by subtracting it. For each PN/HII region, we then measure 
the local HI velocity from the THINGS data (Walter et al., 2008) at 
their position and then compute the residual velocity ΔVPN&HII,LOS = 
VPN&HII,LOS-VHI  for any PN or HII discrete tracer with respect to the 
HI velocity at the tracer’s position in the NGC 628 disc.

Residual velocities of discrete tracers–We then compute the 
residual velocities for each PN (both colour selected and those 
with no Hα emission alike) and HII region with respect to the 
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FIGURE 8
(a) Left panel - Histogram of the line-of-sight velocity VLOS distribution for the color selected PN candidates (green) and the HII regions (red), plus the 
PN candidates with no Hα emission (cyan). The VLOS is measured from the Doppler shifted λobs with heliocentric correction measured from the 
unresolved [OIII] emission with the PN.S. (b) Right panel - Histogram of the difference between the line-of-sight velocity VLOS of the spatially 
unresolved, monochromatic [OIII] emitters and the velocity of the HI 21 cm emission at the position of the [OIII] sources, ΔVPN&HII=VPNe/HII,LOS–VHI. The 
three histograms show the values for the CMD selected PNe (in green; current histogram includes also the PNe with no Hα emission), for the HII 
sources (red) and the matched 22 SNR candidates (black) from Kreckel et al. (2017).

HI gas at the tracer’s position in the disc. In Figures 8b we 
show the histograms of the ΔVPN&HII,LOS = VPN&HII,LOS–VHI  values 
for PNe and HII samples. One can visually assess that the PN 
ΔVPN,LOS distribution is broader than that for the HII regions. The 
distribution of ΔVPN,LOS = VPN,LOS–VHI  is characterized by a mean 
value ΔVPN,mean = 0.21 kms–1, that is very close to zero within 
the velocity errors, and a standard deviation of RMSΔVPN&HII,LOS = 
25.21 kms–1. The distribution of residual velocities for the HII 
regions ΔVHII,LOS = VHII,LOS-VHI  has a mean value at ΔVHII,mean = 
−1.092 kms-1 and standard deviation RMSΔVHII;LOS = 21.63 kms-1. 
Overall the HII line-of-sight ΔVHII,LOS is somewhat narrower than 
the corresponding one for PNe, with a possible sharp transition 
to flat wings, out to ±100 kms-1, with respect to the peak of the 
distribution.

Origin of the flat wings in the ΔVHII,LOS–To investigate the origin 
of the flat wing component in the ΔVHII,LOS distribution one looks 
first at the histogram of the ΔVSNR,LOS = VSNR,LOS–VHI for the SNRs 
identified by Kreckel et al. (2017). This histogram is shown in black 
in Figures 8b. The histogram is computed from the VLOS velocities 
measured for the [OIII] pairs whose sky positions are matched 
with the SNR positions listed in Table 2 from Kreckel et al. (2017), 
with a tolerance of 2”. The histogram of the SNR ΔVSNR,LOS is 
also flat and overlaps in velocities with the flat wings of the 
histogram of the ΔVHII,LOS of the HII regions, in the range from 
−100 to +100 kms–1. Clearly such a flat distribution differs from 
that of a single peaked distribution of velocities expected for an 
isothermal population of gravitationally bound stars to a massive 
thin disc (see Supplementary Appendix SA in Aniyan et al., 2018). 
A flat distribution of velocities can be powered by ISM 
related phenomena instead, like SN induced shocks or star
formation outflows.

Following our CMD selection in Equation 5, only five SNRs from 
the Kreckel et al. (2017) are included in the selected PN candidate 
sample, all in the innermost radial bin (80″ – 170″). In Figure 9 we 
show the histogram of the residual velocities for the PN.S PNe and 
of the five SNRs in the inner radial bin. In NGC 628, the lower limit 
to the fraction of misclassified SNRs as PNe is then 5/443 ∼ 1.1%, 
which is about half of the estimated upper limit faction NSNR/NPN  ∼ 
2% from the LMC arguments illustrated in Section 3.

Radial dependance of σz,PNe and σz,HII  - The tables in the 
Appendix list the coordinates of each PN and HII region candidate, 
their heliocentric LOS velocity and [OIII] 5007 Å PN.S magnitude, 
including their residual velocity ΔVPN/HII,LOS = VPN/HII,LOS - 
VHI vs. the HI 21 cm line at each PN/HII region candidate’s 
sky position; see Supplementary Appendix SA, SB. As shown in 
Figure 9 from Aniyan et al. (2018), in the velocity versus azimuthal 
angle plots in three radial bins, with 130 PNe each displays a 
cold population of spatially unresolved emission line objects, plus 
a hotter population whose velocity dispersion appears to decrease 
with galactocentric radius. 

6 PNe as tracers of the kinematically 
colder and warmer stellar population 
in the disc of NGC 628

On the basis of the quantitative evidence provided thus far - 
spatial distributions, number counts and kinematics–we showed 
that the selection criteria in Equation 5 identify a PN sample which 
is distinct from the HII regions in the disc of NGC 628, with 
an upper limit of 2% contamination by SNRs based on the LMC 
arguments (see Section 3). We showed that the PNe have larger 
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FIGURE 9
Histogram of the ΔV = VLOS–VHI for the PN candidates in the inner 
radial bin 80” < r < 170” (red continuum line) vs the histogram of the 
ΔV of the SNR candidates (black continuum line). There are only 5 
matched SNRs in this radial interval. The majority of SNRs in 
Kreckel et al. (2017) sample matched with PN.S [OIII] 5007 Å pairs are 
either at smaller radii or are classified as HII regions on the basis of the 
color criterion (Equation 5).

velocity dispersion RMSΔVPN;LOS than that of the HII regions, with 
the PN population being progressively dominated by rotation with 
increasing radius (Aniyan et al., 2018).

As a next step, we wish to explore whether there is any evidence 
for distinct PN sub-populations in the NGC 628 PN sample. These 
sub-populations are associated with stellar progenitors of different 
masses and ages. Peimbert and Torres-Peimbert (1983) classified 
Galactic PNe in sub-populations, whose chemistry is known to 
correlate with their velocities and location in the Galactic plane 
(Stanghellini and Haywood, 2018); see also the results of chemically 
distinct thin and thicker disc PNe in M31 (Bhattacharya et al., 2022; 
Arnaboldi et al., 2022). Recent theoretical work by Miller Bertolami 
(2016) on the Post AGB evolution made the case that the lifetimes 
in the PN phase are very strongly dependent on their progenitor 
masses, with PN evolving from massive progenitors having very 
short lives. If this is the case, the kinematics of PN tracers from 
massive progenitors may not have been modified significantly from 
that of the HI neutral gaseous disc. In this framework, PNe from 
massive progenitors may be kinematically cold, with dispersion 
similar to that of the HI gas, while PNe from less massive progenitors 
may have larger dispersions, because of the effect of secular evolution 
on the kinematics of their “older” progenitors; see the results 
on the AVDR for PN populations of different age progenitors in 
the M31 disc (Bhattacharya et al., 2019).

PNe at the PNLF bright cut-off are powered by cores that at 
are least 0.6 MꙨ (Ciardullo, 2010); given the initial-to-final mass 
relation, these progenitors are at least 2 MꙨ on the Zero-age main 
sequence and would evolve from a 1 Gyr old or younger stellar 
population, see Miller Bertolami (2016) and Marigo et al. (2004). 

As the nebula expand, the measured m5007 gets fainter (Henize 
and Westerlund, 1963). At magnitudes fainter than the bright cut-
off, there would be a contribution from fading bright PNe, whose 
disc kinematics is cold, and from PNe evolved from less massive 
progenitors, whose disc kinematics would be warmer depending on 
the age of their progenitors4. Hence the distribution of the residual 
ΔVPN;LOS over a wide radial range in the face-on disc of NGC 628 
is expected to be better described by superposition of Gaussians, 
depending on the fractional contribution from the younger/most 
massive vs. the older/less massive progenitors to the overall PN 
population, to be driven by the star formation history. Given that 
NGC 628 is nearly face-on, the distribution of the ΔVPN;LOS values 
as function of the m5007 magnitude of the PNe would vary in the 
sense that “bright, younger progenitor” PNe would display smaller 
residuals from the HI velocities, i.e., smaller values of ΔVPN;LOS, 
while “fainter, older progenitor” PNe would have larger residuals, 
even once one accounts for the larger velocity errors at fainter fluxes.

In Figure 10 we show the distribution of the measured 
ΔVPN,LOS = VPN,LOS-VHI for all NGC 628 PNe, with measured 
Hα emission (green symbols) and those with none (red symbols) 
separately. Table 1 provides the measurements of the RMS of the 
ΔVPN,LOS distribution in magnitude bins for the two samples (second 
and third column) and of the combined sample (fourth column), 
the σerr  for the PN.S velocity measurements (fifth column) and the 
derived σz  values in NGC 628 measured from PNe subsamples in 
the different magnitude bins (sixth column); σz is computed from 
the quadratic difference σz = σLOS–σerr. The NGC 628 PNe, with 
or without Hα emissions, have the same ΔVPN,LOS as function of 
magnitude, within the errors. Figure 10 and Table 1 show clearly 
that the velocity dispersion σz  is a function of the m5007 magnitude, 
with the PNe at the bright cut-off in a 0.5 mag bin being significantly 
kinematically colder, by a factor ∼2, than those at Δm ∼ 1.0–1.5 mag 
fainter than the PNLF bright cut-off magnitude.

6.1 Kinematically cold PNe at the PNLF 
bright cut-off. Are they distinct from the 
HII population at similar m5007 mags ?

Both Figures 10, 11 show that the kinematics of the PNe within 
0.5 mag of the bright cut-off is cold, i.e., the RMS of the ΔVPN,LOS
is 12.06 km–1. It provides the value of the σLOS = σz for the nearly 
face-on disk of NGC 628. As we compute the RMS for fainter 
magnitude bins, it increases progressively to about 24.78 kms–1 at 
1.5 mag fainter than the bright cut-off of the PNLF, e.g., the 
population becomes increasingly “warmer”. The RMS values of 
ΔVPN,LOS distributions in 0.5 mag bins are listed in Table 1, together 
with estimated error in that magnitude bin, and the derived σz value 
for that population in NGC 628.

We wish to address the question whether the PNe within 0.5 
mag of the PNLF bright cut-off are misclassified HII regions. We 
look at the ΔVHII,LOS vs. m5007 distribution shown in Figure 11 
and compute the RMS of this distribution in 0.5 magnitude bins. 
The values are listed in Table 2. At the apparent magnitude 
corresponding to the PNLF bright cut-off, the RMS value of the 

4 At fainter magnitudes, there is an effect from larger measurements errors 

also, that we estimated in Aniyan et al. (2018) and can be accounted for.
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FIGURE 10
ΔVPN,LOS vs. m5007 distribution for the PN candidates in NGC 628, with 
detected Hα emission (green full dots) and those with none (red full 
squares). The two samples have the same kinematics as function of 
m5007, see Table 1. The full black circle and squared symbols with 
error-bars in the plot display the average ΔVPNe,LOS values in magnitude 
bins of 0.5 mag, the error bars indicate the ±1σ values, for the PNe with 
Hα/no Hα emission respectively. The magnitude bin of 0.5 mag is ≈ 3 x 
σm5007, where σm5007 = 0.13 mag is the PN.S photometric uncertainty.

TABLE 1 σlos vs. m5007 in 0.5 mag bins for the PN samples (with and without 
Hα emission) in NGC 628. The adopted magnitude bin corresponds to ∼3 
times the standard photometric uncertainty of the PN.S (0.13 mag). In 
column 2 and 3 we report the σLOS values computed as RMS of the 
ΔVPN;LOS PN samples (either with or without Hα emission) in magnitude 
bins. The fourth column reports the σLOS of the ΔVPN;LOS for the entire PN 
sample (no distinction applied on the bases of the Hα emission) in each 
magnitude bin. The fifth column reports the PN.S σerr as function of 
magnitude, and the sixth columns reports the σz computed from the 
quadratic difference σz = σLOS - σerr.

m5007 w/Hα
σLOS
kms–1

No Hα
σLOS
kms–1

Total
σLOS
kms–1

PN.S
σerr
kms–1

NGC 
628
σz

kms–1

25.0 12.90 11.25 12.06 4.0 11.4

25.5 20.42 16.88 19.62 4.9 19.0

26.0 24.48 21.83 24.11 5.8 23.4

26.5 24.54 26.46 24.78 7.3 23.7

27.0 30.16 32.06 31.16 8.8 29.9

ΔVHII,LOS distribution in 0.5 mag bin is ≈25.5 km–1 which is twice 
that of the corresponding quantity for the PN population at the same 
m5007. Hence the PNe at the bright cut-off cannot be a sub-sample 
of the HII regions (randomly extracted at similar apparent m5007) 
because they are significantly kinematically colder. Differently, the 
HII regions at m5007 = 24.75–25.0, with larger ΔVHII,LOS, are located 
preferentially in the inner regions of NGC 628, where the SFR is 
more intense (Leliévre and Roy, 2000). Under such conditions, the 
related outflows in the ISM are powerful enough to leave imprints in 
the ΔVHII,LOS. The small σz of the brightest PNe in our sample also 

rules out possible contamination from SNRs at these magnitudes, on 
the basis of the flat and broader ΔVSNR,LOS of the latter, as shown in 
Figure 9 and also in Figure 11.

6.2 Kinematically cold and warm PN 
populations in NGC 628: Their contribution 
to the LOSVD and the PNLF

As addressed extensively in the analysis by Aniyan et al. (2018), 
the PN population in NGC 628 becomes increasingly rotationally 
supported, i.e., kinematically cold, with radius as shown in their 
Figure 10. In the current investigation we further established that the 
width of the ΔVPN,LOS distribution increases towards m5007 fainter 
magnitude, see Figure 10. In what follows, we would like to quantify 
the relative contributions of the kinematically cold and warmer PN 
populations to i) the global LOSVD orthogonal to the plane of the 
disc in NGC 628, and ii) the PNLF, in different magnitude bins. The 
goal is to link the properties of the AVDR for PN populations with 
their PNLFs in NGC 628. Similar investigations for extragalactic 
PN populations were carried out by Bhattacharya et al. (2019) in 
the M31 disc.

We extract the ΔVPN,LOS distributions in three radial bins, 80” ≤
R ≤ 170″, 170” ≤ R ≤ 240″ and 240” ≤ R ≤ 425”. We normalize 
each of them by the ratio RMSbini/RMSbinmiddle and then combine 
them. The entire distribution over the radial range 80″ to 425″

over the disc of NGC 628 is shown in Figure 12. A single Gaussian 
fit to the entire distribution gives σ1G,Tot  = 21.15 km–1. We then 
model the global RMS homogenized LOSVD as a sum of Gaussian 
distributions, to evaluate whether it is consistent with a single or 
multiple components. In order to assign PNe to distinct kinematic 
(Gaussian) components, we use the Gaussian-mixture method 
(GMM) as shown in Hartke et al. (2018); Aniyan et al. (2018) and 
references therein.

We start by fitting a single Gaussian and a double-Gaussian 
model to the data: the latter is clearly favored, with a lower Bayesian 
Information Criterion. The combined histogram of the re-scaled 
RMS homogenized ΔVPN,LOS over the three radial bins is thus best 
fitted by two Gaussians. The narrow component has mean value 
μ1 = −4.21 kms–1 and σ1 = 8.8 km–1, and the broader component 
has µ2 = 1.95 km–1 and σ2 = 26.1 kms–1. The cold and warmer
component contribute to the total sample of the PN population in 
the ratio ≈46% (cold) and 54% (warm). These fractions5 are in line 
with the estimated contributions to the integrated light spectrum 
of the cold and warm component in the central IFU spectra for 
NGC 628 as illustrated in Table 6 of Aniyan et al. (2018). These 
fractions further prove that the kinematics decomposition in cold vs. 
warm component is robust towards contamination by SNRs, whose 
estimated upper limit is 2%, see discussion in Section 3. The rescaled 
distribution with the Gaussian decomposition is shown in Figure 12. 
For more information on the Gaussian decomposition in specific 
radial bins, we refer to the detailed analysis by Aniyan et al. (2018).

PNLFs of the kinematically cold and warmer population in NGC 
628 – In order to quantify the contribution of the two kinematically 
distinct PN populations in the NGC 628 to the PNLF over the 

5 Fractions are computed from the integrating the probability of the cold 

component and then evaluating the warm component as 1-pcold.
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FIGURE 11
Left panel: Distribution of ΔVPN,LOS values for the PNe as function of m5007, green full dots. Blue asterisks indicate average values and ±1σ blue error bars 
in magnitude bins. The RMS values of the ΔVPN,LOS distribution in bins of magnitude increase with m5007, consistent with the presence of a kinematically 
cold PN population at the bright cut-off and a warmer PN population dominating at fainter mags. Right panel: Distribution of the ΔVHII,LOS value for HII 
region candidates as function of m5007, red full squares. Black asterisks indicate average values and ±1σ black error bars in magnitude bins. The RMS 
values of the ΔVHII,LOS distribution are invariant up to m5007 ∼ 24.25 and then increase in the fainter bins. In the magnitude bins which overlap with the 
apparent magnitude of the PNLF bright cut-off in NGC 628, the RMS values of the ΔVHII,LOS distribution are larger than that for ΔVPN,LOS in the same 
magnitude range. Black pentagons indicate the matched HII region sources with the catalog of SNRs from Kreckel et al. (2017), in the radial range
80” – 425”.

TABLE 2 σlos vs. m5007 in 0.5 mag bins for the HII candidate sample in NGC 
628. The adopted magnitude bin corresponds to ∼3 times the standard 
photometric error of the PN.S (0.13 mag). In the second column we 
report the σLOS values for the HII regions computed as RMS of the 
ΔVHII;LOS in each magnitude bin. The third column reports the PN.S σerr as 
function of magnitude.

m5007

NGC 628 PN.S
σLOS σerr

kms–1 kms–1

22.25 5.9 2.0

22.75 6.8 2.0

23.25 23.7 3.0

23.75 7.1 3.0

24.25 15.8 3.0

24.75 27.0 4.0

25.25 23.9 4.0

NGC 628 disc, we assign a probability to each PN to be belong 
to one of the two Gaussians based on its ΔVPN,LOS velocity values, 
according to the Gaussian decomposition in radial bins carried out 
in Aniyan et al. (2018). In Figure 13, we then plot the cumulative 
PNLFs in the three bins for the warm/cold component respectively 
computed such that each PN contributes for its probability “pcold” to 
the cold component and “1 – pcold” to the warmer component. For 
the outermost bin, the GMM gives a result consistent with a single 
Gaussian, hence only one cumulative function is shown in green in 
the plot. Each cumulative curve is normalized by the total number 
of the respective PNe in each bin.

FIGURE 12
Total RMS homogenized ΔVPN,LOS of the PN populations in NGC 628 
covering the radial range 80” ≤ R ≤ 425”. This histogram is obtained by 
merging the PN’s ΔV distributions in the three radial bins, once they 
have been rescaled by the RMS value of ΔVPN,LOS distribution in the 
middle radial bin. The RMS of the combined Gaussian is 21.15 kms–1, 
and kurtosis = 0.783. The GMM applied to the merged histogram gives 
the following parameters for the two Gaussian components: µ1 = 
−4.21; σ1 = 8.8 kms–1 and µ2 = 1.95; σ2 = 26.1 kms–1.

The cumulative PNLFs are plotted in red for the warm and in 
blue for the cold component, respectively. In the inner radial bin 
(range: 80” – 170”; light continuum blue/red lines) the cumulative 
PNLF for the warmer component presents a steep rise at m5007 > 
26 mags. The intermediate radial bin (range: 170” – 240″) the 
cumulative PNLF of the warm and cold components (dotted-dashed 
blue/red lines) show a significant difference at magnitudes near the 
PNLF bright cut-off m∗. The comparison among the cumulative 
PNLFs for the cold and warmer components in the two inner bins 
and the single cumulative PNLF in the outermost radial bin (range: 
240” − 425”; green continuum line) illustrate that there is a larger 
number of PNe whose m5007 is close the PNLF bright cut-off m∗in 
the outer region (R > 170’’).
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FIGURE 13
Cumulative PNLFs in the three radial bins for the kinematically
cold-blue lines- and warmer-red lines- PN population. Kinematical 
decomposition from Aniyan et al. (2018). The green line depicts the 
cumulative PNLF in the outermost radial bin where the GMM 
decomposition assigns all PNe to the cold component in the 
outermost radial bin (240’’ - 425”). In the inner bin (radial range: 80” – 
170″, light continuum blue/red lines) the cumulative PNLF for the
warmer component presents a steep rise at m5007 > 26 mags. The 
intermediate radial bin (radial range: 170” – 240″) the cumulative PNLF 
of the warm and cold components (dotted-dashed blue/red lines) 
show a significant difference at magnitudes near the bright cut -off 
m∗. The comparison among the cumulative PNLFs for the cold and
warmer components in the two inner bins and the single cumulative 
PNLF in the outermost radial bin illustrate that there is a larger number 
of PNe whose m5007 is close the bright cut off m∗in the outer region 
(R > 170’’) consistent with disc stellar population becoming younger at 
larger radii in NGC 628. In-set in Figure shows enlargement of the 
bright cut-off magnitudes of the PNLFs.

We find that the PNe whose apparent m5007 are closest to the 
PNLF bright cut-off m∗are found at radii > 170″, with the bright 
PNe near the PNLF cut-off being primarily associated with the 
kinematically cold component in the NGC 628 disc also in the 
second and innermost radial bins. In the latter, the cumulative 
PNLF in the innermost bin shows a larger contribution from the 
cold component at mag m5007 < 26.0, while the PN population 
associated with the kinematically warmer component dominates the 
cumulative PNLF at m5007 > 26.5. The presence of PNe at large 
radii which populate the bright cut-off of the PNLF in NGC 628 is 
consistent with the inside-out formation of discs (Minchev et al., 2014) 
and the NGC 628 B-I bluer color in the outermost radial bin 
(Möllenhoff, 2004; see Aniyan et al., 2018, their Table 6). 

The results for NGC 628 that show that the colder, dynamically 
young, component dominates the bright cut-off of the PNLF 
is also supporting the recent results of Jacoby and Ciardullo 
(2025) about the critical role of the dust in creating the PNLF 
bright cut-off, as the most massive and young progenitors would 
be the most intrinsically dusty (see Bhattacharya et al., 2019; 
Ventura et al., 2014). Previous examples of distinct PNLF bright 

cut-off magnitude values and more in general of deviations of the 
PNLF shape from the Ciardullo et al. (1989) analytical formula have 
been measured in the PN populations in the outer disc and halo of 
M31 (Bhattacharya et al., 2021) and in the outer halos of elliptical 
galaxies (Longobardi et al., 2015; Hartke, 2020); for recent results 
linking PNLF shapes with the progenitor stellar populations see 
Valenzuela et al. (2019), Valenzuela et al. (2025).

The results presented in this work on the presence of 
kinematically distinct PN populations in NGC 628 reflect the 
composite nature of the stellar populations generating the light in 
star-forming discs in agreement with an increasing AVDR relation 
for the older populations also for the face-on galaxy NGC 628. 

7 Discussion

We wish to compare the vertical velocity dispersions for the 
PN populations in the NGC 628 with those measured for 1) the 
outer HI gas disc in NGC 628 and 2) for the stellar populations in 
the MW and M31 disc. Das et al. (2020) measured the dynamical 
mass in discs using the HI velocity dispersion at very larger outer 
radii. In their study which includes NGC 628, they measured the 
HI vertical dispersion for NGC 628 using the THINGS HI data 
Walter et al. (2008). From their Figure 2, we estimate the average 
value σz,HI  ≈ 8 km–1 over the interval of radii sampled by the PN.S 
PN measurements. This is directly comparable with the vertical 
velocity dispersion of σPN,cold ≈ 9 km–1 for the kinematic cold 
component in the NGC 628 PN sample.

In the MW, the AVDR for the solar neighborhood6 is shown in 
Figure 12 of Aniyan et al. (2018) using the data from the Geneva-
Copenhagen survey (Casagrande et al., 2011). The dispersion is of 
the order 10 km–1 for ages younger than 1 Gyr and then increases 
to about 20 kms–1 at 4 Gyr, with a plateau reached for older ages. 
The radial range 80″ to 430″ covered by the PN.S PN sample is 
equivalent to 1 to 5 disc scale length for the thin disc of NGC 628; 
the disc scale length of NGC 628 is very similar to that of the MW 
exponential thin disc, see Bland-Hawthorn and Gerhard (2016) for 
a review. We can then compare the two vertical velocity dispersion 
measurements for the PNe in NGC 628 to that of the MW stars in 
the solar neighborhood to infer their stellar ages from the AVDR. 
We can then associate an age of 1 Gyr to the NGC 628 PNe in 
the cold component, and an older age of 4 Gyr to the PNe in the 
warmer component. The ratio of the two samples is consistent with 
the predictions from a star formation rate that decays with time like 
exp(–t/τ) with τ >  3 Gyr.

The AVDR for the M31 disc is much steeper than either that of 
NGC 628 or the solar neighborhood at the equivalent position in 
units of disc scale length. As shown by Bhattacharya et al. (2019), 
the estimated vertical velocity dispersion of PNe in the M31 disc at 
2.5 and 4.5 Gyr old progenitors is twice and three times that of the 
stars in the MW at these reference ages; see additional measurements 
of the AVDR for the red giant branch stars in the M31 disc by 
Dorman et al. (2015). The much steeper AVDR for M31 with respect 
to the MW or NGC 628 (currently understudy) is understood in the 

6 This AVDR excludes stars from the thick disc by considering stars with 

[Fe/H] >  −0.3 only.
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framework of a relatively massive merging event with mass ratios 
1:4 occurred in the M31 disc about 2 Gyr ago, see simulations 
by Hammer et al. (2018) and the recent analysis of the projected 
phase space by Tsakonas et al. (2025). We can then conclude that 
NGC 628, while forming star at a significant rate, has an AVDR 
which is quite similar to that of the MW disc and did not experience 
any recent major merger events. 

8 Summary and conclusion

In this study, we showed how the CDI observational technique 
as implemented with the PN.S to study the kinematics of ETGs can 
be expanded to study individual nebulae in star forming discs, where 
HII regions and SNRs contribute to the [OIII] 5007Å sources also. 
The PN.S equipped with an additional third arm, the Hα arm, allows 
the identification of bona fide PNe, which are excellent discrete stellar 
tracers in the outermost region of discs, beyond 1-2 disc scale length 
and well into the R25 outer annuli, where the continuum surface 
brightness is too faint to allow absorption line spectroscopy against 
the night sky. The custom built PN.S instrument, equipped with the 
Hα arm, provides an effective observational parameter space which 
allows investigations of the kinematics of nebulae as a proxy for 
discrete stellar tracers in star-forming galaxies, like late-type discs, 
irregulars and dwarfs.

In this work we described the optical layout, the filter 
characteristics, and the observational workflow of the PN.S with the 
Hα arm. We described in detail the improvements of the pipeline 
data reduction, the results on the velocity errors, the flux calibration 
of the [OIII] L/R and Hα arms, and the astrometric calibration of the 
deep image obtained with the Hα arm. For the face-on galaxy NGC 628 
(M74), we calibrated the CMD selection criteria for PNe on the sample 
of 102 spectroscopically confirmed PNe published by Herrmann and 
Ciardullo (2009a). From these empirically calibrated selection criteria, 
we extracted an extended sample of 442 PNe and 251 isolated and 
spatially unresolved HII regions in the NGC 628 disc covering the 
radial range 80” – 425″, i.e. 1 to 5 disc scale length. The PN.S 
observations of the NGC 628 lead to a four-fold increase of the number 
of known PNe in this galaxy. PNe and HII regions selected from the 
PN.S L/R plus the Hα arms have different number counts as function of 
apparent m5007 and number density profiles. The PN number density 
profile follows the exponential profile of the light in the NGC 628 
disc, while the HII resolved sources display a cut-off where the star 
formation drops at a 312″ radius. 

The purpose of the PN.S, which is to measure the kinematics of 
discrete tracers associated with star light in galaxies, allows one to 
study the properties of the LOSVD of these populations and validate 
the selection criteria further. The disc in NGC 628 is seen nearly face-on 
with i = 8◦.5 ± 0◦.2 and the kinematic of its tracers can be compared with 
the HI 21 cm observations. The LOSVD of the HII region follows the 
neutral atomic gas 21 cm LOSVD very closely, with the contribution 
from ISM shocks and outflows in the inner part of the disc. The 
LOSVD of the entire PN population is wider, e.g., warmer, than that 
of the HII regions at the same radii. Further analysis of the velocity 
residuals ΔVPN,LOS with apparent magnitude m5007 provides evidence 
for distinct PN populations, with kinematically cold PNe dominating 
the magnitude close to the PNLF bright cut-off, and kinematically 
warmer PNe dominating at Δm = 1.0–1.5 fainter magnitudes (than 

the PNLF bright cut-off). The cold and warmer components contribute 
to the total sample of the PN population in NGC 628 with the ratio 
46% (cold) and 54% (warm). 

These observational results are important in the current effort 
to identify distinct components in external discs and measure the 
disc surface mass density. The use of the PN.S with the additional 
Hα makes it possible to identify distinct components in the nearby 
extended face-on discs, in NGC 628 (Aniyan et al., 2018) and 
NGC 6946 (Aniyan et al., 2021), and address the questions of 
the Disc-halo degeneracy in these discs. The results from the 
PN.S observations of NGC 628 clearly indicate the presence of 
distinct PN sub-populations characterized by different velocities, 
location, with dominating contributions to the PNLF in different 
magnitude ranges. These steps set the stage for the investigation 
and identification of the thin/thick disc components in external 
galaxies, in addition to M31 and our own MW, using extragalactic 
PNe. They represent a benchmark to verify the predictions from 
cosmological motivated simulations of PN populations and their 
PNLFs (see Valenzuela et al., 2025).
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