Part Il

Analysis of the first IPHAS results
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The analysis carried out in the following chapters takee sxtcount all the 233
candidates, due to the lack of strong evidence supportimgardination as “non plan-

etary nebula”.
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A

General properties of the IPHAS PNe

(and candidates)

4.1 Galactic distributions

The section of the sky observed in this study correspondsadangitude range 29
degrees te-79 degrees.

Figure 4.1 shows galactic extinction as a function of gadongitude (I) versus Galac-
tic latitude (b). As expected, the extinction is higher nter plane (betweer+1
degree). The graph reveals a nearly homogeneous distwbatiour nebulae. Some
areas appear empty: this means that either there are noaeetuive are in front of
zones of relatively high extinction. But in those zones, ¢énction is lower than
others where nebulae have been discovered. So it is likalythiere is simply a lack

of objects at these locations.
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4.1: GALACTIC DISTRIBUTIONS

If we compare in more detail the galactic location of our ddates and newly
confirmed PNe with 98 known PNe located in the same area (Figadd Fig. 4.2),
we can see that the overall longitudinal distribution isgloly similar except for the
higher number of IPHAS objects. As we deal with a rather siaition of the sky
(2h in RA), we do not expect to see spectacular changes imlitt@stion. In contrast,
in the latitudinal plane (b) we observed a gap betwee@ and~ 1 degree between
the two categories of objects. There are many more IPHASIael§t07) than known
PNe (29) in this region. This fference nearly factor 4, shows thBHAS allowed the
discovery of many more objects close to the Galactic Planend hence in heavier

extinction zones.

In an attempt to identify which kind of nebulae have been eds® far we consider
two parameters: the size and the morphology dependencst, &lirthe nebulae are
divided in 4 groups relative to their dimensions: the nebwigth a size lower than 20
arcsec, then between 20 arcsec and 60 arcsec, between 60 ants100 arcsec and

finally with a size greater than 100 arcsec. The results arediin Table 4.1.

Table 4.1: Number of IPHAS nebulae and known planetary raebinl the galactic

plane according their size.

Size Whole area 2<b<1
IPHAS | Known PNe| IPHAS | Known PNe
<20” 92 64 41 13
20" <b < 60" 64 23 26 10
60" < b < 100" 29 3 14 3
> 100" 48 8 26 3

Along with the histogram in Figure 4.3, Table 4.1 shows tin&t distribution of
small size nebulae i.e with a size lower than 20 arcsec idyneamparable between

the known PNe and the IPHAS nebulae across the galactic,pétheugh there are
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4: GENERAL PROPERTIES OF THE IPHAS PNE (AND CANDIDATES)
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4.1: GALACTIC DISTRIBUTIONS
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4: GENERAL PROPERTIES OF THE IPHAS PNE (AND CANDIDATES)

about 1.5 times more nebulae detected by IPHAS. But in loiuti regions, detec-
tion is improved by a factor of 3. With IPHAS we can thereforecdver more small
sources in high extinction zones. While moving towardsdangbulae we observed
a drastic change: the IPHAS nebulae outnumber by far the krlalge PNe. As an
example, concerning the largest ones (greater than 108@rdkere is no known PN
(from our sample) between -1 degb < 1 deg, while there are 21 extended IPHAS
nebulae. The improvement of our results at low latitude igficmed here again.

So, the first “hidden population” revealed by IPHAS, is the ore relative to the
large nebulae with a size greater than~20 arcsec We expected that around3lof

them would bébona fidePNe based on their morphology.

The exact morphology of planetary nebulae is not easy toeefith only the first
data of the survey. So we did a tentative classification wisdikely to change in
the future, and listed the results of a comparative studyaiold4.2. The location on
the plane of each category is shown in Fig. 4.4. Figure 4.5vshbat although we
observed slightly more new bipolar nebulae, the generarsehremained the same
in comparison to the known PNén terms of number of nebula€eThis is also the
case for the round and elliptical nebulae. In agreement thghpopulation of known
PNe, there are more elliptical and round IPHAS objects thanetare bipolar IPHAS
objects. The emerging group is the irregular nebulae, wiial previously poorly
represented at low galactic latitudes and which is sprlamvel the plane in the lon-
gitudinal direction. Even if all the nebulae listed undastmorphology are not true
planetary nebulae, the number of those qualified as suclstiilbe more than those
we already know (none are previously identified between Olagielgree for example).
Unfortunately we are unable to quantify this number.

In terms of location above the planthe “established” trend is followed (Table
4.3). Thus, IPHAS bipolar sources are located closer to thaeepthan elliptical and
round nebulae. The irregular nebulae have a mean absoll#etigdatitude which

places them between the round and elliptical nebulae, aadiglure is true for both

162 GALACTIC PLANETARY NEBULAE



4.1: GALACTIC DISTRIBUTIONS

known and new nebulae. An other interesting point, is thas¢hlPHAS populations
have a systematically lower mean absolute galactic lagitbhdn their known counter-
parts. The gathering of both datasets would therefore giessbiased figure of the
distribution of the morphological populations in this diten of the Galactic Plane. In
order to compare the scale height of our new nebulae withahtite known PNe in
the studied sky area, we used an exponential distributisedan the mean absolute
galactic latitude to fit the distribution in latitude for thé&ferent morphological classes
(Fig. 4.6 and Table 4.3 for the FWHM ). The distribution fuoatis

n(b) = no exp: (4.1)

with n(b) the number of nebulae angthe number of nebulae atb.

It appears that the exponential curves relative to the IPHARUlae and known PNe
fit their histograms well. There is a level of correlation kvthe group of round PNe:

the “scale height”jn terms of latitudes, of this morphological population does not
change drastically. This correlation between IPHAS andwm®Ne becomes less
obvious for elliptical and bipolar nebulae respectivelyndiit can be clearly seen that
the level of discrepancy between both groups is highestiirtegular nebulae. The

“latitudinal scale height” for these three populationsahezbe updated.

Table 4.2: Number of IPHAS nebulae and known planetary reebul the area ob-

served according their morphology.

Round Elliptical Bipolar Irregular
IPHAS 76 (33:11%) | 26 (11+19%) | 19 (8:22%) | 112 (48:9%)
Known PNe| 52 (53:14%) | 24 (24:20%) | 11 (11+:30%) | 11 (11+:30%)
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4: GENERAL PROPERTIES OF THE IPHAS PNE (AND CANDIDATES)
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Figure 4.4: Morphological distribution of the IPHAS and knmoPNe. Top left: Round,

Top right: Elliptical, Bottom left: Bipolar and Bottom righlrregular.

Table 4.3: Mean latitude and dispersion (FWHM) of each molpdical population

for IPHAS nebulae and known PNe.

164

Morphology < |b| > deg FWHM deg
IPHAS | Known PNe| IPHAS | Known PNe
Round 2.0 2.4 6.4 9.5
Elliptical 1.7 2.0 6.2 8.4
Bipolar 1.6 1.8 7.7 6.2
Irregular 1.8 2.0 6.2 9.0
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4.1: GALACTIC DISTRIBUTIONS
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4: GENERAL PROPERTIES OF THE IPHAS PNE (AND CANDIDATES)
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Figure 4.6: Morphological distribution of populations deted in IPHAS in terms of
the latitudes. The fits represent the exponential distiobgtof the heights above the

plane in latitude .

The INT photometric kit Survey of the Galactic Plane has therefore contributed to:

e The increase in number of nebulae most ofallow latitude (near b=0), their
height being distance dependent. Therefore IPHAS cantdetbalaghrough-
out zones of high extinction (e.g. E(B-V) up to~ 13 mag)

e The discovery ofwo, so far “hidden populations” which atbe large nebulae

with a size greater than 20 arcsec anthe irregular nebulae.
e The general increase in nebulae for each morphologicad clas

Several objects which were previously undetectable duetérstellar dust or their
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4.2: DISCUSSION

intrinsic faintness (because of their large size or evohary status) are now observ-

able and available for further studies.

4.2 Discussion

Our finding of hidden populations in the region of the plansa®ed here, lead us to

investigate their nature and origin.

Little is known abouirregular PNe. Corradi and Schwarz (1995) pointed out that
the irregular PNe have properties between the bipolar dipdieal groups (for instance
their location between those two groups on the plane ) artditeg may not be a proper
class of objects but a mixture of both mentioned groups wtierenorphology has not
been well established. Nevertheless, for those objectsathe central stars have been
studied, Stanghellini et al. (1993) found that they conegat on the central part of the
HR diagram (i.e. with log I;+~5K and log l/L®~3.5), contrary to the elliptical and
bipolar PNe, which show a wider spread. We could argue tlesdifisence of symmetry
in these nebulae is due to their evolutionary state in theesémat they have reached
an advanced point where they lose their shape and start twithixhe ISM. But if we
consider their size, which is an indicator of the age of thieuteee, we see that there
is no absolute correlation (Fig 4.7). The irregular nebaeenot specially larger than
the other morphological classes. There is therefore nacatain that they are older
and are then the end products of other classes. But the desgiom of their distance
is essential to verify this claim. Phillips (2004) used Ina#o mapping to dierentiate
the morphological classes and found that all the nebula@aetbfas irregular in his
sample (14 over 300), have a high Hell(4684) ratio (see his figure 9). This means
that they are high excitation PNe and hence have a Higtere temperature. Phillips
(2004) derived a mean Hell Zanstra temperature of 99 000 Ketween the bipolar
with a mean F(Hell)=~118-138 000 K and the round and elliptical PNe with a mean

LAURENCE SABIN 167



4: GENERAL PROPERTIES OF THE IPHAS PNE (AND CANDIDATES)

Tz(Hell)=~81-92 000 K. The [NIIJHg ratio of the irregular PNe is comparable to that
of the elliptical PNe.

We are therefore in the presence of a new genuine class of Pild @oes not seem
to originate from a known morphological class, with its owcdtion on the plane, its
own central star temperature range and of course its ownmatwgy characterised by
the absence of strict symmetry. So the question is now wieather predecessors of
these objects ? If we compare the PNe scale height derivecdblnadi and Schwarz
(1995) and Manchado et al. (2000) (see Table 1.2) with thie $eaght found by Jura
and Kleinmann (1992a) and Jura and Kleinmann (1992b) for A@B with pulsation
periods up to 400 days, and the height scales derived frosagabi (1984) for AGB

stars with periods greater than 400 days, we find a quite goodlation:

e Round PNe correspond in scale height to (O-rich) Mira witarsperiod (100-
300 days) and to semi-regulars (SRs) with 200-300 days gerio

¢ Elliptical PNe are relative to intermediate period SRs aderich) Miras (300-
400 days). There is also a correlation with short period IRE{150 days).

¢ Bipolar PNe scale heights correlate with long period Mird &H-IR stars (P
greater than 450 days).

Following Pottasch (1984) and assuming that the miras vétlods of~200 days have

a progenitor mass of about Jd/kand those with periods 6450 days have a progen-
itor mass of about 2 (this trend was also found by Vassiliadis and Wood (1993)),
we estimate the origin of the irregular IPHAS nebulae. Adaay to our classification
(Table 4.3), the irregular nebulae are localised betweeretliptical and bipolar neb-
ulae. They would therefore have as progenitors, (O-richBAEars with intermediate
to long periods, with a high mass between@nd 1.5-2 M (without reaching the
bipolar progenitor mass level). The relatively high masghefirregulars’ progenitors

is also supported by their hightective temperature.
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Figure 4.7: Representation of the IPHAS nebulae accordieg tmorphology and
their relative size. The black histogram shows the groupsligftical, bipolar and

round nebulae; the red histogram shows the irregular IPH&&lae.

Planetary nebulae with arge angular sizeare in general quite close. This is
observed when using the Shklovskii method to obtain theddss, and assuming that
the PNe have a constant ionised mass. A more complete dafimitid an application
of this method with some IPHAS targets is shown in section &8ler et al. (1990)
studied a set of large PNe and we derived from their samplebjécts) an average
angular size of 57 arcsec, a mean radius of 0.30 pc and a mst@amack of 2.5 kpc.
Those extended PNe are also believed to be older, as therpasitve correlation
between their central stars cooling and the expansion aftlebulae (see their figure
12). The core mass is also an important parameter as therhighenass, the larger
the nebular size.

Therefore the 141 nebulae found within IPHAS having an amgsize greater than
20 arcsec, would be more evolved amdcould be derived from massive progenitors.
But our sample is biased by the presence of probable HIl nsgas well as young
supernovae remnants.

After screening the Galactic Plane betweentb® and 29 <I< 79°, we ended

up with a large number of new nebulae in this direction. Mespfrom a purely
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4: GENERAL PROPERTIES OF THE IPHAS PNE (AND CANDIDATES)

morphological point of view we assumed that at led8td the objects detected could
be classified from true to probable PNe. When we introducedptanetary nebulae,
one of the obvious, unresolved issues was the mismatch bettihe total number of
detected PNe in the Galaxy and the estimated theoretical@ne of the goals of the
IPHAS nebulae search was to attempt to reduce the gap. Soteigsting to know
how many PNe were theoretically expected in the region tleestwdied, and therefore
what was the iciency of the survey.

The total number of PNe in the Galaxy can be defined as follows:
+00 o +00 72
N(D,2) = 2x Noxf eo def en dz (4.2)
0 0

with N(D,z) the number of nebula as a function of the galatgingth and height;
No the number density of local PNeﬁ represents the distribution of the PNe as a
function of the galactocentric distance D and the scaletkedy; finally e;—ﬁ, shows
the distribution of the PNe as a function of the height abtweplane z and the scale
height zI. We assume the scale length to be 3 kpc in the oldHiséhin 2004) and the
scale height for PNe is 250 pc. In the area we investigatedpowed that 120@200
planetary nebulae are expected to be present, assumir2gtii@0-5000 PNe in total
populate the Galaxy (Frew and Parker 2006). We noticed thatumber increases
to ~2500 if we consider 60 000 PNe as claimed by Shklovsky. In égu8, we show
the expected distribution of planetary nebulae in latitcopared to the observations
made so far in our sky area. We can see that the lack of detemticurs mainly at low
latitude range which implies a higher extinction rate (altbh IPHAS increases the
detection rate in this low latitude range). Therefore, weymeat be able to retrieve the

missing PNe with such optical surveys.
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5

Infrared properties of the IPHAS

sources

5.1 Introduction

Figure 3.12, used to determine the nature of some IPHAS esuuniveils a particular
characteristic: all of them show a systematig@0excess in comparison to the known
PNe located in the same sky area.

The emission detected with IRAS is mainly due to dust. LeereRottasch (1987)
claimed that the 12m and 2iwm radiation of PNe was due to line emission while the
60um and 10@m emission was only due to dust. We therefore concluded teat t
60um excess is due to an excess of dust. Using the Pottasch miggig.3.12), some
IPHAS objects (with high 60m excess) tend to fall in the HIl region zone (where we
do expect a large amount of dust for those massive nebulaggamdetermined. But
we can question the accuracy of the diagnostic diagram wihewsmes to separating
HII regions and PNe, most of all with the new type of nebulaeadvered by IPHAS.
Indeed, as shown with the radio observations (Part 1, se&i8) and in chapter 4,
IPHAS nebulae represent a faint population. This type o&abis perhaps missed

by Pottasch et al. (1988) leading to a wrong delimitationhea tiagram and then a
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5: INFRARED PROPERTIES OF THE IPHAS SOURCES

wrong classification. In order to test the diagram, we neddtaw whether the IRAS
colours of the IPHAS nebulae (and particularly those withewlear classification)
are consistent or not with a planetary nebula nature. Thisinviolve modelling the
IPHAS nebulae.

5.2 CLOUDY models

In order to proceed, we used version C07.02.02 of the phioitation code CLOUDY,
last described by Ferland et al. (1998). The model atmospbsed for the stellar
flux is the 29 generation grid model from Rauch (2003) and the geometrghisscal
(Fig. 5.1). We have to emphasise that this was a non-exkaustidy, and we do
not pretend to give “state of the art” models. Hence, the danoes chosen here are
typical abundances for planetary nebulae but they can fiereint from one PN to
another. We assumed that it would not interfere in the acyuséour models since we
did not have the spectra of our sources to give the correciegal The use of silicate
grains was preferred as few objects were expected to behGaithough we also show
some examples with graphite grains for a set of IPHAS tajgéelsis is due to the
fact that few AGB stars become C-rich in the inner Galaxy (638) (Le Bertre et al.
2001). Finally, we have to note the strong influence of thexd #ux in our modelling.
This flux is thought to be due mainly to atomic line emissiorialircan be dominant
over the dust emission and lead to an increase of théF2b2ratio. Here again, the
lack of spectra prevented us correcting thigd@influence.
Before modelling our objects, we first show the range g252:m and 2%60 um on
which planetary nebulae evolve, principally as a functibtheir radius and density.
The parameters for each model are listed in Tables 5.1 and 5.2

For each model, we adopted dfdrent density, #ective temperature and type of
grain. The range of masses from our models evolved is Q,8dVLO° M,. The IR
colours given by the CLOUDY modelling for the thredfdrent densities, are presented

ina F12F25 vs F23-60 diagram to allow their comparison with the Pottasch idiag
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Inner radius

Outer radius

Depth of the nebular shell

Figure 5.1: Closed geometry assumed in the CLOUDY models thig central star as

source of ionisation and the dashed area the nebular shell.

The results are shown in Figures 5.2, 5.3 and 5.4 (with theaBcit delimitations).

Several observations can be made from these graphics:

e First, we notice that the higher density model nebulae hewed F12F25 flux
ratios (and then towards warmer dust). At high density then2Huxes seems
dominant over the I2m. This behaviour onlyféects the largest nebulae, with
a radius between 0.1 pc and 0.01 pc (model A, B and C). In faethebulae
represented by model D (R.005 pc) do not show any major variations while

evolving from high to low densities.

e We also remark on the filerence between two models when thé&ating pa-

rameter is the nature of the dust grains: graphite dust hgstarsatic higher
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5: INFRARED PROPERTIES OF THE IPHAS SOURCES

Table 5.1: Main parameters for the CLOUDY models. The fost tar parameters are

free.
Symmetry Spherical
Distance 2 kpc
Abundances Typical PNe
Luminosity 10°%° erg's
Electronic temperature 109K
Grain Silicate (ISM) and graphite (ISM
Hydrogen density 10%%, 107, and 10°¢ cm™3
Electronic density 10%%7, 1677, and 10°7 cm™3
Stellar Temperature 50 000 K and 100 000 K

Table 5.2: Radius for each CLOUDY models.
Model Model A | Model B | Model C | Model D

Inner radius| 0.1 pc | 0.05pc | 0.01pc | 0.005pc

F12/F25 flux and lower F2%60 flux than silicate dust. This discrepancy de-
creases with increasing density. The size of thfedent types of grain or the
efficiency of their emissivity in the IR wavelength may accouortthe features

observed.

e In the models with a density of 100 and 1000 ¢énwe observed a displacement
in the diagram from the zone where the dust is warmer (bottigt of the
diagrams) to a zone where the dust is colder (top left of tlgmims), with
an increase of the radius from 0.005 to 0.01, 0.05 and 0O.1spesc This is
consistent with the fact that the greater the radius, the d@ient is the dust

heating.

We also show in Figure 5.5 the spectra for model A using S#éigaains at 100 and
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Figure 5.2: CLOUDY models for a density of 100 chwith the Pottasch limits.

1000 cn3; and in Appendix D we show all the spectra relative to eachlioation
modelled with CLOUDY.
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Figure 5.3: CLOUDY models for a density of 1000 chwith the Pottasch limits.
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But we did not forget our prime goal which was the comparisetwleen the Pot-
tasch diagram and the IPHAS results. It appears that thetaolfigures which corre-
spond with the location of IPHAS sources are the ones foridea®f 100 and 1000
cm2 (Fig. 5.2 and 5.3). For those densities, the best matchindgis@re models A,
B and C, i.e. with radii of 0.1, 0.05 and 0.01 pc. Therefore,amea conclude that
the IPHAS nebulae fit better with large size nebulae. An oitmeresting point is the
evolution of the radius. It appears, for a defined densit there is a correlation be-
tween the F25-60 flux and the size of the nebula. Indeed, a higlme®lux (excess)
is coincident with a large radius. Moreover, all 3 models BAand C) show a ratio
lower than unity. If we examine the CLOUDY models for a depsif 10000 cm?

(Fig. 5.4), we can argue that large size PNe are inconsigtiéimhigh densities.

In summarythe CLOUDY modelling has shown that the IPHAS population is
characterised by medium-low density nebulae, with large ges (from~ 0.01 pc in
radius) and a tendency for 6(um excess (or dust excess)his “new population of
PNe” unveiled by the models, is absent from the Pottaschraiiagin the PN zone).
But we do know that identified PNe have the characteristicatimeed earlier (e.g.
NGC 6778, NGC 7293 “Helix nebula”), so is the diagram complt

In order to answer that question, we used all the PNe with IR#A&&surements in
the Acker catalogue (Acker et al. 1992) and plotted them &setin IR diagram by
Pottasch etal. (1988). This involved 322 PNe (Fig.5.6). Warty see that the location
of the planetary nebulae extends well above the defineddifoitPNe as defined by
Pottasch et al. (1988) and those nebulae mainly show a shiértls the left part of
the diagram: where our missing objects are. We noticed tlogehD, which concerns
small size nebulae (from 0.0054®.01), always gives a good fit, whatever the density,
for the PNe located in the PN zone by Pottasch et al. (1988.alithor’s diagram is

therefore mainly orientated towards “small” size nebulae.
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Figure 5.6: Superposition of 322 galactic PNe from (Ackerlakt1992) in the IR
diagram from Pottasch et al. (1988). The IPHAS nebulae aesim red (diamonds).

5.3 Fitting models for the IPHAS nebulae

As we have seen that, using the Pottasch diagram, we aranbgemaissing gen-
uine PNe, we will use the CLOUDY results (for densities of 1&@@ 1000 crm)

to fit the IPHAS nebulae which were beyond all boundaries éRbttasch diagram.
These are IPHASX J192458&.293434 (1), IPHASX J192624+295045 (2), IPHASX
J193912.6251105 (3) and IPHASX J195919:883827 (4) shown in Figure 5.7. We
show in Table 5.3 the best fit obtained for the first 3 nebulséP?BIASX J195919 6283827
does not fit with any location on our graph. This nebula shovwswer 6Qum excess
but more importantly, a lack of warm dust (low 2% flux). The best fitting model
gives a minimum radius of 0.07 parsecs and firative temperature of 100 000 K,

but it also implies a much reduced nebular shell (estimat€d0®5 parsecs). In this
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particular case the 1in flux plays a large role.

Table 5.3: Best CLOUDY fits for 3 formely misclassified PNe.

N° nebula| Model at 100 cm?® Model at 1000 cm?
1,2,3 | Dust: Graphite Dust : Graphite
Tet: 564 K Ters: 15K
Rin : 0.1t0 0.05 Rih : 0.1t0 0.05

Shell thickness: 0.3 to 0.4 pc Shell thickness: 0.3t0 0.4 p

Mean dust temperature: 45 KMean dust temperature: 42 K

)

We compared the radii with those of the known planetary rebldcated in the
same IR area. One hundred and twenty-one objects were fouin@Ww25F60 lower
than 0.3 but only 101 have known distances. We derived a nazhng of 0.15 pc and
a maximal radius of 0.48 pc. These numbers correlate wetl thi models.

It is interesting to notice the very good fit obtained for IP&)A J195015.9272859
(initially classified as HII region by Pottasch et al. (1988yhich could correspond to
a low density planetary nebula (100 cthwith a central star temperature of 5e4 K, a

minimum radius of 0.01 pc (Model C) and a carbon chemistry.

As we mentioned previously, the implication of the IR enusslines is likely to
interfere with our results relative to the IR emission splélie to the dust. It is be-
lieved that the contribution from line emissions is smalterwavelengths greater than
~30um, and the contribution of the dust is dominant (Leene anthBci (1987), Har-
rington et al. (1988)). Using a standard example which wmeslan &ective tempera-
ture of 100 000K, Silicate grains and a density of 100mwe derived the emission
line contribution for each model (A, B, C and D) for all four A8 bands (Fig.5.8).
Therefore, all the emission lines contained in one band baea extracted and their

fluxes added up. The in-band flux obtained was then convemtedlux density by
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Figure 5.7: IPHAS nebulae in the CLOUDY resulting graphics & density
of 100 cnt® (top) and 1000 cn? (bottom). IPHASX J192458:2193434 (1),
IPHASX J192624.¥195045 (2), IPHASX J193912+251105 (3) and IPHASX

J195919.6283827 (4)
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dividing it by the filter width in Hz. The widths are 13<30* Hz for the 12:m band,
5.15x10% Hz for the 25xm band, 2.5%10' Hz for the 6Qm band and 0.99410' Hz
for the 10Qum band. By subtracting the emission line density flux fromftae given
by CLOUDY for the whole band we obtain the dust density fluxbl€eb.4 shows the

ratio
I:eml

qust
with, Fem the flux density of emission lines ang & the flux density of dust. The ratio

shows the contribution of the emission line (over the dustefich band.
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Table 5.4: Emission line contribution for the CLOUDY modeWe present the ratio

of the emission line flux over the flux from the dust.
Model | 12um | 25um | 60um | 10Qum

59.6 | 0.10 | 0.28 | 0.88

B 123.6| 0.10 | 0.24 | 0.81
C 24.7 | 0.06 | 0.20 | 0.77
D 6e-3 | 0.02 | 1e-3 | 0.02

First we notice that the 1in band is generally dominated by emission lines. This
coincides with the findings of Leene and Pottasch (1987) aardhgton et al. (1988).
The exception is case D, which has the smallest radius wherdust is predominant:
we therefore have hot dust. In all four models, the IR emssip25um, 6Qum and
10Qum is due to dust rather than emission lines. In the case of $agnand our

conclusion difers from the authors previously mentioned.

5.4 Conclusion

Using the photoionisation code CLOUDY we tried to underdttre systematic shift

of the IPHAS nebulae towards the left part of the Pottaschrdia. This location is
not considered in his IR diagram as being a zone where PNeiieul

The diferent models show@ew zonewhere the nebulae are consistent with medium-
low density planetary nebulae (below 1000¢éjn displaying a relatively large size
(with a minimum of~ 0.01 pc in radius) and which IR emission is mainly due to the
dust, except in the 1idn band (which is dominated by emission lines). The models
also show the correlation between a large radius and therrecme of a 6Qm ex-
cess: dust excess is then concordant with large size PNaeTtebulae would be less
affected by the dust heating and then display cold dust. Theisbglhowing a high

25um flux and showing simultaneously a/&8@ excess, can be explained by the fact
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that warm dust (T> 100 K) still exists near the low luminosity central star aaahot
totally destroyed in the ionisation area. This case has lsaatied in detail by van
Hoof et al. (1999) for the planetary nebulae NGC 6445.

The IPHAS nebulae generally match that “forgotten popaftétof PNe and the 4 un-
classifiedmisclassified objects according to Pottasch et al. (1988)ZAjtstra et al.
(2001) may be genuine PNe. If we look at the CLOUDY diagramtrms of evo-
lution, we demonstrate that as the PNe mature, they expasizén The change in
physical conditions allows the conversion from warm to cdlst, and the lower the
density the higher the dust excess. Therefore the assmtiatilarge nebular radius,
low density and excess of cold dust can be related to evolded FPHAS is then more
likely to detect this kind of object.

By the end of this study, it appears that the Pottasch IRA§ndistic diagram is in-
complete and does not cover all PNe. This conclusion stamken redrawing the
diagram with a greater and more diverse sample of PNe. Thidtris important if we
want to continue to use this IRAS diagram, as IPHAS is momyiko fill its left side
with new objects, due to their large size (as seen previdusljarge size nebulae are a
new population unveiled by the survey). In Figure 5.9, wenstiee new boundaries we
established for the planetary nebulae population. We kegplirnits for the HIl regions
and the stars as overlap is always possible. There is no sgaration between PNe

and Hll regions in our new graphics.
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Figure 5.9: New version of the Pottasch et al. (1988) diagiaciuding 322 known
PNe from the Acker catalogue with IR data. The red diamonds/ghe IPHAS neb-

ulae.
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Estimation of the Distances

6.1 Introduction

Distance is one of the most fundamental aniclilt parameters to measure. Several
methods exist to determine it, among which we can cite tlgomometric and spec-
troscopic parallax methods, the location in a defined “etisir the nebula expansion
method (Liller and Liller 1968). One of the most used is thatistical “Shklovskii”
method (Shklovskii 1956). The distance is obtained fronetigation (Pottasch 1984):

2/5 o +-0.18
d- l22.8><M X1 (6.1)
€Y x F(HPB)Y/5 x §3/5

with d the distance in kpc, M the mass in solar masseg (M104T. in K, € the filling
factor, F(HB) the HB line flux in 107! erg cnT? s7%, andd the angular radius in arcsec.
This method assumes a constant ionised nebular mass falal{®ahn et al. 1992)
but also a constant electron density and a filling factor. Moelel is based on the fol-
lowing consideration: a PN is like a sphere filled, in the dugre, with ionised matter
at a constant electron density. From this figure the fl@aHd the distance are derived
(see (Pottasch 1984) equation V-5). Still following thisdabthe ionised mass, con-
sidered as constant, is inferred (see (Pottasch 1984)iegu&f7). The combination
of both equations permits us to derive the distance (whitlovic the initial model

constraints). A modified “Shklovskii” method was proposgdMaciel and Pottasch
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(1980) for high density PNe (greater thari@ cm3). A caveat in the “Shklovskii
method” is the constant mass hypothesis. Indeed, due toitleerange of progenitor
masses (from 0.8 to 8 &), in the PNe population, it is unlikely that all PNe have the
same ionised mass and this will lead to wrong estimationsi@fdistance (Pottasch
and Zijlstra 1992). But those who support this method ardpa¢: the distance is not
very sensitive to the mass as it is only/& power of the mass dependence, giving an
error ~30 % over the distance (Buckley and Schneider 1995). Angifadylem is the
case of the young PNe with their high surface brightness amelly lower ionised
mass. These PNe will have their distances overestimatdtegsate not fully ionised
(i.e. they are still ionisation bounded), which means in$idlovskii formalism that
their mass is not yet constant.

Avoiding the “mass problem”, van de Steene and Zijlstra 8)3ffined a new statisti-
cal distance method based on the relationship betweendiwegarface brightness and

the radius (obtained from the radio angular diameter):

logR(pc) = —0.35(x0.05) logT, — 0.52(x0.10) (6.2)
R
D= 7 (6.3)

with R the radius in pcg the angular radius in arcsecond angltiie radio brightness
temperature in K. Formula 6.3 was obtained using bulge PKe.slirface brightness-
radius relationship (SB-R), is a technique which has entBirgehe last decade, and has
been widely used in the radio regime (van de Steene andrdi{is995), Zhang (1995),
Schneider and Buckley (1996) and Phillips (2002)). Regehtew and Parker (2006)
adapted this method in the optical range, using the deredtlein surface brightness
of the PNe found during the AAQKIST survey.

The Shklovskii and the SB-R methods are statistical, i.ey tissume a constant pa-
rameter (respectively the ionised mass and the linear bainaof the surface bright-
ness regarding the radius). These assumptions can be patdeand lead to large

discrepancies from one method to another. Other technitgudsrive the distances
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are based on individual determination (e.g trigonometai@pax). One of these is the
extinction-distance method based on the comparison oflaedxtinction and the E(B-
V) (colour excess) of main sequence stars for which the wicsts are known (Kaler
and Lutz 1985). We have to keep in mind that the use of indalidistance methods
does not guarantee better accuracy on the distances.

In this chapter we apply several methods to a set of IPHASgpdam nebulae in order
first, to estimate their distance, but also to detect whexelibcrepancies may arise and
try to understand why. Therefore we first use the SB-R methmad frew and Parker
(2006), then compare the results with the “Shklovskii mdthand finally with the
new extinction-distance method developed within the IPts&&/ey. The best objects
for this study are those for which we have the spectroscopiaitl H3 fluxes. In this

case, the 17 PNe analysed in section 3.1 will constitute ampse.

6.2 Surface brightness-radius relationship

With their new method, Frew and Parker (2006) found that tRe Rere following a
trend consistent with a‘Raw with @ ranging from -3 to -3.5. The variation is related
to the morphology of the PNe. As mentioned previously, ketgplying the method

to the whole set of PNe candidates, we will work on our smadlb§®Ne.

The first step is the determination of the surface brightmésthe nebulae. This

process is not a simple one as we must take into account spagaaneters:

¢ Ifthere are no spectra for the objects, the flux can be detexdfrom the IPHAS
images. But those measureHNII] and some objects exhibit a [NIl] enhance-
ment. Hence the contribution of the [NII]6583 line should be discarded.

However we have no way of correcting for it.

e Extinction should be corrected for. This flux dereddenindase using the Fitz-

patrick parameterization (Fitzpatrick 1999). The algumtinputs are the ki
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6563 line, the un-derreddened flux and the colour excess\i(B-

e The morphology of a planetary nebula can be very complex hedull extent
hard to define on a 120sd4[NIl] image. The correct derivation of the SB
should take into account the variations in flux with radiusrsdor example in

ring nebulae, bipolar nebulae ...etc.

e The density (and flux) increase due to ISM interaction can Is#eiading when
measuring the surface brightness. This is even more drifidae SB has been
measured via a spectroscopic determination ofdj(#ith the slit on the inter-

acting rim.

e The flux determination via spectroscopy is only accurateafaonsider a PN
uniformly ionised. But the position and size of the slit is@al, as we generally
tend to measure the brightest part of the PN and we apply tkedlthe whole
nebula. According to the PN morphology, this can give a wrSBg

When using the IPHAS images, we assume that the [NII] camiob won't &fect the

final surface brightness of the nebula.

To define the flux from an image, first we have to correct the mfagatmospheric
extinction. Then, we need to convert the counts in ADUs inigdE. This is done by
applying a conversion factor to the image. This conversamidr (cf), varies from one
night to another as it is dependent on the observing comdifidne definition of cf, is
based on the studyof standard stars for which the magniar@denown and therefore

for which we can retrieve the flux using Pogson’s law:
F, = Fox 107 (6.4)

with F, the zero point flux in K as defined by Gonzalez-Solares et al. (2007) and
Fv the flux in erg sec cm2 Hz ! . For each observing night (i.e.when our nebulae

have been observed), we retrieve the standard stars assbwaigh the nebulae and we
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associate the fluxes to the number of counts. Therefore ar toabbtain the conversion

factor for each night, we apply the following:

CF +EW
~ count

(6.5)

with “EW” the equivalent width of the filter (95 A), “count” #adata count in ADUs
for each standard star to get a flux per data count. The crefr the filter transmi-
sion is done by dividing cf by the corresponding8 %. The conversion factor is then

applied to each object using their continuum-subtractexbees.

Four diferent ways to derive the SB were used:

e We performed a simple visual determination of the limit of tiebulae and we

derive integrated fluxes. The latter is divided by the whoidace.

e We defined an expanding circular adaptive aperture, with nacreasing from
the inner part of the nebulae to the outer layers. This tak#s account the
different geometries showed by the PNe. For each aperture, atiithe corre-
sponding SB were retrieved, and we took an average of allgagaes to obtain

the mean SB.

o \We defined the 1% contour for each nebulae. The flux was denved the

concerned area .

e We used the H flux from the spectroscopy, corrected from extinction. Tloe fl
was measured through a slit ofl arcsec width. This method is only applicable
to the most compact and well defined PNe (i.e. without halmeso.etc). We as-
sume therefore that there was no variation in the flux or theyt tvere negligible.

This concerns 5 PNe in our sample.

Once the SB was obtained, we used the SB-radius relatiotisinip Frew and

Parker (2006). It should be noted that they used an H-alptfacgubrightness from
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the spectroscopic measurement of the #ux alone i.e. not combined with [NII].
Around 120 calibrators were used in a wide range of surfagghbress (private com-
munication with D. Frew). The faintest calibrating PN inntexof SB is the huge, faint,
one-sided nebula, TK 1 around the hot WD star Ton 320. An ulghdd WHAM H-
alpha integrated flux is log F(H&) -10.79 erg ci? s™X. They adopt a distance of 570
pc from the weighted mean of trigonometric and gravity dis&s. Using a 42.32L0°
arcseé area they obtain log SB() = -6.68 erg cm? s* srt. The brightest calibrators
like NGC 7027 and BB30 3639, have log SB(#) ~ +0.1 erg cm? s* srt. Three
relations were derived from the fits and are defined accortlinge characteristics of

the PNe.

e An overall relation, grouping all the objects: Log SB{H= -3.61 log R - 5.37
(with R in parsec) and Log SB() in erg cnt?2 st sr,
¢ A relation followed by the bipolar PNe: Log SB@) = -3.37 log R - 4.87.
¢ A relation for the low-mass, optically thin and high excditet PNe: Log SB(k) =
-3.16log R - 5.78.

Frew and Parker (2006) obtained an error=@0% on the derived distances for the
general relation and25% on the derived distances for the 3rd category .

The resulting surface brightnesses, radii and distance$isted in Table 6.1, 6.2
and 6.3 respectively. Those results for our 17 PNe, incliidewar methods using the
general SB-R relationship by Frew and Parker (2006) i.e. 8BgHa) = -3.61 log R -
5.37. We also show in Table 6.4 the radius and distance aataising the SB-R law

for the bipolar nebulae.
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Table 6.1: Logarithm of the surface brightness in ergtsi® sr! obtained via the

four methods.

PN (IPHASX J) | Whole SB| Mean SB| F(Ha)Spectro 1% Contour
183911.8010624| -1.46 -1.32 -2.03 -1.48
184336.6-034640| -1.18 -0.77 -2.69 -1.20
185224.2-004446 -1.93 -1.30 -2.49 -1.56
185525.7-004823 -1.75 -1.59 -3.34 -1.76
185925.8001734| -1.32 -1.14 -2.63 -1.15
191124.8002743| -2.66 -2.42 -2.13
191345.6-174752| -1.91 -1.82 -1.90
191445.%133219| -2.89 -2.77 -2.69
192847.%093439| -3.01 -3.06 -2.25
192902.5-244646| -2.59 -1.94 -2.59
193827.9265752| -2.54 -2.28 -2.53
193912.6-251105| -2.42 -2.19 -1.74
194359.5170901| -3.45 -2.83 -2.67
194751.9-311818| -1.07 -0.64 -1.00
194940.9-261521 -1.43 -1.17 -1.27
195248.8255359| -0.65 0.12 -0.16
195657.6-265714| -2.10 -2.01 -1.79
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Table 6.2: Logarithm of the radius in pc obtained via the fowathods. The general
fitting law, Log SB(Hy) = -3.61 log R - 5.37, is used.

PN (IPHASX J) | Whole SB| Mean SB| F(Ha)Spectrg 1% Contour
183911.8010624| -1.08 -1.12 -0.92 -1.07
184336.6-034640| -1.16 -1.27 -0.74 -1.15
185224.2-004446 -0.95 -1.12 -0.79 -1.05
185525.7-004823 -1.00 -1.04 -0.56 -0.99
185925.8001734 -1.12 -1.16 -0.75 -1.16
191124.8002743| -0.74 -0.81 -0.89
191345.6174752| -0.95 -0.98 -0.96
191445.%133219 -0.68 -0.71 -0.74
192847.%093439| -0.65 -0.63 -0.86
192902.5-244646| -0.76 -0.94 -0.76
193827.9265752| -0.78 -0.85 -0.78
193912.6-251105| -0.81 -0.88 -1.00
194359.5170901| -0.53 -0.70 -0.74
194751.9-311818| -1.19 -1.30 -1.20
194940.9261521| -1.08 -1.16 -1.13
195248.8255359| -1.30 -1.52 -1.44
195657.6-265714| -0.90 -0.93 -0.99
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Table 6.3: Distances in kpc obtained via the four methods.

PN (IPHASX J) | Whole SB| Mean SB| F(Ha)Spectro 1% Contour
183911.8010624| 5.7+2.3 | 5.2+ 2.2 8.1+ 3.2 5.8+23
184336.6-034640| 1.6+0.6 | 1.2+ 0.5 41+1.6 1.6+ 0.6
185224.2-004446 11.5+46 | 7.7+ 3.1 16.5+ 6.6 9.1+ 3.6
185525.7-004823 3.4+1.4 | 3.1+1.2 9.4+ 3.7 34+1.4
185925.8001734| 2.6+1.0 | 2.3+0.9 6.0+ 24 2.3+0.9
191124.8002743| 2.2+0.9 | 1.8+ 0.7 1.5+ 0.6
191345.6174752| 7.6+3.0 | 7.2+ 2.9 7.5+ 3.0
191445.%133219| 6.5+ 2.6 | 6.0+ 2.4 5.7+ 2.3
192847.13093439| 1.4+ 0.6 | 1.5+ 0.6 0.9+0.3
192902.5-244646| 7.0+2.8 | 46+1.8 7.0+2.8
193827.9265752| 9.7+3.9 | 8.2+ 3.3 9.6+ 3.8
193912.6-251105| 1.6+0.7 | 1.4+ 0.6 1.1+04
194359.5170901| 1.0+0.4 | 0.7+0.3 0.6+ 0.2
194751.9311818| 3.3+1.3 | 25+ 1.0 3.2+1.3
194940.9261521| 3.4+1.3 | 28+1.1 3.0+1.2
195248.8255359| 2.0+ 0.8 | 1.3+ 0.5 1.5+ 0.6
195657.6-265714| 2.1+0.8 | 2.0+ 0.8 1.7+0.7
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Table 6.4: Log radius (pc) and distances in kpc obtainedyusie SB law for the bipolar nebulae.

PN (IPHASX J) Whole SB Mean SB F(Ha)Spectro 1% Contour

LogR | Distance| LogR | Distance| LogR | Distance| LogR | Distance
184336.6-034640| -1.09|1.8+0.7| -1.21 | 14+ 0.6 | -0.84|9.9+3.9| -1.08| 1.9+ 0.7
185525.7-004823 -092 | 4.1+1.6| -0.97|3.7+1.4| -0.64 | 51+21| -092|41+1.6
191124.8002743| -0.65| 2.7+ 1.1| -0.72 | 2.3+ 0.9 -0.81|1.9+0.7
191445.%133219| -0.58 | 8.2+ 3.3 | -0.62 | 7.5+ 3.0 -064|7.2+28
192847.%093439| -0.55|1.8+0.7| -0.53 | 1.8+ 0.7 -0.7711.1+04
194359.5170901| -0.42 | 1.3+0.5| -0.60| 0.8+ 0.3 -065| 0.7+ 0.3
194940.9261521| -1.01 | 39+1.6| -1.09| 3.3+ 1.3 -1.06 | 3.5+14
195248.8255359| -1.24 | 2.3+ 09| -1.48 | 1.4+ 0.5 -1.39 1.7+ 0.7
195657.6-265714| -0.81 | 2.6+1.0| -0.84| 24+ 1.0 -091|121+0.8
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6.3: THE SHKLOVSKII METHOD

The first observation we can make concerns the reliabilithedistances. All four
methods indicate valuable distances as they stand withihrthts of ~10 kpc (we are
unlikely to detect any objects above this boundary). Thennatice a good correlation
concerning the distance of each PN, generally within theremargin, using the four
techniques. But we have to emphasise that although thenatidata on the PNe have
undergone dferent treatments, they were all eventually applied usiegtdme single-

fitting relation.

6.3 The Shklovskii method

As mentioned earlier, this method has been widely used awhass a constant ionised
mass (M). We will consider M=0.3 M,,, a value used in the literature, although masses
from 0.2 to 0.5M, are acceptable. The filling factor is set to 0.6. Applying &pn

6.1 we found the distances quoted in Table 6.5.

We noticed that there are several inconsistent values éodistances. Indeed we
did not expect PNe at larger distances thd® kpc. Kinman et al. (1988) noticed the
same type of discrepancies for PNe wit]i ffuxes of the same order as ours ( greater
than~1e* erg cnt? s7%)). We consider that the PNe with the largest distances are at

least at~8.5 kpc which is the distance of the Galactic centre.

We concluded that the “Shklovskii method” as presented dyaBoh (1984), was
not applicable to PNe such as those discovered in the frankeafthe IPHAS survey.
Then, this method would be limited to the “bright ” PNe.

6.4 The IPHAS extinction method

In the framework of IPHAS a new method is being tested andemjinted, to derive
the distances by the determination of the extinction (Seded, in preparation). The

reddening or interstellar extinction can be a good tool teedeine the distances of
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Table 6.5: Distances in kpc obtained with the Shklovskiimoet

IPHAS PNe (IPHASX J) FHB (ergcnm? st) | Distance (kpc)
183911.8010624 1.35e-12 12.0+ 3.6
184336.6-034640 2.93e-12 5.3+1.6
185224.2-004446 1.88e-13 22.8+ 6.8
185525.7-004823 1.24e-13 12.8+ 3.8
185925.8001734 2.70e-12 6.9+2.1
191124.8002743 1.35e-15 16.9+5.1
191345.6174752 1.96e-14 28.1+ 8.4
191445.%133219 9.01le-17 51.8+15.5
192847.1093439 6.64e-17 21.2+ 6.3
192902.5-244646 1.33e-15 35.4+10.6
193827.9-265752 9.47e-16 46.9+ 14.1
193912.3-251105 9.69e-15 10.7+ 3.2
194359.5170901 7.23e-16 8.9+ 2.7
194751.9311818 1.61e-13 155+ 4.6
194940.9-261521 1.49e-14 21.8+ 6.5
195248.8255359 4.28e-13 11.1+ 3.3
195657.6-265714 1.45e-15 20.7+ 6.2

objects in the Galactic Plane. If we know the apparent andlates magnitudes of
field stars surrounding our nebulae we can determine anatixtmdistance law in the
direction of the PNe.

All the stars (AO to K4) detected in IPHAS were placed in aa-¥$ r-i colour-colour
diagram. They described a curve which moves fdfedent values of the reddening
E(B-V). The bump of those curves describe a line called thiy-@areddening line
(Fig. 6.1) as they are relative to the early A-stars. Eaclitjposon this line is therefore

linked to an extinction. The early A-stars are the ones ueethk extinction-distance
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6.4: THE IPHAS EXTINCTION METHOD

method, although in practise all stars from AO to K4 are u§dw et al. (2008) shows
how the high Hr absorption of the early A-stars made them identifiable inlEH¢AS
r-Ha vs r-i colour-colour diagram. Their extinctions are dedveom their r-i colour
and their distances are obtained from the photometric lgaraiethod.

For each star, the distance, extinction and colours arer@itaand the data are binned
to give an extinction-distance relation. The luminositgsd can be retrieved from
the chosen extinction curve, the extinction to the starsthed apparent magnitude
my. The apparent magnitude is obtained from the IPHAS photocn@easurements.
As the luminosity class and spectral type of the object are kimown, the absolute
magnitude M of the stars and then an estimate of their distance are famaell
as their extinction and colours. These new estimations areqgb a repeated process
which lasts until convergence of the results. The distaatd#ferent extinction values

can be derived. We use the standard equation:
my — My =5logd + Rx E(B-V) -5 (6.6)

with R the reddening cdicient assumed constant£B.1) as the A-stars are localised
in a small area around the concerned nebula.

By retrieving the nebular extinction, generally by spestapic means (Balmer decre-
ment) we can obtain the PNe distance and compare it to thecéin-distance of the
A-stars surrounding it in the same line of sight. This metdedends on the accuracy
of the photometric measurements, the presence of contatsililee O and B stars and
in our case, on the structure of the nebula (if there is a tianaf the extinction due
to the geometry). Hence, the distance estimation could tomeous if the extinction

is intrinsic to the PN and does natect the surrounding stars.

6.4.1 Application to the IPHAS PNe

The extinction curves have been produced by the IPHAS greaprdy with the A-type

stars (which also developed the algorithm to produce th&We) used the preliminary
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Figure 6.1: The ffect of interstellar extinction, calculated according toRws 3.1
Galactic law, on synthetic stellar tracks in the (@H-i ) plane. The main sequences
are drawn in black, the giant sequences in red, and supésgiamgreen. The three
sets shown apply to E(B-VF 0.0, 2.0 and 4.0, as labelled. The dashed line shown
is the reddening locus for AQV stars. This defines a notionalimum line for all
non-degenerate stars. Itis named the “early-A reddeni&j.liThe figure and the text

have been taken from Drew et al. (2005) with authorisatiotihefauthor.

diagrams to give an estimation of the PNe distances (se&FYy.As said previously,
the curves show the distribution of the extinction as a fiamcof the distance. The
A-stars used for each diagram have been binned up (100 pg tfas each line of
sight, at least two fields’ stars were used (as we have to takeaiccount the fiset
during the observations).

The results for the 17 spectroscopically investigated IBHMNe, are shown in Table
6.6. The errors on the distances are derived from the errtim@risual extinction. But
as our targets are in an area of heavy extinction the accufitye extinction curves

can be low (we rely on upper and lower limits) and thereforedlror on the distance
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6.4: THE IPHAS EXTINCTION METHOD

is large. By contrast, the figures in Appendix C.2 show thénekibn curves for PNe
observed in a less obscured region (RA between 20h and OO&jevehdistance is
always well determined. In our case, out of 17 targets, 9 shhgwod fit and therefore

we can have confidence in their accuracy.

Table 6.6: Extinction and distances of a set of IPHAS nebulae () shows nebulae
with extinction much higher than the field stars visual eatiion. ul indicates that
the distance is the upper limit afidindicates that the distance is the lower limit. The

accuracy on c(H) depends on the observing conditions and the data redyotomess.

Name c(HB) | A(V) | d (kpc) | Morphology | Height|Z (pc)

IPHASX J183911.8010624| 2.71 | 5.67 0.7_:2' R 41
IPHASX J184336.6034640| 2.17 | 4.45 2.2;2'5 B 132
IPHASX J185224.2-004446 2.56 | 5.32 5.2;3'5* R 50
IPHASX J185525.7-004823 1.93 | 3.92 1.7:2:3 B 37
IPHASX J185925.8001734| 3.73 | 8.08 3.7:ﬁ'6* E 106
IPHASX J191124.8002743| 1.32 | 2.62 47:ﬁ’ B 349
IPHASX J191345.6174752| 2.30 | 4.74 2.7:%:2 R 155
IPHASX J191445.4133219| 1.60 | 3.21 | 0.8Y, B 15
IPHASX J192847.1093439| 0.97 | 1.90 | 1.3.39 B 86
IPHASX J192902.5244646| 0.88 | 1.72 2.2;%2 R 131
IPHASX J193827.9265752| 0.89 | 1.74 | 2.2 R 102
IPHASX J193912.8251105| 2.21 | 4.54 5.7:ﬁ'5* I 157
IPHASX J194359.5170901| 0.38 | 0.72 | 0.3 Y, B 18
IPHASX J194751.9311818| 2.79 | 5.85 5.7:35* R 296
IPHASX J194940.9261521| 2.70 | 5.64 | 6.7.4." B 7
IPHASX J195248.8255359| 3.93 | 8.58 3.7:ﬁ'3* B 47
IPHASX J195657.6265714| 3.05 | 6.45 5.@%2* B 101
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Figure 6.2: Extinction curves of the main sequence starsardirection of each of the

nebulae giving their distances.
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Figure 6.2 (continued)
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Figure 6.2 (continued)

6.4.2 Accuracy of the method
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We observed that some PNe have reddening greater than #iseiciated reddening-

distance curve. This poses the problem of the accuracy ofdéhel PHAS method. As

seen previously the extinction-distance method relies dinsthe photometry (for the

A stars) and on the estimation of the extinction for the nabulWe assume that the

precision of the photometry is not significant as the acguisabout 1 to 2%. A vari-
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ation of extinction in the A-stars’ field is possible if thersaunding field stars are in
a particularly “turbulent” area i.e. with large HIl regignfSNRs or clusters where the
extinction is subject to (large) variations. But the errardon the curves are not large
enough to fully confirm this possibility. The errors in the@ince determination might
therefore come from the objects observed i.e. in our cas@Meand more precisely
their internal extinction. The geometry of the PN and the wayderive the extinction
play a major role in the accuracy of the distances. As sailiegahe intrinsic extinc-
tion of the PN may be a problem as it may vary inside the PN. Waisld therefore
particularly dfect large nebulae. As an example we observed the possilidgioarn
extinction in the large bipolar IPHASX J19284#093439 (Fig. 6.3). The data were
measured along the slit over a 2.9 arcmin length. Togethtr Mig. 6.4, we can see
that the extinction is roughly uniform across the nebulae To peaks in the k/HB
ratio are due to the presence of bright stars on the slit. &fbeg we can say that not
only large variations of extinction inside a PN is not likélyt also, if they appear, the
presence of foreign bodies on the slitis likely. The prediseermination of the nebular

extinction is an important aspect for determining the aacyiof the distance.

Figure 6.3: IPHASX J192847+D93439: Position of the slit on the PN, the arrow

indicates the direction for reading the data i.e. towaresHhst.
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Figure 6.4: Variation of the h/Hp ratio, visual extinction Av and Bl flux (in
ergcm?/s/A) inside the planetary nebula IPHASX J19284i7093439.
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6.5 Discussion

6.5.1 Comparison of the methods

Now that we have retrieved the distances by thréi@gnt means, we need to compare
the results of the methods used. The distances are sumnhixiBa&ble 6.7 and the radii
in Table 6.8 (we do not include the Shklovskii results in flast table, as they would

give incoherent values for the radius).
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Table 6.7: Distances in kpc obtained via the four method3$iridicates a non convergence towards a distance.

PN (IPHASX J) | Whole SB| Mean SB| F(Ha)Spectro 1% Contour| Extinction Shklovskii
183911.8010624| 5.7+ 2.3 | 5.2+ 2.2 8.1+ 3.2 5.8+23 0.7_:5' 12.0+ 3.6
184336.6-034640| 1.6+0.6 | 1.2+ 0.5 41+1.6 1.6+0.6 2.2;2'5 5.3+1.6/55+1.7
185224.2-004446 11.5:4.6 | 7.7+3.1| 1656.6 | 91+3.6 | 522, + 22.8+ 6.8
185525.7-004823 3.4+1.4 |31+12| 94+37 | 3.4:14 | 179 | 12.8+3.8/26.9+8.0
185925.8001734| 2.6+1.0 | 2.3+0.9 6.0+24 2.3+0.9 3.7:#6 + 6.9+ 2.1
191124.8002743| 2.2+ 09 | 1.8+ 0.7 1.5+ 0.6 47:ﬁ 16.9+5.1/258.2- 77.4
191345.6174752| 7.6+ 3.0 | 7.2+ 2.9 75+3.0 | 2718 | 28.1+8.4/67.8+20.3
191445.%133219| 6.5+2.6 | 6.0+2.4 57+23 | 084 51.8+ 15.5
192847.%093439| 1.4+ 0.6 | 1.5+ 0.6 0.9+ 0.3 1.3;}:9 12.7+ 3.8
192902.5244646| 7.0+2.8 | 4.6+ 1.8 7.0+2.8 | 2293 35.4+ 10.6
193827.9265752| 9.7+3.9 | 8.2+ 3.3 9.6+ 3.8 22;% 46.9+ 14.1
193912.@3251105| 1.6+0.7 | 1.4+ 0.6 1.1+04 5.7_:&'5 + | 10.7+3.2/96.4+ 28.9
194359.5170901| 1.0+04 | 0.7+0.3 0.6+ 0.2 0.3;‘(‘).'6 8.9+ 2.7/352.8+ 105.8
194751.9311818| 3.3+1.3 | 2.5+ 1.0 32+13 | 572,+ | 155+4.6/23.6=7.1
194940.9261521| 3.4+ 1.3 | 2.8+ 1.1 3.0+12 | 674, + | 21.8+6.5/77.7+23.3
195248.8255359| 2.0+0.8 | 1.3+ 0.5 1.5+0.6 3.7:#3 + 11.1+3.3/14.5+ 4.3
195657.6265714| 2.1+ 0.8 | 2.0+ 0.8 1.7+0.7 | 5998+ 20.7+ 6.2
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6.5: DISCUSSION

Except for the unreliable distances given using the “Shétavmethod”(Fig.6.5
and Fig.6.6, Bottom right), we see that there is no huge tranaamong “whole”,
“mean” and “1%contour” surface brightness detection meésivegarding the final dis-
tance determination. Including the spectroscopy and thieaion methods, all five
techniques are generally consistent within the margingir,eotherwise few exact
agreements are found using canonical values. In terms afacg of the processes we
can classify these methods into two groups: those providipgecise area and those
providing a precise flux. The visual search for the PN dekiiin (whole SB) as well
as the 1% contour method do not take into account the georokting PN. Therefore
noise and additional fluxes are added (the continuum sulatreis not always perfect)
and the areas corresponding to these non-useful parts sraéadden into account in
the calculations. The use of adaptive apertures which fittiaage in geometry inside
the PN (mean SB), gives a more reliable estimation of thecave areas involved in
the surface brightness calculations and by extension theceged fluxes. Concern-
ing the accuracy of the flux estimation, the use of spectigseppears the best way
to operate. But the caveat, as said before, is the morphabgye PN. Indeed, we
can only apply the fluxes derived from our long slit spectopscstudies, to the most
compact and “simply shaped” PNe. The use of integral fieldtspscopy, which can
give the flux at all locations in the PN, would be the best (flnd area determination).
Therefore a good estimation of the surface brightness isioéd:
¢ With the spectroscopy: Using asHntegrated spectrum on the whole PN which is
better obtained with integral field spectroscopy.
¢ With the imaging: Using a narrow-band filter imHand the averaged surface bright-
ness method. The ideal would be a wavelet analysis studghwiould “sample” the
images in diferent areas and levels of brightness and give a more relahle of SB.

If we compare the mean SB method results to those obtaindweldi?HAS extinction-
distance method, we see that the agreement is not systetragi6.5 and Fig.6.6,
Top right). Taking into account the error margins, 12 PNewvslaorelatively good

agreement. And it is interesting to note that among theseN&, Four have a non-
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6: ESTIMATION OF THE DISTANCES

Table 6.8: Logarithm of the radius in pc obtained via the 88-R methods and the

extinction-distance method. The general fitting law, Lodi3&) = -3.61 log R - 5.37,

is used.

PN (IPHASX J) | Whole SB| Mean SB| F(Ha)Spectro 1% Contour| Extinction
183911.8010624| -1.08 -1.12 -0.92 -1.07 -1.99
184336.6-034640 -1.16 -1.27 -0.74 -1.15 -1.01
185224.2-004446 -0.95 -1.12 -0.79 -1.05 -1.29
185525.7-004823 -1.00 -1.04 -0.56 -0.99 -1.30
185925.8001734| -1.12 -1.16 -0.75 -1.16 -0.96
191124.8002743| -0.74 -0.81 -0.89 -0.41
191345.6174752| -0.95 -0.98 -0.96 -1.40
191445.%133219 -0.68 -0.71 -0.74 -1.59
192847.%093439| -0.65 -0.63 -0.86 -0.69
192902.5-244646| -0.76 -0.94 -0.76 -1.27
193827.9265752| -0.78 -0.85 -0.78 -1.42
193912.6-251105| -0.81 -0.88 -1.00 -0.27
194359.5170901| -0.53 -0.70 -0.74 -1.05
194751.9-311818| -1.19 -1.30 -1.20 -0.95
194940.9261521| -1.08 -1.16 -1.13 -0.78
195248.8255359| -1.30 -1.52 -1.44 -1.04
195657.6-265714| -0.90 -0.93 -0.99 -0.46

convergence of their extinction in the IPHAS curves, ang aribwer limit is assumed
for their distance. The 5 PNe with no agreement are IPHASX3918.8-010624,
IPHASX J191445.3133219,IPHASX J1939124251105, IPHASX J195248+255359
and IPHASX J1956574265714. A source of error could be in the determination of

the extinction in the PN.

216

GALACTIC PLANETARY NEBULAE



6.5: DISCUSSION

There is no obvious common factor which could explain why sabjects have a
relatively consistent distance using all the techniquaswity some large discrepan-
cies exist. The two parameters that come to mind are the s@¢h& morphology of
the PNe.

Is the (dis)agreement on the distances linked to the sizeed?Ne Nothing suggests
that such a link exists. We can find small and large size PNle wgiatively concor-
dant distances among the majority of the methods (e.g. IPHAIB4336.6-034640
(#=18") and IPHASX J194359:5170901 ¢=122")), as well as small and large size
PNe with discordant values (e.g.IPHASX J1839%D80624 ¢=6") and IPHASX
J195657.6265714 (=24")). Thus size may not be an issue.

Is the (dis)agreement on the distances linked to the moggjyobf the PN Af we
compare the dierent distances and the morphologies of the PNe from whigh dine
derived, there is no obvious link: none of the morphologiygles are more likely
to provide a better agreement of the distances than anoBdrif we consider the
morphology of the PNe upstream i.e.when the parametersttrothe distances are
determined (namely the surface brightness and the flux),ttieeshape can play a cru-
cial role, as mentioned earlier. The detailed examinatibtihe geometry of the PN
is therefore a key point in obtaining accurate distancess Would lead to a better
determination of the surface brightness and the flux as thieedPN would be taken
into account.

In the case of the comparison of the SB-R method with the ‘tspgcopic method”,
the use of the single &flux (in the first one) may have a larger influence than previ-
ously thought. We considered therH[NII] flux for all the SB-R methods based on
imaging. The total flux of the PN would be enhanced due to tinrikution of the ni-
trogen, and lead to the discrepancy concerning the disi@oicthe same PN surface).
On the other hand, the derivation of the extinction for theeRhhay also stlier some
errors.

We also have to emphasise that the SB-R method relies oropsdyidetermined
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6: ESTIMATION OF THE DISTANCES

distances, and we assumed that those distances are coiti@otan estimated error.

This assumption may not be necessarily true. So, in ordené¢clcit, we derived the

distances of a set of known PNe in the same sky area as our IRM&&s. We used,
the spectroscopic method based on their “pure’fldx given in the Acker et al. (1992)
catalogue and the general SB relation. This was compareth&r estimations of the
distances by Cahn et al. (1992) and Zhang (1995). The rdsultse 78 PNe (with the

necessary available data) are listed in Table 6.9. We fourtd g good agreement for
most of the PNe between the 3 methods i.e. optical surfagatioess-radius by Frew
and Parker (2006), “Shklovskii” method by Cahn et al. (19829 using the mean of
the results given by the radio SB-R and ionised mass-radlaons by Zhang (1995).
Unfortunately we do not have at this stage the IPHAS extmoturves for those PNe.

Table 6.9: Comparison of the distances (kpc) of known PNe
using the SB-R method (the general fitting law, Log SBH

= -3.61 log R - 5.37, is used), the results from Cahn et al.
(1992) and Zhang (1995)

PNG SB-R Cahn et al. (1992) Zhang (1995)
032.0-03.0| 8.7+3.4 9.1 12.6
032.5-03.2| 14.3+5.7 - -
032.7-02.0| 3.4+1.3 3.4 5.0
032.9-02.8| 11.1+4.4 5.1 8.9
033.0-05.3| 1.6+0.6 24 3.9
033.8-02.6| 3.1x1.2 2.0 2.3
034.0+02.2| 6.4+2.5 5.0 5.7
035.7-05.0| 7.5+3.0 - -
035.9-01.1| 7.5+0.3 0.9 19
038.4-03.3| 18.1+7.2 - -
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Table 6.9 — continued .

6.5: DISCUSSION

PNG SB-R Cahn et al. (1992) Zhang (1995)
038.7-03.3| 11.1+4.4 - -
039.5-02.7| 4.4+1.7 4.7 4.5
040.4-03.1| 7.8+3.1 6.2 6.8
041.2-00.6| 12.0+4.8 - -
041.8+04.4| 15.8+6.3 - -
041.8-02.9| 0.8+0.3 0.6 0.9
043.0-03.0| 5.6+2.2 6.6 8.4
043.1+03.8| 6.2+2.4 6.5 6.5
045.4-02.7| 1.4+0.5 2.1 7.9
045.7-04.5| 2.0+0.8 1.7 1.8
045.9-01.9| 15.5+6.2 6.1 10.2
046.3-03.1| 3.3£1.3 4.6 4.3
046.4-04.1| 4.6+1.8 2.9 3.2
047.14+04.1| 12.2+4.9 - -
048.0-02.3| 3.3+1.3 4.6 4.0
048.1+01.1| 9.7+3.8 2.8 6.4
048.5+04.2| 11.4+4.5 15.1 14.9
048.7401.9| 5.2+2.0 3.3 4.3
049.4+02.4| 10.24.0 - 8.5
050.103.3| 0.3+0.1 0.6 1.1
051.0+02.8| 5.2+2.1 - -
051.0+03.0| 4.2£t1.6 3.9 6.6
051.0-04.5| 5.2+2.1 - -
051.9-03.8| 5.1+2.0 4.6 4.6
052.2-04.0| 5.0+2.0 4.1 8.6
052.5-02.9| 5.7+2.3 4.6 4.8
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Table 6.9 — continued .

PNG SB-R Cahn et al. (1992) Zhang (1995)
052.9+02.7 | 12.7+5.0 3.9 6.9
052.9-02.7| 59.8+23.9 204 29.3
053.8-03.0| 3.5+1.4 - -
054.4-02.5| 2.5+1.0 4.2 9.8
055.1-01.8| 19.5+7.8 - -
055.2+02.8| 3.6+1.4 4.6 6.6
055.3+02.7| 6.6+2.6 - -
055.5-00.5| 4.5+1.8 - -
055.6+02.1| 5.7+2.2 - -
056.0+02.0| 15.7+6.3 3.9 5.7
057.9-01.5| 5.2+2.0 2.8 6.3
058.9+01.3| 6.9+2.7 7.0 6.8
059.0+04.6 | 11.6+4.6 - -
059.0-01.7| 6.0+2.4 - -
059.4+02.3| 9.4+3.7 7.1 8.2
059.9+02.0| 10.9+4.3 7.6 12.2
060.5+01.8| 5.3+2.1 3.9 6.0
060.5-00.3| 17.5+7.0 - -
061.3+03.6| 5.6+2.2 - -
062.4-00.2| 5.3+2.1 6.9 7.4
064.9-02.1| 3.9+1.5 2.8 8.2
065.9+00.5| 2.3+0.9 1.3 14
067.9-00.2| 27.6+11.0 24 8.4
068.3-02.7| 3.3+1.3 3.3 6.0
068.6+01.1| 1.9+0.7 - -
068.7401.9| 9.6+3.8 7.9 8.2
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Table 6.9 — continued .

6.5: DISCUSSION

PNG SB-R Cahn et al. (1992) Zhang (1995)
068.403.0| 6.1+2.4 6.6 7.9
068.8-00.0| 5.7+2.2 3.8 4.5
069.2+02.8| 6.6+2.6 - 22.4
069.2+03.8| 5.9+2.3 - -
069.4-02.6| 1.4+0.5 1.6 2.3
069.6-03.9| 8.6+3.4 5.6 -
071.6-02.3| 3.7+1.4 1.7 4.4
072.1+00.1| 5.0+2.0 4.0 4.0
073.0-02.4| 6.8+2.7 - -
074.5+02.1| 5.2+2.0 2.4 3.9
075.6+04.3| 7.3£2.9 - -
076.4+01.8| 12.745.1 - -
077.5+03.7| 6.7+2.7 - -
077.74#03.1| 15.0:6.0 - -
078.3-02.7| 4.4+1.7 - -
078.9+00.7 | 15.9+6.3 - -

We have pointed out the pros and cons in usintedent methods to derive the
distances to PNe. A “pure” &flux and an accurate determination of the PN surface
are needed for the SB-R method. The reason for tiierénces with the distances from
the IPHAS extinction curves (although sometime compendayehe error margin) is
not entirely clear at this stage and may come from the acguoaack of it, concerning

the determination of the nebular extinction.
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6: ESTIMATION OF THE DISTANCES

6.5.2 IPHAS PNe in the Galactic Plane: height and galactocénc

distances

We show, in Fig.6.7 (top), the distances of the confirmed IBHANe listed in Table
6.6 using the IPHAS extinction curves and the ones of knowangtiary nebulae in the
same sky area. The latter distances have mainly been obtayn€ahn et al. (1992)
and Zhang (1995). We also show the expected number of neloulesms of distance
from the Sun and it appears that the detection of PNe is qaiteptete (with a peak at
~4.5 kpc, the missing objects may be hidden in the interstelkzdium).

Still in Fig.6.7 (bottom), the absolute height above theasat Plane|¢| in pc) for
the IPHAS data has been plotted against the distance. Farstotice that 2 objects
lie at a high distance above the plane i.e viaftgreater than 200 pc. In this group we
find 1 bipolar PN (IPHASX J191124+8®02743 [349 pc] and 1 round PN (IPHASX
J194751.9311818 [296 pc]) (see also Table 6.6). The mean absolutdtieigthese
two groups givesi< |z >=88 pc for the bipolar<€ |7 >=55 pc if we removed the
highest PN) anc |7 >=129 pc for the round PNe<(|Z >=96 pc if we removed the
highest one). In this small sample, the separation betweebipolar and round PNe
in the plane is not as significant as found by Corradi and Sch95) and Man-
chado et al. (2000), moreover we do find these two groups aterlmean height than

found by the previous authors (see Table 1.2).

In figure 6.8 we show the distribution of z (distance from thenge) for the bipolar
and round PNe. Although the sample is very small, we attedotéit the histograms

with the exponential characteristic of the scale height:
n(2) = n(0)e= (6.7)

Assuming that all the objects are taken into account, themaptial relative to the
scale height fits well the distribution for both groups (watilmean height of 88 pc for
the bipolar and 129 pc for the round PNe).
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Once we have an estimation of the distance of the IPHAS PNe fine Sun, it is
interesting to locate them using the galactic centre asrorighis would allow us to
determine how far they are seen and in general how far IPHASde#ect planetary
nebulae in this particular direction (29 degl < 79 deg and b+5 deg). Figure 6.9

shows the distribution of the IPHAS PNe according to thelag@centric distances
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Figure 6.9: Galactic location of the IPHAS PNe (black) an@iaof known PNe from
Acker et al. (1992) (red).

(Table 6.10). In this context the distances from the eximcturves have been used.
We also show, for comparative purposes, the galactocedisiances for PNe chosen
in the Strasbourg-ESO catalogue (Acker et al. 1992). Thedkies of those objects
have been retrieved by Cahn et al. (1992). We assume thaistaace to the galactic
centre is 8.5 kpc.

The sample of PNe presented here is mainly located near th€l®tween roughly
7kpc and 8.4 kpc in galactocentric distances), although auad some of them at
larger distances. For the closest PNe we do not expect torsae changes in their
abundance unless we consider that IPHAS discovers fainblhBNe. Concerning
the PNe with the largest distances, their discovery is qntouraging: if this trend is
similar in other area of the plane and particularly in theagét anticentre, we should
be able to define the characteristics of far located nebalash as the existence of an

abundance gradient (Mampaso et al. 2007).
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Table 6.10: Galactocentric distances in kpc of the IPHAS.PNe
PN (IPHASX J) | Dga

183911.8010624| 7.9
184336.6-034640| 6.8
185224.2-004444 4.9
185525.7-004823 7.1
185925.8001734| 5.8
191124.8002743| 5.4
191345.6174752| 7.1
191445.%133219| 7.9
192847.1093439| 7.6
192902.5-244646| 7.6
193827.9-265752| 7.7
193912.2-251105| 7.5
194359.5170901| 8.3
194751.9-311818| 8.1
194940.9-261521| 8.0
195248.8-255359| 7.5
195657.6-265714| 7.9

6.6 lonised Mass

Our knowledge of the distances is fundamental in order toveether physical pa-
rameters like the nebular mass or ionised masg (¥ithe nebulae. The lack of data
on the stellar temperature for the IPHAS PNe prevents argcesgson to evolutionary
tracks that we need in order to estimate the core mass of thetsa But we can still
estimate the nebular mass or ionised magsM™ere are two ways to characterise the

mass of a planetary nebula. First, if we assume that theadmsass corresponds to
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6.6: IONISED MASS

the total mass ejected by the PN, the PN is then considereesstylbounded. Ms
therefore constant. Then, if we assume that the total mase efebula is much higher
than the ionised mass, the PN is classified as ionisationdszliriThe zone where the
matter is ionised is limited to the deep area where Lyman@i®are operating. In
this case Mwill increase with the radius.

The mass can be obtained from the equation

4
Mizgxnex,uemex.sxR-3 (6.8)

with e the mean atomic weight per electron arthe filling factor that we chose to be
0.6.

Figure 6.10 shows the correlation betweenavid the radius for a sample of PNe
from Zhang (1995) and the IPHAS objects (which results atedi in Table6.11). Two
PNe have a (really) large mass which is unrealistic, ther gm@bably comes from the
distance determination which is a lower limit. Otherwisestnof the IPHAS nebulae
have their masses betweernrid, and 1 M,, which is the range usually observed for
PNe.
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6.6: IONISED MASS

Table 6.11: Derived ionised masses for the IPHAS targets.
Name (IPHASX J)| M; (M)

184336.6-034640 | 0.187
185525.7-004823| 0.008
185925.8001734 | 2.12e-4
191124.8002743 | 2.14
191345.6174752 | 0.003
191445.%133219 | 4.31e-4
192847.%093439 | 0.18
193912.6-251105| 11.23
194359.5170901 | 0.056
194751.9-311818 | 0.100
194940.9-261521 | 0.207
195248.8-255359 | 0.255
195657.6-265714 | 0.006

The issue of the densjignisation bounded nature of the IPHAS PNe will be ad-

dressed in the next chapter.
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Recombination process and age

determination

7.1 Application to the sample of IPHAS PNe

As IPHAS targets rather faint PNe, many of them are likely@celiolved and subject
to recombination. The recombination process in planetatyutae occurs when they
enter the cooling track of the HR diagram, which correspadids rapid decrease of
the UV radiation of the CS. A sign of this phenomenon may ba semugh the [NII]
overintensity relative to kI, observed in some PNe (Table7.1). But the high [NII] flux
can also be due to the presence of shocks.

The recombination rate is density dependent. It will be lowea high density PN
(young) compared to a low density one. The recombinatioe scale is then shorter
for young PNe and longer for more evolved PNe. This is an ingmbparameter as in
the case of evolved and massive ML M) PNe (Tylenda 1983), the recombination
time of the nebular gas is comparable to the nebular age. Yeginat in the case of the
bipolar PNe, the recombination time scale is shorter thafeks massive PNe (round,
elliptical).

An estimation of this time scale is given by Kwok (2000). Isasies an electronic
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7: RECOMBINATION PROCESS AND AGE DETERMINATION

Table 7.1: List of IPHAS PNe showing a nitrogen enhancement.

Name [N1116584/Ha

IPHASX J185224.2-004444 1.88
IPHASX J185525.7-004823 1.72
IPHASX J185925.8001734 1.53
IPHASX J191124.8002743 1.17

IPHASX J191445.4133219 1.99
IPHASX J192847.2093439 4.11
IPHASX J194940.9261521 1.40
IPHASX J195248.8255359 2.44
IPHASX J195657.6265714 4.07

temperature of 10K and an hydrogen recombination dbeient oy of 4.18x 10713
cmist,

1 7.6x 10
t = e ~ no/om3 yr (7.1)

The derivation of the recombination time scale is a tool thditindicate the evo-
lutionary age of the PNe. Using the values of the [SII]§BY31 ratio listed in Table
3.4, the density is measured using the “Nebular” packagRAH developed by Shaw
and Dufour (1995). To be consistent, we used the same tetnpethat we assumed
for the recombination time estimation. There is a limit te tise of the [SlI] ratio as a
density indicator as it is no longer sensitive for densiteger than~100 cnt because
collisional excitation becomes too infrequent. In the savag there is an upper limit,
~ 3x10° cm3, when collisional de-excitation becomes important

In Table 7.2, we list the recombination time scale for ouruiab. Except for
IPHASX J185925.8001734 and IPHASX J19565%4@65714, all the PNe have a
short time-scale, meaning that they are probably not reaoimdp yet and that ioni-

sation is still predominant. Assuming that a typical PN wifiter the cooling track at
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7.1: APPLICATION TO THE SAMPLE OF IPHAS PNE

Table 7.2: Recombination time scale in a set of IPHAS plagetabulae.

Name ng[SH](cnm3) |t (yr)
IPHASX J184336.6034640 2486 30
IPHASX J185525.7-004823 1217 62
IPHASX J185925.8001734 21 38x10*
IPHASX J191124.8002743 432 175
IPHASX J191345.6174752 606 125
IPHASX J191445.4133219 328 232
IPHASX J192847.1093439 260 292
IPHASX J193912.8251105 910 83
IPHASX J194359.5170901 948 80
IPHASX J194751.9311818 874 87
IPHASX J194940.9261521 558 136
IPHASX J195248.8255359 4160 18
IPHASX J195657.6265714 21 38x10*

1 The [SII] line ratio is above the 1.43 sensitivity limit, ftne derivation of the density.

The lowest density applicable is therefore 2ém

an age betweer10 000 and~20 000 yrs, the observed IPHAS PNe could be rather
young (i.e. a young central star) with values lower thaf 8. The two exceptions
are more compatible with evolved PNe.

Another way to quantify the age of these IPHAS PNe consisttuafying their den-
sity/size relationship and comparing this with well studied plamny nebulae. As said
previously, a young PN is more likely to be smaller than anhea PN whose en-
velope starts to expand in the ISM, in the same way a young FiNjenerally have

a higher density than an old one. The determination of the sizlistance depen-
dent and the error on the radius generally results from tbk & accuracy on the
distance. Figure 7.1 shows @3 distribution and 3 objects are found with a compar-

ative dynamical age equal to or longer than 10 000 yrs (IPHA$85925.8001734,
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IPHASX J191124.8002743, and IPHASX J19565/4865714): those PNe are there-
fore recombining. We also notice that IPHASX J19284'D93439 and IPHASX
J195657.6265714 show the largest nitrogen overabundance with réve He) of
4.11 and 4.07 respectively (Table 7.1).

Table 7.3 gives a summary of the nebular parameters used.n.Eiand also shows in
the fourth column for the IPHAS PNe, a calculation of the dyieal age (or observed
age), assuming a typical expansion velocity of 25knThe velocity expansion of PNe
is generally considered as constant with a mean velocit@&ind's (24 kmis for Kaler

et al. (1990), 26 knrs for Phillips (1989)). This speed slowed down when the resboul
hit the ISM i.e. in the final part of their evolution. In our eéa4 PNe show an age
greater than 10 000 yrs: IPHASX J191124082743, IPHASX J193827+265752,
IPHASX J193912.8251105 and IPHASX J19565%4865714. These results validate
partially those obtained from figure 7.1. All the other PNe still rather young. This
method relies on the accuracy concerning the distance. mtmgs from the 3 meth-
ods (Recombination time scale, density versus size relaia RV.,p) are listed in
Table 7.4. IPHASX J195657+265714 (Figure 7.2) is the only PN for which all meth-
ods agree on its recombination status and therefore itgigéen as an evolved PN.
If we compare the evolutionary age of the central star basethe recombination
time and the dynamical age, we can see that there is a strengedancy. The error
could either come from the wrong determination of the measierparameters like the
distances and nebular sizes, or from the fact that the twe-toales are not compara-
ble as their zero-point is not the same. Indeed, the evalatiotime starts when the
temperature is high enough to ionise the nebula while thahycal time starts at the
first ejection of matter which creates the nebula. Moreogetha evolutionary time
inversely depends on the core mass, the time-scale wiledserfor a high core mass

as in bipolar PNe.

The survey covers PNe with a wide range of ages. But is thesgtacplar group

which is more likely to be revealed by IPHAS?
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Figure 7.1: Electron Density versus radius diagram for PlAS PNe (Red Aster-
isk) compared to a set of well studied planetary nebulaec{B@iamond) chosen as
milestones and several other known PNe taken from thetitexg§Green Square). The

numbers represent the dynamical ages of the nebulae.

Figure7.3 shows that most of the PNe discovered by the suraey a radius greater
than~0.03 pc and a density lower than*@n3. This corresponds to PNe with an age
(dynamical) greater thand4000 yrs. In our small sample, all but 4 objects have an age
between 4000 and 8000 yrs. We do not have any new young PNee ldak at this
distribution using this time a set of known PNe from Acker ket(#992) in the same
sky area as the IPHAS PNe, Fig.7.4, we see first that the magfrthose known PN
are located in the range 4000-8000 years, and so are 8 of i @SHPNe. Also, four
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Declination

Right ascension

Figure 7.2: IPHASX J195657+265714: an evolved recombining PN.

IPHAS planetary nebulae fall in the recombination area,cwhs 1 more than previ-
ously selected.

Therefore we can say that with the survey we are likely toalisc“middle-aged” PNe,
like the typical NGC 6720. As most of the PNe already discedén this sky area oc-
cupy the same place in the radius vs density diagram, we aaciugte that (most of)
the new IPHAS PNe may not have been detected before, due éxtinetion and not
due to their great age. Nevertheless, we do observe (veolyey IPHAS PNe, like
the typical NGC 7293; and no known PNe (in same sky area) heea ldentified in
this part of the radius vs density diagram. For those IPHA® RNe reason for their
previous non-detection is likely to be linked to their gezagvolutionary status.
IPHAS is therefore a good tool to complete previous survaeyeims of coverage of

evolutionary stages.
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Figure 7.3: Age determination from the electronic densgiysus radius diagram for

the IPHAS PNe. Comparison with a set a well known PNe.

7.2 Discussion

7.2.1 The age populations

Our study of the recombination process and age of the IPHAS IRi¥e shown the

emergence of two groups :

e The “middle-aged” PNe (4000-8000 yrs), which show no sigreebmbination
and represent the majority of the sample. They do not seenifer,dn term
of age, from the known PNe in the same sky area. They were jddeh by

interstellar extinction, which explains their previouswadiscovery.
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Figure 7.4: Density versus radius diagram for the IPHAS Phig @mparison with

a sample of known PNe located in the same sky area. The rabi been derived

from the SB-R relation used in Table 6.9 and the densitieg h&en obtained from

the [SII] lines given in the Acker et al. (1992) cataloguedRE°PHAS PNe and Black:

known PNe. We have to emphasise that the use of canonic&s/uthe radii, using

the SB-R method, may introduce errors for recombining araived PNe due to their

complex morphology.

e The “evolved” PNe, with an age greater thaB000 yrs. All show diverse signs

of recombination, and only one PN has been fully identifieéh ascombining

object (See Table 7.4).
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7.2: DISCUSSION

One aim of the survey, which goes deeper in terms of sertgitikian previous
surveys, explains why we are picking up those two types otgaly faint objects.
The low number of PNe observed on the cooling track is moretissital problem
than an astrophysical one. Hence, we are dealing with a smalber of objects, and
the figure is very likely to change once we complete the follgawspectroscopy for
all the IPHAS nebulae. Nevertheless the radio study (Se&i8) has shown that the
IPHAS sources are generally evolved and extended, andsrc#se extinction does

not play any role. We may therefore expect more IPHAS PNe erttioling track.
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Table 7.3: Nebular parameters for a set of the “milestone& RINd dynamical age

determination for the IPHAS PNe (the distances from thenekibn curves are used).

Name ne(cnT3) | Radius (pc)| Agegyn (yrs)t
NGC 7027 1072 0.030% 700
NGC 6537 1001 0.436? 1600
NGC 6302 10t 0.05%2 19007
NGC 7293 100™ 0.5% 11000°
NGC 6853 300t 0.352 110003
NGC 6720 60011 0.1072 34003
PFP® 2 1.5 70000
IPHASX J183911.8010624 - 0.01 390
IPHASX J184336.6034640| 2486 0.09 3700
IPHASX J185224.2-004446 - 0.05 1960
IPHASX J185525.7-004823 1217 0.05 1960
IPHASX J185925.8001734 2 0.10 4200
IPHASX J191124.8002743| 432 0.38 14800
IPHASX J191345.6174752| 606 0.04 1500
IPHASX J191445.4133219| 328 0.02 980
IPHASX J192847.2093439| 260 0.20 7986
IPHASX J192902.5244646 - 0.05 1960
IPHASX J193827.9265752 - 0.52 20300
IPHASX J193912.0251105| 910 0.52 20300
IPHASX J194359.5170901| 948 0.09 3500
IPHASX J194751.9311818| 874 0.11 4300
IPHASX J194940.9261521| 558 0.16 6400
IPHASX J195248.8255359| 4160 0.09 3500
IPHASX J195657.6265714 2 0.34 13000

1 For the IPHAS targets we assume an expansion velocity of 25.kim Lower limit on the distance, al:Middlemass (1990),
a2:Masson (1989) and Acker et al. (1992), a3:Latter et 8002, bl:Pottasch et al. (2000), b2:Matsuura et al. (2086d)Corradi
and Schwarz (1993), b3:Matsuura et al. (2005a), c1:Matseual. (2005a), c2:Cahn et al. (1992) and Acker et al. (192Meaburn
et al. (2005), d1:Leene and Pottasch (1987), d2:Meaburh &Q08) and Acker et al. (1992),d3:Meaburn et al. (2008)Barker
(1984), e2:Meaburn and Lopez (1993) and Acker et al. (1982)0'Dell et al. (2002), f1:Garnett and Dinerstein (2002)Q'Dell

et al. (2002), f3:Acker et al. (1992), g: All data from Pieeteal. (2004).
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Table 7.4: Cross-correlation of the results obtained atimuevolutionary status of the
IPHAS PNe and the occurence of recombination. The crossksate that recombi-

nation is taking place.

Name (IPHASX J)

Recombination time scal

e Density vs. Radiug

RV exp)

183911.8-010624
184336.6-034640

185224.2-004446 - - -
185525.7-004823 - - -
185925.8001734 X
191124.8002743 -
191345.6174752 - - -
191445.%133219 - - .
192847.1+093439 - X -
192902.5-244646 - - -
193827.9-265752 - ; X
193912.6251105 - -
194359.5170901 - - -
194751.9-311818 - - .
194940.9-261521 - - -
195248.8 255359 - - -
195657.6-265714 X X X1
@ The radius has been computed using a lower limit on the distan
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7: RECOMBINATION PROCESS AND AGE DETERMINATION

7.2.2 lonization or density bounded ?

As mentioned earlier in section 6.6, an important paramstghether a PN is optically
thick to ionising radiation (ionisation bounded) or notiidey bounded). The radius vs
density diagram will help to define the boundary between Ibetmaviours as we can
provide the location of the Sinigren sphere (Stromgren 1939). Primarily designed
for HIl regions, this sphere is an ideal model of a perfecgiierical and fully ionised
region entirely made of hydrogen. The radius of this sphatgeo(called Stingren
radius) corresponds to the limit where the recombinatide &nd ionisation rate are

equal. This equilibrium is translated into the equation:

4—;xn2><ﬁ><R3:Q* (7.2)

with “n” the hydrogen density,8” the total recombination rate which is a function of
the electron temperature, “R” the radius of the sphere dd the rate of ionising
photon emission. The?rdependence is due to the fact that recombination is a two-
body process, hence depends on one n for the proton densitaraother n for the
electron density.

Therefore the Samgren radius is given by:

3 X 1/3

We will adopt typical values for planetary nebulae, tjpust T.=10* K is equal to
2x 102 cm’ st andQ,=10" s

Figure 7.5 shows the Stmigren sphere on the radius vs density diagrams of Fig.7.3.
We can see that the majority of the PNe (located in a wide skg)dell under the line
delimiting the equilibrium between recombination and gation. Those PNe are fully
ionised and then density bounded. If we restrict the knowre RiNthose located in
the same sky area as the IPHAS PNe (Fig7.6), the patternmsrtte@ same although
we found more PNe being ionisation bounded than previouséerwed. Concerning

the IPHAS PNe, 4 are ionisation bounded and 9 are densitydemlinWe therefore
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7.2: DISCUSSION

observed a systematically higher number of fully ioniseut@. The 4 ionisation
bounded IPHAS PNe (Fig.7.7) will have their ionised masseeased with the radius,
while the 9 density bounded (Fig.7.8) will have a constanised mass. The latter will

also become much fainter as they expand.
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Interaction with the interstellar

medium

8.1 Classification of the IPHAS nebulae

The PN-ISM interaction is a fundamental process in the agraknt of PNe and has
been studied by Borkowski et al. (1990), Soker et al. (199®)eedy and Kwitter
(1996) and Villaver et al. (2000) among others, from a thecaéand observational
point of view. The interaction process does not only refelatge and old nebulae,
i.e. it does not “start” at the end of the PN phase. Rauch €2@00) and Wareing
et al. (2007) showed thatftierent stages of interaction are exhibited during the PNe
life (see Fig. 8.1). Rauch et al. (2000) defined 3 epochs: ihgn the PN ig/oung
and expanding into the ISM with its density higher than thd &nsity. The latter has
not much “power” over the PN. Then, during itad-age the PN density starts to de-
cline but there is still an equilibrium between both ensit{eslative to their densities).
A compression of the external shell of the PN increases ifasel brightness. Rauch
et al. (2000) also discuss the increase of the recombinadienn the PN. Finally, the
expansion and density of ttetdd PN decline sfficiently enough that the PN density

can be overcome by the ISM density. The PN undergoes all lohdeformations
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(Rayleigh-Taylor instabilities for example, movement bé tcentral star (CS) out of
its boundaries...etc). RT instabilities are perturbatioocurring at the interface of two
layers of diferent densities, in our case the PN and the ISM. The matdrialer
density is accelerated into the one of higher density, ardtddynamic instabilities
grow at the interface causing vortices. As the perturbadarives downward-moving
irregularities appear and are generally called “Rayleigitor fingers”. In this context
Kelvin-Helmholtz instability can occur,in the form of wasjaf the velocity diterence
across the interface is large enough.

The velocity (between PN and ISM), the density (PN and ISM) e morphology
(PN) are therefore the parameters that will define the sta¢fé\d interaction and by
extension the evolutionary state of the planetary nebula.

So far the PN-ISM interaction has mainly been detected irtleerasmall number of
nebulae, which are generally bright objects (“young” anddvage” PNe). The low
surface brightness, generally associated with nebulaengixith the ISM and “old”
PNe, has for a long time prevented any deeper observatiog@rdistatistical study of
these interactions. The new generation af $lirveys have surmounted this problem.
Pierce et al. (2004), in the framework of the AADKST Survey, discovered PFP 1,
a large (radius= 1.5 +0.6 pc), faint (logarithm of the kl surface brightness equal to
-6.05 erg.cm?.sL.srt, new PN, starting to interact with the ISM. This discoverg ha
been followed by several others which are still candidates.

The depth reached by the IPHAS survey combined with the baghdetection method
allowed us to detect several interacting PNe candidateswMadopt the definition
of Wareing et al. (2007) to categorise our PNe. This recevgstigation relies on
three-dimensional hydrodynamic simulations dfetient ISM velocities and densities,
and for diferent AGB mass loss rates. They listed four stages of irtieracespec-
tively named WZ0O1, WZ02, WZ0O3 and WZ0O4. The WZO1 stage cpaess to
the “young” epoch defined by Rauch et al. (2000), the WZO2Zestagresponds to the
“ mid-age” epoch and the two last stages WZ0O3 and WZO4 can trelated to the

“old” epoch. The shapes observed and the correspondingtitafiof each stage are
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Figure 8.1: Example of planetary nebulae afffetient successive stages of
ISM interaction. From left to right: Bal, A 13 and Jnl. The gea are
taken from the “The Image Catalogue of Planetary Nebulae’Baice Balick
(httpy/www.astro.washington.eghalickPNIC/) and are originally from the “IAC
Morphological Catalog of Northern Galactic Planetary Nabt (Manchado et al.
1996)

given in Fig. 8.2 and Table 8.1. There is not muchietence between the two groups
concerning the global evolution of PNe with ISM interactiofhe divergence arises

when boundaries have to be set to determine the beginninghanehd of a stage or

epoch. The advantage of using the work of Wareing et al. (RB0Fe possibility of a

direct comparison between the observations and the pieascmodels).
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direction of motion

bowshock
| i
- PN -
- \\.\
®
o -"'J’/

Figure 8.2: Nebular shapes for the four stages of interactefined by Wareing et al.

(2007). The letters a,b,c and d indicating the central staitjon.

Table 8.1: Definition of the four ISM interaction stages byréiag et al. (2007).
Stage Observable fects

WZO1 | PN as yet unfiiected; faint bow shock may be observable.

Wz02 Brightening of PN shell in direction of motion.

Wz03 Geometric center shifts away from central star.

Wz0O4 | PN completely disrupted, central star is outside of the PN.

We found in our sample of 233 nebulae, 21 candidates whicetia morphology
that can be linked to one of the stages described above,tbreiVZO1. A summary
of these objects is shown in Table 8.2. In the following wd slilow all the PN can-
didates according their classification, and sketches @sgrthe interaction process.

The images are in &+[NII] if no other information is given.
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e WZO1

We did not find any object showing a distant bow shock. In agesd with the
definition of stage 1 of interaction, all but the WZ02, WZO3lawZ04 classified
candidate PNe, can be included in the WZO1 group.

e WZ0O2

IPHASX J185322.1083018 There is no evidence of a full closed nebula and the

only remaining structure is the well defined semi-circulamtshock (Fig. 8.3). We
found 3 possible CS candidates based on the USté@logues. Only the two brighter
ones have an available B mag: 17.1 and 17.4 from the centreetorh. This object,
whose size assumes an original circular shape of about @dnimin diameter, has its
2 bluer CS candidates moved away from the geometric centrartts the bright rim
at+28 and+47 arcsec respectively. No other relevant data have beenlfirgarding

these candidates.

IPHASX J190338.5104227 This large nebula (8.5 arcmin in diameter), shows

a bright rim and also some nebular material inside what cbalk been a formerly
round PN. The K-r image in Fig. 8.4 reveals a circular outflow ahead of theuteeb
which may or may not be related to the nebula. The bright eéstar candidate at
19:03:33.70A410:44:01.33, (USNO B magl12) is located at-106 arcsec from the
geometric centre in the rim direction. This CS candidaténisdd to the ROSAT X-ray
source RXS J190333+104355 (10.81.7.102s* count rate) (Voges et al. 1999) and
the NVSSVLA radio source J190338104409 (4.#0.6 mJy). The CS is linked to a
microquasar according to Paredes et al. (2002). A surrogndrcular “outflowjet”

is observed in the bow shock direction but it was revealedelogmt observation not to

1U.S. Naval Observatory: htifjvww.nofs.navy.mjldatafchpix/
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CS candidates

Direction of motion

\ Bow shock

Geometric center

Figure 8.3: IPHASX J185322+D83018. North on the Top and East.

be real.

Bow shock

N
Outflow?

Direction of motion

Figure 8.4: IPHASX J190338+8.04227. North on the Top and East on the left. The

Ha-r image has been scaled (adjusting the brightness leweld)dplay purposes.

IPHASX J190419.4152126 This faint semi-circular ring, remnant of a large cir-

cular nebula £8 arcmin), shows a linear enhancement of the brightnessdiglof
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the bow shock (Fig. 8.5). The CS candidate has a USNO blueitodgrof 12.8 mag

and is located at1 arcmin from the geometric centre towards the bright rim.dtleer

relevant data have been found on this star.

Bright rim Direction of motion

Most probable CS

Figure 8.5: IPHASX J190419#452126. North on the Top and East on the left. The

Ha-r image has been scaled for display purposes.

IPHASX J190454.8101801 This small nebula (18 arcsec in diameter) shows a

bright rim in the southern direction which may indicate theedtion of motion (Fig.
8.6). The presence of stars on the nebula prevents us froimgsaey opposite rim,
which would indicate that we are dealing with a bipolar nabuAssuming that the
nebula shows an interaction with the ISM, we noticed on baittexn and western
sides perturbations that may be linked to vortexes. Thabeleent motions were well
seen and described by Wareing et al. (2007) in their case todydamical simulations
(their figure 3), but no tail is visible in our image. The cattstar candidate is quite
faint and no data of interest have been found on it.
IPHASX J190512.4161347 Contrary to first impressions, the direction of mo-

tion in this 1 arcmin diameter circular nebula, appears tdibected to the North-East
(Fig.8.7). The bright straight rim in the western side isrédfiere a high density struc-

ture. Due to the geometry of the nebula, we expected to Iabat€S near the geomet-
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Turbulences (vortex?) P(%rhunrlgr?g\?v?\

origin

CS candidate

' L0 gl o : By Direction of
- {;. ‘ e Bright rim motion
: 5 e

Figure 8.6: IPHASX J190454+101801. North on the Top and East on the left. The

i

CS candidate is indicated by the two green dashes.

ric centre, and 3 faint stars can be classified as candidBtgsione of them showed
any relevant data. The whole configuration suggests thahdella is in between
stages 2 and 3 of interaction and is evolving relatively $jdisiow wind interaction).

The nebula can be defined as ancient.

Direction of motion

/ Interacting rim

High
density
edge
[ N
[

CS candidates

Figure 8.7: IPHASX J190512+4161347. North on the Top and East on the left.
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IPHASX J190654.9052216 This nebula presents an eastern interacting thick rim
(45 arcsec wide) (Fig.8.8). The CS candidate located at61970357+05:22:22.24,

has a USNO B magnitude of 16.4 mag and is &t arcmin from the geometric centre

in the rim direction.

Interacting rim

N

[ )
CS candidate
‘\

Direction of
motion

Figure 8.8: IPHASX J190654+©52216. North on the Top and East on the left. The

CS candidate is indicated by the two green dashes.

IPHASX J191421.2140936 This small nebula (size of about 47 arcsec) reveals

signs of ISM interaction in the North-West direction with @pable high density wall

on the northern part (Fig. 8.9). The object would therefa@arbthe transition phase

between stages 2 and 3. The best CS candidate (19:14:2410729:41.88) has a

blue magnitude of 18.2 mag and is located-al arcsec from the geometric centre in

the direction of the rim. Unfortunately, no relevant data emown about this star.
IPHASX J192436.83154402 This 20 arcsec size nebula possesses an interacting

edge with the ISM on its South-East side and can be classsiéZ02 (Fig. 8.10).

We do not have much data on the 2 candidates CS which have anaigeitude of
19.4 and 19.7 mag.
IPHASX J192543.2143546 This large nebula, also classified as a candidate SNR,

interacts with the interstellar medium in the North-Easediion and is still perfectly
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High density wall

\ Interacting rim

Direction of
motion

Figure 8.9: IPHASX J191421+1140936. North on the Top and East on the left. The

CS candidate is indicated by the two green dashes.

Interacting rim

Direction of motion

Figure 8.10: IPHASX J192436+354402. North on the Top and East on the left. The

CS candidates are indicated by the two green dashes.

circular but any possible CS candidates remain unclear @idlL).
IPHASX J193630.8312810 This large semi-circular nebula (7 arcmin) reveals

a southern bow shock coincident with an interaction with Ithel (Fig. 8.12). The

258 GALACTIC PLANETARY NEBULAE



8.1: CLASSIFICATION OF THE IPHAS NEBULAE

Interacting rim

\

Direction of motion

Figure 8.11: IPHASX J192543+143546. North on the Top and East on the left.

rim appears to be quite thin (width less than 10”) and nealfyrfentary. The best
CS candidate (19:36:30.9881:26:01.77) has a blue magnitude of 14.2 mag and is at
about+5.5 arcmin from the geometric centre in the rim direction. rdlevant data are

known about this star.

Direction of motion

[
CS candidate

7

Thin rim

Figure 8.12: IPHASX J193630+312810. North on the Top and East on the left. The

CS candidates is indicated by the two green dashes.
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IPHASX J193637.8123808 This round nebula is a perfect example of stage 2 of

interaction as it shows shell completion and a bright edgéndirection of motion
(North-East)(Fig. 8.13). The bluest star and CS candi@ate80” from the geometric
centre in the rim direction, has a magnitude of 14.2 (19:36t88+12:38:38.05) but

no other information is available.

Bright rim

k)

o
CS candidate

\ Direction of motion

Figure 8.13: IPHASX J193637+323808. North on the Top and East on the left. The

CS candidates is indicated by the two green dashes.

IPHASX J194204.9231932 This small nebula (size 15”) shows a well defined

bright front in the South-East direction and is nearly a etbstructure (Fig. 8.14).
The geometry of the source does not allow us to identify a G&#lidate, the latter
seeming not to be visible (maybe hidden by the internal ektn) .

IPHASX J194240.6275109 This object is a circular nebula with a semi-circular

rim enhancement towards the South (Fig. 8.15). The maiatritle rear of the bright
edge is quite faint but still contributes to a closed nebulde best CS candidate
(for geometric and magnitude concerns) is the star with dwedinates 19:42:41.262
+27:50:45.86, located at26 arcsec from the geometric centre in the edge direction.
Its blue magnitude is 15.7. There is no other useful inforomeavailable about it.

IPHASX J194645.8262211 This large semi-circular nebula shows a bright rim
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@ Direction of motion

Bright rim

Figure 8.14: IPHASX J194204+231932. North on the Top and East on the left.

Direction of motion

CS candidate
[

Interacting rim

Figure 8.15: IPHASX J194240+275109. North on the Top and East on the left. The

CS candidate is indicated by the two green dashes.

in the South-East direction and there seems to be fainteowwling material in the
whole southern part which may belong to the nebula (Fig. )3.I#e field is quite
crowded and there is no obvious CS candidate. We can onlg giat due to the

geometry of the nebula, the CS will have a B mag fainter thanfl&e consider that

LAURENCE SABIN 261



8: INTERACTION WITH THE INTERSTELLAR MEDIUM

only the bright rim is part of the PN candidate, the best CSlictate (coordinates:
19:46:51.770r26:21:26.24) has a USNO B mag of 16.1 and is locateelld8 arcsec

from the geometric centre in the direction of the edge.

Direction of motion

AN

Nebular material ?

Bright rim

Figure 8.16: IPHASX J194645+262211. North on the Top and East on the left. The

CS candidates is indicated by the two green dashes.

IPHASX J194727.6230816 The ISM interaction in this “small” (37 arcsec in

diameter) round nebula occurs in the South-West side wheream see a density
enhancement (Fig. 8.17) and flattening of the candidate PM.r&st of the nebula
is perfectly defined. For the first time the CS seems to be welttified, coinciding
with the geometric centre at coordinates 19:47:27 653:08:16.31. The USNO B1.0
catalogue gives a very faint B2 magnitude of 20.40. A compacbnd shell (about
5 arcsec in diameter) seems also be present in the centtadfpthe nebula. Deeper
imaging is needed to confirm this presence.

IPHASX J194852.#222516 This small nebula (21 arcsec in diameter) is com-

posed of roughly 2 shelisngs (Fig. 8.18). The outer shell has a round morphology
while the inner shell tends to show a bipolar shape. The ®ontpart of the object is
density enhanced which would indicate an interaction with ISM in that direction.

Considering that the original shape of the nebula was natddaut bipolar, we can
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Direction of motion CS candidate

Bright edge

Figure 8.17: IPHASX J194727+230816. North on the Top and East on the left. The

CS candidate is indicated by the two green dashes.

assume, that while moving into the ISM, the bow shock wasrdetd and the nebu-
lar material pushed backward and accumulated in the waikgrecing the size of the
nebula in this region. There is no obvious information onliest CS, but according to
the blue magnitude of the stars in the area, we can assumeuh@:S will be fainter
than B=20 mag.

IPHASX J195357.9312130 The disrupted geometry of this large nebula indi-
cates that it could be highly evolved (Fig.8.19). The longvishock front, in the

North-East direction, is thick~ 25 arcsec wide) and fiuse. The crowded field made
it difficult to identify the CS but we can give an upper B mag limit ohi&g, assuming
that the CS has not left the nebula.

e WZ0O3

IPHASX J185744.5105053 The irregular distribution of the nebular material

complicates the classification of this nebula in a stagetefaction (Fig. 8.20). Two

scenarios are possible. First, the nebula displays a muotitive North-West direction,
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- #®  Direction of motion
. s L]

Outer spherical shell

/ Inner bipolar
hell

~——_ Brightrim

Accumulation of nebular
material ?

Interacting rim

Nebular material

Figure 8.19: IPHASX J1953574312130. North on the Top and East on the left.

and the bright western edge and its opposite side are th& ofshe beginning of a
sweeping process of the nebular material localised on tre &ide (with an asymme-
try in the distribution). This material is flowing towardsetback of the nebula. In the
second hypothesis, th direction of motion is in the oppoSieth-East direction. In

this case the bright edge is the final result of the move baakswvaf the nebular matter
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leaving the front part of the nebula totally empty. In botlseswe are in between
stages 3 and 4 of interaction, the second scenario beingrdoshe WZ0O4 scheme.
The best CS candidate has a blue magnitude of 15.9 and itsolo¢4d8:57:44.804

+10:50:53.55) coincides with both hypotheses.

2 Directions of motion

—~

- -
[

\

Irregular rim

I
\ \
g

-

cs /. % Bright edge
candidate

Nebular material

Figure 8.20: IPHASX J185744+305053. North on the Top and East on the left. The

CS candidate is indicated by the two green dashes.

IPHASX J190700.2043041 This 18 arcmin wide semi-circular nebula is the

largest of our sample (Fig. 8.21). It shows two oppositektiieght rims on the North
and the South, with the southern one revealing a greatertgemhancement and a fil-
amentary general structure. It is unclear how to classify dbject as it is surrounded
by SNRs and we see the presence of filaments in the South aticlWest part of the
nebula. Moreover a pulsar, PSR J190814, is located at 16 arcmin from the geomet-
ric centre. Combined with the presence of the X-ray sourcé3R2190709.4043100

at 131 arcsec from the centre of the nebula, this object rasfibre also been classi-
fied as a candidate SNR. Assuming that IPHASX J19040m3041 is a genuine PN
candidate, it would be defined as an ancient remnant of a PNIymaoving into the
ISM in the eastern direction. The nebular material has ethifin the sides and pro-

gressively left the front part depleted, explaining the tpposite bright rims and the
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fainter foreground. The filaments seen near the high dessiiyhern part would be
associated with turbuleng@srtexes, as also predicted by the hydrodynamical models.
The large scale field did not allow us to define a good CS catelioiat we can state

that its upper B magnitude will be around 12.6.

Direction of motion

“‘|f‘|',f\f.|f|.,<._

Bright rims

SNR filaments
or vortices ?

Figure 8.21: IPHASX J190700+D43041. North on the Top and East on the left. The

Ha-r image.

IPHASX J192221.5151550 The geometry of this nebula reveals a narrow bow

shock 90 deg aperture) indicating a high speed object collidintphe ISM in a
North-South direction (Fig. 8.22). The central star, lecbat 19:22:21.40615:15:45.92,
is very faint and situated very close to the bow shock’s ttdl(aarcsec from it).

e WZ0O4

IPHASX J190227.3020815 This nebula is typical of stage 4 of ISM interaction
as defined by Wareing et al. (2007) (see their figure 5.d) (Bi@3). The interacting

part is not the brighter side of the nebula in the South-Easthe opposite thin and
faint arc in the North-West. The object reaches a stage wdleits matter has been
moved from the front to the rear leaving only a remnant “walf’matter. The most
probable CS (19:02:27.03202:08:18.12) has a B magnitude of 16 and is located at
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Direction of motion

Most probable CS

Bright rim

Figure 8.22: IPHASX J192221+951550. North on the Top and East on the left. The

CS candidate is indicated by the two green dashes .

~30 arcsec from the interacting rim in the North-South diiatt

Faint frontal bow shock

Direction of motion

Traces of \/ ",

gas and dust
or

turbulences

~~—

Dense "wall" of nebular material

Figure 8.23: IPHASX J190227+820815. North on the Top and East on the left. The

CS candidate is indicated by the two green dashes .

The systematic visual identification of candidate planet@bulae with ISM inter-
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action has been delayed by théhdulty in detecting them. We show in Table 8.2, the
surface brightness (SB) of the 21 candidate PNe. This typeeatsurement for these
particular objects has its limits in the sense that it retieghe selected surface of the
PNe. Indeed, there is no written rule on what should be cens@las the surface of a
partially seen PNSM ( from the WZO1 to WZ0O4 type, this fliculty increases): do
we only take into account the “visible” part of the nebula bosld we assume, when
possible, that the remnant rim was part of the original ggamstructure (e.g. for a
semi-circular rim)? Ideally, a multi-wavelength coveragasuld give us the total extent
of the nebula, but as we only have the-HNII] images we will assume that the sur-
face is bounded by the observed emission and no assumptigaisimg the geometric
surface will be used.

The method used to derive the SB is the same as mentionedrdarlithe distance
determination. But we must underline that there is no ceiwwador reddening. So
the surface brightnesses derived are the observed surfaggresses. The lack of
spectra prevent any de-reddening, and the use of Schlegél @998) maps is not
recommended as we are looking in a really dusty area, anddin@yed the extinction
in lines of sight. The correct visual extinction may be cdesably under or overesti-
mated.

The results obtained show that although the SB is morphatiegendent, there is no
relation with the diferent interaction stages. Hence the brightest and faintgstts
both belong to the WZ0O2 stage. This underlines the fact finst, PNe do not neces-
sarily go through all the stages of interaction before fgdiro the ISM, probably due
to a slow evolution. And secondly, the IPHAS sensitivityoaled us to detect those

very evolved PNe with very low surface brightness.

8.2 Comparison with hydrodynamical models

A deeper investigation into the link between the morphasgf the candidate PNe

and the diferent hydrodynamical models (divided in 5 cases) from Whayest al.
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Table 8.2: Summary of the IPHAS nebulae with signs of ISMraut&on.

IPHASX J Morphology | Sizé Stage SB undereddenetl| SB Ared
185322.%3083018 R 110 Wz02 1.075e-16 1008
185744.5105053 E 110 | WZO3/\WZ04 4.978e-16 11090
190227.3-020815 I 106 Wz04 2.038e-16 1259
190338.5-104227 R 512 Wz02 1.738e-16 73971
190419.4152126 R 470 Wz02 1.981e-16 6205
190454.6-101801 R 18 Wz02 2.506e-15 241
190512.4161347 R 66 | WZO2/WZQO3 1.178e-15 2856
190654.9-052216 R 464 Wz02 9.483e-18 33333
190700.4043041 R 1090 WzZ03 7.787e-16 12220
191421.%140936 R 47 | WZO2/WZ03 6.800e-16 1111
192221.5151550 I 44 Wz0O3 1.107e-15 1074
192436.3-154402 E 20 Wz02 3.821e-16 387
192543.2143546 R 176 Wz02 3.172e-16 10391
193630.3-312810 R 404 Wz02 1.115e-17 6797
193637.3-123808 R:r 262 Wz02 2.676e-16 21613
194204.9-231932 E:r 15 Wz02 3.892e-15 207
194240.6-275109 R 74 Wz02 3.387e-17 2822
194645.3-262211 R 290 Wz02 3.508e-17 4950
194727.6-230816 R 37 Wz02 1.164e-15 1042
194852. 4222516 R 21 Wz02 4.454e-15 413
195357.9312130 R 212 Wz02 3.795e-16 25682

@ in arcsec® in erg cnT? st arcsec?,® in arcseé

(2007) will help to reveal more information. We concentchten the cases starting

from their case B, which shows the evolution of the nebulahim post-AGB phase.
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The comparisons should give us data on the structures piesenot detected (due to
the wavelength used for example) and data on the velocityeohebulae relatively to
the ISM (this will be an estimation as the distance is reglineorder to define &ona

fidevelocity).

e The majority of the WZO2 candidate PNe only show a semi-tarchow shock
and, no tail or external distant halo are seen nor any petimb in or near the front
shock. The observations can be associated with the CaseBasiom b of Wareing
etal. (2007). Fig 8.24 shows the typical ISM interactionRIHASX J185322.4083018
as an example and the corresponding hydrodynamical motelpfiysical parameters
linked to this model are a velocity in the ISM of 50 kmsind an evolution of 10 000
years in the PAGB phase. One WZO2 object, IPHASX J1904540801, shows

Figure 8.24: Comparison observatiorodel for the general WZO2 interaction pro-
cess.IPHASX J190454+101801 has been rotated 90 deg clockwise to match the

model.

possible perturbations at the edges of the bow shock andechnked to an advanced

step: Case B simulation c. In Fig 8.25, the evolutionaryeia@0 000 years.
IPHASX J190512.4161347 and IPHASX J19142%:140936 have been classi-

fied as transition objects from WZ0O2 to WZO3 (Fig. 8.26). Tlewanulation of

nebular material at the rear of the front shock can also besemted by the case (B,b)
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Figure 8.25: Comparison observatiorodel for IPHASX J190454:0101801. The

IPHAS image has been rotated to match the model.

or (B,c) models although no vortexes are seen. Finally, téipolar interaction with
the ISM observed in IPHASX J194852.222516 has not been treated by Wareing
et al. (2007).

e The candidate PNe belonging to the WZO3 and WZ0O4 stagesariction show
the most irregular features which place them either in tlwugrof the very evolved
PNe or the one with an higher velocity in the ISM.

IPHASX J190700.7043041 (Fig. 8.27) shows a depleted front and structures and
an accumulation of the nebular material on the side. Assgrthat the structures
described as filaments (and which is one factor which cowddsity the object as a
potential SNR) are in fact perturbations or vortexes due Tor®tabilities, the best
correlation made is with the model case (B,d) where the Wglog still at 50 km s?

but the evolutionary phase is 30 000 years in the PAGB. Theesaassification is
made for IPHASX J185744+5.05053 (Fig. 8.27), although its general morphology is

more complex.
The singular shape of IPHASX J1922211%51550 (Fig. 8.28), with a narrow

opening angle, suggests a higher velocity than the one déhltbefore. Thus, the

model that fits this behaviour is Case D,a. The velocity of@Rerelative to the ISM is
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Figure 8.26: Comparison observatiorodel for IPHASX J190512:4161347 (ro-
tated 90 deg anti-clockwise) and IPHASX J19142140936 (rotated 180 deg anti-

clockwise).

Figure 8.27: Comparison observatiorodel for the WZzZO3 [IPHASX
J190700.#043041 and IPHASX J185744:30505.
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100 km st and the simulation shows the phase at the end of the AGB. Tididzte
PN is therefore much younger than all the ones cited befarethe speed of the CS

has strongly fiected the shape of the nebula.

Figure 8.28: Comparison observatiorodel for the WzZO3 [IPHASX
J192221.5151550. The IPHAS image of the nebula has been rotated tohmatc

the model.

Finally the WZ0O4 candidate PN, IPHASX J19022#020815 is probably one of
the best described by the models. The dense “wall” of nelméderial located behind
the semi-circular bow shock as well as its curvature are wedn in the model D
simulation d. Moreover the presence of features which coeldinked to turbulence
are observed in the nebula. This corresponds to a velociheifSM of 100 km st and
an evolution of 10 000 years in the PAGB phase. But the bowisisawt large enough
to make any extrapolation on the exact type of corresponsiimglation (b,c or d), so
simulation b will represent the lower limit on the physicarameters of our nebula.
The CS of IPHASX J190227+320815 would therefore evolve at a lower limit of 100
km st in the ISM and would be at 1000 years in the PAGB phase (thelation “c”
is at 2000 years in the PAGB phase).
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Figure 8.29: Comparison observatiorodel for the WzZO4 [IPHASX
J190227.3020815. From Case D:d (top right), CaseD:b (bottom left),seCa
D:c (bottom right). The IPHAS image of the nebula has beemteot 90 deg

anti-clockwise to match the models.

8.3 Identification of the CS Candidates: Direction and
Proper motions

The measurement of the proper motion (PM) and direction dfonmf the candidate
central stars will allow us to clarify the relationship be@n the stars and the nebula
surrounding them. The method simply consists in comparotg directions of motion
(bow shock and CS), which should be the same. Cudworth (1&7d Kerber et al.
(2008) also measured the PM of some planetary nebulae ingl&Ne with ISM inter-
action. This type of search is not extensive for ARM due to the relative diiculty of

observing the CS which can be too faint or not visible at allr @vestigation is based
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on the positional accuracy in the IPHAS catalog (1300 mas: Gonzalez-Solares
et al. (2007) ) linked with previous (astrometric) obseimas from the USNO-B cat-
alog (Monet et al. 2003) and the 2MASS point source catalagr{€t al. 2003). The
results are listed in Table 8.3. Among the 21 targets, we \@ble to retrieve data for
13 of them.

e Three candidate PNe have their candidate CS evolving in dheegirection
as their bow shock: IPHASX J185322.083018, IPHASX J190338+3.04227
and IPHASX J190419:4152126 (the two first having the largest proper motion
of the sample, 3¥5 and 569 mas yr?! respectively).

e Three candidate CS moves towards their probable relatedsboek but with
an angle greater than expected, which leads to an orientttveards the edges
of the rim. As there is no evidence for an enhancement of thenithose di-
rections, the relation between the CS and the nebulae rematiear. IPHASX
J190654.9052216, IPHASX J191421+140936 and IPHASX J194240:875109

are involved.

e The candidate CS of IPHASX J185744 15053 shows a perpendicular direc-
tion of motion relatively to the 2 possible directions idéatl. The movement
does not discard the star as the genuine CS and may reflecuéhditection of

motion of the nebula.

e The remaining stars either have their motions which do naiifit the motions of
the nebulae or can be considered as nearly static (like IPHA94645.3262211,
IPHASX J 193637.83123808 and IPHASX J193630:312810).

Deeper spectroscopic analyses are needed to identify@€®. The total velocity of
the CS can be separated into two components, the radial amsvarse velocity. The

transverse velocityus a function of the proper motion and distance of the CS and ca
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be derived as followed:
_ PMx d

206265
with PM in arcsecond yt and 206265 is used to obtained radian‘yif the distance

(8.1)

Vi

is set in term of parallax, the equation becomes:

_ 206265x 1AU

d 8.2
o (8.2)

and
u = PMxXaTS 63)

with p the parallax in arcsecond.
We therefore attempted to calculate the transverse vgltwiour 3 best candidate CS.
Unfortunately no data on the parallax has been found for &ttyeon in the catalogues
used. (Regarding the velocity dispersion of the PNe in otitlulde range, Schneider
et al. (1983) and Pottasch (1984) define a radial velocitgedretween-25 and~60
km/s (up to~100 km's for some objects))
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Table 8.3: Proper motions of the candidates CS and direc-

tion of motion. The total proper motions are corrected from

galactic rotation and solar motion.

IPHAS Name CS PM Ra (masyr!) | PM Dec (masyrt) | Total PM (masyr?) | PA (deg)

185322.31-083018| CS1:Geometric center 29+ 7 24+ 4 32+ 6 226
CS2:Middle -3+ 3 -8+ 2 2+2 218
CS3:Near rim -10+ 3 -3+3 8+3 225

All CS evolve towards the bow shock. Best candidate: CS1.
185744.5105053| CS1 -2+ 3 -16+ 2 10+ 3 193
CS moves in North-Ea&outh-West direction, perpendicularly to any directiomaition.
190227.3-020815| CS1 0+1 S5+1 2+1 166
CS moves in direction exactly opposite to bow shock, towardaght structure
190338.5104227| CS1 -24 + 10 91+ 7 60+ 9 327
CS moves in direction of bow shock.
190419.4152126| CS1 3+7 4+3 11+7 31
CS moves in direction of bright bow shock.
190454.6-101801| CS1 - - - -
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Table 8.3 — continued .

IPHAS Name CS PM Ra (masyr!) | PM Dec (masyr?) | Total PM (masyr?) | PA (deg)
190512.4161347| CS1 - - - -
190654.9-052216| CS1 -2+ 2 -rx1 2+2 198

Direction of motion: upper end of the bow shock
190700.4043041| CS1 - - - -
191421.%#140936| CS1 -4+4 19+ 4 24+ 4 344
Direction of motion: upper part of the bow shock
192221.5151550| CS1 - - - -
192436.3154402| CS1:Upper star -14+ 16 -12+ 14 13+13 230
Direction of motion: parallel to bright rim towards Northakt
CS2:Lower star -26+ 6 27+ 5 32+6 223
Direction of motion: parallel to bright rim towards Southe#t
192543.2143546| CS1 - - - -
193630.3-312810| CS1 14+ 7 3+£5 14+ 5 284
Direction of motion: West, nearly parallel to rim.
193637.3123808| CS1 4+2 0+3 6+3 291
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Table 8.3 — continued .
IPHAS Name CS PM Ra (masyr-1) | PM Dec (masyr1) | Total PM (masyr?) | PA (deg)
Direction of motion: North-West, nearly parallel to rim.
194204.9-231932| CS1 - - - -
194240.6-275109| CS1 9+ 10 -30+ 3 28+ 6 166
Direction of motion: South-East, towards eastern partrof ri
194645.3-262211| CS1 -6+ 3 1+2 7+2 287
Direction of motion: Towards the interior of the nebula
194727.6-230816| CS1 -11+6 5+6 13+ 6 297
CS moves nearly parallel to the rim , in North-West direction
194852.4222516| CS1 - - - -
195357.9312130| CS1 - - - -
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8.4 Discussion

The ISM is more dense in the Galactic Plane than in the zonarttsithe anti-centre or
the zone above a height of 100 pc (from observation of nebyrdtogen gas, Dickey
and Lockman (1990)). We therefore expected a greater irdlu@n the interaction
process in this area.

It appears that the majority of the IPHAS nebulae which showngeraction with the
ISM correspond to stage 2 of interaction (17 objects of tme@a) and show a rather
circular morphology. According to Wareing et al. (2007)istls a relatively short pe-
riod in the interaction process-L000 yrs). This conclusion is the same for the known
PNe listed by Borkowski et al. (1990) and the ones in the “IAGrphological Catalog
of Northern Galactic Planetary Nebulae” (Manchado et a@d6)9We notice that only
3 nebulae display a stage 3 interaction and one a stage 4 esel dne classified as ir-
regular nebulae. Phase transitions are also observedaththat a stage 4 is detected
in IPHAS is quite important as first we would expect more casasther regions of
the Galactic Plane and because we are now able to study PNe &ty end of their
life in terms of geometry, abundances...etc.

While most of the detected candidate PNe are large, i.e vatbheegreater than 100 arc-
sec, or of medium size i.e. between 20 and 100 arcsec, snhallagealso show signs of
interaction. This confirms that the ISM interaction procdsss not a priori only imply
“old” nebulae. Figure 8.30 shows that the large objects preasl all over the latitude
range but mainly reside at higher latitudes than smalleulaa(which coincides with
our general knowledge about the location of PNe) but theesteng point is the fact
that we also detect large objects in zones of high extincfidnus, 5 candidates with a
size larger than 100 arcsec are located in an area with E(BpMp~13 mag (i.e. a
latitude range between -2 deg and 1 deg). Those objects, $HA90227.3020815
(2"), IPHASX J190654.9052216 (8'), IPHASX J190700+043041(18’), IPHASX
J192543.2143546 (3’) and IPHASX J194645:262211 (5’), have low observed sur-

face brightnesses betweermri0and 10 erg cnt? s* arcsec? (see Table 8.2), which
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would explain why they had not been detected before. Smiadlbulae (with a size
lower than 60 arcsec) are also detected in the same area.clbmvpare the size of the
candidate PNe and their stage (Figure 8.30 bottom), we canhse the later stages
(from WZO3 to WZ0O4) can be mainly linked to some of the largdgects. Those are
therefore morefiected by the ISM. But this only concerns 3 large RE® out of 12,
two of them also being located at low latitude: IPHASX J19032020815(WZ04)
and IPHASX J190700+4#043041 (WZO3).

In two hours in RA, we detected, thanks to the IPHAS's sengjti21 candidate PNe
that can be associated with PIN&M interaction. A source of error in the identification
of these objects lies in the confusion which can be made wilieraype of nebulae
(e.g SNR) which can also betacted by the ISM (Fig. 8.32) and by the geometry
of the candidate PNe which does not allow us to identify aerawdtion process (Fig.
8.33). Also, the angle from which the interaction is seen afflect our interpretation
of the whole interaction process: the comparison with hgigramical simulations and
proper motion measurements may be biased. We may not se¢lkatifN moves in the
line-of-sight.

Large PNe seem to survive at relatively low latitudes butetley will undergo strong
alteration by the ISM and will display more advanced stada@steraction. Those dis-
ruptions tend to fiect them more than smaller size nebulae in the same latitudger
But in the area of maximum extinction (E(B-V) up #d.3 mag), i.e. where the contri-
bution of the interstellar medium is higher#0.5 deg and 30 degl < 50 deg), there
is a total lack of PNASM. It could be a detection problem , or more likely, if there
were PN@SM at this location, they have been totally destroyed bydffiect of the
ISM. In the longitudinal plane, the more advanced stagesraialy located near the
zone of higher ISM density (35 ded < 52 deg) while the more recent stages (WZ02)
are located far from this region, where the ISM density isdawlhe Warm Neutral
Medium (WNM) (derived from HI 21 cm emission) and the Warmisad Medium
(WIM) (derived from Hr emission) have densities betweeyx0.2 and §=0.5 cn13

(Ferriere 2001). Wareing et al. (2007) used a density,ePrent? as a typical value
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in the plane. Borkowski et al. (1990) state that the firstattgins in the nebulae oc-
cur when By ~ 10ny. We cannot define a clear boundary for the lowest ISM density
required to suppress any sign of interaction, but we cannasghbat it will be around
100 cnt® which is the lowest density for the molecular clouds and tiae ®rming
regions which populate the part of the sky we are investigatA deeper analysis of
the candidate PNe will help to constrain the ISM density batcan still make two
remarks: first, a PN is more likely to be found in the warm ISMrhn the denser
cold ISM and secondly, a PN located at a high Galactic lagitisdnore likely to be
exposed to the hot Galactic halo. Both phenomena nfagtathe PN particularly for
the development of RT instabilities requiring an ISM hottean the nebula. The other
effects are not fully known.

The turbulences, vortexes and filaments observed are nessagly due to the action
of interstellar magnetic fields; and most of the hydrodyraahmodels are “magnetic-
free” (Villaver et al. (2003), Wareing et al. (2007)). But &g and Soker (1998) and
more recently Ransom et al. (2008) showed that intersteitegnetic fields would re-
inforce Rayleigh-Taylor instabilities and therefore tih@gmentation in the PNe, gen-
erating the shapes observed during the ISM-interactioradutition, Ferriere (2001)
state that the ISM magnetic field would increase with an imseeof the interstellar
density from a fewuG to a tens ouG. The action of magnetic fields is discussed in

Part IlI.

Although we did not find any typical WZO1 candidate PNe (il@wing a distant
bow shock) in our area of study, a good example can be foundnievalarge PN
(6 arcmin long) discovered within the survey in the 20h regid'he “Ear nebula”
or IPHASX J205013.¥465518, has been spectroscopically classified as a PN and
is composed of two shells (Fig. 8.31). The outer shell iskld@nd shows signs of
motion in the North-West direction (indicative of an intetian with the ISM). Some
sharp structures are also seen in the same direction. Tlee ghell is a filamentary

bipolar structure heading in the same direction as the @ltell. We believe that the
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Figure 8.30: Distribution of the candidate PN&M in the plane according their size

and stage of interaction.

planetary nebula is only the interior part while the extegtructure is the remainder

of the AGB shell. This is similar to stage 1 of interstellataraction, but at first the

inner structure is bipolar and not spherical, then the skarptures on the sides and

at the rear show the depletion of nebular material from tbatfmteracting rim which
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is more compatible to a stage 2 transition to stage 3.

Direction of motion

. Filaments '
+ Bipolar outflow |

/ . ;Uﬂ Sharp structures

Faint opposite edge

Bright edges of the bipolar

Figure 8.31: IPHASX J205013+A65518. North on the Top and East on the left. The
CS candidates are indicated by the two green dashes. On lingr eémage (issued

from the INT/WFC), the green corresponds to the [Olll] emission and tletoethe

Ha+[NII] emission.
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Figure 8.32: Supernovae or large PN with ISM interaction gtiyostage 2)? From
the Top to Bottom, from Left to Right: IPHASX J184253.2-0226 IPHASX

J185223.2005322, IPHASX J192410:433443, IPHASX J195015:272859,
IPHASX J195919.6283827.
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Figure 8.33: From Left to Right: IPHASX J190346@0935: Bipolar PN viewed
face-on or stage 4 of ISM interaction in the North-South dimn?, IPHASX
J190614.9-013318: Bipolar with bright waist or stage 2 ¢éiiaction, direction East ?
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