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The University of Manchester

ABSTRACT OF THESIS submitted by Laurence Sabin for the DegreDoctor of
Philosophy and entitled: “Study of planetary nebulae in @aactic Plane: IPHAS
and SCUBA”

This thesis sheds new light on two main subjects. First, teeostery of new
extended planetary nebulae (PNe) in the Galactic Planaksht the recent Isaac
Newton Telescope PhotometrictSurvey (IPHAS). The new objects, located in a
right ascension range between 18h and 20h, were identified dgferent diagnos-
tic diagrams in the optical, infrared and radio regimes. Wesstigated their nature
and distribution on the Plane compared to known planetabylae and found some
“hidden populations” of PNe. These new findings also confine dficiency of the
survey to detect faint planetary nebulae at low latituddse dnalysis of the radio and
infrared properties of the newly found nebulae, allowedousanstrain and correct the
diagnostic diagrams used so far and which are mostly destidatbright PNe. Com-
bined with an investigation of the recombination status #wedage of the nebulae, our
analysis suggests that we are dealing with large, old andrgby dusty objects. A to-
tally new aspect of PNe has therefore been revealed. The &fslistance estimation
has also been approached with the use of a new extinctidards method developed
within the framework of IPHAS. The last investigation cadiout by IPHAS concerns
the interaction with the interstellar medium (ISM). We obsel several examples of
interaction which were compared with hydrodynamical meddlhe interactions are
classified into four stages according to the degree of dismpf the nebula, and we
were able to identify objects at each stage i.e. from thesiadhed to the totally dis-
rupted morphology.

The second part of the thesis is dedicated to the discovehranstudy of magnetic

fields in planetary nebulae and the role that they can plaeir shaping. This point
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was already mentioned while studying the ISM interactiartiie IPHAS nebulae and
how magnetic fields could disrupt the PNe. The observatiod bipolar PNe and
Proto-PNe (NGC 7027, NGC 6537, NGC 6302 and CRL2688) in thensm regime
with SCUBA, has indicated the occurrence of toroidal maigifetlds in all the objects
via dust grain alignment. The toroidal fields could accountthe bipolar morphol-
ogy observed but the lack of information concerning thergjtie of the field prevents
us from jumping to such a conclusion. We also investigatedoissible relation be-
tween magnetic fields and, first the chemistry of the sele@tregbts: we showed two
oxygen-rich and two carbon-rich nebulae (and we observediifterent fields’ organ-
isation), and then their evolutionary stage: we showed laebiuom the Proto-PN to
the PN stage (and we identified long-lived fields). Finally digcussed the methods
that would allow us to derive the strength, as well as all ¢hleslping to define how

magnetic fields act in planetary nebulae.
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Figure 1: The Necklace nebula: a new Planetary Nebula desedwvithin IPHAS.
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Introduction: The Planetary Nebulae

First discovered by Charles Messier in 1764, Planetary Neb(PNe) are the end
products of the evolution of low and intermediate mass storsinderstand how these
shells of ionised dust and gas have been expelled from tesoceated stars, | will
briefly trace the evolution process from the main sequence.

Stars with masses high enough to ignite helium on the Redt@iemch (RGB) i.e.
between roughly 0.8 and 8 Mwill conduct helium burning in their core until exhaus-
tion. Subsequently, the stars will develop a core composedrbon and oxygen. This
is the Asymptotic Giant Branch (AGB) stage. Th&Core is surrounded by a nuclear
burning shell where alternatively helium and hydrogen anmimg. The stars with suf-
ficient masses will undergo so-called thermal pulses, monenconly called He-shell
flashes. The convective envelope surrounding the shelésslbject to periodic pul-
sations. The latter induce an outer envelope (the atmosph#owing, via radiation
pressure, an important loss of matter led by slow winds (fi@v M, yr-!to 104 Mg,
yr-1). This process occurs until the envelope reaches a magsofre0.02 Mo and
the core starts to be exposed (with an increase in tempejatiinere follows a short
phase, thé€ost-AGB or Proto Planetary Nebulae (PPN) stage , where the temperatu
is not hot enough to totally ionise the gas (3006<KTI < 25000 K). With time the
star contracts further and the temperature increases lnauway that the surrounding

matter is fully ionised (from~30 000 K) and forms a detached and expanding ionised
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shell: thePlanetary Nebula

The central star of the PNe will finally start to decrease milwsity and will be unable
to ionise the surrounding gas (as the number of photons a@seyeThe end product is
a GO white dwarf (WD) with a recombination of the ejecta (Fid).

The PNe, which are short lived objects, from normally 10 08@® 000 yrs, are
fundamental to our study: they strongly contribute to theatiment of the interstellar
medium in C,0 ,N ,metals and other products of nucleosymhbat they also allow
us to better understand the physical processes occurrihgge stars during their final
stage of stellar evolution.

The two components of planetary nebulae, namely the ensedogd the central star
(CS), have been extensively studied and each reveals mouethle conditions reached
in evolved stars.

The envelope or nebula expands relatively slowly, on aweagkmis (Robinson et al.
(1982), Weinberger (1989)). Any variation (increase) o$ trelocity as a function of
the age of the PN has not been proved yet. The PN shell is cadmdgust which
will enrich the interstellar medium (ISM). The presence antbunt of nebular mate-
rial is linked to the physical processes taking place in teutae, like photoionisation
(absorption of UV photons and release of electrons) which eating process and
recombination (electronic capture) and collisional eadoiin which are cooling pro-
cesses The two main physical parameters involved in the nebulalistare density
and temperature, which are derived from the numerous eomdisies observed in the
PNe. The distribution range in densities varies from royghd* cm3 ( for young,
bright andor compact PNe) to less than 100 ¢hi for large, faint angbr old PN, Os-
terbrock (1974), Zhang et al. (2004)). This lower limit eveaches 1 cn?¥ according
to Peimbert (1990). In the same way, the electronic tempegstvary from 25 000 K

to 3000 K. The nebular studies also include the understgrafimore parameters: the

1In the case of collisional excitation, the cooling is duerte weak collisions between particules in

PNe. This leads to a small energytdrence from the ground state.
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size reached by the shell and the morphology, as well as tinedaimces, are among
the items which will characterise a planetary nebula (se# section).

The central stars of PNe are not often discernible becausieeaffaintness and the
presence of the nebular shell. However, more and more CSaRNw®w studied thanks
to the improvement of instruments, the use of models andxtemsion of the observa-
tions to other ranges than the visible (Gesicki and Zijlé%@07), Rauch et al. (2007)).
Temperature is one of the most important criteria and forsdr@e reasons which pre-
vent the observation of the CS, it is quitéfaiult to measure. The most popular method
is the Zanstra method which relies on nebular parametergs a3sumes that all the
Lyman continuum photons absorbed correspond in numberet@ggtombinations at
all levels except the ground levé&l But this method depends on the thickness of the
shell and the magnitude of the stars and both are subjectde lariations in their
determination. The temperatures observed in CS-PNe raoge~30 000 K to~100
000 K. These high values have led to the extension of obsensto ranges other
than the visible, i.e.at UV and X-ray wavelengths (Kast280({), Guerrero (2006)).
CS-PNe are generally classified according their spectogdgaties, which depends on
the quantity of hydrogen in the atmosphere (namely H-riath ldfpoor). H-poor stars
have spectra which are close to the Wolf-Rayet (WR) spettpa (in emission), and
are either WC or WN depending on the concentration of C oveHMich CS-PNe
show, as indicated by their name, a large number of H lineslsotHe lines. In terms
of occurrence rate, we found more WC than WN CS-PNe. Thislaédad to their re-
spective progenitors and their masses, which allow to lortge surface the ferent
elements (C,N). Hence WC stars have more or less rare cati@es progenitors and
WN stars have as progenitors even rarer massive AGB stamsrgoidg Hot Bottom
Burning. The winds from the CS have also been investigatdtes@ are due to the
reinitiation of the mass loss process (because of radigtiessure on resonance lines)

and are characterised by their high velocity. The encousitrthe slow AGB wind,

2A detailed calculation for the obtention of the Zanstra temagures is given by Pottasch (1984) pp
168-172
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expelled beforehand, is part of a theory for the formatioplahetary nebulae (Inter-
acting Stellar Winds model by Kwok et al. (1978a)). Fina#fyiprts have been made to
detect binary central stars using radial velocities, phregwic fluctuation, spectroscopy
or simple imaging (Iben and Tutukov (1989), De Marco (20@jstra (2007)). The
goals of such research are mainly to increase our understanfimass transfer pro-
cesses (common envelope) (De Marco and Moe 2005) and thélgossplications

for nebulae morphology (Soker 1998).

Although short, the PN phase involves rather complex andyunng physical pro-
cesses which are far from being fully understood. Neveeg®l past surveys have

helped us to have a better comprehension of this evolutygrtzaise.

1.1 The extent of our knowledge about galactic PNe

and its limitations

So far, around 2000 true and candidate PNe are known in thex@G@lrable 1.1). They

are mainly listed in the Perek and Kohoutek catalogue (Pamek<ohoutek 1967), the
Strasbourg-ESO Catalogue (Acker et al. 1992) and Stsudpplement (Acker et al.

1996) and the recent Macquarie-AAO-Strasbourg Planetary Nebula Catalogue:
MASH (data obtained from the AAQKST survey: Parker et al. (2006a).

1.1.1 General distribution and size

With the detected objects we can study the distribution ahetary nebulae in the
Galaxy. Figures 1.2 and 1.3 show that the majority of the smaiare concentrated
towards the galactic centre, more precisely in a latitudgea10 < b < +10°. Pottasch

(1984) found that in addition to the general trend observeolré nebulae towards the
galactic centre), the majority of PNe located between L0 deg have a diameter

smaller than 20 arcsec. The ones with a diameter greatera@arcsec are quasi
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Figure 1.1: HR diagram showing the evolution of an intermaggimass star from the
main sequence to the white dwarf stage. We point out thas 8tdh masses greater
than~1.5-2 Mo do not go through the Horizontal Branch phase. Their coresat

fully electron-degenerate and do not experience a fultignifollowing a helium flash.

absent from the galactic centre. The anticentre (fromt®8@®70 ) in all cases is less

populated.

1.1.2 Morphology

The most obvious point concerning PNe, and which made themods, is their pe-
culiar and extraordinary morphology. The Hubble Space Skalpe obtained really

interesting and good pictures, showing thetent aspects of some PNe. While some
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Figure 1.2: Distribution of galactic planetary nebulae@ding Kohoutek (2001) in

galactic coordinates (top panel) and equatorial coordmétottom panel).
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Table 1.1: Summary of the number of PNe known in the Galaxy agkét et al.
(2006b). The asterisk refers to “possible” PNe.

Investigator Epoch | Number of PNe
Messier, Darquier, Mechain 1764-1782 4
William Herschel ~ 1800 20
Curtis 1918 78
Vorontsov-Velyaminov, Parenago, 1931 121
\Vorontsov-Velyaminov 1948 288
Minkowski 1950 371
Perek, Kohoutek; CGPN 1967 1036
Kohoutek supplements 1978-2000 721
Acker et al.;SECGPN 1992 1143+347*
Acker et al.;SECGPN (supplements) 1996 243+142*
Kohoutek; CGPN updated 2001 1510
Parker et al.; MASH 2003,2006] 756+146*

demonstrate a spherical symmetry ( which is what one woujskeixfrom a spheri-

cal MS star, RGB star and AGB star), a good number of them apgszherical or

show an asymmetry: they are bipolar, elliptical, quadrapok point symmetric. The

eclectic variety of shapes has been classified Iffgdint authors like Balick (1987),
Balick and Frank (2002), Corradi and Schwarz (1995), Stehigihet al. (1993) and
Manchado et al. (1996), Manchado et al. (2000). Most of tistsgies came to sim-

ilar conclusions about the number of PNe, their morpholagy their location in the

galaxy:

38

e The number of elliptical and round PNe is higher than the nemdd bipolar

PNe (included bipolar with point symmetry and quadrupolar)

e The morphology of PNe is related to the mean galactic scagghhez>. Bipolar

PNe have a lower mean scale height, so are closer to the igghame than the
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Table 1.2: Results from the IAC catalogue of Manchado et 200Q) and the sur-
vey from Corradi and Schwarz (1995). The progenitors massiasons come from

Phillips (2001) and are related to the morphological claggeneral.

Survey Morphology Number %| <z> in pc

Manchado (2000) Bipolar 13 139
Elliptical 60 308
Round 26 753
Corradi & Schwarz (1995 Bipolar 14 130
Elliptical + Round 64 325
Irregular 18 181

Point symmetry 4 -

Stellar 22* -

*In Corradi & Schwarz (1995) the class other than stellara@yns the extended PNe.

elliptical PNe. The latter are located closer to the gataokane than the round
PNe (see Table 1.2).

e Miller and Scalo (1979) found a correlation between the nodssstellar popu-
lation and its scale height in the Galaxy (more preciselyhagolar neighbour-
hood). They derived fokz>=110 pc: M> 1.9 M., for <z>=150 pc: M> 1.5
Mo, for <z>=230 pc: M> 1.2 M, and for<z>=300 pc: M< 1 M. The pro-
genitor masses derived later by Phillips (2001d)edifrom the ones of Miller
& Scalo. In comparison to these scale heights, bipolar PNe hgprogenitor
mass (PM} 2.3 M, elliptical PNe have 1.2 M> PM > 2.3 M, and round PNe
have 1> PM > 1.2 M,. In conclusion, bipolar PNe have higher mass progenitors

(which evolve more rapidly) than elliptical PNe and roundeR[Nable 1.2)

More recently Sahai et al. (2007) undertook a survey of atatdipreplanetary neb-

ulae (PPNs) using the HST and also derived a new morpholladassification system.
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1.1.3 Chemical abundances

The abundance of planetary nebulae are good tools to tracenttichment of the in-
terstellar medium, and to trace back the history of theigprotors. During the long
phase from the main sequence to the PN stage, tfereit events of convection and
dredge-ups will bring to the surface the products of thderipprocess¥C and*®0).
Depending on the initial maséHe and!*N can become overabundant. He-flashes
and dredge-ups will bring the He, C and s-process elemeritetsurface increasing
the QO ratio. During the first dredge-up in the RGB phase, we oleskey mix of
matter in the convective envelope going from the hydrogemibg shell in fusion to
the stellar surface. Chemical studies can constrain s@halution models (Charbon-
nel 2005) and the nucleosynthesis processes (PalmerinBasso 2007). The PNe
have therefore been investigated from the “chemical” poiiew by several authors:
Aller and Czyzak (1983), Koeppen et al. (1991) and Perin@t®®1) amongst others
for the galactic disk; and Ratag (1991) for example for thlagiec bulge. The most
popular study still remains the one of Peimbert (1978), Peirnand Torres-Peimbert
(1983). Peimbert (1978) computed the abundance of H, He, ©, &d Ne in galac-
tic planetary nebulae and found that they could be split4éntgpes as summarised in
Table 1.3. To measure abundances, the line strengths ofbjeet® measured from
spectroscopy are used to determine the temperature (vagfOdl] lines for example)
and electron density (with the [SII] lines for example). Timindances of thefikerent
species are calculated relative to H and are obtained frodefsaising recombination
or collisional excitation and which solve statistical dduium equations. The total
abundance of an element is only obtained if lines are aJailfdy all its ionisation
stages, which may require UV and IR observations. This isaheays available and
to obtain a good value, one should apply an ionisation coaedcactor.

In addition to these chemical criteria, it has been obsebye@eimbert (1978) that:

e Type I: The PNe are extremely filamentary. They are He and Ndige to the

occurrence of a second and even third dredge up, implyinggmbor masses
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e Type ll: These PNe belong to the intermediate disk poputadiad are older than

the Type | PNe. The Type Il PNe are C-rich because they have tyjwaugh the

third dredge-up and carbon star phase on the AGB but theyra\vexperienced

hot bottom burning. This implies masses betwednM® and~3 Mo for the

progenitors.

e Type lll: The PNe have a high velocity, and typically concebjects with Av|>

60 km s but are not part of the Halo population.

e Type IV: The PNe belong to the Halo population and have indestight He

deficiency. This deficiency as well as that of O and N is due ¢éololv mass

of the progenitors, less thanl Mo, and then the inability to processes these

elements.

A recent statistical review by Quireza et al. (2007) hasmahgsed the classification

of 476 planetary nebulae with known abundances accordirtged®eimbert Types.

Table 1.3: Chemical abundances in Planetary Nebulae and&uhneby Peimbert

(21978). The “N(X)N(H)" notation shows the abundance of the element X at afjesta

of ionization, with respect to hydrogen. The “Log N(X)” ntta corresponds to

12+1og(N(X)/N(H)).
Type | Type Il Type Il Type IV | Sun
He-N Rich | Intermediate pop| High Velocity | Halo pop.

N(HeYN(H) 0.16 0.11 0.11 0.10
log N(C) 9.5 8.5
log N(O) 8.8 8.9 8.8 7.7 8.7
log N(N) 9.0 8.3 8.2 7.4 7.9
log N(Ne) 8.2 8.3 8.2 7.0 7.9
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Their new classification is given in Table 1.4.

Table 1.4: Planetary Nebulae Types reviewed by Quireza €2@07).

Interval Type

HeH > 0.147 I

log N/O > -0.005 I
-0.513<log N/O < -0.324| lla
0.95<|7] < 1.60 kpc 1

|z| > 1.99 kpc v
66 < |Av| < 101 km s? [l
|Av| > 121 km s? v

Finally, several studies have attempted to find a correidtietween the PNe mor-
phology and their abundances (nebula and central starn(et and Torres-Peimbert
(1983), Gorny et al. (1997), Stanghellini et al. (2002),Ilgys (2003)). This is of par-
ticular interest as we could then derive information on tiNe gfogenitor and better
understand their morphologies and maybe their origin. Benrand Torres-Peimbert
(1983) found that most of the type | PNe are bipolar. Quirdza.2007) confirmed
this behaviour and noticed that elliptical PNe mainly belda the types Il and Ill;
and the round PNe mainly belong to the type IV. The latter groiPNe may show
a different type as Soker and Subag (2005) suggested that onlyllepemantage of

those have been discovered so far.

1.2 The unsolved problems in PN study

Although enormous progress has been made over the yeansria t& observations
(using high resolution spectroscopy (Lee et al. 2007bkgrdl field spectroscopy
(Tsamis et al. 2008), interferometry (Lykou et al. 2007),BC€ameras ...etc) and mod-

elling (with photoionization codes for example, Morissegle (2005)), our knowledge
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of planetary nebulae is far from complete. Only a fractiotalactic PNe are known,

for various reasons.

1.2.1 The detection problem

e Some PNe are hidden by the interstellar medium. As most oPtlle have a
low height on the galactic plane, their detection is congiéd by the interstellar
extinction. Moreover, as the scale height is linked to thephology, as we saw

earlier, then we also have a bias on this parameter.
e Old PNe have a very low surface brightness.

e Some PNe are located in less explored regions, such as tlhetaknticenter

region.
¢ Very distant PNe maybe be unresolved, and not distinguistanebulae.

e They are hidden in crowded areas, such as in the galactie plan

As an illustration, fewer than 200 PNe are known as PNe witii IBteraction,
which is the last step before the complete dilution of theutesd in the interstellar
medium. These objects have a low surface brightness andloalynteracting rim is
well seen (Wareing et al. 2007) (see later in this thesis)lip$(2001b) and Soker and
Subag (2005) both discuss the missing populations of réspBcbipolar and round
PNe.

Zijlstra and Pottasch (1991) gave an estimation of the tatatber of planetary neb-
ulae in the galactic disk of 23 000+ 6 000. Shklovsky (1956) found a number of

6x10* PNe in the entire Galaxy. In any case, this is far from what eteally see.
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1.2.2 The derivation of the physical properties

The bias mentioned above is also reflected in the derivafitimeomost elemental pa-
rameters e.g. the size, the distance distribution (whidhbei discussed in more in
detail in chapter 6) and the radial velocity. Other physpaaiameters like the luminos-
ity function and the abundances are generally based onyéarybng) and very bright
PNe. This is understandable with regard to abundances s Bide will give a higher
number of emission lines, strong enough to derive the exsanestry. Unfortunately

this does not take into account the whole PN diversity.

1.2.3 The Morphology: determination and origin

The morphology of a planetary nebula is not always easy terdete (nor its exact

size). It will depend not only on the exposure depth but alsthe wavelength used.
It will also depend on human subjectivity.

Short exposure times will only bring out the very bright stures in the PN which

can be the central star, knots or jets. The halo, for examyieh is generally fainter

would require much deeper exposures. If a PN is nitrogenfoclexample, most of

its morphology will be seen at the [NII] wavelength. But ugsother wavelengths, like
Ha or molecular lines, other contours like the halo or any rebmad structure, can be
revealed. Thus depending on the structures which are meaetabserved, the choice
of the wavelength (or filter) is important.

A “hot topic” in the PN field is the question of the origin of taspherical symmetry

observed in many objects. So far four processes are coesi@srresponsible for it:

¢ A “wind-wind” interaction between a slow asymptotic giamahch (AGB) wind
and a faster post-AGB wind ((Kwok et al. 1978b), (Reimerd.€2@00)).

e A binary interaction ((Bond and Murdin 2000), (Ciardulloagt 2005)).

e The action of magnetic fields ((Blackman et al. 2001), (Saiial. 2007)).
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e An ISM interaction which would shape the outer part of the R¥eing et al.
2007).

Each of them has its strong and weak points. We will return orerdetail to this

problem in the last part of this thesis.

An unbiased and general study of planetary nebulae relies @xtended detection
effort, going deeper in terms of sensitivity. The INT Photonodtfae Survey combines
both coverage and depth, and is the tool that we are goingetmusveil and study the
“missing PN population”. This thesis is organised in thregq The first one describes
the IPHAS survey (Chapter 2) and the classificataemtification of candidates PNe
discovered (Chapter 3). The second part is dedicated torthlysas of the results
obtained in the first part. Then follows an investigationhf distribution of the IPHAS
nebulae (Chapter 4), their infrared properties (Chaptertfgir distance estimation
(Chapter 6), their recombination and age (Chapter 7) anthyfitieeir interaction with
the interstellar medium (Chapter 8). The third part of thisdis deals with the analysis
of magnetic fields in planetary nebulae in order to answegthestion regarding the
origin of their morphology. The fields detection via dusta®ation for a set of PNe
is discussed in Chapter 9 and other types of magnetic fielettiens are discussed in

Chapter 10. The final chapter describes our conclusions argpectives.
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Part |

Discoveries of planetary nebulae in the
framework of the IPHAS survey of the

Galactic Plane
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The contribution of the IPHAS survey:
observation and classification of stellar

populations

2.1 The Hx emission line

Ha emission is well known for being a good tracer of star formatactivity through
large HII regions. It allows us to trace the large scale owtflin HIl regions, super-
novae and stellar winds, as well as the identification ofitsethke filaments, rings
and knots) in their morphology as they evolve in the intdistenedium (ISM). Hy
emission is also used to measure star formation rates imnettgalaxies (Kennicutt
1992). Moreover the Universe is more transparent to BalmesIthan Lyman lines
and even if Lyman lines are intrinsically brighter, Balmerels are often more useful
(Lyman lines are observable in the UV regime and are absdipehlist, which is less
the case for the Balmer lines).

The Hx emission outlines ionised nebulae and is commonly assatwaith stars and
stellar systems in short lived phases of evolution that rermeatively poorly under-

stood. This is particularly the case for the PNe, a phasewlaits around 10years.
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CLASSIFICATION OF STELLAR POPULATIONS

We can add to this group pre and post main sequence starsivenats's and inter-
acting binary stars. These stars and nebulae are quite nusgrthe Galaxy and are
generally linked to objects located at both ends of theastellolution (see an example

of nebula in Fig 2.1):
e Young stars: T Tauri, Herbig-Haro objects, HIl regions.

e Evolved stars: Post-AGB, Planetary Nebulae (PNe), WolfeRal BV, Super-

giants, massive Be, Supernovae, symbiotic nebulae.

The importance of the hydrogen line as a tracer has encodinpgeple to con-
duct Hr imaging “surveys” since the 50's. We can cite Sharpless §1@Bd Sharp-
less (1959b), Gum (1955), Johnson (1955) and Johnson (1R6@yers et al. (1960),
Georgelin and Georgelin (1970) and Sivan (1974). But thaiveys were generally
targeted and the fainter objects were not detected. Theghbtographic survey from
Georgelin and Georgelin (1970) was undertaken with 1 aragesolution for 44 areas
located betweefb|=+10 deg and 250 deg | < 360 deg. Although the authors do not
give information on the brightness of the objects and theldepthe survey, they state
that the faintest objects were not detected. In order to haveler view of the Galaxy

in Ha, a more complete type of survey is therefore necessary.

2.2 Introduction to the survey

IPHAS is the acronym for Isaac Newton Telescope (INT) Phetoim He Survey.

This new fully photometric CCD survey of the Northern Galaétlane started in 2003
under the supervision of Dr. Janet Drew (P.I., UCL) (Drew le{2005), Gonzalez-

Solares et al. (2007)). IPHAS targets the Galactic plandéé@Northern hemisphere,
with a latitude range of 5< b < 5 ° and covers 1800 dég The restriction on the
latitude range comes from the total amount of telescope tigeessary to complete
the survey (22 weeks) and also from the amount of new detectimat would be dis-

covered: most of the stellar population is located in theseimdoundaries.
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Figure 2.1: The Barnard’s loop is an example of emission lzelwhich is part of the
Orion nebula, a large HIl region. It is therefore well mappeda. The Barnard’s

loop is also thought to originate from a supernova explasion

All the IPHAS data have been obtained from the Isaac Newtdestepe (INT) (La
Palma, Canary Islands, SPAIN) (Fig 2.3) equipped with a 2gximary mirror, using
the Wide Field Camera (WFC) andfering a field of view of 34.2 arcmin thanks to
its L-shaped 4 EEV 2kx4k CCDBsThis long-term international survey, which aims to
identify new Hr emission sources, is made by comparing broad band R and esnag
with matched H-filter data to look for Hr excess (Fig 2.2). As just mentioned, in
addition to the narrow-banddHfilter (95A FWHM), IPHAS is also conducted with a
continuum filter in the same part of the spectrum as &hd a second continuum filter
to enable the determination of the continuum colours ofatsburces. The continuum
filters are respectively the Sloan r’ and i, chosen becatisleair box-like pass-bands
(see Fig. 2.4). The broad r’ filter, with a central wavelengtlf6240A, encompasses
Ha, while the second continuum filter is chosen to be i’ becausan be used in bright

time too. After appropriate background subtraction to obthe Hx magnitudes, can-

IFor more details on the telescope and instrument se¢/ltipy.ing.iac.egAstronomytelescopeint/
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Figure 2.2: Top-Left: IPHAS K image of the Rosette Nebula. Top-right: A&.5°
mosaic of the supernova remnant S147 ia. HBottom-Left: Two-colour image of
a new~6 arcminutes long Planetary Nebula, red for H-alpha andrgfee [Olll].
Bottom-Right: Sh 2-188, a wind blown planetary nebula inSt@seia. Images based
on data obtained as part of the INT Photometric H-Alpha Sumwiethe Northern
Galactic Plane, obtained gfod prepared by Nick Wright (University College London),
Jonathan Irwin (Cambridge University), Albert Zijlstrariiversity of Manchester) and

Laurence Sabin (University of Manchester), on behalf ofl@i#AS Collaboration.
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il

Figure 2.3: The Isaac Newton Telescope in La Palma.

didate point-sources demitters are identified by means of their (rajiexcess in
plots of (r-Ha) vs. (r'-i"). Spatially resolved K emission will be directly discernible
in the Hx filter images.

IPHAS has been carried out as a complement and, in certgiects as an enhance-
ment, to the recent photographiatsurvey of the Southern Galactic Plane using the
AAO UK Schmidt Telescope (SHS, see below). The photographigey had some
calibration problems, such as the non-linearity in regiohbright background neb-
ulosity, which complicated a reliable extraction and idiedtion of likely Ha point
sources. The use of the INWFC for our survey sidestepped thidittulty. Another
desirable feature of the WFC is its small pixel scale (0.33ec pix?). The other ad-
vantage of IPHAS is the depth reached. All point sources withmagnitude between
13 and 19.5-20 could be detected, as well as extended emis#io an Hr surface

brightness down to:210°" erg cnt? st arcsec?.

For the observations, the Galactic Plane was divided in857i¢lds each showing

the roughly 0.3 degarea allowed by the WFC. The observation process was fully au

LAURENCE SABIN 53



Q. 11 1o "WAJINTINTDW T IINJIEN W T 1 T\ JUITANY L s VI ANV NN AN LS

CLASSIFICATION OF STELLAR POPULATIONS

transmitted percentage
@
)
T

1 1 l | 1 | 1

0
5000 5500 6000 6500 7000 7500 8OO0  BS0O0 9000
wavelength (4)

Figure 2.4: Transmission profiles of thexHdashed line), Sloan r" and i’ (solid lines)
used in IPHAS. The dotted line shows the mean WFC CCD respainte cooled

working temperature.

tomatic and each field was observed with a 120s exposurevi(cehtral wavelength
at 6568 A), 30s in r' (central wavelength at 6240 A) and 10s {néntral wavelength
at 7743 A). This operation was repeated with a telescdfsbof 5 arcmin West and
5 arcmin South. This second pointing ensured the CCD bartleesCCD gaps and
any other perturbing elements did ndfext the data quality. Moreover a field was
reobserved if it did not satisfy the quality requirementatthad been fixed, for the
seeing, the average stellar ellipticity, the sky brightnasd sky noise. Concerning the
seeing, the mean value during the observations was appatedynl.26 arcsec but to
deal with bad weather conditions the limit was set at 2 araséloe three filters. The
ellipticity should be lower than 0.2. The r’ band sky coundslhd be lower than 2000
ADU'’s, hence the observations had to be done without theepiEsof clouds and at a
distance from the moon greater than 30 degrees (IPHAS hasde=tgned as a flex-
ible programme and the runs operate during bright and grglyts) and if possible at

an airmass lower than 1.4. The modffidult area, to ensure good quality data, is the
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right ascension range5h to~7h corresponding to the galactic anticentre. It can only
be observed during the winter time (November to April), ahid feriod is the most
delicate for obtaining good observations: we lost sevegiits due to heavy clouds,
high humidity, rain, or snow.

An important “manual” step is the observation of standaaisst These are normally
only of use if the night is photometric, in order to obtain pdraetric calibrations. But
as the pipeline needs these observations to figure out ifibergations were done in
cloudy or dusty conditions, they are taken every night. Ttaedards are observed
every~ 2 hours during the night and are chosen from 3 cataloguesddlaLandolt
1992), Sloan (Smith et al. 2002) and Stet$otPHAS also has its proper list of most
used standards with indication about the necessary exptisuss .

Once the raw data are obtained, they are processed in ar@@gecially designed by
Irwin and Lewis (2001a) for the (mosaics) WFC on the INT. Thgepne includes non-
linearity correction at the detector level; bias and ovansworrection prior to trimming
to the active detector areas; flat-fielding and fringing read@ the i’ band. After the
guality control, all the point sources in the fields are meadwand catalogued by the

pipeline.

The new detections will be named according the Internatidsaonomical Union
convention: IPHAS JHHMMSS.s®DMMSS.s if they are point sources and IPHASX
JHHMMSS.s-DDMMSS if they are extended sources.

The large coverage (from the near Galactic Centre to thedBalAnticentre) and
depth of the INT Photometric &1 Survey are the keys for major discoveries in the

Milky Way (Fig 2.5).

The imaging survey alone won't give us the necessary inftondor a complete

study of the stellar objects we are discovering. To deteertine chemistry, and veloc-

2At the Canadian Astronomy Data Centre, hpwwa3.cadc-ccda.hia-iha.nrc-
cnrc.gc.ccommunitySTETSONindex.html
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Figure 2.5: The upper map shows the total area covered by 8Hkack path above
the bold horizontal line and the INT southern limit. The lovmeap presents another
view of the survey area with in red all the fields observed bgdheber 06th 2007.

Only the Anticenter region is not fully complete. Credit RobGreimel.
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ity among other things, we definitely need a spectroscopatyars. The high amount
of data to be checked requires a large amount of follow-ugstalpe time. We were
awarded observing time via the International TelescopeeT(ifiP) programme to un-
dertake a spectroscopic follow-up. Hence, the spectrasdata come from the ING
telescopes, using the Intermediate Dispersion Specpbodi®S) on the INT and ISIS
on the 4.2 m William Herschel Telescope (WHT), ALFOSC on tHggh Nordic Op-

tical Telescope (NOT) and the 3.58m Galileo Telescope (T.N@Jependently, the
6.5m MMT is also giving data with Hectospec as well as the 2Mlemican San Pedro
Martir (SPM) telescope. We have already obtained some igpalbwing us to start

some deeper analysis. This phase of the survey is still gming

Finally, IPHAS is part of the European Galactic Plane SusvdyGAPS) which
aims to map the full Milky Way at dierent wavelengths. Hence in the Southern hemi-
sphere, VPHAS (VST/OMEGACAM Photometric H-alpha Survey) on the new VLT
Survey Telescope is due to start by 2009 and will operate thithbroadband filters
u’'g’r'i’ and the narrowband K. UVEX is the ongoing “bluer” counterpart of IPHAS.

It covers the same area and makes use of the u’g’r’ and Hel&B&%s. All this new

data will be used to study thefterent galactic stellar populations.

IPHAS is not the first it survey in the Galactic Plane. Indeed, among its predeces-
sors we can cite the SuperCOSMOS H-alpha Survey (SHS) (Petrké 2005) linked
to the AAQUKST H-alpha survey (Parker et al. 1999). The Wisconsin igkal Map-
per, the Southern H-Alpha Sky Survey Atlas (SHASSA) and tingiia Tech Spectral
Line Survey (VTSS) complete the list. Here is a short reviétheir principal charac-

teristics (Summary in Table 2.1).

e The SuperCOSMOS H-alpha Survey (SEi®) the result of the digitisation of
the data issued from the scans of survey films obtained duhegAAOQ/UKST H-

3httpy//www-wfau.roe.ac.ulssghalpha
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alpha survey using the UK Schmidt Telescope. usithern Photographicsurvey
offers a coverage of -75< Dec< +2 ° and -10 < b < 10° and a pixel resolution
of 0.67 arcsec. The observations were carried out usingrawdyand H-alpha filter
with a bandpass centred on 6590A and a FWHM of 70A combined aviiroad-band
Short-Red (SR) filter. Using this photographic imaging, 8ihexposures were done

in Hae and 15 minutes in SR.

e The Wisconsin H-Alpha Mapper (WHAM is a Kinematic Survey (Haffner
et al. 2003) at high-resolution €25 000) using a Fabry-Perot spectrograph(dual-
etalon 15-cm). The survey was carried out at Kitt Peak withGarfetre telescope
covering the Northern Galactic Plane above the declinate-30° and made use of
a narrowband H filter with a FWHM of 20 A. WHAM can reach 8-12 kfs velocity
resolution from a one-degree, spatially integrated beatheo$ky (i.e. 1 degree spatial

resolution) and a level of detection of 0.05 Rayleiglis a 30 second exposure.

¢ The Southern H-Alpha Sky Survey Atlas (SHASSA)bservations were taken at
Cerro Tololo Inter-American Observatory (CTIO) in Chilettvia robotic CCD camera
providing a spatial resolution of 48 arcsec and 13dwfdield of view (Gaustad et al.
2001). The area coveredtise Southern Hemispherewith a declination below15
degrees. The 1014 x 998 images, with pixels of 0.8 arcmirintegdth, are combined
in the 542 fields, observed with a narrowband interferenedilter of 32A width and
centred at 6563A as well as a continuum filter of 61A centre@4atOA and 6770A.

The sensitivity in an H-alpha image is about 0.5 Rayleighs.

e The Virginia Tech Spectral Line Survey (VTSYDennison et al. 1998) idsike

SHASSA, an arcminute resolution imaging survey (CCD)It uses the Virginia Tech

4httpy/www.astro.wisc.ediwhamsurvey

51Rayleigh= 10f/4r photons crm? st sr1 = 2.41 x 107 ergcn? s srt at Ha
Shttpy/amundsen.swarthmore.g@HASSA

"httpy//www.phys.vt.edghalphd
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Table 2.1: Main characteristics of the predecessors ofRREAIS survey.

Name Location Coverage Technique Spatial Resolutior
(pixel size)
SHS South -75° < Dec< +2° | Photographic plat¢ ~ 0.67 arcsec
- 100 <b<10° digitisation
WHAM | North Dec> -30° Kinematic survey 1° (beam)
SHASSA | South Dec< 15 CCD Camera 0.8 arcmin
VTSS North Dec> -15° CCD Camera 1.6 arcmin

Spectral Line Imaging Camera (SLIC) to map tNerthern Hemisphere with de-
clinations greater than -15 degrees. The narrowbaadikter used has a width of
17.5A and is centred at 6563 A (the [SI1]6717 and 6731 linesaéso observed in this
survey). The wide-field images constituting the survey areutar with 10-degrees
diameter. The pixels are 1.6 arcminutes in width and theisebsallows detection

of sub-Rayleigh intensity structures.

From this range of surveys we can see that none of them comlairge coverage
and high spatial resolution (and a northern locatiddjt IPHAS does which makes

this survey the most complete of its type and generation.

2.3 Mosaicing of the Galactic Plane

In this thesis we are aiming to detect new extendedarhitters and particularly new
extended PNe (i.e. not point sources). The Northern Gal&téine has therefore been
divided into 2 de§Ha-r (continuum removal) regions in order to create mosaics,enad

from the diferent IPHAS observations. The extended nebulae are seafcheia a
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visual inspection of those maps. The process to create tisaiossoconsists first in the
selection of thaHa andr images (given the mosaics centre coordinates), includheg t
corresponding fiset observations, to fill the inter-chip gaps on the Wided&hmera.
The next step is to set the quality parameters of the Pos@iirefatabase, generated
automatically from the FITS headers of the pipeline objetalmgues (Irwin and
Lewis (2001b), Drew et al. (2005) and Irwin et al., in prepiema). We selected the
used frames according to a number of constraints listed bieT2.2. We used the
images with the best calculated limiting magnitude. In nadghe fields completed
so far, less than 5% of the images are rejected. For our per@smost interesting
function is the one which sets the mosaic binning factor xels). The advantage in
using the binning technique in the mosaics is the multige and brightness detection

levels which are possible. Hence we applied twiedent binning systems:

e 15 pixels x 15 pixels which correspond to 5 arcsec binningpwhe WFC (i.e 1

pixel represents 5 arcsec on the sky).

e 5 pixels x 5 pixels which correspond to 1.7 arcsec binnindhhie WFC (i.e 1

pixel represents 1.7 arcsec on the sky).

The first binning level helps to resolve low surface briglssebjects (down to the
IPHAS limit) and to accentuate the contgisizape of the nebulae (this is particularly
useful to see, for example, the full extent of an outflow orif.t&he second set, is
used to detect intermediate size nebulae i.e. smaller+1&A20 arcsec in diameter.
These objects are too small to be distinguishable at thebiinging level (they are not
resolved, and thus not distinguishable from emission ltaes$, and too faint or large
to be detected via photometry (which is one of the methods @eéed). Hence, the
first tests carried out have established that for objecth wisize between 15 arcsec
and 2-3 arcmin, a binning value of 3 to 5 pixels was enough teai¢he details. We

chose the 5 pixels binning due to the size of the mosaics jwiigches a mean of 135

8INT WFS (Wide Field Survey) archive. htfigapm2.ast.cam.ac.tdgi-birywfs/dgc.cgi
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Table 2.2: Criteria for the mosaics construction. The skalés in count relative to
the Hx filter and corresponds to the estimate of the "median” skghiness for the
frame after removing background gradients. We set a magmiimit greater than 18,
knowing that in the initial quality control the values foretlmagnitude limit are 21.8
mag for r’, 20.2 mag for i’ and 20.6 in &l The magnitude limit corresponds to the

5-sigma flux limit for the standard aperture photometry neas

Parameters Boundary
Search box 120 arcmin
Filters Ha,r
Sky level < 600 ADU
Median image ellipticity <0.3
Seeing < 2 arcsec
Maglim > 18

Astrometric fit rms < 0.75 arcsec

Binning 15 and 5 pixelg

Megabytes, which increases the download time. For nebuidearsize greater than
3-4 arcmin, the 15 pixel binning is used to detect faint gtrieess, and provides full

morphological information.

At some point in the mosaics’ treatment, the allowed skyllgakie was raised to
a limit of 2400 counts per pixel. This represents a degradaif the mosaics’ quality
as we allow more “bad quality frames” to be used but it has theaatage of taking
into account a higher number of frames. We operated thisgdhaile waiting for the
re-observation of some areas, and to be able to continuesthdae search. The level

of 600 counts per pixel was reintroduced once the obsensiiere redone.
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The corresponding pairs ¢fa andr images (1 per CCD, amounting to 4 for each
pointing, thus 8 counting thefiset images) which composed the mosaics are sub-
tracted via a “simple” pixel-by-pixel subtraction methagsing the image world co-
ordinate system to re-bin (using bilinear interpolatidmg two images onto the same
pixel coordinate system. According to Jonathan Irwin (@®&/communication), who
processed the mosaics, “the object catalogues are usefirte tiee frame-to-frame
transformation by fitting for a standard 6-¢beient linear plate solution, since ac-
curate astrometric registration is critical forfidirence imaging to avoid introducing
artefacts into the images”. Confidence maps, showing tiserédmble image regions
and bad pixels were also created. The subtracted imagedhivenedian sky back-
ground measured and the latter is subtracted from the patakg. This allowed us to
get rid of the possible sky backgroundférence between thedHandr images in the
mosaic. In case of ffierences between the images in relation to the seeing forgram
this subtraction method is more likely to produces artefathe process was therefore
implemented with an adaptive kernel method based on thatewfiAand Lupton (1998)
and Alard (2000). Unfortunately, the amount and size of tatae processed and the
number of mosaics to be made (500) prevented the use of this technique due to
computational reasons. This functionality is neverthebecessible on the Data Query
Catalogue page for smaller data sets. The last step was mhigircation of subtracted
images in all the chips in every concerned field, to obtainraglete mosaic. Those
were subsequently binned using the factors defined above.intarpolation of the
input images onto the output map was achieved by using thielwoordinate system
information stored in the FITS headers, and identifying pixels using the confidence

maps.

The mosaics are named according their position as: HHNMA_ha-r mosaics. fit.

An example of a 5 pixels binning mosaic is shown in figure 2.6.
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To be fully complete regarding the detection of le@mitters within IPHAS, we
must mention that two complementary search methods wengtedloThe first one is
dedicated to compact nebulae i.e. point sources (with augpz® 3-4 arcsec) where
the prime targets are planetary nebulae (Viironen et al62QUiironen et al. 2008,
in preparation). The compact nebulae are searched for atiatly from the IPHAS
data. The first criterion for PN candidate selection is tihatytshould show strong
excess in the IPHAS two-colour diagram (Fig 2.7). This cut Ha > 0.25(r - 1) +
0.55) is selected visually to exclude the main sequence,sad to include the area
where all the known planetaries are located in this diagrahe faint objects where
the quality of IPHAS photometry decreases have to be rem(itaiecbbjects should be
brighter than 19.5 magnitudes indd The final candidate selection is made visually.
The semi-automated compact PN search overlaps with theicnaisaal search for
extended nebulae. We also undertook an automatic deteafittve PNe in order to
be more complete, for the search of (faint) small size nebuta from 3-4 arcsec to
10-15 arcsec size, at 5 pixels binning. The method, also st southern MASH
survey and applied with their collaboration, relies upomategent and dference imag-
ing technique combining multi-wavelength datay,H and B (from imaging archives
like DSSY. Hence using colour-composite mosaics i-Fand Ha/r' some interme-
diate size nebulae can be uncovered as we can discrimirateftom “simple stars”
and artefacts. The blue band can help to locate the cenairal But this method can
only work at its best for good to very good quality mosaicsinagges must be clean.
Moreover, the presence of artefacts can be a huge problehegsvould pollute the
field of search. Several valuable objects can be missed. Widitest on the 18h to
20h region, and half of the mosaics could not be automayiaalestigated due to the
mosaic quality ( presence of clouds, weather conditionsealimnit of the selection cri-

teria). This made the software unable to converge towarde@ep result. Concerning

9A detailed explanation of the method applied to IPHAS can duenél in the EGAPS website
(httpy/www.ast.cam.ac.ykeetinggegapsOfprogramme.html) in a talk by Brent Miszalski (MASH-

IPHAS Team): “New techniques and tools for improving IPHASattion of discrete nebulae”.
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the investigated mosaics the comparison with the visuatbes the same binning led
to very few discrepancies and sometimes interesting abjeat detected by the soft-
ware were identified visually. Although this tool iffieient and can be a plus for the
detection of new nebulae and particularly new PNe, the Visgaection still remains

predominant.

2.4 The populations in the IPHAS survey

The part of the northern galactic plane which is observablPHAS is the region
between~RA=18h to~RA=7h15h. Although we performed an initial study of all the
available mosaics (with the available data at the time), e@dkd to investigate and
release data by sections of 2 hours in RA. The first field thatdsen fully observed
and investigated at both binnings is the 18h to 20h regiont (@as among the first
areas to be fully processed). The census of the structutbs jplane relies first on the
validation of the objects as true structures, then if rea,must define their type or
nature and their morphology.

The visual inspection of the mosaics to detect PNe or any adhésed nebulae faces
two major problems: the bad quality of some mosaics and thsgpice of artefacts.
The bad frames are generally due to the presence of cloudsageis taken in not so
good weather conditions. The case of the artefacts is mdrtdesa the sense that they
can very easily be taken for real objects. We underline thed<f the artefacts as
they represent a “population” that outnumber the poputatib“true nebulae” when
the images are analysed.

All these “non-real” structures (Fig 2.8 and 2.9) genera#lgult from instrumental
effects (e.g. CCD edge reflection) or are generated during the stibtraction (men-
tioned earlier). Satellite traces are present but cannatibgken for nebulae. In order
to differentiate a true nebula from an artefact, one simple way aserve whether

the concerned structure is repeated in several frames. Ataned previously, in the
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Figure 2.7: Distribution of compact planetary nebulae i@ BRHAS color-color dia-
gram. The known PNe are the green circles, the confirmed IPANS in filled red
circles, the candidate PNe are the red open circles and th&PHAS stars are in
red circle with a blue filling. The violet solid lines show thecation of MS stars at

different reddening (Viironen et al. 2006) and (Drew et al. 2005)
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Figure 2.8: Example of the most common artefacts found imtbsaics.

IPHAS survey each field is observed at least twice, and eveae aepending on the
observing conditions during the previous runs. But mostartgntly, successive ob-
servations of the same field are alwayFset, to avoid fects of bad pixejarea or to
have any defect duplicated. All the data acquired can be isettie IPHAS finding
charts'® and we can then probe the “reality” of an object: a real nebulist be seen

in all the frames, an artefact is seen only once.

2.4.1 The classification and number of extended nebulae

The general catalogue for extended nebulae currently cenf22 known and new ob-
jects localised fromi8h to 20h in RA (see Table 2.4). All were found by visual search
at 15 and 5 pixels binning. Each mosaic was viewed at least&stiat both binnings.
Once a new observing session was over ( i.e. twice a year: surand winter) the
data was processed by the pipeline and the mosaics creaaet.neéw session, since
2003, has brought more data which are new or of better qualitghe mosaics have
been (re)created and examined several times.

In this section the terms “new” and “known” are quite relevas the survey has not
only found, unknown objects, but has also yielded betterging of some already
known sources and revealed new structures, as shown byMyageal. (2006) for Sh

2-188. Finally the survey aims to confirm the nature of thealed “Nebula of un-

Onttpy/apm3.ast.cam.ac.fighasfinder.html
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Figure 2.9: Other examples of common artefacts. Top Lefipestike features, Top
Right: CCD edge reflection, Bottom Left: spot due to cond&arar reflection &ect

and Bottom Right: larger condensation structure.

known nature” often listed in Simbad for which nothing istethabout the true nature
of the nebula (HII, PN..etc).

Therefore we defined agw any object which has not been classified in any published
catalogue (this is checked in SimB&dnd VizieR?) or articles and which has an un-
known nature. It can have infrared (IR) and radio countdgpfor example, but the
target is only listed as IR and as a radio source with no offfermation on the nature

of the nebula. Aknown object is already listed in a catalogue i.e. it occurs in the
literature, and it remains known even if its nature has nenbanveiled yet. If its final

classification is performed in the framework of IPHAS thewiit be a known nebulae

Uhttpy/simbad.u-strasbg/simbad
Lhttpy vizier.u-strasbg.fviz-bin/VizieR
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confirmed by IPHAS. In this context a candidate PN can alrdzinown (e.g. PN
PM 1-302).

We used a wide variety of types in order to cover most of thiastpopulations en-
countered during the search in the Hontinuum subtracted mosaics. Hence we ended

up with 8 diferent types (Table 2.4).

e The difuse nebulae (DNeb) gather all the mostly large émissions with no
precise forms or boundaries. They can be linked téude HIl regions, relics
of supernovae remnant (SNR) or fading planetary nebulaez@n &tromgren
spheres around young stars. This category is quifiedit to characterise as any
shapeless and faint structure is included and they can bedkheld in other large
scale objects like SNRs or HIl regions. We counted 288 DNeh am angular
size between 20 arcsec up to 3 degrees, only 2 of which arerkndwe size
was defined by fitting a circular aperture around the targetissaccuracy is not

absolute.

e The class of emission line stars (eStar) is quite generiaefieds to all Hr emit-
ting point sources. Witham et al. (2008) and Drew et al. (30ve defined an
upper limit for r-He of 3 to 3.1 for the classification of an eStar. They can be B[e]
stars or T Tauri stars. We included those objects as somezdatgest can be
detected with the small, binning system. The eStar and thdidate emission
line stars (eStar?) are visually identified as small compact roundish struc-
tures showing a more or less extended surrounding halo. défisition allows
us to make a distinction with the Herbig-Haro objects whielidha much more
pronounced bow shock shape. The other kinds of stars caendiffbrentiated
visually. The mean angular size of the 11 eStar candidagdsoisgt 5.8 arcsec and
7 arcsec for the 11 known ones. We found two known objects stgpavlarger
angular size (HD 344313 with 20 arcsec and thigude NGC 6823 HOAG 13

with 80 arcsec).

e The galaxy type (Gal) has been set as we could observe knonewogalaxies
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(with Ha excess) through the Milky Way in the clear windows throughhikeavy

extinction zone near the galactic centre. Their obsermaseasier through the
galactic arms in the galactic anticentre (where the extnas much reduced).
We did not identify any new object for this kind nor listed kmo ones as they

won't normally appear in the subtracted images.

Herbig-Haro (HH) objects are nebulae associated with yaiags or massive
protostars. They are formed when the gas ejected by young ctdiides with

clouds of gas and dust in the nearby interstellar mediumjgit speeds (sev-
eral hundred kilometres per second). These fast evolvifgptbcan be visually
identified via their bow-shock structures and sometimesiatgymmetric ap-

pearance. We counted 5 known HHs in our sample.

The HII regions (e.g. Orion Nebula and Eta Carinae) are latgads of gas
and plasma surrounding massivg¢BOstars, (up to several degrees in size) in
which recent star formation took place. The newly born stdrich are hot emit
ultraviolet light, ionising the nebula surrounding themlth®dugh HIl regions
often appear as shapeless, some “small size” ones can skewedi kinds of
morphologies. They can be classified from the simple spakdyisymmetrie
to sophisticated bipolar shape. (e.g HII-S106 Perkins.g€t18B81)). The ultra-
compact HIl regions (diameter10'’ cm ) also show these particular shapes. Itis
quite dfficult to determine the boundaries of Hll regions are they &enalose
to SNRs or close to each other. So their total number may berestimated.

We identified 56 known HII regions.

The SNR class (Supernova Remnant) play an important rokeietirichment of
the interstellar medium with heavy elements and in trigggstellar formation.
The 17 objects that we detected are very large, reflectindpitite speed of the
explosion (one tenth the speed of light) and their relayivatl age. We could
measure angular sizes from a “small” 80 arcsec up3alegrees. The definition

of the SNR’s contours is problematic when they are embeduedch other, but
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their differentiation from HIl regions is “easier” as the explosiongegise to a
general directional map and the filamentary structures¥othese orientations.

SNR are well seen at higher binning.

e Symbiotic stars (Symb) consist of two stars (so a binaryesy3t a late type gi-
ant and a hot compact companion, surrounded by a gaseougsn&his nebula
does not belong to the family of Planetary nebulae even H bgies have some
characteristics in common. Analysing the spectra of a sgtitive see the fea-
tures of:

-A cool star: AGB or RGB ( SiO, TiO bands)

-High energy-level elements (Hot): ionised by the white dwehich accretes
the AGB or RGB wind and ionises it ( [Olll], Halpha, Hbetatc.e These fea-
tures are also found in PNe).

The interacting system causes a particular shaping (ripola general). This
mechanism could also occur in PNe: Bipolar PNe may alsotrésunh a binary
interaction (but this is still an open question ). Symbistiars cannot be certified
only visually. A spectroscopic identification is necessarignown symbiotic has

been found.

¢ Finally, the planetary nebulae, confirmed (PN) and candsl&@®N?), form the
most interesting group for our purpose. The classificatiorcandidate PN is
based on two factors. The first one, which is the most obvisutie morphol-
ogy. As said previously, PNe are known for their original syetrical shapes:
bipolar, elliptical, round, point-symmetric. The 120s egpre in Hr can only
give us a first estimation of the PN’s shape but this time isughdor our pur-
pose. Therefore, under the “PN?” type we puiL the well detached nebu-
lae showing a rather well defined shape with symmetry anr particular
structures (bow shocks, filaments, knots) We defined a comprehensive mor-
phological main classification for these objects, using-glasses in the cases

where more structures could be seen (see Table 2.3).
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Table 2.3: Morphological classification of nebulae.

Main class Sub-Class

Bipolar a | ansae

Elliptical | d | disk

| | Irregular | Ms | Multiple shells

M | Multipolar | r ring(s)

R | Round t torus

Table 2.4: Listing of the 8 types of nebulae localised with ¥isual search on mosaics

with 18h<Ra< 20h .

Abbreviation Type Number| Candidate
DNeb Diffuse nebula i.e. with no defined form 288 -
eStar Emission line star 11 11

Gal Galaxy 0 -
HH Herbig-Haro Object 5 -
HII HIl region 56 -
PN Planetary Nebula 100 233
SNR Supernova Remnant 17 -
Symb Symbiotic Star 1 -

But this visual criterion is not always reliable as otherulek can also show a
symmetrical structure. Hence potential symbiotics, PRi&big-Haros or HIl

regions can belong to the group.
We identified 100 known PNe and 233 candidates (15 of whiclper@iously

listed in the Simbad database).
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2.4.2 The IPHAS nebulae database

In order to compile, not only the PNe but all the nebulae disced with IPHAS, a
database was built and is stored at the Institute of Astrsigkyin Cambridge (I0A).
The database can be found in the EGAPSGroup B section. Public access is due
soon (Fig. 2.10). It shows three main entries relative todbmpact nebulae, the
extended nebulae, and the last group of data deals with #atregcopy and other el-
ements of interest (Fig. 2.11). In the extended cataloguelbobjects are listed and
we give as basic information their name, type, morphologg and some comments.
We used a colour code toftkrentiate the known nebulae (white) from the new ones
(green) (Fig. 2.12). So far, 3 main links have been addedgoireg the corresponding
finding chart (F), one linked to Simbad (S) and the last givimgre detailed informa-
tion on the object (O) (image, available spectrum). Thesla@atry has been designed

to add any new information about a nebula (Fig. 2.13).

2.5 Summary

In conclusion, if we wanted an unbiased survey of planetafyurae in the North-
ern Galactic Plane we needed a survey which went deepemistef sensitivity and
further in terms of distance to the galactic bulge. The IND#®metric Hr Survey
combined both criteria and was the tool that we used to rebeatmissing popula-
tions”. The use of mosaics atftBrent binning levels in the IPHAS survey was revealed
to be very successful. Hence, we were able to visually détect bright to very faint
nebulae, from a wide variety of types and morphology. The fesults obtained on
the extended planetary nebulae were quite encouraging @syrtwo hours in right
ascension we identified 233 new potential PNe. We have toathid results the 59

compact candidate PNe found via the photometric search.

Bhttpy/www.egaps.org
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European GAlactic Plane Surveys

IPHAS UVEX VPHAS+VVY

iphas.org (Herts)
Project Pages Initial Data Release (CASL) vphas.org (Herts)
Internal News/Follow Up (Warwick)
® DOC interface

® Finding Charts ® Catalosue Data (Mike Irwin)
® Catalogue Data (Mike Irwin)

CASU / Data Access

® [PHAS Observing and past nights

® Survey Status
Observing ® Standard Stars ® Survey Status

® Follow up ohservations

Group A

Group ©

Group D

Group E

Group F

® General Project Related Information
® Publicity

Ithas ® Datahase QJueries

® [PHAS field finder

® Object Finder

Survey Science

Figure 2.10: EGAPS main page.

Compact Objects Extended Objects Other links

@ Method of extraction ® NMethod of extraction ® Spectroscopy
® Catalogue ® Cutalogue ® Nomenclature
e CCD & Search

® Publications

Figure 2.11: Entries of the Nebulae database.

The next logical step was the confirmation of the nebulaeidabes as potential true

PNe.
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- N Objectmame [ [ Diameer oo ok
o ype Morphology omments inks
[NameNew] | faresec] |

z

z

836:52.778 [ 011153681 w;‘ 5 kso

18:40:30275 | 00:38:20.86 N2 o Eso
18:41:04.600 [01:40:50.08 PN? 1 3 lEso
T
18:42:11.390 |+00:50:31.70 PN? ‘R s IRAS 18396+0047 — Infra-Red source near [ESO
PNy I 376 Eso
PN? 1 & Eso
eN? (R s Eso
18:45:40.555 [ 03:12:38.17 N2 1 4 Eso
18:47:16.354 [+03:09:29.13 PN? ‘v 0 [FSO

Figure 2.12: Part of database body for the extended catalogu

r J183416.2+021215

Object Position|

Links| Finding Chart

Y

Object Comments|
Change Information

Figure 2.13: An example of entry for IPHASX J183416021215.
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3

Classification of the candidate

planetary nebulae

From this point we will concentrate on planetary nebulaedadates and discard for
the time being the other types of nebulae. The confirmatiothe@mature of the H
emitters as PNe is the basis of our search. This operatiotveachieved using dif-
ferent, complementary methods. The spectroscopic ideatiibin by detection of the
characteristic emission lines of PNe is the most obvious tdde also use colour-
colour diagrams mainly with infra-red data and radio fluxadtd constrain the PNe
range. Finally, by observing the objects’ morphology we salhtry to figure out if
they are likely to be PNe, in case the methods listed aboveatbe applied.

We first introduced all the 233 nebulae classified as canelidike in the 18-20 hours
area. The coordinates of each target were derived from tHA8>finder chart with
the images not binned, whenever possible. They are givethé&nebula centre even
in the case of arc-like nebulae. In this context, we definethesentre the centroid
of the geometric circular aperture which encloses the reeblihe angular diameters
were derived visually by fitting a circular aperture arouhd nebulae in the case of
large nebulae (where the object is much larger than the ggeind we measured the

seeing-deconvolved gaussian size for the very small (gpaast sources) nebulae. For
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round objects we listed the circular diameter while forgltal, bipolar and irregu-
lar nebulae the long axis was measured. The morphology islefatitive for some
nebulae as we only have the short exposure images from theysufhe results are

presented in Table A.1, in Appendix A, and in Appendix B.

3.1 Spectroscopic identification

3.1.1 Characteristic spectral lines

Spectroscopy is the best tool to identify a stellar objecs@ectral classification allows
us to derive its chemical signature, temperature and denisitthe case of planetary
nebulae, their optical spectrum is dominated by emissiwgsli This is due to the fact
that the temperature of the exposed central star in a plgnegdula can be quite high
(30,000 K to 100,000 K). These high temperatures and UV-datad radiation field,
cause a high degree of ionisation in the nebula. Planetdyylae also provide the
conditions for the occurrence of emission lines arisingfitoansitions within the same
electronic configuration (due to the low level of collisianghe nebulae environment).
These transitions violate the LS coupling selection ruldse emitted lines issued from
the decay of the upper states are called forbidden lines endistinguished from the
“normal ” transition by brackets (e.g. [Olll]). These stplines dominate the emission
in planetary nebulae and their presefatsence marks thefterence with other H
emitters. Nevertheless, HIl regions and symbiotics alsmwsforbidden lines if the
density is not too high. The forbidden lines are sensitivédosities ranging from £0
cm3 to 1 cm™3. Table 3.1 lists the names and wavelengths of some speicieal |

characteristic of PNe.
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Table 3.1: Sample of optical emission lines found in plane-

tary nebulae.

Observed Wavelength ) | Element | Laboratory Wavelength (A) (Vacuum)
3969 [Ne lll] 3967.5
4026 He | 4026.24026.4
4072 [SII] 4068.6
4102 H | delta 4101.7
4340 H I gamma 4340.5
4363 [O1ll] 4363.2
4388 He | 4387.9
4472 He | 4471.94471.7
4542 He Il 4541.6
4571 [Mgl] 4571.1
4686 He ll 4685.7
4740 [ArIV] 4740.3
4861 H I 4861.3
4922 He | 4921.9
4959 [O1l] 4958.9
5007 [O1ll] 5006.8
5199 [N1] 5198.5
5412 He ll 5411.5
5577 [O1] 5577.4
5754 [NII] 5754.8
5876 He | 5875.65876.0
6300 [O1] 6300.2
6312 [SIT 6310.2
6364 [O1] 6363.9
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Table 3.1 — continued .

Observed Wavelength &) | Element | Laboratory Wavelength (A)(Vacuum)
6435 [ArV] 6434.9
6548 [NII] 6548.1
6563 H | alpha 6562.8
6583 [NII] 6583.6
6678 He | 6678.1
6716 [SI] 6717.0
6731 [SII] 6731.3
6891 He Il 6890.7
7006 [ArV] 7006.3
7065 He | 7065.2
7136 [Arlll] 7135.8
7176 He ll 7177.5
7237 [ArIV] 7236.0
7263 [ArIV] 7263.3
7281 He | 7281.3
7325 [O1I] 7318.67319.47329.9
7531 [ClIV] 7530.54
7593 He Il 7592.75
7751 [Ar 111] 7751.06
8236 He II] 8236.79
9069 [SI] 9069.6
9532 [SI] 9532.55

As IPHAS targets quite faint extended nebulae, we do notexpeletect all these

lines. We therefore have defined a list of “minimum necesBageg” which can probe

80

GALACTIC PLANETARY NEBULAE



3.1: SPECTROSCOPIC IDENTIFICATION

bona fidePNe. This is important as other type of nebulae (HIl, SNR, Byoan be
confused with PNe when examining their spectra. Note trafdHowing criteria to
identify other nebulae are flexible.

¢ Planetary Nebulae may be discriminated from other emissétulae by the fact
that the oxygen line at 5007A is normally about 3 to 5 timeg/ér than the red &
line.

e The HII regions show strong HI recombination lines as wel[Ni$] and [Oll]
lines. The strength of the [OIlll] and [Ne Il1] lines will vargepending on the temper-
ature of the central star. The principal discriminant is fN#]/Ha ratio (Kennicutt
et al. 2000): lower than 0.7 it will probe the HIl nature of thebulosity, greater than
0.7 it will be linked to PNe, SNR or Population | Wolf Rayet &j@ nebulae, because it
indicates N-enhancement. But we must also note that noiNaidhow N-enrichment.

e The Supernovae remnants have very little continuum ennisstoong lines of H,
[O11], [Olll], [SHI] and [NII]; and fainter lines of Hel, Hel, [Ol], [NI], [Nelll], [Fell],
[Felll], [Call] and [Arlll]. The difference with other species like HIl regions and PNe
lays principally on the very strong [SII], [Ol] and [OlI] les.

e The Symbiotic stars can be separated from PNe by lookingedQH1]5007 and
4363 lines (Gutierrez-Moreno 1988; Gutierrez-Moreno £1885), and the [OI11]5007
and [Ol1]3727 lines (Schwarz 1988). In those papers, the Rit=1(4363)YHy plotted
against the ratio R2(5007YHB shows a net separation between both types of objects.
This is based on the densityfidirence between PNe and Symbiotics. In addition, the
spectrum shows the existence of the strong emission of thelfiten lines and a late
type giant spectrum (with the TiO bands for example). Theipaar emission lines
(bands) at 6825A and 7082A are a signature of the symbidktesy correspond to the
Raman scattering of the OVI resonance lines at 1032A andA (88nhmid 1989).

Most of the parameters cited above can be used in the fornaghdstic diagrams.
These tools dferentiate the nebular populations using theifedent lines ratios for
particular features. In the optical the most popular aredtbgrams from Sabbadin and
D’Odorico (1976b) and Sabbadin et al. (1977). The most redexgnostic diagram
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has been published by Riesgo and Lopez (2006).

Hence, to confirm that an object is a PN we need at least to tddgtedollow-
ing emission lines: A (4863A), [Olll] (4959A), [OllI] (5007A), [NII] (6548A), Hx
(6565A), [NII] (6584A), [SII] (6717A) and [SII] (6731A).

3.1.2 The IPHAS spectroscopy follow-up
Observing strategy and data reduction

In the framework of the IPHAS survey we undertook a spectipecfollow-up of
the newly detected objects. This follow-up, which concezngssion line stars and
nebulae, was conducted through the International TimerBroge (ITP). This pro-
gramme from the European Northern Observatory (the Intemal Scientific Com-
mittee (CCI)) allocates 5% of observing time on all the instents located in the Ca-
nary Islands. As previously said, the ITP allows the use afgd number of telescopes
and spectrometers based on La Palma i.e. (IDS on) the INIG @6) the WHT, (AL-
FOSC on) the Nordic Optical Telescope and the TelescopiooNale Galileo. The
“nebulae group "of IPHAS also makes use of the San Pedro Meetescope in Mex-
ico (Table 3.2).

The IPHAS survey is designed to detect the nebulae (in owe)dast have not
been detected before due mainly to their low surface breggn Indeed we found
a large number of faint objects, and the tools for their sjescopic study as well
as the observing strategy had to be chosen accordingly. THuketo the following

considerations:

e We performed a simple confirmation, hence we did not need posx for a
long time. In this case 30 min for each object on a 2m classdelge gave a
reasonable 8l allowing the detection of the characteristic lines of tiNeP This
had the advantage of allowing a maximum of candidates to ammed and we

retrieved, in some cases, useful physical parameterdiéesttinction (using the
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Balmer decrement method with thegtdnd Hy lines), the line fluxes (with the
dereddened spectra), and the electron density (with tree[&it] (6717A) [SII]
(6731A)).

e We performed deep observations only of good candidatesuftrer analysis.
By good candidates we mean objects for which shape, colottainr and i,
and possibly IR data left little doubt regarding the natuféh@ nebulae. In
this context we intended to measure the [Olll] (4363A) /andNIl] (5755A)
lines which permit a derivation of the temperature of theuta®. From previous
observations we know that [Olll] (4363A) is100 times fainter than &, so it
requires much longer exposure times. The electron temyerat a fundamental

parameter for PNe and needs to be derived if we want to deterabundances.

The spectroscopy of PNe was mainly done with 1DBSIS* and the Boller &
Chivens spectrograph (SPRDue to the larger mirror (4m) of the WHT and higher
efficiency spectrograph, ISIS was used for the PN candidategfich we expected to
retrieve the [OIll] (4363A)antr [NII] (5755A). IDS and SPM were used for object
confirmation.

Due to the overlap with the Southern hemisphere obsengtssme candidate PNe
were observed with the 2.3 m Telescope at the Siding Sprirgef©htory using the
Dual Beam Spectrogragh For future spectroscopic studies of IPHAS candidate PNe,
the association of large mirrors anéfieilent spectrometers (with fibre for example,
which will sum the signal received from each pixel on the vehobject) will be re-
quired to detect more emission lines and to add fluxes.

The spectra were reduced using the IRAF packages and folpie directives in
the User’s guide to slit spectra reductibtnEach spectrometer has its characteristics

but the general reduction method still remains the same. %ed both skyflats and

'For more details on IDS:httfiwww.ing.iac.egAstronomyinstrumentsds/

2For more details on ISIS:httpwww.ing.iac.egAstronomyinstrumentgsisindex.html

3For more details on Boller & Chivens spectrograph:ttgpvw.astrossp.unam.nfirdexspm.html
“httpy/www.mso.anu.edu.gobserving2.3mDBS

SMassey P., Valdes F. and Barnes J., 1992)
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Table 3.2: Configurations used for théfdrent telescopes. The numbers show the the-
oretical wavelength coverage for the spectrometer, asftbet®e cutdf may change

from one spectrum to another.

Telescope| Instrument| Grating Central Wavelength Slit
Dispersion Apixel | wavelength (A)| coverage (&) | length

WHT ISIS R300B and R158R 4249 & 7500 2330 and 2860 4
0.86 and 1.81

INT IDS R300V 5500 5660 3.3
1.87

SPM B&C® 600 & 400 fmm 4651& 6472 2113 & 2130 | %
3.2&4.8®

Ss1.9n? | DBS 3008 5600 4000 6"-7’
1.99

(1) Boller & Chivens{® Siding Spring’s Double Beam SpectrografhResolution in A.

lamp flats. As we also observed during bright nights e.g. whermoon was up, the
skyflats were used to correct for the gradients in sky illuetion. The arc calibration
was achieved using mainly CuNe and CuAr lamps. In order tagumeany distortion
in the wavelength calibration an arc frame was taken soaar #fie science frame
it was supposed to calibrate i.e. at the same sky locatiore fiftal steps were the
airmass correction, followed by the flux calibration where ugsed spectrophotometric
standards available on the ING Ifst

We can see in Fig.3.4 a spectrum of one of the nebulae listéakle 3.3 (and dis-
played in figures 3.1, 3.2 and 3.3). The table indicates ttemgth of the 6 character-
istic emission lines (namely# Ha, [OI111]5007, [N11]6548, [NI1]6584, [SI1]6717 and
[SI1]6730) obtained from 18 candidate PNe. The hydrogemtallines will provide
the extinction so we can derive the line fluxes corrected freddening. Following

Acker et al. (1992), we assume the extinction law:

Shttpy/catserver.ing.iac.gandscapgn065-10Qworkflux.php
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— — 10 032 3.1
FHp FHp 8 (3-1)

where c is the extinction constant (also named®)jtdand for a relative logarithmic

(F Ha)theoretic (F Ha/)observed

extinction codicient for Hy/HB equal to 0.325. We derive:

FHQ)observe
FHB 1

— | X
era P00 0,325
FHB

The theoretical F()/F(HB)=2.85, with all the fluxes normalised to Fgk-100,

c(Hp) = Iog(( (3.2)

the extinction constant c(#) is finally defined as:

c(HpB) = 3.080gF(Ha)"rmalised_ 7 55 (3.3)
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"d” stands for dereddened.

Table 3.3: Listing of the 18 planetary nebula candidates aitailable spectroscopic data localised between 18h andn2RA.

Name Telescope| c(HB) | HB | Ha | [ON]5007d | [NI1]6548d | [NI]6584d | [SI1]6717d | [SI]6730d
IPHASX J183911.8010624| WHT | 2.71 | 100 | 2152 948 8 22 () 1
IPHASX J184336.6034640 SS 2.17 | 100 | 1438 78 130 386 15 22
IPHASX J184745.4013248| INT -0 - | 100 10 17 46 10 13
IPHASX J185224.2-004446  SS 2.56 | 100 | 1923 876 297 931 -() -()
IPHASX J185525.7-004823  SS 1.93 | 100 | 1201 2032 509 1669 66 79
IPHASX J185925.8001734|  SS 3.73 | 100 | 4598 607 101 347 6 4
IPHASX J191124.8002743| INT 1.32 | 100 | 759 1755 132 420 13 12
IPHASX J191345.6174752| WHT | 2.30 | 100 | 1581 1168 6 10 1 1
IPHASX J191445.4133219| WHT 1.60 | 100 | 939 1210 823 2497 70 61
IPHASX J192847.4093439| WHT | 0.97 | 100 | 585 214 301 1003 64 54
IPHASX J192902.5244646| WHT 0.88 | 100 | 546 271 -() 12 -() -()
IPHASX J193827.9265752| WHT 0.89 | 100 | 550 1837 () - () ()
IPHASX J193912.6251105| WHT | 2.21 | 100 | 1475 154 47 138 27 30
IPHASX J194359.5170901| WHT | 0.38 | 100 | 377 1618 111 366 62 69
IPHASX J194751.9311818| WHT | 2.79 | 100 | 2286 21 22 66 11 12
IPHASX J194940.9261521| WHT | 2.70 | 100 | 2130 872 165 503 46 45
IPHASX J195248.8255359| WHT | 3.93 | 100 | 5353 1021 262 780 15 25
IPHASX J195657.6265714| WHT | 3.05 | 100 | 2782 399 454 1296 70 45

) Emission lines with a signal to noise lower tharf!3, The H3 line was not detectable

so the lines were not dereddened and are given scaled @)&£{i00.
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3.1: SPECTROSCOPIC IDENTIFICATION

From these observations, only IPHASXJ 194359.30901 and IPHASX J195248:255359
have their electron temperature determined with valueg[@M] =11900 K and T[NII] =12820

K respectively.
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3: CLASSIFICATION OF THE CANDIDATE PLANETARY NEBULAE

In the small sample studied we noticed that half of the objaead their [N11]6584
line stronger than their &l emission. Most of the PNe concerned are bipolar which
is consistent with the studies performed by Peimbert ande$elPeimbert (1983) and
Quireza et al. (2007).

Classification using diagnostic diagrams

As seen in the previous section, the study of emission lirgeatled in spectra is a
good tool (if not the best) to identify stellar species. Tusgs the fact that, in our case,
the diferent nebulae will show fferent line ratios varying as a function of their inter-
nal physical processes (photoionisation, shock exciatietc) and evolutionary stage.
Hence in a “lines ratio” diagram, the nebulae should be wegllesated. For example
SNR have a generally low&[NII] and Ha/[SII] as they are shock-excited compared
to HIl regions which are photoionised (Riesgo and Lopez6308ut the above crite-
ria will also vary with the density and morphology of the nkbuln 1977, Sabbadin
et al. (1977) introduced electron density based diagrangs #5) to unveil the true
nature of Sharpless 176 i.e. PN, SNR or HIl. They used as geinsiicator ratios,
log [Ha/[NII]] versus [SH]6717[SI1]6731, described by Saraph and Seaton (1970) and
adapted two new diagrams for further constraints: log/[NI1]] versus log [He/[SII]]
and log [Hy/[SII]] versus [SII]6717[SII]6731. Later, Riesgo and Lopez (2006) used
and improved the same technique for 613 planetary nebulag tise diagnostic dia-
grams: log [Hy/[SII]] versus log[Hy/[NII]], log [H a/[SII]] versus [SII]6717[SI1]6731
and log [Hy/[NII]] versus [SI]6717[SII]6731 (Fig. 3.6). In both searches the data on
HIl regions are taken from Kaler (1976) and the data on SNRrare Daltabuit et al.
(1976), Sabbadin and D’Odorico (1976a) and Dopita (1976g lihe ratios should be
de-reddened.

We therefore compared our results with the two sets of diagiondiagrams. To con-
strain our identification we added the data of the known pkyenebulae located in
our sky area, for which line fluxes are given by Acker et al.92p For these objects,

the lines have been dereddened using as visual extinctiBeat A,
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3.1: SPECTROSCOPIC IDENTIFICATION

A(V) = R(V) % ¢(HB) * (0.61+ 0.024x c(HB)) (3.4)

and the ratio, R(V), of this extinction to the colour exce$B) equal to 3.1 (Cardelli
et al. 1989). Equation 3.4 is based on the relation betwdda)&dnd the broadband
E(B-V). The Fitzpatrick parameterisation (Fitzpatrickd®), based on the wavelength-
dependence of Galactic interstellar extinction, was theduo correct the spectra.
The results are shown in Fig 3.7 and Table 3.4.

From our 18 original candidates, 13 were able to have théosalerived. As a
result, all of them can be classified as “true” planetary heduThe 5 candidates with-
out enough usable lines for the diagrams can be only be [haiaalysed according
to their line strengths listed in Table 3.3 and additionabdaould be necessary to

identify their type.

e IPHASX J183911.8010624: Strong [OIlI]5007 greater thanaHPN?), low
[SII] lines (not SNR), [NIIJHa < 0.7 = HIl according Kennicutt et al. (2000),
but is likely to be a PN.

e IPHASX J184745.4013248: Low [SII] lines (not SNR), low [OlII]5007 and
ratio [NIl]/Ha just under the 0.7 limit= HII/PN

o IPHASX J185224.2-004446: Strong [OIl1]5007 greater than(AN?), [NIl}/Ha
> 0.7 (PN?)= Likely PN

o IPHASX J192902.5244646: Low [Oll[]5007, [NIIJHa < 0.7 (assuming that
[NI1]6548~[N11]6584/3) = HII?

e IPHASX J193827.9265752: Strong [OI11]5007 greater thanaH= Unclear

due to the non-detection of [NII] and [SII] lines.
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Figure 3.1:From Top to Bottom and Left to Right: d#[NII] inverted images of IPHASX
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Figure 3.2:From Top to Bottom and Left to Right: di-[NII] inverted images of IPHASX
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Figure 3.5: Line-ratio diagrams presented by Sabbadin. €18V 7) for the classifica-
tion of the nebulae S176. Figure reproduced with the aushtian of the editors.
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Table 3.4: Classification of the IPHAS candidates accor@ialgbadin et al. (1977) and Riesgo and Lopez (2006).

Name log(Ha/[NIN]) | log(Ha/[S]) | [SN]6717/6731 Sabbadin Riesgo
IPHASX J184336.6034640 -0.10 1.04 0.68 PN PN
IPHASX J185525.7-004823 -0.35 0.82 0.83 PN PN
IPHASX J185925.8001734 -0.29 1.35 1.50 PNAD PN
IPHASX J191124.8002743 -0.18 1.15 1.08 PN PN
IPHASX J191345.6174752 1.39 2.29 1.00 PN® PN4D
IPHASX J191445.2133219 -0.42 0.98 1.14 PN PN
IPHASX J192847.2093439 -0.73 0.31 1.18 PN PN
IPHASX J193912.9251105 0.56 1.07 0.90 PN@) PN
IPHASX J194359.5170901 -0.07 0.48 0.89 PN® PN
IPHASX J194751.9311818 0.07 0.65 0.91 PN PN
IPHASX J194940.9261521 -0.27 0.59 1.02 PN/HII/SNR® | PN
IPHASX J195248.8255359 -0.51 0.90 0.60 PN® PN
IPHASX J195657.6265714 -0.74 0.44 1.55 PN PN®)

@) Out of all boundaries?Only one diagram confirms it as PN, Unclear.
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3: CLASSIFICATION OF THE CANDIDATE PLANETARY NEBULAE

3.2 The IRAS and MSX based classifications

3.2.1 The infrared emission of PNe and the use of colour-calo

diagrams

First introduced by Sir F. William Herschel (1738-1822) 80D’ infrared astronomy

has been used in the planetary nebulae field only in the lag03@ars. Hence, after
the discovery of strong infrared excess emission from dusitGC 7027 by Gillett et al.

(1967), planetary nebulae have been widely investigatethiopresence of cold and
warm dust, disc and torus as well as molecules like rotatiG@aor PAHs. The princi-

pal element in the infrared study of the PNe being their IRy gQ we can discriminate
different types of objects according their IR properties. Fritivestigation we used
data from the IRAS (Infrared Astronomical Satellite) and MSX (Midcourse Space
Experiment) surveys. Both surveys are space-based ancesidting observations
have the advantage that they are not disturbed by atmospdiesorption from water
vapour or other types of molecules like gQCO or G nor by the high background

level which would otherwise prevent detection of thermé#dared sources.

The IRAS survey(Infrared Astronomical Satellite), launched in 1983 fori@nths
had a 60cm telescope on board. It used four broad bands demtré2:m, 25m,
60um and 10@m and all its characteristics are fully described by Beichrmea al.
(1988). IRAS released point sources, faint sources andl exi@nded sources cata-
logues, covering more than 96% of the sky, in addition to feselution spectra of

bright objects. But this IR survey showed some limitations:

e The spatial resolution which is about 5 arcmin is too poorit@ gny morpho-
logical information on distant nebulae. This is one ofdsadvantage®f space

telescopes which can only have a limited mirror size. Foonmiation, the well

"He directed sunlight through a glass prism and measuredéiation beyond the red of the visible

part of the electromagnetic spectrum, corresponding toaisible form of light.
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3.2: THE IRAS AND MSX BASED CLASSIFICATIONS

confirmed IRAS point sources have angular extents less thamoaimately 0.5’
at 12um, 0.5 at 2fum, 1’ at 6Qum, and 2’ at 10Qm.

e The 10Qum band has a poor sensitivity and there is a lot of confusidawéden
it and interstellar cirrus. So the reliability of this bargdriot great, and only the

remaining three will be used in our study.

e The uncertainties on the position is typically 2-16 arcselsp hence in a crowded

field the identification of the true IR emitter can be uncertai

e The flux measurements are not always optimum and a qualityrfescassigned
to each flux in the associated band ashi§h quality, Zmoderate quality, 2up-

per limit. 8

Pottasch et al. (1988) demonstrated thi#edénces in the IR colours between Hll re-
gions, PNe, OHR objects, galaxies and stars (emission lines) (Fig.38).regions
are well separated from the PNe and have a IOE%U% colour ratio, OHIR stars
share a small part of the PNe location but are otherwise weplhsated with a higher
F12um/ F25um flux ratio. This is also the case for the galaxies (excepStadert ones
showing an overlap) and the stars having an high far-IR eolbioe useful boundaries

taken from Pottasch et al. (1988) diagram are the followmgobject is more likely

o F12um F25um .
to be PN if its colours areEZem < 0.35 and|:60#m > 0.3, and more likely an HII
region if E;gm <0.3 and%‘mn < 0.3 (with F the flux in Jansky). Later on Zijlstra

et al. (2001) used the ratio R2Ibg F.s/F1, vs R32Zlog Feo/F25 to separate OHR
objects, OH-Miras, HIl regions, PNe and outflow sources.(B@). In the IPHAS
survey, we were also likely to find young objects associatila mebulae (like HH and
T-Tauri), so we used the IRAS colour diagram by Emerson (1988ch describes the
colour ranges for, among other things, “normal” stars ([fFR22F: -0.7 to -0.2, [F60-
F25]: -0.9t0 -0.4) and T Tauri stars ([F25-F12]: 0.0#0.5, [F60-F25]: -0.2 ta-0.4).

8For more information see: htflambda.gsfc.nasa.groductirag'colorcorr.cfm
Define the logarithm of the ratio of the fluxes
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The distinction between the T Tauri in Emerson’s diagram taiedOHIR objects and
Outflow Sources in Zijlstra’s one, is quite narrow and furtheestigation would be

needed to reveal its true nature.
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Figure 3.8: IRAS two-colours diagram for various objectsfirPottasch et al. (1988).

The data are i

ssued from the point source catalogue. Figpreduced with the au-

thorisation of the editors.
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Figure 3.9: IRAS two-colours diagram from Zijlstra et alO(L) with R2Xlog Fos/Fi2

and R32log Fso/F2s5. Figure reproduced with the authorisation of the editors.

The MSX survey (Price et al. 2001) of the galactic plane is more recent (plaes-
craft was launched in April 1994) and has been designed terdtve Galaxy within
b=+5° (Mill 1994). Six bands are used: A,.BB,, C, D and E at 8.28, 4.29, 4.35,
12.13, 14.65 and 21.24n respectively. The four main bands (A,C,D and E) have a

spatial resolution 0~18.3 arcsec and the accuracy on the position is about 2 arcsec
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By comparison with IRAS, MSX has a better spatial resolutisensitivity (except
for the B, and B bands) and a wider wavelength coverage. Hence, it providéd n
only precise data in crowded fields but also allows reseasdioalerive some morpho-
logical information. We did not find in the literature any ersive previous work on
planetary nebulae detected or identified with MSX. In 2008jzCet al. (2005), used
the MSX data to trace the evolution of AGB stars (O-rich anddB), proto-planetary
nebulae and planetary nebulae (Fig.3.10). They compasaddblour and magnitude
in a[14.7]-[21.3] vs [8.3]-[14.7] colour-colour diagrarand found that they can dis-
criminate carbon stars with a blackbody temperature of 3000K, a first group of
OH/IR objects at lower temperature: 500-800K, and a secondgnb@H/IR stars at
the same location as the transition objects and PNe (40@&-B('he temperatures

are relative to the dust.
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[8.3]-[14.7]

[14.7]-[21.3]

Figure 3.10: MSX colour-colour diagram from (Ortiz et al.@B). The symbols are the
following: carbon-rich stars (squares), @R objects (open circles), transition objects
(triangles), and planetary nebulae (crosses). Figuredymed with the authorisation

of the editors.

3.2.2 The IRAS results

Among the 233 PN candidates we could find an IRAS counterpéntemough confi-
dence in 39 of them. By enough confidence we mean: a locatitheohfrared source
within less than 10” from the designated object if the laida@solated. In the case of a
crowded area the IR source must coincide with the centreeohébula or its brighter
part. Although this works well for “compact” sources i.e.tiva diameter lower than
~1 arcmin, it becomes more flcult with really extended targets, and most of them
were discarded. We used the point sources catalogue foruwpoges. We discarded

the 28 candidates with a quality flux equal to 1 in the band tsegtablish the diag-
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3.2: THE IRAS AND MSX BASED CLASSIFICATIONS

nostic diagrams. We ended up with 11 candidates whose cleene compared with
known PNe localised in the same area and ruled by the same dkixyglaw. The
results are summarised in Table 3.5.

We found that according to Pottasch et al. (1988) (Fig.3.42andidates are “fully”
defined as PNe (Fig. 3.13), 3 are “fully” defined as Hll regiansgl 3 have the IRAS
colours of galaxies. The presence of a known PN in the “Gasa®a” shows the pos-
sibility for the latter objects to be true PNe. The remainaagdidate in our list does
not find any classification in Pottasch et al. (1988)’s diagri fills the gap at 0.
F25F60 < 0.4 and F1Z25 > 0.3, between the well separated galaxies andIRH
PNe.

Zijlstra et al. (2001)’s diagram (Fig.3.11) allowed us temdfy 4 PNe, 2 of which
have a “dual” classification (mostly Outflow sources and P object also has the
colour of a T-Tauri star). These four candidates corresporitie four ones defined
as PNe in the Pottasch et al. (1988) diagram. This corresgpaadis also found for
the 3 candidates classified as HIl regions in Zijlstra et200(Q)’s diagram. The 3 ob-
jects with the IRAS colours of galaxies in the Pottasch et1&88) diagram (IPHASX
J192458.2193434, IPHASX J192624+195045 and IPHASX J193912.051105)
are outside of all known boundaries in Zijlstra et al. (208%)well as the remaining
candidate (IPHASX J195919:@83827) with no classification in any of the diagrams.
The diagrams show that these four “unknown” candidates haagticular location in
both diagrams. The study of their IR-excess due to thernaihtian of circumstellar
dust may help to determine their type. Hence, we introducetijistra et al. (2001)’s
diagram, the IRAS data obtained for a group of Proto Plagdtebulae (PPNe) or
Post-AGBs localised in our area (Fig.3.11). The data haee bbtained in the “Torun
catalogue of Galactic post-AGB and related objects” (Siizet al. 20073°. We did
not find any correlation with the location of our candidatekich showed a generally
higher contribution of their 6@m flux for a similar 12xm flux as the group PNEPNe.

A discussion about this characteristic is given in chaptef this thesis.

Ohttpy/www.ncac.torun.gpostagb
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3: CLASSIFICATION OF THE CANDIDATE PLANETARY NEBULAE

In conclusion the matching of our data with the IRAS catabgualy allowed us to
classify 4 objects as PNe. The other few objects with avkslaind valid data are
either HIl regions or objects whose characteristics do netith the well known diag-
nostic diagrams generally used. The IRAS catalogue dogsravide optimum results

for our identification.
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Table 3.5: Results of the IPHAIRAS diagnostic diagrams.

Name Size (arcsec) F25F60 | F12F25 | log F25F12 | log F6QF25 | Pottasch (1988)  Zijlstra (2001 )
IPHASX J183911.8010624 6 0.410 0.364 0.438 0.386 PN T-Taur/PN/Outflow
IPHASX J184336.6034640 18 0.612 0.284 0.545 0.213 PN PN/Outflow
IPHASX J184800.6025420 67 0.686 0.170 0.767 0.163 PN PN
IPHASX J185627.9005550 48 0.431 0.313 0.503 0.365 PN PN
IPHASX J192140.4155354 13 0.257 0.065 1.186 0.588 ]l HIl
IPHASX J192458.2193434 29 0.070 0.307 0.512 1.154 Galaxy Unknown
IPHASX J192624.7195045 20 0.087 0.396 0.402 1.059 Galaxy Unknown
IPHASX J193912.8251105 38 0.097 0.335 0.474 1.011 Galaxy Unknown
IPHASX J194815.6280730 4 0.195 0.115 0.937 0.708 HII HII
IPHASX J195015.9272859 202 0.177 0.286 0.542 0.751 HII HII
IPHASX J195919.6283827 520 0.221 1.393 -0.144 0.655 Unknown Unknown
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Figure 3.11: IRAS two-colour diagram from Zijlstra 2001y #volved stars and Emerson 1987, for young stars. The didmon

represent the IPHAS candidate PNe, the red crosses showmdlakPNe location and the green triangles represent the PPNe
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3: CLASSIFICATION OF THE CANDIDATE PLANETARY NEBULAE

3.2.3 The MSX results

Among the 233 candidate PNe we found a genuine MSX positmmaiterpart for 27
of them i.e within the limit of the MSX accuracy and extendihg research area up to
10”. The MSX targets were chosen first according their posdl accuracy with the
central part of the candidate nebula or its brighter pars (thethod discards very ex-
tended and faint nebulae), then according the quality ofrtbasurement in each band.
We chose the highest quality for the band used, hence we ettt dataset giving
only an upper limiti.e.1. The MSX flags are classified as folld=excellent, 3good,
2=fair, 1=Ilimit, 0=not detected. The known PNe found in the area were also glotte
Their selection follows the same quality criteria as thedidate PNe. Of the 27 targets,
only 10 showed anftective observed flux allowing their use in a diagnostic daagr
and complying with our quality flux criterion. We used the dai\, D and E at the re-
spective wavelengths 8.28), 14.6.um and 21.34:m to fit with the criteria described
by Ortiz et al. (2005) in their classification of evolved odifg The zero-magnitude
flux densities used to derive the magnitude are 58.49 Jy id Bai8.29 Jy in band D
and 8.80 Jy in band E. As a result (see Table 3.6 and Fig. 3legndidates can be
classified as PNe (or PPNe) (Fig. 3.15)and the remaining tevalassified as OHR
objects. If we compare these results with the IRAS ones weseara convergence for
IPHASX J184336.6034640 and IPHASX J184800:625420 which can be consid-
ered as PNe due to their infrared colours. But IPHASX J1924155354, IPHASX
J193912.625110 and IPHASX J194815:280730 which are defined as PNe or PPNe
in the MSX survey are respectively classified as HIl regi@hula of unknown nature

and HIl region using the IRAS diagram.
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IPHASX J183911.8+010624 IPHASX J184336.6+034640

IPHASX J184800.6+025420 IPHASX J185627.9+005550

Figure 3.13: IPHAS planetary nebulae identified within tHAS classification
scheme. K+[NII], Top images: k1 arcmin, Bottom images: X2 arcmin. North

on the top and East on the left.
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Table 3.6: MSX identification of IPHAS sources.

Name Size (arcsec Offset with Identification
MSX position (arcmin)

IPHASX J184336.6034640 18 0.109 PNe-PPNe-OAHR
IPHASX J184800.6025420 67 0.033 PNe-PPNe-OAHR
IPHASX J184932.6-004437 96 0.413 PNe-PPNe-OHR
IPHASX J185225.5-003326 8 0.004 PNe-PPNe-OAR
IPHASX J191017.4065258 6 0.019 OH/IR

IPHASX J192038.9160224 63 0.309 OH/IR

IPHASX J192140.4155354 13 0.018 PNe-PPNe-OHR
IPHASX J192256.9140700 68 0.178 PNe-PPNe-OAHR
IPHASX J193912.8251105 38 0.139 PNe-PPNe-OHR
IPHASX J194815.8280730 4 0.010 PNe-PPNe-OHR
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same sky area.
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Figure 3.15: IPHAS planetary nebulae identified within thBX/classification scheme.d+[NII] with North on the top and East

on the left.
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3.3: THE RADIO BASED CLASSIFICATION

3.3 The radio based classification

Another method used to discriminate between our objecthasuse of their radio
fluxes. Radio continuum radiation in planetary nebulae is wufree-free radiation.
This corresponds to the emission (or radiation) resultiognf the acceleration of a
free electron when deflected by an ion. The electron remaeesdfter the process.
Due to their large wavelengths, much larger than the parscte of the dust, radio
data are not altered by interstellar extinction.

Planetary nebulae do not generally show a strong emissitee iradio band, in contrast
to Hll regions. The latter are usually more luminous, haghkr mass and therefore
have much more material which can be ionised. Moreover, asd¥lve they become
transparent (decrease of the flux) while HII regions mamtheir flux much longer.
Hence we will typically find PNe with a radio flux lower that®60 mJy at 6 cm (5 GHz)
(Ratag et al. (1990) (Fig. 3.16) and Zijlstra et al. (199@gté obtained for PNe in the
Bulge at~8 kpc: most of the PNe are located in this range). Radio dataatebe
used as a single tool to determine the nature of a nebula anddshe complemented
by IR or optical observations. We can identify Zfdrent groups from their radio flux
intensity. In the first group we can include Hll regions andRShh the second we
find the PNe, YSOs and Herbig Haros (Chan et al. (1996) anceO1995)). This is
a general approximation and some objects do not follow this. rin that sense, the
boundary between PNe and HiIl is not strict and some very bR@e would show a
strong radio flux like NGC 7027 with 6370 mJy at 6 cm (Pottasg84). In the same
way we can have faint HIl regions like Sh 1-118 with 21 mJy ahGZijlstra et al.
1990). We also note that a large fraction of the radio dataiaBbdle concerns those
located in the Galactic Bulge and therefore any global shabed on these values can

be biased.

Most of the data we were working with in the PN field were taketinwhe VLA.

The latter, located in New Mexico (US), is an interferometembining 27 radio an-
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Figure 3.16: Histogram from Ratag et al. (1990) showing tbe @lux density dis-
tribution of known PNe in the galactic bulge (top panel) aheit new PNe (bottom
panel). The data are from the VLA. Figure reproduced withdb#orisation of the

editors.

tennas in a Y-shape, each antenna having a 25m diameterabewefigurations are
possible and each of them define an array. Hence we have they aith a maxi-
mum antenna separation of 36 km; B array with 10 km; C array 8i6 km and D
array with 1 km. The VLA covers a radio range from 4 to 50,000 #{He from 400
to 0.7 cm) separated in bands. The bands most used are thosed haand C with the
characteristics listed in Table 3%7

A well known radio survey in the northern hemisphere is theS$survey mean-
ing NRAO VLA Sky Survey (Condon et al. 1998). Operating fro803 to 1996, the
survey scanned the sky at 1.4 GHz and had a sensitivity lifnit205 mJy beam, a

45 arcsec FWHM resolution and used the D configuration of tha.\Ve therefore

Hpata obtained at httpwww.vla.nrao.edigenpulfoverview
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Table 3.7: VLA characteristics for data taken at 6 cm and 21 cm

Band L C
Frequency range (GHz) | 1.34-1.73| 4.5-5.0
Wavelength (cm) 20 6
Primary beam (arcmin) 30 9
Highest resolution (arcseg) 1.4 0.4
System Temperature (K)| 37-75 44

compared our list of candidates, more precisely their @pposition, with the NVSS
database, which includes the radio sources values andgbeiated maps. We found a
good correlation for 60 objects. The accuracy on the pasitiplying the true corre-
spondence between the PN candidate and the radio sourclee afficult depending
on the size of the nebulae. The “compact” ones have less thaffiset with respect to
the optical position, providing of course that the objectas in a crowded area, where
it is more dfficult to distinguish the emitter. Thdfset can become wider for more ex-
tended sources and we relied on the radio maps to confirm theidence (althought
the VLA can become insensitive for very extended and faiot@es). The results are
shown in Table 3.9 at the end of this section. In order to comfie behaviour of the
IPHAS objects with known PNe we also added the NVSS data fao®firmed PNe
found in the same sky area.

In Fig.3.17, the distribution of the candidate PNe is pldtigainst the distribution
of the known PNe. We found that there are proportionallyrgligmore candidates
(77%) with a low radio flux i.e up to 20 mJy than known PNe (64%0)hie same re-
gion. Between 20 mJy and 60 mJy, the tendency is inverted @fdund more known
PNe (25%) than candidates (15%). Finally, slightly morefcored PNe (11%) have
a high radio flux, i.e. greater than 60 mJy, compared to thdidates (8%). The gen-
eral trend observed for the PNe is confirmed for the IPHAS fabwith a decrease

in the number of objects and with an increase of the radio flthee mean radio flux
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NVSS—VLA flux for the IPHAS candidate PNe
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Figure 3.17: Results of the NVHA_A survey applied to 60 IPHAS targets (red) and
95 confirmed PNe (thick black line delimitation). For dispfaurposes we do not show

the only candidate with a flux of 5419.1 mJy.

for our candidate PNe is 107 mJy if we include the relativatyhhflux of IPHASX
J192349.9143330 with 5419.1 mJy, and decreases to 20.6 mJy withosibthject,
compared to the mean 33.9 mJy for the known PNe. In concludRhAS nebulae
have a generally lower radio flux than the previously known PN. This low flux
can be accounted for a large expansion of the nebulae arefdhela more advanced

evolutionary stage.

In the framework of this radio analysis, we also derived thghiness temperature
(Tp) at 1.4 GHz of the candidate PNe, which corresponds to thedesture of the

radio surface (and is independent of the distance to thelaebiy is defined as:

" 2nk2 62

(3.5)
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with ¢ the speed of light, k the Boltzmann constant,tl&e flux in mJy and, the
angular radius in arcsecond. We also added to our data, tasure@ments done for the
previously mentioned known PNe and those of 37 HIl regiocated in the sky area
we are studying, taken from the “Catalogue of H Il RegionshirSharpless (1959a).
The corresponding optical thicknessis linked to T, by the relation :

To=Te(l-€™) (3.6)

with T, the electronic temperature (K) set at 10 000 K. If we go thiotig literature
we hardly find PNe for which 1.4 GHz fluxes have been used tov@dy. Instead the
5 GHz fluxes are generally used (e.g. van de Steene and Zi{205), Zijlstra et al.
(1989) and Siodmiak and Tylenda (2001)), as it providest@beresolution. Therefore
we convert our depth to that at 5GHz, and recalculate thehbress temperature at

5GHz, knowing that:

7, = 1o(v/vo) (3.7)

with 7o the optical thickness at the reference frequengciye. at 1.4 GHz.

Figure 3.18 shows the distribution in brightness tempeeatar IPHAS nebulae,
known PNe and HIl regions. Planetary nebulae follow a clg#rtiend with a decrease
of Ty while the angular size increases. This trend reflects a thieBect as we worked
with known objects in the sky area (of study) with availalddio data, hence nebulae
surely exist below the curve, like more compact PNe, but weeh® indication of
their radio fluxes. While most of the PNe are located on thegaft of the graphic
(with their angular diameter lower thasb0 arcsec), the Hll regions are mostly located
away from the curve described by the PNe and have larger diimiesr We noticed
first that we do find PNe in the “HIl area” and then, our samplelbfregions does not
contains ultra-compact objects which may be located in &g area”. The IPHAS

nebulae are for the majority in agreement with the PNe locatalthough some are
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Figure 3.18: Brightness temperature evolution of the IPHAGets (asterisk), the

confirmed PNe (red square) and the Hll regions (green diajracwbrding their size.

found in an “intermediate zone” between the PNe and the Hjibres. It is therefore
more dfficult to define their nature. But one IPHAS nebula shows a diszation
in the “HIl area”. Indeed, IPHASX J192349:943330 (Fig. 3.19) has a very high
brightness temperature of 9230 K and a large radio size aretydikely a HIl region.
This classification is corroborated by a high radio flux of 3y4 We note a caveat in
the use of “known objects”, given the misclassification whean occur i.e. some of
the known PNe may be in fact HIl regions.

In term of radio surface brightness (RSB) (see Fig.3.20) observed that there
are proportionally more IPHAS nebulae with a lower RSB thanfcmed PNe. Hence
while 95% of the candidates have a RSB between 0 and 0.02mdgé, only 70%
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Figure 3.19: r, i and | images of the newly discovered HIl region IPHASX
J192349.9143330. Image size: X8 arcminute, with the North on the top and the

East on the left.

of the known PNe are in this interval. The 30% left of the kndie spanned up to a
RSB of 0.24 mJsarcseé, while the remaining 5% candidate PNe have a RSB of 0.04
mJyarcseé. The faintness of the IPHAS sources, which has nothing to itlointer-
stellar extinction, can be accounted for by larger size &eth & greater evolutionary
stage: extended sources are likely to have a low surfacétbegs. By comparison,

the known PNe are generally brighter and younger.

Although, in most of the cases, we cannot derive the pre@saa of a nebula, we

can estimate the likelihood of it being a planetary nebulasTs based on 3 criteria:
e The position on the gvs size diagram.
e The limiting flux for a larger sample of known planetary nedmul
e The flux delimitation between a larger sample of PNe and Hjiaes.

For our purpose we used all the PNe found in the VLA survey bypdom and
Kaplan (1998) and all the HII regions from the “Catalogue oflHRegions” from
Sharpless (1959a) with available fluxes. This added up toR388 and 160 Hll re-

gions.
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Figure 3.20: Comparison of the radio surface brightnesheflPHAS targets (red)

and the known PNe (black delimitation).

Figure 3.21 shows the boundaries (quoted L1, L2, L3 and L4¢stablished to dier-
entiate both populations. First, the concentration of PBlaeases as we move away
from the boundary L1 i.e from L1 to L3. In the range [L1,L2]getprobability for an
object to be a PN is higher than above L3, where the probwliditan object to be a
HIl region is higher. The range [L2,L3] is an intermediat@eavhere it is more com-
plicated to determine the nature of the nebulae. The boyrdbseparates the nebulae
according their angular diameter. Hence, on the left of liZe(s ~ 35”), we only find
PNe and on the right (size ~ 35”) both populations are found. The association of
the 4 borders forms a grid which will help to better deterntine location of PNe and
HII regions, or at least to estimate the probability for audalto be either a PN or
HIl region according to its location on the net. Thereforeaedined 5 zones, whose

characteristics are listed in Table 3.8.
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Figure 3.21: Limits on the location of PNe and HIl regions be T, vs size diagram.

Table 3.8: Probability on the nature of the nebulae occupie diferent zones de-

scribed in the T vs size diagram.

N° Zone | Type of Nebulae

1 Very likely HIl regions

Probable HIl regions: Not conclusivi

[¢)

Mixed populations

2
3
4 Very likely PNe
5

Probable PNe: Not conclusive

This analysis can be cross-checked with our knowledge dirthieng radio flux of

planetary nebulae i.e. the upper flux reached by most of dneephry nebulae. Figure
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Figure 3.22: Percentage of PNe for limiting fluxes of 100, 26d 500 mJy.

3.22, shows that 98% of the PNe are contained in a flux rangesleet1 and 500 mJy.
So below 500 mJy, there is a reasonable probability for theilaeto be a PN.

In order to include the HIl regions, the last test consistedatermining the turning
point (or radio flux) when the fraction of PNe over HIl regioctsanges. The Figure
3.23 indicates that up t6200 mJy (225 to be precise), the number of PNe is greater
than the number of HIl regions. This area is dominated bygikny nebulae. Between
~200 mJy and 500 mJy, we have a transition zone, where bothlggams coexist.
This fits in well with the results shown in Fig. 3.22. Therefoothing can be stated in
terms of classification. After 500 mJy, the fraction of PNk regions is below unity,
and we are in a zone mostly dominated by HIl regions.

The radio data obtained from the 1.4 GHz VLA survey showedtlyir some
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Figure 3.23: Fraction of PNEII regions according to the radio flux.

characteristics of the IPHAS sources, like the generaly fadio flux and low sur-

face brightness, both consistent with evolved and extendédlae, in comparison to
known PNe. We also defined a scheme exploring the likelihddzbmg a planetary

nebula using the brightness temperature, the general Pirildistudying the evolution
of the fraction of PNAII regions along with the radio flux. Although, as we saida t
beginning of this section, this scheme doesn't give an aibsaind definitive classifica-
tion, it does help to determine our data in one direction (BNhe other (HII regions)

or more generally objects with weak or strong radio emissiorhe classification for
our 60 targets are listed in Table 3.9. We introduced thetadthg nomenclature for
probability on the objects’ nature: 2-Very Likely (PN or BilI3-Probable (PN? or

HI1?), 4-Not conclusive (-). In the absence of spectra wenditluse the “1-True” no-
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3: CLASSIFICATION OF THE CANDIDATE PLANETARY NEBULAE

tation. We found that 22% of the nebulae can be classifiedey tikely” and include

1 HIl region and 12 PNe, 63% of the sample (38 objects) aresethas “probable”
PNe and 15% (9 objects) show a “non conclusive” classificatim conclusion our
radio cross-identification technique was revealed to bea dool to find PNe. The
new planetary nebulae are shown in Figure 3.24.

A more accurate determination of the radio fluxes is needeth&se new sources, and
we expect it to be done with the CORNISH survey (Co-Ordind&eadio ‘N’ Infrared
Survey for High-mass star formatidd) Unfortunately, this survey does not cover
all the IPHAS fields and is limited te=[LO to 65 deg an¢b|<1 deg but in this range
the data obtained at radio wavelengths, from the Very LangayAin B configuration
at 5 GHz, will have 1 arcsecond resolution comparable to BAS survey and an

uniform sensitivity over a large area.

httpy/www.ast.leeds.ac.yornishindex.html
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Table 3.9: Radio classification of the candidate PNe identi-

fied in the NVSS survey. The classification is set as: 2-very

likely, 3-probable and 4-non conclusive.

IPHAS Name Flux at 1.4 GHz (mJy) | T, vs Size| PN flux Limit | PNeHIl vs Flux | Classification
IPHASX J183438.¥000803 12.7 PN PN? PN? 2
IPHASX J183602.4-000226 4.3 - PN? PN? 3
IPHASX J183652.8-011536 6.9 - PN? PN? 3
IPHASX J183911.8010624 6.1 - PN? PN? 3
IPHASX J184104.6-014050 4.4 - PN? PN? 3
IPHASX J184211.4005031 15.1 PN PN? PN? 2
IPHASX J184253.2-022642 4.9 - PN? PN? 3
IPHASX J184336.6034640 5.1 - PN? PN? 3
IPHASX J184745.4013248 13.4 - PN? PN? 3
IPHASX J184800.#025416 21.6 HII? PN? PN? 4
IPHASX J184836.2022050 5.7 - PN? PN? 3
IPHASX J184932.6-004437 100.0 PN? PN? PN? 3
IPHASX J185225.5-003326 20.5 PN PN? PN? 2
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Table 3.9 — continued .

Name Flux at 1.4 GHz (mJy) | T, vs Size| PN flux Limit | PNeHIl vs Flux | Classification
IPHASX J185309.4075241 9.0 PN PN? PN? 2
IPHASX J185321.7055641 5.0 - PN? PN? 3
IPHASX J185640.1-003804 24 - PN? PN? 3
IPHASX J185722.5010929 6.5 - PN? PN? 3
IPHASX J185759.6020706 99.7 PN? PN? PN? 3
IPHASX J185815.8073753 16.6 PN PN? PN? 2
IPHASX J185925.8001734 3.7 - PN? PN? 3
IPHASX J190155.2011211 197.8 HII? PN? PN? 4
IPHASX J190340.7094640 6.1 - PN? PN? 3
IPHASX J190346.8050935 6.2 - PN? PN? 3
IPHASX J190418.6050635 17.7 HII? PN? PN? 4
IPHASX J190432.9091656 17.5 PN PN? PN? 2
IPHASX J190633.6090720 14.9 PN PN? PN? 2
IPHASX J190654.9052216 3.1 - PN? PN? 3
IPHASX J190700.7043041 10.1 - PN? PN? 3
IPHASX J190759.4050519 8.5 - PN? PN? 3
IPHASX J191022.2110538 5.0 - PN? PN? 3
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Table 3.9 — continued .

Name Flux at 1.4 GHz (mJy) | T, vs Size| PN flux Limit | PNegHIl vs Flux | Classification
IPHASX J191104.#060845 8.5 - PN? PN? 3
IPHASX J191124.8002743 3.4 - PN? PN? 3
IPHASX J191345.6174752 21 - PN? PN? 3
IPHASX J191716.6181518 3.6 - PN? PN? 3
IPHASX J192038.9160224 33.0 HII? PN? PN? 4
IPHASX J192146.¥172053 16.7 PN PN? PN? 2
IPHASX J192349.9143330 5419.1 HIl HIl HIl 2
IPHASX J192410.6133443 8.9 - PN? PN? 3
IPHASX J192458.2193434 42.1 PN PN? PN? 2
IPHASX J192510.8113353 2.2 - PN? PN? 3
IPHASX J192615.4191358 25.5 HII? PN? PN? 4
IPHASX J192624.7195045 51.6 PN PN? PN? 2
IPHASX J192717.2193408 3.5 - PN? PN? 3
IPHASX J192902.5244646 2.8 - PN? PN? 3
IPHASX J193008.9192137 5.4 - PN? PN? 3
IPHASX J193718.¥202102 6.6 PN PN? PN? 2
IPHASX J193721.9233607 2.8 - PN? PN? 3
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Table 3.9 — continued .

Name Flux at 1.4 GHz (mJy) | T, vs Size| PN flux Limit | PNeHIl vs Flux | Classification
IPHASX J193740.6203548 16.2 PN PN? PN? 2
IPHASX J193912.86251105 218.9 PN? PN? PN7HII? 4
IPHASX J194226.2214521 5.5 - PN? PN? 3
IPHASX J194359.5170901 5.0 - PN? PN? 3
IPHASX J194408.9284845 8.6 - PN? PN? 3
IPHASX J194533.8210751 3.4 - PN? PN? 3
IPHASX J194641.5264820 21.9 HII? PN? PN? 4
IPHASX J194810.6280724 7.2 - PN? PN? 3
IPHASX J194815.8280730 36.5 HII? PN? PN? 4
IPHASX J194852.¥222516 3.4 - PN? PN? 3
IPHASX J195015.9272859 3.4 - PN? PN? 3
IPHASX J195248.8255359 15.9 HII? PN? PN? 4
IPHASX J195919.6283827 27.0 - PN? PN? 3
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Figure 3.24: IPHAS planetary nebulae identified thanks &irttadio flux. Ix1 arcminute K images with the North on the top
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3: CLASSIFICATION OF THE CANDIDATE PLANETARY NEBULAE

3.4 Morphology based classification

In order to complete our object classification, the lasecian used will be the mor-
phology. It is not a tool that can be used alone d@&edent types of nebulae can show
the same form. But combined with other analytical methodsit help to mark the
difference. Planetary nebulae mostly have a well defined synualethape (round or
Stromgren sphere, elliptical, bipolar, multipolar.cend this is also the case for sym-
biotic stars and some HIl regions. In contrast, the majaftidll regions are bright
and shapeless. As they are generally at the same locatibe &NR, they sflier from
close interaction. Herbig Haros and YSO objects often shaw$hocks and symmet-
rical jets can be seen in HH objects. Finally SNR are genefddimentary and less
difftused than HIl regions. What follows here is a gallery @f+HINII] images of all
our candidate PNe (Figure 3.25) as well as a qualitativergesm of each of them in
Appendix B. The images have been taken using the INTikr.

We found that 146 sources (nearlf82f the whole sample) can be classified from
“very likely” to “probable” PNe due to their shape, althoutiis a quite subjective
classification. We cannot state the nature of the 87 remgsmurces, which are gen-

erally shapeless, faint afut large.
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Figure 3.25:Ha+[NII] images of the IPHAS candidate PNe. North on the Top aast®n
the left.
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Figure 3.25 (continued)
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Figure 3.25 (continued)
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Figure 3.25 (continued)

136 GALACTIC PLANETARY NEBULAE
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Figure 3.25 (continued)
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Figure 3.25 (continued)
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Figure 3.25 (continued)
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Figure 3.25 (continued)
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Figure 3.25 (continued)
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Figure 3.25 (continued)
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Figure 3.25 (continued)
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Figure 3.25 (continued)
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3.5 Summary

Visual inspection, in the right ascension range betweenal®20h, of 2 degrees mo-
saics created from the IPHAS data has revealed a large nuohlmew Hy emitters
among which we found 233 candidate planetary nebulae. We madrable to spectro-
scopically prove the nature of all of them. So using othelstike infrared (IRAS and
MSX) and radio data (NVSSLA), supported by the morphology, we either derived
the candidate’s nature or at least give some hypothesisooing their nature. Our
classification is divided into 4 categories listed below. &ephasize that this classi-
fication overrides individual ones. Hence, as an examplebalaonly identified as

“radio PN” will have its general classification set to “prdibex 3.
e 1: True planetary nebulai.e. confirmed at least spectrosaliy

e 2: Very Likely planetary nebula; with at least three corraimns including (or

not) spectroscopic data.

¢ 3: Probable planetary nebula; with no spectroscopic dalaatleast one or two

identifications, or only a convincing morphology.

¢ 4: Unlikely or non-conclusive planetary nebula; with no &pescopic data and

no other conclusive identification or an unconvincing maipiyy.

We summarise in Table 3.10 the results obtained for the IPEBXfslidate PNe pre-
sented in the classification process. Of the 233 objects we alde to gather data for
72 of them (31%). In this group, 12 have the highest probigtiti be a PN (17%) and
are therefore classified as “true” PNe and 2 objects areifiabsas “very likely” PN
(2%). 22 candidates are “probable” PNe (30%) among whichuldcbe coincident
with a HIl region. Finally, concerning the remaining 36 catades (50%), we have
either not enough information or conflicting designatidiesgive a definitive classifi-
cation. For most of those, rather than “unlikely” we showddd “non conclusive”. Of

course, one can rely on the partial analysis (IRAS, MSX adib)ao have an idea of
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the nature of the nebulae. Among the 161 candidates left,ave morphologically
classified all the ones which arefidise and with no symmetry as “unlik¢hon con-
clusive planetary nebula” (this will stand until furtheradysis), they represent 53%
of the remaining candidates (85 objects). The 76 nebulath (syimmetry) left, are
classified as “probable” PNe (47%).

We also notice that in our list of candidate PNe, 6 detectgdotd may be possible
new SNRs (Fig 3.26). This is a very interesting result as weegect to detect many
more of these objects and increase the statistics on theenwhbupernovae remnants
in the galactic plane as well as making a study of “small sBIR i.e. young out-
bursts. These nebulae are characterised by the presenc@SAIRx-ray data inside
or outside the nebula, their filamentary aspect or even teggnce of a nearby young

pulsar (less than fG/ears). These objects are discussed in Appendix E.
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Figure 3.25 (continued)
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192543 .22.1-!—.1-1-35-!-6.30 1‘35313 -I-94~+3'?1[!35_2.-I- . 195919 636+283827.07

Figure 3.26: Young IPHAS Supernovae Remnant candidateshal$fied as PN can-

didates.
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Table 3.10: Summary of the classification of IPHAS candi-

date PNe. Lines stands for the Emission lines study. The

last column indicates the likelihood on the true nature ef th

nebulae
Name(IPHASX J) Spectroscopy IRAS MSX NVSS | Morpho | N°
Sabbadin | Riesgo| Lines Zijlstra Pottasch | Emerson
183438.4000803 PN E 3
183602.4-000226 PN? I 4
183652.8-011536 PN? I 4
183911.8010624 - - PN? | PN/Outflow PN T-Tauri PN? R 2
184104.6-014050 PN? I 4
184211.4-005031 PN R 3
184253.2-022642 PN? I 4
184336.6-034640 PN PN PN/Outflow PN PNPPN PN? B 1
184745.4-013248 - - HII/PN PN? B 3
184800.6-025420 PN PN PNPPN | HII?/PN? R 2
184836.2022050 PN? R 4
184932.6-004437 PNPPN PN? I 3
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Table 3.10 — continued .

Name (IPHASX J) Spectroscopy IRAS MSX NVSS | Morpho | N°
Sabbadin | Riesgo| Lines Zijlstra Pottasch | Emerson
185224.2-004446 - - PN? R 3
185225.5-003326 PN/PPN PN R 3
185309.4-075241 PN E 3
185321.4055641 PN? R 4
185525.7-004823 PN PN B 1
185627.9-005550 PN PN I 3
185640.1-003804 PN? E 3
185722.5-010929 PN? I 4
185759.6-020706 PN? R 4
185815.8073753 PN E 3
185925.8001734 PN? PN PN? E 1
190155.%011211 HII?/PN? I 4
190340.7%4094640 PN? I 4
190346.8-050935 PN? I 4
190418.6-050635 HII?/PN? I 4
190432.9-091656 PN R 3
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Table 3.10 — continued .

Name (IPHASX J) Spectroscopy IRAS MSX NVSS | Morpho | N°
Sabbadin | Riesgo| Lines Zijlstra Pottasch | Emerson
190633.6-090720 PN R 3
190654.9-052216 PN? R 4
190700.4043041 PN? R 4
190759.4-050519 PN? I 4
191017.4-065258 OH-IR R 3
191022.%110538 PN? R 4
191104.74060845 PN? B 4
191124.8-002743 PN PN PN? B 3
191345.6174752 PN PN? PN? R 1
191445.%133219 PN PN B 1
191716.6-181518 PN? R 3
192038.9-160224 OH-IR | HII?/PN? I 4
192140.4155354 HIl HIl PNPPN B 3
192146.4172053 PN R 3
192256.9-140700 PNPPN I 3
192349.9-143330 HII I 3
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Table 3.10 — continued .

Name (IPHASX J) Spectroscopy IRAS MSX NVSS | Morpho | N°
Sabbadin | Riesgo| Lines Zijlstra Pottasch | Emerson
192410.6-133443 PN? I 4
192458.2-193434 Unknown | Galaxy PN R 4
192510.8113353 PN? B 4
192615.4191358 HII?/PN? R 4
192624.4195045 Unknown Galaxy PN I 4
192717.%193408 PN? I 4
192847.%093439 PN PN B 1
192902.5-244646 - - HII? PN? R 4
193008.9-192137 PN? E 4
193718.4202102 PN B 3
193721.9-233607 PN? I 4
193740.6-203548 PN I 3
193827.9-265752 - - - R 3
193912.6-251105 PN PN Unknown Galaxy PN/PPN PN? I 1
194226.%214521 PN? 4
194359.5170901 PN PN PN? B 1
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Table 3.10 — continued .

Name (IPHASX J) Spectroscopy IRAS MSX NVSS | Morpho | N°
Sabbadin | Riesgo| Lines Zijlstra Pottasch | Emerson
194408.9-284845 PN? I 4
194533.8210751 PN? I 4
194641.5264820 HII?/PN? I 4
194751.9-311818 PN PN B 1
194810.6-280724 PN? I 4
194815.6-280730 HIl HIl PNPPN | HII?/PN? R 4
194852.%4222516 PN? R 4
194940.9-261521 | Unclear PN B 1
195015.9-272859 HIl HIl PN? I 4
195248.8-255359 PN PN HII?/PN? B 1
195657.6-265714 PN PN B 1
195919.6-283827 Unknown | Unknown PN? I 4
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The spectroscopy, infrared and radio analysis carried ogoone IPHAS nebulae,
allowed us to classify some IPHAS nebulae, but it also uitkt that they exhibit
some particular characteristics when compared to knownepéaty nebulae. Thus the
radio data have shown that the IPHAS candidate PNe are gsotvetse evolved than
their known counterparts. In the next part, we will use treaites obtained previously to
show to which extent IPHAS contributes to enhancing our Kedge about planetary
nebulae, the key question beinghat does IPHAS contribute further to our knowledge
?

We will therefore focus on the general distribution and nemdif the IPHAS sources,
but also on the analysis of their infrared properties, tdestance determination, their

evolutionary phase and finally their interaction with theenstellar medium.
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