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Abstract

Context. The Andromeda (M 31) galaxy subtends nearly 100 square degrees on the sky. Any study of its halo must therefore account for the severe contamination from the Milky Way halo stars whose surface density displays a steep gradient across the entire M 31 field of view.

Aims. Our goal is to identify a population of stars firmly associated with the M 31 galaxy. Planetary nebulae (PNe) are one such population that are excellent tracers of light, chemistry, and motion in galaxies. We present a 16 square degree survey of the disc and inner halo of M 31 with the MegaCam wide-field imager at the CFHT to identify PNe, and characterise the luminosity-specific PN number and PN luminosity function (PNLF) in M 31.

Methods. PNe were identified via automated detection techniques based on their bright [O III] 5007 Å emission and absence of a continuum. Subsamples of the faint PNe were independently confirmed by matching with resolved Hubble Space Telescope sources from the Panchromatic Hubble Andromeda Treasury and spectroscopic follow-up observations with HectoSpec at the MMT.

Results. The current survey reaches two magnitudes fainter than the previous most sensitive survey. We thus identify 4289 PNe, of which only 1099 were previously known. By comparing the PN number density with the surface brightness profile of M 31 out to ∼30 kpc along the minor axis, we find that the stellar population in the inner halo has a luminosity-specific PN number value that is seven times higher than that of the disc. We measure the luminosity function of the PN population and find a bright cut-off and a slope consistent with previous determinations. Interestingly, it shows a significant rise at the faint end, present in all radial bins covered by the survey. This rise in the M 31 PNLF is much steeper than that observed for the Magellanic clouds and Milky Way bulge.

Conclusions. The significant radial variation of the PN specific frequency value indicates that the stellar population at deprojected minor-axis radii larger than ∼10 kpc is different from that in the disc of M 31. The rise at the faint end of the PNLF is a property of the late phases of the stellar population. M 31 shows two major episodes of star formation and the rise at the faint end of the PNLF is possibly associated with the older stellar population. It may also be a result of varying opacity of the PNe.
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⋆ Based on observations obtained with MegaCam, a joint project of the CFHT and CEA/DAPNIA, at the Canada-France-Hawaii Telescope (CFHT), which is operated by the National Research Council (NRC) of Canada, the Institut National des Sciences de l’Univers of the Centre National de la Recherche Scientifique (CNRS) of France, and the University of Hawaii. The observations at the CFHT were performed with care and respect from the summit of Maunakea which is a significant cultural and historic site.



1. Introduction
The Andromeda galaxy, M 31, is the closest giant spiral disc to our Milky Way (MW). It lies at a distance of ∼780 kpc with a high inclination to the line of sight (i ∼ 77 deg) making it ideally suited for studies of its halo regions. Since galaxies are believed to be formed by hierarchical mass assembly, their outskirts with long dynamical timescales are expected to have coherent debris from past accretion events for the greatest longevity (Ferguson & Mackey 2016). Through the Pan-Andromeda Archaeological Survey (PAndAS; McConnachie et al. 2009) map of the resolved stellar population number counts, we now know about the substructures present in the M 31 halo (Giant Stellar Stream, G1 and NE clump, NE and W shelves; McConnachie et al. 2018) and that the stellar halo extends out to 165 kpc.
Because of the faint surface brightness of the M 31 halo, μv >  25 outside the main disc (∼15 kpc major-axis distance), the use of discrete stellar tracers is superior to integrated absorption-line spectroscopy in providing a global mapping of the halo kinematics. Globular clusters (GCs) have been shown to efficiently trace the outer halo (outside 50 kpc) substructures of M 31 (Mackey et al. 2010; Veljanoski et al. 2014) bolstering the idea that these clusters and the substructures they trace have been accreted in various merger events. However, the inner halo substructures (within 50 kpc) are not well traced by the GCs. Some of these substructures, especially the Giant Stream, may have resulted from a single merger event ∼2 Gyr ago (Bernard et al. 2015; Hammer et al. 2018) perhaps between M 31 and the large (MM 32P ∼ 2.5 × 1010 M⊙) progenitor of M 32 (D’Souza & Bell 2018).
We can gain information on the motions of the stars in the low surface brightness regions of M 31 by studying planetary nebulae (PNe) that act as discrete tracers of stars in the halo. PNe are the glowing shells of gas and dust observed around stars that have recently left the asymptotic giant branch (AGB) and are evolving towards the white dwarf stage. They are traditionally considered the late phases of stars with masses between ∼0.7 and 8 M⊙, but have been shown to exhibit a wide variety of striking morphologies pointing towards a binary evolution in many systems (Jones & Boffin 2017). Since the timescales between the AGB and PN phases are short, the distribution and kinematics of PNe are expected to be identical to their parent population, having the same angular momentum distribution as the stellar population (e.g., Hui et al. 1995; Arnaboldi et al. 1996, 1998; Méndez et al. 2001). Studying PNe as a population provides insight into galactic structure and evolution. Because of their relatively strong [O III] 5007 Å emission, PNe can be readily identified. They have been shown to be efficient tracers of stellar light in different galaxies like M 87 (Longobardi et al. 2013), M 49 (Hartke et al. 2017), and many other early-type galaxies (Coccato et al. 2009; Cortesi et al. 2013; Pulsoni et al. 2018). The luminosity-specific PN number (α-parameter) varies slightly with B − V colour of galaxies with higher values for late-type galaxies and lower values for early-type galaxies (Buzzoni et al. 2006). Different α-parameter values point to differences in stellar populations even within the same galaxy (e.g., M 49; Hartke et al. 2017).
The characteristic [O III] 5007 Å PN luminosity function (PNLF) has proven itself to be a reliable secondary distance indicator for determining galactic distances out to ∼20 Mpc by virtue of its invariant absolute bright cut-off, M*. The faint end of the PNLF was shown by Jacoby (1980) to follow an exponential function expected from slowly evolving central stars embedded in rapidly expanding, optically thin nebulae (Henize & Westerlund 1963). The PNLF was first described by Ciardullo et al. (1989) estimated empirically from the brightest PN they found in the centre of M 31 as
[image: thumbnail](1)
The bright end exponential cut-off, supported with accurate measures of foreground extinction, is currently measured at M* = −4.54 ± 0.05 (Ciardullo et al. 2013). Apart from M* reducing in low metallicity populations (e.g., Ciardullo & Jacoby 1992; Ciardullo et al. 2002; Hernández-Martínez & Peña 2009), the PNLF cut-off has proved to be largely invariant with metallicity and age of the parent stellar population, and galaxy type.
The faint end of the PNLF has been shown to vary considerably, depending on the details of the stellar population. It is seen to be correlated with the star formation history of the parent stellar population, with steeper slopes associated with older stellar populations and conversely flatter slopes with younger populations (Ciardullo et al. 2004; Ciardullo 2010; Longobardi et al. 2013; Hartke et al. 2017). The changes in the PNLF slope can result from the superposition of multiple stellar populations, which can then be disentangled using the PNe kinematics (Longobardi et al. 2015; Hartke et al. 2018). The PNLF has also been shown to display a dip for some galaxies. The dip is seen ∼3.5 mag below the bright cut-off in the Small Magellanic Cloud (SMC; Jacoby & De Marco 2002), ∼2.5 mag below the bright cut-off for NGC 6822 (Hernández-Martínez & Peña 2009) and also slightly in the Large Magellanic Clouds (Reid & Parker 2010), and ∼1 mag below the bright cut-off in M 87 (Longobardi et al. 2015). This dip is thought to be related to the opacity of the PN and may be characterised by accounting for circumstellar extinction in the PNe. Circumstellar extinction correction indeed modifies the PNLF (Reid & Parker 2010; Davis et al. 2018), but it is difficult to estimate for the faint end of the PNLF (beyond ∼2.5 mag below the bright cut-off) to test for changes in opacity of the PN. Additionally, PNe mimics like H II regions and symbiotic stars (SySts) may be misidentified as PNe thereby affecting the PNLF.
Since the first empirical study of the PNLF by Ciardullo et al. (1989) using 104 objects in the M 31 bulge, the number of PNe known in M 31 has increased by leaps and bounds. Most notably, Merrett et al. (2006, hereafter M06) utilised the custom-built Planetary Nebula Spectrograph (PNS; Douglas et al. 2002) at the William Herschel Telescope (WHT) to identify 2615 PNe in the disc and bulge of M 31, and to simultaneously obtain their [O III] 5007 Å magnitude and line-of-sight velocity (LOSV). M06 corroborated the PNLF found by Ciardullo et al. (1989) and increased the photometric depth to ∼3.5−4 mag below the bright cut-off along with the increased uniform coverage. Since then, Martin et al. (2018) and Li et al. (2018) have identified more PNe in the central regions and circumnuclear region of M 31, respectively, adding to the large number of PNe already known in M 31.
While some of the PNe identified by M06 have been shown to be H II regions (Sanders et al. 2012; Veyette et al. 2014), the M06 PNe sample remains the largest uniform sample of PNe in any galaxy. The LOSV of the M06 PNe predicted links between the NE shelf and the giant stream substructures of M 31 which have been further explored in deep spectroscopic chemical tagging studies by Fang et al. (2015, 2018) to further establish these links. However, while some identified PNe have been associated with the halo, a uniform survey of PNe in much of the metal-poor halo of M 31 and the inner-halo substructures is necessary not only to unambiguously trace them, but also to probe the variation in the PNLF further out from the disc to corroborate the invariant nature of its bright cut-off and observe the evolutionary effects on its faint end.
In this paper, we survey the inner 16 square degrees of M 31 (corresponding to 20−30 kpc from the centre), covering the disc, parts of the inner halo, and some of the inner halo substructures. We detect PNe using the on-off-band technique to a depth further than M06. We describe the observations and data reduction in Sect. 2, and the identification of PNe in Sect. 3. In Sect. 4 we describe the identification of the PNe counterparts in a subsample of Hubble Space Telescope (HST) data. We obtain the α-parameter in Sect. 5 and analyse the PNLF in Sect. 6. We present the discussions of the results in Sect. 7, and we summarise and conclude in Sect. 8.
2. CFHT MegaCam M 31 PNe survey
2.1. Imaging and observations
The observations were carried out with the MegaCam wide-field imager (Boulade et al. 2003) mounted on the 3.6 m Canada-France-Hawaii Telescope (CFHT), located near the summit of the Mauna Kea mountain on Hawaii’s Big Island at an altitude of 4204 m. MegaCam is comprised of a mosaic of 40 individual 2048 × 4612 CCDs, resulting in a contiguous field of view of 0.96 × 0.94° with a pixel scale of 0.187″/pixel. The inner 20−30 kpc radius of the M 31 halo were observed through 16 pointings of the MegaCam imager. The fields are shown in Fig. 1. The observations were carried out, under photometric conditions, during two runs: October 9–11 and November 6–7, 2016. Over the course of the observations, seeing varied between 0.5″ and 1.1″, while the airmass varied between 1.03 and 1.48.
	[image: thumbnail]	Fig. 1.
Fields observed with CFHT MegaCam (in blue, labelled with their observation ID). North is up, east is left. The background image is from SDSS obtained using the Aladin Sky Atlas (Bonnarel et al. 2000).




M 31 is observed through a narrow-band [O III] filter (λc = 5007 Å, Δλ = 102 Å, on-band) and a broad-band g-filter (λc = 4750 Å, Δλ = 1540 Å, off-band). The photometry is calibrated with observations of spectrophotometric standard stars. Each on-band image generally consists of four dithered exposures with a total exposure time of 1044 s, and each off-band image of three dithered exposures with a total exposure time of 300 s. For some fields there are more dithered images for both on-band and off-band, leading to higher exposure times. A summary of the field positions and exposure times for the on-band and off-band exposures is presented in Table 1. The exposure time was chosen such that PNe with an apparent narrow-band magnitude of 6 mag from the bright cut-off m5007 = 20.2 mag, in the m5007 system described by Jacoby (1989), can still be detected.
Table 1.

Summary of the field positions, exposure times, and seeing for the narrow-band (on-band) and broad-band (off-band) images.


2.2. Data reduction
The data are pre-processed using the Elixir1 pipeline (Magnier & Cuillandre 2004), which accomplishes the bias, flat, and fringe corrections and also determines the photometric zero point of the observations. The zero points for the [O III] and g-band frames in AB magnitudes, normalised to a 1 s exposure, are Z[O III] = 23.434 and Zg = 26.5. For every observed field, a weight map is computed corresponding to each exposure using WeightWatcher2 (Marmo & Bertin 2008). This is used to assign higher weights to pixels that are more reliable compared to their local backgrounds. For each field, the exposures corresponding to the on-band image and those corresponding to the off-band image are then combined using SWARP3 (Bertin et al. 2002) to produce the respective on-band and off-band images. The exposures are combined using median-type combination in conjunction with their respective weight maps, while a background subtraction is carried out with a background mesh size of 25 pixels. The images thus obtained are used for source extraction.
3. Selection of PNe candidates and catalogue extraction
Having a bright [O III] 5007 Å and no continuum emission, extragalactic PNe can be identified as detected objects in the on-band [O III] image that are not detected in the off-band continuum images or that have an excess [O III] – g colour. Additionally, PNe are typically unresolved at extragalactic distances from ground-based observations and so we only considered point-like objects for analysis. We used the automatic selection procedure developed and validated in Arnaboldi et al. (2002, 2003), which has been optimised for large imaging surveys by Longobardi et al. (2013) and Hartke et al. (2017).
3.1. Source extraction
We used SExtractor (Bertin & Arnouts 1996), a source detection algorithm that detects and measures flux from point-like and extended sources, to detect and carry out photometry of the sources on the images. For each field, we measure the narrow-band and broad-band magnitudes, mn and mb, in dual-image mode for sources detected on the narrow-band image. The broad-band magnitudes were extracted using the same apertures as the narrow-band image. Sources were detected in the narrow-band image requiring that 25 adjacent pixels or more have flux values 1.2 × σ rms above the background. Local backgrounds were calculated for the detected sources on apertures having a width of 25 pixels. and magnitudes were measured with different apertures having widths of 15, 17, 19, and 21 pixels. Magnitudes were also measured with an aperture having a width of 5 pixels corresponding to the core of the sources mcore. Sources for which a broad-band magnitude could not be detected at the position of the [O III] detection were assigned a mb corresponding to 1 × σ rms above the background in the broad-band image, similar to Arnaboldi et al. (2002). The narrow-band magnitude, mn, in the AB system was converted to the m5007 system as m5007 = mn + 2.27 (see Appendix A.1 for details). The central part of our survey covering part of the bulge of M 31 are mostly saturated. In some observed fields, a few CCDs were noisy. Such noisy regions and CCD edges, affected by dithering and saturation, were masked as detailed in Appendix A.3. The effective survey area is shown in Fig. 2.
	[image: thumbnail]	Fig. 2.
The effective survey area is shown in black. CCD edges and noisy or saturated regions have been masked.




3.2. Limiting magnitude
In order to determine the limiting magnitude of our sample for each field, we simulated a synthetic point-like population onto the on-band image (with its corresponding exposure time and zero-point) using the Image Reduction and Analysis Facility (IRAF4) task mkobjects. The synthetic population follows a PNLF as detailed in Ciardullo et al. (1989) and the sources have a Moffat PSF profile as detailed in Appendix A.2. The sources are then extracted. The magnitude aperture most suited to recovering the simulated sources is found to be 15 pixels as detailed in Appendix A.4. The limiting magnitude is defined as the magnitude at which the recovery fraction of the simulated sources drops below 50% (Fig. 3). This limiting magnitude varies between m5007 = 25.64 for the shallowest observed field, Field# 33_4, and m5007 = 26.4 for the deepest observed field, Field# 35_4. The limiting magnitude is provided for each field in Table 1.
	[image: thumbnail]	Fig. 3.
Recovery fraction of simulated sources for a single field to illustrate the limiting magnitude at the 50% completeness limit.




3.3. Colour selection
We selected PNe candidates based on their position on the m5007 versus mn–mb colour-magnitude diagram (CMD). These are sources with a colour excess mn−mb <  −1 that are brighter than the limiting magnitude. The colour excess corresponds to an equivalent width EWobs = 110 Å (Teplitz et al. 2000) and was chosen in order to limit contamination from background galaxies.
Sources that do not have an excess in mn–mb are classified as continuum sources. However, some colour excess may be seen for some of these sources during the source extraction from the images, especially for those with fainter magnitudes. We thus simulated the same synthetic point-like population onto the off-band image and checked their position on the extracted m5007 versus mn–mb CMD (Fig. 4). We calculate the 99% and 99.99% limits on their positions in the CMD, below which the probability of detecting continuum sources was reduced to the 1% and 0.01% level respectively. Sources with colour excess within the 99.99% limit are also discarded as possible PNe.
	[image: thumbnail]	Fig. 4.
Colour-magnitude diagram showing the synthetic continuum sources and the 99% and 99.99% limits on their positions for a single field. The region beyond the limiting magnitude of this field is shown in grey.




3.4. Point-like selection
Planetary nebulae are typically unresolved point-like objects at extragalactic distances, and to differentiate them from extended ones (e.g., background galaxies or other extended objects with strong [O III] emission), we analyse the light distribution of the simulated sources, as described in Sect. 3.2, on the on-band image. For each field, we use the half-light radius (Rh) of the simulated sources, which is the radius within which half of the object’s total flux is contained, to determine its upper limit (Rhmax) corresponding to 95% of the simulated population. We considered sources as point-like if they satisfied the following two criteria: (i) they have a half-light radius such that 1 < Rh < Rhmax, and (ii) they fall in the region where the difference between mn and mcore, magnitude of the source for flux within an aperture of 5 pixels, is within the 95% limit of the simulated population. The point-like selection criteria are shown in Fig. 5, as applied to the colour-selected simulated population and to the real sources.
	[image: thumbnail]	Fig. 5.
Top: difference between mn and mcore for all sources in black and those within the 95% limits of the simulated population in red for the simulated population (left) and as applied to the real sources (right) for a single field. Bottom: same as the top panel, but for half-light radius, Rh.




In order to estimate the number of continuum sources that may be misidentified as PNe in any field, we count the number of point-like continuum sources (excluded as PNe by the colour selection criteria) and multiply by 0.01%. We estimate that in each field, our identified PNe sample may be contaminated by 2−4 continuum sources that lie in the faint magnitudes >25.
3.5. PNe catalogue
For each field, the [O III] sources that are brighter than the limiting magnitude and fulfil both the point-like and colour selection criteria are considered as PNe candidates. They are shown in the CMD in Fig. 6 for a single field. Since the bandwidth of the broad-band filter also covers that of the narrow-band filter, the bright PNe are expected to show some remnant flux in the broad band as well. This remnant broad-band flux is in the ratio of the filter widths and leads to nearly a constant colour excess, [image: equation], for the bright PNe. The observed constant colour excess is slightly less negative due to the flux contributed to the broad band from the [O III] 4959 Å line which is expected to be ∼1/3 of the brightness of the [O III] 5007 Å line in PNe, as seen in Fig. 6. The final catalogue of confirmed PNe is then checked for spurious sources by eye. Regions of spurious sources, typically caused by saturated stars, are masked and the final catalogue of confirmed PNe is obtained for each field. Counting the PNe identified in the overlapping regions of adjacent fields only once, we identify an unprecedented 4289 PNe in M 31 in our survey. Their spatial distribution, overlaid on a map of RGB stars identified by the PAndAS survey, is shown in Fig. 7. Our survey is uniformly complete (in the effective survey area) down to m5007 = 25.64 which is the 50% completeness limit of the shallowest field (Field# 33_4). However photometric depth varies with fields and we find PNe down to m5007 = 26.4 for the deepest field (Field# 35_4).
	[image: thumbnail]	Fig. 6.
Colour-magnitude diagram for a single field showing all the detected sources (brighter than the limiting magnitude) in black, the colour-selected sources in blue, and identified PNe in red. The 99% and 99.99% limits for the continuum sources are shown in blue, while the region beyond the 50% completeness limit is shown in grey. The histogram (in logarithmic scale) shows clearly the number of PNe recovered as a function of colour with all the detected sources (brighter than the limiting magnitude) in black, the colour-selected sources in blue, and identified PNe in red.




	[image: thumbnail]	Fig. 7.
Planetary nebulae identifed by the survey are overlaid on the map of RGB stars from the PAndAS survey. PNe brighter than m5007 = 25.64 mag, which is the 50% completeness limit of the shallowest field (Field# 33_4), are shown in blue. PNe fainter than m5007 = 25.64 mag, with photometric depth varying with field, are shown in green. The M06 PNe, re-identified by our survey, are shown in yellow. North is up, east is left.




3.6. Completeness correction
Our colour and point-like selection criteria would exclude a number of PNe that are affected by photometric errors, especially in the fields covering the bright M 31 disc. Thus, in order to determine the selection completeness of our extracted sample, we follow the procedure outlined in Longobardi et al. (2013) and Hartke et al. (2017). We simulated a population of 104 point-like sources (Sect. 3.2) on the narrow-band image. On the broad-band image, we also simulate sources at the same positions with their fluxes scaled down by the ratio of the filter widths5. We then use SExtractor in dual-mode to simultaneously extract mn and mb of these simulated sources. Figure 8 shows the CMD of the simulated population for a single field. The colour excess remains nearly constant for the bright simulated sources, as expected from the ratio of their filter widths, but many are missed at fainter magnitudes. We can thus determine the selection completeness of the simulated population at different magnitude ranges for each field. To a single candidate extracted in a given field, we assign the value of the selection completeness at that magnitude as a probability of being detected after the selection effects. We also compute the detection completeness of the simulated population at different magnitude ranges from the recovery fraction and similarly assign a detection probability to each PN candidate extracted in each field. The completeness correction is thus obtained from both the selection and the detection probability (see further details in Sect. A.5).
	[image: thumbnail]	Fig. 8.
Colour-magnitude diagram for a single field showing all the simulated sources in black and those recovered as PNe in red (see Sect. 3.6). The 99% and 99.99% limits for the continuum sources are shown in blue, while the region beyond the limiting magnitude is shown in grey. The dotted black line shows the colour selection adopted to limit contamination from background galaxies. The histograms (in logarithmic scale) show the number of PNe recovered as a function of colour (right) and magnitude (top) with the simulated sources in black and those recovered as PNe in red.




3.7. Comparison with the Merrett et al. (2006) PNe catalogue
We identify those sources in our PNe catalogue that have a counterpart in the catalogue of PNe identified by M06 by matching them spatially within a 3″ aperture (Fig. 9). The astrometry of the M06 sample is reliable up to 3″ (Veyette et al. 2014). We match 1099 such sources (in yellow in Fig. 7). The narrow-band magnitudes of the matched PNe in our survey are 0.045 mag brighter than the corresponding value in M06, well within the photometric uncertainty of the M06 sample. We thus validate the [O III] 5007 Å photometry of our PNe with the sample of M06. The photometry of the M06 PN sample is not very accurate for fainter sources because the PN.S instrument used by M06 has not been optimised for photometry measurements, but rather for the measurement of radial velocities.
	[image: thumbnail]	Fig. 9.
Difference between the narrow-band magnitudes of this work and M06 obtained for the matched sources, plotted against m5007. The red dashed line corresponds to the mean offset. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.




While we find most of the PNe found by M06 in the observed fields, we miss quite a few in the regions that we masked, mainly in the crowded bulge and the CCD edges. In our survey area, we recover 82.22% of the M06 PNe. Up to 25% of the M06 PNe candidates were actually H II regions in the M 31 disc (Veyette et al. 2014). The spatial resolution of MegaCam bolstered by the favourable seeing allows us to improve the image quality and obtain an accurate PSF to identify PNe in M 31. The H II regions would appear as extended objects and discarded as PNe by our point-like selection. We investigate the contamination of our PNe catalogue by H II regions in the next section and further discuss it in Sect. 7.1. Thus, the 82.22% recovery fraction of the M06 PNe is driven by the tighter morphological constraints on the light distribution of the detected [O III] sources in our survey. Since the limiting magnitude of our survey is 1.5−2 mag fainter than that of M06, we find a much larger number of new PN candidates in the overlapping area.
4. Counterparts in HST imaging
To test the image quality of our PNe survey, and to estimate the possible contamination from H II regions and other sources, we identified PNe counterparts in the HST data available from the Panchromatic Hubble Andromeda Treasury (PHAT; Dalcanton et al. 2012) covering a portion of the M 31 disc.
4.1. The Panchromatic Hubble Andromeda Treasury
The PHAT6 survey covers ∼1/3 of the star-forming disc of M 31 in six bands from the near-UV to the near-IR using the HST imaging cameras (WFC3/IR, WFC3/UVIS, and ACS/WFC cameras). It combines the wide-field coverage typical of ground-based surveys with the precision of HST observations. The overall survey strategy, initial photometry, and data quality (DQ) assessments are described in detail in Dalcanton et al. (2012). We utilise the second generation of photometric measurements of the resolved stars in the PHAT imaging (Williams et al. 2014), which takes advantage of all available information by carrying out photometry simultaneously in all six filters, resulting in a significant increase in the depth and accuracy the photometry over that presented in Dalcanton et al. (2012).
4.2. Finding PNe counterparts in PHAT
Veyette et al. (2014) conducted a search for M06 PNe counterparts in 16 of the 23 bricks in the PHAT footprint. They find that ∼25% of the PNe identified by M06 in the M 31 disc are either H II regions resolved in HST or stellar contaminants. They utilised the photometry presented in Dalcanton et al. (2012). They found a linear relation between the M06 m5007 magnitude and the PHAT F475W magnitude given by
[image: thumbnail](2)
We adopt a similar method for identifying PHAT counterparts to our PNe in the entire PHAT footprint. However, we search for our counterparts in the updated PHAT photometry from Williams et al. (2014). We only consider those sources from the v2 star files whose square of the sharpness parameter in the F475W filter is below 0.2, to avoid cosmic rays and extended objects. The selection is made on the basis of the following parameters: 1. difference between F475W mag and the F475W mag expected from the m5007 using the relation described by Veyette et al. (2014); 2. the F475W−F814W colour; 3. the positional separation between the PNe and the PHAT counterpart; and 4. the roundness of the PSF. To automatically select candidates on the basis of these parameters, we construct an initial training set with the PNe in common with Veyette et al. (2014). We calculated the average value (X̄PN) and 1σ spread (σPN) of each identification parameter. We found that the separation is within 0.7″. For every PNe, the differences between the training set (X̄PN) and the source (Xs) parameter values were normalised by the σPN of the parameter values for each source in PHAT within 1″ of our PNe location. These normalised parameters are of the form
[image: thumbnail](3)
We obtain the sum of these normalised parameters, with half the weight given to roundness, as the merit function ZPN:
[image: thumbnail](4)
For each PNe, the PHAT source with the lowest value of ZPN is considered as the counterpart. The distribution of the assigned ZPN with the m5007 of the PHAT-matched PNe is shown in Fig. 10. Thresholds in ZPN are used to classify the PNe based on the ZPN assigned to those PHAT sources which were not PNe counterparts. PNe with ZPN <  1.5 are classified as “likely”, those with 1.5 <  ZPN <  2 are classified as “possible” and those with ZPN >  2 are classified as “unlikely”. The likely PHAT sources have a significantly lower ZPN than that of other PHAT sources in the search region, but those that are possible do not stand out quite so much. Those classified as unlikely may not be PNe at all as stellar PHAT sources can have ZPN ∼ 2, even though most of them have ZPN >  4. The spatial distribution of PHAT PNe counterparts is presented in Fig. 11.
	[image: thumbnail]	Fig. 10.
Merit function, ZPN, of the PHAT-matched PNe plotted against m5007. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red, respectively. The PNe previously found by M06 are ringed in black.




	[image: thumbnail]	Fig. 11.
Spatial distribution of the PHAT-matched PNe in the PHAT footprint. The solid bricks are those previously analysed by Veyette et al. (2014), while the dashed ones have been analysed here for the first time. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red, respectively. The PNe previously found by M06 are ringed in black.




4.3. Characteristics of the PHAT-matched PNe
Of the 1023 PNe in the PHAT footprint, 700 are classified as likely, 292 as possible and 31 as unlikely. True colour images of three PNe, one for each classification, is shown in Fig. 12. None of the PHAT PNe are resolved as H II regions. The 31 unlikely PNe (∼3% of the PHAT PNe) may be stellar contaminants. Of the H II regions spectroscopically identified by Sanders et al. (2012), 81 are present in the PHAT footprint. Many of these were misidentified by M06 as PNe. We misidentify only three of these H II regions (probably compact H II regions) as PNe, which is a testament to the photometric quality and improved spatial resolution of our survey.
	[image: thumbnail]	Fig. 12.
True colour images of PHAT-matched PNe. F814W, F475W, and F336W were used for the red, green, and blue images, respectively. One “likely” (left), “possible” (centre), and “unlikely” (right) PN is shown. The circle denotes 0.5″ around the PN position.




The mean positional separation of our PNe and their PHAT counterparts is 0.27″ which is a testament to the accurate astrometry of the image and the Elixir pipeline greatly benefiting our survey. Figure 13 shows the variation in separation with m5007. The separation remains largely uniform throughout the range of m5007. The correlation between m5007 and the PHAT F475W mag is also seen for our PNe (Fig. 14), although there is larger dispersion at the faint end. Similarly the variation in the PHAT F475W mag with the F475W−F814W colour (Fig. 15) shows that most of the faint sources that are classified as possible and unlikely have a higher F475W−F814W colour. The dispersion in F475W mag and the higher colour for some of the faint sources may be due to the [O III] 5007 Å line not being as prominent as the continuum flux in F475W for the fainter PNe.
	[image: thumbnail]	Fig. 13.
Positional separation between the PNe and their PHAT counterparts plotted against m5007. The dashed line shows the mean positional separation. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red respectively. The PNe previously found by M06 are ringed in black.




	[image: thumbnail]	Fig. 14.
F475W mag of the PHAT-matched PNe plotted against m5007. The dashed line shows their relation described by Veyette et al. (2014). The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red respectively. The PNe previously found by M06 are ringed in black.




	[image: thumbnail]	Fig. 15.
F475W mag of the PHAT-matched PNe plotted against its F475W−F814W colour. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red respectively. The PNe previously found by M06 are ringed in black.




5. Planetary nebula luminosity-specific frequency
The PNe population follows the sampled (bolometric) luminosity of its parent stellar population. The PN luminosity-specific frequency (α-parameter; Jacoby 1980) is the ratio of the total number of PNe, NPN, to the total bolometric luminosity of the parent stellar population, Lbol, given by
[image: thumbnail](5)
where B is the specific evolutionary flux (stars yr−1
[image: equation]) and τPN is the PN visibility lifetime (Buzzoni et al. 2006). The α-parameter value provides the number of PNe expected per unit bolometric light. We determine the radial PN number density profile and by comparison with the stellar surface brightness profile of M 31, derived from broad-band photometric studies, we compute the α-parameter value, similarly to the procedure followed for M 87 (Longobardi et al. 2013) and M 49 (Hartke et al. 2017).
5.1. Radial PN number density profile
Figure 16 shows the distribution of PNe on the sky together with 15 elliptical bins aligned using the known position angle, PA = 38° of M 31 and its ellipticity = 0.73 (Walterbos & Kennicutt 1988). The binning was chosen such that each bin contains the same number of PNe brighter than m5007 = 25.64, which is the 50% completeness limit of the shallowest field (Field# 33_4). These bins correspond to 0.65−26.13 kpc radial distances projected on the minor axis of M 31, Rmin. The PN logarithmic number density profile is defined as
[image: thumbnail](6)
where μ0 is a constant in order to match the PN number density profile with the stellar surface brightness profile, and ΣPN is the completeness-corrected PN number density which is in turn given by
[image: thumbnail](7)
and NPN, corr is the completeness-corrected PN number in any elliptical bin. The completeness correction accounts for both detection and colour incompleteness, detailed in Sect A.5. The parameter A(r) is the observed area in any elliptical bin. We obtain the density profile using only the PNe within 2.5 mag of the bright cut-off (m5007 <  22.56). The resulting PN density profile in each elliptical bin is matched to the V-band surface brightness profile, obtained by Irwin et al. (2005) using photometry and number counts along the minor axis of M 31. It is shown in Fig. 17. We compute μ0 = 11.085 ± 0.004. Courteau et al. (2011) decomposed the M 31 luminosity profile into the bulge, disc, and halo components finding that the halo component becomes significant from Rmin ∼ 8 kpc and it dominates the luminosity profile over the disc from Rmin ∼ 11 kpc. The PN density profile follows the surface brightness profile from Rmin ∼ 2−8 kpc, where the disc dominates the luminosity profile. The M 31 B − V colour, available out to Rmin ∼ 10 kpc, shows a gradient towards bluer colours at larger radii (Walterbos & Kennicutt 1988; Tempel et al. 2010). We find a flattening of μPN with respect to the observed surface brightness profile at larger radial distances. This correlates with the B − V colour gradient and the increasing dominance of the halo component in the light-profile. Additionally, the light from the inner-halo substructures is underestimated by the surface brightness profile obtained along the minor axis of M 31 at larger radii. This may also lead to a flattening of μPN.
	[image: thumbnail]	Fig. 16.
Planetary nebulae are shown spatially divided into elliptical bins containing an equal number of PNe brighter than the 50% completeness limit of the shallowest field (Field# 33_4).




	[image: thumbnail]	Fig. 17.
Radial surface brightness profile of M 31 (Irwin et al. 2005) (in black) and the PN density using only the PNe within 2.5 mag of the bright cut-off, obtained at different elliptical bins (in blue). The Courteau et al. (2011) decomposition of the M 31 luminosity profile into the bulge, and disc and halo components scaled to the V-band surface brightness profile are also shown. The three-component photometric model for the predicted PN surface density is shown in blue.




5.2. PN luminosity-specific number: the α-parameter
We can compute the value of α for the observed M 31 PNe from μ0 using the relation
[image: thumbnail](8)
where the K = 26.4 mag arcsec−2 is the V-band conversion factor to physical units L⊙ pc−2, BC⊙ = −0.07 is the solar bolometric correction, and s = D/206265 is a scale factor related to the galaxy distance D. A fixed value of BCV = 0.85 can be assumed with 10% accuracy based on the study of stellar population models for different galaxy types (irregular to elliptical; see Buzzoni et al. 2006).
For the PNe within 2.5 mag of the bright cut-off, we obtain α2.5 = (40.55 ± 3.74) × 10−9 PN [image: equation]. For a PN population following the PNLF described by Ciardullo et al. (1989), this corresponds to a log α = log(α2.5/0.1) = −6.39 ± 0.04 and τPN = (22527.78 ± 207.78) yr (based on relations described in Buzzoni et al. 2006). M06 obtained α2.5 = (15 ± 2) × 10−9 PN [image: equation], but only within 1.8 kpc of the minor-axis radius. Scaling our PN number density profile to the surface brightness profile only within this interval, we find μ0 = 10.33 ± 0.01 corresponding to α2.5 = (20.16 ± 1.87) × 10−9 PN [image: equation], which is closer to the value obtained by M06. This may be due to the bulge, disc, and halo components of M 31 having differing α-parameter values.
5.3. Three-component photometric model for M 31
Longobardi et al. (2013) and Hartke et al. (2017) also saw differences in the α-parameter values associated with different components of the surface brightness profile, although they looked at halo and intra-group light components. As in their procedure, we describe a photometric model for the predicted PN surface density as
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where α2.5,bulge, α2.5,disk, and α2.5,halo are the α2.5 values associated with the bulge, disc, and halo components of M 31, respectively; Ibulge, Idisk, and Ihalo are the surface brightness profiles of the bulge, disc, and halo components of M 31, respectively, as per the Courteau et al. (2011) decomposition of the M 31 luminosity profile into the bulge, disc, and halo components, scaled to the V-band surface brightness profile observations by Irwin et al. (2005).
We simultaneously fit the different α-parameter values of the photometric model to the observed PN surface density to obtain α2.5,bulge = (5.28 ± 6.25) × 10−9 PN [image: equation], α2.5,disk = (39.16 ± 3.33) × 10−9 PN [image: equation] and α2.5,halo = (273.89 ± 41.31) × 10−9 PN [image: equation]. The model is also shown in Fig. 17. While the α2.5,bulge is not very well constrained, we find the α2.5,disk is quite close to the α2.5 obtained for the whole PN sample, which is expected since the surface brightness profile of M 31 is dominated by the disc component in our survey. We also find that α2.5,halo ∼ 7α2.5,disk. The observed variation in α-parameter values in different galaxies that spans almost two orders of magnitude was studied by Buzzoni et al. (2006), who show that late-type spiral and irregular galaxies with bluer B − V colours are expected to have larger α-parameter values than the redder early-type galaxies. Their analysis is based on population synthesis models of galaxies with different ages, metallicities, and morphological types. The different stellar populations in these galaxies thus exhibit very different α-parameter values. Hartke et al. (2017) also found that α-parameter values for the intra-group light of M 49 is three times larger than that of its halo. Hartke et al. (2018) later confirmed that the halo PNe and intra-group light PNe were kinematically different, and correspond to two separate parent stellar populations. We can thus infer that the larger α-parameter value of the bluer halo of M 31 may indicate that the stellar population of the inner halo is different from that of the disc. While the bluer halo is thus expected to have a higher α2.5 than the disc, its absolute value measured for the M 31 halo is the highest observed in any galaxy.
We also obtain the radial variation of the α-parameter values (Fig. 18) by scaling the PN number density individually in each elliptical bin, which shows an increase at larger radii. The increasing trend in the α-parameter values is a direct consequence of the flattening of μPN, given the B − V colour gradient of M 31. The radial variation of the α-parameter values found by M06 also showed an slight increasing trend within the errors at larger radii. However, for the furthest radial bin in Fig. 18, the minor-axis surface brightness profile may be underestimating the light from the known inner halo substructures of M 31 primarily found along the disc major axis. This may also be contributing to the large α2.5,halo value. More accurate surface brightness profile measurements need to be performed in order to quantify the contribution of substructures to the minor-axis surface brightness profile of M 31.
	[image: thumbnail]	Fig. 18.
Values of α2.5 obtained at different elliptical bins (in blue). The dotted black line and the dashed black line show the bulge-disc transition and the disc-halo transition, respectively, from the Courteau et al. (2011) decomposition of the M 31 luminosity profile.




6. Planetary nebula luminosity function
For different galaxies, the generalised analytical formula for the PNLF introduced by Longobardi et al. (2013) is
[image: thumbnail](10)
where c1 is a normalisation constant, c2 is the slope at the faint end, and M* is the absolute magnitude of the LF bright cut-off. The Ciardullo et al. (1989) analytical LF is then a specific case of the generalised analytical formula with c2 = 0.307 that reproduces their best fit to the PNLF of M 31. Observations suggest that the slope described by the parameter c2 is correlated with the star formation history of the parent stellar population (Ciardullo et al. 2004; Ciardullo 2010; Longobardi et al. 2013; Hartke et al. 2017). In order to ascertain the robustness of the morphology of the PNLF at magnitude ranges not reached before, we investigate the M 31 PNLF from our survey with different independent methods.
6.1. PNLF of M 31
The PNLF is corrected for detection completeness and also for selection completeness due to the colour and point-like selection, detailed in Sect. 3.6. Figure 19 shows the PNLF of M 31 for all the PNe identified by our survey, fitted by the generalised analytical formula with c2 = 0.279 ± 0.024, which agrees well with that previously found by Ciardullo et al. (1989). Only the data corresponding to m5007 <  24 are considered for the fit. The bright cut-off remains consistent with the known value of M*. The faint end of the PNLF shows a rise with respect to the fitted function. This rise is seen at m5007 >  24.5 in all the fields of the survey. This rise was not seen by M06 whose sample was photometrically complete to a brighter magnitude (m5007 = 23.5).
	[image: thumbnail]	Fig. 19.
Completeness-corrected PNLF for the whole catalogue of M 31 PNe is shown fitted by both the generalised analytical formula (in orange) and the Ciardullo et al. (1989) analytical LF (in blue). The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.




6.2. Cumulative PNLF
The M 31 PNe can be fitted to a cumulative luminosity function (e.g., Peña et al. 2007, for NGC 3109) to avoid potential histogram binning considerations such as the bin size, limits, or the position of the first bin. However, some important features of the canonical PNLF (such as the dip) could be lost. Rodríguez-González et al. (2015) presented the Cumulative PNLF corresponding to the analytical PNLF described by Ciardullo et al. (1989). The Cumulative PNLF for the generalised PNLF is presented as follows:
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Figure 20 shows the cumulative PNLF of M 31 for all the PNe identified by our survey, fitted by the generalised analytical formula with c2 = 0.257 ± 0.011, which agrees well with that found from the canonical PNLF, thereby corroborating that the effect histogram binning considerations on the canonical PNLF is negligible. Only the data corresponding to m5007 <  24 are considered for the fit. The faint end of the cumulative PNLF also shows the rise with respect to the fitted function.
	[image: thumbnail]	Fig. 20.
Completeness-corrected cumulative PNLF (binned for visual clarity) for the whole catalogue of M 31 PNe is shown fitted by both the generalised analytical formula for the cumulative PNLF (in orange) and the cumulative PNLF corresponding to the Ciardullo et al. (1989) analytical formula (in blue). The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.




6.3. Two-mode PNLF
The rise at the faint end of the PNLF may be an indication that there are two PN populations, one dominating the brighter end and a second one at the fainter end. Thus, we fit the observed cumulative PNLF with two modes similar to Rodríguez-González et al. (2015). The two-mode PNLF is defined as I2m(M) = Ib(M)+If(M), where Ib(M) is the cumulative function for the generalised PNLF set to parameters found in the previous section, which accurately represents the observed PNLF before the rise at the faint end, and If(M) is a cumulative function for the generalised PNLF considered with free parameters, cf1, cf2, and [image: equation], which are the normalisation constant, slope, and bright cut-off of a possible second faint PNe population. Rodríguez-González et al. (2015) had included an additional magnitude cut-off in their definition of the two-mode PNLF where the contribution of the brighter mode was set to zero at this magnitude and only the faint-end contribution was present. We do not include this magnitude cut-off because any PN population, such as the one dominating in the brighter end, should have a contribution down to ∼8 mag below the bright cut-off (Buzzoni et al. 2006). The two-mode fit of the observed PNLF is shown in Fig. 21. For the second possible PNe population, we find cf2 = 4.4 ± 0.1 and [image: equation]. Thus, the observed cumulative PNLF may have a second PN population with a much steeper slope and very different bright cut-off.
	[image: thumbnail]	Fig. 21.
Completeness-corrected cumulative PNLF (binned for visual clarity) for the whole catalogue of M 31 PNe. It is fitted with two modes of the generalised analytical formula for the cumulative PNLF (in orange) with one component dominating the brighter end (in green) and another dominating the faint end (in red). The cumulative PNLF corresponding to the Ciardullo et al. (1989) analytical formula (in blue) is also shown. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.




6.4. PNLF of the deepest field
The deepest field in our survey is Field# 35_4, which has a limiting magnitude at m5007 = 26.4 and is 90% complete at m5007 = 25.6. The PNLF for the PNe observed in this field is shown in Fig. 22 both before and after completeness correction. We note that the rise in the PNLF at m5007 >  25 is present in the observed PNLF within the 90% completeness limit. Thus, the rise of the PNLF is a physical property of the observed PN sample.
	[image: thumbnail]	Fig. 22.
For the deepest field (Field# 35_4), the observed number of PNe in each magnitude bin (in black) and the completeness corrected number (in blue). The region beyond the limiting magnitude of this field is shown in grey. The grey dotted line indicates the 90% completeness limit of this field.




6.5. Radial variation of PNLF
We divide the PNe spatially into five elliptical bins (Fig. 23) similar to Fig. 16. The PNLF corresponding to each bin is shown in Fig. 24. Only the data corresponding to m5007 <  24 are considered to fit each PNLF. We observe that the rise in the PNLF remains invariant as we go radially outwards indicating that the rise is ubiquitous throughout the surveyed area, and is not a function of photometry in crowded areas. Pastorello et al. (2013) identified PNe in the high metallicity nuclear region within 80 pc of the centre of M 31 with HST and SAURON data. They found a PNLF with a paucity of bright PNe within ∼1 mag of the bright cut-off. We find that the bright cut-off remains invariant as we go radially outwards, but this is expected because the median metallicity of the disc and inner halo stars is largely uniform as the metal-poor inner halo is colligated with stars associated with the more metal-rich substructures (Ibata et al. 2014). We note that the PNLF corresponding to the innermost bin, covering part of the bulge of M 31 which is mostly saturated in our survey, has a steeper fitted slope as expected from PNe corresponding to an older parent stellar population (Longobardi et al. 2013).
	[image: thumbnail]	Fig. 23.
Same as Fig. 16, but with five elliptical bins.




	[image: thumbnail]	Fig. 24.
Completeness-corrected PNLF for each elliptical bin fitted by both the generalised analytical formula (in blue) and the Ciardullo et al. (1989) analytical LF (in orange). The projected major-axis elliptical radii covered by each bin is indicated along with the fitted slope of the PNLF. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.




6.6. PNLF of PHAT-matched PNe
Figure 25 shows the PNLF of the PHAT-matched PNe. The faint end of the PNLF still shows a rise even for the conservatively selected “likely” PNe. This indicates that the colour and magnitude of faint PNe are consistent with those of the bright PNe.
	[image: thumbnail]	Fig. 25.
Completeness-corrected PNLF for PHAT-matched PNe is shown for the “likely” (blue), “possible + likely” (yellow) and “possible + likely + unlikely” (red) cases. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.




6.7. Comparison with other deep PN surveys in Local Group galaxies
We compare the shape of the M 31 PNLF with that of other surveys in different galaxies that sample similar magnitude intervals from the bright cut-off. A catalogue of PNe with m5007 down to ∼10 mag below the bright cut-off of the PNLF is available for the Large Magellanic Cloud (LMC) from Reid & Parker (2010). This catalogue is not completeness corrected as the m5007 magnitudes are estimated from spectroscopy but is expected to be largely complete to ∼6 mag below the bright cut-off, i.e. the magnitude interval covered by our survey of PNe in M 31. Another catalogue of PNe is available for the Small Magellanic Cloud (SMC) from Jacoby & De Marco (2002) with m5007 down to ∼8 mag below the bright cut-off. It is also not corrected for completeness, but has significantly fewer PNe than the LMC and may suffer from significant completeness issues ∼6 mag below the bright cut-off. A catalogue of PNe identified in the MW bulge is also available (Kovacevic et al. 2011), and assuming that all their PNe are at a constant 8 kpc distance (Majaess 2010), i.e. the average distance to the MW bulge, a PNLF may be constructed. The distance approximation may be inaccurate, and completeness information is also unavailable.
Considering the LMC, SMC, and MW bulge PNe at the distance of M 31 normalised for the number of PNe in M 31, we can compare the shape of their PNLF with that of M 31 (Fig. 26). We note that the difference in the bright cut-off is expected from the difference in metallicity between the three galaxies. The dip in the PNLF seen for both the LMC and the SMC, albeit at different magnitudes, is not seen for M 31. The MW bulge PNe seem to show a different slope, but no rise is evident. However, we cannot disregard the possibility that a dip or a rise at the faint end of the PNLF may be seen pending accurate distance determination. The rise at the faint end of the PNLF of M 31 is much steeper than any of the others.
	[image: thumbnail]	Fig. 26.
Completeness-corrected PNLF for the whole catalogue of M 31 PNe (black points) is shown fitted by the Ciardullo et al. (1989) analytical LF (black dotted line). The LMC (Reid & Parker 2010), SMC (Jacoby & De Marco 2002), and MW Bulge PNe (Kovacevic et al. 2011) shifted to the distance of M 31 are shown in blue, orange, and green, respectively. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.




7. Discussion
7.1. Possible sources of contamination
As discussed in Sect. 3.4, up to 50 continuum sources may contaminate our PNe catalogue, most of which should be fainter than m5007 = 25. This is also corroborated for the PHAT counterparts where ∼3% of the matched PNe may actually be stellar contaminants. The contamination from Milky Way (MW) halo and disc PNe is negligible as there are no MW halo PNe at m5007 >  20.5 (Kovacevic et al. 2011). Background galaxies at redshift z = 0.345 that are [OII]3727 Å emitters can be another source of contamination, but they are not known to have EWobs >  95 Å (Colless et al. 1990; Hammer et al. 1997; Hogg et al. 1998). Our colour selection thus renders their contamination negligible.
H II regions are also bright in the [O III] 5007 Å line and are present in the same region of the CMD as PNe. However, H II regions appear extended at the distance of M 31 and with the photometric quality of our survey, we are able to significantly limit their contamination as seen in Sect. 4. Some compact H II regions, especially in the disc of M 31, may still contaminate our survey. Of the 253 H II regions identified by Sanders et al. (2012) later from spectroscopy, M06 had classified 101 of them as PNe. We find only 15 of these in our survey as PNe, thereby corroborating the excellent photometric quality of our survey. Other [O III] 5007 Å sources like SySts may also mimic PNe and contaminate our survey. We investigate in the following whether the contribution from SySts is responsible for the two-mode PNLF investigated in Sect. 6.3.
7.2. Symbiotic star contribution to PNLF
SySts are among the longest orbital period interacting binaries, consisting of an evolved cool giant and an accreting, hot, luminous companion (usually a white dwarf) surrounded by a dense ionised nebula. Depending on the nature of the cool giant, there are two main classes of SySts: the S-types (stellar), which are normal M giants with orbital periods of the order of a few years, and the D-types (dusty), which contain Mira variable primaries surrounded by warm dust with orbital periods of a decade or longer. Mikołajewska et al. (2014) found 31 confirmed Systs in M 31, 10 of which had unambiguous PHAT counterparts. Of these, 9 were S-types and their spectra show that the continuum emission is high in the F814W filter. Mikołajewska et al. (2014) utilised this to identify the PHAT counterpart of their SySt as the PHAT source that had the brightest F814W mag in their 0.75″ search radius. It is also seen that the F475W−F814W colour of these SySt generally have a high positive value which can be used to distinguish them from PNe.
We estimate the probability that each of our PHAT-matched PN is a SySt by checking how close it was in F814W mag (F814WPN) to the brightest F814W mag source (F814Whigh) in our search radius, and also if it had a colour excess in F814W with respect to F475W. The probability, PSySt, is given by the following formula:
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Here [image: equation] is the mean F814W mag of all sources in the search radius and Pcol is the colour excess check, which equals 1 if F475W−F814W > 1 (most of the Mikołajewska et al. 2014 SySt have this), 1/2 if 0 < F475W–F814W < 1 (some of the confirmed PNe have this), and 0 otherwise. PHAT-matched PN with F814W below the [image: equation] are set to have a PSySt = 0. We find that there is a systematic overestimation of PSySt since PHAT-matched PNe just above their [image: equation] would still be assigned a small value of PSySt. We thus update the PSySt by subtracting the mean of the probability, [image: equation], from each source and setting those with negative values to zero. We find that most PHAT-matched PNe with a probability of being a SySt are clustered around a high F475W−F814W colour (Fig. 27). Removing the contribution of SySts from the PNLF (Fig. 28), it is evident that the rise at the faint end of the PNLF cannot be explained by SySts. Figure 28 also shows the PNLF for only those PHAT-matched PNe with F475W−F814W < 0 to show that the rise in the PNLF is not dependent on the F475W−F814W colour. Continuum stars are unlikely to have F475W−F814W < 0 and considering that we limit contamination from H II regions, the sources with F475W−F814W < 0 are most likely genuine PNe. The rise in the observed PNLF is indeed visible, even prior to completeness correction.
	[image: thumbnail]	Fig. 27.
Histogram for PHAT-matched PNe is shown for the “likely” (blue), “possible + likely” (yellow) and “possible + likely + unlikely” (red) cases. The histogram of possible SySts are shown in black.




	[image: thumbnail]	Fig. 28.
Completeness-corrected PNLF for PHAT-matched PNe with the contribution from SySts removed is shown in black. The completeness-corrected PNLF for only those PNe with F475W–F814W < 0 is shown in blue. The PNLF for the observed PHAT-matched PNe with F475W–F814W < 0 is shown in red. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.




D-type SySts do not show an excess in the F814W filter. Thus, in our analysis a D-type SySt cannot be distinguished from a PNe. Even so, their numbers are expected to be far lower than that of a S-type SySt and so there should not be any significant number of D-type SySts plaguing our data. Mikołajewska et al. (2014) had one D-type SySt in the PHAT footprint, which we indeed misidentify as a PNe in our study.
7.3. Spectroscopically confirmed PNe and the faint end of the PNLF
A spectroscopic follow-up of a complete subsample of the M 31 PNe was carried out with the Hectospec multifibre positioner and spectrograph on the Multiple Mirror Telescope (MMT; Fabricant et al. 2005). Observations were made on September 15, 2018, and October 10, 2018, with an exposure time of 9000 s each, and also on December 4, 2018, with an exposure time of 3600 s. The Hectospec 270 gpm grating was used and provided spectral coverage from 3650 to 9200 Å at a resolution of ∼5 Å. Each Hectospec fibre subtends 1.5″ on the sky. The fibres were placed on PNe candidates to maximise the observation of bright PNe, obtain their LOSV, and determine their chemical abundances. Of the 343 PNe candidates observed in M 31, 129 had confirmed detection of the [O III] 4959/5007 Å emission lines. The [O III] 5007 Å emission line was detected in all cases with a signal-to-noise ratio higher than 8. All of them also had the Hα line present. Since our original PNe sample is largely devoid of H II regions, these observed sources are expected to be PNe. Details of the spectroscopy confirming them as PNe, along with their LOSV distribution and chemical abundances will be presented in a forthcoming paper (Bhattacharya et al., in prep.). The fraction of PNe detected as a function of magnitude is shown in Fig. 29.
	[image: thumbnail]	Fig. 29.
Fraction of PNe targeted with spectroscopic observations where a narrow [O III] 5007 Å emission line was detected. The uncertainty in detection fraction is the binomial proportion confidence-interval of observed PNe in any magnitude bin obtained using the Wilson score interval method (Wilson 1927). The blue dashed line shows the 50% detection limit of the spectroscopic follow-up.




The spectroscopic follow-up shows that all the PNe candidates observed were confirmed as PNe, from the presence of [O III] 4959/5007 Å and Hα emission lines, down to 24.5 mag, but only a fraction of the targeted PNe candidates at fainter magnitudes could be confirmed. While the required emission lines may not have been detected due to a low signal-to-noise ratio in the spectra for the faint targeted PNe candidates, it is also possible that those faint sources are continuum contaminants or background galaxies instead. Making the conservative assumption that all such sources are not PNe, we can modify the PNLF to account for this behavior. Since the rise in the PNLF is seen at different radii at about the same extent, we can compute the expected PNLF for the fraction of PNe that are conservatively confirmed spectroscopically, as shown in Fig. 30. The PNLF is still consistent with the rise at the faint end of the PNLF although the uncertainty in the fraction with spectral confirmation is large.
	[image: thumbnail]	Fig. 30.
Completeness-corrected PNLF for all PNe (in black) fitted by both the generalised analytical formula for the cumulative PNLF (in orange) and the cumulative PNLF corresponding to the Ciardullo et al. (1989) analytical formula (in blue). The completeness-corrected PNLF accounting for the detection fraction from spectroscopy is shown in blue. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field. The blue dashed line shows the 50% detection limit of the spectroscopic follow-up.




7.4. Summary of the observational evidence for the rise at the faint end of the PNLF
Our investigation of the morphology of the PNLF is carried out at different positions and radial distances, and considering the effects of possible contaminants. The rise at the faint end of the PNLF is observed not only in the PNLF for the whole survey but also in individual fields, including the deepest field discussed in Sect. 6.4. In this field, it is already visible for the observed PNe even before completeness correction.
The rise at the faint end of the PNLF occurs from m5007 ∼ 24.5−25 and is present at varying radial distances from the centre of M 31 (Sect. 6.5). If the rise at the faint end of the PNLF was due to compact H II regions, it would be largely present only in the disc of M 31 and not in all radial elliptical bins. In the survey region in common with HST data from PHAT, we also see the rise in the PNLF for those PNe with reliable PHAT counterparts (Sect. 6.6). The rise is especially evident when looking at the PNLF from PHAT-matched PNe with F475W−F814W < 0, a region in colour occupied almost exclusively by PNe, even prior to completeness correction (Fig. 28). The spectroscopic follow-up also shows that the rise at the faint end of the PNLF is seen in confirmed PNe, albeit with large errors.
This observational evidence means that it is reasonable to believe that the rise in the PNLF is indeed physical and associated with the PN population and their parent stars. Rodríguez-González et al. (2015) fitted the two-mode PNLF for NGC 6822 (an irregular galaxy in the local group) and from its star formation history they show that the two modes of the PNLF may correspond to PNe associated with the two episodes of star formation, with the older parent stellar population corresponding to the fainter PNe. It is possible that the second PN population in M 31 is associated with an older stellar population. With data from the PHAT survey, Williams et al. (2017) found that there was a burst of star formation ∼2−4 Gyr ago throughout the M 31 stellar disc. Bernard et al. (2015) studied individual HST fields associated with the disc and inner halo substructures of M 31 to find that all the fields show a burst of star formation ∼2 Gyr ago even though most of the stars in the M 31 outer disc formed >8 Gyr ago. Since the slope of the PNLF associated with PNe belonging to an older stellar population is seen to be steeper (Sect. 6.3), it is possible that the steep rise at the faint end of the PNLF is caused by PNe associated with the older population while the PNe associated with the ∼2 Gyr old burst of star formation populate the brighter magnitudes of the PNLF.
Another possible reason for the rise in the faint end of the PNLF could be a change in opacity of the nebula of the PNe. The PNe occupying the bright end of the PNLF could be more opaque, with the nebula more efficiently reprocessing the ionising flux of the central star into [O III] 5007 Å while the faint end may be populated by the more transparent PNe. The significant dependence of the PNLF on the considerations of the nebular transparency is also evident in the models by Gesicki et al. (2018). This scenario has previously been invoked to describe the dip in the PNLF seen in the SMC (Jacoby & De Marco 2002).
8. Conclusions
We present a 16 square degree survey in the disc and inner halo of M 31 with the MegaCam at the CFHT using the narrow-band [O III] 5007 Å filter and the broad-band g filter. We identify point-lke PNe from the colour excess between the narrow-band and broad-band images down to a limiting magnitude between m5007 = 25.64 for the shallowest observed field to m5007 = 26.4 for the deepest observed field. We obtain 4289 PNe, the largest sample outside the MW, of which 1099 were previously observed by M06. Using a simulated PN population, we are able to account for incompleteness. We find counterparts in PHAT for 1023 of our identified PNe in the PHAT footprint. We find no resolved H II regions and a very small fraction (∼3%) of PNe that could be stellar contamination. The α-parameter value obtained shows an increasing trend as we go further away from the centre of M 31, but reasonably matches the value obtained by M06 for the central regions. The high value of the obtained α2.5,halo may be attributed to the bluer halo of M 31 indicating that the stellar population in the halo, at radii larger than ∼10 kpc, may be different from that of the inner disc.
The PNLF of the whole sample is complete down to ∼5.5 mag fainter than the bright cut-off and shows a significant rise at the faint end. The generalised analytical formula fitted to the completeness corrected PNLF, for magnitudes brighter than m5007 <  24, returns parameters that are in agreement with those previously determined by Ciardullo et al. (1989). The rise at the faint end is seen at different elliptical radial distances from the centre and also in the PHAT-matched PNe implying that this rise is not associated with crowding. The rise is steeper than that seen in the LMC and the SMC. It is also not caused by contaminating sources like symbiotic stars, and seems to be a property of the parent population of the PNe, evident from the comparison with PHAT. Early findings from the spectroscopic follow-up also show that the rise in the number of PNe at faint magnitudes is physical, albeit with large uncertainty. It is possible that the PNe in M 31 associated with the population created from the burst of star formation ∼2 Gyr ago populate the brighter magnitudes of the PNLF, while those at the faint end are associated with the older population. It is also possible that the faint end is populated by PNe with more transparent nebulae7, while those with opaque nebulae populate the bright end.


1 http://www.cfht.hawaii.edu/Instruments/Elixir/home.html


2 http://www.astromatic.net/software/weightwatcher


3 http://www.astromatic.net/software/swarp


4 http://iraf.noao.edu/


5 We neglect the contribution from the [O III] 4959 Å line in the broad-band image.


6 https://archive.stsci.edu/prepds/phat


7 https://ui.adsabs.harvard.edu
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Appendix A:  Catalogue extraction
A.1. Flux calibration for m5007
The integrated flux, F5007, from the [O III] 5007 Å line is related to the m5007 magnitude (Jacoby 1989) as
[image: thumbnail](A.1)
where the flux is in units of erg cm2 s−1. The AB magnitude (Oke & Gunn 1983) relates to F5007 through the MegaCam narrow-band [O III] filter characteristics as
[image: thumbnail](A.2)
where λc = 5007 Å and Δλeff = Δλ × T for the on-band with Δλ = 102 Å and effective transmission, T = 0.91. The relation between the AB and m5007 mag, for this narrow-band filter, is thus determined (following Arnaboldi et al. 2003) to be
[image: thumbnail](A.3)
A.2. Point spread function
The point spread function (PSF) is the instrumental response to a point-like object. The degree of spreading of the PSF represents the quality of the instrument imaging. To determine the PSF, we first used the IRAF tasks daofind, daophot, and pstsel to respectively extract all the positions of detected sources, determine their magnitude, and select the brighter stars. We then used the IRAF task psf, which allowed us to select the best stars to fit the PSF, and reject bad objects (e.g., saturated or located near an another source). The confirmed stars are used to calculate the PSF. The PSF is modelled with different luminosity profiles (e.g., Gaussian, Moffat function) and the best fit is selected using χ2 minimisation (goodness of fit). The best fit is a Moffat function (parameters in Table A.1) of the form
[image: thumbnail](A.4)
A.3. Masking of noisy regions and CCD edges
After identifying sources on the images, the image regions that were affected by dithering or saturation are masked on the on-band and off-band images. This is carried out for each field. Dithering leads to different exposure depths at the image edges. Due to the combination of the 42 MegaCam CCDs, the same effect also affects columns at the borders of the individual CCDs. Additionally, in order to mask those regions with a high background value (e.g., due to charge transfer or saturated stars) we used the rms-background map created by SExtractor and create a pixel-mask with all values higher than three times the median background.
A.4. Choice of aperture width
After simulating sources on to the on-band, we determine the magnitude aperture most suited to recovering them. Figure A.1 shows that different SExtractor aperture widths (AW) of 15, 17, 19, and 21 pixels all recover the magnitudes well but an AW of 15 pixels can recover sources most accurately even for fainter sources.
Table A.1.

Parameters for the best fitting PSF.


	[image: thumbnail]	Fig. A.1.
Recovery of the input magnitude of simulated sources using different SExtractor aperture widths, AW, for a single field.




A.5. Completeness correction in the survey
For the entire survey, the mean percentage total completeness is shown as a function of the m5007 magnitude in Fig. A.2 in black, while the mean percentage detection completeness and percentage selection completeness are shown in blue and orange, respectively. It is clear that the completeness correction applied is dominated by the selection completeness, correcting for the number of genuine PNe missed due to our colour and point-like selection. The percentage completeness shown is only representative in Fig. A.2; the completeness varies in each field and the completeness correction is applied to PNe in each field separately.
	[image: thumbnail]	Fig. A.2.
For the entire survey the number of PNe in each magnitude bin (in black), and the completeness corrected number (in blue) for a single field. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.




	[image: thumbnail]	Fig. A.3.
Completeness-corrected PNLF for PHAT-matched PNe within (left) and outside (right) 0.3 deg of the centre of M 31 is shown for the “likely” (blue), “possible + likely” (yellow), and “possible + likely + unlikely” (red) cases. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.




A.6. Detection check on background
For each image, as a by-product of the source extraction, we obtain a background image. In order to check for spurious sources in any image, we run SExtractor on this background image with the parameters described in Sect. 3.1. The sources detected on the background image and their distribution as a function of magnitude would give us an indication of the number of spurious sources present in our PNe catalogue. However, subjecting these sources to the PNe selection criteria described in Sects. 3.3 and 3.4, we find that even if these detected sources survive the colour selection, they would be rejected as PNe in the point-like selection as their half-light radius is much smaller than that expected from the simulated PNe population.

Appendix B:  PNe counterparts in PHAT
B.1. The M06 PNe counterparts in PHAT
For each M06 PNe, Veyette et al. (2014) searched for counterparts within 3″. They expected a strong relation between the M06 m5007 mag and the PHAT F475W magnitude since the majority of F475W flux is due to the [O III] 5007 Å line, and a colour excess between the PHAT F475W and F814W filters, since PNe are not expected to show a strong continuum excess. Additionally, they utilised the separation between the M06 PNe and the PHAT counterpart, and the roundness and sharpness of its PSF. Of the 711 PNe in the M06 catalogue that overlap the PHAT images, they found that only 467 had counterparts consistent with being PNe. The rest were either H II regions or possible stellar sources with no PHAT counterpart consistent with being a PNe.
B.2. Further characteristics of the PHAT-matched PNe
We also check the PNLF for consistency both near the crowded centre (within 0.3 deg) and in the less crowded outer disc (outside 0.3 deg) as shown in Fig. A.3. The PNLF is similar in both cases, indicating again that the rise in the PNLF does not depend on crowding, but the value in the less crowded disc shows a more pronounced dip in the PNLF. This may be due to the presence of the 10 kpc star-forming ring in M 31 (Barmby et al. 2006), which may be populating the brightest 2.5 mag of the PNLF with PNe evolved from young massive stars. There are 954 PNe that have detections in the PHAT NIR filters. Figure A.4 shows the F110W mag of the PHAT-matched PNe plotted against its F110W−F160W colour. There are 644 PNe that have detections in the PHAT UV filters. Figure A.5 shows the F275W mag of the PHAT-matched PNe plotted against its F275W−F336W colour. The trends in the UV and the NIR are similar to those found by Veyette et al. (2014) for the M06 PNe.
	[image: thumbnail]	Fig. A.4.
F110W mag of the PHAT-matched PNe plotted against its F110W−F160W colour. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red, respectively. The PNe previously found by M06 are ringed in black.




	[image: thumbnail]	Fig. A.5.
F275W mag of the PHAT-matched PNe plotted against its F275W−F336W colour. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red, respectively. The PNe previously found by M06 are ringed in black.






All Tables
Table 1.

Summary of the field positions, exposure times, and seeing for the narrow-band (on-band) and broad-band (off-band) images.

In the text

Table A.1.

Parameters for the best fitting PSF.

In the text

All Figures
	[image: thumbnail]	Fig. 1.
Fields observed with CFHT MegaCam (in blue, labelled with their observation ID). North is up, east is left. The background image is from SDSS obtained using the Aladin Sky Atlas (Bonnarel et al. 2000).
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	[image: thumbnail]	Fig. 2.
The effective survey area is shown in black. CCD edges and noisy or saturated regions have been masked.
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	[image: thumbnail]	Fig. 3.
Recovery fraction of simulated sources for a single field to illustrate the limiting magnitude at the 50% completeness limit.
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	[image: thumbnail]	Fig. 4.
Colour-magnitude diagram showing the synthetic continuum sources and the 99% and 99.99% limits on their positions for a single field. The region beyond the limiting magnitude of this field is shown in grey.
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	[image: thumbnail]	Fig. 5.
Top: difference between mn and mcore for all sources in black and those within the 95% limits of the simulated population in red for the simulated population (left) and as applied to the real sources (right) for a single field. Bottom: same as the top panel, but for half-light radius, Rh.
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	[image: thumbnail]	Fig. 6.
Colour-magnitude diagram for a single field showing all the detected sources (brighter than the limiting magnitude) in black, the colour-selected sources in blue, and identified PNe in red. The 99% and 99.99% limits for the continuum sources are shown in blue, while the region beyond the 50% completeness limit is shown in grey. The histogram (in logarithmic scale) shows clearly the number of PNe recovered as a function of colour with all the detected sources (brighter than the limiting magnitude) in black, the colour-selected sources in blue, and identified PNe in red.
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	[image: thumbnail]	Fig. 7.
Planetary nebulae identifed by the survey are overlaid on the map of RGB stars from the PAndAS survey. PNe brighter than m5007 = 25.64 mag, which is the 50% completeness limit of the shallowest field (Field# 33_4), are shown in blue. PNe fainter than m5007 = 25.64 mag, with photometric depth varying with field, are shown in green. The M06 PNe, re-identified by our survey, are shown in yellow. North is up, east is left.
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	[image: thumbnail]	Fig. 8.
Colour-magnitude diagram for a single field showing all the simulated sources in black and those recovered as PNe in red (see Sect. 3.6). The 99% and 99.99% limits for the continuum sources are shown in blue, while the region beyond the limiting magnitude is shown in grey. The dotted black line shows the colour selection adopted to limit contamination from background galaxies. The histograms (in logarithmic scale) show the number of PNe recovered as a function of colour (right) and magnitude (top) with the simulated sources in black and those recovered as PNe in red.
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	[image: thumbnail]	Fig. 9.
Difference between the narrow-band magnitudes of this work and M06 obtained for the matched sources, plotted against m5007. The red dashed line corresponds to the mean offset. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.
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	[image: thumbnail]	Fig. 10.
Merit function, ZPN, of the PHAT-matched PNe plotted against m5007. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red, respectively. The PNe previously found by M06 are ringed in black.
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	[image: thumbnail]	Fig. 11.
Spatial distribution of the PHAT-matched PNe in the PHAT footprint. The solid bricks are those previously analysed by Veyette et al. (2014), while the dashed ones have been analysed here for the first time. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red, respectively. The PNe previously found by M06 are ringed in black.
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	[image: thumbnail]	Fig. 12.
True colour images of PHAT-matched PNe. F814W, F475W, and F336W were used for the red, green, and blue images, respectively. One “likely” (left), “possible” (centre), and “unlikely” (right) PN is shown. The circle denotes 0.5″ around the PN position.
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	[image: thumbnail]	Fig. 13.
Positional separation between the PNe and their PHAT counterparts plotted against m5007. The dashed line shows the mean positional separation. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red respectively. The PNe previously found by M06 are ringed in black.

In the text



	[image: thumbnail]	Fig. 14.
F475W mag of the PHAT-matched PNe plotted against m5007. The dashed line shows their relation described by Veyette et al. (2014). The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red respectively. The PNe previously found by M06 are ringed in black.

In the text



	[image: thumbnail]	Fig. 15.
F475W mag of the PHAT-matched PNe plotted against its F475W−F814W colour. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red respectively. The PNe previously found by M06 are ringed in black.

In the text



	[image: thumbnail]	Fig. 16.
Planetary nebulae are shown spatially divided into elliptical bins containing an equal number of PNe brighter than the 50% completeness limit of the shallowest field (Field# 33_4).

In the text



	[image: thumbnail]	Fig. 17.
Radial surface brightness profile of M 31 (Irwin et al. 2005) (in black) and the PN density using only the PNe within 2.5 mag of the bright cut-off, obtained at different elliptical bins (in blue). The Courteau et al. (2011) decomposition of the M 31 luminosity profile into the bulge, and disc and halo components scaled to the V-band surface brightness profile are also shown. The three-component photometric model for the predicted PN surface density is shown in blue.

In the text



	[image: thumbnail]	Fig. 18.
Values of α2.5 obtained at different elliptical bins (in blue). The dotted black line and the dashed black line show the bulge-disc transition and the disc-halo transition, respectively, from the Courteau et al. (2011) decomposition of the M 31 luminosity profile.

In the text



	[image: thumbnail]	Fig. 19.
Completeness-corrected PNLF for the whole catalogue of M 31 PNe is shown fitted by both the generalised analytical formula (in orange) and the Ciardullo et al. (1989) analytical LF (in blue). The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.

In the text



	[image: thumbnail]	Fig. 20.
Completeness-corrected cumulative PNLF (binned for visual clarity) for the whole catalogue of M 31 PNe is shown fitted by both the generalised analytical formula for the cumulative PNLF (in orange) and the cumulative PNLF corresponding to the Ciardullo et al. (1989) analytical formula (in blue). The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.

In the text



	[image: thumbnail]	Fig. 21.
Completeness-corrected cumulative PNLF (binned for visual clarity) for the whole catalogue of M 31 PNe. It is fitted with two modes of the generalised analytical formula for the cumulative PNLF (in orange) with one component dominating the brighter end (in green) and another dominating the faint end (in red). The cumulative PNLF corresponding to the Ciardullo et al. (1989) analytical formula (in blue) is also shown. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.
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	[image: thumbnail]	Fig. 22.
For the deepest field (Field# 35_4), the observed number of PNe in each magnitude bin (in black) and the completeness corrected number (in blue). The region beyond the limiting magnitude of this field is shown in grey. The grey dotted line indicates the 90% completeness limit of this field.

In the text



	[image: thumbnail]	Fig. 23.
Same as Fig. 16, but with five elliptical bins.

In the text



	[image: thumbnail]	Fig. 24.
Completeness-corrected PNLF for each elliptical bin fitted by both the generalised analytical formula (in blue) and the Ciardullo et al. (1989) analytical LF (in orange). The projected major-axis elliptical radii covered by each bin is indicated along with the fitted slope of the PNLF. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.

In the text



	[image: thumbnail]	Fig. 25.
Completeness-corrected PNLF for PHAT-matched PNe is shown for the “likely” (blue), “possible + likely” (yellow) and “possible + likely + unlikely” (red) cases. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.

In the text



	[image: thumbnail]	Fig. 26.
Completeness-corrected PNLF for the whole catalogue of M 31 PNe (black points) is shown fitted by the Ciardullo et al. (1989) analytical LF (black dotted line). The LMC (Reid & Parker 2010), SMC (Jacoby & De Marco 2002), and MW Bulge PNe (Kovacevic et al. 2011) shifted to the distance of M 31 are shown in blue, orange, and green, respectively. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.
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	[image: thumbnail]	Fig. 27.
Histogram for PHAT-matched PNe is shown for the “likely” (blue), “possible + likely” (yellow) and “possible + likely + unlikely” (red) cases. The histogram of possible SySts are shown in black.

In the text



	[image: thumbnail]	Fig. 28.
Completeness-corrected PNLF for PHAT-matched PNe with the contribution from SySts removed is shown in black. The completeness-corrected PNLF for only those PNe with F475W–F814W < 0 is shown in blue. The PNLF for the observed PHAT-matched PNe with F475W–F814W < 0 is shown in red. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.
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	[image: thumbnail]	Fig. 29.
Fraction of PNe targeted with spectroscopic observations where a narrow [O III] 5007 Å emission line was detected. The uncertainty in detection fraction is the binomial proportion confidence-interval of observed PNe in any magnitude bin obtained using the Wilson score interval method (Wilson 1927). The blue dashed line shows the 50% detection limit of the spectroscopic follow-up.
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	[image: thumbnail]	Fig. 30.
Completeness-corrected PNLF for all PNe (in black) fitted by both the generalised analytical formula for the cumulative PNLF (in orange) and the cumulative PNLF corresponding to the Ciardullo et al. (1989) analytical formula (in blue). The completeness-corrected PNLF accounting for the detection fraction from spectroscopy is shown in blue. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field. The blue dashed line shows the 50% detection limit of the spectroscopic follow-up.

In the text



	[image: thumbnail]	Fig. A.1.
Recovery of the input magnitude of simulated sources using different SExtractor aperture widths, AW, for a single field.

In the text



	[image: thumbnail]	Fig. A.2.
For the entire survey the number of PNe in each magnitude bin (in black), and the completeness corrected number (in blue) for a single field. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.

In the text



	[image: thumbnail]	Fig. A.3.
Completeness-corrected PNLF for PHAT-matched PNe within (left) and outside (right) 0.3 deg of the centre of M 31 is shown for the “likely” (blue), “possible + likely” (yellow), and “possible + likely + unlikely” (red) cases. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.
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	[image: thumbnail]	Fig. A.4.
F110W mag of the PHAT-matched PNe plotted against its F110W−F160W colour. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red, respectively. The PNe previously found by M06 are ringed in black.
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	[image: thumbnail]	Fig. A.5.
F275W mag of the PHAT-matched PNe plotted against its F275W−F336W colour. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red, respectively. The PNe previously found by M06 are ringed in black.

In the text





    
      Fig. 1. 

      
        [image: thumbnail]
      

      
Fields observed with CFHT MegaCam (in blue, labelled with their observation ID). North is up, east is left. The background image is from SDSS obtained using the Aladin Sky Atlas (Bonnarel et al. 2000).



    

  
    Table 1. 

Summary of the field positions, exposure times, and seeing for the narrow-band (on-band) and broad-band (off-band) images.




	Field
	α (J2000)
	δ (J2000)
	Exp[O III]
	Expg
	S​FWHM
	m5007, lim



	
	(h:m:s)
	(° :′ :″)
	(s)
	(s)
	(″)
	(mag)





	36_4
	00:45:51.9
	43:24:20.5
	4 × 261
	3 × 100
	0.97
	26.08



	36_3
	00:40:14.7
	43:24:23.7
	4 × 261
	3 × 100
	0.95
	26.26



	35_5
	00:51:18.0
	42:21:48.2
	4 × 261
	4 × 100
	0.85
	26.30



	35_4
	00:45:48.0
	43:23:02.4
	8 × 261
	5 × 100
	0.64
	26.40



	35_3
	00:40:17.2
	42:23:05.6
	4 × 261
	6 × 100
	0.66
	26.17



	35_2
	00:34:45.9
	42:21:57.6
	4 × 261
	3 × 100
	0.68
	26.12



	34_5
	00:51:09.5
	41:20:18.6
	4 × 261
	3 × 100
	0.90
	26.26



	34_4
	00:45:44.1
	41:21:18.7
	5 × 261
	3 × 100
	0.85
	26.16



	34_3
	00:40:18.7
	41:21:21.6
	4 × 261
	3 × 100
	0.92
	25.93



	34_2
	00:34:53.3
	41:20:27.6
	6 × 261
	9 × 100
	0.47
	26.02



	33_5
	00:51:02.7
	40:18:41.6
	4 × 261
	3 × 100
	0.77
	25.94



	33_4
	00:45:41.3
	40:19:48.0
	4 × 261
	3 × 100
	0.76
	25.64



	33_3
	00:40:20.9
	40:19:50.8
	4 × 261
	3 × 100
	0.84
	25.89



	33_2
	00:35:00.6
	40:18:57.6
	4 × 261
	3 × 100
	0.54
	25.90



	32_4
	00:45:39.0
	39:18:16.9
	4 × 261
	3 × 100
	0.60
	26.13



	32_3
	00:40:25.1
	39:18:26.8
	4 × 261
	3 × 100
	0.59
	26.10






Notes. Limiting magnitudes (m5007, lim; described in Sect. 3.2) for each field are also provided.




  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
The effective survey area is shown in black. CCD edges and noisy or saturated regions have been masked.



    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
Recovery fraction of simulated sources for a single field to illustrate the limiting magnitude at the 50% completeness limit.



    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
Colour-magnitude diagram showing the synthetic continuum sources and the 99% and 99.99% limits on their positions for a single field. The region beyond the limiting magnitude of this field is shown in grey.



    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
Top: difference between mn and mcore for all sources in black and those within the 95% limits of the simulated population in red for the simulated population (left) and as applied to the real sources (right) for a single field. Bottom: same as the top panel, but for half-light radius, Rh.



    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
Colour-magnitude diagram for a single field showing all the detected sources (brighter than the limiting magnitude) in black, the colour-selected sources in blue, and identified PNe in red. The 99% and 99.99% limits for the continuum sources are shown in blue, while the region beyond the 50% completeness limit is shown in grey. The histogram (in logarithmic scale) shows clearly the number of PNe recovered as a function of colour with all the detected sources (brighter than the limiting magnitude) in black, the colour-selected sources in blue, and identified PNe in red.



    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
Planetary nebulae identifed by the survey are overlaid on the map of RGB stars from the PAndAS survey. PNe brighter than m5007 = 25.64 mag, which is the 50% completeness limit of the shallowest field (Field# 33_4), are shown in blue. PNe fainter than m5007 = 25.64 mag, with photometric depth varying with field, are shown in green. The M06 PNe, re-identified by our survey, are shown in yellow. North is up, east is left.



    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
Colour-magnitude diagram for a single field showing all the simulated sources in black and those recovered as PNe in red (see Sect. 3.6). The 99% and 99.99% limits for the continuum sources are shown in blue, while the region beyond the limiting magnitude is shown in grey. The dotted black line shows the colour selection adopted to limit contamination from background galaxies. The histograms (in logarithmic scale) show the number of PNe recovered as a function of colour (right) and magnitude (top) with the simulated sources in black and those recovered as PNe in red.



    

  
    
      Fig. 9. 

      
        [image: thumbnail]
      

      
Difference between the narrow-band magnitudes of this work and M06 obtained for the matched sources, plotted against m5007. The red dashed line corresponds to the mean offset. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.



    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
Merit function, ZPN, of the PHAT-matched PNe plotted against m5007. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red, respectively. The PNe previously found by M06 are ringed in black.



    

  
    
      Fig. 11. 

      
        [image: thumbnail]
      

      
Spatial distribution of the PHAT-matched PNe in the PHAT footprint. The solid bricks are those previously analysed by Veyette et al. (2014), while the dashed ones have been analysed here for the first time. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red, respectively. The PNe previously found by M06 are ringed in black.



    

  
    
      Fig. 12. 

      
        [image: thumbnail]
      

      
True colour images of PHAT-matched PNe. F814W, F475W, and F336W were used for the red, green, and blue images, respectively. One “likely” (left), “possible” (centre), and “unlikely” (right) PN is shown. The circle denotes 0.5″ around the PN position.



    

  
    
      Fig. 13. 

      
        [image: thumbnail]
      

      
Positional separation between the PNe and their PHAT counterparts plotted against m5007. The dashed line shows the mean positional separation. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red respectively. The PNe previously found by M06 are ringed in black.



    

  
    
      Fig. 14. 

      
        [image: thumbnail]
      

      
F475W mag of the PHAT-matched PNe plotted against m5007. The dashed line shows their relation described by Veyette et al. (2014). The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red respectively. The PNe previously found by M06 are ringed in black.



    

  
    
      Fig. 15. 

      
        [image: thumbnail]
      

      
F475W mag of the PHAT-matched PNe plotted against its F475W−F814W colour. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red respectively. The PNe previously found by M06 are ringed in black.



    

  
    
      Fig. 16. 

      
        [image: thumbnail]
      

      
Planetary nebulae are shown spatially divided into elliptical bins containing an equal number of PNe brighter than the 50% completeness limit of the shallowest field (Field# 33_4).



    

  
    
      Fig. 17. 

      
        [image: thumbnail]
      

      
Radial surface brightness profile of M 31 (Irwin et al. 2005) (in black) and the PN density using only the PNe within 2.5 mag of the bright cut-off, obtained at different elliptical bins (in blue). The Courteau et al. (2011) decomposition of the M 31 luminosity profile into the bulge, and disc and halo components scaled to the V-band surface brightness profile are also shown. The three-component photometric model for the predicted PN surface density is shown in blue.



    

  
    
      Fig. 18. 

      
        [image: thumbnail]
      

      
Values of α2.5 obtained at different elliptical bins (in blue). The dotted black line and the dashed black line show the bulge-disc transition and the disc-halo transition, respectively, from the Courteau et al. (2011) decomposition of the M 31 luminosity profile.



    

  
    
      Fig. 19. 

      
        [image: thumbnail]
      

      
Completeness-corrected PNLF for the whole catalogue of M 31 PNe is shown fitted by both the generalised analytical formula (in orange) and the Ciardullo et al. (1989) analytical LF (in blue). The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.



    

  
    
      Fig. 20. 

      
        [image: thumbnail]
      

      
Completeness-corrected cumulative PNLF (binned for visual clarity) for the whole catalogue of M 31 PNe is shown fitted by both the generalised analytical formula for the cumulative PNLF (in orange) and the cumulative PNLF corresponding to the Ciardullo et al. (1989) analytical formula (in blue). The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.



    

  
    
      Fig. 21. 

      
        [image: thumbnail]
      

      
Completeness-corrected cumulative PNLF (binned for visual clarity) for the whole catalogue of M 31 PNe. It is fitted with two modes of the generalised analytical formula for the cumulative PNLF (in orange) with one component dominating the brighter end (in green) and another dominating the faint end (in red). The cumulative PNLF corresponding to the Ciardullo et al. (1989) analytical formula (in blue) is also shown. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.



    

  
    
      Fig. 22. 

      
        [image: thumbnail]
      

      
For the deepest field (Field# 35_4), the observed number of PNe in each magnitude bin (in black) and the completeness corrected number (in blue). The region beyond the limiting magnitude of this field is shown in grey. The grey dotted line indicates the 90% completeness limit of this field.



    

  
    
      Fig. 23. 

      
        [image: thumbnail]
      

      
Same as Fig. 16, but with five elliptical bins.



    

  
    
      Fig. 24. 

      
        [image: thumbnail]
      

      
Completeness-corrected PNLF for each elliptical bin fitted by both the generalised analytical formula (in blue) and the Ciardullo et al. (1989) analytical LF (in orange). The projected major-axis elliptical radii covered by each bin is indicated along with the fitted slope of the PNLF. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.



    

  
    
      Fig. 25. 

      
        [image: thumbnail]
      

      
Completeness-corrected PNLF for PHAT-matched PNe is shown for the “likely” (blue), “possible + likely” (yellow) and “possible + likely + unlikely” (red) cases. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.



    

  
    
      Fig. 26. 

      
        [image: thumbnail]
      

      
Completeness-corrected PNLF for the whole catalogue of M 31 PNe (black points) is shown fitted by the Ciardullo et al. (1989) analytical LF (black dotted line). The LMC (Reid & Parker 2010), SMC (Jacoby & De Marco 2002), and MW Bulge PNe (Kovacevic et al. 2011) shifted to the distance of M 31 are shown in blue, orange, and green, respectively. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.



    

  
    
      Fig. 27. 

      
        [image: thumbnail]
      

      
Histogram for PHAT-matched PNe is shown for the “likely” (blue), “possible + likely” (yellow) and “possible + likely + unlikely” (red) cases. The histogram of possible SySts are shown in black.



    

  
    
      Fig. 28. 

      
        [image: thumbnail]
      

      
Completeness-corrected PNLF for PHAT-matched PNe with the contribution from SySts removed is shown in black. The completeness-corrected PNLF for only those PNe with F475W–F814W < 0 is shown in blue. The PNLF for the observed PHAT-matched PNe with F475W–F814W < 0 is shown in red. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.



    

  
    
      Fig. 29. 

      
        [image: thumbnail]
      

      
Fraction of PNe targeted with spectroscopic observations where a narrow [O III] 5007 Å emission line was detected. The uncertainty in detection fraction is the binomial proportion confidence-interval of observed PNe in any magnitude bin obtained using the Wilson score interval method (Wilson 1927). The blue dashed line shows the 50% detection limit of the spectroscopic follow-up.



    

  
    
      Fig. 30. 

      
        [image: thumbnail]
      

      
Completeness-corrected PNLF for all PNe (in black) fitted by both the generalised analytical formula for the cumulative PNLF (in orange) and the cumulative PNLF corresponding to the Ciardullo et al. (1989) analytical formula (in blue). The completeness-corrected PNLF accounting for the detection fraction from spectroscopy is shown in blue. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field. The blue dashed line shows the 50% detection limit of the spectroscopic follow-up.



    

  
    Table A.1. 

Parameters for the best fitting PSF.




	Radius (px)
	Ellipticity
	β
	Moffat FWHM (px)





	15.2
	0
	5.02
	5.15







  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
Recovery of the input magnitude of simulated sources using different SExtractor aperture widths, AW, for a single field.



    

  
    
      Fig. A.2. 

      
        [image: thumbnail]
      

      
For the entire survey the number of PNe in each magnitude bin (in black), and the completeness corrected number (in blue) for a single field. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.



    

  
    
      Fig. A.3. 

      
        [image: thumbnail]
      

      
Completeness-corrected PNLF for PHAT-matched PNe within (left) and outside (right) 0.3 deg of the centre of M 31 is shown for the “likely” (blue), “possible + likely” (yellow), and “possible + likely + unlikely” (red) cases. The region beyond the limiting magnitude of the shallowest field (Field# 33_4) is shown in grey. The grey dotted line shows the 90% completeness limit of the shallowest field.



    

  
    
      Fig. A.4. 

      
        [image: thumbnail]
      

      
F110W mag of the PHAT-matched PNe plotted against its F110W−F160W colour. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red, respectively. The PNe previously found by M06 are ringed in black.



    

  
    
      Fig. A.5. 

      
        [image: thumbnail]
      

      
F275W mag of the PHAT-matched PNe plotted against its F275W−F336W colour. The “likely”, “possible”, and “unlikely” PNe are shown in blue, yellow, and red, respectively. The PNe previously found by M06 are ringed in black.
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