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Resumo
Ferramentas para descobrir nebulosas planetarias e simbiéticas em levantamentos

fotométricos épticos multibanda

Luis Angel Gutiérrez Soto

Orientadores: Dra. Denise R. Gongalves & Dr. Stavros Akras

As nebulosas planetérias (PNe) e estrelas simbi6ticas (SySt) sdo objetos com lin-
has de emissao, bem conhecidos, os quais representam os estagios finais da evolugao
de estrelas de baixa massa e de massa intermedidria. Das aproximadamente 3.500
PNe e 300 SySt descobertas em nossa Galédxia, apenas quatorze PNe e umas poucas
simbidticas sdo membros do halo galdctico. No entanto, nunca foi realizada uma
busca sistemética desses objetos no halo da Galaxia. Esta tese apresenta ferramen-
tas fotométricas e os primeiros resultados da busca de PNe compactas e SySt no halo
galédctico, os quais advém da primeira liberacao de dados dos levantamentos J-PLUS
(Javalambre Photometric Local Universe Survey) e S-PLUS (Southern-Photometric
Local Universe Survey). O objetivo desse trabalho é a elaboragao, o desenvolvi-
mento e a validagao de novas ferramentas de diagndstico para identificar PNe e
SySt utilizando o novo sistema de 12 filtros dos projetos J-PLUS e S-PLUS. Para
esse fim utilizou-se a fotometria sintética de um conjunto de modelos que simulam
PNe do halo, algumas nebulosas planetarias e simbiéticas observadas, bem como
vérios objetos com linhas de emissdo que assemelham-se as PNe e as SySt (galdxias
com formacao estelar, varidveis cataclismicas, quasares, regioes H 11 extragalaticas,
estrelas Ble| e estrelas T-Tauri). Também foram criadas ferramentas fotométricas
para o levantamento, vindouro, Javalambre-Physics of the Accelerating Universe
Astrophysical Survey (J-PAS). Além disso, as técnicas de andlise de componentes
principais (PCA) e andlise discriminante linear (LDA) foram exploradas como fer-
ramentas suplementares para uma melhor discriminagao das PNe e das SySt de seus
imitadores que possuem linhas de emissao.

Os diagramas cor-cor do J-PLUS e do S-PLUS foram validados usando-se duas
PNe do halo, as quais foram observados pelo J-PLUS durante a fase de verificacao
cientifica, e também através da aplicacao dos novos critérios aos primeros dados lib-
erados por esses projetos. Uma candidata a nebulosa planetaria foi identificada, no
catalogo do projeto J-PLUS. Suas caracteristicas, obtidas via espectroscopia Otica,
sao aqui discutidas. Nenhuma outra candidata, quer PN ou SySt, foi encontrada,
provavelmente devido & limitadissima drea observada até entdo (~1190 graus?). No
entanto, nessa mesma area, os novos critérios de selecao recuperaram trés objetos
conhecidos os quais tém fortes linhas de emissdao — uma PN e duas galaxias H 11.
Esses objetos foram usados para validar o desempenho das técnicas de aprendizado
automdtico. As ferramentas de selecao criadas nesse trabalho para a identificagao e
discriminacao de nebulosas planetéarias e estrelas simbidticas de suas imitacoes sao
muito eficientes, como consequéncia dos sistemas dos 12 filtros dos projetos J-PLUS
e S-PLUS e da combinagao de varios indices de cor no regime éptico.



Palavras-chave: Estagios finais de evolugao estelar, objetos com linhas de emissao,
lavantamentos fotométricos, nebulosas planetarias, estrelas simbidticas, técnica: fo-
tometria, espectroscopia



Abstract

Tools to discover planetary and symbiotic nebulae in optical multi-band
photometric surveys

Luis Angel Gutiérrez Soto

Advisors: Dr. Denise R. Gongalves & Dr. Stavros Akras

Planetary nebulae (PNe) and symbiotic stars (SySt) are well known emission-line
objects that represent the final stages in the evolution of low- and intermediate-mass
stars. From the approximately 3,500 PNe and 300 SySt discovered in our Galaxy,
only fourteen PNe and a handful SySt are known to be members of the Galactic halo.
Nevertheless, a systematic search for halo PNe and SySt has never been performed.
This thesis presents photometric tools and the very first results of searching for
Galactic halo compact PNe and SySt in the J-PLUS (Javalambre Photometric Lo-
cal Universe Survey) and S- PLUS (Southern-Photometric Local Universe Survey)
first data releases (DR1). The objective of this work is the elaboration, development
and validation of new photometric diagnostic tools to identify PNe and SySt making
use of the novel 12-filter system of the J-PLUS and S-PLUS projects. For that, syn-
thetic photometry for a grid of photo-ionization models of halo PNe, few observed
halo PNe and SySt, as well as a number of emission-line objects that resemble PNe
and SySt (star-forming galaxies, cataclysmic variables, quasi-stellar objects, extra-
galactic H 11 regions, Ble] stars and young stellar objects) were computed. The thesis
also devises such tools for the forthcoming Javalambre-Physics of the Accelerating
Universe Astrophysical Survey (J-PAS). In addition, principal component analysis
(PCA) and linear discriminant analysis (LDA) are explored as supplementary tools
to better discriminate PNe and SySt from their emission-line mimics.

The J-PLUS and S-PLUS colour-colour diagnostic diagrams are validated using
two known halo PNe observed by J-PLUS during the science verification phase and
by applying the new criteria to the DR1s of J-PLUS and S-PLUS. One PN candidate
was identified, in the J-PLUS DR1, of which the optical follow-up spectroscopy is
discussed. No other candidates, either of PNe or SySt are found, probably due to
the short area so far observed (~ 1,190 deg?). Although, the new selection criteria
recovered three known strong emission-line objects — one PN and two H 11 galaxies
—in this area. These objects were used to validate the performance of the statistical
techniques. The selection of tools devised in this work for the identification and
discrimination of PNe and SySt from their emission-line mimics proved to be very
efficient due to the 12-filter systems of the surveys and the combination of various
optical colour indices.

Kew-words: Final stages of stellar evolution, emission-line objects, photometric
surveys, planetary nebulae, symbiotic stars, technique: photometry, spectroscopy
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Chapter 1

Introduction

Planetary nebulae and symbiotic stars are some of the most interesting and fascinat-
ing objects of the universe. Planetary nebulae are bubbles of ionized gas, produced
from low- and intermediate-mass stars towards the end of their evolution. They
represent evolutionary phase in the lifetimes of a significant fraction of Milky Way
(MW) stars. Approximately 3,500 PNe have been identified in the Milky Way, but
only 14 are located in the Galactic halo. Halo PNe are interesting objects because
they provide important clues about the final evolution of old, low-mass halo stars
and they are able to convey fundamental information of the early chemical conditions
of the Galaxy including its star formation history. On the other hand, symbiotic
stars are binary systems formed by an evolved cool giant star and an evolved hot
star (in general a white dwarf). They are important objects in Astrophysics be-
cause they allow the study of physical mechanisms such as the powering mechanism
of supersoft X-ray sources, the thermonuclear outbursts, the collimation of stellar
winds and formation of jets or their relation with the formation of bipolar PNe.
Symbiotics are, probably, progenitors of Type Ia supernovae. In this work we have
developed diagnostic tools to identify planetary nebulae and symbiotic stars in the
Galactic halo by using photometric surveys that contain narrow- and broad-band
filters. These topics will be addressed in subsequent chapters in this thesis.

1.1 Planetary nebulae (PNe)

PNe are the result of the evolution of low- and intermediate-mass stars, with masses
between 0.8 and 8.0 M. During their evolution, these stars go through many nu-
cleosynthetical and mixing processes that change their initial surface composition.
The central stars of PNe are evolved stars in the phase of white dwarfs with very
high temperatures (typically > 4 x 10* K), which have expelled in the interstellar
medium large amount of their mass. This circumstellar envelope around the rem-
nant stars expand with velocities of the order of ~30 km/s. Due to this expansion,
the density of PNe decreases with time resulting in weak emission. This process
makes PNe to become rapidly very faint and un-detectable. The PN phase is very
short (~ 20,000 — 30,000 yr) compared to the entire lifetime of the star.

17



Tools to discover planetary and symbiotic nebulae Chapter 1

45 T T T T

- Jir AP : o !
40 Central stars of planetary nebulae

3.5

3.0}

25}

RG

sun

8.3
ZAHB

—
Main-sequenc,q:.(_-\’/

9.1

20F

log L/L

1.5

1.0}k

(9.7 to T_,=4200K)

-0.5 1 1 1 1
50 4.5 4.0 3.5

log T, /K

FicURrRE 1.1: Herzsprung-Russel diagram of a 2 M evolutionary track from the main
sequence to the white dwarf phase (red track) for a solar metalicity star. The blue track
indicates a born-again evolution (triggered by a very late thermal pulse) for the same mass,
but slightly offset in log T and log L. The red and green stars represent the position of the
central star of NGC 6853 (H-rich) and the naked PN nucleus PG 1159-035 (H-deficient),
respectively. Shaded areas represent the covered range in log T and log L in each evolutionary
stage of the star and the numerical labels with refer to the log of the approximate duration
of each evolutionary phase. In the cooler section of the post-AGB phase, wiggles in the
track are caused by numerical convergence difficulties .

In short, at the end of the evolution of low- and intermediate-mass stars, their
outer layers are ejected resulting in an enrichment of the interstellar medium (ISM)
with heavy elements (Karakas & Lattanzio, |2014). Note that PN phase is reached
when the previously ejected material is eventually ionized by the UV radiation

field of the central star before being diluted in the ISM. The ionized gas contains
information about the chemical composition at the time and the place the progenitor
stars were formed and gives chemical clues of the former stellar nucleosynthesis.

1.1.1 Detailing the origin of the planetary nebulae

In the main-sequence (MS) phase, low- and intermediate-mass stars spend most of
the time converting hydrogen into “He in the their cores, by nuclear fusion. In the
end of the MS phase, stars begin to exhaust the hydrogen in the nucleus. Then
the radiation pressure is not enough to stop the gravitational collapse. When the
nucleus starts to compress, its temperature increase causing that the outer layer of
the star expand. The star now moves away from the main sequence and climbs up the
first red giant branch (RGB) in the Hertzsprung-Russell (HR) diagram. During this
phase the luminosity increases considerably, by a factor of ~ 103 for a solar-mass MS
star, the superficial area of the star also increases distributing the released energy

18
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over a much larger surface area, so the surface cools to an effective temperature
around 3,500 K (corresponding to a M spectral type), this is a direct consequence
of the Stefan-Boltzmann law. At this point the star is in the phase known as first-
ascent red-giant branch (RGB). In Figure we show a schematic description of
the full evolution of intermediate-mass stars (2 Mg) in the HR diagram.

In the RGB phase the outer layers become less gravitationally bound due to the
large increase of the radius. This causes the mass-loss to accelerate (Reimers, |1975).
Convection becomes the main mechanism of energy transport in the envelope due
to the increased hydrogen opacity at lower temperatures. As the convection extends
inwards, it can reach regions where there was early H burning, and hence CNO
cycle producing "N from 2C and '90O. Therefore, the advance of the convective
envelope produces an increase of "N and simultaneous decrease in 2C and 60 in
the envelope; this process is called first dredge up.

In low-mass stars (M < 2 Mg), after the MS phase, the He core becomes denser,
hotter and electron-degenerate. When the temperature in the degenerated core is
high enough to trigger the He burning — via the triple o reaction — the energy
released increases the temperature in the core, as the core can not expand given
to degenerate state. Therefore, the burning rate increases rapidly ending up as
thermonuclear runaway. This process is known as the core helium flash (Iben &
Renzinil [1983; Herwig, 2005). The energy released by the flash changes the equation
of state in the core. The core leaves the degenerated state and is dominated by
the equation of an ideal gas. It takes more than one of these flashes to remove
the degeneracy in the nucleus. After the He flash becomes weaker in the core, it
eventually reaches a steady He burning. This mean that the star rapidly cools and
becomes less luminous, moving left down in the HR diagram, thus arriving on the
zero-age horizontal branch (ZAHB, see Figure .

The more massive stars (2 Mg < M < 8 Mg) do not form a degenerate nucleus
and hence do not have the He flash, but these stars eventually have He ignitionﬂ
in the center getting a central C + O-rich core, an intermediate He-rich region
and an outer H-rich zone. There are He-burning and H-burning shell sources at
the inner edges, and the star evolves with an increasing luminosity and decreasing
temperature along the asymptotic giant branch (AGB) and towards the red giant
tip again.

As the He is exhausted in the core the luminosity increases and the star cools
down, returning to the second-ascent red giant. Given to the position of the evo-
lutionary track of these stars in the HR diagram, they are called the asymptotic
giant branch (AGB) stars. As the outer layers are becoming cold and less dense,
the convection again is the dominant heat-transfer mechanism. The convective shell
penetrates the H-burning shell, then it brings to the surface the primary resulting
nucleosynthesis products of H burning (He plus *N from the CNO cycle), and this
is the second dredge up. This process occurs only in stars with mass above ~ 4 Mg
(Herwig), [2005)).

!The stars have two energy sources: a He-burning core and a H-burning shell exterior to it.
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The AGB phase is divided into two sub-phases: the early-AGB (E-AGB) and the
thermally pulsing AGB (TP-AGB). In the E-AGB the star consists of a degenerated
CO core surrounded by a He-burning shell and this is surrounded by a convective
hydrogen envelope. When the He-burning stops in the shell, the TP-AGB phase
begins, characterized by a double shell of H and He that alternatively switch off and
on to provide the energy source of the star. As the He is exhausted, the hydrogen
shell is compressed and fire up, exterior to the now dormant helium shell.

Approximately every 10° years, the helium shell becomes thick enough to trigger
its ignition again by helium flashes or thermal pulses, causing the outer layers of the
star to expand. The H burning is now pushed to upper zones where the temperature
and density are lower, here the fusion stops. When the He in the inner shell is
exhausted, the shell of hydrogen is compressed and its ignition begins again. Hence
one dozen of thermal pulses occur during the TP-AGB phase (Herwig, 2005).

TP-AGB stars are generally larger and more luminous than the RGB stars (the
luminosity can exceed the 10? Lg, and the diameters are in the order of 2 AU).
The temperature can be as low as ~ 2,500 K (spectral type M8). The internal
instabilities in these objects make them to exhibit Mira variability (periodicity of
~ 1 yr). The mass-loss is increased with the time, and after each thermal pulse,
the processed materials are brought up to the surface via convection mechanism,
what is called third dredge up. The surface becomes enriched with helium, CNO,
and slow neutron capture (s-process) elements (Iben & Renzini, (1983, |1984; Herwigj,
2005; [Sterling & Dinerstein, [2008]).

Eventually, as the star leaves the AGB phase, it ejects almost all its outer layers
in a final and powerful mass-loss phase through stellar winds (Wachter et al., [2002).
The final stage of a planetary nebula can be recognized as a nebular shell that
expands into the ISM, while the central star evolves to be a white dwarf. The
expansion velocity of the nebular gas is approximately 33 km s~! (Pereira et al,
2013)), which is very low in comparison with the escape velocity from the central
stars, about 1,000 km s~!. It is, therefore quite unlikely that any impulsive process
that throws off an outer shell from these stars would provide just a little more energy
than the necessary escape energy. To explain that, the expansion velocities of the
nebular shells are compatible with the escape velocities of the red giants, therefore
suggesting that these shells are ejected during the red-giant phase (Osterbrock &
Ferland, |2006). In fact, radiation pressure from the stellar continuum (observed in
the infrared by the presence of dust) and the presence of the trapped La photons
can accelerate this expansion. Thus, the presence of dust in the PNe also suggests
that the material in the shell comes from a cool stellar component, which further

supports the evolution of PNe from red giant stars.

There is a strong observational evidence that stars in the AGB phase lose mass
by stellar winds. These winds have low velocities (~ 10 km s~!) and relatively
higher mass-loss rate, 107> Myyr~!. This process produces a large, cool and slowly
expanding shell surrounding the central star.

After most of the envelope mass has been expelled into the ISM, the hot core
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Cool gas and molecules

/.H\

Fast wind

FI1GURE 1.2: Schematic structure of a planetary nebula. It consists of three regions: the
innermost zone with a fast wind (~ 10% km s™1) from the hot core, an external shell with

a slow wind (~ 10 km s™!) and an outermost layer composed by cool gas, molecules and
dust.

is exposed and a second and faster wind arises. The velocity of this wind is similar
to the escape speed from the central star (~ 103 km s~!) and it is driven by the
radiation pressure, with smaller mass-loss rates, typically ~ 10~% Mg yr—!. This
new fast wind interacts with the cold and slowly-moving outer shell, producing a
central cavity (Osterbrock & Ferland, 2006). Simultaneously the material is ionized
by the UV strong radiation field of the central star. At this stage, the system

consists of three regions, the innermost wind from the core, an external shell where
the fast wind interacts with the material previously ejected from the cool star and
an outermost layer of molecular species, as it is shown in Figure |1.2

Diverse PNe imaging catalogs have showed that they display a variety of mor-
phologies, originated from stars with a range of masses, and the ejected envelopes
are characterized by a wide range of abundances. Very few PNe exhibit spherically
shape, while the vast majority show ellipsoidal or bipolar morphologies (e.g.
2007; Balick & Frank| 2002) suggesting that the mass loss is more efficiently in the
poles of the central stars. Various mechanism have been proposed to explain the de-

viation from the spherical symmetry such as magnetic fields (Garcia-Segura et al.,
2005) or binary systems (e.g. [Soker} 1998, [2002a)). Over the last decades, it has
been found that binary systems and the common envelope phase are crucial for the
formation of non-spherical nebula (Balick & Frank| 2002)). Faint outer shells have
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been observed well outside of the bright PNe, indicating the presence of multiple
ejection processes (e.g. [Iben & Tutukov, 1993]).

In order to understand the chemical abundances observed in PNe, we need to
consider the processes that bring the processed elements to the stellar surface and
then to the ejected PN. Overall, the first dredge up occurs when the H core of the
star is exhaust and the star becomes a red giant. In this first dredge up the material
enriched in N and diluted in C is brought to the surface layers. The second dredge
up, following the exhaustion of central He and creation of a degenerate C + O core,
results in a large amount of He and N mixed to the surface layers (this only occurs
for stellar masses above ~ 4 My). The third dredge up occurs when the He-burning
occurs in a convective shell, and higher C abundances and lower N abundances are
brought to the stellar surface by the thermal pulses. This is the situation at high
metallicities, however, third dredge up contribution is important only for galaxies
with the lowest metallicities (Gongalves, [2019)).

1.1.2 Planetary nebulae spectra

The high temperature of the central stars (CS) of PNe implies that most of their
UV photons flux is blueward of the Lyman limit. The gas shell previously ejected
in the AGB phase is photo-ionized and produces an emission-line spectrum. The
principal emission lines in the optical region are the recombination lines of hydrogen
and helium plus a few of the strongest lines of oxygen, nitrogen and carbon, and the
prominent emission of collisionally-excited forbidden lines of heavy elements such as
O, N, S, Ne, and Ar (Kwitter & Henry, 2001)). In their spectra, it is also present a
nebular continuum produced by recombination, two photon emission and free-free
emission. The continuum tend to be more intense in the blue part. Planetary neb-
ulae show a variety of optical spectra and have spectral features also in common
with symbiotic stars, H 1I regions, Wolf-Rayet stars and some supernova remnants
(Frew, 2008)).

PNe can be very low excitation objects with strong Balmer lines and [O1I]
emission, like BD +30°3639 and He 2-131, in which the surrounding gas is ionized
by a relatively cool star (Teg ~ 30,000 K). They can also be moderate and high
excitation objects in which [O III]AN4959, 5007 lines are the dominant emission lines
in the optical spectrum. There are also very high excitation PNe in which the [HeII]
emission-line is stronger than the HS suggesting a very hot central source. These
PNe also exhibit [Ne V] lines and generally have little or no trace of low-ionization
species such as [OII], [NII], and [SII]. Occasionally, the highest-excitation PNe
show in their spectrum fluorescent lines of O III and N III. In general PNe exhibit a
wide range of excitation states. Their spectra can show emission lines from [O I] to
[Ne V]. These PNe are often optically thick (Jacoby & Kaler, 1989; Kaler & Jacoby,
1989) and frequently have an extended molecular shell (e.g. Zuckerman & Gatley,
1988).

In Figure we show the optical spectrum of M 1-57, a typical middle-aged
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FIGURE 1.3: Flux-calibrated optical spectrum of the medium excitation PN Minkowski
1-57 (Kwitter & Henry, 2001). Important emission lines are indicated.

PN. In this spectrum, it is possible to see a wide variety of low- and high-excitation
emission lines. The term “excitation class” was introduced to explain the wide vari-
ety of spectral signature of the PNe (Gurzadian & Egikian, [1991). The temperature
of the CS is the primary parameter associated with the excitation class, but it can

also be affected by other second-order parameters: the abundances of the elements
(depending on the line species used in the definition) and the optical depth of the
PN, which reflects on the size and density of the PN shell.

defined a scale of semi-quantitative measure of the excitation of PN,
a scale from 1 to 10. Strengths of the [OII] A3727 and [O III] A4959 lines relative
to HB were used to define low-excitation PNe, whilst the strength of He II \4686
and [Ne V] A\3426 were used for high-excitation nebulae. Dopita & Meatheringham
introduced the decimal excitation class and gave two equations depending
on whether or not the He IT emission is detectable. (Fiormso07 + Fiommasse)/ Frs

is also used to measured the excitation class. This method has been adopted by
Stanghellini et al.| (2002al) where high-excitation He II lines were not available. More
recently, Reid & Parker| (2010) proposed a new method for estimating excitation
classes incorporating both the [OIII)/H S and the He IT 4686A/H 3 ratios. This is
the most robust method for estimating excitation class and ultimately central star

temperatures.
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FIGURE 1.4: Aitoff projection taken from 2017), showing the Galactic distribution of
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all 3,540 PNe current cataloged in HASH. |, likely and possible PNe are the red,
green, and black symbols respectively.

1.1.3 Planetary nebulae in the Milky Way

The most recent compilation of PNe is published in the Hong Kong/AAO /Strasbourg/Ha
PN database (HASH; [Parker et al., [2016). To date, HASH contains 2401 true, 447
likely, and 692 possible Galactic PNe. And, of course, the number of Galactic

PNe continues growing. For instance, 291 PN candidates have been very recently
identified by the UKIRT Wide-Field Imaging Survey (UWISH2) of the Northern
Galactic Plane (Gledhill et al., 2018) and 152 PNe in the CORNISH catalogue (Ira-
bor et al., |2018; Fragkou et al., 2018]). Small, private photometric surveys have also
contributed to the discovery of new Galactic PNe (e.g. Boumis et al., 2003} 2006).
However, this current number of PNe represents only about 15-30% of the estimated
total of Galactic PNe (Frew, 2008} Jacoby et al.,2010) showing that a small fraction

of the PNe have been cataloged 2017). Fig. shows the distribution of the
current population of the Galactic PNe.

Planetary nebulae in the Galactic halo

Of these ~3,500 PNe identified in our Galaxy, only fourteen objects have been
confirmed to be members of the Galactic halo, Table list these objects. Halo
planetary nebulae (hPNe) are objects having low-metallicity and high peculiar ve-
locity. They are of great interest because they provide important clues about the
final evolution of old, low-mass halo stars, and they are able to convey fundamen-
tal information of the low-mass evolution and the early chemical conditions of the
Galaxy (Otsuka et al.| |2010)).

In general, PNe are divided in five types based on their chemistry, vertical dis-

tance from the Galactic plane and their peculiar velocities (Peimbert} [1978)). Based

on this scheme, PNe can be of Type I, which result from the most massive progenitor
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Object Other name RA Dec Comments Ref

K648 Ps1 21 29 59.38 +12 10 27.50 - Adams et a1.7(1984i)
DdDm-1 - 16 40 18.15 +38 42 20.00 - Clegg et al.|(1987)
PN006-41.9 PRMG-1 21 05 53.56 -37 08 40.26 - Pena et al.|(1989)

NGC 2242 - 06 34 07.36 +44 46 38.09 - Shaw & Bidelman|(1987)
NGC 4361 - 12 24 30.76 -18 47 05.40 - Torres-Peimbert et al.|(1990)
M 2-29 - 08 06 40.91 -26 54 56.38 - Pena et al.|(1991)

BB-1 BoBn-1 00 37 16.03 -13 42 58.60 - Pena et al.|(1991)

H4-1 - 12 59 27.77 +27 38 10.50 - Pena et al.|(1990)
PN243-37.1 - 05 03 01.73 -39 45 44.50 - Pena et al.|(1990)
GJJC-1 - 18 36 22.82 -23 55 18.26 - Howard et al.|(1997)
PN135.9+55.9 - 11 53 24.74 +59 39 57.10 Classified as CV [Tovmassian et al.|(2001)
NGC 2438 - 07 41 50.51 -14 44 07.70 - Dalnodar|(2012)
PN232.0+05.7 - 07 48 03.67 -14 07 40.40 - Pereira & Miranda, (2007)
BD+33 2642 - 15 51 59.88 +32 56 54.30 Post AGB (P-PN) [Napiwotzki et al.|(1994)

TABLE 1.1: Known hPNe in the Milky Way.

stars in the intermediary mass range, being the youngest of all disk PNe. They are
associated with the Galactic thin disk (closer to the Galactic plane). These objects
are He and N rich, presenting extremely filamentary structure, with He/H > 0.125
or log (N/O) > -0.30, are located (z) = 150 pc from the Galactic plane and have
peculiar velocities of (AV) = 20.5 km s~ 1.

Type IT PNe, belong to the intermediate disk population. They are associated
with the thin disk and have approximately circular orbits. Members of this group are
generally older than Type I PNe, having been formed at a time when the interstellar
medium was more metal-poor in heavy elements. Therefore, they may present
slight underabundances of elements such as O, S and Ne. Moreover, their low
mass prevents strong He or N enrichments (Quireza et al., [2007). They have He/H
< 0.125 and log(N/O) < -0.3 (Peimbert, 1978). This group is subdivided in Type
ITa with (z) = 280 pc and (AV) = 21.3 km s~ and Type IIb with (z) = 420 pc and
(AV) =221 km s L.

Type III PNe are high velocity objects from the thick disk population with
(AV) > 60.0 km s, Such PNe were produced from stars generally older than most
thin disk stars. As most of the thick disk stars, they are on moderately elliptical
orbits that typically reach higher distances from the Galactic plane. The thick disk
have a scale height of 1450 pc (Reddy et al., 2006). Type III nebulae should also
present lower abundances of heavy elements than the thin disk stars.

Finally, Type IV PNe are low metallicities objects. They exhibit (z) = 7.2 kpc
and (AV) =173 km s~ (Peimbert & Serrano, [1980; [Peimbert & Torres-Peimbert)
1983). The hPNe are classified as Type IV, due to the high vertical distance from
the galactic plane and the large peculiar velocity relative to the rotation of the
Galaxy (Costa et al., [1996)). It should be noted that all halo PNe are found to be
metal poor (Quireza et al., 2007). For instance, the halo PNe BoBnl (Otsuka et al.,
2010), H4-1 (Otsuka & Tajitsu, |2013)) and K648 (Kwitter et al., 2003) are extremely
low-metallicity sources, showing [Fe/H] ~ -2.45 (Otsuka et al.l [2015).
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are sensitive to different samples of PNe 2017)).

1.1.4 Detection techniques of planetary nebulae

Several different techniques have been used to find new Galactic PNe over the last

two centuries (see Frew & Parker, [2010). Each technique is sensitive to PNe of

differing sizes and surface brightness as illustrated in Fig. and summarized as
follow:

1. Visual discoveries. This technique is typified by the NG(ﬂ PNe, many of
them are relatively bright and large (see Fig [L.5)). Several well-known PNe
were found at the eyepiece by W. and J. Herschel between 1780 and 1838.

2. Broadband photographic imagery. This technique was used by |[Abell| (1966))
and more recently by Deep-Sky Hunters (DSH) team, an amateur-professional

consortium (Jacoby et al.,|2010; Kronberger et al. [2016). The PN candidates
were identified by direct inspection of the images and the online scanned data

in the case of DSH discoveries.

3. Narrowband imagery. The Macquarie/AAO/Strasbourg Ha Planetary Neb-
ula Catalog (MASH catalog, Parker et al., |2006), the Isaac Newton Telescope
(INT) Photometric Hae Survey of the Northern Galactic Plane (IPHAS;
ironen et al., 2009alb} [Sabin et all [2010), some new discoveries finds by the
DSH team (Kronberger et al., [2014, [2016) and other smaller surveys (Fig.

*New General Catalogue of Nebulae and Clusters of Stars (NGC).
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1.5)) are representative of this technique. The PNe candidates are identified in
colour-colour diagrams, visual inspections and image processing.

4. Near-infrared (near-IR) imagery. Narrow-band images are used to find very
weak PNe. Near-IR have been used to find optically faint and/or more red-
dened PNe; e.g |Jacoby & Van de Steene (2004) in the light of [S III] A9532.
Discoveries from the UWISH2 survey in terms of molecular hydrogen ([Froe-
brich et al., [2015) were also performed. Near-IR imaging (2MASS, Spitzer
GLIMPSE, MSX and IRAS data) of obscured IRAS post-AGB and PN candi-
dates has been useful to classified new PNe (Ramos-Larios et al., [2009, [2012]).

5. Mid-IR imagery. WISE mid-IR imagery has also been used to find very faint
PNe (Kronberger et al., [2016]).

6. Low-resolution objective-prism spectroscopic surveys. This technique was ini-
tially implemented by E. C. Pickering and W. Fleming resulting in the Henry
Draper catalog at Harvard Observatory (see [Hearnshawl, (1990). It also have
been especially addressed to detect modestly bright and generally compact
PNe.

7. Higher-resolution spectroscopy. Spectroscopic discoveries using multiplexed
fiber spectroscopy (Yuan & Liu, 2013).

8. Direct discoveries of low-mass central stars. The method is based on finding
isolated white dwarfs that may be surrounded by low-surface brightness and
hardly detectable nebulae (Kanarek et al., |2015| 2017)).

Probably most of the undiscovered PNe are invisible at optical wavelength, be-
cause they are very extended and correspond to very low-surface brightness sources.
Therefore, future discoveries confirmations will require the exploration of surveys in
the IR and in radio domains in wide areas of the sky with enhanced sensitivity and
resolution. In this thesis, we use narrow- and broad-band filter surveys to identify
compact PN candidates in the optical regimen. Note that spectroscopy is the only
way to confirm the nature of PN candidates identified by most of the above methods.

1.2 Symbiotic stars

Several types of stars characterized by an emission line spectrum have been discov-
ered by the implementation of low angular and spectral resolution objective prism
technique (Frew & Parker, 2010]). Many of these objects have been misconceived as
compact PN in previous catalogs (see |Acker et al., [1987). One of the most common
PN mimic of stellar appearance are the symbiotic stars (SySt). The traditional def-
inition of SySt cover those interacting systems that exhibit a composite spectrum
with emission lines of H I and He I and often [O III] and He II in conjunction with
absorption signatures present in evolved giant star (Kenyonl |1986; Belczynski et al.),
2000)).
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1.2.1 Symbiotic stars nature

Symbiotic stars (SySt) are long-period interacting binary systems, in which a late-
type giant star transfer mass to a much hotter and compact companion. The typical
configuration of a SySt consists of a red giant transferring material to a white dwarf
star via stellar wind. Part of the wind of the giant star is ionized by the radiation of
the WD, producing a spectrum with two components: one component is described
by absorption features from the cool stellar photosphere of the giant and the second
component by the emission lines of the excited ions (Corradi et al. 2008; |Allen),
1984b)). SySt are divided into three categories: (i) The S-type (stellar) in which the
giant has a M-spectral type and dominates the emission in the near-IR, showing the
presence of stellar photospheres at 3,000 — 4,000 K (Belczynski et al., [2000; |Akras
et al., |2019a)). (4#) The D-type systems (dusty) in which the cool companion is a
Mira variable star. The near-IR emission corresponds to the dusty envelope around
the systems. And (iii) D’-type symbiotic stars which are characterized by a F, G
or K type cool giant surrounded by a dust shell (Allen, [1984al). An additional type
of SySt namely S+IR, an S-type with an infrared excess in the 11.6 and/or 22.1 ym
bands, was just proposed by [Akras et al. (2019a).

SySt are important objects in Astrophysics because they allow the study of
physical mechanisms such as the powering mechanism of supersoft X-ray sources
(Jordan et al.l [1996), the thermonuclear outbursts (Munari, [1997)), the collimation
of stellar winds and formation of jets (Tomov, 2003) or their relation with the
formation of bipolar PNe (Corradi et al., [2003)). Another important aspect is that
SySt are, probably, progenitors of Type Ia supernovae (see e.g|Whelan & Iben) 1973}
Hachisu et al., [1999; Li et al.l 2009; D1 Stefanol [2010; |Chen et al., [2011)).

Various catalogues of SySt have been generated over the last 40 years. |Allen
(1984a) made the first catalogue of these sources and 15 years later Belczynski
et al.| (2000) presented a more updated and comprehensive census of SySt. Last
year, Akras et al. (2019b)) presented the latest catalogue of SySt with all known
members until 2018. So far, only 323 SySts are known, from which 257 are Galactic
and 66 are extragalactic (Akras et al., 2019b). These numbers are considerably
lower than the predicted number of SySt in the Galaxy, from 3,000 (Allen, |1984a))
up to 4 x10° (Magrini et al., 2003). However, a great effort has been made over
the years to create and improve tools that allow to distinguish SySt from other
Ha emitters including compact PNe. |Corradi et al.| (2008, [2010); Rodriguez-Flores
et al.| (2014)) identified symbiotic star candidates using colour-colour diagrams built
from IPHASE] and near-IR (2MAS@ catalogs. Later, follow-up observations were
obtained to reveal the true nature of the sources. More recently, |Akras et al.| (2019a))
presented a new approach for identifying and distinguishing SySt from other sources
in photometric surveys using machine learning techniques such as classification tree,
linear discriminant analysis and K-nearest neighbor.

3The INT/WFC Photometric Ha Survey of the Northern Galactic Plane (Drew et al., 2005
“Two Micron All-Sky Survey (Skrutskie et al., [1995])
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1.2.2 Symbiotic stars spectra

As already mentioned, the spectra of the SySt are composed by emission lines pro-
duced in the giant wind and absorption bands from the surface of the giant (Kenyon),
1986). The spectrum of a SySt displays strong recombination lines of H I, He I and
He IT as well as a number of forbidden high-excitation lines such as [OIII] or [Ne
V] and include typical forbidden emission lines of [O II], [Ne III] and [Fe VII|. The
absorption component from the red giant includes bands such as TiO and VO, H»O,
CO and CN bands, as well as Ca I, Ca II, Fe I and Na I absorption lines (see, for
instance, Gongalves et al. 2015]).

SySt were found to exhibit two very broad lines at 6825 A and 7082 A. These
lines are known as Raman O VI scattered lines. [Schmid| (1989)) identified them as
produced by the Raman scattering of the O VI AA1032, 1038 resonance lines by neu-
tral hydrogen. An incident O VI photon with frequency v; excite atomic hydrogen
from its ground state 1s2S to an intermediate state from where the Raman photon
vy is emitted, leaving the hydrogen atom in the state 2s%S. The principle of the
energy conservation requires that the frequency of the Raman scattered photon will
be v; — v;y, where v;¢ is the energy difference between the initial and final state,
1525 and 2s2S respectively (Schmid & Schild, 1994). The frequency displacement
Av of the incoming O VI photons, due to Doppler broadening or any other phe-
nomenon, is conserved. Therefore the relative widths Av/v; of the Raman lines
are approximately 6.7 times larger than the Av/y; of the initial O VI lines, thus
causing a large FWHM of ~ 25 A for the A\6825, 7082 emission lines. Allen (1980)
showed that these Raman O VI lines are present in 50% of the SySt. Recently,
Akras et al| (2019b) calculated this fraction as 55%, by using a large sample with
all the known SySt in 2018. Moreover, it was shown that Raman O VI lines are an
unique characteristic of the SySt.

Symbiotic stars exhibit a wide variety of spectral features, see Munari & Zwitter
(2002)) for a comprehensive spectral atlas of symbiotic stars. Figure shows the
spectrum of two SySt in NGC 205, in which is possible to see some of the most
important signatures of the symbiotic systems. The first SySt (top panel) shows the
O VI Raman scattered lines at 6830 A, 7088 A. In addition, the spectrum exhibits
the typical Ho and [N II] emission lines. The second SySt (bottom panel) shows the
HfS emission line and the high ionization lines of He II and Ne VII or N III.

1.3 Planetary nebulae versus symbiotic stars

PNe and SySt are objects that share similar spectroscopic characteristics which
make difficult to properly identify them. Even, their morphologies are quite similar.
Fig. shows a bipolar PNe and a symbiotic system with similar morphologies.
Symbiotic stars can be discriminated from PNe using either near-IR colours or in
the optical spectra the presence of the red continuum and strong [O III] 4363 rela-
tive to A5007 in higher-excitation objects. |Gutierrez-Moreno (1988) and |Gutierrez-
Moreno et al.| (1995a) used the [OIII] A4363/\5007 line ratio to separate PNe from
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FIGURE 1.6: Blue plus red spectra of two symbiotic systems in NGC 205. The first spectrum
(top panel, SySt-1) shows the typical single-peaked broad Ha profile, and the Raman O VI

scattered lines (at 6830 A and 7088 A). The second spectrum (bottom panel, SySt-2) displays
the H/ line as well as the Raman-scattered Ne VII X 973 (see Lee, Heo & Lee 2014) or N

ITT at 4881 A line (Gongalves et al., 2015).
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FIGURE 1.7: Two objects with very similar morphologies. Top panel shows NGC 6537, a
bipolar type I PN with a very hot central star. Bottom panel shows the bipolar SySt He
2-104, consisting of a WD and a cool Mira star. NGC 6537 G. Mellema et al., HST, ESA,
NASA; He 2-104 R. Corradi et al., IAC, STScl, NASA.
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FI1GURE 1.8: Diagnostic diagram to discriminate symbiotic stars and PNe from |Gutierrez-
Moreno et al.| (1995b)). It is a plot of R1=[OIII] A\4363/H~y versus R2=[O IIT]A5007/H}.
The two straight lines correspond to the locus of R3=(5007)/(4363) = 13.1 and 27.5 (upper
and lower lines, respectively). The different symbols represent D-type, S-type symbiotic
stars, young PN and more evolved PNe. The regions A, B, and C define the regimes of PNe,
young PNe and symbiotic stars, respectively.

symbiotics. This ratio is a good temperature indicator at densities typical of PNe
as well as a density indicator at typical densities of SySt. Symbiotic systems are
generally denser than even the youngest PNe. Figure displays the diagnostic
diagram based on emission lines intensities in the optical regime (Gutierrez-Moreno
et al., [1995b) while Figureshows the colour-colour diagram using near-IR colours
(Schmeja & Kimeswenger, [2001; Ramos-Larios & Phillips, 2005; Corradi et al.,
2008)). In Figure is possible to represent points corresponding to different values
of R3 =(5007)/(4363). |Gutierrez-Moreno et al.| (1995a)) found that the locus of R3
is a straight line passing through the origin, with the slope [I(H3)/I(H~)] x (R3)~!.
They used the value I(Hp)/I(Hv) = 2.132, corresponding to T, = 10,000 K and
log N. = 4, these values were taken from [Brocklehurst| (1971). These diagnostic
tools are good criteria to differentiate PNe from SySt. [lkiewicz & Mikotajewska
(2017) also proposed a number of new diagnostic diagrams in the optical regime
for discriminating SySt from PNe. One of these diagnostic diagrams is based on
the He I recombinations as it can be seen in Fig. The latter diagram allows
to correctly identify SySt that have been misclassified using the standard [O III]
diagnostic diagram (Itkiewicz & Mikotajewskal, 2017)).

Corradi et al.|(2003)) have shown, by purely statistical arguments, that it is highly
improbable that a true PN central star would have a binary Mira companion. On
the other hand, evolutionary links between PNe and symbiotic systems are likely.
Many current symbiotic stars may have gone through the PNe phase, when the
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FIGURE 1.10: Diagnostic diagram using He I ratio implemented to distinguish between PNe
and SySt. PNe are marked with gray symbols and SySt with blue symbols. The SySt that
share the same location with PNe into the [OIII] diagnostics diagrams are represented with
red symbols. The S-type SySt are marked with open circles, the D’-type with full circles
and D-type with triangles. The gray lines represent the criteria of selection for SySt. Figure
adapted from [tkiewicz & Mikolajewskal (2017)).
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current WD companion was at an early phase in its evolution. Similarly, many PN
with a binary system may go through a symbiotic in the future when the companion
stars evolves into AGB phase (Frew & Parker, 2010).

Notice that in the present section we have discussed the different diagnostic dia-
grams previously used to distinguish PNe from SySt and vice verse. In the following
section, we expand the discussion to other emission-line objects that resemble PNe
and SySt and the diagnostic tools used to differentiate them from these contami-
nants.

1.4 PNe, SySt and their mimics

There is a great variety of nebular and stellar objects with many properties in
common with PNe and SySt, thus many objects may have been mis-classified as
planetary nebulae. Similarly, several PNe have been found in catalogues of H 11
regions, low-surface brightness galaxies, reflection nebulae or Herbig-Haro objects.
The possible confusion is such that even three candidate Galactic globular clusters
turned out to be PNe, after spectroscopic analysis (Bica et al., |1995; |Parker et al.,
2006). Parker et al.| (2006); Miszalski et al.| (2008) examined in detail more of 1,200
PN candidates, by using a multiwavelength approach to reject non-PNe. Many of
the objects previously accepted as PNe have been shown to be H 11 regions ionized
by hot stars (Frew, 2008).

Figure and show the Ha images and the spectra of some of the most
common PNe and SySt mimics. All these objects share similar morphological and
spectroscopic characteristics. Below, it will discuss these type of mimics in more
details.

1.4.1 Compact H 1I regions

H 11 regions are emission line nebulae as PNe with O and/or B spectral type stars
responsible for their ionization. Generally, the flux of ionizing photon that ionize
the neutral gas in H 1I region comes from one or several OB stars. They are low
excitation objects in comparison with the PNe. For this reason, the spectra of the
H 11 regions lack of the He II lines and of other high excitation lines. Some compact
H 11 regions have symmetric form, and they have been confused with PNe. Examples
of compact H 11 regions classified as planetary nebulae are He 2-77 (Caswell &
Haynes), [1987), Abell 77 = Sh 2-128 (Mampaso et al., [1984; Bohigas & Tapial 2003)),
see Fig. [L.11), We 1-12 (Kimeswenger] [1998)), Wray 16-185 (Acker et all [1987;
Ogura & Noumaru, [1994; |Gyulbudaghian et al., |2004; [Roman-Lopes & Abrahaml|,
2006) and M 2-62 (see Fig. [1.11).

Generally, it is enough to differentiate PNe from compact H 11 regions taking into
consideration the spectral features, environment, radio fluxes and near- and mid-IR
characteristics. Usually, compact H 11 regions in external galaxies can be classified
as wrongly PNe. However those objects appear more extended, if they are not too
distant (Jacoby, [2006)).
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FI1GURE 1.11: Ha images of several PN mimics, adapted from SHS and DSS images. Top
row, from left to right: Abell 77 (SH 2-128), a compact H 1I region; vBe 1, a low-surface
brightness and diffuse H 11 region and Sh 2-174, a H 1I region ionized by a hot ‘naked’
low-mass stars. Middle row, in the same order: The faint shell around the Wolf-Rayet star
WR 16; the WR ejecta nebula, PCG 11 and the faint bipolar nebula around the Ble] star,
He 3-1191. From left to right, bottom row: the blue compact galaxy He 2-10, the true PN
PHR J1424-5138 and the bipolar symbiotic outflow, He 2-104.
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FIGURE 1.12: Spectra of different emission line objects that can be mimics of PN. Top row:
(left) PTB 15, a ring-shaped nebula with a CS that shows symbiotic characteristics; (right)
M 2-62, a reddened, compact H II region. Second row: (left) PHR J0818-4728, a compact
knot in the Vela supernova remnant, which shows strong [S II] and [O I] lines; (right) PHR
J0950-5223, an emission-line galaxy with a velocity of 2,300 kms~!. Third row: (left) He
3-1191, a Ble] star surrounded by a faint bipolar outflow with intense, broad Ha line, strong
[O TJA6300, and the forest of Fe II and [Fe II] lines; (right) BI Crucis, a low-excitation
symbiotic star with weak Bl[e] characteristics. Bottom row: (left) Eta Carinae, a LBV star
with a rich emission-line spectrum which resembles a Ble] star. (Right) A M-type giant
where the continuum peak near 6550 Acan mimic He emission in narrowband filters. All
spectra cover the same wavelength range (4000-7500 A) and were taken with the SAAO
1.9-m reflector (Frew & Parker| 2010)).
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1.4.2 Herbig-Haro objects and young-stellar objects

Herbig-Haro (HH) objects are small nebulae with characteristic emission lines in
their spectra. They are recognized as manifestations of outflow activities from new-
born stars (Reipurth & Bally, 2001)). HH objects can usually be differentiated from
PN due to their distinctive morphology, the presence of shocked-excited spectral
features such as strong [S II], [N I} and [O I} emission lines (Canto, |1981} |Cappellaro
et all [1994) and the proximity to star-forming regions and associated molecular
clouds with high levels of surrounding extinction. Given the combination of low-
excitation and high-density, the blue [S II] AA4068,4076 lines are frequently strong
relative to the Hf line in HH objects, if the impact of the reddening is not important.

Related with HH objects are the young-stellar objects (YSOs). The spectra of
these objects have emission lines such as Balmer lines (Witham et al., 2008, which
emerges from the accretion disk. In their spectra it is clearly perceptible their
reddened nature like in the SySt spectra. The strong reddening is an indicative of
the cool effective temperature of these sources. YSOs are among the most common
contaminants of SySt (Corradi et al., 2008]).

1.4.3 Cataclysmic variable stars

Cataclysmic variables (CVs) are a large class of variable stars that includes recurrent
novae and dwarf novae. They are binary systems of very short orbital period, in
which a white dwarf is accreting material from a close, Roche lobe-filling companion,
usually a main sequence G-, K- or M-type star (Patterson) 1984]).

Novae in the nebular phase show strong Balmer and [OIII] emission lines and
sometimes confused with PNe on objective prism plates. At later stages in the
evolution of classical and recurrent novae, resolved shells become visible, comprised
of ejected gaseous produced in the nova eruption. Nova shell shows both spherical
and axisymmetric structures (e.g. Downes & Duerbeck, 2000), and they can have
spectral signatures reminiscent of PNe.

1.4.4 Wolf-Rayet stars

Wolf-Rayet (WR) stars are evolved, massive and hot stars, with particularly strong
winds, which caused the loss of their hydrogen envelopes, leaving their helium cores
exposed. In particular, WR stars have wind densities one order of magnitude higher
than the massive O stars (Crowther, 2007)). The high mass-loss rates arise due to
the very broad emission lines of helium, carbon, nitrogen and oxygen. The ejected
material and the wind-blown bubbles surrounding Wolf-Rayets have occasionally
been cataloged as PNe. This mis-classification is based on their spectral features,
but in general the width of the emission-lines is enough to differentiate the WRs
from PNe. There are two classes of WR stars: WN stars, which show broad emission
lines of nitrogen and helium and WC stars with broad helium, carbon and oxygen
lines. Fig. shows the Ha images of two WR (WR 16 and PCG 11), in which it
is possible to see emission shells around these stars.
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1.4.5 Be and Bje] stars

Be stars are main-sequence and giant stars with strong Balmer lines. The prominent
emission is produced in a circumstellar disk or an envelop, due to the rapid rotation
or by the presence of magnetic field. Ble| stars are sub-giant stars which have
additional emission lines of species such as Fe II, [Fe II], [OII] and [S II], and
occasionally P-Cygni absorption profiles. Ble] stars are not homogeneous structures
and many of them appear to have a surrounding nebula, produced by large-scale
mass-loss events involving one or more eruptions (Marston & McCollum) [2006). The
Ble] star He 2-90 have features very similar to those of PNe, and it is surrounded by
a bipolar nebula (see figures and . These objects are also very similar to
the symbiotic systems and YSOs. Therefore they can be potential contaminants for
SySt. Follow-up spectroscopic surveys of the IPHAS PN and SySt candidates have
shown that the majority of their candidates are Be stars (Corradi et al., 2008)).

1.4.6 Galaxies

In the past low-surface brightness (LSB) dwarf galaxies have also been mis-classified
as evolved PN by using morphological criteria alone. Occasionally, via resolved stel-
lar population (deep imaging e. g. |Hoessel et al. [1988) or spectroscopy (redshift)
of emission objects the true identity as dwarf galaxy has been revealed. A few
emission-line galaxies appeared in the early PN catalogues (e.g. |Acker et al., 1991).
Several galaxy sub-types have strong Balmer and forbidden emission-lines, and are
potentially confused with PN on objective prism plates, where the lack of spectral
resolution precluded an extragalactic identification for low redshift examples. He 2-
10 (Fig. and IC 4662, were classified as possible PN by |Henize (1967)), are now
known to be nearby starburst dwarf galaxies. Additionally, there were at least five
emission-line galaxies in the preliminary MASH catalog. They were later spectro-
scopic confirmation by determinating their redshifts, for example, PHR J0950-5223

is one of these galaxies (Fig. [1.12)).

1.4.7 Supernova remnants

Supernova remnants (SNR) are nebulae resulting from the explosion of massive
stars. The one-sided filamentary PNe, the Medusa nebula (Abell 21) and Sh 2-188
were identified as SNR in the past. Several compact knots of extended SNRs have
been classified as PN candidates. For instance, Haro 2-12 which is a bright knot in
Kepler’s SNR of 1604 (Acker et al.,|[1987; Riesgo & Lopez, 2005) and PHR 0818-4728
(Parker et al. 2003), which turned out to be a compact knot in the Vela SNR.

1.4.8 Diagnostic diagrams: separating PNe and SySt from other
emission line sources

Here we discuss the optical diagnostic diagrams that were used in the past to select
planetary nebulae and symbiotic stars. In general, diagnostic diagrams use several
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FIGURE 1.13: log (I(Ha)/I[NII]) versus log(I(He)/I[S II]) diagnostic diagram, which are
used to separate PNe, H II regions and SNRs. Plot taken from [Riesgo & Lépez (2006)).

emission-line intensities and are useful for differentiating resolved emission sources
such as PN from H 11 regions, SNRs and other objects. For example, Figure [1.13
shows a diagnostic diagram based on the Ha/[N II] and He/[S II] emission-line ratios
(Sabbadin et al., |1977; Cantol, |1981} |Fesen et al., 1985; Riesgo & Lodpez, [2006]). The
selection criteria were empirically derived in theses diagrams, by using emission lines

ratios observed in supernova remnants, PNe and H II regions.

\Corradi et al.| (2008) have used a method of selecting SySt candidates by com-
binating IPHAS and IR (2MASS) colours, this methodology allows to differentiate
symbiotic systems from both normal stars and Ha point sources emitters, includ-
ing compact PN. Figure displays the two IPHAS and 2MASS colour-colour
diagrams used for in Corradi’s work. With the combination of these diagnostic di-

agrams it is possible to discriminate SySt and PNe from cataclysmic variables, Ble]

and Mira stars in an effective way. Later, [Viironen et al| (2009a]b)) also used these
two (IPHAS and 2MASS) colour-colour diagrams to discriminate PNe from stellar
and other emission lines sources in the Galactic context. Figure displays the

two colour-colour diagrams, in which the PN locus is emphasized. In the IPHAS
diagram, the (r — Ha) axis mainly indicates increasing values of the Ha emission
line equivalent width, while the (r — i), for normal stars, represent a sequence of
increasing spectral type and reddening. The 2MASS color-color diagram [(J — H)
vs (H — Ks)] allows to explore the reddened nature of emission line objects.
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FiGURE 1.14: Diagnostic colour-colour diagrams for symbiotic stars and other objects
based in IPHAS (left plot) and 2MASS (right plot) catalogues. The Ha emitters are given
in distinct regions of the diagrams. The locus of main-sequence and RGB stars is indicated
by the solid and dotted lines, respectively. Two sequences are shown, corresponding to the
reddening values E(B-V)=0 and E(B-V)=4. The arrow indicates the length of the reddening

vectors, which corresponds to Ay = 3 mag. Figures are taken from (Corradi et al.| (2008).
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FIGURE 1.15: Left panel diagram showing the location of PNe (area filled with green
horizontal lines), D- and S-type symbiotic stars (Sy-D+S, red lines), cataclysmic variables
(CV, black lines), and Be-stars (area filled with diagonal lines coloured magenta) in the
IPHAS (INT photometric Ha survey) colour-colour diagram. The location of main-sequence
(MS) stars (Drew et al. 2005) with reddenings of E(B-V)=0 and E(B-V)=4 are shown as
dotted lines. Right panel 2MASS colour-colour diagram for the same objects and the same
MS reddening tracks as in the left. The symbiotic stars are divided into S-type (SySt-S, areas
filled with vertical orange lines) and D-type (SySt-D, red lines). The location of T-Tauri
stars (TTau, blue lines) is also shown. Figure adapted from |Viironen et al.| (2009a).
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FIGURE 1.16: The 2MASS/AIIWISE (W3-W4) versus (Ks-W3) (Left panel) and (J-H)
versus (W1-W4) (Right panel) colour-colour diagnostic diagrams for different classes of
objects as well as for the four type of SySt presented in the inset plot. The arrow represents
the vector extinction at 4 mag in the V-band. The dashed box in the insert plot indicates
the vertical branched region of SySt. The W3 and W4 magnitudes of the majority of CVs
correspond to upper limit values. Figures adapted from |Akras et al.[(2019a))

Recently, |Akras et al.| (2019a) used the photometric data from the 2MASS and
WISE surveys to construct various diagnostic diagrams that show the distribution
of SySt and other Ha-mimics in the near-mid infrared space. Fig. shows the
(W3 - W4) versus (Ks - W3) and (J - H) versus (W1 - W4) colour-colour diagnostic
diagrams. |Akras, Guzman-Ramirez, & Goncalves| (2019¢|) using the classification

tree model (Grubinger et al., 2011) found new colour criteria to identify compact
PNe of the best possible way by using both 2MASS and AIIWISE photometric data.
By combining these two catalogues, they found that W1-W4>7.87 and J-H<1.10;
H-W2>2.24 and J-H<0.50; and Ks-W3>6.42 and J-H<1.31 are optimal criteria to
discover new PNe.

1.5 Thesis overview

The thesis is organized as follows. In Chapter [2| I present a description of the
Javalambre Photometric Local Universe Survey (J-PLUS), the Southern-Photometric
Local Universe Survey (S-PLUS) and the Javalambre Physics of the Accelerating
Universe Astrophysical Survey (J-PAS). These new multi-band surveys, which con-
tain both narrow- and broad-bands filters, provide a unique opportunity to find
PNe and SySt in the Galactic halo. In Chapter 3|, I discuss the new colour crite-
ria based on these three surveys. I also present the machine learning techniques,
more precisely principal component analysis (PCA) and linear discriminant analy-
sis (LDA), which were used to discriminate objects classes. Chapter 4] discusses the
validating strategy to the J-PLUS and J-PLUS colour-colour diagnostic diagrams.
It also presents the first results on applying the colour criteria to the first J-PLUS
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data release (DR1) and S-PLUS DR1. The objects recovered in the DR1s were used
to validate the machine learning methodologies. In Chapter 5] I provide a general
discussion, the conclusions and perspectives.
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Chapter 2

Description of the surveys

The Javalambre Photometric Local Universe Survey (J-PLUS, Cenarro et al., 2019}
https://www.j-plus.es) and the Southern-Photometric Local Universe Survey (S-
PLUS, Mendes de Oliveira et al., [2019; http://www.splus.iag.usp.br) are two
akin projects that are mapping the Northern and Southern celestial hemispheres,
respectively. This thesis makes use of the data from the J-PLUS Science Verifica-
tion, first J-PLUS Data Release and first S-PLUS Data Release. The Javalambre
Physics of the Accelerating Universe Astrophysical Survey (J-PAS, Benitez et al.,
2015; http://www.j-pas.org/) is a multi-band survey that will also observe high
latitudes of the Northern sky. The J-PLUS filter set allows to relieve accurate spec-
tral energy distributions (SEDs) for millions of calibration stars that will be used to
transport the photometric calibration from J-PLUS to J-PAS (Gruel et al., 2012).
The main purpose of J-PLUS was thus to calibrate the J-PAS project.

Given that these surveys are defined by a set of narrow- and broad-band filters
able to cover the whole optical spectra, they provide an unique opportunity to search
for PNe and SySt in the Galactic halo. J-PLUS and S-PLUS have a filter designed
to detect the Ha recombination line. In the case of J-PAS other emission line such
as [OIII], will be also detected by a specific filter, altogether J-PAS filter system
allows much better ways to isolate PNe and SySt.

In the following chapter I discuss some of the previous photometric surveys that
resulted in the detection of PNe. Then, I introduce the new J-PLUS, S-PLUS and
forthcoming J-PAS surveys.

2.1 Previous PNe and SySt surveys

Several surveys have been used to find new PNe in our Galaxy, since an accurate
census of them is needed for a reliable calculation of the numbers, scale height,
space density and birth rate of PNe in the Milky Way. Surveys previous than those
discussed bellow have resulted in an extensive sample, out to a radius of ~2.0 kpc
from the Sun (Frew, 2008). However, this sample is much less complete at the faint
end of the PN luminosity function.
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The following subsection, it presents the AAO/UKST Ha survey, SHASSA,
VTSS and TIPHAS surveys.

2.1.1 The AAO/UKST Ha Survey

The Anglo-Australian Observatory /UK Schmidt Telescope (AAO/UKST) is a high
resolution, narrow-band Ha survey of the Southern Galactic plane and Magellanic
Clouds. It covers ~ 4,000 deg? of the sky extending to a galactic latitude of |b| ~
10 — 13°. The survey is available online as the scanned SuperCosmos Ha Survey
(SHS; [Parker et al., 2005b)).

The survey uses a high-quality optical interference filter (see Parker & Bland-
Hawthorn| [1998) of 70 A width centered close to the Ho line. It has a very good
sensitivity to faint diffuse Ha emission down to a surface brightness of ~ 1 - 3
%1077 erg cm™2 57! arcsec™!'. The Ha photometric images have been scanned and
digitized by the high speed SuperCOSMOS plate scanning machine at the Royal
Observatory, Edinburgh (Hambly et al., [1998) and they are available in the SHS

database http://www-wfau.roe.ac.uk/sss/halpha/.

Macquarie/ AAO/Strasbourg Ho (M ASH) Catalogue

The MASH catalogue includes all the PNe found in AAO/UKST Ha Survey. A
total of ~1,200 new Galactic PNe were identified in SHS (Parker et al., 2005al, [2006;
Miszalski et al., 2008). Most of these PNe are of very low surface brightness and
are often highly reddened. The MASH catalog includes several PNe of very large
angular diameter. Once the SHS Ha data became available it was possible to verify
and confirm the previous visual identification of the sources as well as to obtain
more accurate estimates about of nebular size, morphology and position. By using
the MASH catalog many of the PNe mimics such as H 11 regions have been removed
and during this process a significant number of new PNe were identified. Overall, it
contains around 60% more PNe than all the previous catalogs.

2.1.2 SHASSA

Given that the AAO/UKST Ha Survey was restricted to an area in the range
from 10 to 12° of the Galactic plane, it is obvious that additional searches were
necessary. Therefore, the AAO/UKST Survey was performed in the Southern Sky
H-Alpha Survey Atlas (SHASSA; Gaustad et al., 2001)), up to a Galactic latitude
of |b|] = 10°, with the principal goal of discovering new evolved PNe in the Solar
neighborhood. SHASSA is a robotic wide-angle digital imaging survey aimed of
detecting Ha emission from the warm ionized interstellar medium. It is formed by a
narrow-band filter (Ha + [NII]) and continuum images of a large proportion of the
Southern sky (17,000 deg?). SHASSA consists of 2168 images covering 542 fields
south of +16° declination. There are four kind of images available for each field:
Ha, red continuum, continuum-corrected HaE] and a smoothed Ha image. Images

!These are generated by subtracting each continuum image from the corresponding Ho image.
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of individual fields in the surveys may be accessed on the Web http://amundsen.
swarthmore.edu/SHASSA/ or http://www.lco.org/SHASSA/.

A visual inspection of the SHASSA images resulted in a discovery of 17 nebulae
(PNe) with a radius larger than 5 arcmin. All previously known PNe larger than
this size were recovered in SHASSA’s blind search. Good example are Hewett 1
(Hewett et al. 2003), PG 0108 and PG 0109 (Frew et al., [2006)).

2.1.3 VTSS

A complementary survey to SHASSA | the Virginia Tech Spectral line Survey (VTSS;
Dennison, Simonetti, & Topasna, [1998) covers a wide strip around the Northern
Galactic plane, |b| < 30°. Like SHASSA, the combination of fast optics, narrow-
band filters and a CCD detector provides a high sensitivity to diffuse Ha emission.
VTSS used the Spectral Line Imaging Camera (SLIC) of the Celestron-5 telescope,
which obtains circular images with a diameter of 10°, with a resolution of 96 arcsec
per pixel. This survey is formed by a narrow-band Ha filter with FWHME] =17.5
A and continuum filters as well as a [S II] filter centered in 6725A. BEach VTSS
field was planned to have four images: He, continuum-corrected Hey, [S II] and
continuum-corrected [S II].

Due to the low spatial resolution of the survey, only three nebulae (PNe) were
identified (Frew et al., [2006).

2.1.4 IPHAS

The Isaac Newton Telescope (INT) Photometric Ha Survey of the Northern Galactic
Plane (IPHAS; Drew et al. 2005) is a direct consequence of the success of the SHS.
The TPHAS survey was carried out with the 2.5-meter INT equipped with the wide
field camera (WFC) and it covers 1,800 deg? of the Northern Galactic plane between
—5% < |b] < +5°. It is formed by a narrow-band filter for the Ho emission and two
Sloan 7’ and ¢ broad-band filters. The Ha filter is very similar to the SHS one, with
a FWHM of 95 A. For point sources, the limit magnitude of the survey was r’ ~ 20
mag.

Using IPHAS ¢ and 7’ broad-band filters it is possible to construct a colour-
magnitude diagram that reveals sequences at different reddening. On the other
hand, the (' — Ha) vs (1" —#’) colour-colour diagram, turned out to be very useful
to separate objects with an excess in Ha emission, from stellar objects. Thus, in
Figure sources with an Ha excess appear at the top of the diagram, while the
most reddened objects are placed to the right (Drew et al.|2005).

Gonzalez-Solares et al.| (2008)) presented the IPHAS first data release, which
includes a photometric catalog of about 200 million point-source objects. [Witham
et al. (2008) have presented a catalog of 4,853 Ha point-source emitters, based on the
IPHAS colour-color diagram, which covers the magnitude range 13.0 < r’ < 19.5.
This diagram was derived from 1,500 deg? data, which represents 80% of the final

*Full width at half maximum (FWHM).
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FIGURE 2.1: The colour-colour diagram (r’ — Ha)vs(r’ —4") for 13.818 point sources from
the overlap area of the paired exposures for IPHAS fields 4199 (black points), 4090 (red
points) and 4095 (blue points), in Aquila constellation. Note the very well defined upper

edge to the upper sequence, this is where unreddened main sequence stars are located. The
few stars above it are candidate emission line objects. Adapted from Drew et al. (2005)

IPHAS survey area. The spectra (~ 300) of these objects have shown that more

than 95% are genuine emission line stars or compact nebulae. |Corradi et al.| (2008)

classified 1,183 of them as possible symbiotic stars, since they also exhibit strong
Ha emission. A follow-up spectroscopic survey of candidate SySt confirmed the
symbiotic nature of eight candidates: 7 S-type and 1 D-type symbiotic systems
(Corradi et al., |2010). Recently, |Akras et al.| (2019a)) proposed new IR criteria for
SySt and combining them with the photometric data of IPHAS and VPHAS+E|
ended up with a new shorter list of candidate SySt.

Viironen et al (2009ba)) reported on the results of the specific search for compact
PN candidates from TPHAS data. These sources were identified using IPHAS (/' —
Ha) vs (' — ') and 2MASS (J — H) vs (H — K s) colour-colour diagrams.
used photometric data from the 2MASS and WISE surveys in order
to get those IR criteria that can better distinguish PNe from other Ha sources. By
applying these new IR criteria to the IPHAS list of PN candidates and the entire
IPHAS and VPHAS+ DR2 catalogues, 39 new likely genuine compact (< 6”) PNe

were found.

3VPHAS+ is a photometric survey similar to IPHAS for the southern hemisphere (Drew et al.|

201).
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FIGURE 2.2: View of the JAST/T80 telescope inside its dome at the Observatorio As-

trofisico de Javalambre. Figure is taken from |Cenarro et al. (2019).

Sabin et al.| (2010) also reported on new PN candidates found in IPHAS data,
in this case for extended PNe. With the spectroscopic follow-up, many of the can-

didates result to be Ha emission line stars, most probably YSOs. Extended PNe
were also found by visual inspection of the IPHAS continuum-subtracted Ha image
mosaics. This have led to the discovery of several resolved PN, including a number
of highly evolved nebulae (Sabin et al. [2010)).

2.2 Multi-band photometric surveys: a new era for plan-
etary nebula and symbiotic stars

2.2.1 J-PLUS

J-PLUS is a multi-filter survey, which is being conduced from the Observatorio As-
trofisico de Javalambre (OAJﬁ (Cenarro et al., 2014). This is ongoing for another
couple of years, to cover a total area of ~ 8,500 deg? of the Northern sky by using the
Javalambre Auxiliary Survey Telescope (JAST/T80). JAST/T80 is a 83 cm tele-
scope mounting T80cam, a panoramic camera that provides a FoV of 2 deg? which

drives a plate scale at the Cassegrain focal plate of 55.56 arcsec mm™!. Figure
illustrates the JAST /T80 telescope inside of the 6.2 m dome at the OAJ.

The JAST/TS80 is constituted by a set of 12 narrow, medium and broad-band
filters. The filter set is defined in such way to be sensitive to key spectral features
in the rest frame, thus being optimal to study of Milky Way objects and the stellar
population of galaxies in the local universe. In addition, the survey strategy has
been well-tuned to optimize the scientific return in a wide range of applications
in many other areas of Astrophysics. Therefore, the J-PLUS filters are sensitive
both to the continuum and to important spectral features such as the emission

4The OAJ is an astronomical facility located at the Pico del Buitre of the Sierra de Javalambre,
in Teruel, Spain.
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Filter A (A) AX (A) m] PEUS pDRU 7pDRI UZDRI Comments

lim
U 3485 508 20.5 20.8 21.13 0.025 Common with J-PAS
J0378 3785 168 20.5 20.7  20.54 0.026 [OII]; common with J-PAS
J0395 3950 100 20.5 20.7  20.32 0.024 Ca H+K
J0410 4100 200 20.7 20.9 21.30 0.018 Ho
J0430 4300 200 20.7 20.9 21.37 0.018 G-band

g 4803 1409 21.5 21.7 21.7 0.013 SDSS
J0515 5150 200 20.7 209 21.52 0.010 Mgb Triplet
T 6254 1388 21.5 21.6  23.52 0.010 SDSS
J0660 6600 138 20.7 209 21.04 0.014 Hea; common with J-PAS
? 7668 1535 21.2 21.1  23.25 0.012 SDSS
J0861 8610 400 20.0 20.2  21.54 0.016 Ca Triplet
z 9110 1409 20.2 20.3  22.63 0.016 SDSS

TABLE 2.1: The J-PLUS filter systems. The first column shows the filter names.
Columns 2 to 7 present the J-PLUS central wavelengths, FWHM, expected limit
magnitude, DR1 limit magnitude, DR1 zero points and DR1 zero point uncertain-
ties. And, finally, column 8 shortly describes the filters.

lines produced in ionized nebulae. In agreement with the J-PLUS strategy, the 12
filters are formed of six intermediate-band filters of 200-400 A width centered in key
absorption features. The J0378 is designated to detect the Ca H+K, J0410 for HJ,
J0430 for the G band, J0515 for the Mg b triplet and J0861 for the Ca triplet.
The J-PLUS intermediate-band filter u, in common with J-PAS filter system, is
located at the blue part of the Balmer-break region. The J-PLUS filter set is also
defined by two narrow-band filters, J0378 and J0660, which are common with two
J-PAS filter system. These two filters are designated to isolate the [O IT]A3727 and
Ha 6563 emission lines, respectively. The J0660 filter has a particular relevance
for this thesis, since Ha emission line is a typical spectral feature of PNe and SySt.
Finally the J-PLUS is completed by four broad-band SDSS-like filters: ¢, r,7 and z
(Fukugita et al., [1996). Table specifies the characteristics of the filters and the
features targeted by the narrow-band ones. The medium zero points (ZPs) of the
filters are also listed in Table 2.1

Figure 2.3 shows the efficiency of the transmission curves of the J-PLUS filters.
The spectrum of the PN Minkowski 1-57 is overplotted. As it is expected, the
Ha emission line is detected by one of the narrow-band filter (J0660). Another
advantage of this project is that the J-PLUS filter set can characterize the whole
optical spectrum, unlike a number of previous surveys. This filter set allows to
construct accurate spectral energy distributions (SEDs) for millions of calibration
stars as well as analyzing the stellar population of nearby galaxies up to limiting
redshift of ~ 0.015 (Cenarro et all 2019). In addition, the two narrow-band filters
are perfect to map the star formation rates in galaxies in the redshift range 0 < z <
0.05 and in conjunction with the others narrow- and broad-band filters, they permit
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F1GURE 2.3: Overall transmission curves measured for the set of 12 J-PLUS filters, including
the effect of the entire system (sky, mirrors, lenses and CCD). Overplotted is the spectrum
of Galactic PN Minkowski 1-57.

to search for PNe and SySt.

Science verification data (SVD)

These data comprise a group of well-known objects to test and challenge the science
capabilities of J-PLUS (Cenarro et al. 2019). One pointing of J-PLUS during this
phase was centered at the MW globular cluster M15 (Bonatto et al. 2019). The
J-PLUS SVD made available observations of the galaxy clusters A2589 and A2593,
M101, M49, the Arp313 triplet of galaxies and a few nearby galaxies including
NGC 4470 and the Coma cluster. The analysis of these data are presented in
et al. (2019)); [Logrono-Garcia et al| (2019); San Roman et al| (2019). The Galactic
halo PNe H 4-1 (Pena et al., [1990) and PNG 135.9+55.9 (Tovmassian et al., [2001)
were also included in the SVD. The photometric results of these two PNe will be
discussed is Section [4.1] of the Chapter [4

First Data Release (DR1)

The J-PLUS first data release (DR1; https://www.j-plus.es/datareleases/data_
release_dr1l) is composed by 511 fields observed with the 12 narrow- and broad-
band filters and cover 1,022 deg? of the sky (~ 900deg? after masking). Fig [2.4
displays all the tiles of J-PLUS DR1 (red squares). DRI is based on images col-
lected by the JAST /T80 telescope from November 2015 to January 2018. Around 9
million objects at r < 21 were included in this first data release. Limiting magnitude
(50 in 3 arcsec aperture) distributions and typical uncertainties in the calibration of
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FIGURE 2.4: Footprint of the J-PLUS DR1. Red squares are the 511 pointing of 2 deg?
each one provide by the T80Cam. Black squares represent the subset of 18 pointing that

constitute the EDR. Overall, the DR1 amount effectively to ~ 900 deg?® after masking lo-
exposure regions, the surroundings of brighter stars, observational reflections or artifacts
and overlapping areas.

the DRI in each filter are presented in Table 2.1} The J-PLUS DR1 also comprises
a set of valued-added properties: a Bayessian star/galaxy classification with a prior
based of Gaia data (Lopez-Sanjuan et al.l 2019)), effective temperature estimations
for MW stars (Whitten et al., 2019) and photometric redshift for galaxies.

The limiting magnitudes (50, 3" aperture) in each filter is presented in Table
The median FWHM in the DR1 r-band images is 1.1”. The detection of sources was
made in the r-band using SEXTRACTOR (Bertin & Arnouts,|1996). The aperture for
the photometry of the 12 J-PLUS bands is defined in the r-band image. Different
types of apertures were used to perform the photometry of the 9 million sources in
this catalogue. (i) Circular aperture photometry (SEXTRACTOR’S MAG_APER).
Photometry in simple circular apertures of different sizes (3" and 6”). (ii) Isophotal
photometry (SEXTRACTOR'S MAG_ISO). (4i) Kron photometry (SEXTRACTOR’S
MAG_AUTO. (i) Petrosian photometry (SEXTRACTOR’S MAG_PETRO). (v)
Photometry after degrading the images of all the bands to the worst PSF. (vi) Pho-
tometry after convolving all the images with a Gaussian kernel of 0=1.5". (vii) And
photometry applying a PSF correction as that applied in (Molino et al., |2014). In
the present work we use the 6” aperture. This choice follows the automatic method
used by IPHAS photometry to find compact PNe, with small angular diameter (typ-
ically <5”, |Viironen et al., 2009b)). A similar 6”-aperture was also considered by
Akras, Guzman-Ramirez, & Gongalves| (2019¢|), who found that PNe with angular
sizes larger than 6” exhibit very low (r — Ha) color indexes.

2.2.2 S-PLUS

S-PLUS is the Southern counterpart of the J-PLUS project. Therefore, this survey
shares very similar characteristics with J-PLUS. S-PLUS is carried out with the
T80-South (T80S). This is a new telescope optimized for robotic operations; it is
equipped with a wide FoV camera (~ 2 deg?). This camera is identical to the camera
of the T80/JAST installed at the Observatorio Astrofisico de Javalambre. Up to
the end of the project, T80S will observe a total area of around 9,000 deg? of the
southern hemisphere.
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F1cUrE 2.5: T80S is located on Cerro Tololo besides the PROMPT telescopes. T80S is the
largest dome on the left (Mendes de Oliveira et al., 2019).

T80S telescope is located near the summit of Cerro Tololo in Chile. Fig.
shows a picture of the telescope and its neighborhood. T80S sits at a altitude of
2,178m above sea level, at geodetic position -30:10:04.31, -70:48:20.48
. The median total seeing is 0.95” (FWHM) and the best 10-percentile is
0.64” (Tokovinin et al., 2003).

S-PLUS is formed by 12 narrow-, intermediate- and broad-band filters. This filter
set is very similar to the J-PLUS, though with some differences in its configuration.
Table 2.2] summarizes the main characteristic of the 12 S-PLUS filters. As in J-
PLUS, the u-band is designated to detect the blue emission of the sources, the
intermediate-band filters (0395, J0410, J0430, J0515 and J0861) are used to detect
absorption features, the two broad-band filters (J0378 and J0660) are designated
to isolate two emissions lines ([OII] and Ha) and finally the broad-band filters are

for the continuum. Figure [2.0] displays the S-PLUS transmission curves. They are
similar to those from J-PLUS filters (see Figure , with a slight difference in
throughput and the width of the filters. Therefore, both surveys can be used to
carry out a systematic search for PNe and SySt, by applying the same methodology.

First Data Release (DR1)

The S-PLUS DRI1 includes 80 fields of the Stripe-82 area, a rectangular area with
coordinates 4" < RA < 20" and -1.26°< Dec <1.26°. These fields were observed
during the scientific validation process of the survey. DR1 contains about one million
sources and the limiting magnitude of each filter is presented in Table [2.2]

Given that S-PLUS DRI represents the scientific validation of the project, the
Stripe-82 data were used to verify the average variation of the FWHM of stellar
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Filter A(A) AXA) mPR! Comments
U 3480 506  21.38 Common with J-PAS
J0378 3768 154  20.88 [OII]; common with J-PAS

J0395 3939 103  20.38 Ca H+K
J0410 4093 201  20.62 Ho
J0430 4291 200 20.62 G-band
g 4742 1560 21.62 SDSS
J0515 5132 206  20.62 Mgb Triplet
r 6251 1840 21.12 SDSS
J0660 6613 147 20.88 Ha; common with J-PAS
1 7698 1525 20.88 SDSS
JO861 8613 412 19.88 Ca Triplet
z - - 20.12 SDSS

TABLE 2.2: The S-PLUS filter systems. The first column shows the filter names.
The S-PLUS central wavelengths, FWHM and DR1 limit magnitudes are given in
columns 2 to 4. And, column 5 shortly describes the filters.
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FIGURE 2.6: Overall transmission curves measured for the set of 12 S-PLUS filters.
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objects across the fields. For this task it was necessary to do a combination of
the g,r, i and z bands. And the difference of the FWHM of the four filters was
never more than half a pixel. S-PLUS DR1 was also used to estimate the aver-
age photometric depth of the S-PLUS images (Mendes de Oliveira et al., 2019)).
S-PLUS Stripe-82 data served to characterize the performance of the photo-z es-
timates for different magnitudes and redshift range. The detection of the sources
was made using SEXTRACTOR. Photometry was performed within 3 types of aper-
tures. i) Circular apertures of 3" of diameter (SEXTRACTOR’S APER). ii) Kron
photometry (SEXTRACTOR’S AUTO. iii) And petrosian photometry (SEXTRAC-
TOR’S PETRO). Differently of the case with J-PLUS | here we used the circular
aperture of 3”. This is so because 3" is the available aperture in S-PLUS. In ad-
dition to the arguments given in Section this aperture is the best within the
three possibilities, since it assures that large objects with high surface brightness
like emission line galaxies or H 11 regions will not be recovered with the automated
methods.

2.2.3 J-PAS

The Javalambre-Physics of the Accelerating Universe Astrophysical Survey (J-PAS;
http://www.j-pas.org) original conception is outlined in Benitez et al.| (2015) and
Cenarro et al.| (2017)). J-PAS is a narrow-band imaging, very wide field cosmological
survey to be carried out from a dedicated 2.5m telescope and a 4.7 sq. deg. camera
with 1.2 Gpix. It will be operational for 5 years and it will observe 8,500 deg? of
Northern sky to a 5-Sigma magnitude depth for point sources, equivalent to i ~ 23.3
over an aperture of 2 arcsec?.

The J-PAS filter systems consists of 54 contiguous narrow-band filters of 145
A FWHM. The filter set spans the optical range from ~3700 to 9200 A, plus 1
medium-band filter that covers the UV edge and 1 broad-band filter redwards 9100
A. In addition, the survey also include three regular broad-band filters, u, g and .
The first of these filters has a redder cutoff than SDSS u band. The other two filters
are similar to those used in the SDSS. After the end of the J-PAS survey, the redshift
and SEDS for ~200 million galaxies, with an accuracy of Az/(1+ z) < 0.3% will be
determined (Cenarro et al., [2017). J-PAS uses 5 deg? low-resolution integral field
unit (IFU) which will produce a 3D image of the Galactic halo and the extragalactic
Northern sky. J-PAS will provide a low-resolution spectrum for every pixel of the
sky and it will allow to carry out science in different fields of the Astrophysics. The
galaxy evolution and star forming rate at different redshift can be studied as well
as two dimensional star population, SNRs, gamma rays, very low mass objects, etc.

Halo PNe and SySt can be detectable by J-PAS, because of their spectral features
with strong emission lines. Figure shows the J-PAS transmission curve over-
lapping a known PN. Important low- and high-ionization emission lines such as Ha,
Hp, [NII]A6584, doublet [O IIT]AA4959, 5007, He I A4686, pair [S II] A\ 6717,6731,
[S III] A9069, [O II] A3727, among others fall into the narrow-band filters. At the
moment, there are no data published by the survey.
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FIGURE 2.7: The J-PAS transmission curves. The filters are spaced around 100A but have

FWHM of 145 A, what produces an overlap among them. The solid lines represent the
narrow-band filters and the coloured areas represent the u, g and r SDSS broad-band filters.
Overplotted is the same spectrum of the Fig.
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Photometric techniques

The radiation emitted by a star can be measured integrating it for all the wave-
lengths. This total energy emitted by a star is called bolometric brightness or
magnitude (Straizys, 1992)). It follows from the Stefan-Boltzmann law in which the
luminosity, L, of a star, its radius, R, and effective temperature, T, in solar units,
are related by the equation

L R Te
log — = 2log — + 4log ——. 3.1
Le Ro Tetio (3.1)
The luminosity of a star, in solar units, can be expressed in absolute bolometric
magnitudes
L
Mypo = —2.51og T + Myole- (3.2)
®

3.1 Stellar photometry

The following definitions follow |Straizys (1992)). All stars, except the Sun, are
considered as point sources because of their large distance from us. Considering
a star at a distance r from the telescope, which has an area ds perpendicular to
the line of sight, the total energy received/collected by the telescope, neglecting the
losses due to the interstellar medium and the atmosphere, is given by the formula:

dE(X) = I(\)dwdtd\ (3.3)

where () is the specific intensity of the radiation that is emitted from the star, dw
is the solid angle under which the area ds is seen from the star (dw = r~2ds), dt is
the interval of time and A is the wavelength. Equation represents the definition
of intensity.

The amount of energy dropping on the area ds per unity interval of time is called
the radiation flux

dF()\) = = I(\)dwdA. (3.4)
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The radiation flux per unit surface and per time is called illuminance,
_dF(\)  dE(N)  I(N)
ds  dtds  r?

Since r is constant for a given star, the illuminance per unit of interval of wavelength

dH())

d). (3.5)

can be considered as a measure of the specific intensity which is called the energy
distribution of the spectrum (see [Straizys, 1992)). Instead of unity wavelength the
Eq. can also be expressed in unit frequency by considering

c
ﬁ.
In practice, the illuminance is called brightness and is measured in stellar magni-

1) = I(v) (3.6)

tudes. The brightness of a star given in magnitudes m is related with illuminance
H as follows

m = —2.5log H + const (3.7)

where const represents the zero point of a magnitude scale. The coefficient -2.5
defines the magnitude scale and is called the Pogson coefficient. The sign “minus”
indicates that magnitudes decrease with increasing brightness.

Considering two stars with illuminances Hy and Hs, their magnitude are

m1 = —2.5log Hy + const
mg = —2.5log Hy + const.

and the magnitude difference is defined as

H
mi —mg = —2.5log Fl (3.8)
2

It is important to mention that the illuminance of a star, and thus its magnitude
depends on the intrinsic luminosity and on the distance of the star. If all stars were
at the same distance the ratio of their magnitudes would correspond to the ratio of
their intrinsic magnitudes. If considering one of the stars with magnitude ms, as
the known object, and the other star with magnitude m;, as the unknown source,
the relation of the magnitudes between the two stars can be obtained from Eq.
taking m1 = m and mgy = my:

H
m—mg = —2.510gF0 = —2.5log H + 2.5log Hy = —2.5log H + const (3.9)

where Hj is a calibration parameter and H is the brightness.

So far, we have worked with the definition of illuminance, brightness and magni-
tudes without any specific interval of wavelengths. In reality the brightness of a star
can be related with the integrated energy radiated in all wavelength range or with
a certain interval of wavelength. The first case is the bolometric brightness (see the
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bolometric magnitude expressed in Eq. . The second case is the magnitude of a
star in a specific wavelength range.

We now can obtain the monochromatic magnitude from the illuminance, per
units of wavelength. This means by using the equations and

I(\) ( )

2 I(A
T~ = —-25log
IOT(;\) Io()\)

Mmon = —2.51o0g = —2.5log I(\) + const (3.10)

where I()\) is the specific intensity (defined from Equations and of the star
at a wavelength A and the term “const” denotes the zero point of a magnitude scale.

Several photometric systems have been defined so far. The most widely known,
in the optical regime, are (i) the BVRI of Johnson-Morgan systems (Bessell, 2005)
and (7) the uvby or Stromgren photometric system (Crawford} [1958]). Because the
observations are obtained from different telescopes and slightly different filters, in
order to be consistent they have to be corrected for the differences. The response
function S of the filter system, the telescope and the detector do exactly that.

If the response function of the system is S()), the observed magnitudes are called
heterochromatic and they are defined as

I(A)S(N)dA
Mhetero = —2.D log W\ + const (3.11)
usually S()A) function is described by
S(A) = TNTr(NTa(N) (3.12)

where T;(A) is the product of the throughout of the telescope, the instrument and
the quantum efficiency of the detector, T¢(\) is the filter transmission and 7;,(\) is
the atmospheric transmission.

Assuming m; and mso as the monochromatic magnitudes of a star at Ay and Ao,

respectively, Eq. gives

I(\)
I(X2)

here m1 —ms is known as color index. In the case of the heterochromatic magnitudes

my —mg = —2.5log (3.13)

the color index is defined as:

my —mg = —2.5log fﬁ;;ggi;;jﬁ + const (3.14)
where
JS(A1)dA

const = —2.5log (3.15)

J S(A2)ar
Equations and define the color indices, the value of this index shows at
which wavelength the star emit more light or in other words is brighter.
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At this point, the term “synthetic photometry” can be added, which is the name
given to magnitudes and colors derived by convolving observed spectroscopic data
with the response function of a specific filter systems (Bessell, 2005). In the telescope
the magnitude measured is the instrumental magnitude that is described according
to the number of counts scored by the detector, such as:

Minst = —2.5log ny (3.16)

where n) is the rate of detected photons. The synthetic and instrumental magnitude
are related by the instrumental zero point (zp), in the following way,

Mgynt = Ninst + 2P (317)

where zp makes possible to obtain the magnitude for any system from the instru-
mental magnitude measured with the telescope.

Considering now that the radiation (Ip(\)) emitted from a star passes through a
absorbing medium with optical thickness z, the final intensity of the radiation will
be reduced and be given by the following formula

IO = I(\)e™ e (3.18)

where k) is the extinction coefficient at the wavelength A\. The absorbed radiation
expressed in magnitude, is

I(A
A(N) = —2.51og Io(()\)) = 2.5k loge = 1.086K . (3.19)

Given that 7(\) = kyz, Eq. becomes

I(A) = Ip(A\)e ™™ (3.20)

7(A) is called optical depth and it can take values << 1 for optically thin regions
(transparency) and >> 1 for optically thick regions (opaque).

By measuring the monochromatic brightness of a star in two spectral bands, and
considering no interstellar extinction, the intrinsic color index is given by mi — mo.
If the radiation of a star passes through an interstellar cloud of unit optical thickness
(z = 1), then, magnitudes m; and my convert into m; + e; and ms + e2, where e;
and ey are the extinctions when 2 = 1. The color index of the star will then be

(m1 + 61) — (mg + 62) =mi; —mso + (61 - 62) (3.21)

here (e; — ez) is an additional reddening given by the absorbing interstellar cloud
and it is called color excess:

EE=Y — e — e (3.22)

m1—ma2

The color excess caused by x units of absorbing matter is

58



Chapter 3 Tools to discover planetary and symbiotic nebulae

Eny—my = z€1 — ey = zECY (3.23)

The value xze (extinction) is usually denoted by A. It is produced by scattering and
absorption of light by interstellar dust.

If m; — mgy is the color index of a star and Ej,,_,, its color excess, then the
intrinsic color will be

(m1 — m2)0 =mip —my — Em1fm2- (324)

Eventually, the extinction in the magnitude m; can be written as a function of
the magnitude mo, Ay = kAs. In this case Eq. turn in

By = kAs — Ay = (k — 1) Ay (3.25)

if we denote (k — 1)~! by R, then

Ay = REpm, _m, (3.26)

coefficient R is the ratio of extinction to color excess and it is one of the most
important parameters of a two colors photometric system. By replacing m, and mo
by B and V bands, we obtain the well known color excess:

Ay = REp_y. (3.27)

Photometric systems with more than two colors can generate an important pa-
rameter, the color excess ratio. Considering three bands in a photometric system
m1, me and ma which correspond to three wavelengths, a colour-colour diagram
can be construct based on these bands, m; — mo versus mg — m3. In this diagram
the unreddened stars form a definite sequence. When there is interstellar reddening
each star in the diagram moves along the reddening line with the slope

Emlfmg
X=——>. 3.28
T (3.28)
This ratio depends on the properties of the interstellar medium.
Now, with the x ratio and the two color indices defined it is also possible to
define the Q-parameter as

Eml_m2

Qmy,mams = (M1 —ma) — (ma — ms3). (3.29)

Em2—m3

The @-parameter is independent of the interstellar reddening. In fact, the Q-
parameter is the ordinate of the point at which the reddening line of a star intersects
the axis mq — mg = 0.
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3.2 System of magnitudes

Any photometric system is defined by a set of narrow-, intermediate- or broad-band
filters. Three types of photometric systems can be considered according to the
definition of the zero point:

o ST system: Hy is the flux density of Vega at A = 5500A.
e AB system: Hy is the flux density of Vega at A = 5500A in frequency.

o VEGA system: Hj is defined based on the spectral energy distribution of
Vega. This implies that the magnitudes of Vega are zero for all filters.

There is a linear relation between AB and Vega magnitudes:

magp(Obj) = magypga (Obj) + mag,p(Vega) (3.30)

that is, the magnitudes of an object in a system is the VEGA magnitude of that
object plus the AB magnitude of VEGA in that system (Aparicio Villegas et al.,
2010)).

3.3 Wavelength characterization of a photometric sys-
tem

The heterochromatic magnitudes defined by the response function S(\) in some cases
can be equal to the monochromatic magnitudes at specific wavelengths. According
to definition, the effective intensity of the radiation of a star with the response
function is

C[IN)S(A)dA
L) = TS(N)dA

and corresponds to a specific wavelength which is called the isophotal wavelength.

(3.31)

At this wavelength the heterochromatic and monochromatic magnitudes coincide.
Unfortunately, the isophotal wavelength can only be found from the intensity dis-
tribution, but not calculated.

If the second derivative of the intensity distribution I()\) is equal to zero in the
wavelength interval covered by the response function S(\), the difference between
the heterochromatic magnitudes of two stars is equal to that of their monochromatic
magnitudes at the mean wavelength (Stromgren 1937),

_ SO
T[S

In practice the intensity distribution I(\) always has some discontinuities and bands.

Ao (3.32)

Therefore, I"”(\) # 0, which causes a heterochromatic magnitudes to deviate from
the monochromatic ones measured at \g.
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It is important to know at which wavelength the heterochromatic extinction is
equal to the monochromatic one. King| (1952)) has shown that this condition can be
fulfilled by the effective wavelength

I RACOEICY,

Ae = TI(N)S(A\)dA

(3.33)

If the object is an iso-energetic source with I(A) = const, the mean wavelength Ao
works as the effective wavelength.

For extragalactic studies, where the redshift is important, [Schneider et al.| (1983])
introduced the definition of the effective frequency:

JI(v)S(v)Invdy
[ 1(v)S(v)dv

Notice that this definition is in a sense halfway between an effective frequency and

(3.34)

Ve = €XP

an effective wavelength.

3.4 AB magnitude system

After exploring the basic concepts of photometry, we can relate the magnitudes with
the transmission function of any photometric system and the standard star systems
to estimate the zero point. So, we can describe the magnitude system that used in
this work. Magnitudes of any phothometric system are set in the AB magnitude
system (Oke & Gunn, [1983)). The advantage of the AB magnitude system is that it
is directly related with the flux in physical units,

AB, = —2.5log f(v) + 48.6 (3.35)
where f(v) is the flux in ergs cm™2 s~! Hz™! and the constant comes from the
expression

48.60 = —2.5log Fy (3.36)

with Fy = 3.63 x 10729 erg cm =2 s~ Hz ™! is the flux of VEGA at A = 5500A.
The synthetic AB magnitudes presented in this work are calculated using the
following equation

[ fw)S(v)dv/v
[ Sw)dv/v

where S(v) is the response function of the system corresponding to the atmosphere,

AB, = —2.51log

— 48.60 (3.37)

telescope, filter and detector combinations. If the spectrum is in flux per unit of
Angstroms, by using f(v) = (A2/c)f()\) it is possible to go back to the wavelength
units. Thus Eq. becomes

1] F)S(A)AA

ABy = 2,51
A Plog TSNV

— 48.60 (3.38)
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FIGURE 3.1: Top panel: J-PLUS synthetic photometry (left) and the spectrum in flux units
(right) of the PN DdDm 1. Bottom panel: S-PLUS synthetic magnitudes (left) and corre-
sponding spectrum (right) of the same PN. The J-PLUS and S-PLUS synthetic photometry
in flux units are also shown overlapping the optical spectrum of the PN. The square sym-
bols represent the SDSS-like broad-band filters, from left to right u, g, r,¢ and z. The circle
symbols are the narrow-band filters and from left to right, J0378, J0395, J0410, J0515,
J0660 and J0O861.

where c is the light speed and the units of f(\) are [erg s~' cm™2 A~1]. Therefore,

Eq. allows to estimate the synthetic photometry (AB magnitude) in a specific
photometric system.

3.5 J-PLUS and S-PLUS synthetic photometry

We are now able to introduce the optical synthetic photometry for the J-PLUS
and S-PLUS filter systems using Eq. [3.38] Several emission line sources — PNe,
SySt, cataclysmic variables (CV), quasi-stellar objects (QSO), extragalactic H 11
regions, young stellar objects (YSOs), Ble] stars and star forming galaxies (SFGs)
— are described through the convolution of this optical spectra with the theoretical
transmission curves (see Chapter . For this exercise the Python library NUMPYE|
is used. Appendix shows the codes developed to perform this task.

3.5.1 Halo planetary nebulae and symbiotic stars

The J-PLUS and S-PLUS synthetic photo—spectraﬂ of six planetary nebulae — PNG
135.9455.9 (SDSS) and DdDm-1 (Kwitter & Henry}|1998), NGC 2022, BB-1 and H4-

"nttps://pypi.org/project/numpy/
ZPhoto-spectra is the name given to indicate the photometry in all bands.
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1 (Kwitter et al., 2003) and MWC 574 (Pereira & Miranda, 2007) — were generated
using Eq. their spectra and the transmission curves. Figure displays the
J-PLUS (top left) and S-PLUS (bottom left) photo-spectra, in magnitude units, of
the Galactic hPN DdDm 1. Both (J-PLUS and S-PLUS) synthetic photometry of
DdDm 1 are shown to illustrate that their filter systems are very similar (also see the
transmission curves of S-PLUS and J-PLUS in Chapter [2| ). For this reason, from
now on we refer to the two photometries equivalently. The figure also shows the J-
PLUS (top right) and S-PLUS (bottom right) photometry in flux units superposed to
the observed spectrum from which the J- and S-PLUS magnitudes were computed.
The object exhibits strong Ha emission, with more intense continuum in the blue
than in the red part of the spectrum.

A grid of modelled spectra of hPNe was built for this work in order to explore
their J-PLUS and S-PLUS photometric features. This grid of models is necessary
due to the small number of known PNe located in Galactic halo (14 objects, Howard
et al., 1997). The photoionization code cLOUDY (Ferland et al., 2013) was used to
built the models. The parameters used to compute the models reflect the typical
properties of the PN population in the Galactic halo. They represent different
sets of nebular abundances (shown in Appendix , electron densities (1,000 cm™3,
3,000 cm~3 and 6,000 cm~3) a spherically symmetric nebula with a radius of 2.7”, at
distance of 10 kpc, black body central star effective temperatures from 50,000 K to
250,000 K, in steps of 10x 103 K and luminosities of 500, 1,000, 5,000 and 10,000 L.
We reddened the modelled spectra by applying the reddening curve by |Fitzpatrick
(1999)) and using three different colour excesses, E(B - V) = 0.0, 0.1 and 0.2, which
follow the J-PLUS and S-PLUS average extinction of E(B - V) = 0.1 (Cenarro et al.,
2019; Mendes de Oliveira et al., 2019)).

Figure shows the synthetic photo-spectra of two CLOUDY modelled hPNe.
Both models have the same chemical abundance (equivalent to that of the hPN
DdDm 1) and the same luminosity of 10* L, but different effective temperature
and density (top panel: 60 x 103 K and 1,000 cm ™3 and bottom panel: 200 x 10° K
and 6,000 cm~3). The first model (top panel) corresponds to a low-excitation PN.
The ionizing star is not hot enough to produce such an [OIII] or [Hell] emission
able to stand out significantly in the g broad-band magnitude. The second model
(bottom panel) represents a high-excitation PN. In this model, the magnitude of the
g broad-band filter is dominated by the strong [O III] emission-line. The [Hell] line,
which is moderately strong in this spectrum, is also affecting the g band. It should be
noted that the g-band also includes the Hf line, and it is not possible to disentangle
the Hj, [OI1I] and [He II] emission-lines, in the J-PLUS and S-PLUS photo-spectra.
Therefore it is not possible to robustly quantify the level of excitation.

The spectra of a group of galactic and extragalactic SySt by [Munari & Zwit-
ter| (2002) were also convolved with the J-PLUS and S-PLUS response function.
Symbiotic stars from IPHAS catalog are also included (Corradi et al.l 2008 2010;
Rodriguez-Flores et all 2014). Figure presents the synthetic photo-spectrum of
the SySt LMC1 (Munari & Zwitter, [2002) in both magnitudes (left) and flux units
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FIGURE 3.3: Synthetic photo-spectrum of the SySt LMC1. Left panel shows the photo-
spectrum in magnitudes units. The left panel displays the real spectrum of the object.
Overplotted are the J-PLUS points in flux units.
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(right). J/S-PLUS points are again superposed on the observed spectrum of the
object. It displays a clear Ha emission with a continuum increasing to longer wave-
lengths. The resolution of the J-PLUS and S-PLUS photometry allows to perceive
undoubtedly the reddened nature of the SySt, as well as a number of extragalactic
SySt: NGC 205 (Gongalves et all 2015), IC 10 (Gongalves et al., 2008) and NGC
185 (Gongalves et al., [2012)

3.5.2 Other emission line objects

The synthetic photometry for a number of emission lines sources that could be
mistaken by PNe or SySt in the J-PLUS and S-PLUS surveys are now concerned.
For instance, extragalactic H 11 regions located in the dwarf galaxy NGC 55 (Magrini
et al., 2017). The first panels of Figure shows the photo-spectrum (left) and
observed spectrum (right) of one of these extragalactic H 11 regions, in which the
Ha emission is also perceptible. Note that the [OIII] and HS have a small impact
on the g-band. A comparison between the synthetic and observed spectra of PNe
and H 11 regions shows that these two types of sources display very similar spectral
features with emission lines such as Ha and [O III] lines, which will make hard to
distinguish them within the J-PLUS and S-PLUS catalogues.

The spectra of a group of young stellar objects from Lupus and Sigma Orionis
(Rigliaco et al., 2012; Alcala et al.l 2014)) are also considered. The second panels
of Figure presents the results for a YSO (RU Lup from Lupus, Alcala et al.,
2014). An accretion disk, from where the Ha emission emerges, is also present
in this type of (pre-main-sequence) stars. YSO’s photometry shows a continuum
stronger in the red part of the spectrum, which closely resembles that of the SySt
(see Figure . A CV from the SDSS catalogue is shown in the third panels.
CVs are interacting binary systems, in which a white dwarf accretes gas from a
main-sequence star, via Roche lobe outflow and an accretion disk is formed during
this process. The emission-lines are produced in the accretion disk of the binary
system (Williams|, [1980). Therefore, the presence of the Ha emission in their photo-
spectrum is indicating the nebular nature of the CVs. It is straightforward to notice
that based on their photo-spectra, PNe of high- and low-excitation could be wrongly
classified as CVs. The forth panels display a Ble|] star (Lamers et al., 1998)). Ble]
stars have a surrounding nebula produced by large-scale mass-loss involving one or
more eruptions (Marston & McCollum, 2006). Its photo-spectrum resembles that
of both SySt and YSOs.

Figure shows a set of J/S-PLUS synthetic spectra of extragalactic objects
with emission lines. Several SDSS QSOs, at specific redshift (z) ranges, were also
included in our selection of emission-line objects. QSOs at the redshift ranges 1.3 <
z2<14,24<z<2.6and 3.2 < z < 3.4 have spectroscopic features that resemble
those of PNe, in other words, they could be misclassified as Ha line-emission at
z = 0. At these specific redshift ranges, the C 1v 1550 A, C 1] 1909 A and
Mg 11 2798 A emission-lines of QSOs fall into the J0660 (He) filter. In the first
panels we have a QSO at z = 1.4, in which the excess of emission in the J0660
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FIGURE 3.4: First panel: synthetic photo-spectrum in magnitude units (left) of an H 11
region in the nearby galaxy NGC 55 and its observed spectrum and the synthetic photom-
etry in flux units superposed (right). Second panel: the photo-spectrum of YSO RU Lup
in magnitudes (left) and its corresponding spectrum (right). Third panel: the optical mag-
nitudes of a cataclysm variable from SDSS (left) and its corresponding spectrum (right).
Fourth panel: the optical magnitudes of a Ble] star (left) and its corresponding spectrum
(right). All these objects exhibit Ha emission.
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FIGURE 3.5: As Figure First panel: synthetic photo-spectrum in magnitude units (left)
of an QSOs at z = 1.4 and its observed spectrum with the synthetic photometry in flux units
superposed (right). Second panel: the photo-spectrum of a QSO at z = 2.5 in magnitudes
(left) and its corresponding spectrum (right). Third panel: the optical magnitudes of a
QSO at z = 3.3 (left) and its corresponding spectrum (right). Fourth panel: the optical
magnitudes of a star forming galaxy from SDSS (left) and its corresponding spectrum (right).

67



Tools to discover planetary and symbiotic nebulae Chapter 3

filter comes from the contribution of the Mg 11 emission line. Two more QSOs are
presented: at z = 2.5 (second panels) and z = 3.3 (third panels). At these redshifts,
the C 111] and C 1v emission lines are also detected in the J0660 band. Note that
the magnitudes of the J0430 band for the QSO at z = 2.5 and of the J0515 band
for the QSOs at z = 3.3 indicate strong emission provided by the La emission
in both cases. The fourth panels of Figure [3.5] show a SDSS star forming galaxy.
Its photo-spectrum exhibits a moderate Ha emission and a continuum increasing
towards longer wavelengths.

Despite the fact that QSOs have strong emission lines that can be mis-identified
as Ha, their photo-spectra are only moderately similar to those of PNe or SySt.
It is worth mentioning that J-PLUS and S-PLUS can characterize not only the
strong emission lines, but also the continua of these objects, allowing us to correctly
differentiate QSO from PNe, which was a problematic task in projects dedicated to
the search of PNe using a fewer number of filters (Kniazev et al.,2014]). Finally, note
that star-forming galaxies have photo-spectra very different from those presented in
Figures and and then they will be easily distinguished from PNe and SySt.

3.6 Synthetic colour-colour diagrams: selection criteria

The photo-spectra of the emission-line sources discussed in Section [3.5| were used to
build diagnostic colour-colour diagrams. Our goal is to pinpoint the most relevant
ones to discriminate PNe and SySt from all the aforementioned mimics.

3.6.1 IPHAS equivalent colour-colour diagram

Drew et al.| (2005) designed the IPHAS survey (see Chapter 1) showing that the (r'—
Ha) vs (1’ — i) diagram, where He is the name of the narrow-band filter designated
to detect the Ha emission line, is an optimal tool to select strong Ha emission-line
sources (Witham et al., 2008). IPHAS PNe and SySt candidates were selected by
using the IPHAS colour-colour diagram as well as the common (J — H) vs (H —
K;) 2MASS diagram. Their true nature was confirmed later on, spectroscopically
(Corradi et al., 2008; Viironen et al., |2009a; Rodriguez-Flores et al., 2014; [Sabin
et al., 2014).

Given that the J-PLUS and S-PLUS filter systems include the three IPHAS
filters, we reconstructed the IPHAS equivalent diagram (Figure . The colour
(r — J0660) clearly indicates an increasing excess of the Ha emission-line, while the
(r — 1) increases with the reddening, as previously stated by |Corradi et al.| (2008).
Both modelled PNe and observed SySt are found to display (r — J0660) > 0.6 due
to their strong Ha emission lines, with the former occupying the left part (r—i) < 0
and the latter the right (r — i) > 0 part of the diagnostic diagram. However, note
that some SySt (three) have values of (r — J0660) < 0.6. The solid (black) and the
dashed (red) lines in Figure represent the selection criteria for PNe (PNe zone)
and SySt (SySt zone), respectively. These lines are meant to include most of the
modelled hPNe and the observed SySt while at the same time the majority of the
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FIGURE 3.6: J-PLUS and S-PLUS (r — J0660) vs (r — i) colour-colour diagram, equivalent
to IPHAS (' — Ha) vs. (' —i’). The large yellow and green stars with error-bars are the
J-PLUS observations for two hPNe: H 4-1 and PNG 135.9+55.9, respectively. The grid of

CLOUDY models for hPNe is shown with the density map region. Cyan circles represent the
synthetic colour indices for a number of hPNe: PNG 135.94-55.9 (SDSS), DADM-1 (Kwitter

& Henry|-, '1998, NGC 2022, BB-1, H4-1 (Kwitter et al), [2003) and MWC 574 (Pereira &

Miranda, [2007). Gray diamonds represent H II regions in NGC 55 (Magrini, Gongalves, &
Vajgel,2017)). Red boxes display either galactic or extragalactic SySt from[Munari & Zwitter
(2002); Munari & Jurdana-Sepid| (2002). This group also includes external SySt from NGC
205 (Gongalves et al. [2015)), IC 10 (Gongalves et al., 2008) and NGC 185 (Gongalves et al.
2012) and red triangles correspond to IPHAS symbiotics (Rodriguez-Flores et al.| [2014).
Yellow circles correspond to cataclysmic variables (CVs) from SDSS. Orange triangles refer
to SDSS star-forming galaxies (SDSS SFGs). SDSS QSOs at different redshift ranges are
shown as light blue diamonds and YSOs from Lupus and Sigma Orionis
2012; |Alcald et al.| [2014) are represented by salmon stars. Blue stars refer to Ble| stars from
Lamers et al. (1998)). In the insert plot, the synthetic main sequence and giant stars locus
from the library of stellar spectral energy distributions (SEDs, 1998)) are represented
by the purple and brown symbols and the loci of white dwarf stars observed by S-PLUS
(DR1, Mendes de Oliveira et all [2019) are the light green symbols. The limiting region
applied in the candidate selection are shown as black lines for hPNe. The arrow indicates
the reddening vector with Ay ~ 2 mag.
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mimics, like H 11 regions for the case of PNe and H 11 regions/YSOs for the case of
SySt are excluded. The definition of the selection criteria or zones has been made by
visual inspection of each diagnostic diagram separately. This may indicate that our
list of PNe and SySt candidates will end up not characterized by high purity. The
PNe zone is contaminated by extragalactic H 11 regions, especially for moderately
low (r — J0660) colour index or, equivalently, low-excitation nebulae. Nevertheless,
the observed PNe are well located in the PNe zone with high (r — J0660) > 1. On
the other hand, the SySt zone is also contaminated by extragalactic H 11 regions, in
addition of YSOs. Recall that SySt and YSOs have very similar photo-spectra, both
being brighter in the red part of the optical spectrum. IPHAS also faced the same
kind of problem being highly contaminated from other types of Ha emitter, as it
was demonstrated from the results of spectroscopic follow-up (e.g. SySt: [Rodriguez-
Flores et al.,[2014, PNe: |Viironen et al., 2009a,b)). The distribution of main sequence
(MS) and giant stars (purple and brown symbols in the inset figures) in the (r-J0660)
vs (r-1) diagnostic diagram is such that both groups of stars occupy regions with
lower (r-J0660) index (<1.2) and higher (r-i) index (>0) than the PNe zone (Drew
et al., [2005; (Corradi et al., 2008). White dwarf (WD) stars (light green symbols
in insert figures) also present low (r-J0660) index (>0), however they exhibit (r-7)
colour > —1. Hence, there is no mixture between PNe and the bulk of MS, giant
and WD stars. The arrow indicates the reddening vector with Ay ~ 2 mag. It was
estimated by comparing the locus of unreddened models of PNe with the reddened
ones.

3.6.2 New colour-colour diagrams

The multi-band filter systems of J-PLUS and S-PLUS (12 narrow- and broad-band
filters) allow us to compute several different colour indices for each source and thus
construct new colour-colour diagnostic diagrams. In order to search for PN and
SySt candidates in the J-PLUS and S-PLUS catalogues, in the most effective way,
four new colour-colour diagrams are defined in Figures and (J0O515 — J0660)
vs (J0515—J0861), (g—J0515) vs (JO660—1), (2 —JO660) vs (2 —g), and (J0410 —
J0660) vs. (9—i) ). The PNe and SySt zones are also defined in these new diagnostic
diagrams.

Generally, PNe are well separated from all the other Ha sources used in this work,
except extragalactic H 11 regions, as it is well known (Parker et al. 2006). High-
and low-excitation PNe occupy distinct regions within the PNe zone. For instance
H 4-1, a moderate high-ionization PN exhibits (¢ — J0515) ~ —2 (lower panel of
Figure [3.7)), with Teg around 132x10% K ((Henry et al., [1996)), while MWC 574, a
very low-excitation PN with (g — J0515) ~ 0.0, exhibits an [O ITI] even weaker than
Hp emission (Sanduleak & Stephenson, |1972; |Pereira & Mirandal, 2007)). In the case
of the SySt zone in the two plots of Figure is contaminated by H 11 regions and
YSOs, but not in the two diagrams of Figure Apparently, the detection of SySt
candidates in all the four diagnostic diagrams is an indispensable condition which
increases the possibility of finding genuine SySt. The (J0515 — J0861) colour index
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is associated with the continuum of the sources. Neither of these two filters contains
any strong emission line. The (J0515 — J0660) colour provides an estimation of the
Ho excess.

Regarding the second diagnostic diagram of Figure (lower panel), the (g —
J0515) colour index yields the excess of the [OIII] lines. Therefore, the higher the
(g — J0515) colour is, the higher the excitation of the nebula. This can be seen from
the photo-spectra of two CLOUDY models with different stellar temperatures (see
Figure . Recall, however, that the g broad-band filter is also affected by the HS
and other emission-lines down to about 4,000 A.

The (z — J0660) colour (upper panel of Figure index also gives us an es-
timation of the Ha excess, by taking into account the continuum at the very red
part of the spectrum, while the (z — g) colour is directly related to the shape of
the continuum from the blue to the red part of the spectrum. QSOs and SFGs are
concentrated in a very small area [-2 < (z — J0660) < 1 and —2 < (z — g) < 1] well
separated from PNe. The SySt, on the other hand, have a small overlap with QSOs
and SFGs but they are found to be bluer in the (z — g) colour index as well as the
dusty YSOs.

Finally, (g—1) is another colour index associated with the shape of the continuum
and the (J0410 — J0660) colour with the Hea excess, by using different parts of the
spectrum in contrast with the previous diagrams. From lower panel in Figure |3.8
we find that QSOs and SFGs show an increase in the (J0410 — J0660) colour as a
function of the (g — ) colour, while PNe appear to have a more restricted range of
(g — 1) values between -2 and 0, and (J0410 — J0660) values from 0 to 4. Hence, the
(J0410 — J0660) vs (g —1) colour-colour diagram can distinguish PNe from galaxies.
Regarding SySt, most of them have (J0410 —.J0660) > 2 occupying a distinct region
in this colour-colour diagram. Both SySt and YSO are found to lie in the right part
of the plot [(g —¢) > 2], which is indicative of the presence of a cool companion or a
dusty envelope. This last diagnostic diagram turns out to be very useful to assure
a low contamination by Ble] stars, differently from the first three diagrams.

Figures and (inset diagrams) also illustrate the loci of main sequence,
giant and white dwarf stars in the colour-colour diagrams, which clearly are not
mixed with PNe. According to this analysis, we conclude that it is very hard to
separate PNe from H 11 regions in both J-PLUS and S-PLUS projects. However, all
the colour-colour diagrams turned out to be very useful to identify good PN and SySt
candidates. The combination of several narrow- and broad-band filters to construct
colour-colour diagrams allows to characterize the whole optical spectrum of each
source. Therefore, if a source satisfies simultaneously all the criteria of either being
a PN or SySt, the possibility of a false positive identification, though not negligible,
is small making this candidate a good target for spectroscopic follow-up. All of the
proposed criteria (equations that represent the lines in the colour-colour diagrams)

for PNe and SySt are presented in Table
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FIGURE 3.8: J-PLUS and S-PLUS (upper) (z—J0660) vs (z—g) and (textitlower) (J0410—
J0660) vs (g — i) colour-colour diagrams. The symbols are as in Figure
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Planetary nebulae
(r — J0660) > 0.43 x (r — i) + 0.65
(r — J0660) < —6.80 x (r — i) — 1.30
(J0515 — J0660) > 2.7 x (JO515 — J0861) + 2.15
(J0515 — J0660) > 0.3
(g — J0515) < 0.12 x (J0660 — r) — 0.01
(g — J0515) < —1.10 x (J0O660 — r) — 1.07
(z — J0660) > 0.35 X (2 — g) + 0.82
(z — J0660) > —0.80 x (z — g) + 1.80
(J0410 — J0660) > 8.0 x (g — ©) + 4.50
(J0410 — J0660) > 0.8 x (g —¢) + 0.55
Symbiotic stars
(r — J0660) > —400 x (r — 1) + 30.4
(r — J0660) > 0.39 x (r — i) + 0.73
(J0515 — J0660) < 5.5 x (J0515 — J0861) — 6.45
(JO515 — J0660) > 0.98 x (J0515 — J0861) — 0.16
(g — JO515) > —0.19 x (J0660 — ) — 0.09
(g — JO515) < —2.90 x (J0O660 — 7) — 2.20
(z — J0660) < —1.96 x (2 — g) — 3.15
(z — J0660) > 0.20 x (2 — g) + 0.44
(J0410 — J0660) > —5.20 x (g — i) + 10.60
(J0410 — J0660) > 1.90 x (g —i) — 1.43

TABLE 3.1: Proposed criteria for PNe and SySt based on J-PLUS colours.
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3.7 J-PAS synthetic photometry

Besides the ongoing J-PLUS and S-PLUS surveys, the J-PAS survey with its 59
filters will also cover ~ 8,000 deg? of the Northern hemisphere (see Section 2).
The photo-spectra for J-PAS, as well as the colour-color diagnostic diagrams, have
also been explored. J-PAS synthetic photometry has been computed for all sources
mentioned above using the theoretical transmission curves of the filters and Eq.

J-PAS photo-spectra are shown in Figure Given that J-PAS has better spec-
tral resolution compared to J-PLUS and S-PLUS, it is possible to obtain aditional
spectral information of the sources. It is clearly perceptible that emission lines like
[OIII] and [Hell] can be detected in one of the narrow-band filters of J-PAS (see
also transmission curve of J-PAS Figure of chapter [2)), typical emission lines of
PNe and SySt. For the case of QSOs, J-PAS photometry has been also calculated
for those with redshifts in the range from 3.03 < z < 3.20. The reason is that the
Lya line at 1216 A falls in the J5001 band, thus resembling the detection of the
[OTII) 5007A emission line.

3.8 J-PAS synthetic colour-colour diagrams

Based in our knowledge about the spectral emission lines of PNe and SySt (by
means of Figure [3.9), we have selected the J-PAS narrow-band filters that include
important emission lines of our sources (He, [OI1I], [HeII], [OII] and [SIII]) and,
in some cases, the respective adjacent filters for the continua. Using these bands,
we have performed the best combinations of colours to produce the best possible
colour-colour diagrams to isolate PNe and SySt.

Figure[3.10| presents six colour-colour diagnostic diagrams that discriminate very
well PNe from other emission objects. Panel (a) shows the (J6900 — J6600) vs
(J4701 — J6900) colour-colour diagram. The J6600 and J4701 filters detect the
Ha and [Hell] emission lines respectively, while the other two filters do not detect
any emission lines of the nebulae (continuum). PNe are placed in the upper zone of
the diagram with (J6900 — J6600) > 0.9. Given that observed and modelled PNe
spanned a wide range of degree of ionization, they exhibit —2.0 < (J4701—J6900) <
0.4. Thus, they occupy a region well separated from other sources even from H 11
regions. However a small number of H 11 regions (six) are located in the PNe
zone. SySt are also located in the top side of diagram but cover a wide interval
of the (J4701 — J6900) color. They are mixed with YSOs and Ble] stars. QSOs,
SFGs and CVs share the same area (0.0 < (J6900 — J6600) < 1.0 and —1.0 <
(J4701 —J6900) < 1.5). Panel (b) presents the (J7300—.J7500) vs (J4701 — J4600)
colour-colour diagram. The J7300 filter detects the [OII] emission line. Note that
this diagram also include the [Hell] filter. The J7500 and J4600 bands detect the
continuum adjacent to the emission lines ([OII] and [Hell])). In this diagnostic
diagram PNe occupy a region with colour indices; —1.5 < (J7300 — J7500) < 0.0
and —2.0 < (J4701—J4600) < 0.0. This diagram also provides a good separation of
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PNe from H 11 regions ((J4701—J4600) ~ 0.0). However the PNe G 135.9+55.9 and
MWC 574 are mixed with H 11 regions. On other hand, SySt are well separated. The
contamination by YSOs is almost negligible. The bulk of YSOs defines a separated
loci in this diagnostic diagram.

Panel (¢) of Figure displays the (J9100 — J8600) vs (J4701 — J4600) plot.
Here the J8600 band detects the [SIII] line, while the J8900 emission corresponds to
the continuum. The (J4701 — J4600) colour index is the same as in panel (b). The
majority of the PNe occupy a specific region in this diagram with —3.0 < (J4701 —
J4600) < 0.0. However, low-ionization PNe are found to be mixed with other
emission line sources. YSOs share the same region with QSOs, CVs, SFGs. SySt
have (J4701 — J4600) colour lower than high-ionization PNe, but they are mixed
with low-ionization PNe. Note that the PN BB1 lies outside the PNe locus with
(J9100 — J8600) > 0.0. Panel (d) presents the (J6600 — J6800) vs (J5001 — J5010)
colour-colour diagram. The J5001 filter detects the [OIII] emission line and the
J5101 filter the adjacent continuum. PNe lie in a specific region in the lower-left
on the diagram due to the presence of the [OIII] emission. On the other hand
CVs, SFGs, YSOs and some SySt occupy a small region with (J5001 — J5010) ~
0.0 and —1.5 < (J6600 — J6800) < 0.0. QSOs cover a large area in the diagram
(—1.2 < (J6600 — J6800) < 0.1 and (—2.0 < J5001 — J5010) < 2.0). The (J5001 —
J5010) colour excess is the result of the Ly« line in the J5001 band for, QSOs with
3.03 <z < 3.20.

Panel (e) presents the J5001 — J4701 vs J5101 — J5001 colour-colour diagram.
PNe define a locus well separated from their contaminants. They exhibit —5.0 <
(J5001 — J4701) < 1.5 and 0.0 < (J5101 — J5001) < 4.8 colour indices. The PNe
MWC 574 and G135.94-55.9 lie in the same region with QSOs, CVs, SFGs, YSOs,
SySt and Be stars. This happens because MWC 574 is a very low-excitation PN
(Sanduleak & Stephenson, (1972) and PNG 135.9+55.9 is a very oxygen-poor PN
(Tovmassian et al. 2001 and therefore they are characterized by a weak [O III]
emission line. Note that CVs, SFGs, YSOs, SySt and Be stars are concentrated
in a particular region around (0.0, 0.0) coordinate, while the QSOs are located in
a wider area (—2.0 < (J5001 — J4701) < 1.0 and 0.0 < (J5101 — J5001) < 4.8).
Although the H 11 regions have [OIII] emission, they are generally located on the
border of the PNe zone. On the other hand, some SySt are located together with
PNe.

Finally panel (f) shows the (J6600 — J4701) vs (J6900 — J6600) diagram. This
is a combination of the Ha and [Hell] filters and it uses the J5101 band for the
continuum. PNe are located in the lower-right of the diagram, as it is expected for
objects with intense Ha emission. QSOs, SFGs and CVs occupy the same locus
[—2.0 < (J5001 — J4701) < 1.0 and (0.0 < J5101 — J5001) < 1.8]. SySt are isolated
in the diagram but present contamination by YSOs. The contamination by H 11
regions is not significant. However, some of the SySt share the same position with

PNe in the colour-colour diagram. H 1I regions lie in a region between SySt and
PNe.
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FicUrE 3.11: Example of an arbitrary data set relative to PC1 and PC2.

3.9 Statistical tools

In order to explore other methodologies to identify PNe and SySt we have con-
sidered principal component (PCA) and linear discriminant analysis algorithms as
alternative tools to the colour-colour diagrams.

3.9.1 Principal component analysis

The principal component analysis (PCA,|Pearson, [1901) has been extensively used in
Astronomy, for instance, to detect variable stars in multi-band light curves (Stuveges
et al., 2012 Sokolovsky et al.l 2017)). It also was used to find the scaling relations
of metallicity, stellar mass and star formation rate in metal-poor starbursts (Hunt
et al.2012). The PCA methodology is applied here to the separation of the different
emission line sources.

PCA is primordially a linear and orthogonal transformation of a data set of m
quantities. Each data point is represented by a vector, xj, in the m-dimensional
space. The data set is transformed onto a new data set of m uncorrelated axes.
These new m-axes are the eigenvectors (principal components, PCs) of the variance-
covariance matrix of the data, where the variance of the data is emphasized (Moretti
et al., 2018). The PCs are expressed as linear combination of the x3

PC; = W 121 + Wi 2T + ... + Wy T4 (3.39)

where w; ; are the weights — the elements of the eigenvector — and are also known
as loading. The elements in the diagonal of the variance-covariance matrix are
commonly called eigenvalues. Eigenvalues are the variance explained by each PC and
they are constrained to decrease monotonically from the first principal component
to the last.
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By applying the PCA method to the variables x3, we get a linear combination of
xg that gives us a rotated coordinate system, for which the first component (PC1)
is defined along the direction of the largest variation of the data. The second PC
(PC2) is defined to be orthogonal to the PC1 and along the direction of the second
largest variation of the data. Figure [3.11]is an example of how the two first PCs
explain the direction of the two largest variances of a data set. The space dimension
of the rotated system is equal to that of the original system, however the first three
PCs are usually enough to describe the new system. in short, PCA is a fundamental
tool for data dimensionality reduction.

3.9.2 PCA: J/S-PLUS

PCAE] was applied to the J/S-PLUS synthetic photometry, with the aim to reduce
their dimensionality by determining which of these variables (12 filters) contribute
significantly to the variance of our sample. The input parameters are the synthetic
magnitudes computed for all sources treated in this work.

Given that variance-enhancing PCA is data dependent, it is thus necessary to
make a standardization of the data to zero mean and unit variance as the first step
of the analysis. High values of a variable may result in numerically high variance,
because PCA maximizing the variance impacting directly in PC1. PCA gives more
emphasis to the variables with higher variances than to those with very low variances.
Thus high values of a variable may result in numerically large variance, although
a variable may not contain useful information. The variables were standardized as
follows:

r— < x>

Tstd = W (340)

where < x > and o(z) are the average and standard deviation of the data points.
After applying PCA to the J- and/or S-PLUS data we found that the variance of the
first 6 components, PC1-to-PC6, are: 97.02; 1.71; 0.79; 0.18; 0.11 and 0.08. Note
that the most important are the first 3 components, which can explain 99.5% of the
total variance of our sample.

The upper panel of Figure shows the distribution of all emission objects
on the PC2 vs PC1 diagram. QSOs, CVs and SFGs occupy the same area in this
diagram which make very hard to distinguish one another. This means that they
share similar photo-spectra characteristics. hPNe are found to occupy a different
region with -3.0 < PC1 <4.9 and -0.4< PC2 <0.5 values and their overlap with
other Ha emitters is almost negligible. For modelled hPNe, three different groups
are identified: -3.5<PC1<0, 0<PC1<3.5 and 3.5<PC1<4.9. The first group (those
with negative values on PC1) are mixed with WDs, CVs, SFGs and QSOs, while
the other two ones are isolated and well separated from PN mimics. H 11 regions are
concentrated in the left part of the diagram (with negative values of PC1) but well

3PCA is carried out here with the aid of the python library SKLEARN (Pedregosa et all [2011);
http://scikit-learn.org/stable/| (see Appendix [A.2).
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FIGURE 3.12: (Upper panel) J-PLUS PC2 vs PC1 and (lower panel) PC3 vs PC1 diagrams.
The symbols are as in Figure [3.6] The very light green stars correspond to WDs from S-
PLUS DRI1.
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mixed with QSOs and SFGs. SySt and YSOs are found to exhibit very negative
PC2 values. SySt are not easily identified in this diagram, whereas YSOs show a
minimal overlap with SySt and SFGs. Note that YSOs have the lowest values of
PC2.

In the PC3 vs PC1 plane (lower panel of Figure , QSOs, CVs, SFGs and
WDs occupy again the same region and almost all of them are described by negative
PC1 and PC3 values. hPNe are isolated and well separated from PN mimics. Note
that many hPNe have high values on PC3. SySt cover a wide range of PC1 and PC3
values without occupying a specific regime in the PC1 vs PC3 plane. This makes
their identification very difficult. H 11 regions, on the other hand, exhibit higher
PC3 values being separated from the rest of the objects. These diagrams do not
include the Ble] stars because this spectra are shorter in the blue (v and J0378),
and thus we can not modelled the synthetic photometry in all the filters.

Since each PC is a linear combination of all the input variables, in J/S-PLUS
photometric systems the input variables are the twelve filters. Therefore eq. in
this context is,

PC; = w; 1u + w; 2J0378 + w; 3J0395 + w; 40410 + ... (3.41)
considering the eq. this last equation is become

(u— < u>) (JO378— < J0O378 >)
PG = wi "y T wi2 7 (J0378)
gy (0395 < J0395 >)
b o(J0395)
oy, (JO410— < JO410 >)
" o (J0410)

on which the coefficients, w; ;, are the weights that determine the contribution of
each filter (or the emission in each specific band) to the ith principal component.
Left column of Figure [3.14] presents the weights (w ;) of each variable i.e. J/S-PLUS
magnitudes for the first three principal components.

3.9.3 PCA: J-PAS

We also applied the PCA algorithm to the J-PAS synthetic photometry. We found
that the percentage of total variance of first 6 PCs are: 96.94, 1.77, 0.64, 0.25, 0.12
and 0.07. The three first components are the most significant PCs. Here as well
about 99.35% of the data variance is captured for the first three PCs.

Figure [3.13] shows two diagrams based on the first three PCs. PNe, SySts and
YSOs are separated from the other emission-lines sources. There is a remarkable
difference in the distribution of the objects between the J-PAS diagrams (PC2 vs
PC1 and PC3 vs PC1) and J/S-PLUS ones. This is because PCA is data-depending
— in this J-PAS dataset, WDs are not included —. PNe, SySt and YSOs have PC1
values between -9 and 15. QSOs, CVs, SFGs and H 11 regions exhibit PC1 values
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from -20 to 5. Note that a QSO group contains the most negative values of PC1.
On the other hand, SySt and YSOs have the highest PC2 values (from 2 to 6). PNe
have both positive and negative PC2 values (-2.0 < PC2 < 0.5). The lower panel
shows the PC3 vs PC1 diagrams. Again much unsimilar to the other two surveys.
SySt and YSOs have high and positive PC3 values (0.5 < PC3 < 3). Moreover,
PNe are found to lie in a locus from -17 to 0.6. This diagram is good for separating
SySt from their contaminants, with the exception of YSOs.

Right column of Figure [3.14] presents the weights associated with the first three
PCs, which are the coefficients of the linear combinations that define these PCs.

3.9.4 Linear discriminant analysis

Linear discriminant analysis (LDA; [Fisher, 1936) is commonly used as a dimen-
sionality reduction technique in the pre-processing step for recognition patterns and
machine learning. For instance, LDA has been recently used to identify PNe and
SySt from a list of Ha emission lines sources using 2MASS and WISE photometric
data (Akras et al [2019b; |Akras et al., 2019¢). This method projects a data set into
a lower-variable space which maximize the separation between classes of data. LDA
traces a linear combination of the variables such that the separation between classes
of variance is maximized (Hastie et al., [2009). Therefore, LDA is a classification
method in statistical and probabilistic learning (Ghojogh & Crowley, 2019)). LDA
is similar to PCA, since both perform linear combinations to transform a data set
in a new one, where the latter is a projection of the old data set. The difference
between the two statistical techniques is that LDA aims to find the projection of
maximum separability, while PCA finds the projection that maximizes the variance
of the data. Figure [3.15]is an illustration of how the new dimension is constructed
favoring the separation between the class of dispersion.

To achieve the final goal of LDA, it is be necessary to perform three steps.
The first step consists of determining the distance between the means of different
classes, i. e. the separability between different classes of variance. This is called
between-class variance or between-class matrix. The second step is to calculate the
distance between the mean and the sample of each class, which is called within-
class variance or within-class matrix. The third step includes the construction of
a lower-dimensional space that maximize the between class-variance and minimizes
the within class-variance (Tharwat et al., |2017)).

In the last step, the dimensions of the original data, for example, X, is reduced
by projecting it onto the lower-dimensional space of LDA, V. Here the number the
dimensions of new lower-dimensions is k. Therefore, each sample of X is represented
in the k-dimensional space by projecting it onto the lower-dimensional space (Vj)
as follows,

Y = XV,

where Y represent the projected sample in the new dimensions. It is important to
mention that the distance of separation between the different classes is greater when
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FIGURE 3.13: J-PAS PC2 vs PC1 (upper panel) and PC3 vs PC1 (lower panel) diagrams.

The symbols are as in Figure
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<

1D 1

FIGURE 3.15: Example of two class scatter relative to LD1 and LD2. Maximizing the axes
for class separation (Gonzalez, 2017]).

the data are projected on the first eigenvector (v1), or first dimension, than when
the data are projected on the second eigenvector (vg).

3.9.5 LDA: J/S-PLUS

At the moment we have implemented LDA to the J/S-PLUS synthetic photometry
to explore the possibility to use them to identify PNe or SySt in these surveys.
We have reduced the 12 J/S-PLUS bands to the first three dimensions, which are
characterized by maximum separation of the class-variance. In this context each
kind of object (hPNe, SySt, H 11 regions, QSOs, SFGs, YSOs and WDs) represent
this class-variance.

Figure displays the first three LDs. The upper panel presents the LD2 vs
LD1 diagram. PNe and SySt are well separated from the other classes of objects
(SySt zone are contaminated by YSOs), showing that the strong emission lines and
the shape of the continuum (blue continuum for PNe and red continuum for SySt)
are the features that most contribute in the maximization of the distance between
the objects. PNe are found to occupy a region at the left part of the LD2 vs LD1
diagram with LD1 < 0. Only a small number of modelled PNe are found to have
LD1>0. The observed data of hPNe is consistent with this analysis. H I1I regions,
the most common mimic of PNe, are also found in the right part of the diagram
with LD1 between 0 and 8. Despite PNe and H 11 regions show different LD1 values,
they have similar LD2 (upper panel) and LD3 values (lower panel). PNe exhibit a
very narrow range of LD2 and LD3 values compared to H 11 regions, which will allow
us to discard several H 11 regions from our final list of PNe candidates. It should
also be noted that PNe are very well separated from CVs, SFGs, QSOs, YSOs and
SySt. The WDs occupy a region between the hPNe locus and all other sources.

Regarding SySt, even with LDA, their identification is more difficult than that
of PNe, since they occupy the same loci as YSOs and H 11 regions with LD2<-2.
However, contamination can be diminished if the LD1 values are used. SySt have
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FIGURE 3.16: (Upper panel) J-PLUS LD2 vs LD1 and (lower panel) LD3 vs LD1 diagrams.
The symbols are as in Figure
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FIGURE 3.17: Weights associated with LD1 (upper panel), LD2 (middle panel) and LD3
(lower panel). In the plots, the abscissas are the weights (w;) and the ordinates are the
filters.

LD1 between 3 and 8, YSOs between 4.7 and 10 and H 11 regions higher than zero.
Unfortunately, the LD3 vs LD1 diagrams do not provide any useful information to
further separate SySt from YSOs or H II regions since all these types have LD3
between -2.5 and 7.5.

As in PCA, each LD is expressed as a linear combination of all J/S-PLUS bands,
where the coefficients of the correlation are the relevance-weights between classes.

Thus, in Figure[3.17] it is presented the weights associated with the first three LDs.

88



Chapter 4

Applying the techniques to the
observational data

This chapter presents the results from the validation of the J- and S-PLUS colour-
colour criteria for the identification of PNe in these two surveys. It is also discussed
the results of implementing the colour-colour diagrams to the J-PLUS and S-PLUS
DRI, from which we selected, within the PN zone, four objects: one PN candidate,
one known PN and two H 11 galaxies. None object was identified in the correspondent
area S-PLUS catalog. SySt were not found in these first data releases. The cross-
matching of the J- and S-PLUS with the most updated PNe catalog (HASH) is also
analyzed. Principal component analysis and linear discriminant analysis were tested
and validated by using the recovered objects in J-PLUS and S-PLUS data.

4.1 J-PLUS SVD

Two hPNe, H 4-1 and PNG 135.94-55.9, were observed during the science verification
phase of the J-PLUS, as described in Section[f.I] The instrumental magnitudes were
calculated for each object using IRAFﬂ In order to find the calibrated magnitudes we
used the zero point provided by the Unit of Processing and Data Analysis (UPAD)
inside the J-PLUS collaboration. The photometric results of these two PNe are
presented in Figure and Table The synthetic magnitudes are also presented
for a direct comparison with the observations. For H 4-1 the two sets of magnitudes
are found to be compatible, with a difference smaller than 0.07, except for the u
and J0378 filters, for which a difference of 0.4 and 0.23 mag, respectively, is found.
As for PNG 135.9455.9, the synthetic and observed magnitudes are also in good
agreement, with, on average, a difference smaller than 0.1 mag. Only the observed
Ha magnitude shows a significantly higher difference from the synthetic one. The
reason for this discrepancy is probably, the size of the aperture used for the J-PLUS
photometry (6”) and the slit width (3”) used for the spectroscopic data, on which
synthetic magnitudes are based.

Image Reduction and Analysis Facility; http://iraf.noao.edu/
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FIGURE 4.1: Comparison between J-PLUS synthetic and observed photometry of the PNe
H 4-1 (left) and G 135.9455.9 (right). The blue dashed line signifies equality.

H 4-1 PNG 135.9+55.9

Filter Synt. Obs. Synt. Obs.

U 15.74 16.14 4+ 0.13 17.37 17.22 + 0.10
J0378 15.54 15.77 £ 0.02 17.36 17.31

J0395 17.01 16.97 £ 0.06 17.35 17.28 + 0.12
J0410 17.14 17.11 4+ 0.03 17.43 17.43 + 0.10
J0430 16.61 16.68 + 0.07 17.48 17.48 + 0.13
g 15.59 15.61 £ 0.04 17.62 17.74 £ 0.07
J0515 17.63 17.62 4+ 0.04 17.86 17.80 £ 0.07
r 15.75 15.77 £ 0.04 17.97 17.92 £ 0.07
J0660 13.45 13.47 £ 0.04 17.02 16.66 £ 0.08
i 17.28 17.24 4+ 0.05 18.47 18.40 £ 0.07
J0861 17.44 17.60 £ 0.03 18.69 18.55 £ 0.07
z 17.23 17.30 £ 0.09 18.72 18.61 + 0.10

TAaBLE 4.1: J-PLUS synthetic and observed magnitudes of H 4-1 and PNG

135.9+55.9. The observed magnitudes were derived with a 6” circular aperture.
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The position of H 4-1 and PNG 135.94-55.9 in the colour-colour diagrams —based
on their J-PLUS observations— are shown in Figures [3.6] and [3.7] as yellow and green
stars, respectively. H 4-1 satisfies all the five criteria of being a PN (see Figures (3.6
and , while PNG 135.9+55.9 passes four of them, by violating the (g-J0515)
colour criterion given in panel (b) of Figure . Note, however, that this PN is
located close to the border of the PN zone. This border was defined in a conservative
way, to exclude the vast majority of the contaminants such as H 11 regions given
that the former exhibit similar spectroscopic characteristics with PNe, making their
separation very difficult.

4.2 Colour criteria versus the DR1s

The color-color criteria for PNe were applied to the J-PLUS and S-PLUS data
releases. A number of cleaning instructions (FLAGS) were also considered, in or-
der to avoid artifacts and problematic objects. Two FLAGS were applied to the
J-PLUS DRI catalogue. The first one allows us to exclude bright and nearby ob-
jects which can significantly bias the photometry. The second FLAG avoids objects
originally blended with another one. For the S-PLUS catalogue, we used only one
FLAG, which eliminates sources for which the aperture photometry is likely biased
by neighbor sources or by more than 10% of bad pixels. Note that without these
FLAGS many sources with problematic photometric measurements would pass our
criteria of being PNe.

We also restrict our query to objects with J-PLUS photometry errors lower than
0.2. However, in order to assure that we do not lose sources due to implementation
of the error criteria, we follow the steps below. (i) By limiting the error associ-
ated to the magnitudes corresponding to IPHAS-like magnitudes (i, » and J0660)
and assuming any error for the remaining 9 bands. (iz) By limiting the magnitude
errors of the J0660 and broad-band filters. And finally, (4i¢) by limiting the magni-
tude errors of all narrow- and broad-band filters. All the observed magnitudes are
measured using a circular aperture of 6”. The queries are shown in Appendix

From step (i), which is the less restrictive one, we get the higher number of
sources (9) that satisfy our PNe criteria. These sources can be very faint or even
not detected at all in the bands except ¢, and J0660. These 9 sources are classified
as 4 H 11 regions, 2 H 11 galaxies, 1 WR star and 1 PN, while one is unclassified.

In order to verify how the error criteria in different bands affect the resulting
number of PN candidates, we move to step (ii). This criterion provides us with
sources of weak continuum emission and uncertain narrow-bands photometry (er-
rors larger than 0.2 mag). Ounly four sources are returned in this case, 2 known
H 11 galaxies, the known PN and the PN candidate from step (7). Note that this
time we did not recover any H II region.

Finally, we tried the most restrictive selection criteria, step (74i), in which all the
12 magnitudes have errors smaller than 0.2 mag. The result is shown in Figures
and By applying the selection criteria (step 4ii), we identify the same 4 sources
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FIGURE 4.2: J-PLUS (r—J0660) vs (r—1i) colour-colour diagram with the objects recovered
from the J-PLUS DR1. The blue circle represents the PN candidate, the green circle is the
known PN Sp 4-1, the red diamonds are the H 11 galaxies LEDA 2790884 and LEDA 101538.
The matches of the J-PLUS and S-PLUS data with HASH catalog are also presented in the
diagrams. The purple circle is the true PN (tHASH PN) Jacoby 1, the brown circle is the
likely PN (IHASH PN) TK 1 and the orange circles represent the possible PNe (pHASH
PN) Kn J1857.743931 and KnPa J1848.6+4151. The position of these four last objects

correspond to the J-PLUS photometry. The pHASH PN Fr 2-21 is indicated by the magenta
circle. This source was found in S-PLUS DR1. The errorbars are smaller than the symbols.

from step (4i). According to this analysis, we verify that the magnitude errors do
not affect the selection of PN candidates.

None PN candidate show up from the S-PLUS DR1. The cross-matching between
the J/S-PLUS catalogs and the HASH catalog of PNe resulted in three J-PLUS
matches (one true, one likely and two possible PNe) and one S-PLUS match (one
possible PNe) . All these objects are presented in the selection diagrams below, in
Figures and and discussed in the rest of the present section as well as in
Section [1.2.4]

4.2.1 J-PLUS photometry of the PN candidate

The location of the PN candidate (J2000 RA: J09 50 20.92, DEC: 31 29 11.02)
in Figures and is shown by a blue circle. The source displays a clear Ha
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FIGURE 4.4: The photo-spectrum and 3RGB colour (g, r and ) image of the J-PLUS PN
candidate.

excess (see Figure [4.4). Based on the (), (c) and (d) diagrams of Figure it is
possible to argue that this candidate has moderate [O III] emission. The candidate
has (g — J0515)=-0.5, indicating low to moderate contribution of the [OIII] and/or
Hp or even [Hell] lines to the g-band magnitude. Comparison between the J-PLUS
colour of this PN and the grid of photo-ionization hPN models indicate an effective
temperature for the central star ~ 60-90% K.

Figure [4.4] displays the PN candidate photo-spectrum, whose shape is very sim-
ilar to that of typical PNe in the J-PLUS and S-PLUS configurations (see, for in-
stance, Figure , with strong emission-lines and relatively flat continuum. From
its J-PLUS Ha image, we derived an angular radius of ~1.5 arcsec. This figure also
presents a composite g, r and i image centred on the candidate. The UGC 5272
galaxy at 7 Mpc (Garrido et al., 2004; Karachentsev et al., 2014)), is also presented
in Figure [£.4] If the PNe candidate is a member of UGC 5272 galaxy, it should
have a linear size of 40-50 pc indicative of an H 11 region. If we assume that the
candidate is a Galactic halo source at a distance of 30-40 kpc, its size should be
of 0.2-0.3 pc. In order to verify the nature of the candidate, we proceeded to the
optical spectroscopic follow-up.

4.2.2 Spectroscopy of the PN candidate

Low-resolution, long-slit spectroscopic data of our J-PLUS PN candidate was ob-
tained —by Martin Guerrero; a member of the J-PLUS collaboration— with the 2.54-
m INT at Roque de los Muchachos observatory in La Palma, Spain. The Interme-
diate Dispersion Spectrograph (IDS) was used, with the 4096 x2048 pixels RED+2
CCD detector. The size of each pixel is 13.5 pm or 0.44 arcsec pixel~'. The R400V
grating was selected in order to cover the spectral range from 3,600 to 7,000 A,
with a spectral reciprocal dispersion of 1.553 A pixel~!. The 30 pm (equivalently
1.08 arcsec) slit width was used for these observations and it was located through
the center of the nebula at PA=300 degrees. Three exposures of 1,200 sec each were
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FIGURE 4.5: The INT IDS spectrum (not corrected for extinction) of the J-PLUS PN
source. The colored points represent the J-PLUS photometry in flux units.

taken. The CuNe+CuAr lamps were adopted for the wavelength calibration. The
standard star G191B2B was also observed for the flux calibration of the data.

The spectrum was bias subtracted, flat fielded, wavelength calibrated and flux
calibrated by Martin Guerrero. Standard IRAF routines were used to reduce the
long-slit spectrum. The extraction of the spectrum was made using the APALL
routine, the spatial aperture used to extract the spectrum was 13 pixel (£6.5) at
302 center, and all line fluxes were measured from the 1-D flux-calibrated spectra
using the SPLOT function in IRAF.

The spectrum of the candidate is shown in Figure with the J-PLUS photo-
metric magnitudes overlaid for a direct comparison. The fluxes of the emission lines
detected in our spectrum are presented in Table Based on the Ha, HB, and Hvy
lines, its extinction is 0.35. The Hd line was not used for these estimation due to
its low S/N ratio. From the observed central wavelength of the detected lines, we
also derived the heliocentric velocity of the source, 515 km s~!. This value agrees
with the heliocentric velocity of the galaxy itself (51342 km s~! Garrido et al.,
2004), and it confirms that our J-PLUS PN candidate belongs to UGC 5272 (at
7 Mpc in distance). The [SII] A\6716/6731 diagnostic ratio of 1.75 that suggests a
very tenuous H II region. The oxygen abundance of the H II region, given in units
of 12+log(O/H), is estimated to lie between 8.39 and 8.93, by using the empirical
strong-line methods N2 and O3N2, respectively.

4.2.3 Recovering DR1 known Ha emitters

One PN and two H 11 galaxies were recovered by applying our selection methodology
to the J-PLUS catalog.

e PN Sp 4-1(J2000 RA: 1900 26.5, DEC: 38 21 07.99), also called PN G068.7+14.8,
is a previously confirmed compact Galactic PN (Acker et al., 1992 [Moreno-
Ibanez et al., [2016). In the diagrams of Figures and Sp 4-1 is repre-
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Line Arest (A) Aobs(A) Flux® Intensity®
ot 3727.0 37343 200.6 357.8
Hé 4101.7 4108.4 24.8 28.7
Hy 4340.5 4347.3 41.7 46.2
Hp 4861.4 4869.1 100.0 100.0
[O11]] 4958.9 4966.8 67.9 66.6
[O11]] 5006.8 5014.8 199.4 193.7
[Hel] 5875.6 5888.9 29.6 24.9
Ha 6562.8 6573.5 373.7 288.5
[NII] 6583.4 6594.4 22.3 17.2
[STI] 6716.4 6727.3 53.2 40.3
[STI] 6730.8 6742.0 30.4 23.1
F(HB)° - - 3.246 -

“In units of HB = 100. *Blended line. “In units of 107 erg cm™2 s~ 1.

TABLE 4.2: Emission line fluxes of the J-PLUS PN candidate in UGC 5272.

sented by the green circle. The colours (J0515 — J0660) and (g — J0515) are
estimated equal to 3.4 and -1.6, respectively. The former colour clearly indi-
cates a strong Ha emitter, while the latter implies a significant contribution
from the [O ITI] and Hf lines to the g-band. The upper-left panel of Figure
displays its photo-spectrum and corresponding image. There is no doubt that
these data correspond to those of a typical PN photo-spectrum, of a roundish
and compact object with FWHM~1.3 arcsec.

e LEDA 2790884 (J2000 RA: 8 25 55.50, DEC: 35 32 32.01) is a H 11 galaxy
(blue compact galaxy) at z ~ 0.0024 (Moiseev et al., 2010). The loci where
the system is represented in the diagrams of Figures and (one of the
red diamonds) correspond to that of low-excitation PN. The photo-spectrum
and image of this source are shown in the upper-right panel of Figure

e LEDA 101538 (J2000 RA: 16 16 23.51, DEC: 47 02 02.64), the red diamond
in Figure is a H 11 galaxy (dwarf blue compact) at z ~ 0.002, with a
very blue colour. It is classified as starburst galaxy (Ann et al., 2015). The
photo-spectrum of this galaxy is presented in the lower panel of Figure (4.6
The spectra of the H 11 galaxies are very similar to those of giant extragalactic
H 11 regions (Sargent & Searle, 1970). For this reason, LEDA 101538 lies in
the PN zone, even though it is not a PN.

4.2.4 DR1s vs. the HASH PN catalog

The Hong Kong/AAO/Strasbourg Ha(HASH) planetary nebula database (Parker
et al., 2016) is the most recent compilation of PNe (see also Section 1.4). This
catalogue contains ~3,500, on which they are designated as true, likely and possible
PNe. We found 4 matches with J-PLUS and one with S-PLUS. The J-PLUS ones
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appear in the colour-colour diagrams as purple (1 true PN), brown (1 likely PN)
and orange (2 possible PNe) circles, while the S-PLUS match is the dark magenta (1
possible PN) circle in Figures and It is straightforward noticing from these
diagnostic diagrams that none of these sources were classified as PNe by our criteria,
being all located outside the PN zone. Below we describe each source individually.

J-PLUS

e Jacoby 1 (J2000 RA: 15 21 46.56, DEC: 52 22 04.05) also called PG 15204525
is classified as a true PN in the HASH catalog (tHASH PN). This object was
previously reported as a PN by |Jacoby & van de Steene| (1995). The low
(r—J0660) and (J0515— J0660) colour indices are indicative of very weak, or
totally absent, Ha line-emission. For this reason, Jacoby 1 was not recovered
from our criteria. Figures and display the position of this PN in our
diagnostic diagrams (purple circle) and it can easily be seen that it lies in an
area below the PNe zone. The top-left panel of Figure displays the photo-
spectrum and corresponding image of Jacoby 1. This photo-spectrum is typical
for white dwarfs (e.g. Figure 14 of |Cenarro et all 2019|). From its image, we
get a very compact source with FWHM ~ 1.0”. These characteristics suggest
a WD.

Jacoby 1 is a highly-evolved PN with an angular size around 11 arcmin (Tweedy
& Kwitter, [1996]). PNe with such large sizes cannot be recovered by automatic
photometric criteria, this is only possible by visual inspection of the fields (e.g.
Sabin et all [2014). Tt is clear that our J-PLUS photometry does not corre-
spond to the PN itself, but to its WD (Werner et al., 2016) central star,
which explains why we do not obtain any Ha excess. By applying a Gaussian
smoothing filter of 10 pixels to the combined RGB — J0660, r, and i — image
of Jacoby 1, we managed to detect the Ha emission from the PN (see Figure

13).

e TK 1 (J2000 RA: 08 27 05.52, DEC: 31 30 08.10) is catalogued as a likely PN
in HASH catalogue (IHASH PN). Its position in our colour-colour diagrams
(brown circle) is very close to Jacoby 1 suggesting similar spectral characteris-
tics. The size of the nebula of TK 1 is also very large, up to 15 arcmin (Tweedy
& Kwitter, [1996)), thus no Ha emission is expected. Its photo-spectrum is iden-
tical to that of Jacoby 1 (top-right panel of Figure , with a blue continuum
stronger than the red one and no Ha excess. All these —including the fact that
we did not find its corresponding extended nebula— suggest that the recovered
source is a WD star, in agreement with Rebassa-Mansergas et al. (2015).

o Kn J1857.7+3931 (J2000 RA: 18 57 42.24, 39 31 00.13) is classified as a pos-
sible PN (pHASH PN). It shares the same position in the diagnostic diagrams
(orange circle with a small errorbar) as well as the akin photo-spectra of Ja-
coby 1 and TK 1 (see Figure . Though we looked for any extended nebula
it was not detected. We argue that Kn J1857.7+3951 is also a WD star.
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FIGURE 4.6: J-PLUS photo-spectra and corresponding images of the (upper left) disk

Galactic PN Sp 4-1, (upper right) H 11 galaxy LEDA 2790884 and (lower center) H 11 galaxy
LEDA 101538. These objects were recovered by applying the colour-colour diagrams. The
inner panels show the 3RGB colour (g, r and i) J-PLUS images for each source.

o KnPa J1848.6+4151 (J2000 RA: 18 48 38.36, DEC: 41 51 02.52) is also cata-
logued as a pHASH PN. This object is located a little far from the other HASH
objects in our colour-colour diagrams (orange circle with large error bar), and
again there is no indication of any Ha excess. KnPa J1848.6+4151 lies in
the regime of SDSS SFG and QSOs. The photo-spectrum and image of this
source are displayed in the bottom-right panel of Figure [4.7] It is a very faint
object with r ~ 19.5. Its estimated angular size is of ~ 10.3” indicating an
extended source. KnPa J1848.6+4151 is very likely a galaxy (e.g. Figure 16
of |Cenarro et al., |2019)) and less probably a genuine PN. In the SDSS DR12
(Alam et al., [2015)) and the Kepler-INT DRI catalogues (Greiss et al., 2012),
it is classified as a non-stellar source, probably a galaxy.

S-PLUS

e Fr 2-21 (J2000 RA: 21 26 21.17, DEC: 00 58 34.22), also called PHL 4 and
previously identified as a hot subdwarf (Kilkenny, |1984), in addition of being a
pHASH PN. It is located very close to the other HASH objects in the diagnostic

diagrams, suggesting a WD nature for this source (Figure . By combining
J0660, r and 7 images no extended nebula was found.

Table [4.3|lists the J-PLUS and S-PLUS magnitudes of these five sources as well
as their SDSS DR12 (Alam et al. [2015)) and Pan-STARRS DR1 (Chambers & Pan-
STARRS Team, [2016) magnitudes, for a direct comparison. The average difference
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FIGURE 4.8: Composite —
J0660, r, and ¢ — image of Ja-
coby 1 taken from JAST/TS80.
Extended PN is clearly visible, as
indicated by the red circle. The
Ha emission is detected by ap-
plying a Gaussian smoothing fil-
ter of 10 pixels. Credits to Rafael
Logrono and Carlos Lépez San-
juan, members of the J-PLUS
collaboration.

AJ [arcmin]

Aq [arcmin]

99



Tools to discover planetary and symbiotic nebulae Chapter 4

lt -

m14.0

m .

< =

Q

©

2145 =

= -

(@)]

©

=15.0 =
Fr 2-21 = 4

3000 4000 5000 6000 7000 8000 9000
Wavelength [A]

FIGURE 4.9: S-PLUS photo-spectrum of Fr 2-21 and its corresponding 3RGB image. This
object is classified as possible PN in HASH catalog.

between the J-PLUS and SDSS photometry is smaller than 0.07 mag. The S-PLUS-
SDSS difference of Fr 2-21 is found to be slightly higher, about 0.116 mag. Only the
very faint KnPa J1848.6+4151 shows significant difference between the two surveys,
up to 0.375 mag. As for the difference between the J-PLUS and Pan-STARRS
photometry, two of the objects have very low difference of 0.02 mag and 0.12 mag,
while one shows a difference up to 2 mag. The S-PLUS source also shows a small
average difference with the Pan-STARRS photometry of 0.06 mag, almost twice
smaller than the difference with SDSS photometry. Finally, it is worth noticing that
the difference between the SDSS and Pan-STARRS photometry is between 0.0525
and 0.07, while KnPa J1848.6+4151 is again the most discrepant among the sources
(1.97). Overall, we find a reasonable match of the J-PLUS and S-PLUS either with
the SDSS or the Pan-STARRS photometry. This assures that the no recovery of
these possible PNe by our colour-colour criteria is not associated with the (bad)

photometry of the sources in our surveys.

4.3 Machine learning: approach improving the classifi-
cation

This section describes the validation procedures of machine learning techniques
(PCA and LDA). The objects identified with our colour criteria and the HASH
sources in the J- and S-PLUS catalogs were used for that. After training the algo-
rithms, the class those sources belong to was predicted.

4.3.1 Handling imbalanced samples in machine learning techniques

PCA and LDA are data-dependent algorithms. In the case of imbalance train-
ing samples (significant different population of classes of objects; see |Akras et al.,
2019b)), the final classification of source may be biased in favor of the more populated
classes. Naseriparsa & Mansour Riahi Kashani (2013) have shown that balancing
the data, for instance on lung-cancer dataset, after to reduce the dimensions using

100



Chapter 4

Tools to discover planetary and symbiotic nebulae

Object Jacoby 1¢ TK 1¢ Kn KnPa Fr 2-21°
J1857.7+3931¢ J1848.6+4151¢
J-PLUS DRI and S-PLUS DR1 photometry
Kron
radius (") 3.5 3.5 3.5 3.8 -
u 14.79 £+ 0.007 14.90 + 0.006 14.92 + 0.007 — 13.66 £ 0.02
J0378 14.86 £ 0.007 14.98 + 0.006 14.98 £+ 0.009 20.83 + 1.495 13.76 + 0.02
J0395 14.99 £ 0.008 15.10 £ 0.007 15.13 £ 0.009 20.06 + 0.710 13.84 + 0.02
J0410 15.04 £ 0.006 15.18 £ 0.007 15.18 £ 0.009 21.47 + 2.339 13.83 £+ 0.02
J0430 15.16 £ 0.007 15.27 £ 0.007 15.26 £ 0.009 20.16 + 0.635 13.89 £ 0.02
g 15.37 = 0.005 15.44 4+ 0.005 15.40 £+ 0.003 19.64 + 0.134 14.09 £+ 0.02
J0515 15.50 £ 0.008 15.60 £+ 0.009 15.54 £+ 0.010 19.50 + 0.352 14.16 £+ 0.02
r 15.86 £ 0.005 15.94 £ 0.007 15.77 £ 0.003 19.40 + 0.108 14.54 £ 0.02
J0660 16.00 £ 0.010 16.10 £+ 0.013 15.92 + 0.011 19.37 £ 0.280 14.66 £+ 0.02
i 16.26 £+ 0.009 16.32 £+ 0.018 16.13 £ 0.011 19.01 £ 0.229 14.95 £+ 0.02
J0861 16.49 £ 0.020 16.60 4+ 0.020 16.33 £+ 0.009 19.10 £ 0.181 15.21 £+ 0.02
z 16.57 £ 0.027 16.67 £+ 0.029 16.37 £ 0.009 19.32 £+ 0.197 15.28 + 0.02
SDSS DR12 photometry
U 14.73 + 0.003 14.91 + 0.004 15.16 £+ 0.004 21.08 + 0.307 13.54 £ 0.003
g 15.22 + 0.003 15.35 £ 0.004 15.43 £+ 0.004 19.91 £ 0.038 13.95 £ 0.003
r 15.84 £ 0.003 15.94 + 0.004 15.80 £ 0.004 19.57 + 0.042 14.47 + 0.003
1 16.26 £+ 0.004 16.30 £ 0.005 16.13 + 0.004 19.42 4+ 0.061 14.84 4+ 0.003
z 16.65 £ 0.009 16.69 £ 0.009 16.41 £ 0.009 19.93 £ 0.382 15.14 £ 0.005
Pan-STARRS DR1 photometry

g 15.35 £ 0.003 15.46 £ 0.005 15.57 £ 0.008 21.74 + 0.086 14.06 £ 0.005
r 15.85 £ 0.007 15.95 £+ 0.002 15.90 £+ 0.007 21.53 + 0.088 14.52 £ 0.004
i 16.29 + 0.003 16.35 £ 0.002 16.19 £ 0.004 21.54 + 0.076 14.88 £ 0.002

16.60 £ 0.003 16.65 £+ 0.003 16.49 + 0.008 21.04 £+ 0.158 15.16 £ 0.002
Yy 16.81 + 0.011 16.83 £+ 0.005 16.63 £ 0.011 — 15.36 £ 0.003

Kron radius is elliptical Kron apertures used to compute the auto magnitudes.

®Objects observed by J-PLUS.
bObject observed by S-PLUS.

TABLE 4.3: J-PLUS and S-PLUS, SDSS and Pan-STARRS photometry for the true,
likely and possible PNe from HASH catalog.
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FIGURE 4.10: Schematic representation of how the SMOTE algorithm works. The minority
classes are re-sampled creating artificial data from the original data by connecting each point
of the minority samples.

PCA, improve the effectiveness of the method used to classify, across four evalu-
ation metrics: overall accuracy, false positive rate, precision and recall. On the
other hand, |Xie & Qiul (2007)) demonstrated that theoretically the imbalanced data
sets have a negative effect on the performance of LDA. This theoretical analysis is
confirmed by the experimental results. Several sampling methods were applied to
imbalanced data sets and it was found that the performance of LDA on the new
balanced data sets was improved.

The training data sets used in this thesis are highly imbalanced, 3,700 PNe
(including modeled and observed), 25 SySt, 25 H 11 regions, 48 YSOs, 159 CV, 270
WDs, 1,283 SFGs and 600 QSOs.

There are several sampling methods to deal with this problem: oversampling,
synthetic minority oversampling technique (SMOTE), cost sensitive learning (CSL)
and others. In this thesis, the SMOTE method, was selected (see, Naseriparsa &
Mansour Riahi Kashani, 2013} Ke et al., 2019; Pura Hartati et al.l 2018).

SMOTE

SMOTE algorithm (Chawla et al.l|2002) creates synthetic data based on the similar-
ities of the minority samples (left panel of Figure and proceeds by connecting
the points of the minority class with line segment and then places artificial data
points on these lines (right panel of Figure . It generates a random set of mi-
nority class observations to shift the classifier learning bias towards minority class.
SMOTE algorithm follows the next steps:

e Choose a minority class input vector.
e Find its k nearest neighbors.

e Choose one of these neighbors and place a synthetic point anywhere on the
line joining the point under consideration and its chosen neighbor.

e Repeat the steps until the dataset is balanced.
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4.3.2 Principal component analysis

PCA is an algorithm to reduce the dimensionality of a sample and highlight the
similarities and differences among the different class.

For the first step, PCA is applied on J-PLUS or S-PLUS synthetic photometry
(this was described in the previous chapter), then reducing the dimensionality from
12 to 3 for J/S-PLUS. Thus, on the second step, SMOTE resampling method is
carried out on the PC dataset. SMOTE was implemented in Python using the
IMBLEARN library. To quantify the classification of each source, its probability to
belong to each class was derived using the logistic regression model.

Logistic regression (Pregibon, 1982) is a kind of regression analysis or sta-
tistical method used for predicting binary classes. It is an extension of the linear
regression model for classification problems. It uses a logistic function to model a
binary dependent variable, although many more complex extensions exist. Mathe-
matically, a binary logistic model has a dependent variable with two possible values,
pass/fail, which is represented by an indicator variable, with values “0” and “1”
(Cramer, 2004).

Let us, assume that “x” is the input feature and “y” the output, which can be
either “0” or “1”. The probability that the output is “1” given the input feature
“x” can be represented as: P(y = 1|x). In case of linear regression, the probability
p(X) is defined as By + 41X and the probability can take either positive or negative
values. On the other hand, in the case of logistic regression we have:

p(X)
1 — X 4.1
0g<1—p(X)> Bo + B (4.1)
where, the left side is called the logit or log-odds function, and p(x)/(1 — p(x)) is
called odds.

If we take the inverse of the above function, we get:

eﬁO‘I’ﬁlX

PX) = mrax (4.2)

this is known as the Sigmoid function (Mitchell, 1997)) and it gives probabilities from
0to 1.

For datasets that involve more than two classes problem, multinomial logistic
regression is used. As in PCA and LDA algorithm, multinomial logistic regression
was carried out by implementing the Python SKLEARN library.

Table shows the results after applying the PCA and logistic regression al-
gorithms to our dataset. It has the probability of each object to be classified as
PN, SySt, CV, H 11 region, QSO, YSO, WD and SFG. The objects 26063-6129 (PN
candidate), PN Sp 4-1, LEDA 2790884 and LEDA 101538 have probabilities 36%,
82%, 39% and 44% of being PNe. All the HASH sources have ~ 50 — 62% proba-
bilities to be WDs. Remember that J- and S-PLUS only detect the central WDs of
the HASH objects. These results show that PCA makes a good job discriminating
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PCA predicting class

Object Real class PN SySt Cv H 1r QSO  YSO WD SFG
26063-6129“ H 11 region  0.36 0.00 0.10 0.00 0.04 0.00 0.47 0.03
PN Sp 4-1 PN 0.82 0.00 0.03 0.00 0.00 0.00 0.14 0.01

LEDA 2790884 H 11 galaxy  0.39 0.01 0.09 0.00 0.07 0.00 0.38 0.06
LEDA 101538 H 11 galaxy  0.44 0.00 0.08 0.00 0.02 0.00 0.44 0.02

Jacoby 1 tHASH PN 0.23 0.00 0.15 0.00 0.00 0.00 0.62 0.01
TK 1 IHASH PN 0.22 0.00 0.15 0.00 0.00 0.00 0.61 0.01
Kn J1857.74+3931 pHASH PN  0.23 0.00 0.20 0.00 0.00 0.00 0.55 0.01
Fr 2-21 pHASH PN  0.35 0.00 0.17 0.00 0.00 0.00 0.48 0.01

“ID in J-PLUS DRI.

TABLE 4.4: The probability of each object to be classified as PN, SySt, CV, H 11
region (H 11r), QSO, YSO, WD and SFG.

different classes of objects. The proper classification of PNe and H 11 regions/galax-
ies is better using this method than the colour criteria, but, it still provides poor
classification.

4.3.3 Linear discriminant analysis

LDA is a supervised algorithm and provides the class to which an observation be-
longs, based on the classes of objects used to train the model. For this, previously
labeled classes of known objects have settled down (see above chapter). These pre-
dictions are made by estimating the probability that objects belong to a certain
class. The class with the highest probability is the resultant class of each candidate.

In LDA, the estimation of the probabilities is made using the Bayes Theorem
(Bayes, |1763). In probability theory, the Bayes’ rule describes the probability of an
event, based on prior knowledge of conditions that might be related to the event.
This theorem can be used to estimate the probability of the output class (k) given
the input (z) using the probability of each class and the probability of presence of
point z in class k:

P(X =a|Y = k)P(Y = k)

PY=kX=2)= 4.
(¥ = kX =) s (43)
rewriting this equation:
7y fr (@)
PY=kX=2)=——""— 4.4

where 7 is the overall probability that an observation is associated with the kth
class, it is estimated by the fraction of training samples of class k, and fi(x) denotes
the density function (multivariate normal distribution) of X for an observation that
comes from the kth class. This means that fi(x) is large if the probability that an
observation of the kth class has X = .

By running SMOTEH and LDA to the synthetic photometry of the different

2SMOTE was applied before to run LDA. Unlike PCA, it is a classifier algorithm.
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LDA predicting class

Object Real class PN SySt Cv H 1r QSO  YSO WD SFG
26063-6129“ H 11 region  0.00 0.00 0.32 0.03 0.08 0.00 0.29 0.27
PN Sp 4-1 PN 1.00 0.00 0.00 0.00 0.00 0.00, 0.00 0.00

LEDA 2790884 H 11 galaxy  0.01 0.00 0.31 0.04 0.03 0.00 0.30 0.30
LEDA 101538 H 11 galaxy  0.01 0.00 0.41 0.05 0.05 0.00 0.27 0.22

Jacoby 1 tHASH PN 0.00 0.00 0.14 0.00 0.02 0.00 0.82 0.02
TK 1 IHASH PN 0.00 0.00 0.14 0.00 0.02 0.00 0.82 0.02
Kn J1857.74+3931 pHASH PN  0.00 0.00 0.20 0.00 0.02 0.00 0.74 0.04
Fr 2-21 pHASH PN  0.00 0.00 0.15 0.00 0.01 0.00 0.82 0.02

“ID in J-PLUS DRI.

TABLE 4.5: The probability of each object be classified as PN, SySt, CV, H 11 region
(H 11r), QSO, YSO, WD and SFG.

classes of objects (namely, PNe, SySt, H 11 regions, QSOs, SFGs, YSOs and WDs)
as the input classes that train the algorithm, it is predicted the class of each object.
Table shows the results (probabilities) for the same objects of Table The
object 26063-6129 has a probability of 32% to be a CV. It also has 29% and 27%
probabilities to be WDs and SFGs, respectively. PN Sp 4-1 has 100% probability to
be PN. LEDA 2790884 has 31%, 30% and 30% probabilities to be classified as CV,
WD and SFG, respectively. LEDA 101538 has 41%, 27% and 22% probability to be
a CV, WD and SFG, respectively. All the HASH sources exhibit an 82% probability
being a WD, except Kn J1857.74+3931 whose value is 74%. Therefore, even not
classifying all objects in their true classes, LDA clearly allows differentiating PNe
from H 11 galaxies. If instead of the colour criteria this method had been used in
advance, the spectroscopic follow-up of the PN candidate had been avoided.
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Discussions, conclusions and
perspectives

This dissertation has explored photometric techniques to identify PNe and SySt in
the Galactic halo, by using the new surveys: J-PLUS, S-PLUS and J-PAS. The
results obtained by applying these techniques to the J-PLUS and S-PLUS first data
realeases were also presented. We discuss and summarize the main conclusions and

perspectives of this work in the following sections.

5.1 Discussion

5.1.1 Selection of halo PNe and SySt

The results described in previous chapter made clear the potential of the data pro-
vided by J-PLUS and S-PLUS to explore the population of planetary nebulae, and
hopefully of symbiotic stars, in the Galactic halo. The developed photometric tools
to identify strong emission-line sources, as it is the case for PNe and SySt, were
applied to the very limited area (~1,190 deg?) surveyed up to now —in both projects
J-PLUS and S-PLUS- with very promising results.

The ability of photometrically distinguish PNe and H 11 regions is strongly ham-
pered by the similarities between the low-excitation PNe and H 11 regions. The
optical spectroscopic follow-up of the first PN candidate identified in these surveys
reveled it to be an H 11 region located in the UGC 5271 galaxy, and confirms the
difficulty to disentangle PNe and H 1I regions especially compact extragalactic H 11
regions. This is because none of the five colour-colour diagrams that comprise our
selection criteria actually completely isolates these two types of sources. Moreover,
our selection criteria were, on the one hand, very successful by avoiding all the other
strong emission-line emitters present in the fields, which means that J-PLUS and
S-PLUS can really do a good job in terms of searching for PNe and at the same
time minimizing the list of spectroscopic follow-up candidates.
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5.1.2 Expected number of halo planetary nebulae

PNe comprise an old stellar populations of galaxies, since the majority of them have
progenitors between 1.5 and 2.0 My, which correspond to a mean age of ~ 1.5 Gyr
(Douglas et al., 2002)), assuming an initial mass function (IMF) that produces more
low-mass stars than high-mass ones. Their total number depends, therefore, on the
stellar population of the galaxy itself. For example, Buzzoni et al. (2006) showed that
the reddest elliptical galaxies are poorer in PNe (per unit galaxy luminosity) than
spiral galaxies. The PNe luminosity function (PNLF) is universal (Ciardullo et al.,
2002)) and well described by a double exponential, with an absolute magnitude cut-
off M*=-4.47 (Ciardullo et al., [1989) ﬂ This translates to an apparent magnitude
of msgp7 = 10.55 at the distance of 10 kpc, which we use as reference radius to
integrate the PNLF as well as to an apparent magnitude of msgp7 = 13.5 at the
distance of 40 kpc, which is the radius of the inner halo of the Milky Way (MW;
Bland-Hawthorn & Gerhard, 2016)).

In order to estimate the number of PNe that we expect to find in the MW halo
using the J-PLUS and S-PLUS projects we need to calculate: (i) the number of
PNe we expect to find given the survey magnitude limit; (¢7) the number of PNe
that might get lost due to the contamination/crowding from other objects; and,
finally, (éi7) the number of PNe that we expect to find given the underlying stellar
population of the MW halo.

We thus run a set of simulations, by populating images with the typical J-
PLUS and S-PLUS image noise with simulated PNe that mimic the properties of
3 known hPNe (H 4-1, PNG135.9455.9 and DdDm 1). In order to investigate the
completeness limit, we vary the brightness of the simulated PNe from their real
brightness to 5 magnitudes fainter, keeping their radii fixed. The known hPNe,
for which spectra (Howard et al., |1997; Kwitter & Henry, [1998)) are available for
us are listed in Table together with their fundamental properties. H 4-1 and
PNG135.94-55.9 were observed with JAST /T80 (Cenarro et al., 2014) and their radii
were obtained by fitting a MOFFAT gaussian function in the g-band images. The
radius of DdDm 1 comes from the literature (Howard et al., [1997)). We transformed
the MOFFAT radius from arcsecs into pixels, by adopting the standard J-PLUS
pixel scale (nearly 0.5”/pix). We reach 99% completeness till msgo7 = 21.8 for
DdDm 1 and PNG 135.9+55.9; see Figure for examples of the variation of the
recovered number of PNe with magnitude (see also |Cortesi et al., [2013)). For H 4-1,
the limiting magnitude to recover 99% of the objects is msgg7 = 21.2.

We also performed the same test on real J-PLUS images, in order to check how
many objects we might loose due to crowding, for instance. We found that we can
detect 98% of the objects down to a magnitude of mgim = 21.2, which translates
into ms0071im = Mg lim - 0.75 = 20.45 (Arnaboldi et al., 2002). This estimation

n |Ciardullo et al.| (2002) it is estimated M*=-4.51. In here we use M*=-4.47, by following
Buzzoni et al.| (2006)). Also note that |Ciardullo et al|(2002) show that the absolute magnitude of
the PNLF cutoff is fainter in small and low-metallicity systems, but the trend is well modelled by
the theoretical relation of |Dopita, Jacoby, & Vassiliadis| (1992))
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FIGURE 5.1: Recovered number of point like sources as a function of magnitude for (top)
DdDm 1, (medium) H 4-1 and PNG 135.9455.9 (bottom). The simulated PNe are added
on an artificial image that mimic the sky and CCD noise, the recovered number decreases
for fainter objects, see text for further details. Credits Arianna Cortesi, a member of the J-

and S-PLUS collaborations and close collaborator in this project.
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PN map(g) m(5007) radius ()
H 4-1 15.61 14.86 4.6
PNG135.9455.9 17.74 16.99 2.6
DdDm 1 13.85 13.10 1.0

TABLE 5.1: Fundamental properties of three known hPNe, on which PN names, g
and [O 111] magnitudes and PN radii are shown.

suggests that within these surveys we will be able to recover 98% the PNe in the
first 6.95 mag interval of the PNLF at 40 kpc. This effect might vary depending
on the galactic coordinates, since the number of expected hPNe, as much as of halo
stars, depends on the Galactic coordinates ([,0). In fact, Loépez-Sanjuan et al. (2019)
performed a morphological star/galaxy classification of the J-PLUS data and found
that the number counts decreases with galactic latitude (b) as we move away from
the Galactic plane. Moreover, higher latitude tiles seem to present a double power-
law shape. This can be interpreted as the dominance of halo stars in these fields.
Therefore, far away from the Galactic plane, where we expect to find more hPNe,
our quest would be made easier by the lower number of disk/bulge stars.

We are now left with the not trivial question: how many PNe we expect to find
in the MW halo, or in general in the halo of a spiral galaxy? In fact, to calculate
exactly the number of PNe in the MW halo we should know its composition and
shape. Such a quest eludes from the scope of this thesis, and, on the contrary, the
recovered catalog of MW-halo-PNe, resulting from this work, could be used at the
purpose of defining the shape and properties of the MW halo. We performed a
simple calculation, by integrating the PNLF from the value of M, at 10 kpc, till the
estimated completness limit ms5007 1im-

Mlim
N(m) = / " (0)e0307m (1 — 30ma=10)) gy, (5.1)
s
where the parameter a(0) determines the number of PNe we expect to find and varies
according to the stellar population of the galaxy. In order to derive the number of
PNe in a galaxy we introduced the a parameter (Jacoby, 1980) that indicates the
specific frequency of PNe, i.e. the constant of proportionality between the PNe
number and the stellar luminosity. The value of log « varies from loga = —5.99 for
Leo A to loga = —7.13 for M33 (Buzzoni et al 2006). Assuming that the halo of
a galaxy is an extension of its bulge, and therefore that their stellar populations are
similar, we could use the value for the bulge of M31, loga = —6.94 as a proxy for
the MW halo. Alternatively we could assume that the halo of the MW is formed
by a metal poor population such as in the SMC, where loga = —6.67. We recover
the value of a(0) for the SMC and M31 bulge by integrating Eq. within 8mag
from the PNLF bright-end tail at 10 kpc, in order to achieve the PN population size
inferred according to two different extrapolation methods: 1) standard empirical
PNLF from Jacoby (1989), corrected for metallicity (Dopita et al., [1992)), for the
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a origin loga  # Total # J-PLUS # S-PLUS +#(J-PLUS DR1)
Case 1 -6.94 1,766715 353730 385737 4271
Case 2 -6.67 312133 62+8 68 +8 T+1

TABLE 5.2: Expected number of hPNe per survey for two case. Case 1 and Case 2,
equivalent to the M31y,,15c and SMC metallicities, respectively.

M31 bulge and 2) using the |Jacoby| (2006) observed SMC PNLF and correcting for
metallicity as for the standard case, for the SMC (see Table 4 in Buzzoni et al.
(2006)).

Table summarizes the expected (total) number of PNe in the MW and the
expected numbers to be detected by J-PLUS and S-PLUS at the completion of
the surveys (8,500 deg? and 9,000 deg?) out of the 41,253 deg? of the celestial sphere,
respectively, for different o values. We, therefore, estimate we shall observe between
7+ 1 to42 i‘é PNe in the halo of the MW in the J-PLUS DRI1.

Finally, the numbers provided in Table are purely indicative: in fact, we are
here assuming that the PNe are homogeneously distributed on the sky while they
might be concentrated in regions that trace the accretion of dwarf satellites. It is
in any case interesting seeing how, just by determining the number of PNe we will
recover with J-PLUS and S-PLUS, we will be able to distinguish between possible
formation scenarios of the MW halo.

5.1.3 Expected number of halo symbiotic stars

Given that there is not a luminosity function for SySt, we can not use the same
methodology used for PNe to estimate the expected number of SySt in the halo of
the Milky Way. Instead, in this section we present the previously estimated number
of SySt, thus roughly indicating their expected number in the S- and J-PLUS areas.
We perform this task in four different ways.

e By considering the 40 S-type SySt within 1.0 kpc, data from [Freeman| (1987)
and |Gilmore et al.| (1989), for the density gradient and the dimension of the
thick disk and bulge (Munari & Renzini, 1992)).

e By estimating the formation rate of RG + WD symbiotic system:

Tss = Thin * f1 % fo x f3

where 7y, is the binary formation rate, f; is the fraction of binaries with
orbital period, Py, = 1—10 yr, fo is the fraction of binary that survive to the
first tidal mass-loss phase and f3 is the fraction of binaries with the secondaries
massive enough to evolve to red giant dimensions in the age of the Galaxy.
The total number of symbiotic stars follows the relation, Ngs = rgstss, where
tss is the lifetime of the SySt phase (Kenyon et al., |1993)).

e By obtaining a rough estimate of the red giant population in each galaxy can
be computed from the K and B magnitudes from LEDA Lyon-Meudon Extra-
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Reference # SySt (all galaxy) # Total (Halo) # J-PLUS # S-PLUS
Munari & Renzini| (1992 3 x10° 27,273 5,619 5,950
Kenyon et al.| (1993)) 3 x104 2,727 562 595
Magrini et al.| (2003]) 4 x10° 36,364 7,493 7,933
Lii et al.| (2006 1,200 - 15,000 109 - 1,363 22 - 281 24 - 297

TABLE 5.3: Expected number of SySt per model and per survey.

galactic DatabaseEl7 the distances (Van den Bergh, 2000)) and the contribution
in near infrared light of young stars (Chiosi & Vallenari, [1996). A typical
luminosity of 100 L® for a cool giant is taken in computing the number of red
giants per galaxy. The number of symbiotic stars can be taken to be 0.5% of
the total number of red giants plus AGB stars (Magrini et al., [2003).

e By considering the galactic birth rate of SySt from the WD accretors in the
Galaxy, by means of a population synthesis code (Lii et al., [2006)).

Table summarizes these expected numbers of SySt from the four methods.
In the Galactic plane the thick disk outnumber the halo by a factor of 10 to 20
(Freeman), |1987)). If we suppose that the population of symbiotic meets this same
relation, from which it is consider that the population of SySt of the disk is 10 times
that of the halo, we can obtain the number of SySt in the Galactic halo and in
the total areas covered for J-PLUS and S-PLUS, ~ 8,500 deg? and ~ 9,000 deg?,
respectively (see Table . For instance, from the [Lu et al. (2006]) results, it is
expected between 22 - 281 SySt in J-PLUS and 24 - 297 in S-PLUS. Even though
these estimations are not all robust ones, they give us an idea about the population
of SySt in the Galactic halo.

5.1.4 Compact versus extended PNe

The sizes of the 14 PNe in the Galactic halo go from 1.0 to more than 50 arcsec
(Howard et al. [1997). Even though, our tools were developed to search for compact
PNe within the photometric catalogs of J-PLUS and S-PLUS using apertures of 6
and 3 arcsec, respectively. In fact, any search for PNe in photometric surveys seems
to be complete for those with angular sizes smaller than 6 arcsec (Viironen et al.,
2009b; |Akras et al., [2019c]).

The larger planetary nebulae with lower density and corresponding lower surface
brightness are more difficult to discover. These objects are essentially undetectable
by the survey methods. The cross-matching between the HASH and J-PLUS/S-
PLUS catalogs made this point very clear. The magnitudes of the resultant PNe
matches correspond only to the photometry of the central WDs, as it can be seen
from their photo-spectra, which return no nebular Ha emission.

®http://leda.univ-1lyoni.fr/ and Fioc & Rocca-Volmerange (1999).
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As in the case of the IPHAS, with the present surveys a parallel work needs to
be done in order to find extended PNe (Sabin et al., 2014). It is necessary to bin the
images in order to increase the surface brightness of extended nebula and make their
recovery feasible by visually inspecting one by one of the surveys’ fields. It will only
be worth to persecute such an exercise at a later stage of the surveys’ development.

An additional important issue is the limit magnitude of the surveys, which ham-
pers the detection of very extended sources. The J-PAS survey (which will cover
the same sky-area as the J-PLUS survey) will be more efficient for the discovery of
extended PNe due to the larger collective area of the telescope (2.5-m instead of the
0.80-m of those here discussed) as well as deeper images.

With the method developed in this work we recovered one PN. Four objects
(identified as true, likely or probable) PNe in the HASH catalogue are also present
in the J-PLUS and S-PLUS catalogues, but they were not recovered due to their
faint and diffuse Ho emission. So, in total we have 5 potential PNe in the combined
area of the J-PLUS DR1 4+ S-PLUS DRI data releases. Is this number reasonable?

If we assume that the MW halo has a metallicity typical of dwarf galaxies, in
the J-PLUS DR1 + S-PLUS DRI, we have estimated that we shall find 7 & 1 PNe.
This estimation, which in itself is purely indicative, is more or less in agreement
with the number of PNe recovered in the DRI of these surveys.

5.2 Conclusions

Considering the photometric systems of two twin imaging surveys, and the convo-
lution of the spectra of different types of strong emission-lines sources, we used the
synthetic photometry to select the best combination of filters to construct colour-
colour diagrams from the multi-band filter systems of J-PLUS and S-PLUS. We re-
produced the IPHAS equivalent and constructed four new diagnostic colour-colour
diagrams to separate hPNe and SySt from cataclysmic variables, QSOs, extragalac-
tic H 11 regions, star forming galaxies and young stellar objects, by using the J-PLUS
and S-PLUS synthetic photometry. We have found that the two surveys (J-PLUS
and S-PLUS) are not completely successful at discriminating low-excitation PNe
from H 11 regions and SySt from H 11 and YSOs.

There is a high probability that a potential candidate found by our criteria will
end up being a genuine PN or SySt, if it is located well within the PN /SySt zones,
simultaneously, in the IPHAS equivalent and the other four colour-colour diagrams
we proposed. We have validated our colour-colour diagrams through the photometry
of the known hPNe H 4-1 and PNG135.9+55.9 observed by J-PLUS during the SVD
phase.

By applying these new colour criteria to the J-PLUS DRI1 and S-PLUS DRI,
which add up an observed area of the sky of ~1,190 deg?, we identified one PN and
none SySt candidates. The optical spectroscopic follow-up of the candidate unveiled
a giant H 11 in the UGC 5272 galaxy.

After cross-matching the J-PLUS DR1 and S-PLUS DR1 with the HASH PN
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catalog, five common sources were found. None of these sources is a strong Ha
emitter. Four of them have photo-spectra with a stronger blue continuum compared
to the red one, similar to WDs. In the colour-colour diagrams, these WDs are found
to lie in an area below the PNe zone. These HASH sources are located in the zone
of very blue WDs. The fifth source has a photo-spectrum that resembles those of
galaxies, not PNe.

Merrett et al.| (2006) have shown that for low luminosities objects it is hard to dis-
ringuish between PNe and H 11 regions, using the ratio between [O I1I] and Ha+[N II]
emission lines. We will further investigate this issue, including morphological crite-
ria in the analysis. We have proved that our selection criteria are very effective to
select PN candidates, even considering the contamination by H II regions/galaxies.
However, the machine learning techniques allow a better classification of classes the
objects. Moreover, with these techniques we have achieved to discriminate PNe from
H 11 regions/galaxies. We compared two methods based, respectively, on classical
colour-colour criteria and PCA and LDA algorithms to classify PNe. And we finally
conclude that the combination of the J/S-PLUS filter system with machine learning
methods have a better performance than the colour criteria.

5.3 Perspectives

This thesis opens a number of opportunities to future works on the subject of dis-
covering evolved star’s nebulisities in the three multi-band surveys here described.
The most relevant of these thesis’s developments are as follows.

e Applying the color criteria to the forthcoming J-PLUS and S-PLUS data re-
leases. In this way in hope to provide a more complete list of hPN and SySt
candidates for spectroscopic follow-up.

e Applying the J-PAS colour criteria proposed in this thesis to the forthcoming
J-PAS data releases.

e Adding blue compact galaxies or H 11 galaxies to our list of objects to better
training the machine learning techniques (PCA and LDA) and use them with
the next data releases.

e In the new S- and J-PLUS colour-colour diagnostic diagrams to define a zone
that only includes the WDs with a very strong blue continuum. The additional
colour criteria should then be applied to the data with the aim to find WDs.
Then we will also try to recover the Ha emission of extended and low surface
brightness PNe through of the combination of the r, Ha and 7 images as we
did with the HASH sources (see chapter |4)).

e Combining J-PLUS/S-PLUS and J-PAS photometry with photometric data
from from other surveys like GALEX, 2MASS, WISE with the aim to improve
the rate of true PNe and SySt detection.
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Appendix A

Python codes

Al

Python program used to simulate the S-PLUS, J-PLUS and J-PAS photometry.
Note that this code can be used to perform synthetic photometry of any photometric
system.

Find the values in the spectrums (ASCII file)

Estimate the magnitudes for any photometryc system

from future_

__ _ import print_function
import glob

from syntphot import spec2filterset
from readfilterset import readfilterset

from syntphot import photoconv

from astropy.io import fits
import os

import json

import numpy as np

import argparse

#import matplotlib
#matplotlib.use ("Agg")

import matplotlib.pyplot as plt
import sys, getopt

from collections import OrderedDict
from urllib.parse import parse_gs

parser = argparse.ArgumentParser(
description="""Estimate magnitudes of a
spectrum for any photometryc system""")

parser.add_argument ("source", type=str,

default="DdDm-1",
help="Name of source, taken the prefix ")
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parser.add_argument ("--filters", type=str,
default="Alhambra3",
help="Filter of the photometryc system")

parser.add_argument ("--name", type=str,
default="HPNe",
help="Name to clasify the source in the JSON file
u)

parser.add_argument ("--savefig", action="store_true",
help="Save a figure showing the magnitude")

parser.add_argument ("--debug", action="store_true",
help="Print out verbose debugging info
about each line in region file")

cmd_args = parser.parse_args ()
regionfile = cmd_args.source + ".dat"

# Get any filters that you need
datadir = "../filters/"
filterfile = cmd_args.filters + ".filter"

= readfilterset ()

.read(os.path. join(datadir, filterfile))
.uniform()

.calc_filteravgwls ()

# Dictionary

magn = OrderedDict ({"id": regionfile.replace(".dat",
"-{}".format (cmd_args.name)) })

#magn = {"id": regionfile }

dt = np.dtype([ (’wl’, ’£f4’), (’flux’, ’£f4’°)])
obs_spec = np.loadtxt(regionfile, delimiter = None,
converters = None, skiprows = O,
usecols = None, unpack = False,

ndmin = 0, dtype = dt)

# Estimate of magnitude of the photometric system
x = spec2filterset(f.filterset, obs_spec,
model_spec = None, badpxl_tolerance = 0.5)
for xx, yy in zip(np.unique(f.filterset[’ID_filter’]), x[’m_ab’]):
xx=str(xx).split("b’") [-1].split("’") [0]
magn [xx] = float(yy)
if cmd_args.debug:
print("Calculating the magnitude of:", magn["id"])

# Plot magnitude vs filter or wavelenght
if cmd_args.savefig:
plotfile = regionfile.replace(".dat",
"-{}-{}-magnitude.pdf".format (cmd_args.name,
cmd_args.filters.split(’am’) [0]))
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fig
ax1

= plt.figure ()
= fig.add_subplot(1,1,1)

#axl.set_xlim(xmin=-0.5, xmax=2)

#axl.set_ylim(ymin=15, ymax=-5)
#axl.set_xlabel(r’$\lambda$’)

plt
plt

axl.
axl.

ax1

.tick_params (axis=’x’, labelsize=19)
.tick_params (axis=’y’, labelsize=19)

set_xlabel(r’Wavelength($\AA$)’, size = 19)
set_ylabel(r’Magnitude’, size = 19)

.plot(f.filteravgwls, x[’m_ab’], ’ko-’)
axl.

set_title(" ".join([cmd_args.sourcel]))

#axl.plot(Wavelengthh, Fluxx, ’k-’)
#axl.grid(True)

#plt.xticks(f.filteravgwls, np.unique(f.filterset[’ID_filter’]),

plt.
plt.
plt.

#rotation=’vertical’, size = ’small’)
margins (0.06)
subplots_adjust (bottom=0.17)
savefig(plotfile)

# Creates the JSON files with the magnitudes

jsonfile

= regionfile.replace(".dat",
"-{}-{}-magnitude. json".format (cmd_args.name,
cmd_args.filters.split(’am’) [0]))

with open(jsonfile, "w") as f:

json.dump (magn, f, indent=4)
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The SYNTPHOT code (created by William Schoenell):

PP

Created on Jul 17, 2012
Qauthor: william

20

import numpy as np

from log import logger
import exceptions #import MAGALException

def spec2filter(filter, obs_spec, model_spec=None, badpxl_tolerance =
0.5):
PR
Converts a spectrum on AB magnitude given a filter bandpass.
If there are bad pixels on filter interval on a fraction inferior
to the badpxl_tolerance, it will
interpolate the missing values or, in case of a model_spec is not
None, it will use the values from model_spec.
Parameters
filter : dict
Filter transmission curve. Dictionary containing the
following entries:
{’wl’: array_like
Wavelength (in Angstroms!).

’transm’: array_like
Filter transmission response.
}
obs_spec : dict
Observed Spectra. Dictionary containing the following
entries:
{’wl’: array_like,
>flux’: array_like,
’error’: array_like, optional,
’flag’: array_like, optional,
’model_spec’: array_like, optional
3
model_spec : dict, optional

Model Spectra which could be used when there are
missing (due to err or flagged). Dictionary
containing the following entries:

{ ’wl’: array_like
Wavelength (in the same units as filter
response curve)
’flux’: array_like
Flux on a given wl
}
badpxl_tolerance : float, default: 0.5
Bad pixel fraction tolerance on the spectral
interval of the filter.

Returns
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See

log
#Cut

float

AB magnitude on given filter

float

AB magnitude error on given filter

Also

= logger (__name__)
the spectrum on the filterset range. This improves the

velocity of the rest of the accounts.

obs_

cut = obs_spec[np.bitwise_and(obs_spec[’wl’] >= np.min(filter

[’wl1’]), obs_spec[’wl’] <= np.max(filter[’wl’]))]

if model_spec is not None:

model_cut = model_spec[np.bitwise_and(model_spec[’wl’] >= np.
min(filter[’wl’]), model_spec[’wl’] <= np.max(filter[’wl
211

if len(model_cut) == O0:

#log.warning (’No enough MODEL datapoints eval synthetic
photometry on this filter. Model will NOT be
considered.’)

model_spec = None

elif np.any(model_cut[’wl’] != obs_cut[’wl’]):

#log.warning (’Model is not sampled the same way as the
observed spectrum. Interpolating...’)

aux = np.copy(model_cut)

# model_cut = obs_cut[:len(model_spec)].copy()

model_cut = np.zeros(len(obs_cut), dtype=model_cut.dtype)

model_cut[’wl’] = obs_cut[’wl’]

model_cut [’flux’] = np.interp(obs_cut[’wl’],aux[’wl’],aux
[’flux’], left=0.0, right=0.0)

#Check if the filterset is sampled correctly
# - Tip: Resample the filter to your data when reading the filter
to avoid unnessessary interpolations.
if np.any(obs_cut[’wl’] != filter[’wl’]):
# log.warning(’Filter is not sampled the same way as the
observed spectrum. Interpolating...’)
wl_ = obs_cut[’wl’]
transm_ = np.interp(wl_,filter[’wl’],filter[’transm’])
else:
wl_ = filter[’wl’]
transm_ = filter [’transm’]
#Check for bad pixels. Good pixels should be signaled with flag(

lambda) = 0 or 1.
# The recipe is:

#

- If there is LESS bad_pixels than badpxl_tolerance:
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# And there is a model_spec: use model_spec

# And there is NOT a model_spec: interpolate values

# - If there is MORE bad_pixels than badpxl_tolerance:

# Return a magnitude np.inf and an error of np.inf.

n = len(obs_cut)

not_neg_pix = (obs_cut[’flux’] >= 0) #Fluxes CAN NOT be negative!

if(’flag’ in obs_cut.dtype.names and ’error’ in obs_cut.dtype.
names): # First check if there is error AND flag.

good = np.bitwise_and(np.bitwise_and(obs_cut[’flag’] <= 1,
obs_cut[’error’] > 0), not_neg_pix)
bad = np.invert (good)
n_bad = np.sum(bad)
elif (’error’ in obs_cut.dtype.names): # Check if there is ONLY
error.
good = np.bitwise_and(obs_cut[’error’] > O, not_neg_pix)
bad = np.invert (good)
n_bad = np.sum(bad)

elif (’flag’ in obs_cut.dtype.names): # Check if there is ONLY flag

good = np.bitwise_and(obs_cut[’flag’] <= 1, not_neg_pix)
bad = np.invert (good)
n_bad = np.sum(bad)

else: # If there is only spectra, all the pixels are good! =)
good = np.bitwise_and(obs_cut[’wl’] > O, not_neg_pix)
bad = np.invert (good)
n_bad = np.sum(bad)

log.debug( ’N_points: \%d, N_bad: \%4d’ \% (n, n_bad) )

if(n_bad > 0 or n == 0): #If we have problems we have to deal with
them... ;)
if (n == 0):
log.debug(’# of pixels = 0. m = inf and m_err = inf’)
m_ab = np.inf
e_ab = np.inf

return m_ab, e_ab

p_bad = np.float(n_bad)/np.float(len(obs_cut))

if (p_bad > badpxl_tolerance): #If we have # of bad pixels
greater than 50\, then make filter flux and error equal
to inf.
log.debug (’# of bad pixels > badpxl_tolerance. m = inf and

m_err = inf’)
m_ab = np.inf
e_ab = np.inf

return m_ab, e_ab
else:

#If we have # of bad pixels less than 50\, we simply
neglect this point on the error acoounts,

#and make flux = synthetic flux, if available, if not,
interpolate values.

if model_spec is not None:
obs_cut [’flux’][bad] = model_cut[’flux’][badl]
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np.interp(obs_cut[’wl’] [bad],

else:
obs_cut [’flux’] [bad] =
obs_cut[’wl’] [good], obs_cut[’flux’][good])
=)

* transm_ * wl_,

else: # If our observed obs_spec is ALL ok.
log.debug(’No bad pixel! =)?)

-2.5 * np.logl0( np.trapz(obs_cut[’flux’]

- 2.41

wl_) )

-

m_ab =
wl_) / np.trapz(transm_ / wl
if (’error’ in obs_cut.dtype.names):
1.0857362047581294 * np.sqrt( np.sum(transm_[good]**2 x*
obs_cut[’error’] [good]l**2 * wl_[good] **x 2 )) / np.sum(

e_ab =
* transm_[good] * wl_[good])

obs_cut [?flux’][good]

else:
0.0

= None,

e_ab
model_spec

return m_ab,
obs_spec,

def spec2filterset(filterset,
badpxl_tolerance = 0.5):

)0

Run spec2filter over a filterset

Parameters
magal.io.

filterset object
Filter transmission curves (see:
readfilterset).
obs_spec : dict
Observed Spectra. Dictionary containing the following
entries:
{ ’wl’: array_like
Wavelength (in Angstroms!)

’flux’: array_like
Flux on a given wl.
array_like, optional
If err < 0, the point will

’error ’:
Flux error.
be considered as a problem.

’flag’: array_like, optional
Bad pixel flag. Pixels are considered

bad if flag > 1.
’model_spec’: array_like, optional
Model Spectra which could be used
when there are missing (due to

err or flagged).

}
model_spec dict, optional
Model Spectra which could be used when there are
missing (due to err or flagged). Dictiomnary

containing the following entries:

’wl’: array_like
Wavelength (in the same units as filter

{

response curve)
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’flux’: array_like
Flux on a given wl
}
badpxl_tolerance : float, default: 0.5
Bad pixel fraction tolerance on the spectral
interval of the filter.

Returns
mags : array_like
Filterset magnitudes
Dictionary containing the following entries:

{
‘m_ab’: array_like
AB magnitude on given filter.
’e_ab’ : array_like
AB magnitude error on given filter.
}

See Also

spec2filter, magal.io.readfilterset.FilterSet

log = logger (__name__)
filter_ids = np.unique(filterset[’ID_filter’])

mags = np.zeros(len(filter_ids), dtype = np.dtype([(’m_ab’, ’<f4’)
, (Ce_ab’, '<f4°)1))
for i_filter in range(len(filter_ids)):
filter = filterset[filterset[’ID_filter’] == filter_ids/[
i_filter]]
mags[i_filter][’m_ab’], mags[i_filter][’e_ab’] = spec2filter(

filter, obs_spec, model_spec, badpxl_tolerance =
badpxl_tolerance)
log.debug(’Magnitude to filter \V%s: \%3.2f, error: \%3.2f° \%
(filter_ids[i_filter], mags[i_filter][’m_ab’], magsl([
i_filter][’e_ab’]) )
return mags

class photoconv(object):

Spectrum to Photometry conversion class.

def __init__(self):
self.log = logger (__name__)

def fromStarlight(self, filterset, arq_in, arq_syn,
starlight_version=’starlightvéd’, badpxl_tolerance=0.5):

Converts automagically STARLIGHT input and output files into
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photometric magnitudes

Parameters
filterset : object
Filter transmission curves (see: magal.io.readfilterset).
arq_in : string
Starlight input filename (or atpy.TableSet (type=’
starlight_input’) object)
arq_syn : string
Starlight synthesis filename (or atpy.TableSet (type=
starlight_version) object)
starlight_version : string, default = ’starlightv4’
Starlight synthesis file version (Default: starlightv4)
badpxl_tolerance : float, default: 0.5
Bad pixel fraction tolerance on the spectral interval of
each filter. (Default: 0.5)

Returns

m_ab : numpy.ndarray dtype = [(’m_ab’, ’<f4’), (’e_ab’, ’<f4’)

See Also

fromSDSSfits, magal.io.readfilterset

try: # Try to import pystarlight...
import pystarlight.io
import atpy
except ImportError:
MAGALException(’Could not load pystarlight. Needed to
convert from STARLIGHT’)

try: # Check if it is an atpy or a filename
obs_spec = arq_in.starlight_input.data.view(
dtype=np.dtype ([(’wl’, ’<£f8’), (’flux’, ’<f8°’), (’
error’, ’'<£f8’), (’flag’, ’<i8’)1))
except AttributeError:
arq_in = atpy.Table(arq_in, type=’starlight_input’)

obs_spec = arq_in.data.view(
dtype=np.dtype([(’wl’, ’<£f8’), (’flux’, ’<£f8’), (’
error’, ’<f8’), (’flag’, ’<i8’)1))

try: # Check if it is an atpy or a filename
model_spec = arq_syn.spectra.data.view(dtype=np.dtype(
[(’wl’>, °<£f8°), (’f_obs’, ’<£f8’), (’flux’, ’<£8’), (’
f_wei’, ’<£8’), (’Best_f_SSP’, ’<f8’)1))
except AttributeError:
arq_syn = atpy.TableSet(arq_syn, type=starlight_version)
model_spec = arq_syn.spectra.data.view(dtype=np.dtype(
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[(°wl’, °<£f8’), (’f_obs’, ’<£f8’), (’flux’, ’<£f8’), (’
f_wei’, ’<£f8’), (’Best_f_SSP’, ’<£8°’)1))

obs_spec[’flux’] *= 1le-17
obs_spec[’error’] x= le-17
model_spec[’flux’] #*= arq_syn.keywords[’fobs_norm’] * 1le-17

return spec2filterset(filterset, obs_spec, model_spec,
badpxl_tolerance = badpxl_tolerance)

Theses codes are based on version of the SYNTPHOT code of William Schoenell. De-
tailed information of the code can be found in https://github.com/wschoenell/
magal/blob/master/src/magal/photometry/syntphot.py.

The output files are JSON files contain dictionaries with the photometry of all bands.
Below, it is show an example of these JSON files.

{ "id": "DdDm-1-HPNe",
"F348": 13.872536659240723,
"F378": 13.796369552612305,
"F395": 14.366382598876953,
"F410": 14.582297325134277,
"F430": 14.353007316589355,
"g_sdss": 13.825705528259277,
"F515": 15.072735786437988,
"r_sdss": 13.98564338684082,
"F660": 11.874861717224121,
"i_sdss": 14.99560260772705,
"F861": 15.319754600524902,
"z_sdss": 14.59402084350586

A.2

The code used to apply the PCA algorithm to the J-PLUS or S-PLUS photometry
by using SKLEARN library is shown below. The input files are the JSON files like
the one shown above.

Principal component analysis applied to J-PLUS or S-PLUS photometry

20

#from __future__ import print_function
import numpy as np

from sklearn.preprocessing import StandardScaler
from sklearn.decomposition import PCA

from mpl_toolkits.mplot3d import Axes3D

import matplotlib.pyplot as plt

from scipy import stats

import sys

import glob
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import json

import seaborn as sns

import os.path

from collections import OrderedDict

from scipy.stats import gaussian_kde

import pandas as pd

from matplotlib.ticker import FormatStrFormatter

X =[]
target = []

pattern = "x-spectros/*-JPLUS17-magnitude. json"

def clean_nan_inf (M):

mask_nan = np.sum(np.isnan(M), 1) > O

mask_inf = np.sum(np.isinf(M), 1) > O

lines_to_discard = np.logical_xor (mask_nan, mask_inf)
print ("Number of lines to discard:", sum(lines_to_discard))

M = M[np.logical_not(lines_to_discard), :]
return M

file_list = glob.glob(pattern)

shape = (len(file_list), 12)
shapel = (len(file_list), 13)
print (len(file_list))

for file_name in file_list:
with open(file_name) as f:
data = json.load(f)
data = OrderedDict((k, v) for k, v in sorted(data.items (), key
=lambda x: x[0]))

.append (data["F348"])
.append (data["F378"])
.append(data["F395"])
.append(data["F410"])
.append(data["F430"])
.append (data["F480_g_sdss"])
.append (data["F515"])
.append(data["F625_r_sdss"])
.append(data["F660"])
.append(data["F766_1i_sdss"])
.append(data["F861"])
.append(data["F911_z_sdss"])
target.append(data["F348"])
target .append(data["F378"])
target.append(data["F395"])
target.append(data["F410"])
target.append(data["F430"])
target .append(data["F480_g_sdss"])
target.append(data["F515"])
target .append(data["F625_r_sdss"])
target.append(data["F660"])

B - B B - B S

>d
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target.append(data["F766_1i_sdss"])

target .append(data["F861"])

target.append(data["F911_z_sdss"])

if data["id"].endswith ("PN Models"):
target .append (0)

elif data["id"].endswith ("HPNe"):
target.append (1)

elif data["id"].endswith("sys"):
target .append (2)

elif data["id"].endswith("CV"):
target .append (3)

elif datal["id"].endswith("ExtHII"):
target .append (4)

elif datal["id"].endswith("QS0s"):
target .append (5)

elif data["id"].endswith("YSOs"):
target.append (6)

elif datal["id"].endswith("DR1SplusWDs"):

target .append (7)
else:
target.append (8)

print (label)
XX = np.array(X).reshape (shape)

target_ = np.array(target).reshape(shapel)
print ("Data shape:", XX.shape)

m = []

XX = clean_nan_inf (XX)

#Create target to classify the kind of object

target_ = clean_nan_inf (target_)

#XX = np.array(XX[np.logical_not(np.isnan(XX), np.isinf (XX))])

#target_ = np.array(target_[np.logical_not(np.isnan(target_), np.isinf

(target_))1])

for i in target_:
m.append (i [12])

m = np.array(m)
print (m.shape)
print (XX.shape)

if np.any(np.isnan(XX)):

print ("NaNNNNNNNNNNNNNNNNNNNNNN")
if np.any(np.isinf (XX)):

print ("INFFFFFFFFFFFFFFFFFFFFFF")

#create the PCA for S-PLUS photometry

XX1 = StandardScaler () .fit_transform(XX.data)
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pca = PCA(n_components=6)
pca.fit (XX1)

XX_pca = pca.transform(XX1)

#Percentage

print("Porcentage:", pca.explained_variance_ratio_)

print ("Singular Value:", pca.singular_values_)

print ("Component:", pca.components_[0]) # eigevectors

print ("Sorted components:", pca.explained_variance_) # eigenvalues

#Lista with the objects
n=11
pcl, pc2, pc3 = [[] for in range(n)], [[] for _ in range(n)], [[]

for _ in range(n)]

#lfo,1, 3, 4, 7, 10, 11, 12, 13, 8]

pcl[0] . append (XX_pcalm == 0, 0])
pc2[0]. append (XX_pcal[m == 0, 1])
pc3[0].append (XX_pcalm == 0, 2])
pcl[1].append (XX_pcalm == 1, 0])
pc2[1].append (XX_pcalm == 1, 1])
pc3[1].append (XX_pcalm == 1, 2])
pcl[2].append (XX_pcalm == 2, 01)
pc2[2].append (XX_pcalm == 2, 1])
pc3[2].append (XX_pcalm == 2, 2])
pcl[3].append (XX_pcalm == 3, 0])
pc2[3].append (XX_pcalm == 3, 1])
pc3[3].append (XX_pcalm == 3, 2])
pcl[4].append (XX_pcalm == 4, 0])
pc2[4] . append (XX_pcalm == 4, 1])
pc3[4]. append (XX_pcalm == 4, 2])
pcl[5].append (XX_pcalm == 5, 01)
pc2[5].append (XX_pcalm == 5, 1])
pc3[5].append (XX_pcalm == 5, 2])
pcl[6].append (XX_pcalm == 6, 0])
pc2[6].append (XX_pcalm == 6, 1])
pc3[6].append (XX_pcalm == 6, 2])
pcl1[7].append (XX_pcalm == 7, 0])
pc2[7].append (XX_pcalm == 7, 1])
pc3[7].append (XX_pcalm == 7, 2])
pcl1[8].append (XX_pcalm == 8, 0])
pc2[8].append (XX_pcalm == 8, 1])
pc3[8].append (XX_pcalm == 8, 2])
#Weight

wl = pca.components_[0]

w2 = pca.components_[1]

w3 = pca.components_[2]
print(’W:’, pca.components_)
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print (’Ein:’, ©pca.explained_variance_)

HARHHBHAHBABHBAAHH R AR H B AR HHRAR B R AR AR BABH B AR BB RS H B AR R B RA R B R AR SR AR A HH
#PC1 vs PC2 ##HHHHHHAAHHAAHHHARHHARAHBARHHARAHBRBHBAAHH R AR HH AR HHHERS
HARHHBRBHBRBHBRAHHBRRHBBAHHRARBHARBHBRABHBRBHBBABHBRRSHBRAHRBRER SR BRHHH

lgd_kws = {’frameon’: True, ’fancybox’: True, ’shadow’: Nonel}
#sns.set(style="dark")#, context="talk")
#sns.set_style(’ticks’)

fig = plt.figure(figsize=(12, 8))

axl = fig.add_subplot (111)

axl.set_x1lim(-8.2, 5.7)

axl.set_ylim(-2.5, 1.5)

axl.yaxis.set_major_formatter (FormatStrFormatter (’\%.1£7°))
# axl.set_xlim(-10, 10)

# axl.set_ylim(-3.3, 3.2)
#axl.set_xlim(xmin=-2.5,xmax=2.0)
plt.tick_params(axis=’x’, labelsize=32)
plt.tick_params(axis=’y’, labelsize=32)

plt.xlabel(r’PC1’, fontsize= 35)

plt.ylabel(r’PC2’, fontsize= 35)

#print (A1[0][1], B1[0][1])

AB = np.vstack([pc1[0], pc2[0]1])

z = gaussian_kde (AB) (AB)
df=pd.DataFrame({’x’: pci1[0], ’y’: pc2[0]})

# Sort the points by density, so that the densest points are plotted
last

idx = z.argsort ()

for x1, y1 in zip(pc1[0], pc2[0]):
x11, y11, z = x1[idx], yil[idx], z[idx]
axl.scatter(x11, y11, c=z, s=50, zorder=10, alpha=0.5, edgecolor

=27)

#axl.scatter (pc1[0], pc2[0], c= sns.xkcd_rgb["indigo"], alpha=0.5, s
=130, marker=’o’, zorder=10.0, edgecolor=’black’, label=’CLOUDY
modelled halo PNe’)

axl.scatter (pc1[1], pc2[1], color= sns.xkcd_rgb["aqua"], s=130,
marker=’o0’, alpha=0.8, edgecolor=’black’, zorder=120.0, label=’0bs

hPNe )

axl.scatter(pc1[3], pc2[3], c=sns.xkcd_rgb[’pale yellow’], alpha=0.8,
s=90, marker=’o0’, edgecolor=’black’, zorder=3.0, label=’8DSS CVs’)

axl.scatter (pc1[5], pc2[56], c= "mediumaquamarine", alpha=0.8, s=90,
edgecolor=’black’, marker=’D’, label=’SDSS QS0s’)

axl.scatter(pc1[8], pc2[8], <c= "goldenrod", alpha=0.8, s=120, marker
=’"’, edgecolor=’black’, label=’SDSS SFGs’)

axl.scatter (pc1[2], pc2[2], c¢= "red", alpha=0.8, s=90, marker=’s’,
edgecolor=’black’, zorder=3.0, label=’0bs SySt’)

#axl.scatter(pc1[3], pc2[3], c= "red", alpha=0.8, s=120, marker=’""’,
edgecolor=’black’, zorder=3.0, label=’IPHAS SySt’)

axl.scatter (pci1[4], pc2[4], c= "gray", alpha=0.8, s=90, marker=’D’,
edgecolor=’black’, zorder=133.0, label=’0bs. HII regions in NGC
557)
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axl.scatter(pc1[6], pc2[6], c= "lightsalmon", alpha=0.8, s=150,
marker=’x’, edgecolor=’black’, label=’0bs. YSO0s’)

#axl.scatter(pc1[8], pc2[8], c= sns.xkcd_rgb["cerulean"], s=700,
marker=’*’, edgecolor=’black’, zorder= 125, label=’Sources
selected in J-PLUS DR1’)

#axl.scatter(pc1[9], pc2[9], c= sns.xkcd_rgb["light green"], s=700,
marker=’*’, edgecolor=’black’, zorder= 125, label=’HASH sources in

J/S-PLUS DR1’)

axl.scatter(pcl[7], pc2[7], c= sns.xkcd_rgb["mint green"], alpha=0.3,
s=150, marker=’*’, edgecolor=’black’, zorder= 125, label=’S-PLUS
DR1 WDs’)

#print (x[2])

#ax2.grid(which="minor’)#, 1lw=0.3)

#axl.legend(scatterpoints=1, ncol=2, fontsize=19.8, loc=’lower center
>, *xlgd_kws)

axl.grid O

#1lgd = axl.legend(loc=’center right’, bbox_to_anchor=(1.27, 0.5),
fontsize=7.5, #**lgd_kws)

#ax2.grid(which="minor’, 1lw=0.5)

#sns.despine (bottom=True)

plt.tight_layout ()

plt.tight_layout ()

pltfile = ’Figl-SPLUS-PC1-PC2-WD.pdf’

>../../Dropbox/JPAS/Tesis/Fig’

file_save = os.path.join(save_path, pltfile)

save_path

plt.savefig(file_save)
plt.clf ()

HARHHBHAHBRBHBAAHH R AR H R AR R HBARHH AR B H B AR R B RS H BB A B H B AR H B RA R B R AR SR B R A HH
#PC1 vs PC3 #H#H#HAAHHHHAHHHHHBH B R AR AR R A HHAARAH AR AR HHHH B BB R R B R AHAHH
HARHHBRAHBRABHBRARHBARHBRAHBRARBBARBHBARHBARHBBABHBRAHBRAHR B RAR BB AR R HH

lgd_kws = {’frameon’: True, ’fancybox’: True, ’shadow’: Nonel}
#sns.set(style="dark")#, context="talk")
#sns.set_style(’ticks’)

fig plt.figure(figsize=(12, 8))

ax2 = fig.add_subplot (111)
ax2.yaxis.set_major_formatter (FormatStrFormatter (’\%.1£°))
ax2.set_x1im(-8.2, 5.7)

ax2.set_ylim(-1.1, 1.0)
plt.tick_params(axis=’x’, labelsize=32)
plt.tick_params(axis=’y’, labelsize=32)
plt.xlabel(r’PC1’, fontsize= 35)
plt.ylabel(r’PC3’, fontsize= 35)
#print (A1 [0][1], B1[0I[11)

AB = np.vstack([pc1[0], pc3[0]1)

z = gaussian_kde (AB) (AB)
df=pd.DataFrame ({’x’: pc1[0], ’y’: pc3[0]1})

# Sort the points by density, so that the densest points are plotted

last
idx = z.argsort ()
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for x1, y1 in zip(pc1[0], pc3[0]):
x11, y11, z = x1[idx], yi1l[idx], z[idx]
ax2.scatter(x11, y11, c=z, s=50, zorder=10, alpha=0.5, edgecolor

=11)

#ax2.scatter (pc1[0], pc3[0], ¢ = sns.xkcd_rgb["indigo"], alpha=0.5, s
=130, marker=’o’, edgecolor=’black’, zorder = 10.0, label=’CLOUDY
modelled halo PNe’)

ax2.scatter(pc1[1], pc3[1], <color= sns.xkcd_rgb["aqua"], s=130,
marker=’0’, edgecolor=’black’, alpha=0.8, zorder=120.0, label=’0bs

halo PNe’)

ax2.scatter(pc1[3], pc3[3], ¢ = sns.xkcd_rgbl[’pale yellow’], alpha
=0.8, s=90, marker=’o’, edgecolor=’black’,zorder=3.0, label=’SDSS

CVs )
ax2.scatter(pc1[5], pc3[5], ¢ = "mediumaquamarine", alpha=0.8, s=60,
edgecolor=’black’, marker=’D’, label=’SDSS QS0s’)
ax2.scatter (pc1[8], pc3[8], ¢ = "goldenrod", alpha=0.8, s=120, marker
=777, edgecolor=’black’, label=’SDSS SFGs’)
ax2.scatter(pc1[2], pc3[2], ¢ = "red", alpha=0.8, s=90, marker=’s’,
edgecolor=’black’, zorder=3.0, label=’0bs SySt’)
#ax2.scatter (pc1[3], pc3[3], ¢ = "red", alpha=0.8, s=120, marker=’"",
edgecolor=’black’, zorder=3.0, label=’IPHAS SySt’)
ax2.scatter(pc1[4], pc3[4], ¢ = "gray", alpha=0.8, s=90, marker=’D’,
edgecolor=’black’, zorder=133.0, label=’0bs. HII regions in NGC
557)
ax2.scatter (pc1[6], pc3[6], ¢ = "lightsalmon", alpha=0.8, s=150,

marker=’x’, edgecolor=’black’, zorder = 11, label=’0bs. YSOs’)
#ax2.scatter (pc1[8], pc3[8], <¢ = sns.xkcd_rgb["cerulean"], s=700,
marker=’*’, edgecolor=’black’, zorder= 125, label=’0bs. select in
J-PLUS DR1’)
#ax2.scatter(pc1[9], pc3[9], c= sns.xkcd_rgb["light green"], s=700,
marker=’%’, edgecolor=’black’, zorder= 125, label=’HASH sources in
J-PLUS DR1’)
ax2.scatter (pcl1[7], pc3[7], c= sns.xkcd_rgb["mint green"], alpha=0.3,
s=150, marker=’%’, edgecolor=’black’, zorder= 125, label=’DR1 S-
PLUS WDs’)
ax2.minorticks_on ()

ax2.legend(scatterpoints=1, ncol=2, fontsize=17.8, loc=’upper center’,
x*x1gd_kws)

ax2.grid ()

#ax2.grid(which="minor’, 1lw=0.5)

#sns.despine (bottom=True)

plt.tight_layout ()

#pltfile = ’Fig2-JPLUS-PC1-PC3-veri.pdf’

pltfile = ’Fig2-JPLUS-PC1-PC3-WD.pdf"’

file_save = os.path.join(save_path, pltfile)

plt.savefig(file_save)

plt.clf ()

HARHHBRAHBRABHBAAHHRARHBARHHRAR BB AR B HBABH B AR R BB AR H B AR R B R AR H R AR S BB R A HH

#PC2 vs PC3 ##HHHHHAAHHHAAHHHARHHARAHBARHHARAHBRAH B AR HH B AR HH AR HHHERS
HARHHBRBHBRBHBRARHBRRHBRAHBHARBBARBHBRABHBARSHBBABHBRAHBRARBRAR BB ERRHH
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lgd_kws = {’frameon’: True, ’fancybox’: True, ’shadow’: Nonel}
#sns.set (style="dark")#, context="talk")
#sns.set_style(’ticks’)

fig = plt.figure(figsize=(12, 8))

ax22 = fig.add_subplot (111)

ax22.yaxis.set_major_formatter (FormatStrFormatter (’\%.2f’))
ax22.set_x1lim (-9, 10)

ax22.set_ylim(-1.2, 1.5)

plt.tick_params(axis=’x’, labelsize=32)
plt.tick_params(axis=’y’, labelsize=32)

plt.xlabel(r’PC2’, fontsize= 35)

plt.ylabel(r’PC3’, fontsize= 35)

#print (A1[0][1], B1[0][1])

AB = np.vstack([pc1[0], pc3[0]1])

z = gaussian_kde (AB) (AB)

df=pd.DataFrame ({’x’: pc1[0], ’y’: pc3[0]1})

# Sort the points by density, so that the densest points are plotted
last

idx = z.argsort ()

for x1, y1 in zip(pc2[0], pc3[0]):
x11, y11, z = x1[idx], yil[idx], z[idx]
ax22.scatter(x11l, y11, c=z, s=50, zorder=10, alpha=0.5, edgecolor

=)

#ax2.scatter (pc1[0], pc3[0], ¢ = sns.xkcd_rgb["indigo"], alpha=0.5, s
=130, marker=’o’, edgecolor=’black’, zorder = 10.0, label=’CLOUDY
modelled halo PNe’)

ax22.scatter(pc2[1], pc3[1], <color= sns.xkcd_rgb["aqua"], s=130,
marker=’o0’, edgecolor=’black’, alpha=0.8, zorder=120.0, label=’0bs

halo PNe’)

ax22.scatter(pc2[4], pc3[4], ¢ = sns.xkcd_rgb[’pale yellow’], alpha
=0.8, s=90, marker=’o’, edgecolor=’black’, zorder=3.0, label=’SDSS

CVs )
ax22.scatter(pc2[6], pc3[6], ¢ = "mediumaquamarine", alpha=0.8, s=60,
edgecolor=’black’, marker=’D’, label=’SDSS QS0s’)
ax22.scatter (pc2[10], pc3[10], ¢ = "goldenrod", alpha=0.8, s=120,
marker=’"’, edgecolor=’black’, label=’SDSS SFGs’)
ax22.scatter(pc2[2], pc3[2], ¢ = "red", alpha=0.8, s=90, marker=’s’,
edgecolor=’black’, zorder=3.0, label=’0bs SySt’)
ax22.scatter(pc2[3], pc3[3], ¢ = "red", alpha=0.8, s=120, marker=’"",
edgecolor=’black’, zorder=3.0, label=’IPHAS SySt’)
ax22.scatter(pc2[5], pc3[5], ¢ = "gray", alpha=0.8, s=90, marker=’D’,
edgecolor=’black’, 1label=’0bs. HII regions in NGC 55°)
ax22.scatter(pc2[7], pc3[7], ¢ = "lightsalmon", alpha=0.8, s=150,

marker=’*’, edgecolor=’black’, label=’0bs. YSOs’)
ax22.scatter(pc2[8], pc3[8], ¢ = sns.xkcd_rgb["cerulean"], alpha=1.0,
s=700, marker=’%’, edgecolor=’black’, zorder= 113, label=’0bs.
select in J-PLUS DR1’)
ax22.scatter(pc2[9], pc3[9], c= sns.xkcd_rgb["light green"], alpha
=1.0, s=650, marker=’*’, edgecolor=’black’, zorder= 113, label=’
HASH sources in J-PLUS DR1’)
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ax22.minorticks_on ()

ax22.grid ()

#ax2.grid (which=’minor’, 1lw=0.5)
#sns.despine (bottom=True)

plt.tight_layout ()

pltfile = ’Fig3-JPLUS-PC2-PC3-vO0.pdf’
file_save = os.path.join(save_path, pltfile)
plt.savefig(file_save)

plt.clf ()

HARHHBHBHBABHBAAHH R AR HH AR HHRAR B R AR AR BABH B AR H BB R B H B AR HHRA R B R AR SR BRAHH
#Weights H#HHAAAHAAAAAHAHAHAHHHBH BB AR AR RAHAHARARAHAHHHH BB BB B R AR AR AHAHH
HARHHBRAHBRABHBRAHHBARHBRARBHARBRARBHBABHBARSHBBABHBRRHBRAHRBRAR SR BRAHH

filter_name = [’u’, ’J0378’, ’J0395’, ’J0410°’, ’J0430’, ’g’, ’J0515°’,
’r’, 2J0660°, ’i’, ’J0861°’, ’z’]

color= ["#CCOOFF", "#9900FF", "#6600FF", "#0OOOFF", "#009999",
"#006600", "#DD80OO", "#FF0000", "#CC0066", "#990033", "#660033",
"#330034"]

#color= ["#CCO066", "#CCO066", "#CCO066", "#CCO066", "#CCO066", "#
CC0066", "#CCO066", "#CCO066", "#CCO066", "#CCO066", "#CCO066", "#
€CC0066"]

marker = ["s", "o", "o", "o", "o", "s", "o", "s", "o", "s", "o", "s"]

filter_ = []

for a in range(l, 13):
filter_.append(a)

plotfile = "jplus-wightl.pdf"

fig = plt.figure(figsize=(14, 9))

ax = fig.add_subplot(1,1,1)

ax.yaxis.set_major_formatter (FormatStrFormatter (’\%.2f’))
#ax.set_x1im(-10.0, 8.0)

#ax.set_ylim(-0.30, -0.28)

plt.tick_params(axis=’x’, labelsize = 32)

plt.tick_params(axis=’y’, labelsize = 32)

ax.set_xlabel(r’Filters’, size = 45)

ax.set_ylabel(r’w$_1$’, size = 45)

#ax.axhline(y=0, c=’k’)

for wl, mag, colors, marker_ in zip(filter_, wl, color, marker):
ax.scatter(wl, mag, color = colors, marker=marker_, s=400, alpha

=0.8, zorder=3)
plt.xticks(filter_, filter_name, rotation=45)
#plt.xticks(filter_)
file_save = os.path.join(save_path, plotfile)
plt.margins (0.06)
plt.subplots_adjust (bottom=0.17)
plt.tight_layout ()
file_save = os.path.join(save_path, plotfile)
plt.savefig(file_save)
plt.clf ()

142



Chapter A Tools to discover planetary and symbiotic nebulae

HARHHBRAHBRBHBRAHBRARHBRRH B AR B HARBBARB R BB R BASRBRAAHBRBHBRAHBRAR B HARSH

plotfile = "jplus-wight2.pdf"

fig = plt.figure(figsize=(14, 9))

ax = fig.add_subplot(1,1,1)

ax.yaxis.set_major_formatter (FormatStrFormatter (’\%.2f7°))

plt.tick_params(axis=’x’, labelsize = 32)

plt.tick_params(axis=’y’, labelsize = 32)

ax.set_xlabel (r’Filters’, size = 45)

ax.set_ylabel(r’w$_2$’, size = 45)

ax.axhline (y=0, color=’k’)

for wl, mag, colors, marker_ in zip(filter_, w2, color, marker):
ax.scatter(wl, mag, color = colors, marker=marker_, s=400, alpha

=0.8, zorder=3)

plt.xticks(filter_, filter_name, rotation=45)

file_save = os.path.join(save_path, plotfile)

plt.margins (0.06)

plt.subplots_adjust (bottom=0.17)

plt.tight_layout ()

file_save = os.path.join(save_path, plotfile)

plt.savefig(file_save)

plt.clf ()

HARHHBRAHBRABHBAAHBRARHBARHBRAHBRARBBARBHBABHBARSRBRAAHBRBHBR AR B RAHR B HARSH

plotfile = "jplus-wight3.pdf"

fig = plt.figure(figsize=(14, 9))

ax = fig.add_subplot(1,1,1)

ax.yaxis.set_major_formatter (FormatStrFormatter (’\%.2f7°))
ax.set_ylim(-0.7, 0.6)

plt.tick_params(axis=’x’, labelsize = 32)

plt.tick_params(axis=’y’, labelsize = 32)

ax.set_xlabel(r’Filters’, size = 45)

ax.set_ylabel(r’w$_3%$’, size = 45)

ax.axhline (y=0, c=’k’)

for wl, mag, colors, marker_ in zip(filter_, w3, color, marker):
ax.scatter (wl, mag, color = colors, marker=marker_, s=400, alpha

=0.8, zorder=3)
plt.xticks(filter_, filter_name, rotation=45)
file_save = os.path.join(save_path, plotfile)
plt.margins (0.06)
plt.subplots_adjust (bottom=0.17)
plt.tight_layout ()
file_save = os.path.join(save_path, plotfile)
plt.savefig(file_save)
plt.clf ()
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Chemical abundances used to
build the PN models

Table shows the chemical abundances used to computed the models of PNe
using CLOUDY. We used the abundances of the PNe: K648, BB-1, DdDm-1, NGC
2242 and 006-41.9. The code input is the abundances of the elements, relative to
hydrogen. An example might be n(O)/n(H) = 4 x 10~%. Abundances entered in
the table bellow as “-20” are simply values chosen to be small enough to be of no

consequence (for more information see Ferland et al., |2013).

TABLE B.1: Abundances used to computed the grid
PNe.

Planetary nebulae

Element K648 BB-1 DdDm-1 NGC 2242 PN 006-41.9
logn(z)/n(H)
He Helium -1.04 -0.95 -1.02 -1.01 -1.04
Li  Lithium -20.00 -20.00 -20.00 -20.00 -20.00
Be Beryllium -20.00 -20.00 -20.00 -20.00 -20.00
B Boron -20.00 -20.00 -20.00 -20.00 -20.00
C  Carbon -3.50 -3.15 -4.80 -4.15 -4.00
N  Nitrogen -5.28  -3.75 -4.41 -4.72 -3.75
O Oxygen -4.39  -3.94 -3.88 -3.81 -3.94
F  Fluorine -20.00 -20.00 -20.00 -20.00 -20.00
Ne Neon -5.43  -4.77 -4.80 -4.58 -4.77
Na Sodium -20.00 -20.00 -20.00 -20.00 -20.00
Mg Magnesium -20.00 -20.00 -20.00 -20.00 -20.00
Al Aluminum -20.00 -20.00 -20.00 -20.00 -20.00
Si  Silicon -5.00 -5.00 -5.00 -5.00 -5.00
P Phosphorus -20.00 -20.00 -20.00 -20.00 -20.00
S Sulfur -5.89  -6.50 -5.40 —6.00 -5.00
Cl  Chlorine -20.00 -20.00 -20.00 -20.00 -20.00
Ar Argon -8.28  -7.50 -6.23 -6.44 -6.50

144

of modelled spectra of halo



Appendix C

J-PLUS AstroQueries

Query implemented to select PN candidates in J-PLUS catalog;:

SELECT * FROM jplus.MagABDualObj WHERE (MAG_APER_6_0[jplus::J0515] -
MAG_APER_6_0[jplus: :J0O660]1) >= 2.7+ (MAG_APER_6_0[jplus::J0O515] -
MAG_APER_6_0[jplus::J0861]) + 2.15 AND (MAG_APER_6_0[jplus::J0515] -
MAG_APER_6_0[jplus::J0660]) >= 0.22 AND (MAG_APER_6_0[jplus::zSDSS] -
MAG_APER_6_0[jplus::J0660]) >= 0.35%(MAG_APER_6_0[jplus::zSDSS] -
MAG_APER_6_0[jplus::gSDSS]) + 0.82 AND (MAG_APER_6_0[jplus::zSDSS]
MAG_APER_6_0[jplus::J0660]) >= -0.8%(MAG_APER_6_0[jplus::zSDSS] -
MAG_APER_6_0[jplus::gSDSS]) + 1.8 AND (MAG_APER_6_0[jplus::rSDSS] -
MAG_APER_6_0 [jplus: : J0660]1) >= 0.43%(MAG_APER_6_0[jplus::rSDSS] -
MAG_APER_6_0[jplus::iSDSS]) + 0.65 AND (MAG_APER_6_0[jplus::rSDSS]
MAG_APER_6_0[jplus::J0660]) <= -6.8*(MAG_APER_6_0[jplus::rSDSS] -
MAG_APER_6_0[jplus::iSDSS]) - 1.3 AND (MAG_APER_6_O[jplus::J0410] -
MAG_APER_6_0 [jplus: :JO660]) >= 8.0%(MAG_APER_6_0[jplus: :gSDSS] -
MAG_APER_6_0[jplus::iSDSS]) + 4.5 AND (MAG_APER_6_0[jplus::J0410] -
MAG_APER_6_0[jplus::J0660]) >= 0.8%(MAG_APER_6_0[jplus::gSDSS] -
MAG_APER_6_0[jplus::iSDSS]) + 0.55 AND (MAG_APER_6_0[jplus::gSDSS]
MAG_APER_6_0[jplus::J0515]) <= 0.12%(MAG_APER_6_0[jplus::J0660] -
MAG_APER_6_0[jplus::rSDSS]) - 0.01 AND (MAG_APER_6_0[jplus::gSDSS]
MAG_APER_6_0 [jplus: :J0515]) <= -1.1x(MAG_APER_6_0[jplus::J0660] -
MAG_APER_6_0[jplus::rSDSS]) - 1.07 AND MAG_APER_6_0[jplus::rSDSS] < 20.0
AND MAG_ERR_APER_6_0[jplus::rSDSS] <= 0.2 AND

MAG_ERR_APER_6_0[jplus: :gSDSS] <= 0.2 AND
MAG_ERR_APER_6_0[jplus::iSDSS] <= 0.2 AND
MAG_ERR_APER_6_0[jplus::zSDSS] <= 0.2 AND
MAG_ERR_APER_6_0[jplus::uJAVA] <= 0.2 AND
MAG_ERR_APER_6_0[jplus::J0378] <= 0.2 AND
MAG_ERR_APER_6_0[jplus::J0395] <= 0.2 AND
MAG_ERR_APER_6_0[jplus::J0410] <= 0.2 AND
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MAG_ERR_APER_6_0 [jplus::J0430] <= 0.2 AND
MAG_ERR_APER_6_0[jplus::J0515] <= 0.2 AND
MAG_ERR_APER_6_0[jplus::J0660] <= 0.2 AND
MAG_ERR_APER_6_0[jplus::J0861] <= 0.2 AND
FLAGS[jplus::rSDSS] <= 3.0 AND FLAGS[jplus::gSDSS] <= 3.0
AND FLAGS[jplus::iSDSS] <= 3.0 AND FLAGS[jplus::zSDSS] <=
AND FLAGS[jplus::uJAVA] <= 3.0 AND FLAGS[jplus::J0378] <=
AND FLAGS[jplus::J0395] <= 3.0 AND FLAGS[jplus::J0410] <=
AND FLAGS[jplus::J0430] <= 3.0 AND FLAGS[jplus::J0515] <=
AND FLAGS[jplus::J0660] <= 3.0 AND FLAGS[jplus::J0861] <=

W W w w w
O O O O O

Query for SySt candidates in J-PLUS catalog:

SELECT * FROM jplus.MagABDualObj WHERE MAG_ERR_APER_6_0[jplus::J0515] -
MAG_ERR_APER_6_0[jplus: :JO660] <= 5.5%(MAG_ERR_APER_6_0[jplus::J0515] -
MAG_ERR_APER_6_0[jplus::J0861]) - 6.45 AND MAG_ERR_APER_6_0[jplus::J0515]
MAG_ERR_APER_6_0[jplus::J0660] >= 0.98*(MAG_ERR_APER_6_0[jplus::J0515] -
MAG_ERR_APER_6_0[jplus::J0861]) - 0.16 AND MAG_ERR_APER_6_0[jplus::zSDSS] -
MAG_ERR_APER_6_0[jplus::J0660] <= -1.96%(MAG_ERR_APER_6_0[jplus::zSDSS] -
MAG_ERR_APER_6_0 [jplus: :gSDSS]) - 3.15 AND MAG_ERR_APER_6_0[jplus: :zSDSS]
MAG_ERR_APER_6_0[jplus::J0660] >= 0.2+ (MAG_ERR_APER_6_0[jplus::zSDSS] -
MAG_ERR_APER_6_0O[jplus::gSDSS]) + 0.44 AND MAG_ERR_APER_6_0[jplus::rSDSS] -
MAG_ERR_APER_6_0[jplus::J0660] >= -400*(MAG_ERR_APER_6_0[jplus::rSDSS] -
MAG_ERR_APER_6_0[jplus::iSDSS]) + 30.4 AND MAG_ERR_APER_6_0[jplus: :rSDSS]
MAG_ERR_APER_6_0[jplus: :J0660] >= 0.39% (MAG_ERR_APER_6_0[jplus::rSDSS] -
MAG_ERR_APER_6_0[jplus::iSDSS]) + 0.73 AND (MAG_ERR_APER_6_0[jplus::J0410] -
MAG_ERR_APER_6_0[jplus::J0660]) >= -5.2%(MAG_ERR_APER_6_0[jplus::gSDSS] -
MAG_ERR_APER_6_0[jplus::iSDSS]) + 10.60 AND MAG_ERR_APER_6_0[jplus::J0410] -
MAG_ERR_APER_6_0[jplus::J0660] >= 1.9%(MAG_ERR_APER_6_0[jplus::gSDSS] -
MAG_ERR_APER_6_0[jplus::iSDSS]) - 1.43 AND MAG_ERR_APER_6_0[jplus::gSDSS] -
MAG_ERR_APER_6_0[jplus::J0515] >= -0.19*(MAG_ERR_APER_6_0O[jplus::J0660] -
MAG_ERR_APER_6_0[jplus::rSDSS]) - 0.09 AND MAG_ERR_APER_6_0[jplus::gSDSS] -
MAG_ERR_APER_6_0[jplus::J0515] <= -2.9%(MAG_ERR_APER_6_0[jplus::J0660] -
MAG_ERR_APER_6_0[jplus::rSDSS]) - 2.2 AND MAG_ERR_APER_6_0[jplus::rSDSS] < 20.0
AND MAG_ERR_ISO_GAUSS[jplus::rSDSS] <= 0.2 AND

MAG_ERR_ISO_GAUSS [jplus: :gSDSS] <= 0.2 AND
MAG_ERR_ISO_GAUSS [jplus::iSDSS] <= 0.2 AND
MAG_ERR_ISO_GAUSS[jplus::zSDSS] <= 0.2 AND
MAG_ERR_ISO_GAUSS[jplus::uJAVA] <= 0.2 AND
MAG_ERR_ISO_GAUSS[jplus::J0378] <= 0.2 AND
MAG_ERR_ISO_GAUSS[jplus::J0395] <= 0.2 AND
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MAG_ERR_ISO_GAUSS [jplus::J0410] <= 0.2 AND

MAG_ERR_ISO_GAUSS [jplus: :J0430] <= 0.2 AND
MAG_ERR_ISO_GAUSS[jplus::J0515] <= 0.2 AND
MAG_ERR_ISO_GAUSS[jplus::J0660] <= 0.2 AND
MAG_ERR_ISO_GAUSS[jplus::J0861] <= 0.2 AND
FLAGS[jplus::rSDSS] <= 3.0 AND FLAGS[jplus::gSDSS] <= 3.0
AND FLAGS[jplus::iSDSS] <= 3.0 AND FLAGS[jplus::zSDSS] <= 3.0
AND FLAGS[jplus::uJAVA] <= 3.0 AND FLAGS[jplus::J0378] <= 3.0
AND FLAGS[jplus::J0395] <= 3.0 AND FLAGS[jplus::J0410] <= 3.0
AND FLAGS[jplus::J0430] <= 3.0 AND FLAGS[jplus::J0515] <= 3.0
AND FLAGS[jplus::J0660] <= 3.0 AND FLAGS[jplus::J0861] <= 3.0
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ABSTRACT

Context. From the approximately ~3,500 planetary nebulae (PNe) discovered in our Galaxy, only 14 are known to be members of the
Galactic halo. Nevertheless, a systematic search for halo PNe has never been performed.

Aims. In this study, we present new photometric diagnostic tools to identify compact PNe in the Galactic halo by making use of the
novel 12-filter system projects, J-PLUS (Javalambre Photometric Local Universe Survey) and S-PLUS (Southern-Photometric Local
Universe Survey).

Methods. We reconstructed the IPHAS (Isaac Newton Telescope (INT) Photometric Ha Survey of the Northern Galactic Plane)
diagnostic diagram and propose four new ones using i) the J-PLUS and S-PLUS synthetic photometry for a grid of photo-ionisation
models of halo PNe, ii) several observed halo PNe, as well as iii) a number of other emission-line objects that resemble PNe. All
colour-colour diagnostic diagrams are validated using two known halo PNe observed by J-PLUS during the scientific verification phase
and the first data release (DR1) of S-PLUS and the DR1 of J-PLUS.

Results. By applying our criteria to the DR1s (~1,190 deg?), we identified one PN candidate. However, optical follow-up spectroscopy
proved it to be a H 11 region belonging to the UGC 5272 galaxy. Here, we also discuss the PN and two H 11 galaxies recovered by these
selection criteria. Finally, the cross-matching with the most updated PNe catalogue (HASH) helped us to highlight the potential of
these surveys, since we recover all the known PNe in the observed area.

Conclusions. The tools here proposed to identify PNe and separate them from their emission-line contaminants proved to be very
efficient thanks to the combination of many colours, even when applied —like in the present work— to an automatic photometric search
that is limited to compact PNe.

Key words. surveys — planetary nebulae: general — ISM: lines and bands — techniques: photometric

1. Introduction by the UV radiation field of the hot and luminous descendant. Due
to the high temperature of the central star, a typical PN spectrum
shows a great variety of emission lines: not only the recombi-
nation lines of the Balmer series and He, but also collisionally
excited lines from several elements like O, N, S, Ne, and Ar (e.g.

Planetary nebulae (PNe) represent the final stage of the evolution
of low-to-intermediate mass stars (0.8-8.0M), when the ejected
asymptotic giant branch (AGB) and post-AGB material is ionised
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Figure 1 of Kwitter & Henry 2001). Given the wide range of
temperatures of the central stars (50-250)x10°K, some PNe are
lower-excitation nebulae, and their spectral characteristics can be
very similar to those of H 1 regions (Osterbrock & Ferland 2006).

The AGB and post-AGB ejecta enrich the interstellar medium
(ISM) with heavy elements that were produced during the evo-
lution of the progenitor star. Thus, PNe provide important infor-
mation about the production and evolution of chemical elements
in the local Universe, and even more locally in the Milky Way
(for reviews, see Magrini, Stanghellini, & Gongalves 2012 and
Gongalves 2019).

In the recent past, several surveys have contributed to the
discovery of new PNe. The AAO/UKST He Survey (Parker et al.
2005), later called Macquarie/AAO/Strasbourg Ha Planetary Neb-
ula Catalogue (MASH catalogue, Parker et al. 2006), Southern
Ha Sky Survey Atlas (SHASSA; Gaustad et al. 2001), Wisconsin
Ha Mapper (WHAM; Haffner et al. 2003), and the Isaac Newton
Telescope (INT) Photometric Ha Survey of the Northern Galactic
Plane (IPHAS; Drew et al. 2005), in which a number of PN can-
didates have been found in an automated manner (Viironen et al.
2009b,a; Sabin et al. 2010). Small, private surveys have also con-
tributed to the discovery of new Galactic PNe (e.g. Boumis et al.
2003, 2006). The most recent compilation of PNe is published in
the Hong Kong/AAQ/Strasbourg/Ha PN database (HASH; Parker
et al. 2016). To date, HASH contains 2401 true, 447 likely, and
692 possible Galactic PNe. More genuine PNe candidates have
been recently reported in the UKIRT Wide-Field Imaging Survey
(UWISH?2) of the Northern Galactic Plane (Gledhill et al. 2018)
and in the CORNISH catalogue (Irabor et al. 2018; Fragkou et al.
2018).

So far, only 14 PNe are confirmed members of the Galac-
tic halo (Otsuka et al. 2015). These are low-metallicity objects,
since they come from the oldest population of the Galaxy, with
log(O/H) + 12 < 8.1 (Peimbert 1978). Their height above the
Galactic plane and their kinematics are additional criteria to lo-
cate them in the halo. Thus, halo PNe (hPNe) show large vertical
distances from the Galactic plane, ~ 7.2 kpc (Otsuka et al. 2015).
The understanding of the chemical evolution of the Galaxy can
be improved by studying the old and metal-poor PNe located in
the halo of our Galaxy, since these stars were born in the earlier
phases of Galactic evolution (Otsuka et al. 2015).

The Javalambre Photometric Local Universe Survey (J-
PLUS!, Cenarro et al. 2019) and the Southern-Photometric Local
Universe Survey (S-PLUS?, Mendes de Oliveira et al. 2019) pro-
vide observations of the Galactic halo covering both northern
and southern celestial hemispheres in a systematic way with twin
telescopes using the same set of multi-band filters. In addition
to the Ha filter, which is already vastly applied to systematically
searching for Ha emitters such as PNe and symbiotic stars (SySt),
the telescopes offer 11 more filters. In this work, we present and
discuss new colour-colour diagnostic diagrams based on the avail-
able filters from J-PLUS and S-PLUS projects to identify halo
planetary nebulae. Our main goal is to validate these tools, in
addition to applying them to very first J-PLUS and S-PLUS data
covering about 1,190 deg? of the sky. We show that the J-PLUS
and S-PLUS filter configuration provide a characterisation of the
whole optical spectra of the sources and their potential to such
an end with the completion of the surveys, thus opening new
horizons for the search of PNe and SySt and other emission line
systems.

! https://www.j-plus.es
2 http://www.splus.iag.usp.br
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Our paper is organised as follows: in Section 2, we sum-
marise the observations related to J-PLUS and S-PLUS projects,
as well as important information of the first data release for each
survey. In Section 3, the synthetic photometry of the different
emission-line sources are explored. Section 4 describes our selec-
tion method and the new diagnostic diagrams. Section 5 presents
the validation of the colour-colour diagrams, using known hPNe
observed by J-PLUS, and in terms of sources we recovered within
the DRI area, the PN candidate selected with our methodology.
In Section 6 the results obtained after cross-match the J-PLUS
and S-PLUS data with the HASH catalogue are discussed. In
Section 7, we provide a general discussion and conclusions.

2. Observations

J-PLUS is a multi-filter imaging survey, which is being carried out
from the Observatorio Astrofisico de Javalambre (OAJ, Cenarro
et al. 2014), using the 83 cm Javalambre Auxiliary Survey Tele-
scope (JAST/T80) and the T80Cam camera. This survey, which
maps the northern sky, has a southern counterpart, the S-PLUS.
The latter uses a twin telescope, the T80-South, located at the
Cerro Tololo Interamerican Observatory (CTIO), in Chile. Both
telescopes are equipped with cameras that provide a ~2.0 deg?
field of view (FoV) of the sky, and each covers an area of around
8,500 deg? in total. Their filter systems are made up of 12 filters
spanning the optical range from 3,000 to 10,0004, approximately.
Although the prime goal of the J-PLUS survey is to perform the
photometric calibration for the Javalambre Physics of the Acceler-
ating Universe Astrophysical Survey (J-PAS; Benitez et al. 2015),
it also provides a rich set of photometric data allowing the inves-
tigation of many classes of objects in the Galactic halo and in the
local universe. For example, given their multi-filter configuration,
they can be used to search for emission-line sources as done by
previous narrow-band surveys.

J-PLUS and S-PLUS filter sets are formed of seven narrow-
band filters; J0378, J0395, J0410, J0430, JO515, J0660 and
JO0861. They also include five broad-band Sloan Digital Sky Sur-
vey (SDSS) like filters (u, g, r, i and z, Fukugita et al. 1996), which
are designed to detect the continuum of the sources. Table 3 and
Table 2 of J-PLUS and S-PLUS Papers 0 (Cenarro et al. 2019;
Mendes de Oliveira et al. 2019) specify the characteristics of the
filters of the surveys, and the features targeted by the narrow-band
ones. The data used here come from J-PLUS scientific verifica-
tion data, the first J-PLUS data release, and the first S-PLUS data
release.

The J-PLUS survey is growing at ~1,000 deg?/year. Given
the present rate of completion of the S-PLUS tiles, we anticipate
that 4,500 deg? may be covered by the end of 2020, and the full
survey should be completed by the middle of 2023.

2.1. J-PLUS scientific verification data

These scientific verification data (SVD) comprise a group of
well-known objects to test and challenge the scientific capabilities
of J-PLUS (Cenarro et al. 2019). The J-PLUS SVD published
observations of the galaxy clusters A2589 and A2593, M101,
M49, the Arp313 triplet of galaxies, and a few nearby galaxies,
including NGC 4470 and the Coma cluster. The Galactic PNe
H 4-1 (Miller 1969) and PNG 135.9+55.9 (Tovmassian et al.
2001) were also included within these data.
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2.2. First J-PLUS data release

The J-PLUS first data release (DR1%) is composed of 511 fields
observed with the 12 narrow- and broad-band filters, and it cov-
ered 1,022 deg? of the sky. DR1 is based on images collected by
the JAST/TS8O0 telescope from November 2015 to January 2018.
Around nine million objects are included in this first data release.
The limiting magnitudes (507, 3" aperture) in each filter are pre-
sented in Table 4 of Cenarro et al. (2019). The median point
spread function (PSF) in the DR1 r-band images is 1.1””. The de-
tection of the sources was done in the r-band using SEXTRACTOR
(Bertin & Arnouts 1996), and the photometry in the 12 J-PLUS
bands at the position of the detected sources was made using
the aperture defined in the r-band image. Different types of aper-
tures were used to perform the photometry: i) circular aperture
photometry (SExTracTOR’s MAG_APER) with apertures of dif-
ferent sizes (3" and 6"), ii) isophotal photometry (SEXTRACTOR’S
MAG_ISO), iii) Kron photometry (SExTrAcTOR’S MAG_AUTO,
iv) Petrosian photometry (SExtracTor’s MAG_PETRO), v) pho-
tometry after degrading the images of all the bands to the worst
PSF, vi) photometry after convolving all the images with a Gaus-
sian kernel of o0=1.5", and vii) photometry applying a PSF cor-
rection as that applied in (Molino et al. 2014). In the present
work, we use the 6’ aperture. This choice follows the automatic
method used by IPHAS photometry to find compact PNe, with
a small angular diameter (typically <5”, Viironen et al. 2009a).
The 6”-aperture chosen also follows Akras, Guzman-Ramirez, &
Gongalves (2019c), who found that PNe with angular sizes larger
than 6" exhibit very low (r — Ha) colour index.

2.3. First S-PLUS data release

The S-PLUS DR1* includes 80 fields of the Stripe-82 area, a
rectangular area with coordinates 4" < RA < 20" and -1.26°<
Dec <1.26°. These fields were observed during the scientific val-
idation process of the survey. DR1 contains about one million
sources, and the limiting magnitude of each filter is presented in
Table 8 of the S-PLUS presentation paper (Mendes de Oliveira
et al. 2019). Sources were detected using SExTracTOR. Photome-
try was performed by adopting three types of aperture: i) a circular
aperture of 3” in diameter (SExtracTOR’S APER), ii) Kron pho-
tometry (SExTrAcTOR’S AUTO), and iii) petrosian photometry
(SExTrACTOR’s PETRO). Similarly to the case of J-PLUS, we
use the circular aperture of 3. This aperture is the best within
the three possibilities, since — in addition to the arguments given
in Section 2.2 — it ensures that large objects with high surface
brightness, like emission-line galaxies or H 1 regions, are not
recovered (with this automated method).

The tools we use to identify PNe in the two surveys are syn-
thetic photometry and colour-colour diagrams, which we describe
in detail in the following sections.

3. Synthetic photometry

In order to recover the synthetic photometry of PNe and their
contaminants, we follow the procedure developed by Aparicio
Villegas et al. (2010), who characterised the ALHAMBRA pho-
tometric system. The magnitudes of any photometric system are
defined by a set of AB magnitudes (Oke & Gunn 1983):

AB, = —2.5log f, — 48.6, (1

3 https://www.j-plus.es/datareleases/data_release_drl
4 https://datalab.noao.edu/splus/

where the constant is obtained from the equation

48.6 = —2.5log Fy (2)
Fy = 3.63 x 1072 erg s™! ecm™2 Hz"! being the flux of Vega
at 1 = 5,500 A. The term /v is the flux per unit of frequency
[erg st em™2 Hz 1.

The synthetic photometry is obtained from the convolution of
the observed or modelled spectra with the transmission function
or pass-band of a specific photometric system. The transmission
function accounts for the transmission filter, the reflectivity of
the telescope mirror, the transmission of the camera optics and
the quantum efficiency of the detector used (Bessell 2005). By
considering these characteristics of the photometric system, Eq. 1
turns to

1 [ £18.22da B

AB, = -2510
! e s

48.60, (3)

where c is the light speed, S, is the transmission function, and
the units of f, are [erg s™' cm™2 A~']. Therefore, Eq. 3 makes it
possible to estimate the synthetic photometry (AB magnitude) in
a specific photometric system.

The synthetic photometry or photo-spectra of several
emission-line sources — PNe, SySt, cataclysmic variables (CVs),
quasi-stellar objects (QSO), extragalactic H m regions, young stel-
lar objects (YSOs), B[e] stars, and star-forming galaxies (SFGs) —
were obtained through the convolution of the theoretical transmis-
sion curves of the J-PLUS and S-PLUS systems with the available
optical spectra, as in Eq. 3.

The same procedure was also applied to a grid of photoioni-
sation models for hPNe to obtain their synthetic magnitudes. For
the hPN modelling, we adopted the photoionisation code, cLouby
(Ferland et al. 2013). The initial parameters used to compute the
models reflect the typical properties of the PN population located
in the Galactic halo. They represent different sets of nebular abun-
dances, with electron densities of 1,000 cm™3, 3,000 cm™> and
6,000 cm™3, of a spherically symmetric nebula with a radius of
2.7”, at distance of 10 kpc. Central star (black body) effective
temperatures from 50,000 K to 250,000 K, in steps of 10x10° K,
and luminosities of 500, 1,000, 5,000 and 10,000 L, were consid-
ered. We reddened the modelled spectra applying the reddening
curve by Fitzpatrick (1999), and using two different colour ex-
cesses, E(B - V) =0.1 and 0.2, following the J-PLUS and S-PLUS
average extinction of E(B - V) = 0.1 (Cenarro et al. 2019; Mendes
de Oliveira et al. 2019).

Figure 1 comprises all synthetic photo-spectra recovered as
explained above. Panels (a) and (b) display the photo-spectra of
the Galactic hPN DdDm 1 (Kwitter & Henry 1998), and of an
extragalactic PN located in NGC 205 (Gongalves et al. 2014), as
examples. Both objects show strong Ha emission, with a contin-
uum a little more intense in the blue than in the red part of the
spectrum. Panels (¢) and (d) show two cLoupy modelled hPNe.
Both have the same chemical abundance (equivalent to that of the
hPN DdDm 1), and the same luminosity of 10*Lg,. The effective
temperature and density of the model in panel (c) are of 60x 10° K
and 1,000 cm™3 and for the model in panel (d) of 200 x 103 K and
6,000 cm™3, respectively. So, the first model (panel ¢) corresponds
to a low-excitation PN. The ionising star is not hot enough to pro-
duce such an [O m] emission able to stand out significantly in the
g broad-band magnitude. The second model (panel d) represents
a high-excitation PN. In this case, the magnitude of the g broad-
band filter is impacted by the strong [O 1] and [He ] emission
lines. Note that the g-band also includes the HB line, therefore
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Fig. 1. J-PLUS and S-PLUS synthetic photo-spectra of several emission-
line objects. The DdDm 1 PN (a). A PN in the dwarf galaxy NGC 205
(b). Two cLoupy modelled PNe with T.=60x 10 K and 200x 10* K, and
H density of 1000 cm™ and 3000 cm ™3, which concern the abundances
of the hPN DdDm 1 and L=10,000 L, (¢, d). A H 1 region in the nearby
galaxy NGC 55 (e). The SySt LMC 1 (f). The Hu galaxy Mrk 1318
(g) from SDSS. The YSO RU Lup (#). A CV (i) from SDSS. A B[e]
star (). QSOs with redshift of 1.4 (k), z = 2.5 (), and z = 3.3 (m),
where the strong emission in the J0660 filter, is caused by the Mg
42798, C m] 21909 and C IV 41550 emission lines, respectively. And, a
star-forming galaxy (7). For this object, the He line is responsible for the
J0660 magnitude. Squares represent the SDSS-like broad-band filters.
From left to right they are u, g, r, i, and z. Circles are the narrow-band
filters, J0378, J0395, J0410, J0515, J0660, and J0861, from left to right.
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it is not possible to disentangle the HB and [O mi] emission lines
in the J-PLUS and S-PLUS photo-spectra and to quantify the
level of excitation more precisely. The hPNe (modelled or ob-
served) differ from Galactic-disc PNe in size, velocity, distance,
and extinction (Howard et al. 1997; Otsuka et al. 2015). All the
properties — high distances implying small angular sizes, poor
in metals and low extinction — of hPNe, with the exception of
the large velocities, make them occupy a specific locus in the
colour-colour diagrams, significantly different to that of the disc
PNe.

In addition to PNe, we also computed the photo-spectra of
a number of other emission-line sources that mimic PNe. Panel
(e) of Figure 1 shows the photo-spectrum of an extragalactic
H 1 region located in the dwarf galaxy NGC 55 (Magrini et al.
2017), in which the He emission is also perceptible. The low-
excitation PN (on panel ¢) and the H 11 region show very similar
photo-spectra, which will make them hard to distinguish within
the J-PLUS and S-PLUS catalogues. Merrett et al. (2006) have
shown that for low-luminosity objects, it is hard to distinguish
PNe and H 1 regions, using the ratio between [O m] and Ho+[N 1]
emission lines. We encounter the same problem here, even using
a wider range of wavelengths. We further investigate this issue,
including morphological criteria, in Section 5. With the exception
of the morphology, the same difficulty occurs for Hu galaxies,
as is shown in panel g, for a SDSS Hu galaxy. At this point, it
should be noted that the synthetic photometric magnitudes are
below the limiting magnitudes for all the filters bluer than 4,500A,
in the case of the extragalactic PN (panel b), and for # and J0378
filters in the case of the extragalactic H i region (panel e).

Panel (f) of Figure 1 presents the photo-spectrum of the SySt
LMC1 (Munari & Zwitter 2002), displaying a clear He emis-
sion with an increasing continuum to the longer wavelengths.
The resolution of the J-PLUS and S-PLUS photometry allows
to perceive undoubtedly the reddened nature of the SySt. As
PNe, symbiotic stars are also constituted by an evolved star, in
most cases a white dwarf (WD). They are interacting binary
systems with a cold giant companion (red giant or Mira star)
and an evolved hot star. The wind of the giant is ionized by the
UV radiation from the evolved companion, thus resulting in a
spectrum composed by both absorption features from the stellar
photo-sphere of the giant (e.g. TiO and VO), and emission line
features from the excited ions (Munari & Zwitter 2002; Corradi,
Mikolajewska, & Mahoney 2003; Rodriguez-Flores et al. 2014;
Itkiewicz & Mikotajewska 2017; Akras et al. 2019; Angeloni
et al. 2019). The photo-spectrum of a cataclysmic variable (CV)
selected from the SDSS catalogue is also presented in Figure 1
(panel 7). Cataclysmic variables are interacting binary systems,
in which a white dwarf accretes gas from a main-sequence star,
via Roche lobe outflow, forming an accretion disc. The Balmer
lines are produced in the optically thin outer regions of the disc
(Williams 1980). It is simple to notice that based on their photo-
spectra, PNe of high and low excitation could be mistaken for
CVs. Panel (h) brings the convolution results for a YSO, from Al-
cald et al. (2014). An accretion disc, from where the Ha emission
emerges, is also present in this type of (pre-main-sequence) stars.
The YSO’s photometry shows a continuum that is stronger in the
red part of the spectrum. Panel (j) displays a B[e] star (Lamers
et al. 1998). B[e] stars have a surrounding nebula produced by
large-scale mass loss involving one or more eruptions (Marston
& McCollum 2006). Its photo-spectrum resembles that of both
SySt and YSOs.

The J-PLUS and S-PLUS synthetic spectra of several SDSS
QSOs, in specific redshift (z) ranges, were also included in our se-
lection of emission-line objects. The QSOs in the redshift ranges
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13 <z<14,24 <7< 26,and 3.2 < 7z < 3.4 possess fea-
tures that resemble those of PNe, in other words, they could be
misinterpreted as Ha line emission at z = 0. At these redshift
ranges, respectively, the C v 1550 A, Cm] 1909 A and Mg
12798 A emission lines of QSOs fall into the J0660 (Ha) filter.
In panel (k) of Figure 1, we have a QSO at z = 1.4, in which the
excess of emission in the J0660 filter comes from the contribu-
tion of the Mg i emission line. Two more QSOs are presented
in Figure 1: at z = 2.5 (panel /) and z = 3.3 (panel m). At these
redshifts, the C m] and C 1v emission lines are also detected in the
J0660 band. The magnitudes of the J0430 band for the QSO at
z = 2.5, and of the JO515 band for the QSOs at z = 3.3, indicate
strong emissions, which are provided by the La emission in both
cases. Panel (n) of Figure 1 shows a star-forming galaxy from the
SDSS. Its photo-spectrum exhibits a moderate He emission and
a continuum increasing for longer wavelengths. This is because
these objects are embedded in hot gas and dust. Despite the fact
that QSOs have strong emission lines that can be misidentified as
Ha, their photo spectra are only moderately similar to those of
PNe. It is worth mentioning that J-PLUS and S-PLUS can char-
acterise not only the strong emission lines, but also the continua
of these objects, thus allowing us to correctly differentiate QSO
from PNe, which was a problematic task in projects dedicated
to the search of PNe, which were using a fewer filters. Finally,
we note that SFGs and YSOs have photo-spectra that are very
different from those presented in Panel a and Panel b, and so they
do not cause much impact on our research work.

4. Synthetic colour-colour diagrams: selection
criteria

The photo-spectra of the emission-line sources just discussed in
Figures 1 — for PNe, SySt, CVs, B[e], QSOs, extragalactic H i1
regions, YSOs, and SFGs — are now used to build diagnostic
colour-colour diagrams. Our goal is to pinpoint the most relevant
ones to discriminate PNe from the above systems.

4.1. IPHAS equivalent colour-colour diagram

Drew et al. (2005) designed the IPHAS survey (see Section 1)
showing that the (' — Ha) vs (' — i) diagram is an optimal
tool to select strong Ha emission-line sources (Witham et al.
2008). IPHAS PNe candidates were selected using the above
colour-colour diagram as well as the common (J — H) vs (H —
K;) 2MASS diagram. Their true nature was confirmed later on,
spectroscopically (Corradi et al. 2008; Viironen et al. 2009b;
Rodriguez-Flores et al. 2014; Sabin et al. 2014).

Given that the J-PLUS and S-PLUS filter systems include
the three IPHAS filters, we reconstructed the IPHAS equivalent
diagram in Figure 2. The (r — J0660) colour clearly indicates an
increasing excess of the Ha emission line, while the (» — i) one
increases with the reddening, as previously stated in Corradi et al.
(2008). Modelled PNe are found to display (r — J0660) > 0.6 due
to their strong Ha emission lines as well as (r—i) < 0. It should be
noted that Figure 1 of Viironen et al. (2009b) shows that Galactic
disc PNe have (r — i) < 1, so they are redder than the hPNe. The
empirical (black) lines delimit the selection criteria for being PNe
(PNe zone) and are meant to include most of the modelled hPNe
and exclude the majority of the contaminants. The definition
of the selection criteria or zones has been made visually. This
holds for the IPHAS equivalent as well as the new colour-colour
diagrams of the present study. The PNe zone is contaminated
by extragalactic H o regions, especially for moderately lower
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Fig. 2. J-PLUS and S-PLUS (r — J0660) vs (r — i) colour-colour dia-
gram, equivalent to IPHAS (' — He) vs. (' — i’). The big yellow and
green stars with error-bars are the J-PLUS observations for H 4-1 and
PNG 135.9+55.9, respectively. Included in the diagrams, there are fami-
lies of cLouny modelled hPNe spanning a range of properties (density
map region). Cyan circles represent hPN PNG 135.9+55.9 spectrum
from SDSS, DdADM-1 (Kwitter & Henry 1998), NGC 2022, BB-1, H4-1
(Kwitter et al. 2003), and MWC 574 (Pereira & Miranda 2007). Grey
diamonds represent H 1 regions in NGC 55 (Magrini, Gongalves, &
Vajgel 2017). Red boxes display Munari & Zwitter (2002); Munari &
Jurdana-Sepi¢ (2002) SySt, this group also includes external SySt from
NGC 205 (Gongalves et al. 2015), IC 10 (Gongalves et al. 2008) and
NGC 185 (Gongalves et al. 2012), and red triangles correspond to IPHAS
symbiotic stars (Rodriguez-Flores et al. 2014). Yellow circles correspond
to cataclysmic variables (CVs) from SDSS. Orange triangles refer to
SDSS star-forming galaxies (SDSS SFGs). SDSS QSOs at different red-
shift ranges are shown as light blue diamonds, and YSOs from Lupus and
Sigma Orionis (Rigliaco et al. 2012; Alcala et al. 2014) are represented
by salmon stars. Blue stars refer to B[e] stars from Lamers et al. (1998).
In the inset plot, the synthetic main sequence and giant stars loci from
the library of stellar spectral energy distributions (SEDs, Pickles 1998)
are represented by the purple and brown symbols, and the loci of white
dwarf stars observed by S-PLUS (DR1, Mendes de Oliveira et al. 2019)
are represented by the light green symbols. The limiting region applied
in the candidate selection is shown by black lines for hPNe. The arrow
indicates the reddening vector with Ay =~ 2 mag. It was estimated by
comparing the locus of unreddened models of PNe with the reddened
ones.

(r—J0660) colour indices or, equivalently, low-excitation nebulae.
Therefore, our lists of PN candidates are not characterised by high
purity. The distribution of main sequence (MS) and giant stars
(purple and brown symbols in the inset figures) in the (r-J0660)
vs (r-i) diagnostic diagram is such that both groups of stars occupy
regions with lower (r-J0660) index (<1.2) and higher (r-i) index
(>0) than the PNe zone (Drew et al. 2005; Corradi et al. 2008).
White dwarf (WD) stars (light green symbols in inset figures) also
present low (r-J0660) index (>0), however exhibit (r-i) colour
> —1. Thus, there is no mixing between PNe and the bulk of
MS, giant and WD stars. The observed PNe are well located in
the PNe zone with high (r — J0660) > 1 (see also Viironen et al.
2009b,a).
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4.2. New J-PLUS and S-PLUS colour-colour diagrams

Studying the photo-spectra of the PNe and their contaminants
(Section 3), four new colour-colour diagrams were defined
(JO515 - J0660) vs (JO515 — J0O861), (g — JO515) vs (JO660 — 1),
(z = J0660) vs (z — g), and (J0410 — JO660) vs. (g — i ) to search
for PN candidates in the J-PLUS and S-PLUS catalogues.

In the first diagnostic diagram, high- and low-excitation PNe
occupy distinct regions within the PNe zone. For instance, H 4-1,
a moderate high-ionisation PN, exhibits (g — J0515) =~ -2 , with
T.ss around 132x10% K (Henry et al. (1996)), and MWC 574, a
very low-excitation PN with (g — J0515) = 0.0, exhibits an [O mi]
emission even weaker than HB (Sanduleak & Stephenson 1972;
Pereira & Miranda 2007). The (J0515 — J0861) colour index is
associated with the continuum of the sources. Neither of these
two filters contains strong emission lines. The (J0515 — J0660)
colour provides an estimation of the Ho excess.

Regarding the second diagnostic diagram, the (g — JO515)
colour index yields the excess of the [Omi] lines. Therefore, the
higher the (g — J0515) colour, the higher the excitation of the
nebula. This can be seen from the photo-spectra of two cLoupy
models with different stellar temperatures (panels ¢ and d in
Figure 1). We remind the reader, however, that the g broad-band
filter is also affected by the HB and other emission lines down
to about 4,000A. The (J0660 — r) colour is to illustrate the Ha
emission as it has been explained in the previous section.

The (z — J0660) colour index also gives us an estimation of
the Ha excess, by taking into account the continuum at the very
red part of the spectrum, while the (z— g) colour is directly related
to the shape of the continuum from the blue to the red part of the
spectrum. The QSOs and SFGs are concentrated in a very small
area (-2 < (z—J0660) < 1 and -2 < (z — g) < 1), well separated
from PNe.

Finally, (g — i) is another colour index associated with the
shape of the continuum, and the (J0410 — J0660) colour reflects
the Ha excess, though using different parts of the spectrum in
contrast with the previous diagrams. From panel d in Figure 3, we
find that QSOs and SFGs show an increase in the (J0410—J0660)
colour as a function of the (g —i) colour, while PNe appear to have
a more restricted range of (g — i) values between -2 and 0, and
(J0410 — J0660) values from 0 to 4. Hence, the (J0410 — J0660)
vs (g—1) colour-colour diagram can distinguish PNe from galaxies.
The SySt and YSOs are found to lie in the right part of the plot
((g — 1) > 2), which is indicative of their stronger emission in the
near-IR. This last diagnostic diagram turns out to be very useful
to assure low contamination by Ble] stars, differing from the first
three diagrams.

Figure 3 and the colour-colour diagrams also show the loci
of main sequence, giant and white dwarf stars, which clearly
do not affect the PN selection criteria. Leaving aside the H it
regions, all the colour-colour diagrams turned out to be very
useful for identifying good PN and SySt candidates (a detailed
analysis for SySt is to be presented in a forthcoming paper).
The combination of several narrow- and broad-band filters to
construct colour-colour diagrams allows characterising the whole
optical spectrum of every source type. If a source simultaneously
satisfies all the criteria of being a PN, the possibility of false
positive identification, though not negligible, is small.

5. Validation of the colour-colour diagrams

Aiming to validate the tools to search for PNe in J-PLUS and
S-PLUS, we followed two different methods. The first is to use
the J-PLUS SVD (Section 2.1) and the second is by applying
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Table 1. Synthetic and observed magnitudes of H 4-1 and PNG
135.9+55.9, for the 12 J-PLUS filters.

H4-1 PNG 135.9+55.9

Filter =~ Synt.  Obs. Synt.  Obs.

u 1574 16.14+0.13 1737 17.22+0.10
JO378 1554 1577 +0.02 1736 17.31

J0395 17.01 1697 +0.06 1735 17.28+0.12
Jo410 17.14 17.11+0.03 1743 17.43 +0.10
J0430 16.61 16.68 +0.07 1748 17.48+0.13
g 1559 15.61+£0.04 17.62 17.74 +0.07
JO515 17.63 17.62+0.04 17.86 17.80+0.07
r 1575 15.77+0.04 1797 17.92 +0.07
J0660 1345 1347 +0.04 17.02 16.66 +0.08
i 17.28 17.24 £0.05 18.47 18.40 +0.07
JO861 17.44 17.60+0.03 18.69 18.55+0.07
z 1723  17.30+0.09 18.72 18.61 +0.10

the previously presented selection criteria (Section 4) to the DR1
(very limited in area) of each of these surveys.

5.1. SVD validation

Two hPNe, H 4-1 and PNG 135.9+55.9, were observed during
the scientific verification phase of the J-PLUS, as described in
Section 2.1. The instrumental magnitudes were calculated for
each object using IRAF?. In order to find the calibrated magni-
tudes, we used the zero point provided by the unit of processing
and data analysis (UPAD) inside the J-PLUS collaboration. The
resulting photo-spectra are shown in Figure 15 of the J-PLUS
presentation paper (Cenarro et al. 2019). In Table 1, we compare
the synthetic and observed magnitudes of these hPNe. For H 4-1,
the two magnitudes are very compatible, with a difference smaller
than 0.07, except for the u and J0378 filters, whose differences are
0.4 and 0.23, respectively. As for PNG 135.9+55.9, the synthetic
and observed magnitudes are found to be in very good agreement,
with, on average, a difference smaller than 0.1 mag. The only
discrepant magnitude is the one of the J0660 filter, for which the
difference reaches 0.35 mag.

The positions of H 4-1 and PNG 135.9+55.9 in the colour-
colour diagrams —based on their J-PLUS observations— are shown
in Figures 2 and 3 as yellow and green stars, respectively. H 4-
1 satisfies all five criteria of being a PN (see Figures 2 and 3),
while PNG 135.9+55.9 passes four of them, violating the (g-
J0515) colour criterion given in panel (b) of Figure 3. We note,
however, that this PN is located close to the border of the PN
zone. This border was defined in a conservative way, to avoid
more contamination of H i regions and SySt, since low-excitation
PNe and H 1 regions are extremely hard to differentiate.

5.2. DR1 validation

In order to apply the colour-colour diagrams to the J-PLUS
and S-PLUS data releases, there are a few cleaning instructions
(FLAGS) that need to be considered, since they avoid artefacts.
For J-PLUS, we used two FLAGS. One responsible for exclud-
ing the objects that have neighbours, bright and close enough to
significantly affect the photometry, or that have bad pixels (more
than 10% of the integrated area affected). The other FLAG allows
us to exclude objects originally blended with another one. In
the case of S-PLUS, only one FLAG was applied, which avoids

5 Image Reduction and Analysis Facility; http://iraf.noao.edu/
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symbols are the same as in Figure 2.

the objects for which the aperture photometry is likely biased
by neighbour sources or by more than 10% of bad pixels. Note
that not considering the sources flagged with these known issues
affects the selection, because of the quality of the photometry.

To encounter the best way of applying all five selection criteria
described in Section 4, we follow a few validating steps, using
the J-PLUS data set. To ensure the recovery of the largest amount
of potential candidates due to lack of detection in some filters,
we explore how the limiting magnitude errors for different sets of
filters affect the results: (i) by limiting the error associated with
the magnitudes corresponding to IPHAS-like magnitudes (i, r
and J0660), and admitting any error for the other 9 photometries,
(i) by limiting the magnitude errors of the J0660 and broad-band
filters, and finally, (iii) by limiting the magnitude errors of all
narrow- and broad-band filters. Whenever it applies, the limiting
magnitude error is £0.2. All the procedure was performed with
the 6 " aperture.

Since option (i) is the least restrictive of all, it returned a
higher number of sources, nine in total. With this option, we

are allowing sources that are faint in any other band (high un-
certain photometry) or even not detected at all, except in i, r,
and J0660 bands. Among the selected sources, which are known
objects and classified either by the Set of Identifications, Mea-
surements and Bibliography for Astronomical Data (SIMBAD)
or the NASA/IPAC Extragalactic Database (NED), there are four
Hu regions, two H 1 galaxies, one WR star, and one PN. An addi-
tional source (NED/SDSS ‘extended or galaxy’) that also matches
all criteria, but for which a detailed search in the literature does
not show any further information (not even redshift or recession
velocity), was identified as a PN candidate.

To test whether further limitations would minimise the num-
ber of contaminants, we use step (ii) of the validation process.
This option accounts for the fact that the continuum of PNe is usu-
ally faint, with the consequence of uncertain photometry (large
errors) in the narrow-band filters. Therefore, this time we limited
the errors in the Ha and broad-band magnitudes. Four sources
are returned in this case, they are the two known H 1 galaxies, the
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Fig. 4. J-PLUS (r — J0660) vs (r — i) colour-colour diagram with the
objects selected from J-PLUS DRI1. The blue circle represents the PN
candidate with ID 26063-6129, the green circle is the known PN Sp
4-1, the red diamonds are the H 1 galaxies LEDA 2790884 and LEDA
101538. The matches of the J-PLUS and S-PLUS data with the HASH
catalogue are also presented in the diagrams. In agreement with the
classification of HASH PN database. The purple circle is the true PN
(tHASH PN) Jacoby 1, the brown circle is the likely PN (IHASH PN)
TK 1 and the orange circles represent the possible PNe (pHASH PN) Kn
J1857.7+3931, and KnPa J1848.6+4151. These objects were observed
by J-PLUS. The pHASH PN Fr 2-21 is indicated by the magenta circle.
This source was found in S-PLUS DRI. See text for further details. The
error bars are smaller than the symbols.

known PN, and the PN candidate described in step (i). We note
that this time no Hu regions were selected.

As a final test, we try the most restrictive way of applying the
selection criteria, as in step (iii), for which all 12 magnitude errors
are limited. The result is shown in Figures 4 and 5. By applying
the selection criteria in this way, we identify the same four sources
as in (ii). Thus, this last step emphasises the robustness of the
results obtained in step (ii), and proves that the imposed error
limitation does not compromise the analysis.

No PN candidate is identified in S-PLUS DR1. We find that
one true, one likely, and three possible PNe from the HASH
catalogue were observed by either J-PLUS or S-PLUS. All these
objects are presented in the selection diagrams (Figure 4 and
Figure 5), and discussed in the rest of this section as well as in
Section 6.

5.3. Photometry and spectroscopy of the PN candidate

The location of the PN candidate, with ID in J-PLUS DR1 26063-
6129, (J2000 RA: J09 50 20.92, DEC: 31 29 11.02) is represented
by the blue circle in Figures 4 and 5. The source displays a clear
Ha excess (see Figure 6). Also, from the (), (c), and (d) diagrams
of Figure 5, it is possible to argue that this candidate has moderate
[O m] and/or HB emission. In fact, the (g — JO515), (z — g) and
(z — i) colours have approximate values of -0.5, 0.5, and -0.6,
respectively, indicating low to moderate contribution of the [O mi]
and/or HB lines to the g-band magnitude.

Figure 6 displays the PN candidate photo-spectrum, whose
shape is very similar to that of typical PNe in the J-PLUS and
S-PLUS configurations (see, for instance, panels (a) and (b) of
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(J0410 — J0660) vs (g — i) colour-colour diagrams. The symbols are the
same as in Figure 4.

Figure 1), with strong emission lines and relatively flat continuum.
From its J-PLUS Hea image, we derived an angular radius of
~1.5 arcsec. This figure also presents a composite g, 7, and i
image centred on the candidate. It clearly shows another object, a
diffuse emission, which we identified as the UGC 5272 galaxy,
at 7 Mpc (Garrido et al. 2004; (Karachentsev et al. 2014)). If the
candidate was at the distance of UGC 5272, it would have a size
of 40-50 pc, and it would be a H 1 region. It could also be a Milky
Way halo source, at 30 to 40 kpc, for instance, displaying a 0.2 to
0.3 pc size.

The PN candidate was observed with the 2.54-m INT at
Roque de los Muchachos observatory in La Palma (Spain), on
November 15 2018, using the Intermediate Dispersion Spectro-
graph (IDS). The spectrum of the candidate, together with the
J-PLUS photometry, is presented in Figure 7. The fluxes of the
emission lines detected in our spectrum are presented in Table 2.
Based on the Ha, HB, and Hy lines, its extinction is 0.35. From the
observed central wavelength of the detected lines, we also derived
the heliocentric velocity of the source, 515 km s~!. This value
agrees with the heliocentric velocity of the galaxy (513+2 km s7!
Garrido et al. 2004), and it confirms that our J-PLUS PN candi-
date belongs to UGC 5272. The [Su] A16716/6731 diagnostic
ratio of 1.75 suggests a very tenuous H 1 region.

5.4. Recovering DR1 known Ha emitters

One PN and two H u galaxies were recovered applying our selec-
tion methodology to the J-PLUS catalogue.

PN Sp 4-1 (J2000 RA: 19 00 26.5, DEC: 38 21 07.99), also
called PN G068.7+14.8, is a previously confirmed compact Galac-
tic PN (Acker et al. 1992; Moreno-Ibdfiez et al. 2016). In the dia-
grams of Figures 4 and 5, Sp 4-1 is represented by the green circle.
The colours (J0515 — J0660) and (g — J0515) are estimated to be
3.4 and -1.6, respectively. The former colour clearly indicates a
strong He emitter, while the latter implies a significant contribu-
tion from the [O m] and Hp lines to the g-band. The upper panel
of Figure § displays its photo-spectrum and corresponding image.
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Table 2. Emission line fluxes of J-PLUS PN candidate. The five columns
show, respectively, the line identification, the rest frame and observed
central wavelengths, the observed fluxes, and the extinction corrected
intensities.

Line  dew(A)  Aop(A)  F I

[O n]b 3727.0 3734.3 290.6 357.8
150} 4101.7 4108.4 24.8 28.7
Hy 4340.5 43473 41.7 46.2
HB 4861.4  4869.1 100.0 100.0
[Om] 49589  4966.8 67.9 66.6
[Om] 5006.8 5014.8 1994 193.7
[Her1] 5875.6 5888.9 29.6 24.9
Ha 6562.8 6573.5 37377 288.5
[N1] 6583.4 6594 .4 223 17.2
[S] 6716.4 6727.3 53.2 40.3
[S] 6730.8 6742.0 30.4 23.1
F(HB)® - - 3.246 -

Notes. @ In units of H8 = 100. ® Blended line. © In units of

10°% ergem™2 57! .

There is no doubt that these data correspond to those of a typical
PN photo-spectrum, of a roundish and compact object with full
width at half maximum (FWHM)~1.3 arcsec.

LEDA 2790884 (J2000 RA: 8 25 55.50, DEC: 35 32 32.01) is

a H 1 galaxy (blue compact galaxy) at z ~ 0.0024 (Moiseev et al.

2010). The loci where the system is represented in the diagrams
of Figures 4 and 5 (one of the red diamonds) corresponds to that
of a low-excitation PN, in agreement with the expectations from

the H m regions. The photo-spectrum and image of this source are
shown in the middle panel of Figure 8.

LEDA 101538 (J2000 RA: 16 16 23.51, DEC: 47 02 02.64),
the red diamond in Figure 5, is a H i1 galaxy (blue compact dwarf
galaxy) at z ~ 0.002, with a very blue colour, which indicates that
it is likely a starburst (Ann et al. 2015). The photo-spectrum of
this galaxy is presented in the lower panel of Figure 8. The spectra
of the H 1 galaxies are very similar to those of giant extragalactic
H 1 regions (Sargent & Searle 1970). For this reason, LEDA
101538 lies in the PN zone, even though it is not a PN.

6. DR1 vs. the complete PNe catalogue - HASH

We cross-matched the J-PLUS and S-PLUS data with the HASH
catalogue (Parker et al. 2016). We remind the reader that this
catalogue contains all known PNe, which are classified as true,
likely and possible PNe. We found four matches with J-PLUS,
and one with S-PLUS. The J-PLUS ones appear in the colour-
colour diagrams as purple (1 true PN), brown (1 likely PN), and
orange (2 possible PNe) circles, while the S-PLUS match is the
dark magenta (1 possible PN) circle in Figures 4 and 5. It is
simple to see from these diagnostic diagrams that, following our
selection criteria, none of these sources are classified as PNe, all
being located outside the PN zone. Four of these HASH sources
are located in the zone of very blue WDs. Why does this happen?
Below, we describe each source, thus highlighting that their sizes
preclude their automatic recovery by our criteria.

6.1. J-PLUS

Jacoby 1 (J2000 RA: 1521 46.56, DEC: 52 22 04.05) is classified
as a true (tHASH) PN, previously reported by Jacoby & van de
Steene (1995). The low (r — J0660) and (J0515 — J0660) colour
indices are indicative of very weak, or totally absent, Ha line-
emission. The first panel of Figure 9 displays the photo-spectrum,
which turns out to be typical for white dwarfs (e.g. Figure 14 of
Cenarro et al. 2019) and its combined image (right inset image of
the figure). Following Tweedy & Kwitter (1996), Jacoby 1 is a
highly evolved PN of ~ 11 arcmin in size. Such large sizes can
not be recovered/found by automatic photometric criteria, this is
only possible by visual inspection of the fields (e.g. Sabin et al.
2014). We managed to detect the Ha emission from the PN by
applying a Gaussian smoothing filter of 10 pixels to the combined
RGB - J0660, r, and i — as shown in the left inset in Figure 9.

TK 1 (J2000 RA: 08 27 05.52, DEC: 31 30 08.10) is a likely
(IHASH) PN, of up to 15 arcmin (Tweedy & Kwitter 1996). Its
position in our colour-colour diagrams is very close to Jacoby 1
suggesting similar spectral characteristics (see photo-spectrum
in the second panel of Figure 9). So, we suggest that the recov-
ered emission is that of a WD star, in agreement with Rebassa-
Mansergas et al. (2015). The above technique that recovered
the nebular emission of Jacoby 1 was used, though it could not
confirm the nebula that is possibly surrounding this white dwarf.

Kn J1857.7+3931 (J2000 RA: 18 57 42.24, 39 31 00.13)
is a possible (pHASH) PN. It shares the same position in the
diagnostic diagrams, as well as an akin photo-spectrum, with
Jacoby 1 and TK 1 (see Figure 9). Nevertheless, when we looked
for the extended nebula, this was not detected. We argue that
Kn J1857.7+3931 is also a WD star, possibly associated with a
nebular emission too faint to be detected by J-PLUS.

KnPa J1848.6+4151 (J2000 RA: 18 48 38.36, DEC: 41 51
02.52), another pHASH PN, is located far from the other HASH
objects in our colour-colour diagrams (orange circle with large
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Fig. 8. J-PLUS photo-spectra and corresponding images of disc Galactic
PN Sp 4-1 (upper panel), H u galaxy LEDA 2790884 (middle panel) and
H 1 galaxy LEDA 101538 (lower panel). These objects were recovered
by applying the colour-colour diagrams. The images resulted from the
combination of the J-PLUS broad-band filters: g, r, and i.

error bar), and again with no He excess. KnPa J1848.6+4151 lies

in the regime of SDSS SFG and QSOs (fourth panel of Figure 9).

It is a very faint object with  ~ 19.5 and its estimated angular
size is of ~ 10.3”. KnPa J1848.6+4151 is very likely a galaxy
(e.g. Figure 16 of Cenarro et al. 2019; Alam et al. 2015; Greiss
et al. 2012), and less likely to be a genuine PN.

6.2. S-PLUS

Fr2-21 (J2000 RA: 21 26 21.17, DEC: 00 58 34.22) is also called
PHL 4, and previously identified as a hot subdwarf (Kilkenny
1984), in addition to being a pHASH PN. It is located very close to
the other HASH objects in the diagnostic diagrams. Its properties
(Figure 10) suggest another WD. No extended nebula was found
combining JO660, r and i images.

7. Discussion and Conclusions

The results described above highlight the potential of the data
provided by J-PLUS and S-PLUS to explore the population of
planetary nebulae in the Galactic halo. The developed photometric
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Fig. 9. (First panel) J-PLUS photo-spectra, corresponding composite
images (upper-right inset image), as in Figure 8 and composite — J0660,
r, and i — image (lower-left inset image) of tHASH PN Jacoby 1. The
extended PN is clearly visible, as indicated by the red circle. The He
emission is detected by applying a Gaussian smoothing filter of 10
pixels. Photo-spectra and corresponding images of IHASH PN TK 1
(second panel), pHASH PNe Kn J1857.7+3931 (third panel), and KnPa
J1848.6+4151 (fourth panel) of the HASH PN catalogue.

tools used to identify strong emission-line sources were applied
to the very limited area surveyed up to now — in both J-PLUS and
S-PLUS - returning promising results.

Our selection criteria were very successful in avoiding all
the strong emission-line emitters present in the fields, apart from
the compact H 1 regions (H u galaxies), which means that J-
PLUS and S-PLUS can really do a good job in terms of searching
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Fig. 10. S-PLUS photo-spectrum of Fr 2-21 and corresponding image.
This object is classified as possible PN in the HASH catalogue.

for PNe, at the same time minimising the list of spectroscopic
follow-up candidates. As anticipated in Section 3, the ability
of photometrically distinguish PNe and H 1 regions is strongly
hampered by the similarities between low-excitation PNe and
H 1 regions. Therefore, our only way of avoiding lots of H it
regions among the candidates is by limiting the automatic search
to compact PN. For this reason, we adopt apertures up to 6 arcsec.
Unfortunately, the first PN candidate identified in these surveys
turned out to be a H m region located in the UGC 5271 galaxy,
which resembles a compact PN.

The larger planetary nebulae with lower density and corre-
sponding lower surface brightness are more difficult to discover.
These objects are essentially undetectable by survey methods. The
cross-match between the HASH and J-PLUS/S-PLUS catalogues
made this point very clear. The magnitudes of the resultant PNe
matches correspond only to the photometry of the central WDs,
as can be seen from their photo-spectra with no Ha emission.

As in the case of IPHAS, a parallel study needs to be done
in order to find extended PNe (Sabin et al. 2014). It is necessary
to bin the images in order to increase the surface brightness of
the extended nebula and make their recovery feasible by visually
inspecting one by one the images of the surveys.

In conclusion, we considered the photometric systems of
two twin imaging surveys (J-PLUS and S-PLUS), by using the
synthetic photometry of different types of strong emission-line
sources, to select the best combination of filters and construct
diagnostic colour-colour diagrams to isolate hPNe. We repro-
duced the equivalent IPHAS and proposed four new diagnostic
colour-colour diagrams to separate hPNe from SySt, CVs, B[e]
stars, QSOs, extragalactic H i regions, star-forming galaxies, and
young stellar objects. We find that the there is a high probability
that a candidate found by our criteria will end up being a gen-
uine PN if it is located well within the PN zones in the IPHAS
equivalent and the other four colour-colour diagrams we pro-
posed. It is also true that J-PLUS and S-PLUS are not completely
successful at discriminating low-excitation PNe from compact
H n regions (H 1 galaxies). We have validated our colour-colour
diagrams through the photometry of the known hPNe H 4-1 and
PNG 135.9+55.9 observed by J-PLUS during the SVD phase,
and by applying them to the J-PLUS DRI1 and S-PLUS DRI,
which make up an observed area of the sky of ~1,190 deg?.

Having proven that our selection criteria are very effective
in selecting PN candidates, even considering the contamination
by H 1 regions/galaxies, we intend to continuously apply these
photometric tools to the forthcoming J-PLUS and S-PLUS data
releases, to provide a more complete list of hPN candidates for
spectroscopic follow-up.
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Appendix E

Talks and posters in scientific
meetings

1. Tools to identify planetary nebulae and symbiotic stars.
L. A. Gutiérrez-Soto, Denise R. Gongalves, Stavros Akras and the J-PLUS
& S-PLUS collaborations. 10th S-PLUS Meeting. 2019, Sao Paulo, Brazil.
Contributed talk.

2. Photometric tools to select planetary nebulae and symbiotic stars in J-PLUS
and S-PLUS surveys.
L. A. Gutiérrez-Soto, Denise R. Gongalves, Stavros Akras and J-PLUS & S-
PLUS collaborations. II Workshop: chemical abundances in gaseous nebulae.
2019, Sao José dos Campos, Sao Paulo, Brazil. Contributed poster.

3. Detecting Galactic halo planetary nebulae and symbiotic stars in multi-band
photometric surveys.
L. A. Gutiérrez-Soto, D. R. Gongalves & S. Akras. XXXth General As-
sembly of the International Astronomical Union (IAU). Division G: Stars and
Stellar Physics, 2018, Vienna, Austria. Contributed talk.

4. Galactic halo planetary nebulae and symbiotic stars in multi-band photometric
surveys.
L. A. Gutiérrez-Soto, D. R. Gongalves & S. Akras. Workshop ”Science
with SOAR and Gemini telescopes: preparing for the GMT”. 2018, Sao José
dos Campos, Sao Paulo, Brazil. Contributed talk.

5. S-PLUS, J-PLUS and J-PAS in the search for planetary nebulae.
L. A. Gutiérrez-Soto, D. R. Gongcalves, S. Akras, A. Cortesi, S. Daflon,
et al. XLI Reuniao Anual da Sociedade Astronomica Brasileira 2017, 2018,
Sao Paulo, Brazil. Boletim da Sociedade Astronémica Brasileira, 30, no. 1,
158-159. Contributed poster.

6. Identifying Galactic halo PN candidates in the imaging surveys: J-PLUS/S-
PLUS and J-PAS.
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L. Gutiérrez-Soto, D. R. Gongalves, S. Akras, A. Cortesi, A. Ederoclite, et
al., Latin American Regional IAU Meeting (LARIM) Cartagena 2016, 2017,
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S-PLUS, J-PLUS and J-PAS in the search for planetary nebulae

L. A. Gutiérrez-Soto!, D. R. Gongalvesl, S. Akras?, A. Cortesi®, S. Daflon?, A. Ederoclite*, M. Borges Fernandes?, C.
Mendes de Oliveira3, C. B. Pereira?, K. Viironen* & S-PLUS, J-PLUS and J-PAS collaborations

! Observatério do Valongo, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil

2 Observatério Nacional - Ministério da Ciéncia, Tecnologia, Inovagdes e Comunicagdes, Brazil
3 IAG - Universidade de Sio Paulo, Brazil

4 Centro de Estudios de Fisica del Cosmos de Aragén, Pza. San Juan 1, E-44001, Teruel, Spain

Abstract. From the approximately 3,000 planetary nebulae (PNe) discovered in our Galaxy, only 14 are found to be members of the
halo. Moreover, a systematic search for halo PNe was never done. We have developed tools to identify PNe in the Javalambre-Physics
of the Accelerating Universe Astrophysical Survey (J-PAS) and related surveys, S-PLUS and J-PLUS, taking advantage of their great
combination of narrow- and broad-band filters. The spectra of several classes of emission-line objects, which were convolved to the
three photometric systems, were applied to the principal component analysis in order to find the most adequate combinations of
colour to discriminate halo PNe from other objects. Here we propose colour-colour diagrams, based on these spectra. The diagrams
separate halo PN candidates from other sources that resemble PNe (symbiotic stars; star-forming galaxies; cataclysmic variables;
QSOs and extragalactic H II regions). We include, in our preliminary results, the photometry of a couple of halo PNe actually
observed by the J-PLUS survey. Altogether, we show it is possible to discriminate halo PNe from other sources using different
techniques which enclose important spectral nebular features.

Resumo. Das aproximadamente 3000 nebulosas planetdrias (NPs) descobertos em nosso Galdxia, apenas 14 sio membros do
halo. Além disso, uma busca sistemdtica de NPs do halo nunca foi feita. Desenvolvemos ferramentas para detectar essas fontes no
Javalambre-Physics of the Accelerating Universe Astrophysical Survey (J-PAS) e nos surveys, S-PLUS e J-PLUS, aproveitando sua
Stima combinacao de filtros estreitos e largos. Os espectros de vdrios tipos de objetos com linhas de emissdo, que foram convolvidos
para os trés sistemas fotométricos, foram utilizados com a andlise de componentes principais para encontrar as combinagdes de
cor mais adequadas para discriminar NPs do halo de outros objetos. Aqui propomos novos diagramas cor-cor, que separam as NPs
de outras fontes com linhas (estrelas simbidticas, galdxias formadoras de estrelas, varidveis cataclismicas, QSOs e regides H II
extragalacticas). Incluimos em nossos resultados, a fotometria de um par de NPs observadas por J-PLUS. Ao todo, mostramos que é

possivel discriminar NPs de outras fontes usando diferentes técnicas que envolvem importantes caracteristicas espectrais.

Keywords. Galaxy: halo — planetary nebulae — ISM: lines and bands

1. Motivation

Planetary nebulae (PNe) are a kind of emission line nebula
that represent a short phase of the stellar evolution of low-
and intermediate-mass stars (0.8M - 8.0My). During the un-
stable AGB phase, stars eject their outer layers into the inter-
stellar medium resulting in an enrichment in heavy elements.
Approximately, 3,000 PNe have been identified in our Galaxy
(Parker et al. 2012). Of these, only fourteen objects are located
in the Galactic halo (Otsuka et al. 2015). Halo PNe are inter-
esting objects because they provide important information about
the evolution of old and low-mass stars of in the halo, and allow
the early chemical conditions of the Galaxy to be studied.

A number of new Galactic PNe were identified in the equa-
torial plane (Viironen et al. 2009) by using the (' — Ha) vs
(r" = 1') colour-colour diagram in the Isaac Newton Telescope
(INT) Photometric He Survey of the Northern Galactic Plane
(IPHAS; Drew et al. 2005). The multi-filter J-PAS, J-PLUS! and
S-PLUS? surveys are more suitable surveys for searching PNe
in the direction of Galactic halo. The combination of narrow-
and broad-band filters in these surveys (in total, 56, 12 and 12,
respectively) allow us to identify objects with prominent emis-
sion lines. We use the principal component analysis (PCA) to
search for the most adequate combination of colours that distin-
guish halo PNe from their contaminants. Several colour—colour

! The Javalambre-Photometric Local Universe Survey
2 The Southern Photometric Local Universe Survey

diagrams have been generated and explored in order to separate
halo PNe from other emission line objects.

2. Results

The synthetic magnitudes of various classes of objects were cal-
culated for the filters in the three surveys, using available ob-
served spectra, and a set of photo-ionization models for halo
PNe. The spectra of PNe: DdDm-1, NGC 242 and MWC 574
were taken from Kwitter & Henry (1998), Kwitter et al. (2003)
and Pereira & Miranda (2007), respectively, while the spectra of
PNe H 4-1 and PNG 135.9455.9 were obtained from the SDSS.
The spectra of the rest of the objects: cataclysmic variables
(CVs), star-forming galaxies and quasistellar objects (QSOs)
with different redshift ranges are also from SDSS. Galactic
disk symbiotic stars (SySts) were taken from Munari & Zwitter
(2002) and IPHAS (Rodriguez-Flores et al. 2014), while the ex-
tragalactic SySts in IC10, NGC 185 and in NGC 205 were gath-
ered from Gongalves et al. (2015). Finally, H II regions in NGC
55 (Magrini et al. 2017) are also included in this analysis.

Fig. 1 displays the S-PLUS colour-colour diagram (JO515 —
J0660) vs (JO515 — JO861). Halo PNe with strong Ha emission
are placed at the upper left. The J-PLUS colour-colour diagram
J0660 — gSDSS) vs (J0660 — rSDSS) is presented in Fig. 2. Note
that the known PNe: H 4-1 and PNG135.9+55.9 (blue and green
circles with errorbars, respectively) observed in the J-PLUS sur-
vey, during the phase of the data science verification, are located
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FiGure 1. The S-PLUS colour-colour diagram (JO515-J0660) vs (JO660-
JO861). Families of cloudy modelled halo PNe (the pink, cyan, orange,
green and brown symbols) spanning a range of halo PN properties are
included. These models represent different sets of nebular abundances,
with densities of 6000 cm™ (filled symbols) and 3000 cm™ (empty
symbols), for a spherically symmetric nebula of 2.7” in radius, at a
distance of 10 kpc. Central star black-body effective temperatures and
luminosities are from 50x10° to 250x10° K, in steps 10x10% K; and
0.5, 1.0, 5.0 and 10x10° L. The rest of the symbols are as follows: halo
PNe (black circles); QSOs with redshift in the range from 0.01 to 1.0
(light green circles); 1.01 to 2.0 (light orange stars); 2.01 to 3.0 (light
orange triangles); 3.01 to 4.0 (light blue diamonds); and 4.01 to 5.0
(green boxes), CVs (violet circles); star-forming galaxies (black, open
triangles); symbiotic stars (red boxes); extragalactic symbiotic stars (red
diamonds); symbiotic stars from IPHAS (red triangles); extragalactic H
II region (gray diamonds).

very close to the regime where halo PNe are expected. The J-
PAS colour-colour diagram (J4200 — J5001) vs. (J4200 — J8400)
is shown in Fig. 3. The J4200 - J5001 colour is prominent for
modelled and some observed halo PNe, due to the strong [O
III] emission. The halo PNe MWC 574 and PNG135.9+55.9
are found at the bottom side of the diagram in the regime of
QSOs. This may be associated with the very low O abundance
in these PNe (e. g. Sandin et al. 2010), which results in a J4200
— J5001 colour index close to zero. A combination of colours
from narrow- and broad-band filters seems to be efficient in the
identification of PNe.

Acknowledgements. LAGS, DRG and SA acknowledge the support of CAPES
and CNPq.
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—1J8400). The symbols are the same as in Fig. 1.
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ESTIMATION OF THE STELLAR EFFECTIVE
TEMPERATURE AND STELLAR WIND
DETECTION IN A HERBIG AE/BE TYPE
STAR FROM SPECTRA ACQUIRED IN
BOGOTA - COLOMBIA
I. L. Guasca Garnica', O. L. Ramirez Sudrez?,
B. Oostra Vannoppen?®, G. Chaparro Molano?,
and O. A. Restrepo Gaitan?

We present the results of spectroscopic observations
in the range of 4280-6800 A of AB Aur, a Herbig
Ae/Be type star. These observations were carried
out at the Observatory of the Universidad de los
Andes in Bogotda - Colombia in 2015. We select the
4280-6000 A spectral window for fitting our data to
a black-body model of the star. In this range, the ef-
fects due to circumstellar disk emission are negligible
and the nighborhood of the prominent accretion Ho
emission line is neglected. In this window the domi-
nant lines due atomic processes are the Balmer series
lines HB and Hy. We remove data around 3¢ for each
of these lines in order to ignore quantum effects. We
model the stellar continuum by doing a Monte Carlo
bootstrap-sampled fitting of three parameters: (i) a
bolometric correction factor due to atmospheric ab-
sorption and/or defect electronics, (ii) measured (rel-
ative) continuum flux, and (iii) stellar temperature
Teg. We obtain a value for the stellar temperature
of 9400K-9700K, in agreement with the temperature
reported by Tannirkulam et al. 2008. We also suc-
cessfully fitted the H lines using a two-component
gaussian fit, which shows the effects of stellar wind
on top of the gas accretion onto the star. Our mea-
surements strongly suggest that even in the harsh ob-
servational conditions present in Colombia, it is pos-
sible to obtain quality astronomical data for teaching
astrophysics at an undergraduate level.

1 Semillero de Astronomia, Universidad Pedagégica Nacional,
Bogot4, Colombia.

2 Grupo de Simulacién, Andlisis y Modelado (SiAMo), Uni-
versidad ECCI, Bogotd, Colombia (oramirezs@ecci.edu.co).
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IDENTIFYING GALACTIC HALO PN
CANDIDATES IN THE IMAGING SURVEYS:
J-PLUS/S-PLUS AND J-PAS
L. Gutiérrez-Soto', D. R. Gongcalves', S. Akras?,
A. Cortesi®, A. Ederoclite*, T. Aparicio-Villegas??®,
M. Borges-Fernandes?, S. Daflon?, C. B. Pereira?,
C. Mendes de Oliveira®, K. Viironen?®, and the
J-PAS Collaboration

Halo planetary nebulae (HPNe) are able to reveal im-
portant information about stellar and chemical evo-
lution in galaxies. Their characteristic low contin-
uum and strong emission lines make them good ob-
jects to be searched by multi-filter imaging surveys.
Given that only 14 HPNe are known in the Galaxy,
we are exploring colour-colour diagrams to search for
these sources in Javalambre/Southern Photometric
Local Universe Survey (J-PLUS/S-PLUS) and the
Javalambre-Physics of the Accelerating Universe As-
trophysical Survey (J-PAS). They are narrow- and
broad-band imaging cosmological surveys, with 12
and 54 filters, respectively.

The J-PAS survey will be able to observe
8500 deg? of Northern sky, it will detect sources up to
magnitude map ~ 23. In the case of the J-PLUS sur-
vey the limit magnitudes is around map ~ 21.5. The
S-PLUS survey will observe more than 6000 deg?
and it will map the Southern sky.

Other optical emission lines sources, such as
Galactic and extragalactic symbiotic stars (SySts),
cataclysmic variables (CVs), QSOs at different red-
shifts, star-forming galaxies (SFGs), extragalactic
H II regions and supernova remnants (SNR) can
mimic PNe. Therefore, we explore different colour-
colour diagrams in order to highlight those that can
better identify HPN candidates, separating them
from these other objects.

1 Observatério do Valongo, Universidade Federal do Rio de
Janeiro, Ladeira Pedro Antonio 43, 20080-090 Rio de Janeiro,
Brazil (lgutierrez@astro.ufrj.br).

2 Observatério Nacional, MCTI, Brazil.

3 IAG, Universidade de Sao Paulo, Brazil.

4 Centro de Estudios de Fisica del Cosmos de Aragén, Spain.
5 Instituto de Astroffsica de Andalucia, Spain.
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