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ABSTRACT

Context. The Andromeda (M 31) galaxy displays several substructures in its inner halo. Different simulations associate their origin
with either a single relatively massive merger, or with a larger number of distinct, less massive accretions.

Aims. The origin of these substructures as remnants of accreted satellites or perturbations of the pre-existing disc would be encoded
in the properties of their stellar populations (SPs). The metallicity and star formation history of these distinct populations leave traces
on their deep [OT1II] 5007 A planetary nebulae luminosity function (PNLF). By characterizing the morphology of the PNLFs, we
constrain their origin.

Methods. From our 54 sq. deg. deep narrow-band [O1II] survey of M 31, we identify planetary nebulae in six major inner-halo
substructures: the Giant Stream, North East Shelf, G1 Clump, Northern Clump, Western Shelf, and Stream D. We obtain their PNLFs
and those in two disc annuli, with galactocentric radii of Rgc = 10-20 kpc and Rgc = 20-30 kpc. We measure PNLF parameters from
cumulative fits and statistically compare the PNLFs in each substructure and disc annulus. We link these deep PNLF parameters and
those for the Large Magellanic Cloud (LMC) to published metallicities and resolved stellar population-age measurements for their
parent SPs.

Results. The absolute magnitudes (M*) of the PNLF bright cut-off for these sub-populations span a significant magnitude range,
despite being located at the same distance and having a similar line-of-sight extinction. The M* values of the Giant Stream, W Shelf,
and Stream D PNLFs are fainter than those predicted by PN evolution models by 0.6, 0.8, and 1.5 mag, respectively, assuming the
measured metallicity of the parent stellar populations. The faint-end slope of the PNLF increases linearly with decreasing fraction
of stellar mass younger than 5 Gyr across the M 31 regions and the LMC. From their PNLFs, the Giant Stream and NE Shelf are
consistent with being stellar debris from an infalling satellite, while the G1 Clump appears to be linked with the pre-merger disc with
an additional contribution from younger stars.

Conclusions. The SPs of the substructures are consistent with those predicted by simulations of a single fairly massive merger event
that took place 2-3 Gyr ago in M31. Stream D has an unrelated, distinct origin. Furthermore, this study provides independent evidence
that the faint-end of the PNLF is preferentially populated by planetary nebulae evolved from older stars.

Key words. galaxies: individual: M31 — galaxies: evolution — galaxies: structure — planetary nebulae: general

1. Introduction

Within the Lambda cold dark matter (ACDM) cosmolog-
ical model, galaxies evolve by hierarchical mass accretion
(White & Rees 1978; Bullock & Johnston 2005). Fossil records
of these processes are observed in the outskirts of massive
galaxies in the form of shells, streams, tidal tails, and other
substructures (e.g., Mihos et al. 2005; Martinez-Delgado et al.
2010; Crnojevi¢ et al. 2016). The masses and chemical prop-
erties of the accreted satellites may be uncovered from the
kinematics and chemical abundances of surviving substructures
(Johnston et al. 2008). Andromeda (M 31) is the nearest giant
spiral galaxy to the Milky Way (MW) at a distance of ~773 kpc
(Conn et al. 2016). The Pan-Andromeda Archaeological Survey

Article published by EDP Sciences

(PAndAS; McConnachie et al. 2009, 2018) produced a map of
resolved red giant branch (RGB) star counts that revealed mul-
tiple substructures (Fig. 1) out to a projected radius of ~150kpc
around M 31. These features unveiled the tumultuous merger
history of M 31. With faint structures detected down to unprece-
dented surface brightness levels (uy ~ 33 magarcsec™2), M 31
provides the best current laboratory for studying the signatures
of extended galaxy assembly.

The Giant Stream is the most prominent substructure in the
M 31 halo. It was first discovered by Ibata et al. (2001) who
linked its origin to that of an infalling satellite. The subsequent
discoveries of other substructures, particularly those near the
disc—halo interface, namely the North East Shelf (NE Shelf), G1
Clump, Northern Clump (N Clump), Western Shelf (W Shelf),
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Fig. 1. Position on the sky of PNe (all marked points) identified by Paper I and Bhattacharya et al. (in prep.). Positions are overlaid on the number
density map of RGB stars from PAndAS (McConnachie et al. 2018), binned for visual clarity and shown in grey. The PNe selected for the PNLF
analysis in the two disc regions and six substructure regions are marked with different colours. North is up, east is left. The HST fields observed
by Bernard et al. (2015) to obtain the SFH of four of the M 31 regions have been marked with green squares.

and Stream D, led to intense speculations as to their origin.
Fardal et al. (2013) showed that N-body simulations of a satellite
of ~3.2 x 10° M,, infalling along the Giant Stream ~1 Gyr ago
can reproduce the structure and kinematics of the Giant Stream
and also of the NE and W shelves.

However, the N and G1 Clump do not arise naturally in mod-
els of the dissolution of the Giant Stream progenitors from minor
mergers, and they were linked to distinct accretion events of
dwarf galaxies (Ferguson & Mackey 2016). Most recently, using
hydrodynamical simulations, Hammer et al. (2018) argued that
a single merger of a more massive satellite with a total mass
of 1.4 x 10'9 Mg, occurring 2-3 Gyr ago is able to perturb the
pre-existing M31 disc, leading to the origin of the substructures
along its major axis, as well as the origin of the Giant stream and
the associated NE and W shelves.

The morphology of the low-surface-brightness substructures,
the 2 Gyr-old burst of star formation observed in the M 31 disc
and in some inner halo Hubble Space Telescope (HST) point-
ings (Bernard et al. 2015; Williams et al. 2017), and the dynam-
ical heating of the disc (Dorman et al. 2015; Bhattacharya et al.
2019a, hereafter Paper II) are in line with the predictions from
a 1:4 to 1:5 mass merger in M 31 (Hammer et al. 2018). How-
ever, further investigation is required to link the origin of any
of the observed substructures with either the pre-existing disc or
the satellite remnant.
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The HST observations by Richardson etal. (2008) and
subsequent star formation histories (SFHs) computed by
Bernard et al. (2015) for 14 pencil beam pointings, some of
which are aligned with the M 31 overdensities, reveal stellar
populations similar to that of the Giant Stream while others are
more similar to the M 31 disc. Nevertheless, an intrinsic limit
of this approach is the very small area coverage of single HST
pointings (see Fig. 1) within a significantly more extended subre-
gion in the M 31 inner halo (Williams et al. 2017). Therefore, the
SFH measured in such a small area, referred to as the ‘localised
SFH’ hereafter, may not provide a robust representation of the
SFH over the entire extended subregion if there is a significant
variance and/or gradient of the stellar population properties; see
for example, the metallicity gradient observed within the Giant
Stream (Conn et al. 2016). In this study we then turn to the deep
luminosity function of the associated Planetary Nebulae (PNe)
population, which provides few constraints on the SFH, but in
return these are obtained for an entire subregion.

Planetary Nebulae are identified from their relatively strong
[O 1] 5007 A emission and negligible continuum. The charac-
teristic [O1II] 5007 A (Ms007) PN luminosity function (PNLF)
was first described by Ciardullo et al. (1989). The analytical
formula,

N(M) oc eO.307M(1 _ e3(M*—M)),

(M
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was fitted to the bright PNe detected in the centre of
M 31 (Ciardullo et al. 1989). The PNLF is a reliable sec-
ondary distance indicator for determining galactic distances
out to ~20Mpc by virtue of its invariant absolute bright cut-
off, M*, currently measured at M;, = -4.54 + 0.05 at
near-solar metallicities (Ciardullo et al. 2013). While M* gets
fainter in low-metallicity populations (e.g., Ciardullo & Jacoby
1992; Ciardullo et al. 2002; Hernandez-Martinez & Pena 2009),
according to theoretical predictions by Dopitaetal. (1992),
it seems to be invariant to either the age of the population
or galaxy morphological type. The faint end of the PNLF
is theoretically expected to follow an exponential function
(Jacoby 1980) describing the slow evolution of the central star
(CSPN) embedded in a rapidly expanding, optically thin nebula
(Henize & Westerlund 1963).

The slope of the PNLF measured at a few magnitudes
fainter than its bright cut-off is observed to vary depend-
ing on the SFH of the average parent stellar population. In
galaxies where the PNLF has been observed to ~3 mag below
M*, steeper PNLF slopes were observed for elliptical galax-
ies with older stellar populations (e.g., Longobardi et al. 2013;
Hartke et al. 2017) and conversely flatter slopes for younger pop-
ulations (e.g., M33; Ciardullo et al. 2004). In surveys deeper
than ~3 mag below M*, the shape of the PNLF may exhibit
further changes in slope, as seen in the Large Magellanic
Cloud (LMC; Reid & Parker 2010) or dips, such as for example
those in the Small Magellanic Cloud (SMC; Jacoby & De Marco
2002) and NGC 6822 (a Local Group dwarf irregular galaxy;
Herndndez-Martinez & Pefia 2009). Rodriguez-Gonzélez et al.
(2015) describe a two-mode PNLF for NGC 6822 and show
that these modes of the PNLF may be associated with the two
episodes of star formation, with the younger and older par-
ent stellar population dominating the brighter and fainter PNe
respectively. Indeed Valenzuela et al. (2019) showed theoreti-
cally that the shape of the PNLF at the faint-end is quite sensitive
to the distribution of masses of the PN central stars, which is a
product of the SFH in any galaxy. In Bhattacharya et al. (2019b,
hereafter Paper I), we observed a rise in the faint-end of the
PNLF in the central 16 sq. deg. of M 31 conceivably linked to
the SFH of M 31.

Owing to the homogeneous spatial coverage and photom-
etry of the current imaging survey, we detect PNe associated
with all the stellar populations in a 54 sq. deg area centred on
M31. Thanks to the sensitivity and accuracy, we can quantify
the imprints of the variations of these stellar populations on the
PNLFs in distinct regions. In Sect. 2, we describe our PN sur-
vey of M 31 and set the geometrical boundaries around any
regions with RGB overdensities where the PNLFs are measured.
In Sect. 3, we obtain the PNLFs, compute the parameters that
best describe them, and carry out the quantitative comparisons
via statistical methods. In Sect. 4, we correlate the stellar popu-
lation parameters with the properties of the PNLFs at both their
bright and faint ends in the different subregions. In Sect. 5, we
discuss the implications of our results on the origin of the M31
inner halo substructures. We draw our conclusions in Sect. 6.

2. Survey of Planetary Nebulae in M31
2.1. Survey characteristics

In Paper I, we identified PNe candidates in a 16 sq. deg. uni-
form imaging survey of the disc and disc-halo interface of
M 31 using the MegaCam wide-field imager (Boulade et al.
2003) mounted on the 3.6-meter Canada-France-Hawaii Tele-

scope (CFHT). M 31 was observed through a narrow-band [O 1I1]
filter (1. = 5007 A, A1 = 102 A, on-band) and a broad-band g-
filter (1. = 4750 A, A1 = 1540 A, off-band). An additional 38
sq. deg. were obtained in late-2019, providing uniform coverage
of the inner halo of M 31 and its substructures reaching a uni-
form sensitivity down to fluxes equivalent to msgy; = 26.2 mag
over the entire area. Details of these observations are presented
in Bhattacharya (2020) and Bhattacharya et al. (in prep.).

The zero points for each of the [O1II] and g-band frames in
AB magnitudes, normalised to a 1 s exposure, are Zjouy =23.4
and Z, =26.5. The photometry was calibrated using observations
of spectrophotometric standard stars. The photometric uncer-
tainty (err,, s007) is well below 0.01 mag at msp; = 22.5 mag;
it increases to ert,,; 5007 ~ 0.15-0.2 mag at msgg7 = 26.2 mag.

The PN identification in each of these pointings was also
carried out as described in Paper I using the on-off band tech-
nique developed and validated in Arnaboldi et al. (2002, 2003),
later optimised for large imaging surveys by Longobardi et al.
(2013). The PNe are identified as point-like sources with an
excess [O1I] — g colour. The complete imaging survey led to
the identification of 5265 PN candidates in M 31, the largest
PN sample in any galaxy (Paper I; Bhattacharya et al., in prep.).
Of these, 4085 are newly discovered down to mspy; < 26.7 mag
in the deepest pointing. In Paper I, we verified that the identi-
fied PNe have counterparts in the HST data from the Panchro-
matic Hubble Andromeda Treasury (PHAT; Dalcanton et al.
2012) in the regions of overlap, with at most ~3% possible
contamination.

2.2. Substructures in M 31 and their Planetary Nebula
subsamples

In Fig. 1 we show all the PNe (all coloured points) identified
by the narrow-band imaging survey. These are overlaid on the
map of RGB stars from PAndAS (McConnachie et al. 2018).
The prominent substructures appear as overdensities in this map
of RGB stars. The distances to all of the M 31 substructures
are consistent with that of the disc (773 kpc; Conn et al. 2016).
Akin to McConnachie et al. (2018), we define the spatial bound-
aries of these substructures with polygons around the regions of
higher spatial density. The identified overdensities, as marked
with dashed lines in Fig. 1, are the Giant Stream (red), Northeast
Shelf (NE Shelf; black), G1 Clump (dark blue), Northern Clump
(N Clump; pink), Western Shelf (W Shelf; yellow), and Stream
D (cyan). The PNe included within a given region are considered
to belong to that substructure and used for subsequent analysis.
Figure 1 also shows elliptical projections of circular annuli in
the disc (black dashed) at galactocentric distances of Rgc = 10,
20 and 30kpc covering the disc of M 31. As found in Paper I,
the PNe in the 10 < Rgc < 20kpc disc region of M 31 belong
both to the (heated) thin and thicker disc, while the PNe in the
20 < Rgc < 30kpe disc region are dominated by PNe belonging
to the thicker disc of M 31.

In subsequent sections, we only consider PNe in the disc
regions that were selected from the fields with limiting mag-
nitude of msgy; >26.16 mag!. Figure 1 shows the PNe in the

! The fields in the southwest of the M 31 disc have a brighter limiting
magnitude (50% detection completeness limit computed from injection
of artificial sources) of mspp; ~25.89 mag. We therefore confine the
analysis of the PNLFs in the disc to the fields in the northeast corner of
the M 31 disc with sensitivity as deep as that reached in the fields of the
substructures. See Paper I for details of limiting magnitudes of different
fields.
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Table 1. Number of PNe in each studied region in our M 31 survey.

Region NpN N’pN
Disc (10 <Rgc <20kpc) 705 624
Disc (20<Rgc <30kpc) 507 321
Giant Stream 151 113
NE Shelf 250 106
G1 Clump 65 48
N Clump 14 8
W Shelf 32 31
Stream D 78 36

Notes. Npy — Total number of PNe identified in each M 31 region;
N’pn — Number of PNe identified within the magnitude range msoy; <
26.16 mag in each M 31 region.

defined 10 <Rgc <20 and 20 <Rgc <30kpc disc regions in
orange and green respectively. Table 1 lists the different regions
studied in this work along with the number of PNe identified
in those regions, Npy, and those within the magnitude range of
msoo7 <26.16 mag used in the subsequent analysis, N’py.

2.3. Extinction in the M31 survey region

The line-of-sight (LOS) extinction to any subregion in M31
depends on the extinction from the MW halo (Schlegel et al.
1998) and on the internal extinction in M 31 and its substruc-
tures. As shown by Ibata et al. (2014) for the PAndAS survey
region (see their Fig. 2), which overlaps the area in M 31 cov-
ered by this work, the MW halo LOS extinction is largely homo-
geneous having almost the same value (Ay ~ 0.19mag) for
the entire M31 disc and its substructures. The same can also
be observed in the latest foreground reddening map obtained
from LAMOST spectra of the MW halo stars to the M31 LOS
(Zhang & Yuan 2020, see their Fig. 2).

Regarding the extinction by dust internal to M31, the dust
surface density map of Draine et al. (2014) shows a near-
exponential radial decrease in the M31 disc, with a scale-length
of a few kiloparsec outside an annular radius of R,c = 15kpc.
Combined with the dust model of Draine & Li (2007), this cor-
responds to an average Ay ~ 0.3 mag along the LOS at Ry =
20kpc and suggests negligible values beyond R, = 30kpc
where the inner halo substructures are located (see Fig. 1).

Therefore, dust extinction is present mostly within the Ry =
20 kpc elliptical isodensity contour of the M31 disc, thereby
mainly affecting the PN population in the 10-20 kpc disc region
considered in this work. If most of the dust is located together
with the gas at very low scale heights, the PNe identified in
the 10-20kpc disc region might miss a fraction of PNe behind
the dust layer along the LOS, but the bright cut-off would still
reflect the cut-off of the bright PNe in front of the dust. Outside
this annulus, the effect of dust internal to M31 is small in the
20-30 kpc disc region and negligible in the substructures fur-
ther out. From the Pan-Andromeda Archeological survey (PAn-
dAS) CMDs (Ibata et al. 2014; McConnachie et al. 2018) and
the CMDs of the small HST fields by Bernard et al. (2015) at
Re. > 30kpc, there is no evidence for differential reddening.
From the recent LAMOST extinction map, the reddening caused
by dust in the M31 halo decreases from about 0.01 mag in the
central regions to 0.001 mag at a projected distance of 5 Rys
(~100kpc; Zhang & Yuan 2020). Hence, no further correction
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Fig. 2. Cumulative PNLFs for the LMC PN sample from Reid & Parker
(2010) shifted to the apparent bright cut-off of the M 31 disc region at
10 < Rge < 20kpe. The cumulative PNLFs are fitted by the generalised
cumulative function (in blue) for msgy; < 24.5 mag and a function which
additionally includes an exponential at the faint end (in orange). The
uncertainties of the fits are shaded. The region fainter than the limiting
magnitude of the shallowest field (mso; > 26.16 mag) in our M 31
survey is shown in grey.

is required for internal extinction in any regions other than the
10-20 kpc annulus.

In the subsequent sections, we consider the LOS extinction
of Aspp7 ~ 0.21 mag (corresponding to Ay ~ 0.19; Cardelli et al.
1989) for the M 31 disc and each of the substructures. We note
that the circumstellar extinction of individual PNe is their intrin-
sic property, and is linked to their progenitor (see Appendix A
for details). Therefore, circumstellar extinction is not to be
accounted for whenever deriving the absolute magnitude of the
PNLF bright cut-off.

3. The Planetary Nebula luminosity function
3.1. Fitting the cumulative PNLF

A quantitative analysis of the luminosity function of the PN sub-
samples selected in any M 31 region can be performed on the
cumulative luminosity function to avoid potential histogram bin-
ning issues such as the bin size or position of the first magnitude
bin (e.g., Pefia et al. 2007, for NGC 3109). For an observed PN
population (as in Sects. 3.2 and 3.3), the cumulative PNLF is
constructed by taking into account the detection and selection
completeness. The detection completeness correction accounts
for the non-detection of PNe due to noise. Colour or point-like
selection criteria which would exclude those PNe affected by
photometric errors is accounted for with the selection complete-
ness correction. See Paper I for further detailed information.

The PNLFs for PN populations in different galaxies are
described by the generalised analytical formula introduced by
Longobardi et al. (2013), that is,

N(M) = c1e?M(1 = M), ©)
where c¢; is a normalisation constant and ¢, is the slope in
the intermediate magnitude range. The Ciardullo et al. (1989)
LF is therefore a specific case of the generalised formula
with ¢; =0.307. The cumulative PNLF corresponding to the
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Table 2. Cumulative PNLF fit parameters and corresponding region properties.

Region M* c 1) Cr1 cp [M/H]
LMC -4.44+0.00 4049+3.10 0.22+0.03 4395+9.38 0.56+031 -0.61+0.05
Disc (10-20kpc) —-4.55+0.03 78.73+549 0.27+0.03 031+0.38 588+094 —-0.2+0.07
Disc (20-30kpc) —-4.25+0.05 29.96+2.05 0.23+0.03 0.23+0.03 8.00+1.68 —-0.45+0.18
Giant Stream -3.60+0.17 833+1.26 0.32+0.10 0.03+0.06 6.67+1.40 -0.52+0.17
NE Shelf -4.59+0.11 338+0.29 0.00+0.04 0.01+0.01 7.56+0.40 -0.4+0.1
G1 Clump -4.83+0.25 280+057 0.04+0.10 049+023 4.01+0.39 -0.37+0.06
N Clump -592+0.39 0.83+0.08 0.00+0.00 N.A. N.A. N.A.

W Shelf -340+0.12 3.89+0.79 0.01+0.13 0.01+0.01 9.96+7.59 -0.52 +0.09
Stream D -2.69+0.18 1.83+0.21 0.00+0.05 0.03+0.11 4.82+1.58 -1.10+0.25

Notes. The cumulative PNLF fit parameters in the different regions are shown in Cols. 2—6. The faint-end exponential could not be constrained for
the N Clump. The last column lists the [M/H] measurement corresponding to each region which, along with the relevant literature references, are

discussed in Appendix B.

generalised analytical PNLF (Paper I) is:

1 . 1 . .
I(M) — CleCZM _etzM + e3(M +1)—(3—c2)M
Cc —C

(L) eora]|
(6] 3—62

Its free parameters are ¢y, ¢, and M*. Here, M* is theoret-
ically expected to become fainter with decreasing metallicity
(Dopita et al. 1992).

In Paper I, we found an additional ubiquitous rise in the faint
end of the M 31 PNLF at apparent msny; magnitudes fainter than
msoo7 =25 mag. We describe such a rise with an additional expo-
nential function in the cumulative PNLF, which has the follow-
ing form:

3

&
Ip(M) = L eenM - 1),
Cr2

“

where ¢y is a normalisation constant and cy, is the slope of
this exponential function. Thus the cumulative PNLF can be
described over the entire magnitude range by

Lio(M) = I(M) + 1(M). &)
For a given PN population, the free parameters in Eq. (3) are
fitted to the PN brighter than msgy; = 25 magz. Once these are
determined, they are kept fixed, and the additional parameters
cr1 and ¢y for Ip(M) in Eq. (5) are determined from the PNe
with mspp7 <26.04 mag. At the distance and LOS extinction
to the main disc of M31, the apparent magnitude of the PNLF
bright cut-off is mspp7 =20.16 mag.

3.2. Independent calibration to a large Planetary Nebula
sample: Cumulative PNLF of the LMC

Reid & Parker (2010) measured the PNLF in the LMC, reaching
~8 mag fainter than the bright cut-off. This is one of the deep-
est surveys of PNe in any galaxy, making it a suitable indepen-
dent data-set with which to test our fitting procedure. By keeping
the absolute bright cut-off of the more metal-poor LMC PNLF
constant, M* = —4.44 (Reid & Parker 2010), we obtain the

2 The free parameters in Eq. (3) are fitted to the PNe brighter than
mspo7 = 25 mag for the M 31 subregions, and msyy; = 24.5 mag for
the LMC (see description in Sect. 3.2), beyond which their respective
PNLFs show the rise at the faint end.

cumulative PNLF of the LMC (Fig. 2) shifted to the distance
and average foreground extinction of M 31. It is fitted as previ-
ously described to derive the parameter values noted in Table 2.
The LMC PNLF is also well described by the [ (M) function;
the faint end of the LMC cumulative PNLF indeed requires the
additional exponential component to reproduce the rise at the
faint magnitudes.

3.3. Cumulative PNLFs of the M 31 regions

We obtain the cumulative PNLF in each identified region of
M 31, having corrected for the average foreground extinction.
Each magnitude-limited sample reaches msgp; < 26.16 mag,
approximately 6 magnitudes fainter than the bright cut-off for
M 31. Figure 3 shows the completeness-corrected cumulative
PNLFs for the PNe identified in the two disc regions of M 31.
Figure 4 shows those computed for the six RGB overden-
sity regions. The different surface brightness and SFH of each
substructure is reflected in the different total number of PNe
observed in each region and in turn in the normalisation param-
eter, ¢y, of the cumulative PNLF, with brighter regions show-
ing a larger c¢; value than the fainter ones. The PNLF in each
M 31 region is fitted by the generalised cumulative PNLF (in
blue), and with I, (M) which includes the faint-end exponen-
tial (in orange). The fitted parameter values for all regions are
shown in Table 2. For the N Clump, the exponential function
was unconstrained and hence its ¢y and cy, values are not
listed.

We note that while I;o((M) describes the cumulative PNLF
of all the M 31 regions well, the fit to the cumulative PNLF
of the 10<Rgc <20kpc disc region is less optimal in the
msoo7 ~20.5-21.5 mag interval. While the reason for this is
presently unclear, our conjecture is as follows. This region has
the largest number of PNe, N'px = 624, amongst all the regions
studied here. Given the large number statistics, we may be sen-
sitive to sizeable dust attenuation in the 10 < Rgc <20kpc disc
region, as discussed in Sect. 2.3, and possibly to differences in
the SFH likely to leave an imprint on the PNLFE. Because of the
variable dust attenuation in the inner disc, a fraction of the bright
PNe would then be more extincted and thus occupy fainter mag-
nitudes in the PNLF, thereby creating a slight paucity of PNe
detected in the mspp7; ~20.5-21.5 mag interval. Also it is possi-
ble that minor features in the cumulative PNLF in the brighter
magnitudes (mspp7 ~20.5-21.5 mag) are not captured well by
Lo (M) and additional functions relating to other specific aspects
of the SFH may be required. We discuss the measured effects of
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Fig. 3. Completeness-corrected cumulative PNLFs for the disc regions within 10 < Rgc <20kpc (left) and 20 < Rge <30kpc (right). The cumu-
lative PNLFs are fitted by the generalised cumulative function (in blue) for msgy; <25 mag and a function which additionally includes an expo-
nential at the faint end (in orange). The uncertainties of the fits are shaded. The region fainter than the limiting magnitude of the shallowest field
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Fig. 4. Completeness-corrected cumulative PNLFs for the six different substructures. The cumulative PNLFs are fitted by the generalised cumu-
lative function (in blue) for msy; <25 mag and a function which additionally includes an exponential at the faint end (in orange; except for N
Clump). The uncertainties of the fits are shaded. The region fainter than the limiting magnitude of the shallowest field (msgpp; > 26.16 mag) is
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the parent stellar population on the M 31 cumulative PNLF in
Sects. 4 and 5.1.

3.4. Comparison of the shapes of the PNLFs

The differences in the PNLFs obtained for distinct regions
reflect diversities in their parent stellar populations (detailed in
Sect. 4). We can therefore establish similarities or differences
between the stellar populations of different substructures by sta-
tistically comparing their PNLFs, even if the colour—-magnitude
diagram for the resolved RGBs is not available for the entire
region. We use the two-sample Anderson-Darling test (AD test;
Scholz & Stephens 1987) to compare PNLFs of distinct PN sam-
ples. For sample sizes larger than 8 (Lewis 1961), the two-
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sample AD test is a non-parametric test which checks for the null
hypothesis that two samples are extracted from the same distri-
bution. The test statistic is computed from the distance between
the cumulative probability distribution of the two samples, and
is compared against the critical values® to derive a significance
level of the two samples being drawn from the same distribu-
tion. If the significance level is less than 5%, this null hypothe-
sis can be rejected. If the significance level is found to be above
5%, the two samples may or may not be drawn from the same

3 In hypothesis testing, a critical value is a point on the test distribution
that is compared to the test statistic to provide the significance level to
reject the null hypothesis. For the AD test, critical values have been
defined by Scholz & Stephens (1987).
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Fig. 5. Cumulative probability of the completeness-corrected PNLF is
shown (in log scale for visual clarity) for the five different substruc-
tures and the two disc regions. This diagnostic plot illustrates in which
magnitude ranges the PNLFs are most different. The region fainter than
the limiting magnitude of the shallowest field (5007 > 26.16 mag) is
shown in grey. Here, we report the error bars depicting the photomet-
ric errors (multiplied by ten for visual clarity) with magnitudes in our
survey, shown as black lines at msy; =20, 21, 22 and 23 mag respec-
tively. The M~ fitted values for each of the PNLFs are robust in the
entire survey area given the photometric accuracy (msgp7er ~ 0.014 mag
at msop; = 23 mag). Furthermore, the arrow in the upper left cor-
ner shows the mean photometric extinction within our survey area
(A5007 =0.21 mag)

distribution. The AD test has high statistical power compared to
other non-parametric tests like the Kolmogorov-Smirnov (KS)
test, even for small sample sizes (Mohd Razali & Yap 2011).
The AD-test is, in particular, more sensitive than the KS-test at
differentiating between two distributions when the differences
are most prominent near the beginning or end of the distributions.
By comparing the PNLFs of distinct regions, we find which of
these have statistically different parent stellar populations.

The cumulative probability of the completeness-corrected
PNLEF, which is computed by normalizing the PNLF between
0 and 1, is shown for the distinct substructure regions in Fig. 5.
We refrain from comparing the PNLF of the N Clump with any
other region because it is obtained from smaller sample size
than the minimum required for the AD test. The significance
level obtained for each compared pair of regions is tabulated in
Table 3.

We find that the PNLFs of the disc regions are statistically
different from each of the substructure regions. In many cases,
the significance level of two PNLFs being drawn from the same
distribution is as low as 0.1%. We find that the two disc regions
also have different PNLFs from each other as their significance
level of being drawn from the same distribution is 4.1%. We
also find that Stream D has a PNLF, and hence a parent stel-
lar population, that is different from the Giant Stream, NE Shelf,
or G1 Clump. From the AD test results, the other substructure
pairs (not marked in italics in Table 3) may or may not have
different PNLFs, that is, the test does not support a conclusive
answer. If we recompute the AD test on PN subsamples that
are brighter than msgy; <25.9 mag, we find that the significance
level of the AD test for the two disc regions is 25% (our capped
value), meaning that their stellar populations may or may not be
different. This indicates that the PNe in the brighter regions of

Table 3. Comparison of PNLF shapes for regions in M 31 with the
Anderson-Darling test.

Regions compared Significance level (%)

Disc (10 <Rgc <20kpe) Disc (20 < Rge <30kpe) 4.1
Giant Stream 0.2

NE Shelf 0.1

G1 Clump 0.1

W Shelf 0.2

Stream D 0.1

Disc (20 < Rge <30kpc) Giant Stream 2.8
NE Shelf 0.1

G1 Clump 1.0

W Shelf 0.2

Stream D 0.1
Giant Stream NE Shelf 25.0
G1 Clump 25.0

W Shelf 9.0

Stream D 0.1
NE Shelf G1 Clump 25.0
W Shelf 14.5

Stream D 0.7
G1 Clump W Shelf 25.0
Stream D 4.4

W Shelf Stream D 18.1

Notes. The null hypothesis that the two PNLF shapes come from the
same distribution is rejected at a given significance level. The value
is floored and capped at 0.1% and 25% respectively. In this work, we
reject the null hypothesis when the significance level is less than 5%. In
such cases, the region listed in the second column and the correspond-
ing significance level are marked in italics in the table. Origin of the
differences in the PNLFs further discussed in Sect. 5 and Appendix C.

the PNLF may originate from similar parent stellar populations,
while any definite difference in stellar populations is engraved
in the faint end. Recomputing the AD tests for the substructures
with PN subsamples brighter than msg; =25.9 mag, we find that
all previous results are robust and not solely driven by the PNe
in the faintest magnitude bin in the cumulative PNLFs, with a
significance level well below 5%. The exception is the compar-
ison of the Disc (20 < Rgec <30kpc) and Giant Stream regions,
where the significance level increases to 9%.

3.5. Quantitative differences of the PNLFs of distinct
subregions in M31

From the deep cumulative PNLFs extracted from the regions
associated with the RGB overdensities and disc annuli in M31,
we can assess in which magnitude ranges the cumulative PNLFs
differentiate the most (see Fig. 5).

— Bright-end of the PNLF: The apparent magnitude of the
PNLF bright cut-off in the M 31 substructures falls in the
range msoo7 = 20-22.8 mag (Fig. 5) even though all these
substructures are at the same LOS distance and have sim-
ilar extinction values (see Sect. 2.3 for details). In a given
M31 subregion, any variation of the fitted PNLF M* value
(Table 2) from the reference M’ ; = —4.54:+0.05 value results
from the intrinsic properties of that PN subsample and does
not originate from a difference in LOS distance or extinction.

— Intermediate magnitudes of the PNLF: The ¢, parame-
ter is the slope of the PNLF at intermediate magnitude
(mspo7 = 21-25 mag). For some of the M 31 regions, we find
¢z ~ 0 (see Table 2). This occurs when there is a paucity of
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PNe at intermediate magnitudes and corresponds to a dip in
the PNLF.

— Faint end of the PNLF: The rise in the faint end of the PNLF
is ubiquitous amongst the M31 region PNLFs and that of the
LMC. However, the slope of the PNLF faint end given by
the ¢y, parameter covers a wide range of values (see Table 2)
indicating differences at the faint end of the PNLF.

Given the negligible effects of LOS distance, extinction, and the
uniform and accurate photometry of our survey (Fig. 5), the dif-
ferences in the PNLFs (as found in Sect. 3.4) are driven by the
intrinsic properties of the PN subsamples and are linked to their
parent stellar populations.

4. Cumulative PNLFs and stellar populations in the
M31 disc and inner halo

We find possible correlations between the parameters that
describe the differences among the PNLFs of the M 31 regions
and the metallicities ([M/H]; both photometric and spectroscopic
as per availability) and SFH obtained from isochrone-fitting of
CMDs of resolved stellar populations — mainly RGB stars — in
these subregions and also for the LMC.

4.1. Variations of M* in the M31 subregions. Possible
correlations with the metallicity of the parent population

The inferred absolute magnitude of the PNLF bright cut-oft M*
in different galaxies was shown to be independent of morphology
(Ciardullo et al. 2013), with a weak dependency on metallicity
(see Ciardullo et al. 2002) for galaxies with [M/H] larger than
—0.5. In M31 we have the ideal laboratory to investigate this
issue further as the PN subsamples and their PNLFs are all at
the same distance and with the same LOS extinction for radial
distance >20 kpc from the center of M31.

In Fig. 6, we plot the M* for different M 31 regions against
the tabulated [M/H] values of their parent stellar populations
listed in Table 2. We provide the [M/H] values in different sub-
regions in Appendix B, measured either from isochrone-fitting
of the RGB-branch in CMDs or from spectroscopy of individ-
ual RGB stars, which are available for some of the regions. In
Fig. 6, we also depict the theoretical variation of M* with [M/H]:
such variation is computed from the dependency of M* on [O/H]
obtained by Ciardullo et al. (2002) from the Dopita et al. (1992)
PN evolution models. [O/H] is calibrated to [M/H] by subtract-
ing the solar [O/H] value (=8.69; Asplund et al. 2009) as is done
for calibrating stellar and gas phase mass—metallicity relations of
galaxies (e.g., Zahid et al. 2017). The theoretical dependence of
M* values on [M/H] predicts a dimming of M* with decreasing
metallicity.

We find that the M* for the LMC, the two disc regions, the
G1 Clump, and the NE Shelf are in agreement with the theoret-
ical prediction from Dopita et al. (1992) PN models. However,
the M* values for the PN samples in the Giant Stream, W Shelf,
and Stream D areas are fainter than those predicted on the basis
of the measured [M/H] of their parent stellar populations from
the Dopita et al. (1992) models. We discuss hereafter in turn the
possible origins of the deviant M* values.

Stream D and W Shelf substructures. Only five and ten
PNe, respectively, are brighter than msy; = 25 mag in these
regions; see Fig. 4. The low number of PNe in these regions
is related to the low luminosity of the substructures. According
to Buzzoni et al. (2006), the visibility lifetimes of PNe are short,
and the fading of a PN after the maximum brightness plateau is
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Fig. 6. [M/H] for the different regions in M31 is plotted against
the M* value obtained from fitting their PNLF. The different mark-
ers show the different references for the [M/H] measurements — cir-
cle: Williams et al. (2017); pentagon: Bernard et al. (2015); triangle:
Escala et al. (2020); inverted triangle: Nidever et al. (2020); cross:
Tanaka et al. (2010); square: Conn et al. (2016). The theoretical predic-
tion for the values of M* from Dopita et al. (1992) models is shown with
the dotted line. Also shown is the variation of photometric errors in our
survey (multiplied by a factor of ten for visual clarity) at the magnitudes
corresponding to the given M* values (as black lines at M* =—4.74,
—3.74 and —2.74 mag).

rather fast (Schonberner et al. 2007). Therefore, in these M 31
substructures we may be preferentially detecting slow evolving
fainter PNe from less massive, older stars that are entering the
PN phase at their own, dimmer M*.

Giant Stream. Differently from the previous two substruc-
tures, the Giant Stream is brighter and has a large number (113)
of detected PNe. Therefore, statistical uncertainty coupled with
short PN visibility lifetime is not a viable alternative explana-
tion for the fainter M* in the Giant Stream. The fainter value
of M* for this substructure is further supported by the spec-
troscopic follow-up of its brightest PN. This PN (PN14 from
Fang et al. 2018) has an absolute magnitude Msyy; = —3.51 with
12+(0/H) = 8.3 dex, corresponding to [M/H] = —0.39. Hence,
in Fig. 6 the M* versus [M/H] point derived from the PNLF fit
and RGB metallicities (Escala et al. 2020) coincides with that
from the Mspy7 and [M/H] spectroscopically derived values for
the brightest PN in the Giant Stream.

The current investigation indicates a significant discrepancy
between the observed dimming of M* at [M/H] < —0.4 and
the more modest variations predicted from theoretical models of
PN evolution at this [M/H] value. We note that the latter mod-
els from either Dopita et al. (1992) or Schonberner et al. (2010)
investigate the effect of varying metallicities only for the ion-
ized nebula, while the central star is kept constant with solar
metallicity. Planetary Nebula evolution models incorporating the
effects of metallicity on the central star as well as on the ion-
ized nebula may provide a better diagnostic for the effect of
[M/H] on M*. This is particularly important given the signif-
icance of the absolute magnitude of the PNLF bright cut-off,
M*, as a reliable secondary distance indicator across the differ-
ent Hubble galaxy types (Ciardullo et al. 2013), including dwarf
galaxies.
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Fig. 7. Linear relation between the slope of exponential function at
the faint end of the PNLF, c¢,, and the percentage stellar mass formed
within the last 5 Gyr, m, <5 Gyr.

4.2. Imprint of star-formation history on the faint end of the
PNLFs in M 31

Bernard et al. (2015) obtained the localised SFHs from 14 deep
HST pointings in different regions of the M 31 disc and some
inner halo substructures. While these latter authors found that
M 31 had a ubiquitous burst of star formation ~2 Gyr ago, they
measured significant differences in the percentage of stellar mass
formed <5 Gyr ago (hereafter m, .5gyr) in distinct HST fields in
different substructures. In particular, they found that at the loca-
tion of the HST pointings in the Giant Stream, NE Shelf, and
outer disc, the stellar populations have much smaller m, <sGyr
compared to the G1 Clump. Based on these two-age-bin SFHs
(<5 and >5 Gyr), they described the Giant Stream and NE Shelf
as ‘stream-like’, while the G1 Clump was referred to as ‘disc-
like’. The outer-disc field was labelled as a composite field, hav-
ing a slightly larger m, <sGyr value compared to the stream-like
fields. No SFH measurements are available for the W Shelf*
and Stream D. Williams et al. (2017) used observations from the
PHAT survey (Dalcanton et al. 2012) to find that ~10-20% of
the stellar mass within Rg. = 20 kpc is formed in a burst of star
formation ~2 Gyr ago with m, <sGyr ~ 30%. Using their HST
observations in eight scattered fields in the LMC, Weisz et al.
(2013) showed that ~50% of the stellar mass in the LMC was
formed in the last 5 Gyr.

Given the extended coverage of the HST fields from which
the SFH (from resolved stellar populations) in the LMC and
M 31 10 <Rgc <£20kpc disc region are derived, the measured
m. <5Gyr values are representative of the average stellar popula-
tion in these regions. As the SFH of the average stellar popu-
lation leaves an imprint on the global PNLF of any region, the
measured m. <5y, value for the aforementioned regions can be
linked to their PNLF fit parameters. For the other four regions
(see Fig. 1), the localised SFH measured from the pencil-beam
HST fields obtained by Bernard et al. (2015) may not be repre-
sentative of the average stellar population for the entire substruc-
ture (Williams et al. 2017).

We can assess whether the localised-SFH values determined
from the pencil-beam HST fields are representative of the aver-

* The HST field linked to the W Shelf by Bernard et al. (2015) does not
overlap with the W Shelf spatial over-density as obtained by PAndAS
(McConnachie et al. 2018).

Table 4. Percentage stellar mass formed within the last 5 Gyr, m. scyr,
from the PNLF predicted with the pick-one-out test.

Region M. <5 Gyr
HST CMD PNLF prediction

LMC 50.1+3.3 49.94 +11.98
Disc (10-20kpc) 27.1+3.7 20.02 £ 6.55
Disc (20-30kpc) 14.7+5.1 9.15+11.02
Giant Stream 10.2+84 18.04 +£9.22
NE Shelf 11.1+£5.7 13.49+5.78
G1 Clump 29.3+42 32.23+£2.77
W Shelf N.A. <42.19
Stream D N.A. 27.14+9.46

Notes. The m. sy in the HST fields corresponding to the LMC,
Disc (10-20kpc), and all other regions are from Weisz et al. (2013),
Williams et al. (2017), and Bernard et al. (2015) respectively. The
m. s Gyr values are predicted for each region from its cy, value by fitting
the relation between ¢, and m, sy, for all the other regions except the
selected region.

age values for the entire stellar population in any substructure by
checking whether the relation between the global PNLF param-
eters and the measured m, <sGy value for these regions lie on
the same relation as that for the SFH of the LMC and the M 31
10 < Rge < 20kpc disc region, whose extended coverage results
in measured SFHs from resolved stellar populations that are
representative of the entire region. Any region whose average
stellar population is vastly different from that found within the
tiny HST pointing would diverge significantly from any fitted
relation.

We find a correlation between the percentage stellar mass
from the HST fields in two age bins (see Table 4), younger and
older than 5 Gyr following the age distinction by Bernard et al.
(2015), and the exponential function fitting the faint end of the
PNLF, ¢y, (see Table 2). Figure 7 shows cy against m, <5Gyr
in the respective HST field of a given subregion. We find that
the subregions for which the SFH value is obtained from large
spatial HST coverage lie tightly on the same relation as those
regions with smaller fields. Fitting the relation between m. <sGyr
and ¢y, with a linear function using a Deming regression’
(Kummell 1879), the best fit is given by:

My <5Gyr = —5.38 (£0.54) X cpp + 53.07 (£2.48). 6)

As it is not known a priori whether or not the HST field of a
particular region could be an outlier influencing the fitted param-
eters of Eq. (6), we ran a ‘pick-one-out test” over the parameters
for the six regions. The relation between ¢y, and m, s gy is fitted
for five of the six regions and the m. <5y, value is predicted for
the selected region from its ¢, value. This process is iterated for
each of the six regions. The predicted m. 5y values are noted
for each region in Table 4. The predicted quantities are in good
agreement with those measured from the HST fields implying
that the ¢y — m, <5y relation is applicable to the entire parent
stellar population of the PNe in any region. We therefore also use
Eq. (6) to predict the m. <5gy, values for the W Shelf and Stream
D (Table 4).

5 Regression technique where both variables are measured with error.
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4.3. Stellar population dominating the very faint end of the
PNLF

Following this analysis, we infer that the ¢y, value of the PNLF
increases linearly with decreasing fraction of stellar mass from
its parent stellar population that formed in the last 5 Gyr. Hence,
the rise at the faint end of the PNLF is driven by the fraction of
the stellar mass in the stellar population older than 5 Gyr. This
is in agreement with the expectations from the stellar evolution
models by Marigo et al. (2004) where the faint end of the PNLF
is populated by PNe evolving from older stellar populations and
powered by less-massive central stars (see their Figs. 18 and 25
and associated text). However, it is in contrast to the predic-
tions by Méndez et al. (2008) where the faint end of the PNLF
is populated by PNe from massive progenitor stars from young
stellar populations which have faded rapidly while losing their
envelope.

5. Discussion

5.1. Morphology of the PNLFs and stellar population
parameters in the M 31 regions

Through the analysis presented in Sects. 3 and 4, we described
our efforts to link the differences among the PNLFs of extended
M 31 subregions to the diversity of the parameters describing
their parent stellar populations. We measured different M* val-
ues of the PNLFs in the M 31 subregions. In case of the Giant
Stream, W Shelf, and Stream D, we cannot link the measured
dimmer M* values of the PNLF to the lower metallicity of the
parent stellar populations. We further showed that the cy, val-
ues are clearly associated with the m, <5Gyr. The ¢, parameter
is also influenced by the SFH of the parent stellar population.
Valenzuela et al. (2019) showed theoretically that a dip in the
PNLF is also a product of the distribution of masses of the cen-
tral stars, and hence of the SFH of the parent stellar population.
However, a quantitative link is yet to be established between the
SFH and a dip in the PNLF, and hence its ¢, value.

For each pair of M 31 regions that have different PNLFs (see
Table 3), we assessed in which magnitude ranges the PNLFs dif-
ferentiate the most (Fig. 5) and summarise the differences in their
fitted PNLF properties (see Table 2). We link the differences in
pairs of M 31 regions to their parent stellar population parame-
ters in Appendix C. The highlights from this analysis are that the
Giant Stream and the W Shelf have similarly faint M* values and
large ¢, values, with their mass in stars dominated by >5 Gyr-
old populations. Furthermore, the NE Shelf has an M* value that
is similar to the inner disc region within the errors, but its stellar
mass is dominated by a >5 Gyr-old population. The G1 clump
has a M* value comparable to that of the inner disc region, with
a significant contribution from a young <5 Gyr old population.
Finally, Stream D has the faintest M™* value amongst the studied
subregions.

5.2. The merger origin of the inner-halo substructures in
M 31

Having mapped the average properties of the global stellar pop-
ulations in the substructures of the M 31 inner halo, we now
compare our observational results with the predictions from N-
body/hydrodynamical simulations of a merger event in M31. On
one hand we have the N-body simulations of a minor merger
(Fardal et al. 2013 and reference therein). This event, if it took
place 1 Gyr ago, successfully reproduces the morphology of the
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Giant Stream, and NE and W Shelves. The Giant Stream rep-
resents the trailing stream of material torn off during the first
pericentric passage of the progenitor, while the NE and W Shelf
regions contain material torn off in the second and third pas-
sages, respectively (Ferguson & Mackey 2016). The largest frac-
tion of stellar mass in all three substructures is made up by
the old stellar debris of the satellite. This is consistent with the
global PNLF results for these three subregions of M 31: the
Giant Stream and NE Shelf have large fractions of older stars,
i.e. large ¢y, values. The W Shelf also has stellar populations
different from the M 31 disc regions but the age of its stellar
population is still not very well constrained.

Nevertheless, such an evolution scenario leaves out the for-
mation of the N and G1 clumps. Following their initial dis-
coveries (Ferguson et al. 2002; Ibata et al. 2005), these substruc-
tures had been linked to dissolution of dwarf galaxies from dis-
tinct accretion events. The G1 Clump is measured to have an
absolute V-band magnitude, My = —12.6 mag (Ferguson et al.
2002), which corresponds to a total V-band luminosity of Ly, =
9.37 x 10° My, If the G1 Clump were the result of a dissolved
dwarf, following the luminosity—metallicity relation for Local
Group dwarf galaxies (Kirby et al. 2011), its mean [M/H] value
would be ~ — 1.5. Such a value is much lower than its mea-
sured [M/H] =-0.37 (Table 2). Thus, the G1 Clump, given its
relatively large metallicity, could not have formed from the dis-
solution of a small dwarf.

The remaining issues regarding the minor merger scenario
are the tension between the timing of such an event, ~1 Gyr ago,
and the age of the burst of star formation of ~2 Gyr in the M31
disc (Bernard et al. 2015; Williams et al. 2017), and particularly
the mass of the satellite not being large enough to dynamically
heat the M31 disc (Paper II).

We now examine the predictions from the major-merger sce-
nario as simulated by Hammer et al. (2018). In these simula-
tions, a massive gas-rich satellite was accreted with an orbit
along the Giant Stream 2-3 Gyr ago. Such a massive satellite
would perturb the M 31 disc and produce a thick disc from
the pre-existing stars. After the merger, the replenished cold gas
would lead to a burst of star formation and the build-up of a less-
extended thin disc. Within the 10 < Rgc <20kpc disc region, we
observe in the PNLF a superposition of the stellar populations
associated with both the newly formed thin disc and the older
thicker disc of M 31. This disc region therefore has a larger frac-
tion of younger stars compared to the 20 < Rgc <30kpc disc
region where the stellar populations associated with the thicker
disc stars dominate.

The simulations by Hammer et al. (2018) also predict that
the stellar populations in the Giant Stream, NE Shelf, and W
Shelf are dominated by stellar debris from the infalling satellite,
while the N and G1 Clumps are associated with the stellar mate-
rial from the perturbed pre-existing disc. The G1 Clump has a
significant fraction of stars younger than 5 Gyr just like the thin
disc of M 31. While their stellar populations are statistically dif-
ferent, the younger stars in both the thin disc of M 31 and the
G1 Clump may have formed at the same time. Having formed
from the perturbed M 31 disc, the PNLF of the G1 Clump is
expected to have a M* value similar to that of the inner disc
and a slope in the faint end consistent with significant contribu-
tion from a young stellar population, in line with the observed
values. Unfortunately, we were not able to constrain the stellar
population of the N Clump with our data. The major merger sce-
nario therefore simultaneously explains the observed global stel-
lar population properties of the M 31 inner halo substructures,
the measured velocity dispersion values (Paper II), and the age
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of the recent burst of star formation in the disc (Bernard et al.
2015; Williams et al. 2017).

Stream D has a stellar population that is different from both
disc regions and the other substructures: it has the faintest value
for the PNLF bright cut-off M* and its stellar population is the
most metal poor (Conn et al. 2016) of the entire area surveyed
around M31. This result points to an independent origin. Indeed
this stream does not appear in the simulations by Hammer et al.
(2018) and it could have formed in a distinct accretion event,
such as for example the disruption of a low-mass dwarf galaxy.
Thus we find that the M 31 inner halo substructures, barring
Stream D, are consistent with having originated in a single major
merger event.

6. Conclusions

This study investigates the properties of the PNLF for the stel-
lar populations in different subregions of M31 based on the
largest PN sample ever obtained in any galaxy, including the
MW. Because of the unprecedented depth, spatial coverage, and
uniform photometry of the survey we were able to empirically
investigate the variations of the PNLF across different stellar
populations with robust statistics, including the absolute mag-
nitude M* of the bright cut-off, and the faint-end slope cy».
This is greatly aided by the fact that all probed PN subpopu-
lations are at similar distance, and have constant LOS extinction
beyond R > 20 kpc from the centre of M31. Furthermore, for the
first time we can use the properties of the PNLF to characterise
the average stellar populations of the different substructures in
M31 and thereby constrain the merger formation history of the
galaxy’s inner halo. Our main results are as follows:

1. Statistical comparison of the deep PNLFs in different sub-
structures and disc annuli of M 31 reveals significant differ-
ences in the fitted PNLF parameters. In particular M*, the
PNLF bright cut-off, is found to vary strongly: for the Giant
Stream and W Shelf, M* is nearly one magnitude fainter than
for the disc, and the low-metallicity stream D has even fainter
M*.

2. The M* values of the PNLFs for the LMC, NE Shelf, G1
Clump, and the two M 31 disc regions are consistent with
the theoretical predictions by Dopita et al. (1992) of M* dim-
ming in more-metal-poor populations (see Sect. 4.1). How-
ever, the measured M* value for the Giant Stream, W Shelf,
and Stream D are much larger than theoretical predictions
would suggest. The empirically measured variations of M*
in the subregions of M 31 and the LMC can therefore not be
conclusively attributed solely to variations in [M/H], thereby
highlighting the need for theoretical models of PN evolution
with improved treatment for metallicity and other possible
effects such as the age of the parent stellar population.

3. Using published HST data, we establish a connection
between the PNLF morphology and the stellar mass of the
parent stellar population in two age bins, younger and older
than 5 Gyr, respectively. We find that the rise in the faint end
of the PNLF is driven by the mass-fraction of stellar popu-
lations older than 5 Gyr, indicating that PNe evolving from
older stars populate the faint end of the PNLF.

4. From their PNLFs we find that the Giant Stream and NE
Shelf are consistent with being composed of stellar debris
from an in-falling satellite, while the G1 Clump is linked to
the pre-merger M 31 disc with a significant contribution of
younger stars presumably formed out of the accreted cold
gas.

5. The constraints from the deep PNLF on the stellar popula-
tions of these substructures point to their origin in a single
merger event in M 31. In conjunction with the age—velocity
dispersion relation of the M 31 disc (Paper II), this indicates a
recent (~2-3 Gyr ago), fairly massive merger event in M 31,
in agreement with predictions from Hammer et al. (2018).
We also find that the Stream D was likely formed in a distinct
accretion event, probably from a disrupted dwarf satellite.

This work sets the stage for spectroscopic follow-up of the PNe
in the outer disc and inner halo of M31, with the goal being
to measure their specific metal abundances and accurate LOS
velocities. From these discrete measurements, we will then build
abundance maps for the substructures and the disc, and correlate
variations of metal abundance with kinematics signatures, pro-
viding a better understanding of their chemical and dynamical
evolution.
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Appendix A: Planetary Nebula circumstellar
extinction and the PNLF

A fraction of the dust produced in stars during the Asymptotic
Giant Branch (AGB) phase (e.g., Ventura et al. 2014) is retained
in the PN phase of stellar evolution. This dust production in the
AGB phase depends on the initial stellar mass, and hence the
SFH, of its parent stellar population (e.g., Ventura et al. 2014,
see their Fig. 10). Ciardullo & Jacoby (1999) found that PNe
with more massive progenitors have higher measured circum-
stellar extinction. Davis et al. (2018) found that the M* value of
the PNLF in the M 31 bulge is set from a combination of the
[O 1] 5007 A flux emitted by the nebula and its circumstellar
extinction. PNe with high [O111] 5007 A flux also have high cir-
cumstellar extinction such that the net observed [O111] 5007 A
flux causes the PNe to remain fainter than the M* value of the
PNLF (see their Fig. 13). In cases where the de-reddened [O 1]
5007 A flux is considered, the resultant de-reddened PNLF (see
Fig. 14 of Davis et al. 2018) does not follow the generalised
PNLF functions (Ciardullo et al. 1989; Longobardi et al. 2013).
Thus, the SFH-dependent circumstellar extinction (a property of
individual PNe) should not be included in obtaining the PNLF
and its M* value for any of the regions.

Furthermore, the brightest PN in the Giant Stream (PN14;
Fang et al. 2018) has an extinction (LOS plus circumstellar) of
0.37 mag (spectroscopically measured from its Balmer decre-
ment), much lower than the observed difference between the
Giant Stream M* value and the predicted value by Dopita et al.
(1992) for its [M/H] value (see Fig. 6). This further confirms
that any difference in the M* values of the M31 region PNLFs
does not result from different extinctions, even if circumstellar
extinction is taken into account.

Appendix B: [M/H] measurements for the LMC and
M 31 regions

In general, the photometrically measured [Fe/H] is taken to
be equal to the [M/H] value, as [a/Fe] is assumed to be zero
for the fitted isochrones (e.g., Bernard et al. 2015; Conn et al.
2016; Williams et al. 2017). The [M/H] for the 10<Rgc <
20kpc disc region was obtained by Bernard et al. (2015) as the
mean [M/H] from the PHAT photometry in the radial range
Rge =12-20kpc, covering one-third of the M 31 disc at this
radius. The [M/H] for the NE Shelf and G1 Clump regions is
from the pencil-beam HST photometry, with the errors obtained
from their metallicity distribution functions. For Stream D, the
[M/H] measurement was obtained by Conn et al. (2016) from the
CFHT MegaCam observations, covering this entire subregion.
The [M/H] for the 20 < Rgc <30kpc disc region and the Giant
Stream® are obtained from the mean [Fe/H] and mean [«/Fe] val-
ues measured from individual stars in small fields observed in
these regions by Escala et al. (2020). These values are converted
to [M/H] using the following relation from Salaris & Cassisi

6 The metallicity gradient in the Giant stream is studied by Conn et al.
(2016). In their Fig. 3, these latter authors show the spatial coverage
of their fields and give the corresponding [Fe/H] (=[M/H] as [a/Fe]=0)
values in their Table 1. With the current PNe survey, we cover a spatial
area in the Giant Stream corresponding to their mean metallicity range
of [M/H]=-0.4 to —0.7. The [M/H] value for the Giant Stream from
Escala et al. (2020) covers the metallicity range observed by Conn et al.
(2016) within error and is thus an accurate [M/H] value for parent pop-
ulation of the PN subsample in the Giant Stream.

(2005):

[M/H] ~ [Fe/H] + 10g(0.694 x 101/Fl 1 0.306). (B.1)

We note that the spectroscopic [M/H] for these two regions
agree within errors with that from the pencil-beam HST pho-
tometry in these regions by Bernard et al. (2015). For the LMC,
we derive the median [M/H] value from the median [Fe/H]
and median [@/Fe] values for APOGEE RGB stars spanning a
large radial range in the LMC (Nidever et al. 2020). For the W
Shelf, Tanaka et al. (2010) construct CMDs for the resolved stel-
lar population in the Subaru Supreme-Cam pointings. The mean
[Fe/H] value is measured photometrically from isochrone-fitting
to the W Shelf CMD, assuming [a/Fe] =0.3. We use the mea-
sured [Fe/H] and assumed [«@/Fe] value in Eq. (B.1) to obtain the
measured [M/H] for the W Shelf.

Appendix C: Pair-wise differences in the PNLFs of
M 31 regions and their stellar population
parameters

For the pairs of M 31 regions that have different PNLFs (see
Table 3), we assessed in which magnitude ranges the PNLFs dif-
ferentiate the most (Fig. 5) and presented the differences in their
fitted PNLF properties (see Table 2). We infer the dependencies
of these differences in pairs of M 31 regions on their parent stel-
lar population parameters as follows:

The 10< Rgc <20kpc and 20< Rgc <30kpc disc
regions. On the basis of the spectroscopic and kinematic prop-
erties of the disc PNe (Paper II), the 10<Rgc <20kpc
disc region, which contains both young (heated) thin disc and
older thicker disc stars, is found to be different from the
20 < Rgc <30kpc disc region in that the latter has predomi-
nantly older and increasingly metal-poor disc stars, reflected in
its larger ¢y, (see Table 2) and fainter M* values respectively.

The Giant Stream and the 10< Rgc <20 kpc disc region.
The Giant Stream, with a larger ¢y, value (see Table 2), has a
higher percentage of older stars than the 10 < Rgc < 20kpc disc
region. Additionally, the PNLF of the Giant Stream has a fainter
M* (see Sect. 4.1) than the 10 < Rgc <20kpc disc.

The Giant Stream and 20 < Rgc < 30 kpc disc region. Here
the difference in the deep PNLFs stems mainly from the fainter
M* (see Table 2) of the Giant Stream PNLF with respect to that
of the outer disc region. Their stellar mass is dominated by older
stars according to their large c s, values.

The NE Shelf and 10< Rgc <20kpc disc region. The
NE Shelf has a higher ¢y, value (see Table 2), and therefore
a higher percentage of older stars, than the 10 <Rgc <20kpc
disc region. While the NE Shelf PNLF has a M* value similar to
that of the inner disc region within error, it has a ¢; = 0 value
(see Table 2), indicating further differences in the SFH from the
10 < Rgc £20kpc disc region.

The NE Shelf and 20 < Rgc < 30kpc disc region. The dif-
ference between the two regions originates from the slightly
brighter M* of the NE Shelf PNLF and also the fact that the
latter has a ¢, ~ 0 value, implying differences in their SFHs.

The G1 Clump and the 10<Rgc <20kpc disc region.
Both regions have similar m., sy (see Table 4) but the PNLFs
have a different shape owing to the ¢, ~ 0 value (see Table 2)
for the G1 Clump, thus indicating a distinct SFH from the
10 < Rge <20kpc disc region.
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The G1 Clump and the 20 < Rgc < 30 kpc disc region. The
G1 Clump has a higher m, <5 gy (see Table 4) and lower ¢y, value
(see Table 2) than the 20 < Rgc <30kpc disc. The difference is
further aggravated due to the ¢, =~ 0 value of the G1 Clump
PNLF, implying differences in SFHs.

The W Shelf and the two disc regions. We only have
an upper limit of m, «sgyy < 42.19% for the W Shelf. The
difference from the two disc regions can still be attributed
to the ¢; =~ O value of the W Shelf PNLF (see Table 2)
and thus a difference in SFHs. Additionally, the W Shelf

A130, page 14 of 14

PNLF has a fainter M* (see Sect. 4.1) than the two disc
regions.

Stream D. This M 31 substructure is different from both
disc regions, the Giant Stream, the NE Shelf, and the G1 Clump
because it has the faintest bright cut-off value, M* = -2.689 +
0.177, among the PN subsamples from the M31 survey (see
Sect. 4.1). Its deep PNLF also has ¢; =~ 0 (see Table 2), fur-
ther implying an SFH that is distinct from some of the M 31
subregions.

A summary of the highlights is provided in Sect. 5.1.
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