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ABSTRACT

Utilizing the optical imaging Fourier transform spectrograph SITELLE, the Star-formation, Ionized Gas and Nebular
Abundances Legacy Survey (SIGNALS) is designed to study the connection between star-forming regions and their
environments. Targeting 31 local star-forming galaxies, its data products also lend themselves to planetary nebula (PN)
surveys. We present here a new pipeline to find PNe using automated emission-line diagnostics and morphology tests,
that is able to distinguish PNe from contaminants with an accuracy similar to that of past visual methods. We also perform
thorough completeness tests using mock PNe inserted into the data cubes with full spectra. We apply these tools to a
pilot sample of two dwarf irregular galaxies from the SIGNALS survey, NGC 4214 and NGC 4449, with other galaxies
to follow. For these two galaxies, we identify 25 PNe (including six new discoveries) and 23 PNe (including 13 new
discoveries), respectively, and calculate PN luminosity function distances of 3.09™0-%> and 3.917333 Mpc, respectively, the
latter consistent with previous estimates. We also calculate the bolometric PN specific frequency of our galaxies (o)), as
well as a newly defined V'-band PN specific frequency (ay) based solely on the galaxies’ total luminosities in that band.

Key words: surveys - planetary nebulae: general - galaxies: distances and redshifts — galaxies: irregular - galaxies: star-
burst.

1 INTRODUCTION

Planetary nebula (PNe) are the progeny of low- to intermediate-
mass (=~ 1-8 My) stars at the end of their asymptotic giant
branch phases (e.g. S. Kwok, C. R. Purton & P. M. Fitzgerald
1978). PNe have varying lifetimes of ~10 000 yr before their ion-
ized shells dissipate. They are almost always brightest in the
[O 1]A5007 emission line, although exceptions exist, such as very
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low-excitation planetary nebulas (PNs) with cool central stars
(CSs) that emit more in the Ha line (D. J. Frew & Q. A. Parker
2010). The exact strength of the [O 111]A5007 line depends on the
metallicity, initial mass, and temperature of each star, but a high-
metallicity PN can emit up to 15 percent of its CS’s luminosity
in the [O 11]A5007 line alone (M. A. Dopita, G. H. Jacoby & E.
Vassiliadis 1992). The bright [O 111]A5007 emission allows PNs
to be detected out to distances of ~100Mpc (O. Gerhard et al.
2005). PNe can also be detected in galaxy haloes, where the stellar
continua are faint. They are therefore popular tools to trace the
kinematics of galaxies to large galactocentric radii (e.g. M. Arn-
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aboldi et al. 1998; C. Spiniello et al. 2018; J. Hartke et al. 2020; S.
Bhattacharya et al. 2023).

PNe also serve as a secondary distance indicator, through the
planetary nebulaluminosity function (PNLF). R. Ciardullo et al.
(1989) showed that there is a lower limit to the absolute magni-
tudes of observed PNs (i.e. there is a maximum PN brightness)
which is nearly universal across galaxies, regardless of morpho-
logical type. By fitting a measured PNLF, this lower limit can be
determined and a distance modulus inferred. First described in R.
Ciardullo et al. (1989) and adapted for a varying faint-end PNLF
slope by A. Longobardi et al. (2013), the PNLF is described by

N(Mso07) = c; e2Ms007 (1 — e3(M§007—M5007)) 7 a)

where Msyy; is the absolute magnitude of the [O111]A5007 line,
¢; is a normalization constant, c, is the faint-end slope index
and MY, is the absolute magnitude of the bright-end cut-off.
The msgy; (apparent) magnitude approximates the V-band (ap-
parent) magnitude one would observe if the total [O I11]A5007 line
emission was distributed over the V band, and can be obtained
through the integrated [O 11]A5007 flux, Fsgo7, via the Jacoby re-
lation (G. H. Jacoby 1989):

F.
Msooy = —2.5 log( 007 ) —13.74. )

ergs—! cm—2

PNLF distances can be accurately derived (uncertainties <
10 per cent) for distances of up to ~20 Mpc (R. Ciardullo 2012;
G. H. Jacoby et al. 2024) and have been found to be of comparable
precision and accuracy to those derived from Cepheids and tip of
the red giant branch (TRGB) methods (see E. Congiu et al. 2025
for a recent comparison).

While the PNLF is effective as a distance indicator, the physics
behind the universality of the bright-end cut-off remains unclear.
Naively, older stellar populations should have fainter PNs, as
older stars exit the main sequence at lower masses and lower
progenitor masses produce fainter PNs (P. Marigo et al. 2004).
Yet, observations have shown that the bright-end cut-off is always
at the same absolute magnitude, so there must be some mecha-
nism(s) for old stellar populations to produce bright PNs (G. H.
Jacoby 1989). Recent simulations suggest that these bright PNs
may form within older stellar populations of high metallicity, as
a result of metal-rich stars (L. M. Valenzuela et al. 2025). Because
metal-rich stars evolve more slowly than metal-poor stars of the
same mass, they form PNs later and with a higher initial mass,
leading to brighter PNs. Metallicity is also predicted to affect
the absolute magnitude cut-off, such that My, increases with
decreasing metallicities (R. Ciardullo 2010). In turn, one could
constrain the metallicity of a galaxy by assuming a distance and
fitting for M%,,,.

Another way to investigate stellar populations with PNs is to
use the bolometric specific frequency of PN, that is the number
of PNs per unit bolometric luminosity, defined as

N PN
,
Lyor

= (3)
where Npy is the total number of PNs in a galaxy and Ly is the
galaxy’s total bolometric luminosity.

In practice, Npy can only be determined over a limited range
of magnitudes, down from the bright cut-off. A more practical
definition is thus given by

1 miyg;+Am
am = / NGm)dm, @
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where N(m) is the number of PNs between (apparent) magni-
tudes m and m 4+ dm and Am = 2.5 is commonly used in the
literature.

This specific frequency « has long been shown observationally
to correlate with galaxy colour (M. Peimbert 1990; R. Ciardullo,
G. H. Jacoby & W. E. Harris 1991; R. Ciardullo et al. 2005; A.
Buzzoni, M. Arnaboldi & R. L. M. Corradi 2006), such that red-
der galaxies produce fewer PNs (per unit luminosity). However,
stellar population modelling produces the opposite prediction,
i.e. redder galaxies should have more PNs (A. Buzzoni et al.
2006).

The specific frequency can also vary as a function of galacto-
centric radius within a galaxy (X. Hui et al. 1993; A. Longobardi
et al. 2013; J. Hartke et al. 2017; S. Bhattacharya et al. 2019).

Traditionally, PN candidates have been identified using the
on-band/off-band method, for which follow-up spectroscopy is
required to confirm the PN classifications and measure their
velocities. Slitless spectroscopy instruments like the Planetary
Nebula Spectrograph (N. G. Douglas et al. 2002) offer a more
efficient solution, providing PN diagnostics and accurate velocity
measurements from a single observation (e.g. L. Coccato et al.
2009; C. Pulsoni et al. 2023).

A further improvement is offered by integral-field spectro-
graphs (IFSs): PNs no longer require dedicated surveys but can
be found in IFS data cubes as by-products. Indeed, since the first
PN study using IFS (M. Sarzi et al. 2011), there have been many
more (e.g. K. Kreckel et al. 2017; F. Scheuermann et al. 2022; but
see also the reviews by M. M. Roth et al. 2025 and J. Hartke 2025).

Nevertheless, the effectiveness of most IFSs is limited by their
generally small field of views (FOVs), often necessitating numer-
ous pointings for single targets and thus large mosaics (E. Con-
giu et al. 2025). SITELLE (L. Drissen et al. 2019) is an imaging
Fourier transform spectrometer (iFTS) with a very large FOV
(11 arcmin x 11 arcmin) mounted at the Canada-France-Hawaii
Telescope (CFHT). Its spectral coverage and FOV lend themselves
perfectly to PN studies. In particular, the wide FOV allows to
study PNs in the outskirts of galaxies, where they stand out easily
from the faint stellar continua.

The Star formation, Ionized Gas, and Nebular Abundances
Legacy Survey (SIGNALS; L. Rousseau-Nepton et al. 2019) tar-
geted 31 local (distances &~ 1-12 Mpc) star-forming galaxies with
SITELLE. Most past PN surveys have focused on early-type
galaxys (ETGs), for their lack of contaminating [O III]-sources
(e.g. L. Coccato et al. 2009; A. Cortesi et al. 2013; C. Pulsoni
et al. 2018). A PN survey of the SIGNALS galaxies will allow
to probe PN population (and associated PNLF) changes with
e.g. galaxy morphology (from dwarf irregular galaxies to grand-
design spirals), stellar mass and stellar metallicity. So far, the
PN populations of only M 31 (T. B. Martin, L. Drissen & A.-L.
Melchior 2018) and NGC 4214 (S. Vicens-Mouret et al. 2023) have
been catalogued using SIGNALS data. To expand these studies to
the entire survey, a more automated pipeline for PN detection is
required. This is the primary goal of this work.

This paper thus sets out in detail the automated methods we
developed to construct PN catalogues of SIGNALS galaxies. For
illustrative purposes, we also applied those methods to the galax-
ies NGC 4214 and NGC 4449. We describe the data and cal-
ibration methods in Section 2. Section 3 covers PN detection,
the elimination of contaminants and the construction of mock
PN catalogues to estimate the completeness of observations. We
present our results for NGC 4214 and NGC 4449 separately in
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Table 1. Overview of targets and observations.

SIGNALS PNe 3

Galaxy Type D Z Filter Band R Time/step Steps Date
(Mpc) (nm) (s)
NGC 4214 IAB(s)m 2.93 8.20 £ 0.05 SN2 482-513 943 50 219 2018 May
SN3 647-685 1895 30 337 2018 May
NGC 4449 IBm 4.01 8.26 £ 0.01 SN2 482-513 943 45.5 219 2020 Feb
SN3 647-685 4741 13 842 2020 Feb

Note. Columns: (1) Galaxy. (2) Morphological type. (3) Uncertainty-weighted mean distance of a selection of distances from the NASA/IPAC Extra-
galactic Database. (4) Gas-phase metallicity (12 4 log(O/H)) from L. S. Pilyugin, E. K. Grebel & I. A. Zinchenko (2015). (5) SITELLE filter. (6) SITELLE
band. (7) Spectral resolution. (8) Integration time per scanning mirror step. (9) Number of scanning mirror steps. (10) Observation date.

Section 4, comparing their PNLF distances and « parameters to
those of previous works. We discuss our results in Section 5 and
summarize them in Section 6.

Throughout this paper, we refer to [O111]A5007, [N I1]A6584
and [S11]A16716,6731 simply as [O 111], [N 11], and [S11].

2 DATA AND CALIBRATIONS

2.1 SITELLE

As mentioned above, SITELLE is an iFTS with an 11 arcmin x
11 arcmin FOV (sampled with 0732 x 0732 spaxels) mounted at
the Cassegrain focus of the CFHT (L. Drissen et al. 2019). The
design is that of an off-axis Michelson interferometer. A beam
splitter directs the light onto two different mirrors: the fixed mir-
ror and the scanning mirror. The two beams meet again at the
beam splitter, where they interfere and form two new beams, each
recorded with its own camera. The scanning mirror can be moved
in small steps, changing the optical path difference between the
two beams.

An interferogram cube is obtained by a series of short ex-
posures (=1 min each), in between which the scanning mirror
moves by a few microns. The spectral resolution can be fine-tuned
to any resolution in the range 1-10 000 by changing the number
of steps of the scanning mirror. A Fourier transform then returns
a data cube in which two dimensions are spatial and the third
is spectral (wave number). This results in an instrumental line
spread function (LSF) that is a sinc as a function of wave number
(T. B. Martin, S. Prunet & L. Drissen 2016) rather than the more
typical Gaussian as a function of wavelength. Emission (and ab-
sorption) lines broadened by the Doppler effect have a Gaussian
shape, which when observed with SITELLE is convolved into a
‘sincgauss’ shape.

Early on during the commissioning of SITELLE, the image
quality was found to degrade towards the edges of the FOV, where
the point spread function (PSF) becomes elongated. As men-
tioned in T. B. Martin et al. (2018) and L. Drissen et al. (2019), the
extent of this distortion changes from image to image, so it cannot
be corrected. Fortunately, however, more recent data suffer less
from this issue, thanks to an update to the SITELLE optics (S.
Prunet, L. Rousseau-Nepton & M. Baril 2019).

2.2 Data selection

SIGNALS (L. Rousseau-Nepton et al. 2019) is a survey that
uses SITELLE’s strengths to quantify the impact of environment
on star-forming regions, and is therefore optimized to study
emission-line objects. SIGNALS uses SITELLE’s SN1 (wave-
length range 365-385nm, spectral resolution R = 1000), SN2

(480-520 nm, R = 1000) and SN3 (651-685nm, R = 5000) filters.
It combines large spectral coverage (allowing to observe impor-
tant emission lines for H 11-region and PN studies, such as [O I11],
HpB, He and [N11]) with high spectral resolution (allowing to
measure precise H1I-region and PN velocities).

The selection criteria of SIGNALS were driven by the need to
observe a large number of H I1 regions in a variety of galactic envi-
ronments, resulting in the observations of 31 star-forming galax-
ies at distances D < 12 Mpc. While the survey is not optimized
to reveal PN, a previous study by S. Vicens-Mouret et al. (2023)
utilized SIGNALS data to identify 15 new PNs in the starburst
galaxy NGC 4214. To both illustrate and benchmark our new PN
detection pipeline, we thus re-analyse the NGC 4214 SIGNALS
data here. Using Hubble Space Telescope (HST) data, F. Annibali
et al. (2017) discovered 28 (potential) PNs in the central region
of another similar starburst galaxy, NGC 4449, five of which they
obtained full spectra for. We thus also present the SIGNALS data
of NGC 4449 here, to add to this catalogue and benchmark our
work.

While ~75 percent of the stellar populations of NGC 4214
are over ~8 Gyr old, it is currently undergoing a new burst of
star formation (B. F. Williams et al. 2011). NGC 4449 has been
continuously forming stars over the lifetime of the galaxy, with a
peak of star formation taking place 5-20 Myr ago (E. Sacchi et al.
2018).

‘We obtained fully calibrated and reduced data cubes from the
Canadian Astronomical Data Centre.! The SITELLE data reduc-
tion pipeline is as described in T. Martin, L. Drissen & G. Jon-
cas (2015), and Table 1 presents an overview of the observa-
tions. We assume distances to our galaxies based on listed val-
ues from the NASA/IPAC Extragalactic Database 2, using only
those derived from primary distance indicators. Where available,
distances from the following methods were taken into account:
Cepheids, colour-magnitude diagram (CMD), TRGB, and Car-
bon stars. We only use distances with reported uncertainties.

We note that while SIGNALS uses the SN1 filter, only the data
cubes obtained with the SN2 and SN3 filters are used in this
work. We also note that while the NGC 4214 data were obtained
with a lower spectral resolution in SN3 than the usual SIGNALS’
resolution, this does not hinder our ability to detect PNs.

Lhttps://www.cadc-ccda.hia-iha.nrc-cnre.ge.ca/
2https://ned.ipac.caltech.edu. The NASA/IPAC Extragalactic Database
(NED) is operated by the Jet Propulsion Laboratory, California Institute
of Technology, under contract with the National Aeronautics and Space
Administration.
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2.3 Flux calibration

While the SIGNALS data cube fluxes are calibrated using stan-
dard stars in the aforementioned pipeline, there is still some un-
certainty in the zero points. However, we can use narrow-band
HST data to re-calibrate these zero points (T. B. Martin et al.
2018).

Because for PNs we care most about the [O111] line emission,
we focus our calibration on SITELLE’s SN2 filter.

We obtained fully calibrated and reduced HST images taken in
narrow-band filters around [O 111], which are fully encompassed
by the SN2 filter, from the Barbara A. Mikulski Archive for Space
Telescopes.® For NGC 4214, we use data taken with HST’s Wide
Field Camera 3 (WFC3) in the UVIS channel using the F502N
filter (programme ID: 11360, PI: R. O’Connell). These data were
also used by M. A. Dopita et al. (2010) to identify PN candidates.
The WFC3 FOV is 160 arcsec x 160 arcsec, much smaller than
SITELLE’s FOV, but yielding an overlap area sufficient for cali-
bration (see Fig. 1). For NGC 4449, we use data taken with HST’s
Advanced Camera for Surveys (ACS) Wide Field Channel (WFC)
in a similar F502N filter (programme ID: 10522, PI: D. Calzetti).
These data were also used in the PN survey of F. Annibali et al.
(2017).

For each galaxy, we integrate the SN2 datacubes over the wave
number range of the appropriate F502N filter, scaling each slice
by the transmission at that wave number. This simulates an im-
age taken with SITELLE in the F502N filter. We account for the
different pixel sizes by re-binning the HST images to match the
SITELLE pixel size. Finally, we convolve the original HST images
with a Gaussian to match the seeing of the SITELLE data in the
relevant SN2 cube.

We then perform aperture photometry on stars from the GAIA
Data Release 3 catalogue (Gaia Collaboration 2023) twice, once
on the SITELLE slice and once on the re-binned HST image.
To avoid saturated stars, we select the stars to have apparent G-
band magnitudes ms > 20, leaving ~50 stars in the FOV of each
galaxy. We extract the fluxes using 8-pixel apertures, subtracting
the background flux measured within annuli of radii 10-12 pix-
els, and compute the ratio of the HST and SITELLE fluxes. We
then define the correction factor to be the three sigma-clipped
median of all the flux ratios. As shown in Fig. 2, the HST and
SITELLE flux calibrations of NGC 4214 are in very good agree-
ment, but while there is some scatter in the flux ratios of NGC
4449, there is also a clear offset between the two flux calibrations.
We assume the uncertainties of our flux calibrations to be the
sigma-clipped standard deviations of the flux ratios, and thus re-
cover (re-)calibration factors of 1.00 £ 0.08 and 0.82 + 0.14 from
the HST data of NGC 4214 and NGC 4449, respectively. These flux
calibrations are optimized for the [O111] line, but we also apply
them to other emission lines for consistency. This should not
influence the line ratios used in our chosen diagnostic diagrams.

While the galaxies in this paper do have archival HST data in
the relevant filters, this is not the case for most SIGNALS sample
galaxies. Since the survey data products were first released, a
more widely applicable flux calibration method has been under
development that uses GAIA spectra (Gaia Collaboration 2023).
This method will be described in detail in an upcoming paper S.
Vicens-Mouret et al. (in preparation). For comparison, the new
method using GAIA spectra yields (preliminary) calibration fac-

3https://mast.stsci.edu
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tors of 0.997 £ 0.032 in SN2 and 0.954 £ 0.024 in SN3 for NGC
4214, and 0.924 4 0.038 in SN2 and 0.856 + 0.020 in SN3 for NGC
4449, instead of the ones we derived using HST data. The GAIA-
based flux calibration has the main advantage of being applicable
to all SIGNALS galaxies, while only a few galaxies have HST data
in the relevant filters. In this work we will use the established cal-
ibration method using the HST data as described here. However,
future catalogues will likely be published using the calibrated
data from S. Vicens-Mouret et al. (in preparation).

We also correct our line fluxes for Milky Way extinction assum-
ing Ry = 3.1, Ez_y values taken at the central coordinates of each
galaxy from the D. J. Schlegel, D. P. Finkbeiner & M. Davis (1998)
dust maps, and a E. L. Fitzpatrick (1999) extinction law.

2.4 Sky-line velocity map

All velocities quoted in this paper have had a barycentric velocity
correction applied, based on the start time of the observations.

As described in detail in T. B. Martin et al. (2018), SITELLE’s
wavelength calibration relies on a high spectral resolution data
cube of a laser source, taken with the telescope pointing at the
zenith. However, due to temperature variations and the chang-
ing direction of the gravity vector, laser cubes obtained for dif-
ferent pointings show (absolute) velocity calibration errors of
up to 25kms™ (N. Flagey et al. 2020). In addition, the exact
wavelength of the laser used for the calibration has some uncer-
tainty, as it is dependent on the observing conditions. The data
reduction pipeline assumes the manufacturer-stated wavelength
of 543.5nm, but a 0.1 nm error leads to a 55kms™! offset (T.
Martin, L. Drissen & S. Prunet 2021).

To achieve a better accuracy, a fit to the Meinel OH sky lines
can be performed in the SN3 filter. Indeed, these should have zero
velocity, allowing to map the velocity offset across the SITELLE
FOV. As the bright central regions of galaxies do not have clear
sky lines, we can not constrain the velocity offsets there by direct
fits to the spectra. Nevertheless, we can constrain the velocity
offsets at the edges of the FOV and fit a model to those mea-
surements (as a function of position), thus allowing to predict
the offset in the central regions. The details of the model and
the initial parameters of the fit can be found in T. B. Martin
et al. (2018), and they have been implemented in Outils de
Réduction de Cubes Spectraux ( ORCS; T. Martin et al.
2015). Here we sampled each cube on a 40 x 40 grid, masking
the 5 per cent brightest pixels. The resulting sky velocity maps are
presented in Fig. 3. The standard deviation of the residuals from
the fit is &4 km s ! in both cases, and these have been propagated
into our final velocity uncertainties.

The SN2 data cubes do not have any detectable sky line. For
PNs which do not have a reliable emission line in SN3, an addi-
tional velocity calibration step for the SN2 velocities is presented
in Section 3.4.

3 PLANETARY NEBULA PIPELINE

The construction of our PN catalogues can be broken down into
two main steps: (i) finding PN candidates and (ii) distinguishing
PNs from contaminants. In this section, we describe these two
steps in detail. We start with the creation of a two-dimensional
(2D) image from which we detect emission-line sources. The
emission lines are then fitted and diagnostic diagrams are used to
weed out H1I regions and supernova remnants (SNRs). Finally,

920z aunp Q| uo Jasn ojsely uninoyeayloyeddney uning Aq v1 20598/ 9961S/4/8S/8|01e/Seluw/WwWoo dno olwapese//:sdiy Woll papeojumMo(]


https://mast.stsci.edu

ARA
20° 10° 0 -10° -20°
36°24'
g L
b= 21'F
S
=
£ g
= o
=
=)
a8
15'
i ; L i
1216008 15m48s 36% 24
Right Ascension (J2000)
(a) NGC 4214
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Figure 2. Flux correction factors of NGC 4214 (bottom-left) and NGC 4449 (bottom-right), determined by taking the flux ratios of stars measured using
the SITELLE SN2 data cube (integrated over a narrowband HST filter) and an HST image. The sigma-clipped medians are indicated by red dot-dashed
vertical lines, ratios of 1 by grey dashed vertical lines. The apparent GAIA G-band magnitudes of the stars used are shown in the top parts of the plots.

we remove sources whose morphologies are inconsistent with
a point-source. See Fig. 4 for an overview of our PN detection
pipeline, including map-making and calibration steps.

3.1 Source identification

To identify emission-line objects, we created a so-called detec-
tion map using an inbuilt function of orcs (T. Martin et al.
2015), as used in T. B. Martin et al. (2018). The process is sim-
ilar to median filtering. At each spaxel, the median spectrum
of a 9 x 9pixel®> ‘background’ spatial box (excluding the cen-
tral 3 x 3 pixel®) is first subtracted from the median spectrum
of a 3 x 3pixel® spatial box, both centred on the spaxel un-
der consideration. The highest flux at any wave number of this
background-subtracted spectrum is then assigned to the spaxel.

This procedure therefore reveals sources that are brighter than
their surroundings in at least one (wave-number) frame. By
applying this procedures to our SN2 data cubes, we highlight
sources that are bright in either [O111]A5007, [O111]A4959 or
H B. The box sizes quoted here are the default options, chosen
to fit the typical seeing of SITELLE observations (=1 arcsec or
A3 pixels). While the sizes can be changed, they are restricted
to odd numbers of pixels and therefore cannot be precisely
fine-tuned.

We search for objects in the SN2 detection map using the
DAOFIND algorithm (P. B. Stetson 1987) as implemented in
PYTHON by L. Bradley et al. (2022). This finds local maxima
with peak fluxes above a certain threshold flux. The routine
DAOStarFinder alsoreturns two different roundness measures
for each detected source, but we opted not to use those in the
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Figure 3. Fitted map of velocity offsets across the SITELLE FOV, as measured from sky lines in the SN3 filter, for NGC 4214 (left) and NGC 4449 (right).
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Figure 4. Schematic illustration of the SIGNALS PN identification pipeline.
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following steps as both measures turned out to be correlated with
magnitude. We therefore proceed with the source centroids only,
and (re-)fit their roundnesses later.

Running the algorithm on the detection maps yields ~5000
sources for each galaxy. Most of these sources are associated
with HII regions, but using the detection map is nevertheless
preferable to using a simple map of the [O 111]A5007 emission, as
H 11 regions are very bright and extended in [O 111]. The detection
map is better at revealing point sources, which is extremely useful
when searching for PNs; any source bright and compact in [O 111]
should also be prominent in the detection map. To illustrate this,
we show a comparison of (part of) the deep image (constructed
by integrating over all frames of the interference data cube before
Fourier transforming), the [O 111] map and the detection map of
NGC 4449 in Fig. 5.

3.2 Source spectra and photometry

We use ORCS (T. Martin et al. 2015) for emission-line fitting,
which relies on the curve_fit function of the scipy library (P.
Virtanen et al. 2020). For each emission-line source identified in
the detection map, we extract a spectrum from a circular aperture
of 3 pixels in radius, from which we subtract the median spectrum
from a background annulus of inner radius 8 and outer radius
10 pixels. The typical full width at half maximum (FWHM) is ~3
pixels, but we purposefully keep the aperture small to minimize
contamination from other sources (A. A. Soemitro et al. 2023).
This is the same aperture used by S. Vicens-Mouret et al. (2023)
and increases the signal-to-noise ratio (S/N; S. B. Howell 1989).
The small aperture does introduce the need for an aperture cor-
rection, which we determine by constructing the curves of growth
of round, isolated sources. As the PSFs of the SN2 and SN3 data
cubes are different, we measure this correction separately for each
data cube. For NGC 4214, the aperture correction factors used are
1.35+ 0.11 for SN2 and 1.34 4 0.12 for SN3. For NGC 4449, they
are 1.35 £ 0.19 for SN2 and 1.40 + 0.20 for SN3.

When fitting emission lines, ORCS has the option to fit
the velocity and velocity dispersion of each line separately. We
did not use this option, however, as we assume PN emission
lines are from a single source (superpositions are unlikely in
these low-mass galaxies). This has the added benefit of yield-
ing more robust velocity measurements, as all the lines can be
used simultaneously to determine a single velocity and velocity
dispersion.

Good initial guesses of the velocities of the sources are required
for the fits to be accurate. To illustrate this, we generated mock
PN spectra with varying background noise. We set the spectral
resolution to match that of the datacubes of NGC 4449, which is
the SIGNALS standard. We then fitted these spectra with a range
of initial velocity guesses, to test the limits within which the fits
still converge to the correct velocity. We show the results in Fig. 6.
For SN2, the fitting procedure yields the correct velocity as long
as the initial guess is within 2300 km s~! of the truth, which is a
wider range than the velocity dispersion of the galaxies studied.
For SN3, the allowed range is smaller and an initial guess within
~100 km s~! of the truth is required. This is due to the SN3 cube
having a higher spectral resolution, which is SIGNALS standard
practice. In contrast to the strong dependence on spectral resolu-
tion, there is only a small dependence on signal-to-noise ratio.

For the galaxies in this paper, we select a suitable initial velocity
guess by fitting the emission lines of the 30 brightest sources
identified using DAOStarFinder. These fits are checked by eye

SIGNALS PNe 7

to ensure a good fit to the appropriate lines and yield: (1) an
initial guess for the velocity and (2) a typical offset of the fitted
velocities Av = vsns — Vsna. The two galaxies in this paper do not
have a large velocity gradient, so we assume that the PNs will
also have velocities within 300 kms~! of the sampled velocity.
Under this assumption, the initial velocity guess should allow
lines in the SN2 filter to be fitted correctly for all our candidate
PNs. The resulting vy, can then be used as the initial guess for the
emission lines in the SN3 filter, by applying Av. To account for the
uncertainty in vgn, and to allow for some variation of Av, we also
re-fit SN3 with initial velocities 100 km s~! above and below the
initial guess of Av + vgn,. From these, we select the best fit based
on the reduced 2. While for these galaxies we performed three
SN3 fits per source, this number can be increased as necessary to
allow for a greater range of velocities.

After fitting, we apply an [O 111] luminosity cut, keeping only
sources with a reliable [O 111] detection, defined as an [O 111] flux
S/N > 3. As PNs are generally brightest in the [O 111] emission
line, we would risk eliminating many PNs by requiring a similarly
strong detection of any other emission line. We thus define other
emission lines as reliably detected if they have flux S/N > 1, and
adopt 1o flux upper limits for non-detections.

3.3 Contaminant elimination

3.3.1 Emission-line ratio diagnostics

The next step is to distinguish PNs from other emission-
line sources. The most common contaminants are HII regions
and SNRs, although background intermediate-redshift galaxies
are also occasionally detected in [O111]. While PNs can have
emission-line ratios very similar to those of some of these con-
taminants (D. J. Frew & Q. A. Parker 2010), in most cases only
they occupy a specific area in the top-left corner of a typical
emission-line ratio diagnostic diagram (so-called BPT diagrams;
J. A. Baldwin, M. M. Phillips & R. Terlevich 1981).

We use the demarcation line of G. Kauffmann et al. (2003) on
the [N 11]-BPT and L. J. Kewley et al. (2001) on the [S11]-BPT to
filter out H 11 regions. The empirical L. Sabin et al. (2013) demar-
cation line is used on both diagrams to filter out SNRs. As many
of our sources are undetected in one or more emission lines, we
have allowed for and evaluated every combination of detections
and non-detections in a decision tree, shown in Fig. A1.

For most candidates, both the [N11]-BPT and [S11]-BPT dia-
grams will be considered in some form. The use of two diagnostic
diagrams means that we have two intermediate classifications
that may not always match, and that need to be consolidated
into one final conclusion. To avoid confusion, we only discuss
the intermediate classifications in this section and consolidate the
results in Section 3.3.3.

Fig. 7 shows the BPT diagrams for the emission-line sources
of both galaxies, with colours indicating the intermediate clas-
sifications. Let us consider the case of a source with all emis-
sion lines detected. Sources located within the PN-only region
are considered likely PN candidates. These are indicated by blue
symbols in Fig. 7. If a source could be located within the PN-only
region when considering its emission-line ratio uncertainties, it is
then considered a possible PN candidate. These are indicated by
green symbols in Fig. 7. A source not satisfying either criterion is
rejected as not a PN (i.e. a contaminant, plotted in grey in Fig. 7).

Also plotted in Fig. 7, but using triangles, are sources with
emission-line flux upper limits. For these, we consider whether
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Figure 6. Fitting accuracy of mock spectra as a function of initial velocity guess and signal-to-noise ratio.

the direction of the limit makes a source point away from,
or toward, the PN-only region. In doing so, we consider the
demarcation lines (and the regions they delineate) to be de-
fined only as far as the emission-line flux ratio ranges plot-
ted in Fig. 7. For example, the PN-only region does not ex-
tend to infinity above the L. Sabin et al. (2013) line. The in-
termediate classifications of sources with upper limits are illus-
trated in Fig. 8 for the [N11]-BPT; they are analogous for the
[S1]-BPT.

A direct consequence of our classification criteria, as indicated
in the decision tree (Fig. Al), is that we classify an emission-
line source as a possible PN if it has a reliable [O11] detec-
tion but no other emission-line detection. This will almost al-
ways be the case for the faintest PNs detectable. As a conse-
quence, we can only ever label these as possible PNs, rather than
likely PNs.

Another special case is an emission-line source with reliable
[O111] and [N 11] detections but no other emission-line detection,
as this is characteristic of Type I PNs (M. Peimbert & S. Torres-
Peimbert 1983; S. Torres-Peimbert & M. Peimbert 1997). For these
objects, we first consider their position on the [N 11]-BPT as usual.
If they are not in the PN-only region, we still classify them as pos-
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sible PN if they have log([N 11]/[O 111]) > —0.3. For the galaxies
presented in this paper, there is no Type I PN.

3.3.2 Source morphology

Spatially unresolved objects like PNs should be spatially identical
to the PSF, and should therefore appear as circular Gaussian-
shaped objects. As H1I regions and SNRs are usually spatially
extended, the extents and shapes of emission-line sources are
of great help to remove potential contaminants remaining af-
ter applying the aforementioned emission-line ratio diagnostics.
However, the SITELLE PSF varies across the FOV, objects being
more distorted toward the edges. A point source located far from
the data cube centre could therefore appear more extended and
elongated, making it more difficult to distinguish it from an in-
trinsically extended source. We have therefore attempted to map
the PSF variations across the FOV, so that we can still apply com-
pactness and shape criteria to determine whether a PN candidate
(based on emission-line ratios) is indeed a spatially unresolved
PN.

We map the variations of the PSF in SN2 by quantifying the
departures from perfect 2D Gaussians of sources across the FOV.
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Figure 7. Classification of the emission-line sources of NGC 4214 (top) and NGC 4449 (bottom), based on the [N 11]-BPT diagram (left) and the [S 11]-BPT
diagram (right). Triangular markers indicate limits and their directions, in cases of non-detection of at least one of the emission lines.

We use all the stars from the GAIA Data Release 3 (Gaia Col-
laboration 2023) catalogue that are located within the SITELLE
FOV and have mg > 17 (to avoid saturated stars). We filter for
stars using classprob_dsc_combmod_star > 0.995, which
indicates the probability of any source being a single star.

We then fit the stars’ shapes on the SN2 continuum map us-
ing 2D Gaussians, and define a distortion parameter D = 1 — Z—",
where o is the standard deviation of the best-fitting Gaussian and
a and b refer to the best-fitting Gaussian major and minor axis,
respectively. A perfectly round source has D = 0 while an elon-
gated source has0 < D < 1. We then fit a polynomial surface to

all the measurements across the FOV, yielding the 2D distortion
map (Dg) shown in Fig. 9 for each of NGC 4214 and NGC 4449.
Each map informs us on how elongated an intrinsically round
source appears in our data.

Having fitted the GAIA stars, we then carry out 2D Gaussian
fits of all the [O111] emission-line sources. The S/N of PNs in
the deep images are not sufficient to carry out reliable fits, as
they are only emitting across a very limited number of frames in
each data cube. We therefore fit the emission-line sources using
the [O111] flux maps and the detection maps, and calculate a
distortion parameter Dsouree from each map. Each can then be
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Figure 8. [N1I]-BPT diagnostic diagram, illustrating how a source is
classified based on its location and emission-line ratio lower/upper lim-
its. Diagonally pointing arrows indicate an upper limit along two axes.
The horizontal line at log([O11]/H B) = 0.2 shows the intersection of
the G. Kauffmann et al. (2003) and L. Sabin et al. (2013) demarcation
lines. The horizontal line at log([O111]/H 8) = 1 and the vertical line at
log([N11]/Ha) = —0.1 are there because we only consider the demarca-
tion lines as far as the boundaries plotted here. There is no down-pointing
arrow as we require each emission-line source to have a reliable [O 111]
detection.

compared to the prediction of the polynomial fit at the source
location. We classify sources as round if Dggurce — D¢ < 0.3 for
at least one of the two maps.

PNs should also be spatially unresolved. We thus fit another
polynomial surface, this time simply to the semimajor axes (o)
of the stars (see Fig. 10). We classify a PN candidate as unresolved
if 04 source/0a fir < 1.3.

3.3.3 Final catalogue

We visually inspect all the sources that are (1) round, unresolved
and classified as a likely PN on at least one of the two BPT
diagrams, and (2) round, unresolved and classified as a possible
PN on both diagnostic diagrams (or on the only one used). Objects
from category (1) that pass the visual inspection are labelled bona
fide PNs, while those from category (2) are labelled possible PNs.
The final classifications of all objects that are at least possible PNs
are shown in Tables B1 and B2 for NGC 4214 and NGC 4449,
respectively.

3.4 Velocity calibration

While the SN3 initial velocities were based on the uncalibrated
SN2 velocities (Section 3.2), the resulting fitted SN3 velocities
are usually of a higher precision and can be calibrated using the
skyline method described in Section 2.4. The exceptions to this
are sources that have S/N < 3in the H « line, for which the SN2-
based velocities generally remain more reliable. Nevertheless, the
SN2 filter has a much lower spectral resolution and, more impor-
tantly, it lacks (detected) sky lines required for a velocity calibra-
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tion. We thus calibrate the SN2 velocities of these PNs by finding
the average offset between the uncalibrated SN2 velocities and
the fully calibrated SN3 velocities of nearby objects. This method
is very similar to that used by S. Vicens-Mouret et al. (2023), but
we nevertheless explain it in full here as a few modifications were
made.

First, we compile a catalogue of sources that are reliably de-
tected (flux S/N > 3) in both [O1] and He, so that these
sources have velocities estimated using both the SN2 (vsn,) and
the SN3 (vsns) filters. These sources are not required to have
PN-like emission or be point sources. As we can use the sky-
line calibration for SN3, we treat the calibrated SN3 velocities
as the ground truths. For each PN that does not have a velocity
derived using the SN3 filter, we search for objects within a radius
of 150 pixels, iteratively increasing that radius by 100 pixels at a
time, if necessary, until at least 20 sources are found. We then
calculate the median vgn3 — Vsn» Of these sources, and use that as
a correction factor for the PN SN2 velocity. For error propagation,
the standard deviation of all the vsyz — Vgn2 measurements is
taken as the uncertainty of the correction factor.

This method assumes that the extra correction to the SN2-
derived velocities varies smoothly across the FOV, but we can test
its accuracy by also applying it to sources which do have SN3 (sky
line-based) velocities. The outcome of this is shown in Fig. 11 for
NGC 4449, revealing that the corrected SN2 and SN3 velocities
of the sources follow the 1 : 1 line, with a standard deviation of
~20km s '. The velocities of sources detected only in SN2 may
therefore be slightly less reliable. In this work, we quote the SN3
velocities for sources with S/N > 3in the H « line, SN2 velocities
otherwise.

3.5 Mock catalogue and recovery tests

To better understand our recovery rate and to define a complete-
ness limit for our PN catalogues, we generate mock populations
of PNs. As PNs are the progeny of stars, their distribution should
to first order reflect that of the underlying stellar light. We there-
fore start by performing surface photometry of each galaxy, and
use that to dictate where the mock PNs are inserted spatially.
We first mask out sources identified as stars by GAIA, as these
do not belong to the galaxy. To avoid being biased by emission-
line regions, we use a map of the galaxy (stellar) continuum
emission in SN2. We then carry out surface photometry, fitting
the surface brightness in elliptical annuli of constant ellipticity,
position angle and centre. We use 12 annuli, increasing the semi-
major and semiminor axes logarithmically. The relative surface
brightness of each annulus determines the number of mock PNs
it receives. Within each elliptical annulus, the positions of the
mock PNs are randomized. To test the PN recovery as a function
of apparent magnitude, we also randomly sample the magnitudes
from an assumed Ciardullo-like PNLF (R. Ciardullo et al. 1989).
In doing so, we need to assume a bright-end cut-off and therefore
adistance to each galaxy, but this does not affect the completeness
limit inferred, which is at a much fainter magnitude. The distance
used for each galaxy is as listed in Table 1.

To insert each PN in a data cube, we create a 2D Gaussian
spatial model using ASTROPY , with input parameters as deter-
mined from foreground stars. For each mock PN, we take the
fitted o, and D at its input position, using the maps created in
Section 3.3.2.

The spectra of the mock PN are scaled versions of each other,
in the sense that the [O 111] flux matches that of the sampled msqo;.
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Figure 9. Distortion maps of NGC 4214 (left) and NGC 4449 (right), fitted to stars. The stars used for the fit are plotted as filled circles, with a colour
matching that of the background map and colour table. Lighter colours indicate higher asymmetric distortions.
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We select input emission-line ratios, such that a source with
these emission lines would be located in the appropriate region of
each BPT diagram, and assign the same ratios to each mock PN.
ORCS is then used to simulate SN2 and SN3 spectra at spectral
resolutions matching that of the real data cubes, assuming the
same velocity offsets and broadening as the real PNs.

Finally, the mock PNs are inserted into the real data cubes, to
best recreate the conditions under which real PNs are searched
for (e.g. same noise and contaminant sources). To ensure suffi-
cient numbers of mock PNs (and thus reliable statistics) but avoid
source confusion, for each galaxy we create three unique sets of
mock data cubes with ~300 PNs in each.

Using the same methods as for the real catalogue, we create a
detection map using ORCS , run our source detection algorithms
using photutils and carry out emission-line fitting with the
same parameters as for the real data. We then cross-match the
input mock PNs with the recovered sources. Fig. 12 shows how

our mock PNs populate the [N 11]-BPT emission-line ratio diag-
nostic diagram, where the input emission-line ratios are indicated
by the red star. The colour coding of the data points shows that
the scatter of the mock PNs about the input emission-line ratios
increases with faintness (larger magnitudes) and proximity to
the galaxy centre (increased contamination due to bright H11
regions).

The mock PN roundnesses were determined from the mock de-
tection frames and the mock [O 111] flux maps using only the auto-
mated method (no visual inspection). We use the same distortion
maps and size maps as fitted before (Dg; and o,) to determine
whether sources are sufficiently round. We also keep the size
cuts the same. The total recovery rates and corresponding PNLFs
are shown in the left panels of Fig. 13. We consider the samples
complete in magnitude bins for which the recovery rate is at least
50 per cent. This yields completeness limits of msyp; = 25.5 for
NGC 4214 and msgy; = 24.7 for NGC 4449.
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Figure 11. Comparison of the SN2 (cross-matching) and SN3 (sky-line)
velocity calibration methods for sources in NGC 4449.

The strong dependence on magnitude present in the left panels
of Fig. 13 is expected, but we can also investigate the spatial
dependences of the completeness of our samples by considering
only the subsets of mock PNs brighter than the completeness
limits. As illustrated in the right panels of Fig. 13, the recovery
rates are low in the galaxy centres, due to the bright and extended
contaminant emission-line regions there. By having the mock PN
positions follow the stellar continuum light, many are indeed
located in the galaxy central regions where they are harder to
detect. If we had populated the data cubes randomly spatially, we
would have significantly overestimated the completeness of our
samples.

3.6 PNLF and the o parameter

The planetary nebulae luminosity function specifies the number
of PNs within a certain msq; range. It has empirically been shown
to function as a distance indicator through its bright-end cut-off,
applicable to both early- and late-type galaxies. It is described
by equation (1), but we use the simplified version that keeps
the faint-end slope index fixed at c, = 0.307 and we assume an
absolute magnitude of the bright-end cut-off M?,,, = —4.47 (R.
Ciardullo 2012). The only parameter we fit for is the apparent
magnitude of the bright-end cut-off (m%,,), for which we use
the method of maximum likelihood (R. Ciardullo et al. 1989) as
implemented by F. Scheuermann et al. (2022). By treating the
PNLF as a probability distribution, we avoid binning the PNs
in magnitude. For the initial guess of the distance modulus we
assume the distance listed in Table 1 for each galaxy, which is
the mean of the distances listed in the NASA/IPAC Extragalactic
Data base. For NGC 4214 and NGC 4449, these come from a
combination of methods including TRGB.

The specific frequency of PNs, also referred to as the « parame-
ter, is defined in equations (3) and (4). Although « is traditionally
defined using a bolometric luminosity, it has become common
practice to use B or V band photometry with a bolometric cor-
rection, as described in A. Buzzoni et al. (2006). We also follow
this convention and calculate ay,, parameters based on V-band
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photometry from D. O. Cook et al. (2014), using the integrated
magnitudes obtained from their infrared apertures as they most
closely match the areas over which we detect PNs (see Fig. 1).
We assume distances as listed in Table. 1, rather than the ones
derived from PNLF fitting. In addition to a1, we provide an oy
parameter for each galaxy, which simply uses the V-band lumi-
nosity without a bolometric correction.

The number of PNs we recover is only a subset of the entire
population of PNs, even at bright magnitudes. This needs to be
accounted for when calculating the « parameter. For each galaxy,
we determine the recovery rate using the mock catalogue of PNs.
This recovery rate as a function of magnitude is then used to scale
the number of recovered PNs to what should be more representa-
tive of the full population. To facilitate comparisons between sur-
veys of varying depth, the o parameter is often defined up to 0.5 or
2.5mag from my,,. It should be noted that with a completeness
threshold defined at 50 per cent, the PN catalogue of NGC 4449
is only complete up to 0.5 mag from the fitted bright-end cut-off.

4 RESULTS

4.1 NGC 4214

In NGC 4214, we identify 628 sources with reliably detected
[O 1] emission. Of these, 279 (potentially) have emission-line
ratios in the appropriate regions of the BPT diagnostic diagrams
and 121 are initially classified as round using our automated
methods. The 72 sources that are in both of those categories were
then visually inspected for roundness, leaving only 11 bona fide
and 14 possible PNs. Most of the final contaminants that were
manually removed fall within the bright centre of the galaxy,
where we cannot make out whether the source is a distinct point
source or not. Other contaminants are associated with extended
sources, where it is unclear if they are part of the larger source or
superposed. We have kept our catalogue as clean as possible and
removed any source that does not appear to be a point source.

The final PN catalogue of NGC 4214 is presented in Table B1.
The PN spatial distribution is shown in the left panel of Fig. 14.
There is a notable lack of PN in the brightest part of the galaxy,
as expected from the mock PN recovery test (Fig. 13).

Of the 17 PN candidates identified by M. A. Dopita et al. (2010)
using narrow-band HST imaging, we do not recover D9-D12 and
D16 on the detection map. It should however be noted that M. A.
Dopita et al. (2010) suspected D10 and D13 to be compact high-
excitation H1I regions rather than PNs. All the other candidates
that are detected also have strong enough [O 111] emission. D13
and D15 do not have the right emission line ratios, while D2 and
D8 are rejected because of their morphologies. In the end, we
classify six of the 17 M. A. Dopita et al. (2010) PN candidates as
bona fide PNs and a further two as possible PNs. Our conclusions
are very similar to those of S. Vicens-Mouret et al. (2023), who
recovered the same 8 PNs but also included D2 and D15 in their
catalogue.

All of the 25 PNs identified with the SIGNALS data by eye by S.
Vicens-Mouret et al. (2023), including the 10 that are in common
with M. A. Dopita et al. (2010), are also recovered on the detection
map. However, VDR1 and VDR10 are not reliably detected in the
[O111] emission line (S/N < 3), while VDR4 and VDR14 are not
in the appropriate region of either BPT diagnostic diagram. Aside
from these four mentioned here, and D2 and D15 mentioned
before, we we stil classify 10 of the 25 S. Vicens-Mouret et al.
(2023) PNs as bona fide PNs and a further nine as possible PNs.
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Figure 12. [N11]-BPT diagrams of the mock PNs generated for NGC 4214 (top)

and NGC 4449 (bottom). The mock PNs are colour-coded by input

apparent magnitude (left) and galactocentric distance (right). The input emission-line ratio is indicated by the star.

MNRAS 548, 1-21 (2026)

920z aunp Q| uo Jasn ojseliy uninoyeaytoxeddney unin] Aq 1 /0598/1 9906e1S/1/81S/001le/selull/woo dno-olwapeoe//:sdpy woly papeojumod



14 N. Yangetal

All mock PNe

Strong [OI11]: 551/976
BPT diagram: 498/976
Morphology: 447/976

- Completeness limit
1 i

100

@
=]

uesely Lsaosay

Number of mock PNe
TTTImm DT

40

0

Msoer

NGC 4214

All mock PNe
Strong [O111]: 514/976
BPT diagram;: 442/976
Morphology: 382/976

Completeness limit

140

120 40.8

100

a0 r

uensely Loy

B0

Number of mock PNe

T

40

0

4.5
Msaor

NGC 4449

Number of mock PNe

Number of mock PNe

140

40.6

2
=
T

All mock PNe
Strong [OIII]: 435/562
BPT diagram: 415/562
Morphology: 382/562

& @
=] =]
T

ORI A1aa0dey

s
=]

20

0.0
400 600

Galactocentric distance (pixels)

100 -

@
=]
T

H0.6
All mock PNe ’

Strong [OIII]: 276/388
BPT diagram: 258/388
Morphology: 230,388

@
=]
T

oL A1aA008y

-
=

20

0.0

400 600
Galactocentric distance (pixels)

Figure 13. Recovery rates of mock PNs for NGC 4214 (top) and NGC 4449 (bottom). Left: PNLFs of the mock PNs, overlaid with the recovery fractions.
Colours indicate the pipeline step at which the mock PNs fail to be recovered. From top to bottom in the legend: all generated mock PNs, recovered
mock PNs with S/N([O111]) > 3, recovered mock PNs which also have the correct emission-line ratios on the BPT diagram(s) and recovered mock PNs
which additionally are point sources. The vertical black dashed lines indicate the bright-end cut-offs used and the vertical red dashed lines the derived
completeness limits. The recovery fractions decrease toward fainter magnitudes as expected, but even the brighter bins do not have a perfect recovery
due to the presence of contaminant sources. Right: mock PNs binned by galactocentric distance, overlaid with the recovery fractions, for PNs brighter
than the completeness limit only. The recovery rates increase toward the galaxy outskirts, where there are fewer contaminant sources.

Overall, in addition to the 19 PNs we recover from M. A. Dopita
et al. (2010) and S. Vicens-Mouret et al. (2023), we also identify
six new ones. One of these, NGC4214-Y6, has a velocity in strong
disagreement with those in the rest of the catalogue. We list it in
our catalogue regardless, as the velocities may not be accurate,
but we caution that it may be a contaminant.

A PNLF fit to the bona fide PN sample, shown in the right panel
of Fig. 14, yields a distance modulus of 27.45%01% mag and thus a
distance of 3.0910% Mpc, where the 1o uncertainties are as sam-
pled from the likelihood shown in the bottom-right panel of Fig.
14. If we instead also include the possible PN sample, we get a dis-
tance modulus of 27.66™) 32 mag and a distance of 3.407025 Mpc.
Both of these distances are in agreement with the previous PNLF
measurements of M. A. Dopita et al. (2010) (3.19 & 0.36 Mpc) and
S. Vicens-Mouret et al. (2023) (3.23722% Mpc). We warn however
that due to the nature of the PNLF, incompleteness can easily lead
to an overestimation of the distance. We have plotted where our
distance measurements lie compared to a more comprehensive

collection of literature measurements based on different distance
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indicators in Fig. 15. We also list the corresponding « parameters
in Table 2.

4.2 NGC 4449

In NGC 4449, we identify 606 sources with reliably de-
tected [O111] emission. Of these, 247 (potentially) have PN-
like emission-line ratios and 95 are classified as round using
our automated methods. The 48 objects that are in both cate-
gories were visually inspected, leaving nine bona fide and 14
possible PNs. Even more so than for NGC4214, the major-
ity of the contaminants which were manually removed are in
the central-most area, where we cannot distinguish any point
source. Some objects are round but are too large to be point
sources.

The final PN catalogue of NGC 4449 is presented in Table B2,
while the PN spatial distribution is shown in the left panel of
Fig. 16.
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Using HST data of the central region of NGC 4449, F. Annibali
et al. (2017) detected 28 PN candidates. Of these, we detect 23
with reliable [O 111] emission and 10 make it into our final cata-
logue of bona fide and possible PNe.

From PNLF fitting to the bona fide PN sample, we derive
a distance modulus of 27.96fgé§ mag and thus a distance of

3.9170-3 Mpc (see the right panel of Fig. 16). Using the bona fide
and possible PNs, we derive a distance modulus of 28.05701; mag
and a distance of 4.077331 Mpc. Our PN sample for NGC 4449
is only complete up to 0.5 mag from the bright-end cut-off, and
we only fit the PNLF to the PNs with a msg; brighter than the
completeness limit.

TRGB measurements have yielded distances ranging from
3.82+£0.27Mpc (F. Annibali et al. 2008) to 4.3070% Mpc
(B. A. Jacobs et al. 2009). The most recent TRGB mea-
surement by the Legacy ExtraGalactic UV Survey (E.
Sabbi et al. 2018) yields a distance of 4.01 4+ 0.30 Mpc. All
are consistent with our PNLF measurement. For a more
comprehensive comparison of distance measurements,
see Fig. 17. We list the corresponding « parameters in
Table 2.

5 DISCUSSION

5.1 « parameter comparisons

We compare our w25 parameters to those of A. Buzzoni et al.
(2006) in Fig. 18. We calculate (B — V') using the magnitudes in-
tegrated within the infrared apertures of D. O. Cook et al. (2014).
The A. Buzzoni et al. (2006) elliptical galaxies are not as blue as
NGC 4214 and NGC 4449. Compared to their Local Group (LG)
galaxy sample, the o parameters we derive using our bona fide
samples are slightly smaller. This follows the theoretical expecta-
tion that bluer galaxies will have smaller o parameters (A. Buz-
zoni et al. 2006), but is in contrast to past observations which have
shown the opposite trend (M. Peimbert 1990; R. Ciardullo et al.
1991, 2005; A. Buzzoni et al. 2006). However, since historically
most PN surveys were carried out in ETGs, there are not much
data available for relatively blue galaxies. PN catalogues for the
remaining SIGNALS galaxies, which are all highly star-forming,
will enable us to populate Fig. 18 further and study the correlation
between « and galaxy colour.
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Table 2. Number of PNs and o parameters calculated for different ranges of msoy7 from the bright-end cut-off. The parameter oy, is calculated using
the bolometric correction factor from A. Buzzoni et al. (2006). The parameter «y is calculated using the V-band luminosity. The column headers 0.5
and 2.5 refer to the magnitude range from the best-fitting bright-end cut-off. The ‘bf’ sample contains only bona fide PNe, whereas the ‘bf+p’ sample
also contains the possible PNe.

Galaxy Sample N log(otpol) log(ay)
0.5 2.5 0.5 2.5 0.5 2.5
NGC4214 bf 1.2+£0.5 148+2.4 —9.16 £0.19 —8.07 £0.09 —8.85+0.18 —7.75 £ 0.08
bf+p 1.2+£0.5 30.5+4.0 —-9.16 £0.19 —7.75£0.08 —8.85+0.18 —7.44 +£0.07
NGC4449 bf 43+1.4 15.7+3.8 —8.99£0.15 —8.43£0.12 —8.68 £0.14 —8.12+0.11
bf+p 7.2+1.8 43.7+7.1 —8.77 £ 0.12 —7.98 £ 0.09 —8.46 £0.12 —7.67 £0.08
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5.2 Flux and PNLF uncertainties

The PN msy; listed in Tables Bl and B2 were calculated using
the HST-derived calibration factors (Section 2.3). Additional flux
uncertainties are introduced by the aperture correction, and as
the correction factors were calculated using isolated undistorted
objects, they may not be accurate for sources closer to the edges
of the FOVs, where the PSFs are more distorted. Background sub-
traction is also very important for star-forming galaxies such as
those from SIGNALS. There is much contaminant emission from
avariety of sources (principally H 11 regions and SNRs), including
in the [O111] line that can in turn be over- or under-subtracted.
Additionally, while we do correct for foreground Milky Way ex-
tinction, we do not account for extinction within the host galaxy.
All these factors can influence the derived PN apparent magni-
tudes, in turn impacting the derived PNLF distances.

The PNLF distances are also affected by incompleteness. Our
mock PN catalogues have shown that we are unable to recover
most of the PNs in the central regions of our galaxies (Fig. 13).
If the brightest PNs of a galaxy remain undetected because of
this, the resulting fit to the PNLF would overestimate the galaxy
distance. Conversely, the presence of contaminants can lead to
an underestimation of the galaxy distance, if bright compact H11
regions are confused for PNs.

5.3 Velocity fitting

As discussed in Section 3.2, the fitting software ORCS requires a
rather precise initial guess for the input velocity of a source. The
precision required increases with increased spectral resolution.
While we do not expect this to have impacted the results of this
paper, it could potentially be a problem for galaxies with higher
rotational velocities. The way the velocity guess in SN3 is now
implemented, three different guesses are compared, and the best
one is selected from the reduced x2. In galaxies with higher veloc-
ities, a larger number of guesses over a wider range of velocities
may need to be compared.

For some noisy spectra or spectra of very faint objects, even
with the aforementioned three velocity guesses, a noise peak
sometimes gets fitted and an incorrect flux and velocity are re-
turned. These bad fits can be difficult to identify, as the associated
uncertainties are relatively small (S/N ~ 2). We have attempted
to minimize the impact on our PN catalogue by only quoting vy,
for PNs which have S/N > 3 in the He line, and using [O111]
velocities otherwise (see Tables B1 and B2). For each galaxy, there
are six (bona fide or possible) PNs for which this applies. One of
these, NGC4214-Y6, still has an outlying vjo ;) (compared to the
rest of the catalogue) and may therefore be a contaminant.

The required precision for fitting is only a challenge because
we are looking at faint point-sources that have velocities distinct
from that of the diffuse gas. For other science done using the
SIGNALS data, initial velocity guesses can be easily sampled from
velocity maps created using diffuse emission and H 11 regions.

‘We would like to repeat the caveat that the calibration of vjopy,
as described in Section 3.4, relies on the assumption that the
velocity offset vgn; — vsn» Varies smoothly across the FOV.

6 CONCLUSIONS

In this paper, we have described in detail a new automated
pipeline to detect PNs in IFS data, particularly suited to the
SIGNALS data obtained with SITELLE. Compared to previous
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methods which rely on visual inspection of [O 111] flux maps or
similar (e.g. S. Vicens-Mouret et al. 2023), this pipeline mostly
eliminates the need for visual inspection. This speeds up the pro-
cess considerably, while also making the results more objective
and replicable.

We applied our new pipeline to the star-forming galaxies NGC
4214 and NGC 4449. In NGC 4214, we recovered 19 known PNs
and discovered six (possible) new ones. We derived a PNLF dis-
tance of 3~09fg}212 Mpc, in agreement with previous distance mea-
surements. In NGC 4449, we confirmed 10 previously reported
PNs and discovered 13 (possible) new ones. We derived a PNLF
distance of 3.91793 Mpc, also in agreement with previous dis-
tance measurements.

As became apparent in the tests we ran using mock PNs
(Fig. 13), detecting PNs superposed or close to bright star-forming
regions is challenging even with the SIGNALS IFS data. This
is reflected in the spatial distributions of the recovered PNs, as
shown in the left panels of Figs 14 and 16. However, because
the mock PN samples allow us to robustly quantify the recovery
rates, we can correct for this when calculating the PN specific
frequencies (o parameters). Additionally, SITELLE’s wide FOV
allows us to detect PNs to greater galactocentric distances, where
contaminants are also less prominent. Of course, the SIGNALS
data also yield the PN emission-line ratios, allowing to reject
compact contaminants, and to measure velocities. It is therefore
highly complementary to narrow-band HST PN surveys.

Although our PN detection pipeline is meant to be generic,
small changes may be necessary to apply it to the other SIGNALS
galaxies, to optimally handle different galaxy morphologies. For
example, even though this functionality already exists in the cur-
rent version of the pipeline, the initial velocity guesses required
for the emission-line fits may have to be sampled from wider
velocity ranges. Galaxies at larger distances may also prove more
challenging, as larger fractions of the contaminants will appear
spatially unresolved and only smaller (i.e. brighter) portions of
the PNLFs will be probed, resulting in proportionally fewer PNs
detected. This will however be partially compensated for brighter
galaxies, as they inherently harbour more PNs.

Overall, the new method developed in this paper is bound to
lead to hundreds of new PN discoveries in a range of star-forming
galaxies, most of which have never been surveyed for PNs before.
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