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Abstract

The nature of the mechanisms governing the star formation quenching in galaxies since
z = 2is an open question. Low ionization emission line regions (LIERs) appear to represent
the transition between star forming and quenched galaxies (the so-called ’green valley’),
and might be the key to understand galaxy evolution.

We present in this work new spectral observations of Andromeda bulge region, a close-by
example of a typical green valley galaxy, and therefore an ideal testbed to understand the
processes at stake in LIERs. We obtained with SITELLE instrument installed at CFHT
unprecedented spatial and spectral resolution on Andromeda central kiloparsec, enabling
the detection of 766 Planetary Nebulae candidates (whose progenitors, post-AGB stars,
are presumed to be responsible for the ionization in LIERs), confirmed with emission-
line diagnostic diagrams. The analysis of the Planetary Nebulae Luminosity Function
(PNLF) of this extended sample shows a bimodal distribution, which seems to correlate
with a separation between disc and bulge populations. Preliminary results concerning
the background stellar continuum and the diffuse gas components are promising and have
already led to an observation time request with LOFAR instrument.
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Chapter 1

Introduction

1.1 Motivation

One striking property of large samples of galaxies is their bimodality (Driver et al., 2011}
Lilly et al., |2007; York et al., [2000). Galaxies can be classified in a star forming blue
cloud and in a passive red sequence. The mechanisms responsible for the star formation
shutdown between the former and the latter, also called ‘quenching’, are actively studied.
Madau and Dickinson| (2014) estimate that this quenching started around z = 2, and two
types of channels are discussed in the literature. The environment could play a key role as
the quenching time and amplitude of star formation rate decrease towards higher density
environments (e.g. |Coenda et all |2018). This baryon cycle of galaxies is complex. The
main idea is that cool gas needed to form stars can be removed by several known plausible
mechanisms, such as strangulation, harassment and ram-pressure stripping. Hatfield and
Jarvis| (2017)) argues that most quenching is due to the halting of fresh inflows of pristine
gas, as opposed to by tidal stripping. Similarly, McGee et al. (2014) argue that satellite
galaxies, which could constitute one significant gas reservoirs, could be quenched by over-
consumption: the interruption of the fresh gas supply may quench satellite galaxies long
before stripping events occur. In parallel, the presence of supermassive black holes in the
heart of galaxies, with a mass proportional to the bulge mass (Merritt et al., 2001), could
also be related to the star formation efficiency through Active galactic Nucleus (AGN)
feedback. Alternatively, the star formation activity could slow down with the increase of
the galaxy mass.

On the observational side, Belfiore et al.| (2016) has shown, using spatially resolved spec-
troscopy on large sample of 646 local galaxies (SDSS, MANGA), that low ionization emis-
sion line regions (LIERs) are witnessing the intermediate stage of the quenching, the so-
called ‘green valley’. It is discussed that contrary to star forming regions, the gas is not
heated by hot stars but rather by post-asymptotic giant branch (AGB) stars.

A correlation between the specific star formation rate and the Active Galactic Nucleus
(AGN) luminosity has been found (e.g. Barrows et al 2017), and positive feedback from
an AGN (e.g (Concas et al.l 2017), can reduce the central star formation of a galaxy Woo
et al. (2017). Kaviraj et al.| (2015) also showed on 550 nearby galaxies that the AGN is
unlikely to regulate the star formation for galaxies in the green valley. [Fang et al. (2013])
discuss the quenching as an interplay between the inner structure of a galaxy and its
surrounding dark matter halo. Fraser-McKelvie et al.| (2018) conclude that the quenching
results most probably from a mixture of mechanisms related to their internal structure and
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galactic environment, as also discussed by (Carnall et al. (2017)).
What triggers quenching ? And what are the dominating mechanisms responsible for the
LIER ionization ?

1.2 Andromeda as a local testbed

Located at 780kpc (de Grijs and Bono|, 2014), Andromeda is a typical example of a green
valley galaxy in the Local Group, with a significant bulge showing a central LIER (Mutch
et al., 2011)). It is an ideal testbed to analyze and understand star formation quenching
in galaxies. Its proximity allows to get great spatial coverage of the phenomena at stake
and to conduct detailed analysis of the contribution of the different mechanisms to the gas
ionization.

Despite a long-lived study, many questions are still left unanswered about M31 stellar
substructures and how it has formed. The nucleus first observed double (Lauer et al.,
1993), is now known to host an inner eccentric disk with a super-massive black hole of
~ 1 — 3 x 108M Bender et al| (2005). The bulge has been classified as a "classical
bulge with pseudobulge trimmings" by Mould| (2013), but other studies argue for a barred
bulge (Beaton et al., 2007, Opitsch et al., 2017). M31 neighborhood is populated by many
relics of past interactions (McConnachie et al., [2009), and the kinematics are difficult to
disentangle.

Concerning star formation history, the bulge is considered as mostly old (>12 Gyr, Saglia,
et al.,[2010), but might host some recent star formation events, possibly from minor-mergers
(Saglia et al.,[2010). There is no obvious HII regions above the spatial resolution. However,
there are molecular gas clumps in the region following approximately the dust emission
(Melchior and Combes,, 2011}, 2016)). Dong et al.| (2015) discuss the possible presence of a
300 Myr-1 Gyr stellar population which could contribute to 2% of the stellar light in this
region.

Beside the presence of a supermassive black hole, no clue for recent AGN activity has been
observed to date, but Melchior and Combes| (2017)) observed holes in the gas distribution
close to the Black Hole that could mark a feedback mechanism.

A close spectroscopic study of M31’s bulge is needed to disentangle these phenomena.

1.3 Planetary Nebulae

According to Frew and Parker| (2010) working definition, Planetary Nebulae (PNe) are
descendants of low- and intermediate-mass (1-8M) stars at the end of the AGB phase.
They consists of a shell of gas (the previously expelled envelope) of usually radius < 1.5 pc,
ionized by a central star becoming a white dwarf (WD). As Belfiore et al. (2016) discussed,
the ionization sources in LINER galaxies are probably post-AGB stars, i.e. precisely the
progenitors of PNe. By understanding their population, one can constrain post-AGB star
populations and thus estimate their contribution to the ionization in LINERs. They show
strong characteristic emission lines, particularly [OIII|5007 and [OIII}4959 emission-lines,
which make them fairly easy to detect. They have been therefore extensively studied
throughout objects from the Local Group (Parker et al. (2006) in the Galaxy, |[Reid and
Parker| (2010) in the Large Magellanic Cloud (LMC), |[Jacoby and De Marco| (2002)) in the
Small Magellanic Cloud (SMC), Leisy et al.| (2005)) in NGC 6822).
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According to Merrett et al. (2006), PNe are excellent tracers of the overall stellar popu-
lation of a galaxy, as their transition from the Red Giant Branch (RGB) is quite rapid
(< 10°yr, [Frew and Parker| (2010)). With their strong emission lines, they are ideal to
probe kinematics, and thus investigate the structure of a galaxy; for example Merrett et al.
(2006) has used PNe to identify stellar streams in M31 neighborhood. With a large enough
sample of PNe, |[Halliday et al.| (2006) discuss the ability to efficiently reconstruct the full
galaxy gravitational potential, which can help calibrating micro-lensing studies.

There is an observational consensus on the absolute magnitude of the bright-end cutoff of
the [OIII]5007 Planetary Nebulae luminosity function (PNLF). |Ciardullo (2012)) report a
value for the cutoff of M;,,, = —4.47, surprisingly independent of age and metallicity of
the population considered. It has even proved its efficiency as a distance indicator, with a
precision of about ~ 10% (Ciardulloj 2010]).

This is in strong contradiction with synthetic models of evolutionary tracks for PNe from
the main sequence to the post-AGB phase developed by Marigo et al.|(2004), which predict
that progenitors of such bright PNe should have a mass of ~ 2.5M), and be an indicator
of a star formation event younger than ~ 1Gyr. In parallel, the bright-end cutoff has
been consistently measured in old elliptical galaxies, as well as in M31 bulge. Explaining
this discrepancy would help a better constraint of evolutionary models, especially of the
so called initial mass-final mass relation, hence a better understanding of the chemical
enrichment of the galaxy.

1.4 Outline of the thesis

With an international collaboration, we have observed the central kpc of Andromeda with
the Imaging Fourier Transform Spectrometer (iFTS) SITELLE on the Canadia-France-
Hawaii Telescope (CFHT), in two different filters. The field of view (FOV) of 11’ x 11’ covers
the whole bulge area, and the unprecedented spatial sampling (pixel scale = 0.321”), the
good spectral resolution and the quality of the instrument enables to detect emission lines
across the whole field, in particular Ha and Hf, [OIII|5007 and 4959 doublet, [NII|6548
and 6583 doublet, and [SII|6716 and 6731 doublet. This mine of data provides an access
to many of the key points discussed above. First, it enables access to a large population of
resolved point sources, mostly PNe, and their kinematics. It also provides insights on the
background stellar continuum of the galaxy, with potential constraints on its kinematics,
age and metallicity, three major elements to investigate star formation. Finally, the diffuse
gas of the disc extending in our FOV can be investigated, both in terms of kinematics and
ionization level. Having a 2D spatial measure of line ratios, one could conduct Belfiore et al.
(2016) analysis based on Baldwin, Phillips & Terlevich (Baldwin et al., |1981]) diagrams and
observe AGN-like, star-forming-like and LINER-like regions in the galaxy, and disentangle
the different mechanisms.

We first present in Section [2] the instrument and the obtained data in details, to understand
the strength and weaknesses of our observations, and we perform a careful calibration of
the measures. From this calibrated data, we carry out in Section [3| a thorough analysis to
detect emission-line point-like sources in the FOV, most of them being new PNe detections.
Results based on this large PNe population are presented in Section [ and we discuss
preliminary results, ongoing and future work Section
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Figure 1.1: NASA picture of the day June 26, 2013 of M31, credits : Lorenzo Comolli



Chapter 2

Observations and Data reduction

2.1 SITELLE instrument

SITELLE (Spectrométre Imageur & Transformée de Fourier pour I’Etude en Long et en
Large de raies d’Emission) is an imaging Fourier Transform Spectrometer (iIFTS) installed
at the Canadian French Hawaii Telescope (CFHT) since July 2015, available for scientific
use since early 2016. Its 11’ x 11’ field of view (FOV) makes this instrument one of the
biggest spectra imager to date, with a pixel resolution of 0.321”. The observation method
is described in details in |Drissen et al.| (2010). Observations of M31’s bulge, characterized
by a strong background continuum, were quite challenging due to the so-called multiplex
disadvantage of iFTS (see Section and Maillard et al| (2013])). We present in this
section a few of the instrument technical characteristics, affecting our data.

2.1.1 Configuration

SITELLE observation technique is based on a off-centered Michelson interfometer (see
Figure 2.1). A moving mirror scans the optical path difference (OPD) and creates an
interferometric pattern, recorded on two 2048 x 2048 pixels CCD detectomﬂ Both inter-
ferometric cubes are then combined to obtain at each pixel an interferogram, that is then
Fourier transformed to recover more than 4 millions physical spectra. The natural unit of
the spectral axis is the inverse of a distance, i.e. wavenumbers (namely, the unit is cm™!).
The spectral resolution of the instrument can be tuned from 2 to 10* as it only depends
on two factors : the maximum path difference one can reach, and the number of moving
steps of the mirror.

2.1.2 Technical specificities

Because of the off-centered configuration, incoming beams are not perpendicular to the
planes of the CCD detectors. The path difference, i.e. the phase of the interferograms,
thus depends on the incident angle of the beam at each pixel. This directly influences the
spectral calibration of the spectra, as a phase shift on the interferograms directly translates
into wavelength shift on the spectra. Errors on the phase of the interferograms can also be

'For each path difference, one image on a detector is actually the negative of the other, in the sense
that due to conservation of the incoming flux from the source, a constructive interferometric pattern on
one detector is observed as a destructive pattern on the other.
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Figure 2.1: Sketch of a classical Michelson interferometer (b) and SITELLE’s configuration
(a), taken from Martin and Drissen| (2017). The off-centering allows to recover half more
flux (that would have been reflected back to the source in a classical configuration), at the
cost of a pixel dependent path difference on the detectors. As discussed in the text, this
path difference is subsequently corrected in the reductions pipeline.

induced by dispersive effects or bad sampling of the path difference and have been carefully
studied in Martin and Drissen (2017). They can affect both the LSF (deformation) and
the flux of the lines.

Moreover, as the range of mirror movement is physically limited, the sampling of the inter-
ferometric pattern is restricted to a box. When the Fourier transformation is performed,
the signal is then convolved with the Fourier transform of this box, i.e. a cardinal sine
function (sinc) (see Maillard et al. (2013) for details): this defines our instrumental Line
Shape Function (LSF).

Last, as opposed to dispersive techniques, where the photon noise in a given spectral chan-
nel is only linked to the number of photons acquired in this channel, with interferometric
techniques all photons of a source are collected in the interferogram, and the noise gets
redistributed over all the channels. This is called the multiplexing disadvantage (well de-
scribed in Maillard et al| (2013)), and is of great importance for us, as M31 bulge emits a
very strong background continuum. To limit this noise, SITELLE has been equipped with
different narrow filters to limit the bandpass.

2.1.3 Data Reduction Pipeline

The raw data, i.e. two interferometric datacubes, is fully reduced at CFHT with the ORBS
software described in details in [Martin et al. (2015)) and [Martin and Drissen! (2017)). First,
thermal and electronic biases on the detectors are corrected. A flat-field image is obtained
at the beginning of each night to correct for illumination patterns. Both cubes are then
aligned using stars present in the field of view, to correct for the misalignment of the two
cameras, and interferograms are combined on a pixel-to-pixel basis, correcting for varia-
tions of sky transmission during the observation.

A phase correction is then performed, to correct errors due to the incident-angle dependent
path difference, mapped with the measurement of a Helium-Neon laser source at 543.5 nm,
and errors due to the absolute uncertainty on the zero optical path difference. This step is
critical as it can induce many different biases (line shape function deformation, incorrect



Chapter 2. Observations and Data reduction 7

Filter SN2 SN3
Spectral range [A] 4825-5132  6467-6857
Observation date 29/11/2016 24/08/2016
Field of view 11711 11'x11’
Pixel scale 0.321” 0.321”
Exposure time / step |[s] 15.8 13.7
Step nb. 556 840
Total exposure time [h] 3.0 4.1
Spectral Resolution ~ 1800 ~ 4800
Channel width at mean wavelength [km.s™!] 83.0 42.0
Line width at mean wavelength [km.s™!] 168.3 63.3

Table 2.1: Observation parameters.

wavelength calibration) and will be discussed throughout the calibration Section .

A discrete Fourier transformation is then performed on these phase corrected interfero-
grams. Last, to estimate the instrumental Modulation Efficiency (ME) and obtain an
absolute flux calibration, a standard star is measured right before or after the data acqui-
sition.

The final science product is a spectral datacube of 2048 x 2064 pixels, calibrated in flux,
with an intrinsic wavelength calibration but no astrometric calibration. A flux uncertainty
map, representing the detection photon noise, is provided as well.

2.2 Observations of the central field of Andromeda

M31 was observed with SITELLE in two different bandpasses, first on August 24, 2016
using the SN3 filter, designed to detect Ha (6563 A), [NII| 6548, 6583 and [SII| 6716, 6731
doublets, and second on November 29, 2016 using the SN2 filter, designed to detect Hf3
(4861 A), [OITI] 5007 and [OIII] 4959 emission lines. The filter transmission curves are
presented in Figure and Table gather details of the observation parameters. The
11" x 11" FOV was centered on M31 bulge (RA = 0h42m44.371s, DEC = 41°16’08.34",
Crane et al.| (1992)), displaying a projected area of +/- 1.7 kpc centered on the galaxy
center.

Technical difficulties occurred at CFHT during the SN2 observations. Hence, the resolution
of this cube (~ 1800) is significantly lower than requested (the initial goal was to reach
~ 5000, as obtained for SN3 cube), and it introduced some phase errors and deformations
(both spatially and spectrally) that we had to take into account for the analysis.

In Figure[2.3] we present maps of the total flux and of the flux uncertainty delivered by the
reduction pipeline (see for the two datasets, acquired with each filter SN2 and SN3.
As expected, this region presents a very strong intensity gradient, which will be one of the
difficulty of the subsequent analysis. Figure displays two examples of spectra. One
can recognize the shape of the filters, while the useful positions of the emission lines are
indicated at the systemic velocity of Andromeda, -300 km.s~!. Structures in the continuum
correspond to the stellar background. The left (resp. right) panel exhibits the spectra of
a strong |OIII] (resp. Ha) source. Each line displays their characteristics cardinal sine
LSF.As explained in Section the noise seems to be uniformly distributed along all
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Figure 2.2: Transmission curves for the filters used with SITELLE. Left : SN2 filter,
specifically designed to study HB (4861 A), [OIII] 4969 and [OIII] 5007 emission lines.
Right : SN3 filter, specifically designed to study Her (6563 A), [NII] 6548 and 6583 doublet
and [SII] 6716 and 6731 doublet emission lines.

the spectral channels, even outside the bandpass of the filters.

2.3 Data Calibration

Before the beginning of this master thesis, the SN3 data cube has been calibrated and
analyzed, and the procedures have been presented in details in [Martin et al.| (2018), here-
after Mal8. After the reduction steps performed at CFHT (see 7 a few calibration
steps are still necessary. Relying on Mal8 procedures, we present in the following sec-
tions the astrometric, wavelength and flux calibrations of the SN2 datacube. They have
been conducted within the ORCS software package (Martin et al., [2015), which has been
supplemented for the occasion.

2.3.1 Astrometric calibration

To correct for misalignment and distortions, we followed a 3-steps astrometric calibration
method as described in MalS8.

The first step re-calibrates the center of the frame and its orientation towards North, based
on histogram comparison between GAIA DR1 (Gaia Collaboration) 2016|) star positions
and detections in the deep frame of our data. This basic calibration is not sufficient as
it leads to positional errors up to 8”, mostly in the corners of the field due to distortion
patterns induced by the optics and structure deformations.

To correct for structural deformation of the instrument, a second calibration step adjusts
a Simple Image Polynomial (SIP [Shupe et al., 2005) of order 4. As suggested in Mal8,
we looked for a much more crowded field (GAIA lists only ~ 102 stars in our M31 field,
and we actually detect ~ 400 of them). Unfortunately, no other observations have been
conducted with SN2 filter during the same science run. The closest is the observation of
NGC 6822 on June 30, 2017, more than 7 months later. We tried to fit a distortion model
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Figure 2.3: Maps of the total flux and flux uncertainty for each filter. Color-maps unit is
erg.cm 2,571 A7t M31 center (RA = 0h42m44.37s , DEC = 41°16°08.2") is displayed as a
red cross. Because of the multiplex disadvantage, the values reported on the uncertainties
maps affect each spectral channel.



10 2.3. Data Calibration

Wavelength [Angstroms] Wavelength [Angstroms]
128 5000 4878 6780 6667

Pe4_0§6 5263 5 4762 4651 le—16 7018 6897 6557 6452 6349
. =B ¢ s 7 2
b, 3, T Lo A
5 & oh 2|2
5
4
4
<3 EY
@ @
& &
E £ 3
v v
S S
8?2 3
x x 2
= =
o o
1
1
0 0
18500 19000 19500 20000 20500 21000 21500 14250 14500 14750 15000 15250 15500 15750
Wavenumber [cm~1] Wavenumber [cm~1]

Figure 2.4: Examples of emission line spectra seen in the SN2 cube (left) and SN3 cube
(right). The positions of the emission lines we are looking for are plotted, at a velocity
of -300km.s~!, M31’s systemic velocity. Note the natural unit of the spectral dimension,
wavenumbers in cm ™!, due to the Fourier transformation. The conversion in Angstroms
is provided in the top axis. Note also the line shape of the emission lines, a cardinal sine.
Finally, note how the noise impacts the whole spectrum, even outside the bandpass.

on this field and applied it to our data, but it did not correct properly the distortion bias.
The instrument most likely underwent some operations (e.g. dis-mounted and re-mounted)
during the 7 months gap, which changed its structure deformation. We used therefore the
same GAIA stars to perform this second calibration step, reducing the maximal error to
~ 3" (median : 0.677).

Last, to reduce this error below the pixel scale (i.e. below 0.321”), we interpolated two
rectangular bivariate splines (one on each axis) on the residuals between real GAIA star
positions and detected positions in the cube computed with the SIP correction, to obtain
two distortion maps. These maps can be included in ORCS methods to compute the
position, but cannot be represented in a classical FITS header (Greisen and Calabrettay,
. This last step lowers the median error on the position to 0.17”. Figure shows the
error distribution at each step, corresponding to different levels of refinement, and Figure
shows an excerpt of the deep frame, with the computed position of GAIA stars.

We want to stress that the real calibration error is probably higher than the one computed
with the 37 level of calibration above, as the distortion maps obtained tend to overfit the
400 detected GAIA stars in our field. Moreover, the ORCS software used for the extraction
of spectra in the cubes (see Section only works on integer position. This will add an
uncertainty of half of a pixel scale, i.e. ~ 0.16” on all astrometric measurements. We will
present in Section [3.4] astrometric comparison with other surveys.

2.3.2 Wavelength calibration

The intrinsic wavelength calibration performed at CFHT (see[2.1.3)) is subject to systematic
and relative biases from one pixel to another. The first one is due to the uncertainty on the
exact wavelength of the He-Ne laser source used for the calibration. [Martin and Drissen|
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Figure 2.7: Left : Histogram of the velocity difference between values quoted in Mal8 and
measurements in the SN2 cube. Right : Color-map of the difference (unit is km.s~!). The
median bias of -98.14km.s~! is way above the quoted uncertainties of 2.21 km.s~! in Mal8.
SN2 data thus need to be recalibrated.

(2017) evaluates that an uncertainty of 1A on the laser wavelength translates into a 55
km.s~! uncertainty on the velocity. The second one is due to uncorrected deformation and
distortions in the instrument and affect each pixel differently.

In Mal8, sky emission lines (Meinel OH bands, which should appear at 0 km.s~! on the
spectra) are visible across the whole field of view and are used to recalibrate the wave-
length of each spectra. Because no strong sky emission lines appear in the bluer SN2 filter,
we choose instead to use the velocities of the point-like emission lines sources presented
in Mal8, where these sources could also be detected in the SN2 cube (see Section for
the matching method). We used ORCS tools to extract these sources, fit their spectra
and measure their velocity (again, see Section for details). We considered conservative
exclusion criteria to keep only confident detections. We discarded fitted sources with a
Signal to Noise Ratio (SNR) lower than 5 on the [OIII]5007 line, as well as those with an
uncertainty on the velocity estimation of more than 5 km.s~'. We thus kept 327 matches
covering in a relatively uniform way the field of view. The histogram of the velocity differ-
ence between SN2 and SN3 measurement is presented in Figure as well as a 2D map
of this bias. The median of the difference, -98.14km.s~!, is much higher than the quoted
velocity uncertainties in Mal8 (2.21 km.s™!), hence the need for a wavelength/velocity
calibration of the SN2 data cube.

This bias seems to be structured. A global offset affects the whole FOV and is probably
due to the uncertainty on the He-Ne laser source wavelength used for the calibration
(see Section . We also observe spherical structures that might be due to optical
distortions improperly corrected in the reduction pipeline. Zernike polynomials are well
suited to model this kind of deformation (Noll, 1976, see). We show in Figure a 4" order
Zernike polynomial fitting the velocity bias, as well as an histogram of the residuals. The
residual bias is distributed around 0.13 km.s~! with a standard deviation of 6.14 km.s™!;
this residual error has been added as a systematic uncertainty to all the following velocity
measurements. This value is 3 times higher than the quoted 2.21 km.s™! in Mal8. The
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Figure 2.8: Right : 4" order Zernike polynomial fit of the velocity bias map displayed in
Figure The color-map unit is km.s~!. Left : histogram of the bias after wavelength
correction. The residual error of 6.14 km.s~! represents 7.4% of the spectral channel width,
and 3.6% of the spectral resolution.

lower resolution of our cube is responsible for that. In terms of uncertainties relative to the
channel width, our uncertainty represents 7.4% of the mean channel width (uncertainties
in SN3 represented 5.2%).

2.3.3 Flux calibration

The SITELLE flux calibration method has been described in [Martin and Drissen| (2017)),
but is subject to some uncertainties. In particular the Modulation Efficiency (ME) loss,
that is estimated with the observation of a standard star closely before or after the data
acquisition, is corrected in the reduction pipeline at CFTH and needs to be checked. Like
in Mal8, we try to assess the uncertainties on the flux calibration by comparing it with
Hubble Space Telescope (HST) observation archives.

HST F502N narrow filter bandpass falls under SN2 bandpass (see Figure . By inte-
grating SN2 spectra under HST transmission curve, one can obtain a flux map simulating
an HST observation, that can be directly compared in terms of surface brightness with a
real one from the same field of view, once properly aligned and corrected for the difference
in pixel scale. Two fields of view observed by HST with the F502N filter match the SN2
FOV, and each of them contains two observations, hereafter called WFC3; 2 and ACS; o
after the instruments used for their acquisition. We show a contour of these fields on top
of SN2 deep frame in Figure 2.10]

For each observation, we interpolated the HST image on the SN2 pixel grid using the
previous astrometric calibration (Sec. , and divided by HST pixel scale (Swrcs =
0.0393"%, Sacs = 0.050"2) to obtain a surface brightness map. In the meantime, we in-
tegrated each SN2 spectra contained in the FOV under F502N transmission curve, and
corrected for SITELLE pixel scale (Ssirerre = 0.32172). We thus obtained two flux
maps in units erg.cm~!.s™!.arcsec™2 that could be directly compared pixel by pixel.

We show in Figure [2.11] an example of the ratio of a SITELLE map over an HST map
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Figure 2.9: SN2 filter and HST F502N (Ajeqn = 502.3 nm) filter transmission curves are
displayed together. Ome can simulate an HST observation by integrating SN2 spectra
under HST transmission curve.

computed with the WFC3; observation. We see a flat distribution and no gradient, con-
firming the quality of the astrometric calibration. We detect PSF residuals, especially in
the center, due to the better spatial resolution of HST data.

We show in Figure [2.12] histograms of the 4 ratio maps obtained with this procedure, and
in Table a summary of their statistics, that we attempted to analyze in the same way
Mal8 did. The disparity between ACS; and ACSs ratios is high (median of 1.052 for the
first one, 1.267 for the second). Because the exact same procedure has been applied to
both of them, only an intrinsic difference between HST observations themselves can explain
such a bias. We show in Figure direct comparisons of the two ACS observations. The
absolute calibration of these archive data is indeed questionable, as the ratio of the images
is not centered on 1. The median value of 1.204 indicates an absolute bias of ~20% in
their calibration and explains the difference observed when comparing with SITELLE data.
Unfortunately, we cannot rely on these ACS/HST data to improve the quality of SITELLE
absolute flux calibration.

Ratios of SITELLE data to WFC3; and WFC35 observations are more consistent with each
other. They seem to indicate a ~11% overestimation of the flux in SITELLE data in this
FOV, and a dispersion of 4.4% in pixel-to-pixel relative calibration. But again, we directly
compared the two WFC3 observations in Figure [2.13] and observed that the dispersion
between them is itself 3.6%. We can therefore not correct any relative calibration error in
SITELLE with this.

From this analysis, we can not obtain precise enough estimation of a bias in SITELLE
flux calibration. The comparison with WFC3 suggests an overestimation of ~11% but the
FOV concerned is too small to extrapolate this value to the whole SN2 data. We conclude
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Figure 2.10: Contours of the two fields of view observed by HST with the F502N filter,
plotted on top of the deep frame of the SN2 datacube. Each field contains two observations,
denominated hereafter WFC3; 2 and ACS; 5.
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Figure 2.11: Ratio of the SITELLE flux map and HST flux map obtained from the WFC;
observation. The pixel values are distributed around 1.12 with a standard deviation of
4.5. No gradient is detected, confirming the quality of the astrometric calibration. The

bias around the center of the galaxy is due to the difference in pixel resolution between
SITELLE and HST, SITELLE having a larger PSF than HST.
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Instrument Field  Median [Std] in %

WFC3 UVIS  WFC3 1 112.6 [4.5]
WFC3 UVIS  WFC3 2 111.5 [4.2]
ACS WFC  ACS 1 105.6 [14.6]
ACS WFC  ACS 2 126.7 [19.8]

Table 2.2: Statistics of the ratio maps between SITELLE data and HST observations.
The disparity between ACS observations is big (105.6% vs. 126.7 %) and is explained
by a calibration bias between themselves (see Figure . WEFC observations are more
consistent with each other and seem to indicate an overestimation of ~11% of SN2 flux.

] WFC31
14 4 ] WFC32
1 ACs1
12 [ ACS2
E 10 A
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N
To 84
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4 4
24 ‘H‘\-\\v\
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Ratio of SITELLE flux over HST flux

Figure 2.12: Histograms of the ratio between SITELLE and HST flux maps. Statistics

are presentedn in Table 2.:2] The disparity between ACS; and ACS; is explained by an
absolute bias in HST calibration.

that despite the path taken in Mal8, HST archives are not the best material to perform
a precise flux calibration analysis, as it contains itself disparities between observations on
the same FOV. A better calibration estimation will be inferred from the comparison of
source fluxes with previous studies in Section
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Figure 2.13: Direct comparison of the two HST observations in each FOV, with a 2D

ratio map and an histogram. Top row :

comparison of ACS; to ACSsy. The ratio is not

centered on 1 (median 1.204) indicating a calibration bias between the two. Bottom row :

comparison of WFC3; to WFC3s.
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Chapter 3

Analysis

SITELLE instrument, with its high resolution both spatially and spectrally, is perfectly
designed for the study of point-like emission-line sources. |Martin et al. (2018) already
identified a catalog of more than 800 Ha point-like sources in the SN3 data cube, most of
them probably being Planetary Nebulae.

This section describes the steps undertaken to analyze our now calibrated data. We com-
pleted Mal8 source catalog by looking for point-like emission line sources in the SN2 data
cube and counterparts in the SN3 data.

With the combined analysis of the SN2 and SN3 data cubes presented here, we will be able
for the first time to study the main strong emission lines of point sources in Andromeda
bulge with standard diagnostic diagrams, and to compare its PNe population with the ones
known in the Milky Way (Frew and Parker, 2010} e.g.). The comparison with the previous
work of Merrett et al.| (2006) in the same FOV will be a good test of the quality of our
reduction and calibration procedures presented in Sec. [2| and we will extend his study due
to better sensitivity. As discussed later in the thesis, we will also be able to study their
kinematics, and to compare it to the stellar bulge and gas kinematics.

3.1 Source detection in the SN2 cube

In Mal8, sources in the SN3 data cube have been identified by visual inspection of the
FOV. We adopt here for SN2 a more systematic approach.

3.1.1 Creation of a detection map

To optimally detect emission-line sources, we aimed at building a map where these sources
would stand over the background, a so-called detection map or Signal to Noise Ratio
(SNR) map. If we subtract the mean flux for each spectra, and divide by a noise estimate
associated to each spectra, we expect, according to the Central Limit Theorem, that the
distribution will be close to a standard normal distribution, i.e. a Gaussian distribution
of mean 0 and standard deviation 1. In presence of point sources, this distribution should
exhibit an upper tail corresponding to the sources we are looking for. The noise estimation
is thus crucial to disentangle the genuine point sources above statistical fluctuations.

First, we subtract the strong stellar continuum of the galaxy, as it affects any standard
source detection procedures. Due to the important luminosity gradient of M31 bulge,
a local estimation of the background at each pixel has to be done. For each pixel, the

19
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Source detection in the SN2 cube
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Figure 3.1: Background spectrum estimation examples (in orange) over the original spec-
trum (blue). This estimate intends to capture the local background spectral features
without including flux from the point source, and represents a good approximation of the
stellar continuum.

estimate is computed as the median of spectra taken into a 30 x 30 pixels box around the
pixel of interest, excluding the central 5 x 5 pixels box (see Figure [3.1]).

Second, we have to evaluate the noise impacting our spectra. As mentioned in Section
due to the interferometric technique, noise is proportional to the flux received by all
spectral channels for this pixel, and is uniformly distributed across all channels. Figure
[3:2] shows background subtracted spectra examples with the different noise levels discussed
below. The flux-uncertainty map provided with the SN2 cube (see Figure significantly
overestimates the noise level (see Figure . As no obvious reason has been found for
this, we tried to recompute this presumed photon noise, defined as the square root of the
number of Analog to Digital Unit (ADU) (as a proxy of the number of photons) received
per spectra (before removing the background). However, this led to another overestimation
of the noise map (see see Figure , probably due to the flat-field and dark corrections
the data underwent in the first step of the reduction (see , transforming the intrinsic
noise.

We also tried to estimate the noise by measuring the standard deviation of the flux on the
left and right sides of the filter bandpasses (18500 - 19300 cm~! and 20950 - 21600 cm~*
ranges, see the SN2 and SN3 filter transmission curves in Figure. These regions should
contain only noise and not be contaminated by stellar background spectral features. We
found that the level was significantly higher on the right than on the left side (see Figure
3.3)). Not only the noise but the whole signal seems to increase with wavenumber along a
spectrum. This is probably be due to an instrumental effect beyond the scope of this work,
like a wavenumber-dependent gain in the reduction pipeline. We did not try to correct for
this effect, and discarded these estimations.

From this analysis, it appeared that the best way to estimate the noise level was to do it
close to the signal, i.e. only inside the filter bandpass. However, as the emission lines can
be strong with respect to the noise background, we compared two methods to clip them
from the spectra:

500
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Figure 3.2: Levels of noise estimated with different methods, on a SN2 spectrum with a
strong (resp. no) point-source signal on the right (resp. left) panel. These are the same
sources as Figure after background subtraction. The orange line represents the noise
estimated by the flux uncertainty map for this spectrum and is way overestimated. The
red line represents our estimation of the photon noise, which seems a bit overestimated.
The green (resp. black) line represent the uncertainty estimated on the left (resp. right)
hand side of the spectra, i.e. below 19300 cm™! (resp. above 20950 cm™!). There is a
systematic difference between the left and right estimates of about a factor 2. None of
these estimates evaluate correctly the noise level in the filter bandpass.

e by clipping channels around the position of each line at Andromeda systemic veloci-
ties of Vgyst = -300 km.s~!. We choose the clipped regions to be 5 line-width wide
(i.e. ~ 10 spectral channels, or 55 cm™!) on each side of the line. We call this the
"lines-clipped" method hereafter.

e by o-clipping flux values above 3.5 o. The two-sided p-value of 3.5 in a standard nor-
mal distribution is 4.65x10~%, meaning on our 223 channels wide bandpass, we expect
~ 0.1 pixel to lie that far from the mean. We thus expect that o-clipping should only
affect spectra showing emission lines. We call this the "o-clipped" method hereafter.

Figure [3.4] displays examples where parts of the spectra are used to compute the standard
deviation are highlighted, while Figure [3.5] shows how the two estimations are consistent
with each other. We explain at the end of this Section which one was preferred.

We used the same clipping procedures to measure the mean flux in the spectra. Subtracting
the mean flux allows to turn off objects with continuous emission, specifically resolved stars,
from our detection map.

Having measured these quantities, our detection map pixels are then defined as

Spectra; ; — Mean Flux;

Detection Map,; . = max
pz’] along spectral axis NOiSGi,j
i.e. similar to a signal-to-noise ratio map.
An excerpt of the detection map obtained by o-clipping is shown in Figure [3.6
To discriminate genuine signal from noise on these detection maps, we simulated a white
noise data cube (mean 0, standard deviation 1) with the same dimensions as ours, and
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Pixel to pixel scatter plot of the noise
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Figure 3.3: Pixel-to-pixel scatter plot of the standard deviations measured outside the filter
bandpass on the left and right. Where there were too many points (N > 3) close to each
other, we replaced the scatter markers by a colored pixel with the color representing the
number of points in this pixel. The filled black line represent the one-to-one relation. There
is a clear offset from this line, indicating a multiplicative bias between the two estimates.
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Figure 3.4: Examples of how the two methods affect different spectra (these are the same
sources than Figure . We display in blue the original spectra (background subtracted),
in orange the spectra after o-clipping, and in green after line-clipping. Left : o-clipping
has no effect, whereas we clipped regions around lines whether or not a signal was present.
Right : o-clipping and line-clipping affect differently the spectra. We plot in dashed red
(resp black) the standard deviation of the spectra after o-clipping (resp. line-clipping).
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Pixel to pixel scatter plot of the noise
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Figure 3.5: Pixel-to-pixel scatter plot of the standard deviations measured on o-clipped
spectra or line-clipped spectra. Where there was too many points close to each other (N
> 3), we replaced the scatter markers by a colored pixel with the color representing the
number of points in this pixel. The dashed white line represents the one-to-one relation,
which is in good agreement with the plot, showing the two noise estimation methods are
consistent with each other.
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Figure 3.6: Detection map obtained with o-clipping. Each black region is an emission-
line object. This method enables to remove the effect of the strong luminosity gradient
affecting the field, and shuts down continuous emission point-like sources like foreground
stars.
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Detection Map Median Std

White noise 2.73 0.38
o-clipped 2.74 0.75
Lines-clipped 2.79 0.89

Table 3.1: Median and standard deviation of the different detection maps pixel distribution,
whose histograms are shown in Figure 3.7}

created a detection map out of it by taking the maximum value at each pixel along the
spectral axis.

Histograms of the detections maps computed on the white noise, o-clipped and line-clipped
detection maps are shown in Figure [3.7] with their statistics presented in Table 3.1} The
match with the white noise histogram is good, validating our approach, and an excess
toward high values is clearly visible. We observe in the o-clipped histogram a strong
artifact around a detection level of 3.5, exactly the value used for o-clipping. It is likely
that the noise in spectra containing low signal (lower than 3.5 o) was here overestimated,
lowering the SNR for these pixels. The induced bias is hard to estimate and we discarded
this detection map. The lines-clipped method was thus preferred. The median value of
the lines-clipped SNR detection map (2.79) is good agreement (1%) with the median value
obtained with the white noise detection map, but the excess at high values seems a bit
overestimated between ~ 3 and ~ 3.75. As later discussed, the detection of genuine source
requires a spatial correlation of the pixels of the source due to the Point Spread Function
(PSF) that is not included in the white noise simulation. Hence, many other criteria will
be added to define sources, as described in the next sections.

3.1.2 Detection algorithm

The next step is to measure the positions of the detections corresponding to genuine signal
on this map. Our detection map is a maximum map where flux continuity between adjacent
pixels is not necessarily granted. Hence, we do not expect to see only point-like sources on
this map, and often the Point Spread Function (PSF) is not well defined. For these reasons,
dedicated algorithms for point-source detection such as DAOFIND (Stetson, 1987) and
IRAF starfind (Tody, [1993), based on PSF fit, are not well suited, and failed at efficiently
detecting sources.

We choose instead to define our sources as regions on the detection map containing at least
4 connected pixels with a value above a given threshold. The segmentation image method
described in photutils (see Bradley et al. (2017))) was used for this purpose. It is of high
importance to find a threshold that will guarantee the detection of a maximum of real
sources and a minimum of false positives, and we aimed at optimizing this with respect
to the noise level. We ran our detection algorithm on the white noise and lines-clipped
maps to estimate how many credible sources could be detected for each level. The result
is presented in Figure [3.8 and Table summarizes the number of detections for a few
values of threshold. The number of sources detected on the noise map steadily decrease to
reach 0 before a threshold of ~ 4, whereas it reaches a constant limit for the lines-clipped
map, clearly indicating the presence of sources. To guarantee the detection of a maximum
of sources even at low SNR, we settled on a threshold value of 3.5, where according to this
plot we should have ~10% of false positive detections.
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Figure 3.7: Histograms of the different detection maps. o-clipped and lines-clipped detec-
tion maps agree well with the noise map, with a clear excess at high detection values. The
artifact seen in the o-clipped map around 3.5, the value used for o-clipping, induces a bias
in the SNR estimation that is hard to model. We preferred to keep the lines-detected map
only. The excess seems a bit overestimated at detection levels between 3 and 3.75, but
other criteria (especially the need for spatial correlation) will reduce the number of false
positives.
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no  White noise o-clipped lines-clipped

3.50 1014 3008 8435
4o 0 523 091

4.50 0 450 466
50 0 397 430

Table 3.2: Numbers of detections as function of the threshold. We adopt a loose threshold
of 3.50 as we will apply additional selection steps, based on the characteristics of the
expected signal.

Doing so, we ended up with a list of more than 8400 detection candidates. They consisted
of positions of the centroids of the sources, as well as morphological properties such as
total area, ellipticity or area, i.e. useful quantities do discriminate between real detections
and noise.

3.1.3 Spectra extraction and fit of the emission lines

At each source candidate position, we used ORCS tools (see Martin et al.| (2015)) to extract
and fit the spectra.

Because ORCS uses integer pixel position to extract spectra, we first had to round the
centroid position of our detections. This will explain later why we have a higher than
expected separation when cross-matching our sources with previous detections.

Like Mal8, in order to maximize the signal-to-noise ratio of the sources, spectra of a
3% 3 pixels box around the detection position were summed, from which was subtracted a
background spectrum defined as the median of spectra taken in a 30x30 pixels box minus
the 5x5 central pixels (like in Section . As ORCS is highly sensitive to the velocity
guess provided as input to the fit, a simple Gaussian function was first adjusted to the
strongest line present in each spectra to estimate precisely its position. If this estimate
was included in the [-1200; 300] km.s~! velocity range, where we expect to see Andromeda’s
PNe, it was then used as an initial guess to simultaneously fit the [OIII]5007 [OIII]4959
and Hf lines with a sinc LSF. We forced the fit to estimate the same velocity for each line,
while letting all other parameters free. When the guess on the velocity was not included
in this range, we do not expect the object to be a PNe, and we thus fitted only the HS
line. These fast objects could be for example background galaxies, and will be discussed
in Section Ml

ORCS also offers the possibility to use the convolution of a sinc and a Gaussian to model
the lines, which can be useful when dealing with expanding objects having a velocity
dispersion that would broaden the emission lines. For such a convolution, the resulting

/ 2
line width is given by osinco g = \/Ugmc + cr?; = Oginct/ 1 + (ﬁ) . In Mal8, where the

fits where adjusted by visual inspection, they used this modified LSF where needed and
report broadening values in the range 5-50 km.s~!. In our lower resolution SN2 data cube
(line width = 168 km.s™!), this would represent a maximum broadening of about 9% of
the lines. Besides, this type of fit is very sensitive on the input broadening guess, and is
unstable when used in a systematic way with little visual inspection and correction. Given
the low benefits such a LSF would give us (only a few percent in the broadest sources), we
used only the simple sinc LSF to fit emission lines.
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Figure 3.8: Scatter plot of the number of sources detected for different thresholds. After
a threshold of ~ 4, no more detections are measured on the white noise map, whereas we
reach a limit on the real detection map. We also plot the result obtained on the o-clipped
map, to show how the artifact seen in Fig. [3.7 impacts the detection procedure. We note
also that a low threshold value, the number of sources detected tends to saturate or even
drop a little. When the threshold is very low, the number of connected pixels exceeding the
threshold increase and the algorithm is not able anymore to separate (or de-blend) sources
next to each other. Multiple sources can be confound with a big one, and the number of
detections reaches a limit.
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Figure 3.9: Example of a fit on a source candidate. All lines are fitted simultaneously at
the same velocity. A sinc LSF is used to model the emission lines.

Finally, we used the estimated background spectrum to fit the local gas velocity, which is
identified by its [OIII] emission line. For this line, the sinc FWHM is dominated by the
kinematic broadening, and a simple Gaussian LSF was used. Only the velocity of the line
could be safely determined as the absorption of the stellar background strongly affects the
flux of the line and is hard to properly estimate. A different approach to determine this
flux will be presented is Section [5.1.1}

We present in Figure [3.9] an example of a fitted spectra, with a zoom on the core of an
emission line. The sinc LSF is well fitted with ORCS methods. The fitting procedure
directly provides the velocity of the lines as well as the flux contained in each of them and
their respective errors. For each line, a Signal to Noise Ratio (SNR) is also outputted,
defined as the ratio between the flux of the line and its uncertainty.

We note that some spectra have a non symmetric LSF. An example is given in Figure [3.10
Martin and Drissen| (2017) describes in detail this phenomena, that is due to an incorrect
phase correction in the reduction process. Such a deformation leads to error both on the
position of the centroid of the line as well as on the measured flux. When comparing
with Figure 3 of [Martin and Drissen| (2017)), the phase offset in our spectra seems small
(less than %), and corresponding errors are of the order of a few percents. This affects
differently different regions of the FOV, and its correction is beyond the scope of this work.

After fitting all the source candidates, we considered an emission line as detected if it had
a SNR higher than 3, and kept only candidates having at least one line detected. This cut
lowered the number of detections to only 3767, out of the 8435 candidates. The measured
flux for the undetected lines has been replaced by 3 times the level of noise in the spectra;
these will be used as upper limits. This cut lowered the number of detections by a factor
of more than 2, which is puzzling as we tuned our detection method, presented in[3.1.2] to
detect sources having a SNR higher than 3.5, and estimated only 8.5% of false detections.
This discrepancy is due to the fact that the detection map build in Section [3.1.1] was made
pixel by pixel, while here we use a 3x3 binning to extract spectra. This binning smoothed
the signal in source candidates that were actually only fluctuations.

20100
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Figure 3.10: Example of a spectra with a non-symmetric LSF. The blue curve is the original
spectra, while the orange one is a sinc fit. This deformation has been explained in |Martin
and Drissen| (2017) and affect both the measured flux and velocity of the line.

We show in Figure [3.11] histogram of the maximum measured SNR (between the 3 lines) for
each source. This limit of 3 on the SNR is rather a lower bound, as after visual inspection,
it is not obvious that sources having such a low SNR really exhibits emission lines. Our
sample is actually polluted by a lot of sources whose dominant line is H3 at very low SNR.
We redefined our criteria for detection to reduce this population. We kept only sources
having either:

e a SNR in the [OIII]5007 line higher than 3. This is the strongest line for Planetary
Nebulae. This threshold still includes some noise, that will be used to estimate our
limit of detection (see Section This represents 1090 objects.

e OR a SNR in the Hf line of at least 5. 205 objects match this sole criterion. They
can be HII region (no strong [OIII] emission but still part of M31) or background
objects at high velocities.

We summarize the number of detections with respect to the different cuts in Table
The final detection catalog to be analyzed thus consists of 1295 objects. It certainly still
contains some noise, that will be discussed when computing the luminosity function in
Section @l Table [3.4] summarizes the number of sources where the different emission-lines
were detected.

3.2 Source matching in SN3

To fully understand our detection and be able to classify them using diagnostic diagrams
(see Section we need to measure Ha, [NII| and [SII] fluxes, or at least obtain lower
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Cut Number of detections
4 pixels connnected with a value above 3.5 8435
___ on the lines-clipped detectionmap "
At least one emission line 2667
,,,,,, with a SNR higher than3 7
[OIII]5007 SNR. > 3 1295

OR HB SNR > 5

Table 3.3: Numbers of detections with the different cuts.

Line Number of sources showing this line
[OIII]5007 1090
[OI11]4959 430

HS 474

Table 3.4: Numbers of sources showing a measured flux higher than 3o for the different
SN2 lines in the final catalog.
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Figure 3.11: Histogram of the maximum SNR of lines [OIII]5007, [OIII]4959 and HS for
each detection. The red histogram corresponds to the 3767 sources having at least one
line with a SNR higher than 3, and the blue histogram corresponds to detections where
Hp is the strongest line detected (highest SNR). One can see that this sample generates
the most detections at low SNR. It probably gathers both low ionized interstellar medium
such as filaments or clouds, and noise. The disentanglement of this phenomena is beyond
the scope of this thesis, and we focused therefore on more truthful detections when no
[OIII]5007 line were observed. The criteria quoted in the text define the green sample on
this diagram. Detections at low SNR have been reduced by a factor 10.
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Line Number of sources showing this line
Hao 533

[NII]6583 256

[NIT]6548 117

[SIT]6716 18

[SIT|6731 10

Table 3.5: Numbers of sources showing a measured flux higher than 3o for the different
SN3 lines in the final catalog.

bounds on their level. Mal8 catalog contains ~800 sources with detections in Ha and
flux estimations of the [NII] and [SII] doublet. Many sources can be cross-matched (~ 440
actually, see later) with this catalog, but a lot do not have counterparts. We thus decided
to re detect ourselves sources in the SN3 data.

Even if SN2 and SN3 cubes are taken on the same FOV, there is no guarantee that they
can be compared pixel-to-pixel, due to different optical deformation of the instrument and
possible misalignments. We thus used the previous astrometric calibration (Section
to get physical positions of our SN2 detections, and computed back their pixel coordinates
in SN3. Because the spectrum extraction and fit with ORCS has to be done on integer
pixel positions, a rounding is necessary. To avoid a bias induced by this rounding, we
looked for a local maximization of the SNR + 1 pixel away of the computed position, in
each direction.

The fit was then performed in the same manner than in SN2 : the spectrum was extracted
in a 3x3 pixel box, and corrected for the local background. The 5 lines Hey, [NII]6583,6548
and [SII]6716,6731 were fitted simultaneously, at a velocity bounded in a £ 30 km.s™!
range around the velocity measured in SN2. This time, the LSF used is the convolution
of a sinc and a Gaussian, as the broadening can be comparable to the intrinsic line width
(~42 km.s~! in SN3) and thus affect its shape and flux (see Section [3.1.3). A constant
broadening guess of 20 km.s~! has been used.

Like in SN2, we declared a line as identified when its SNR was higher than 3 (again, this
is more like a lower bound); flux of the undetected lines have been replaced by 3 times the
level of the noise on the spectra, and are therefore upper limits. On the 1215 candidates,
533 objects show a detection in Ha. We gather in Table the number of sources where
the different emission-lines were detected.

Using Mal8 analysis, we corrected the measured fluxes for the modulation efficiency bias
(1.13) and the HST flux calibration (5gg51g55;) leading to a correction of 1.17 + 0.017.
The aperture loss correction is discussed in the next Section.

3.3 Aperture-Loss Correction

The 3x3 binning we used to extract and fit the spectra does not capture the whole extent
of the source, and the flux measured in the previous Sections need to be corrected for this.
In Mal8, they performed a statistical analysis on mock PSF and concluded on a 1.88 +
0.07 factor to apply everywhere in the cube.

But the exact Point Spread Function (PSF) is actually not well-known, and does not have
the same shape in the whole FOV. In Figure [3.12] we show a excerpt of the deep frame
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Figure 3.12: Excerpt of the SN2 deep frame showing an elongation of the PSF. This
elongation is stronger in the corners of the frame, and always seems to be oriented toward
the center. This leads us to believe this artifact is an instrumental optical effect.

in a corner of the SN2 field, where the PSF is clearly elongated toward the center. This
can be due do a misalignment of the two interferometric cubes in the reduction steps, or
uncorrected optical distortions in the instrument spreading the PSF in one direction.

We developed for SN2 a more systematic approach to correct the source flux depending
on its position in the FOV. To properly analyze this corrective factor, we used only our
strongest and most reliable detections, defined as the ones having a SNR on the [OIII]5007
line higher than 10 (381 sources). We build for each of them a 30x30 pixels flux map
centered on the source position, consisting of the sum of the (background subtracted)
spectral channels around the detected lines up to 1 spectral full width at half maximum
(FWHM) (see Figure for a more graphical explanation). The flux of up to 3 emission
lines can thus be summed on this frame. This map does not pretend to hold the whole
flux coming from the object, but can be used to study how the flux behaves when moving
away from the center of the source.

To estimate the corrective factor to apply, we performed on this map aperture photometry
in squares of increasing side length, to build a growth function of the flux of the source
when moving away from the center. We modeled the PSF with a 2D Gaussian, meaning
that our 1D growth function could be computed as :

YQ
Flux(r / / 2 ¢ 2 dXdY
27T

with X = =50y = yo being the coordinates of the center of the source, o,, oy
the standard dev1at10ns along each axis, and A the amplitude of the Gaussian.
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Figure 3.13: Example of the background subtracted spectrum of a source used for the flux
correction analysis. To build the flux map of this source, we summed the (background
subtracted) spectrum between the dashed red lines. This corresponds to £ 1 FWHM
around the position of the detected lines. The created flux map is shown in Figure

We know that for a 1D Gaussian probability distribution:

P(X <2)=2(z) = \/12—%/;65‘1’5 N % [1 et (é)]

and thus:

as erf is an odd function. The flux encapsulated in a box of side length r can then be
rewritten as :

Flux(r) = A x P(X € [_27“ ;]) < P(Y € [_27“ ;]) (3.1)

—Axerf(g_x())erf 2 Y0 (3.2)
20,12 2ay\/§ '

We fitted the growth function for each detection with this model. The total flux of the
source is obtained as the limit of the fit at large r, i.e. the amplitude A (lim,_,~ erf(z) = 1).
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Figure 3.14: Left : Example of a flux map obtained by summing the detected lines (see
Figure. Here, the 3 emission-lines are used to build the map. Right : Growth function
computed with aperture photometry on the flux map and fit of this function with Eq.
The limit of the fit at large r gives the total flux of the source, while we fitted emission
lines only in a box of side length 3. The ratio of the two gives the factor that should be
applied to correct for aperture loss.

Because we fitted emission-lines only in a box of side length 3, the aperture loss correction
factor is obtained as the ratio of the limit of the flux to the flux measured at r = 3, i.e. :

lim, o Flux(r) A
Flux(r =3)  Flux(r = 3)

Aperture FC =

From the growth function fit, one can also estimate an equivalent spatial FWHM, defined
as the value r at which the flux reaches half of its limit. Four our aperture loss correction, it
is important to remove from the sample detections that are actually not point-like sources.
We show in Figure [3.15] the histogram of the measured FWHM on our sample. An excess
is visible above a FWHM of ~ 5, which can be related to the presence of extended sources.
But this can also be explained by the presence of two sources close to each other, or a bad
background subtraction (close to the center, the gradient is strong even in a 30x30 box).
In those cases, the estimate on the flux limit is biased. We thus discard them by keeping
only detections with a FWHM lower than 5 to compute the aperture correction.

The 2D map of correction factor is shown in Figure[3.16] The map shows a spherical struc-
ture, confirming that the effect is probably due to optical deformation in the instrument.
Because of this, we choose to fit this map with Zernike polynomials, like for the velocity
correction in Section . A 10" order polynomial has been chosen this time. The fitted
map, as well as the histogram of the residuals, is shown in Figure [3.16] The histogram
shows a much more normal distribution, with a median of -0.03 and a standard deviation
of 0.30.

This fitted map has been used to correct the flux of all our detections, and the residual
error of 0.30 has been taken into account into the flux error estimation.

To compare with Mal8 estimates of 1.88 4= 0.07, we reproduced the same procedure on SN3
data. Considering only sources with a SNR on the Ha line higher than 10 (296 objects),
we fitted a growth function with the model defined in Equation[3.1} Once corrected for too

15.0
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Figure 3.15: Histogram of the equivalent FWHM for detections in our sample. The FWHM
has been estimated from the fit of the growth function, as the radius at which the flux
reached half of its maximum. We see some outliers at FWHM > 5, that we discard for
now to focus on point-like objects.

high FWHM objects (extended sources, close sources or strong background, see above),
the aperture flux correction can be computed. We show in Figure [3.17] the 2D map of the
correction factor as well as the histogram of its distribution. The median value of 1.84 is
close to Mal8 estimate of 1.88 and validates the approach. We however see a much broader
deviation from this value, due to high correction factors measured in the corners of the
FOV, where the sources are particularly elongated. Like for SN2, a Zernike polynomial has
been adjusted on the 2D map. The residual of the fit are centered on -0.36 with a dispersion
of 0.248. This fitted 2D map represents more truthfully the correction factor across the
whole FOV and has been preferred over Mal8 estimate to correct for aperture loss in the
SN3 measurements. This will lead to a small bias when comparing our detections with
Mal8 catalog (see Sec. [3.4)).
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map of the aperture loss correction factor in SN2 data, and

histogram of its values. Bottow row : Zernike fit of the map, and histogram of the residuals.
After the fit, the correction is recentered on -0.055 with a standard deviation of 0.324. This
error on the correction factor has been included in all the uncertainties.
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Figure 3.17: Map of the aperture loss correction factor in SN3 data, and histogram of its
values. The median value is close to Mal8 estimate of 1.88, validating the approach. But
the dispersion is much broader, due to the PSF elongation in the corner that we took into

account. After fitting a 1
centered on -0.036 with a standard deviaiton of 0.248.

Oth

order Zernike polynomial on the 2D map, the residuals are
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Figure 3.18: Histogram of the angular separation in arcseconds between positions measured
in the SN2 cube and their matches in Me06 catalog. The median separation of ~1.1” has
already been observed between Me06 and Ha06 in the FOV we are cross-matching, and is
a bias inherent to Me06 data. The standard deviation of ~0.38” is compatible with Me06
uncertainty of ~ 0.6”.

3.4 Comparison with previous catalogs

To double check the quality of our calibrations and corrections, and to evaluate our com-
pleteness, we can compare these detections with previously cataloged PNe in M31.

3.4.1 Comparison with Merrett et al.| (2006)

Merrett et al.| (2006) has investigated PNe in M31 in a very large area (up to 1.5° away from
the center), using a specifically designed instrument (Planetary Nebula Spectrograph) for
the explicit study of [OIII]5007 emission-line objects. The catalog reports 338 detections in
our FOV, what makes it an ideal sample to compare with our SN2 data. 318 cross-match
were found with our catalog (94% overlap).

We show in Figure [3.1§ a histogram of the angular separation. The separation seems to
suffer from a systematic error of ~ 1.17. Me06 has checked its astrometric calibration
with Halliday et al.| (2006)) (hereafter Ha06), and quotes a systematic offset of ~1” in the
central fields, i.e. precisely where our cross-match has been performed, explaining our
angular separation. Ha06 concludes that this offset can be present in either Ha06 or Me06
datasets, but our comparison tends to show that the bias comes from Me06. The dispersion
of ~0.38” is compatible with Me06 quoted dispersion of 0.6”.

The velocity calibration can also be assessed. We show in Figure [3.19] a scatter plot of
Me06 velocities against our measurements, as well as a histogram of the difference. The
agreement with a one-to-one relation is correct. The median of the difference is centered
on -0.62 km.s~! with a standard deviation of 16.1 km.s~! that is compatible with Me06
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Figure 3.19: Left : Scatter plot of Me06 velocities against our measurements. The dashed
black line represents the one-to-one relation, and is in good agreement with the data. Right
: Histogram of the difference. The median of -0.62 km.s~! shows no systematic bias in our
velocity estimation, while the dispersion of 16.1 km.s~! matches Me06 uncertainties of 17

km.s~ 1.

uncertainties (17 km.s~!). No bias seems to affect our velocity estimation.
Finally, the flux calibration can be estimated. Following the definition of |Jacoby| (1989)),
we computed from the flux in the [OIII]5007 line the relative msoo7 magnitude as :

ms007 = —2.5logyo(Fs007) — 13.74

We show in Figure [3.20] the scatter plot of Me06 msp07 magnitudes against our estimation,
as well as a histogram of the difference. There is a systematic bias of about 0.1 mag-
nitudes, well above Me06 uncertainties of 0.06 magnitudes, and translating in a ~ 9.6%
overestimation of the flux. This bias is probably due to an incorrect modulation efficiency
estimation in the reduction pipeline (see and |[Martin and Drissen| (2017)). This goes
in the same direction as the conclusions of our flux calibration procedure, where an over-
estimation of ~ 11% of the flux was found with respect to HST images in the very center
of our FOV (see Section [2.3.3). The dispersion of 0.33 magnitudes translates to an flux
uncertainty of ~ 35% with respect to Me06, a bit higher than the 32% estimated after
aperture flux correction. In the end, because we could not obtain a a good knowledge
of the modulation efficiency calibration, and because the observed bias is anyway smaller
than the associated uncertainties, we did not correct our measured fluxes in consequence.
Further investigations need to be conducted to refine more our flux calibration.

We will discuss the completeness of the catalog in Section [4.2

3.4.2 Comparison with Martin et al. (2018)

The best pairing for our SN3 detections is naturally Mal8 hand classified catalog, based
on the exact same observations. No calibration effect can of course be detected from this
comparison, but we can check the performance of our automated procedure. From the 533
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Figure 3.20: Left : Scatter plot of Me06 msgp7 magnitudes against our measurement, with
error bars. The dashed black line represents the one-to-one relation. Right : Histogram of
the magnitude difference (Am = msopo7 Me06 - ms007 SN2). There is a systematic offset of
0.1 magnitudes in our mspp7 measure (well above Me06 uncertainties of 0.06 mag), implying
an overestimation of the flux of ~ 9.6%. This can be explained by an incorrect modulation
efficiency estimation, that could not be firmly tested in Section m

objects having a detected Ha line, 445 could be found in Mal8.

Again, we compared the angular separation in the match and the correspondence in terms of
velocities and measured flux, respectively in Figures[3.:21]and [3:22] The angular separation
shows a median error of 0.29” (less than one pixel scale) due to the necessity of rounding
pixel positions when extracting spectra. Outliers having a larger separation (above 0.6”)
correspond to extended sources, where the visually determined position by Mal8 can be
different than our automated SNR optimization.

Velocities are in very good agreement, with a median error of 0.34 km.s~!. The dispersion
of 3.3 km.s~! is higher than the uncertainty quoted in Mal8 (2.21 km.s~!), and could be
due to the slight misalignment on the positions.

Concerning the flux, a linear fit of the scattered data indicates a slope of 0.949. This
disagreement is actually due to our different method to estimate the aperture flux loss (see
Section . When using the 1.88 value quoted by Mal8 instead of ours, the data becomes
compatible with a line of slope 0.999.

These 445 cross-matches also imply that 352 sources from Mal8 catalog were not detected
in the SN2 data, i.e. do not emit in the [OIII] or HA lines. Very Low Excitation (VLE)
PNe as described in Frew and Parker| (2010) can have no [OIII| emission. They could also
be Ha stars as discussed by [Prichard et al. (2017). The compared study of such stars with
PNe would nicely complete the analysis of their implication on the stellar evolution and
ISM enrichment of the galaxy, but is beyond the scope of this thesis.

15
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Figure 3.21: Histogram of the angular separation in arcseconds between our position es-
timates in the SN3 cube and their matches in Mal8 catalog. The median error of 0.29”
comes from the rounding of pixel positions.
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Figure 3.22: Left : Scatter plot of Mal8 velocity against our measurement. The data is in
very good agreement with the dashed black line representing the one-to-one relation. The
velocity difference is centered on 0.34 km.s~! with a dispersion of 3.3 km.s~!. Right : Scat-
ter plot of the flux measured in the Ha line by Mal8 against our measure, with error bars.
The blue line represents a linear fit of the data, with a slope of 0.949 (and an intercept of
7.09 x 10~%%, below the computer numerical precision). When using Mal8 aperture correc-
tion factor of 1.88 instead of our source-dependent estimate, the data becomes compatible
with a line of slope 0.999.
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Figure 3.23: Example of the 2D fit of a source on the flux map computed as in Figure
The model used is a 2D Gaussian, and the goal is to measure the axis ratio between x and
y FWHMs. Here, FWHM, = 4.38 and FWHM,, = 3.45, implying a ratio of 1.27, i.e. a
27% elongation.

3.5 Separating extended sources

For now, our catalog contains both point-like and extended sources. In Section [3.3] we
already used some criterion to discard non-point like emitters. But as mentioned there,
this procedure also discarded real point-like sources having a close by bright neighbor, as
well as those where the background gradient was badly estimated in the 30x30 flux map
(especially in the close to the center where it varies a lot), inducing a bias in the growth
function.

To improve the distinction, we would like to estimate the ratio of the elongation of the
PSF in each direction. Even where the PSF is deformed, we should be able to distinguish
between elongated point-like sources and other non-round sources like gas filaments or HII
regions. In our flux growth model before, elongation on the x and y direction already appear
as free parameters, but are strongly correlated. We therefore re-fitted a full 2D Gaussian
function on the previously defined flux map (see Figure, to get better estimates of the
x and y FWHMSs (see an example in Figure . It appears that the worst deformations
of genuine point-like sources can lead to a factor of about 2 between the two directions.
The elongation seems to have a preferred orientation, as the PSF always appears to be
stretched toward the center of the FOV. An improvement of the method would be to make
our FWHM ratio cut depend of the position of the source in the cube. For now, sources
with a FWHM ratio not included in the [0.5; 2| range in none of the 2 cubes were classified
as extended (411 sources).

3.6 Limit of detection

For now, we considered a line as detected if its signal to noise ratio was higher than 3.
This is kind of arbitrary and may not reflect the real nature of the detection. We tried
to estimate a more sensible threshold by fitting the [OIII]5007 SNR histogram of our
detections, which should show two distinct populations, noise and sources. We show in
Figure [3.24] a Gaussian fit of the histogram. We observe a steep decrease in the number of
detections between SNR 3 and 5, that is well fitted by a Gaussian, and that is probably
populated by false detections. The fit indicates that our catalog is dominated by noise up
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Figure 3.24: Histogram of the measured Signal to Noise ratio of the [OIII]5007 line of our
detections. Error are assumed Poisson distributed, which is correct at low SNR where the
bins are well populated. A Gaussian function efficiently fits a "false positive" population
at SNR < 5. The noise is negligible from a SNR of 6 onwards.

to SNR ~ 5 and that detections are truthful above 6. To be able to discuss our detection
limit later, we keep all data points in our catalog, while keeping in mind that below a SNR
of 6 we might be looking at noise.
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Results

4.1 Diagnostic Diagrams

With the combined observations of our SN2 and SN3 filters, we are able for the first time to
plot complete diagnostic diagrams for emission-line detections in M31. We present here the
combination of 3 diagnosis diagrams, that have been used in the literature to efficiently
classify PNe and separate contaminant population like Super Novae Remnants and HII
regions.

4.1.1 SMB diagram

The Sabbadin, Minello, Bianchini (1977) (SMB) is described by Frew and Parker| (2010))
as a powerful tool to classify emission-like objects. We show in Figure our detections
plotted on this diagram.

We observe a shift of our data with respect to Galactic objects observed by |[Frew and
Parker| (2010), both in Ha/[NII] and He/[SII| ratio. In fact, we miss the Type I PNe
identified in the Galaxy by Kingsburgh and Barlow (1994), that are expected to have
strong [NII| emission. |Jacoby and De Marco| (2002)) analyzed PNe in the Small Magellanic
Cloud and found on the contrary an excess of Type I PNe. They found a correlation
between an increase of the [NII]/Ha ratio (a possible characteristics of Type I PNe, known
to be nitrogen rich) and the decrease of the PNe magnitude. They argue that these type
of PNe, presumably descending from more massive stars, contain a fair amount of dust,
lowering their apparent brightness. Because of the strong luminosity gradient of M31, our
sensitivity is low and the completeness limit of our sample is ~ 23.5mag in the msygr
relative magnitude (see Section , with the faintest objects having msgor = 25. We
might thus miss this type of PNe if |Jacoby and De Marco (2002) claims are valid.

But this is probably not the only reason. Indeed, these massive stars progenitors of Type I
PNe must come from star forming regions. As discussed in the next section, we do detect
signs of star formation in M31’s bulge. Indeed, we do have compact HII region candidates
(see Section , and we detect Ha gas in this region. However, this star formation
activity is different from the large locus of star formation detected further in M31 disc e.g.
in the 10-kpc ring (Amiri and Darling), 2016; |Azimlu et al., [2011; Kang et al| 2011). It is
probably similar to the very compact HII regions, detected by [Urquhart et al.| (2013), in
the Galaxy, suggesting that the star formation activity is occurring in small gas complexes.
This is supported by the detection of small molecular gas clumps in this region (Melchior
and Combes| (2017), Dassa-Terrier et al. in prep.). We can tentatively argue that M31’s

45
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Figure 4.1: Our sources plotted on the SMB diagram (Sabbadin et al., 1977), with error
bars. We used upper limits on the X axis when none of the [SII] doublet lines were detected,
and upper limits on the Y axis when none of the [NII| doublet lines were detected. Orange
data points have upper limits in both X and Y direction. Light red points only have an
upper limit on the X axis. Red crosses have an upper limit of the Y axis or none. Blue
color has been used for extended sources (see Section . Black dashed line have been
replicated from [Frew and Parker| (2010). In particular, the middle one is supposed to
indicate the position of Type I PNe and is not populated here.

bulge region having a low star formation activity, this region may lack of massive stars
progenitors and thus of Type I PNe.

We can pursue using the SMB diagram as a classifier. First, the three detections having
a Ha/|NII| ratio above the highest dashed line could be potential HII-regions. One of
them also falls in the HII region of the BPT diagram (see Sec. . We flag these three
sources.

The bottom left blue data point corresponds to a previously detected Supernovae Remnant,
classified by Lee and Lee| (2014) and confirmed in Mal8. We show its flux map and spectra
in Figure The other red detections in this area could also be Supernovae Remnants,
and we flag them for now in consequence.

Due to the high uncertainty on the measurements, especially on the [SII] lines, no effi-
cient classification can be made for the rest of the sources, and they are all considered at
this point as PNe candidates. We show again in Figure [1.2] the SMB diagram with our
categorized candidates.
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Figure 4.2: SMB diagrams with classified sources. The previously confirmed Supernovae
Remnant is shown in black, and new candidates, based on this diagram, are shown in blue.
We plot in dark green two HII regions candidates estimated from this diagram, and in
light green two candidates estimated from the BPT analysis (see Sec. . The ’olive’
data point is an object classified as Hii-region both in the SMB and BPT diagrams. All
the other red dots are considered as potential PNe at this point.
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Figure 4.3: Left : Spectra of the Supernovae Remnant in both SN2 and SN3 cube. The
orange line is ORCS fit of the lines. Right : Flux map obtained like in Section [3.3] This
object has already been classified by Lee and Lee| (2014) (#41) and Mal78 (SNR3).

4.1.2 [OIII]-Ha emission-line space

Me06 and [Herrmann et al.| (2008) have used cuts in the [OIII]-Ho emission-line space to
define PNe regions. The idea behind this plot is that HIl-regions usually have stronger
Ha than [OIII]5007 emission, at least for the brightest objects. Indeed, Frew and Parker]
(2010) warns for very-low excitation PNe where Ha can dominate. One should thus be
able to distinguish HII-regions from PNe in the brightest side of the diagram. However,
a recent study of Davis et al.| (2018) has shown how such a diagram can not disentangle
PNe from Supernovae Remnants objects. We show in Figure our detections plotted in
this diagram. We converted [Herrmann et al. (2008)) classification curve from absolute to
relative magnitude using

M[OIII] = M5007 — AV — M (41)

with an extinction of Ay = 3.1E(B — V) = 0.19mag with E(B — V) = 0.062 mag (from
Schlegel et al.| (1997)) and a distance modulus p = 5log D — 5 = 24.38 mag with D = 750
kpe (from [Freedman)| (2000))).

The HIl-region candidate found in both SMB and BPT diagram is the only one falling
under Herrmann et al.| (2008)) classification curve, arguing even more for its classification.
The two SMB classified HlI-regions fall however in the PNe zone, despite their relatively
low msgp7 magnitude. They become less plausible HII candidates. Nothing can be said
about the two BPT classified HII regions, as they are very faint.

We confirm Davis et al. (2018]) claims, as the confirmed and the 3 candidates Supernovae
Remnants are all in the PNe region.

4.1.3 BPT Diagram

Finally, the Baldwin, Phillips & Terlevich (Baldwin et al.| [1981) diagram is also an effi-
cient tool to categorize our detections. It has been primarily used to separate star-forming
galaxies (dominated by HII-regions where the ionization source are newly born stars), and
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Figure 4.4: Flux ratio F([OIII|5007)/F(Ha + [N II}) with respect to the relative msoo7
magnitude. The color-code is the same than Data points in orange are the one having
only an upper limit on the Ha + [NII| flux. Data with a signal ratio on the [OIII]5007 line
below 6 are shown in fainter colors. Dashed black line is the one reported in

(2008]), converted in relative magnitude using the relation We highlight the
supernova remnants and HII regions candidates described in Section
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Active Galactic Nuclei (AGN) (where ionization comes from the hot accretion disk around
the central Black Hole), but is also well suited to distinguish HII-regions from PNe (see
Frew and Parker (2010) and Kniazev et al.| (2008))). We show in Figure a first BPT
diagram, using the [NII|/Ha ratio.

As expected, our detections mostly fall in the PNe region. 13 sources lie below the dashed
black line and present the characteristics of HIl-regions, 3 of them having a measured ve-
locity within less than 5 km.s~! away from the gas velocity (measured on the background
spectrum (see Sec ) This 3 objects could be young star forming regions still kine-
matically linked to the gas of the disk. One of them matches one of the identified HII
region from the SMB diagram (see Sec. , and the two others have been plotted on
previous diagrams (see Fig and and are consistent with their classification. We
classify them definitely as Hll-regions, and remove them from our PNe candidates sample.
These point-like star forming regions have not been detected before, and may have been
missed by surveys not having the combined spectral and spatial resolution we have. If
these detections are confirmed, this is coherent with the detection of dense molecular gas
in this region (Melchior and Combes, 2016), as well as small molecular clumps with IRAM
interferometric observations (Melchior and Combes, 2017, Dassa-Terrier et al., in prep).

The case of two most right extended sources (blue with a lower limit on the [NII]/Ha
ratio) is interesting: the top one is the supernovae remnant from [Lee and Lee| (2014)
already discussed previously. The other one, after visual inspection of the flux map, is
very extended spatially and could be a gas filament.

All the other sources are presumed to be PNe candidates. We plot again the BPT diagram
to better identify the groups. The categories obtained with the SMB diagram (see Section
are plotted on top, with the same color code than in Figure The two HII-
region candidates identified in the SMB diagram fall in the PNe region, which confirms
the previous [OIII]-Ha diagnosis (see Sec[d.1.2)). [SII] lines are very weak and are detected
only in a few sources (see Table [3.F). The SMB classification strongly relies on [SII]
measurements, which can explain this biased classification. The HII-region matching SMB
and BPT classifications is however conforted in its status.

The supernovae remnants classified on the SMB seems to gather in a well-defined region
of the BPT. We found no strong classification of Supernovae Remnants based on BPT in
the literature, but we note that [Frew and Parker| (2010) Supernovae Remnants were also
found on this right hand side of the diagram. A detailed analysis of the sources detected
in this region could strengthen the detection of several supernovae remnants.

Last, the BPT diagram using the [SII] emission-line is displayed in Figure . We only have
18 sources having a measured [SII| flux higher than 30, and the diagram is mostly populated
by upper limits. Nevertheless, the classification of our HII-regions and supernovae remnants
seems comforted.

In the end, and for the rest of the analysis, we put aside the 3 compact HII regions
candidates found in the BPT diagram, as well as 4 the supernovae remnants (3 candidates
and one confirmed) and the extended sources (the one having a FWHM ratio between x
and y axis not in the range [0.5; 2], see Sec . We resume the classification numbers in
Table 1.1

Our final PNe sample thus consists of 766 source candidates, with 527 being confirmed by
a Signal to Noise ratio higher than 3 in the [OIII]5007 line. This extends the previously
known sample of Me06 in the same FOV by at least 60%. This large sample will enables
us to conduct now a detailed study of the Planetary Nebulae Luminosity Function.
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Figure 4.5: BPT diagram, showing the [OIII]/Hf flux ratio versus [NII|/Ha flux ratio.
Data with a SNR lower than 5 are displayed as faint black crosses. An upper or lower
limit is displayed when the flux could not be measured at a SNR higher than 5. Faint red
points indicates an upper limit on the HZ and Ha or Ha only lines. Orange is for upper
limit both on H 3 and |NII] flux, and yellow for [NII| only. Green stands for an upper limit
in the [OIII] flux and eventually [NII|. Blue corresponds to extended sources as defined
in Sec Finally, red crosses are data where all four fluxes could be determined. The
classification curves come from [Kewley et al| (2001)) (filled black line) and Kauffmann et al.|

(2003) (dashed black line).

Category Number of sources
Supernovae Remnants 4
HII compact regions 3
Point-like PNe candidates 766

Point-like PNe candidates with

SNR [OI11]5007 > 6 o1

Table 4.1: Numbers of sources included in the different classified categories. The distinction
of the PNe sample on the Signal to Noise ratio value is based on the analysis of Section

B4
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Figure 4.6: BPT diagram with our different source candidates, with the same color-code
than in Figure The two SMB classified HII-regions are discarded and considered as
PNe, as they fail both the [OIII]-Ha and BPT classifications. Supernovae remnants seems
to gather in a well defined region of the BPT, where Galactic supernovae remnants of [Frew]
and Parker| (2010) were also found.
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Figure 4.7: BPT diagram with the [SII] flux ratio. The color-code is the same than Fig|4.2
Classification curves come from |Kewley et al. (2001)). The diagram is mostly populated with
upper limits and no strong statement can be made. Nevertheless, supernovae remnants and
BPT classified Hll-region seem to occupy well defined regions of the diagram, confirming
their nature.
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Figure 4.8: Distribution of the relative magnitude msgg7 of our detections. In blue, Me06
magnitudes of the 318 sources matching our catalog. In green, red and black, our detections
having respectively a signal to noise ratio higher than 3, 6 and 10.

4.2 Planetary Nebulae Luminosity Function

4.2.1 Completeness limit

We show in Figure @ the distribution of the relative magnitudes mggg7 for different thresh-
old on the signal to noise ratio of the detections, and compared to msgp7 magnitudes re-
ported by Me06 that matched our detections. We remind from Section [3.6] that all sources
are reliable above a SNR of 6, while they are strongly contaminated by noise between 3
and 5. Because of the strong luminosity gradient in M31, our completeness limit should
be determined as a function of the position in the FOV. For now, one can estimate that
we are complete to msgor ~ 23.5 everywhere in the FOV, while still detecting objects up
to mso007 = 25.

4.2.2 The bright-end cutoff of the PNLF

The Planetary Nebulae Luminosity Function (PNLF), describing the number density of
PNe over a range of magnitudes, has a remarkably uniform shape, first proposed by ((Cia-
rdullo et al., |1989) as :

N(M5007) x e0.307]\45007 (1 . e3(M§‘0077M5007)> (42)

where Mjsoo7 designates the absolute magnitude of the flux contained in the [OIII]5007
emission-line, and M:,,, the bright-end cutoff of the population. This form has been
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Figure 4.9: Fit of the PNLF. The distribution is populated by detections having a SNR
in the [OIII]5007 higher than 6. Noise in the bins is estimated as Poisson distributed. We
constrained the fit only on data up to our completeness limit, i.e. 23.5. From this fit, we
estimated mg,,; — 20.14 £ 0.248.

used to successfully fit observations in many different systems. In particular, the value of
the bright-end cutoff (M7, = 4.47, |Ciardullo| (2012])) seems constant across all samples,
independently of the galactocentric radius of the survey, and this has been used as a
standard candle for distance measurements (e.g. |[Feldmeier et al.| (1997) on spiral galaxies,
Herrmann et al| (2008)) on face-on galaxies), with a precision of ~ 10%.

Because all our objects belong to Andromeda, and can be considered at the same distance,
we can use this to fit shape to fit on relative magnitudes. We show in Figure our fit of
the PNLF.

The fitted bright-end cutoft of mZyy,; = 20.14 + 0.248 is in very good agreement with values
estimated by Me06 (20.2 + 1) and |Ciardullo et al] (1989) (20.17). Using[4.1] one can even
deduce back Andromeda’s distance, as:

mgoor — Mipor — Av +5
5

log D =

yielding a distance D = 765 + 87 kpc, in very good agreement with literature values (e.g.
780 £+ 40 kpc, de Grijs and Bonol (2014))).

This universality is problematic. [Marigo et al. (2004) have modeled the stellar evolution
of PNe, and argue that the bright-end cutoff of the PNLF is populated by PNe whose
progenitors are ~ 2.5Mg stars. Such stars are only present in systems of age < 1 Gyr, and
are expected to be linked to the last burst of star formation. If this can be seen in galaxies
with recent and on-going star formation, it is problematic to see such bright objects in old
elliptical galaxies. For old stellar populations, Marigo et al.| (2004) predicts a msoo7 that
could be 5 magnitudes dimmer, which is not observed. An alternative has been proposed
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by (Ciardullo et al.|(2005) that part of the PNe originate from binary systems where mass is
accreted from a companion, which could explain the presence of more massive progenitor in
old stellar population. It would be interesting to compare our sample with X-ray emitting
sources, that are often binary stars, to see if a spatial correlation can be found.

In the following, we further explore the PNe luminosity function and provides arguments
that PNe associated to disc stellar populations are probably part of our catalog.

4.2.3 A PNLF made of two populations

The shape of the mggg7 distribution requires more attention. Indeed, there is a departure
from the fitted PNLF curve around ~ 22 mag, i.e. 2 mag below the brightest PNe. Such
a dip in the PNLF has already been observed in the SMC and the LMC (Jacoby and
De Marco, (2002), Reid and Parker| (2010)), and |Rodriguez-Gonzalez et al. (2015 have
observed this bimodality in several galaxies including M31. [Merrett et al. (2006) discuss a
slight dip in the PNLF of M31 in the range 0.6°-0.8°, lying inside the 2.5 ¢ boundaries of
the model. According to |Jacoby and De Marco| (2002), such a dip is usually the sign of a
young population of PNe, and one could recover the time of the last star formation event
from the position of the dip.
To fit the two-component PNLF, we used [Rodriguez-Gonzalez et al.| (2015) approach.
Because of the necessity to use most of the PNLF to fit the bimodal distribution (usually,
only the bright end is used for the fit), they propose to consider the cumulated luminosity
distribution and model it as:
min(m,Meut) m
Ne(m;mI, meyt, m3) oc/ Ni(m';m})dm’ + No(m';m3)dm/ (4.3)
my ms

where Np, Ny designates the classical distribution from Eq. [£.2] From this fit, one can
recover the bright-end cutoffs of the two populations, as well as the magnitude cut sep-
arating the two components. Figure displays results of such a fit on the cumulated
distribution.
The two-mode model correctly fits the data up to the completeness of msgo7 of 23.5,
yielding the values mj] = 20.23 £ 0.07, m¢y = 22.67 £ 0.22 and m3 = 19.97 £ 0.03. The
bright-end cutoff of the brightest population corresponds to the one estimated previously.
m] and me,; estimates are in good agreement with the one quoted in Rodriguez-Gonzalez
et al.| (2015). The value found for mj is however quite different from the one obtained by
Rodriguez-Gonzalez et al.| (2015)) (22.17£0.49), and could be due to an error in the model
implementation. This does not affect the magnitude cut that effectively mark the dip in
the PNLF and in which we are interested here.
We used this fitted magnitude cut to separate our two populations and analyze their
spatial distribution. We show in Figure the two components plotted separately on
an SDDS image of the FOV. The bright (mspp7 < 22.7) PNe population does not exhibit
the same spatial distribution at the faintest one (msgg7 > 22.7), which is surprising in our
FOV dominated by the bulge light (Courteau et al., [2011)). The faint population seems to
randomly populate the FOV, while the brightest shows a structure.
We discuss in the following different possible explanations.

Dust extinction

It has been long thought that due to the strong inclination of M31 disc (77 degrees, |Corbelli
et al.| (2010)), dust extinction should be visible in the (spherical) bulge stellar population



Chapter 4. Results

o7

500 -

400 A

Cumulated N PNe
9] W
o o
o o

=

Q

o
1

o
1

Two mode
—— One mode

22
m5007

Figure 4.10: Fit of the cumulative PNLF with two different models. The one mode desig-
nates the integration of Eq[f.2] the two mode designates the model by [Rodriguez-Gonzalez|
(2015) (see Eq. . Only sources with a SNR on the [OIII|5007 higher than 6 were

used here.

40 50 60 70 80 90 100

SDDS i Flux

22' 4

20'-/\

18’ 4

41°16/00" 1

Dec. (2000.0)

14’ A

12’ 4

"/

\\)\

15°

43""00s

0"42’“45S 30° 15°

R.A. (2000.0)

Dec. (2000.0)

10 30 40 50 60 70 80 920 100
SDDS i Flux
22’ 4
204" —_ .
- n
L e ien < .
18’ - e .
. - Selees K
*e % ess "\. Rie s
111600 | IR 5 -
P! %3 1'{. ®
-, b am .
o * JedRY ..
14’ A
et .
. d -
12 1 . .
R
15% 43M00°  0"427m45° 30° 155
R.A. (2000.0)

Figure 4.11: The spatial distribution of the bright (resp. faint) PNe population, i.e. with
msoo7r < 22.7 (resp. msoo7 > 22.7) is plotted on the left (resp. right) panel over a SDSS
image of the FOV in the i-band. We plotted ellipses with Andromeda’s inclination and
position angle (i = 77°,|Corbelli et al| (2010), PA = 38°, de VAUCOULEURS| (1958)) on
top of the bright distribution to highlight its possible belonging to the disc.
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for Novae (e.g. |Shafter and Irby} |2001) and PNe (e.g. Merrett et al., 2006), and in the halo
MACHO population used for gravitational microlensing searches (Crotts| [1992; |Kerins
et all 2001, 2006). However, no clear asymmetry has been found. In addition, the inner
region hosts very little gas (Braun et all |2009; |Chemin et al. [2009; [Nieten et al., 2006])
and hence very little dust and related extinction (Melchior and Combes, |2011; Melchior
et al) [2000). Such an asymmetry has not searched for but has never been detected. An
et al.| (2004) have shown that there is an asymmetry in the variable stars distribution due
to the main dust lanes present in the stellar disc. In parallel, the Novae distribution is
known to follow the light distribution (Shafter and Irby, 2001). |Ciardullo et al.| (1987)
and |Capaccioli et al.| (1989) found that Novae in the central region mainly come from the
bulge. As there is very little gas in the bulge, this is coherent.

In addition, our results are consistent. Indeed, the faint PN component seems to follow
the bulge light, with a symmetric distribution, while the bright PN component does not
present a circular geometry. If the asymmetry of the bright component were due to the
dust extinction, we would expect that it affects the bulge component.

Superimposition of halo debris

Numerous relics of past interactions have been detected in the outer parts of the Andromeda
galaxy (McConnachie et al., [2009). The main disc exhibits an enhanced star formation
activity in a ring at 10 kpc (Ford et al., |2013) and the central part is atypical. Different
simulations efforts have been undertaken to understand the main streams detected in its
outskirts. Hammer et al. (2018]) explain the actual geometry with a single major merger,
while the main paradigm suggests several minor-merger events (e.g. Bullock and Johnston,
2005} Fardal et al., 2013} Kirihara et al., 2014 Sadoun et al.2014). [Komiyama et al. (2018])
studied the M31 stellar stream and halo structure with Subaru telescope. They found that
the southern part of the stream is ~ 20 kpc closer to us relative to the northern part. [Miki
et al.| (2016)) estimate the mass of the progenitor in the mass range 5-50x10% M. Hence,
unless the progenitor galaxy has a mass comparable to M31, it is difficult to account for
about 100 PN from the halo superimposed in front of the bulge. In addition, following
Merrett et al. (2006), we do not detect any outliers in our PNe velocity distribution (see
Fig which could belong to the stellar streams.

Disentangling bulge and disc components

The spatial distribution of the bright and faint PNe populations could be related to M31’s
structure. In our FOV, the disc is superimposed on the bulge. We plotted ellipses having
the same inclination and position angle as the disc on top of the bright PNe distribution.
It seems that there is a little over-density of sources along these ellipses, indicating that
such PNe could actually belong to the disc. On the other hand, the fainter population
has a more random distribution, as expected for objects belonging to the old bulge. This
tentative explanation would solve the bright-end cutoff universality issue, as no bright
young PNe actually populate the old bulge; they come from the disc, where star formation
is in process and where such PNe could form. A careful statistical analysis of the bright
PNe distribution, both spatially and kinematically, is needed to bring to light an eventual
rotation pattern of the sources, that would prove their belonging to the disc. Such an
analysis is strongly dependent on Andromeda’s inclination.



Chapter 5

Prospects

5.1 Preliminary Results

The background spectrum, that we have been trying to disentangle from genuine source
spectrum since Section is a mine of information to study both the stellar population
of M31 bulge (in absorption) and its gas content (in emission). Features observed in the
background spectrum can in principle be directly related to physical properties of the
population, especially age and metallicity. In practice as we will later discuss, this depends
on the spectral coverage of the spectra. Dong et al. (2015), for example, has discussed
photometric evidences for a metal-rich 300 Myr-1 Gyr intermediate-age population. They
estimate that such a stellar population is contributing to 2% (resp. 1%) to the stellar flux at
680 pc (resp. 80pc). This is very weak and account for the previous lack of direct detection
of star formation in this region. Our spectroscopic data contain information on both the
stellar and gas contents, and could hence provide new arguments on this subject. Relying
the stellar and gas kinematics extracted from VIRUS-W data with 3arcsec resolution,
Opitsch et al. (2017) have recently found evidence of triaxiality of the bulge and claimed
the presence of a bar in M31 bulge. This results is based on the mis-alignment of the
stellar profile in the bulge region with respect to the main disc. This has been observed
since a long time/Beaton et al. (2007) discussed it on the basis of near-infrared data. It
is very clear on the Figure 1 of |Courteau et al.| (2011) that this is probably a bar relic,
as the current distribution of gas displays multiple components along the line of sight.
Opitsch et al.| (2017)) report the detection of two peaks in the [OIII]5007 emission line, but
they restrict this gas stellar kinematics to a decomposition into 2 disks. In [Melchior and
Combes| (2011} 2016), a few lines of sight have been studied in molecular gas. Two main
components have been detected along the minor axis separated by more than 200 km/s on
both side of the systemic velocity, while in a bar velocities close to the systemic velocity
are expected. The authors discussed that these multiple components could be accounted
for by the superimposition of an inner disc and the 0.7 kpc inner ring detected by [Block
et al. (2006). The gas kinematics in this region is clearly complex. Our two data cubes
will provide access to the kinematics but also to the diagnostic diagrams, which should
allow a new analysis of this region. It will enable to further explore several still opened
questions, e.g. the nature of the ionization processes (i.e. shocks or starburst). There
is also some questioning on the rotation of the bulge. Bekki (2010) discuss the origin of
the rotational kinematics in the globular cluster system. How does this compare with the
stellar kinematics we derive from stellar population? Can we disentangle bulge and disc
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components?

The work presented here aimed at solving these questions by studying the background
spectra present in our data. Only preliminary results have been obtained, and more work
needs to be applied to asses all the claims.

5.1.1 Stellar Population

To extract stellar parameters, we used the algorithm Nburst described in |Chilingarian
et al.[(2006), which has been used to successfully analyze more than 800 000 galaxy spectra
from the Sload Digital Sky Survey (SDSS) (Chilingarian et al., 2017)). It consists of the
generalization of the pPXF method (Cappellari and Emsellem, [2004): on top of fitting the
Line-of-sight Velocity Distribution (LOSVD), the algorithm can adjust the star formation
history (SFH) of the galaxy. We explicit shortly how the method is constructed.

The procedure is based on the minimization of a x? defined as:

s _ 5 U PlTSFH) @ L0 0,h ) + P
X AF;
Ny
where Ti(SFH) =Y npursts Kili(tn, Zp). It takes as input Fj : the flux in a given spectral
channel, and AF; the associated uncertainty, and fits the following parameters :

e L(v,0,hs, hs) the LOSVD, depending on the velocity (v), velocity dispersion (o) and
Gauss-Hermite coefficient (hs,hs measuring asymmetries in the profile.

e T;(SFH) is the linear combination of Nbursts (hence the name) Simple Stellar Pop-
ulation (SSP) templates, depending on age ¢, and metallicity Z,,. PEGASE.HR [Le
Borgne et al.[ (2004)) models computed on a grid of ages and metallicities have been
used.

e Py, and Py, Legendre polynomials accounting from difference in shape between the
galaxy spectrum and the SSPs.

As output, one can then get kinematics of the stellar population (velocity, dispersion and
asymmetries), as well as the population age and metallicities (eventually of the many star
bursts) fitting at best our spectrum.

To be correctly used as input by Nburst, our data needed to be adapted. First, a strong
SNR is needed for a correct adjustment of the stellar background features. To reach a SNR
< 20 everywhere except in the NW SE corners we had to degrade our spatial resolution to
~ 9.6”, by binning spectra in 30x30 boxes. To reduce the influence of sources, the spatial
median of these 30x30 spectra was chosen over the mean. A better approach would be
to use a SNR dependent binning like the Voronoi method (Cappellari, 2009), and to mask
pixels affected by resolved sources. This will be implemented for the publication of this
work.

Second, Nburst expects input spectra to be sampled on a regular wavelength axis, mean-
ing that our spectra need to be re-interpolated on such a grid. But this also means a
transformation of our LSF : as the ratio % = % is conserved, with A\, o being respec-
tively wavelengths and wavenumbers, and A), Ao the respective line FWHM, one gets
that A\ = % = Ac)? i.e. the FWHM is wavelength dependent. As the FWHM also
depends on the position on the cube, a full FWHM datacube had to be processed, and
Nburst to be adapted in consequence.
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Figure 5.1: Example of a spectrum, its Nburst fit and the residual in the SN2 band-
pass. Nburst fits the strong stellar features, and the residuals contains the gas emission.
Emission-lines of interest are displayed at Andromeda’s systemic velocity.

Last, during the minimization process, SSPs needs to be convolved with the observations
LSF, to be matched as closely as possible with the observed spectra. Nburst has been
designed to work on the SDSS LSF, i.e. a Gauss-Hermite function. The unsual sinc LSF of
the SITELLE instrument has thus been implemented in Nburst, to disentangle LSF effects
from stellar features.

A full pipeline has been developed to process these 3 steps directly within then ORCS
framework.

We show in Figure [5.1] an example of a spectrum and its Nburst fit in the SN2 bandpass.
The fit evaluates correctly the stellar features, and the gas emission is clearly visible in the
residuals. The fitted stellar kinematic parameters are meaningful, and maps of the stellar
velocity and velocity dispersion are shown in Figure Andromeda rotation is visible in
the velocity map. Both maps are comparable to |Opitsch et al. (2017) and |Saglia et al.
(2010) in terms of order of magnitudes, validating the fit.

However, deriving other quantities like age and metallicity of the population is different and
we did not obtained reliable values yet. First, the small spectral range of our spectra contain
little characteristics absorption features constraining the model, preventing these robust
estimations. A simultaneous analysis of SN2 and SN3 data would increase our spectral
coverage. Fitting SN3 data automatically is still complex. Even less stellar features are
present in this redder cube, and the data are contaminated by a lot of sky emission lines
and a possible Galactic Ha contribution. Removing these lines is complicated because
some of them overlap genuine M31 signals. Besides, combining the two cubes requires a
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Figure 5.2: Left : Stellar velocity as determined by Nburst from the SN2 data. Right :
Velocity dispersion measured with Nburst on this same data. Colormap units are km.s~!.
M31 center in displayed as a black cross. The X and Y units corresponds to the coarse
binning used to obtain a high SNR in the spectra. The fits seems to have been successful,
except in the top right and bottom left corners where the SNR is the lowest. Andromeda
rotation is recovered, as well as the systemic velocity of ~ -300km.s~!. In addition, we

detect a sigma-drop in the center.

careful alignment of them, both astrometrically and spectrally speaking that has not been
achieved yet. Last, because of the much lowest SN2 resolution, combining the cubes would
also mean heavily degrading the SN3 data to match SN2 wavelength grid, and we would
lose the benefits of the original resolution. Further investigations need to be conducted to
solve these issues.

One possibility considered but not fully exploited is to include in the analysis slit spectra
(Saglia et al. 2010), and add external constraints, taking into account that most of the
received light originates from an old stellar population (>12 Gyr, Saglia et al., 2010))

This kinematic field has to be fully analyzed. Indeed, we would like to see if we detect
a rotation compatible with the main disc or if we do see the superimposition of several
components. We do detect the sigma drop in the central part. Following , this is compatible
with an inner disc. This is in good agreement with the molecular component detected
within 100 pc of supermassive the black black (Dassa-Terrier et al., in prep) and in the
infrared with Herschel data (Smith, Marsh, Eales, 2017, EWASS conference). However, in
order to strengthen this result and the subsequently gas analysis, we plan to study the effect
of metallicity templates. [Koleva et al.| (2008) discussed the possible degeneracy between
the velocity dispersion and the metallicity. We are also aware that possible template
mismatches can introduce biases in the gas analysis. In particular, as the gas emission lines
are relatively weak and above a strong stellar background, a small template mismatched
can easily bias the |[NII|/He line ratio.

5.1.2 Gas kinematics

Gas emission lines and particularly [OIII|5007 can be seen in Nburst residuals. We were
able to fit it, and the obtained gas velocity map is shown in Figure[5.3] The velocity is very
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Figure 5.3: Gas Velocity map obtained with the fit of [OIII]5007 emission line on the
residuals of Nburst fit. The color-map unit is in km.s™!, and the galaxy center id displayed
as a black cross. The kinematic structure is very different than the stellar one.

different than the stellar velocity discussed above. We can identify the S-shape discussed
by Opitsch et al.| (2017)).

We did not performed yet the double emission-line peaks analysis. This requires an op-
timization of the binning, and an optimal use of the spectral resolution. Depending on
the geometry of the emitting regions, coarse binning could introduce some confusion and
prevent the detection of several lines. The resolution of the SN2 data cube is less favorable
than for the SN3 data cube. This requires to solve the issue of combining the 2 data cubes.
The flux estimation of each line will also be difficult. Due to problems encountered to
constrain SSP models explained above, the continuum absorption, especially around Ho
and Hf, is not well estimated, and emission-line fluxes can be strongly affected. A careful
check of possible template mismatch is also required in order to limit possible systematic
effects.

5.2 Further identification of sources

Prichard et al.| (2017) identified different types of H, emitting stars in M31 disc. On
the basis of PHAT photometry, they identified five categories of H, stars: B-type main-
sequence (MS) stars, ‘transitioning’-MS (T-MS) stars, red core He burning (RHeB) stars,
non-C-rich asymptotic giant branch (AGB) stars, and C-rich AGB stars. While we could
select sources passing their spectral cuts, it will be difficult to identify our sources on PHAT
images, because our SN2 and SN3 filters do not overlap the PHAT filters. A complementary
analysis needs to be done to check if it is possible to retrieve some photometry for our
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candidates. For each source, the color-magnitude diagram of the region associated to each
source should be studied in order to find if it is possible to identify its nature. It will be
interesting to confirm if we do detect compact HII regions or H,, stars.

After this work, complementary observations will have to be considered to further identify
the candidates detected here. For instance, symbiotic stars are difficult to disentangle
from planetary nebulae. In these binary systems, the gas comes from a giant companion
instead of the PNe progenitor itself. These binary stars are probably progenitors of type
Ia supernovae. Usually, they exhibit a strong Ha and weak or no [NII] and [SII] lines
Shara et al.| (2017): we have such sources, but we cannot be conclusive about their nature.
Mikotajewska et al.|(2014) have detected 35 such stars in the main disc, outside the central
region. They are characterized by a low |OIII|/Hf line ratio. These authors use [OII1]4363
to identify them. In principle, symbiotic stars have a Ha magnitude larger than brighter
than 21. This is above our sensitivity and we should be able to detect them in the field of
view.

5.3 Studying the feed-back of the supermassive black hole
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Figure 5.4: Existing observations on the central field of Andromeda. The left panel
displays the [OIII] emission detected with SITELLE. The black contours correspond to
the 6 cm radio continuum map with contours at 0.1, 0.2, 0.3, 0.45 and 0.6 mJy. We detect
[OII]] filaments that ressemble the narrow filamentary structures detected at 20 cm close
to Sgr A in the Galactic centre (Yusef-Zadeh et all [1984) The right panel displays a 6 cm
radio continuum map from |Giefiibel and Beck| (2014) with a resolution of 15 arcsec. The
white contours correspond to the dust emission at 8 um from Block et al| (2006) cross
corresponds to the position of the black hole. We can note the asymmetry of the radio
continuum, the off-centered dust inner ring. The overdensity of gas in the East-South part
usually considered to be a shock seems to deliminate the radio continuum emission, which
is more extended on the other side. There is a North-South structure in the very center,
while the main disk shows a position angle of 35 deg.

A preliminary analysis of the gas emission has been performed. This requires an opti-
mization with Nburst stellar background subtraction, but already provides an overview of
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the main features. We have thus discovered structures that evoke filaments and bubbles
detected in AGN outflows. |Li et al.| (2011) discussed that the activity of the actual black
hole in the heart of Andromeda is very weak 1071°L z44, while they have detected a weak
outburst at 10785L 4. Given the mass of the black hole (1.4 x 108 M,,;, Bender et al.
(2005))), it is probable that it has known a significant activity in the past. Similarly, the star
formation activity is very weak (0.3M,;/yr/Rahmani et al.| (2016)), and this central part of
this galaxy is ideal to investigate a posteriori the mechanisms that quench star formation
and the black hole activity. In Figure[5.4] we display existing observations of this region in
radio, infrared as well as our [OIII] map in the optical. The region is strongly asymmetric.
As discussed by Block et al.| (2006)), the dust distribution detected at 8um reveals 2 off-
centered rings, possibly due to a frontal collision with M32. Similarly, the radio-continuum
measured at 6.cm by |Giefsitbel and Beck| (2014) and at 20 cm by Galvin et al.| (2012) is
shifted towards the North-West direction. It seems that the gas concentrates in an arc,
already discussed by |Jacoby (1989) as due to shocks, and stops the synchrotron radiation.
Radio continuum data suggest that there is a North-South structure (reminiscent of a past
jet?), and sub-structures at the limit of sensitivity and resolution.

As displayed in Figure [5.4] the 6cm (5 GHz) flux is about 0.2 mJy. |GieRiibel and Beck
(2014) have measured the spectral index in the very centre at the level of —0.4 4+ 0.03
and then reaches —1. |Hoernes et al.| (1998) observed a similar behaviour between 6.2 cm
and 20 cm. This variation of spectral index is typical of ageing synchrotron emission, as
observed on other scales by |Carilli and Barthel| (1996) for Cygnus A. For the central field of
M31, we would thus expect at 150 MHz a flux of 1 to 7 mJy. In addition, this synchrotron
spectral ageing could be the consequence of previous AGN activity, i.e. that the M31’s
black hole had a larger accretion rate in a recent past. Low frequency observations are ideal
to explore this past activity. It is probable that these relics are stronger than expected from
an extrapolation of the high frequency measurements and benefit from a slope steepening
as observed e.g. by |Orru et al.| (2010). This steepening is expected due to the loss of energy
of the most energetic of the relativistic electrons.

We proposed observations with the international LOFAR instrument in order to iden-
tify the true origin of the [OIII] filament and bubble structures, just discovered with the
CFHT/SITELLE Fourier spectrograph. It would be the first time this region is sampled
in radio continuum with such a resolution. It has been observed previously by |Gieiiibel
et al.| (2013) at 350 MHz with a 4 arcmin resolution. With a 15” resolution, |Giefsiibel and
Beck (2014]) have shown that the central regions are decoupled from the rest of the disk,
and have a different structure for their magnetic field and dynamos.
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Chapter 6

Conclusion

We presented in this thesis the analysis of two spectral data-cubes obtained with the
SITELLE instrument at CFHT, centered on the bulge of the Andromeda galaxy. We
performed a thorough calibration of the data and developed a sophisticated method to
detect emission-line point-like sources.

We used diagnostic diagrams to classify the detections, and identified 766 Planetary Neb-
ulae candidates confirmed with emission-line diagnosis diagrams. This extends previous
studies of this field of view by 100%.

The Planetary Nebulae Luminosity Function has been analyzed in details, revealing an
unseen so far bimodal population distribution. We show that the cut in magnitude in
the PNLF allows to distinguish between two spatially distinct populations. The brighter
population shows a disc pattern and is presumably belonging to the disc of Andromeda,
while the fainter population is more randomly distributed, indicating it belongs to the
bulge. Further kinematic analysis will enable to validate this statement.

Based on the data calibration, we also started the work toward extracting stellar popula-
tion parameters of M31 bulge. We will be able to compare the kinematics of the stellar
background with the bimodal PNe kinematics presented here. We will also be able to
revisit in details the presence of a bar as claimed by |Opitsch et al.| (2017) and to inves-
tigate the complex morphology of the different known gas components (inner disc, inner
ring). The diffuse gas properties, especially the presumed double kinematic components,
will hopefully be assessed. Partial results have already shown the presence of gas filaments
that could be linked to the central Black Hole activity, and has led to an observation time
proposal with the LOFAR instrument to assess the presence of synchrotron emission near
the center of the galaxy.
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