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Magnetic fields in planetary nebulae
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Magnetic field detection via dust

polarisation

I present in this chapter a published article (Sabin et al. 2007) on the detection and role

of magnetic fields in the shaping process of PNe.

9.1 Abstract

Magnetic fields are an important but largely unknown ingredient of planetary nebulae.

They have been detected in oxygen-rich AGB and post-AGB stars, and may play a

role in the shaping of their nebulae. Here we present SCUBA sub-millimeter polari-

metric observations of four bipolar planetary nebulae and post-AGB stars, including

two oxygen-rich and two carbon-rich nebulae, to determine the geometry of the mag-

netic field by dust alignment. Three of the four sources (NGC 7027, NGC 6537 and

NGC 6302) present a well-defined toroidal magnetic field oriented along their equa-

torial torus or disk. NGC 6302 may also show field lines along the bipolar outflow.

CRL 2688 shows a complex field structure, where part of the field aligns with the

torus, whilst an other part approximately aligns with the polar outflow. It also presents

marked asymmetries in its magnetic structure. NGC 7027 shows evidence for a disor-

ganised field in the south-west corner, where the SCUBA data show an indication of
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9: MAGNETIC FIELD DETECTION VIA DUST POLARISATION

an outflow. The findings show a clear correlation between fieldorientation and nebular

structure.

9.2 Introduction

Whether magnetic fields play a role in the shaping of planetary nebulae (PNe) is an

open question. Most of the post-AGB nebulae appear elliptical, bipolar or even multi-

polar (Balick and Frank 2002). These morphologies are amplified by the interaction

between a slow AGB wind with a faster post-AGB wind. However,this amplifica-

tion still requires an initial asymmetry in the slow wind. This initial shaping has been

mainly attributed to two possible phenomena: binarity and magnetic fields.

In the binary model, a close companion affects the mass-losing AGB star via com-

mon envelope evolution (De Marco and Moe 2006), mass transfer and/or tidal forces,

and may lead to the formation of an accretion disk around the companion star. The

binary orbit provides a source of angular momentum which getcarried by the wind,

and leads to an equatorial disk. The angular momentum loss bythe stars may lead to a

merger. The model of shaping due to this binary interaction is quite popular (Bond and

Murdin 2000), (Ciardullo et al. 2005), partly because of thepresumed impossibility of

a single star to supply the energy necessary to create a magnetic field strong enough for

its shaping (Soker 2005). Nevertheless, there is still a lack of observational evidence

for the occurrence of close binary systems during the AGB phase. Neither companions

(Riera et al. 2003) nor high orbital velocities of the AGB stars (Barnbaum et al. 1995)

are detected in a sufficient amount to establish the role of the binarity as predominant

(Matt et al. 2000). Evidence for binary interactions may be found in 25–50 per cent of

planetary nebulae (Zijlstra 2006), although values of 50–100 per cent have also been

suggested (De Marco et al. 2004; De Marco and Moe 2006).

On the other hand, the magnetic field may act as a “squeezer” around the central
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star of the PN and thereby give the dust its direction (in the sense of the outflow).

Magnetic fields have been detected around AGB stars (Vlemmings et al. 2006) and

a few post-AGB stars (Bains et al. 2004) using radio observations of masers (H2O,

SiO, OH). Such observations measure a local value of the strength of field, within

masing high-density clumps, which may differ from the global field. The origin of

the magnetic field is unknown: a dynamo effect resulting from an interaction between

a slow rotating envelope and a fast rotating core has been proposed (Blackman et al.

2001). As magnetic fields are now known to be present in the AGBand the post-AGB

phase, their importance should not be ruled out prematurely.

Greaves (2002) found evidence for dust alignment in two carbon-rich objects, NGC

7027 and CRL2688 which are respectively a young and compact bipolar PN and a

strongly bipolar proto-planetary nebula (PPN). This was based on polarimetric Scuba

850-micron observations. The data suggests the presence oftoroidal collimated mag-

netic fields, as would be required for the shaping. But the presence of such a field was

not conclusively proved, because of the very few detected vectors and limited spatial

resolution. We present here new 850-micron and the first 450-micron polarimetry of

post-AGB stars, which allows for better resolution and reduces angular smearing. In

addition to the objects observed by Greaves (2002), we also observed NGC 6537 and

NGC 6302. The sample contains two carbon-rich and two oxygen-rich nebulae. We

show the presence of well-aligned toroidal fields in three ofthe nebulae. The fourth

object shows indications for both a toroidal field and one aligned with the polar out-

flow. We conclude that toroidal fields may be common in bipolarPNe, and could play

a role in the shaping of the nebulae.

9.3 Observations

The polarimetric data were obtained on May 10th 2005, with the polarimeter on the

Sub-millimeter Common-User Bolometer Array (SCUBA), at the JCMT. The instru-

ment (now decommissioned) is described in Holland et al. (1999). The JCMT beam
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size is 15 arcsec at 850µm and 8 arcsec at 450µm.

SCUBA contains two arrays of bolometric detectors, covering a field of view of

2.3′ in diameter. The 850-µm array has 37 individual detectors, and the 450-µm array

has 91 detectors. The two arrays are used simultaneously. The spatial resolution of

the detector is 7.5” at 450µm, and 14” at 850µm. The gaps between the detectors are

covered by moving the telescope in sub-pixel steps, in the so-called jiggle-map mode.

The step size needs to be optimised for the wavelength used. The polarimeter (Greaves

et al. 2003) measures the linear polarisation by rotating the half-waveplate in 16 steps.

We used this in combination with jiggle map mode. A chop-throw of 45 arcsec was

used.

Good photometric images cannot be obtained at both wavelengths simultaneously.

When the jiggle pattern is optimisedin one wave-band, the simultaneous image ob-

tained in the other band is under-sampled. The size of the pixels in the final image is

set during the data reduction with the polarimetric packageof Starlink. For a jiggle

pattern corresponding to a 450µm measurement, the pixel spacing becomes 3 arcsec

and for 850µm it is 6 arcsec. The reduction of infrared polarimetry is discussed in

detail by Hildebrand et al. (2000).

The instrumental polarisation (IP) of each detector has to be removed in order to

have a correct polarisation calibration. A new IP calibration, provided on site, was

used: this contains a re-measurement of the central detector. For the other detectors,

an older IP calibration was used. The IP should not vary too much for detectors close

to the center of the array. Tests to see the importance of the instrumental polarisation

(by changing its value by the size of the error for example ) and if it could affect

the polarisation vectors length, showed that in our case, the IP was small (at 850µm:

∼1.20%±0.25% and at 450µm: ∼3.25%±0.25% ) and didn’t play any role in modifying

the vectors. The resulting polarimetric images were checked for different pixel binning,

from 1×1 to 10×10, and we didn’t find any significant changes.

The linear polarisation is measured as a percentage polarisation, and a direction.

The polarisation is typically caused by the alignment of spinning dust grains, with
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their long axis perpendicular to the local magnetic field (Greaves et al. 1999). Thus,

the measured angle of polarisation is 90 degrees rotated with respect to the magnetic

field. The degree of polarisation does not give direct information on the strength of the

magnetic field.

We observed four targets: NGC 6537, CRL 2688, NGC 6302 and NGC7027. They

were observed in jiggle map observing mode at both wave-bands, 450µm and 850µm.

For each object, the mean direction and angle of polarisation are listed in Table 1.

The figures below show the direction of the magnetic field, i.e. the vectors are

perpendicular to the direction of the grain alignment.

9.4 The results

9.4.1 NGC 6537

NGC 6537 is also known as the Red Spider nebula. It is a bipolarplanetary nebula with

a very hot central star (1.5–2.5×105K). The nebula suffers extinction by circumstellar

dust. This extinction is localised mainly in a compact circumstellar shell. An extinc-

tion map (Matsuura et al. 2005a) reveals a compact dust shellwith a roughly spherical

inner radius of about 3 arcsec, with a minimum towards the central star (Matsuura

et al. 2005a; Cuesta et al. 1995). The polar outflows (traced by high velocity winds

of about 300km/s: Corradi and Schwarz 1993) extend 2 arcminutes along the NE-SW

direction. The Scuba 850-µm continuum map (Fig. 9.1) shows elongation perpendic-

ular to the outflow direction, with a major-axis diameter of approximately 20 arcsec.

The extinction map is now seen to represent the inner edge of amore extended, and

possibly toroidal, structure. The equatorial plane may be oriented a little closer to the

EW direction, based on the Scuba map.

The best polarimetric results obtained with SCUBA are obtained at 850µm. The

consistent orientation of the polarisation vectors shows that the magnetic field (here-
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after ~B) has a dominant direction along the equatorial plane, approximately perpendic-

ular to the outflow direction. The dust alignment is therefore directed in the same sense

as the outflow. The lengths of the 18 different vectors do not show large variations, with

a degree of polarisation varying from 8 to 14%, suggesting a consistent magnetic field.

Moreover the absence of smaller polarisation vectors toward the center of the nebula

indicates that there is no change in geometry of~B towards the core (Greaves 2002).

This supports a location some distance from the star (i.e. ina detached shell), since

otherwise averaging of vectors in different directions within the JCMT beam would

reduce the detected net polarisation at the central position (beam depolarisation).

These observations indicate the presence of a consistent toroidal magnetic field,

located along the equatorial plane of NGC 6537, in a circumstellar torus. Compared

to the size of the outflow lobes, the field is located relatively close to the star. The

presence of a~B-field had already been suspected, based on the occurrence offilaments

near the central star (Huggins and Manley 2005).

The extinction map obtained by Matsuura et al. (2005a) (Fig.1-Bottom panel)

shows an asymmetry, in that the extinction is higher on the western side (≥2 mag

versus≤1.6 mag towards the east). This asymmetry is also seen in the Scuba data,

with a larger extension and more polarisation vectors on this side. This is a further

indication that the magnetic field is located within the detached dust shell.

There is no strong indication for magnetic fields along the spider lobes. There is

a slight trend for the vectors to curve, but this is caused by only a few of the vectors

and would need confirmation. We cannot state with confidence whether the lobes also

carry a magnetic field.

9.4.2 NGC 7027

The 450µm jiggle map of the young planetary nebula NGC 7027 (Fig. 9.2)and its near

environment covers a field of about 40×36 arcsec2. The central star is surrounded by an

ionised area of∼283 arcsec2, which is in turn enclosed by a thin atomic and molecular
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Figure 9.1: Scuba 850µm results on NGC 6537. North on the top and East on the left.

The axes give the image scale in arcseconds.Top Left panel: the 850µm continuum

map of NGC 6537, with contours at 1%, 2% ,5% and 10% of the peak.Top Right

panel: Magnetic field orientation. The general outflow direction of the nebula is indi-

cated by A and the equatorial plane by B. The polarisation vector scale indicated on

the left (showing the degree of polarisation) is set at 10%.Bottom panel: Extinction

map presented by Matsuura et al. (2005) obtained with the HSTHα (F656N) andHβ

(F487N) filters. The highest levels of extinction occurs at∼ 4 arcsec from the central

star withE(Hβ − Hα) > 2 mag, coincident with the dust emission in the 850µm map.

The polarisation vector scale (top left) is set at 10%. The magnetic field which coin-

cides with the area of internal extinction, is mostly aligned along the equatorial plane,

indicating a toroidal field. The dust alignment is perpendicular to the vectors displayed

here.
LAURENCE SABIN 295



9: MAGNETIC FIELD DETECTION VIA DUST POLARISATION

Figure 9.2: Scuba 450µm results on NGC 7027. North on the top and East on the left.

The axes give the image scale in arcseconds.Top Left panel: The 450µm continuum

map of NGC 7027. Contours are set from 1 to 5% and 10% of the peak. Top Right

panel: Magnetic field distribution. The general outflow directionis indicated by A

and the equatorial plane by B. The polarisation vector scale(showing the degree of

polarisation) is set at 10%.Bottom panel: The Scuba polarization vectors are shown

on an continuum subtracted H2 (colour-inverted) map of NGC 7027 (North on the top

and East on the left). The field is mostly directed along the equatorial plane. The

central region shows much reduced polarisation and the fieldorientation differs on the

extreme western side.
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layer that is seen for instance in the H2 emission observed by Cox et al. (2002). A

thin dark ring delineates the equatorial plane in optical images. The structure is better

seen in the HST image (Fig. 9.2-bottom), which shows both thesurrounding molecular

layer (in H2) and the inner ionised region. Latter et al. (2000) shows that the NW lobe

is blue-shifted (closer) and the SW lobe is red-shifted.

The dominant direction of the magnetic field coincides with the equatorial plane.

But this behaviour is mainly seen on the North-East side while the south-west part

seems to be disturbed: the magnetic field may be “broken”. Thedegree of polarisation

is 8.9%± 0.9%) towards the NE direction (or lobe) and 7.6%± 1.3%) towards the

SW. The degree of polarisation is much reduced in the center of the nebula and lacks a

coherent direction here. This effect was also noted by Greaves (2002) and may indicate

that coherence is lost in the ionised region.

9.4.3 CRL 2688

The proto-planetary nebula CRL 2688 (or Egg Nebula) is a bright carbon-rich bipo-

lar object characterised by two pairs of searchlight beams superposed on a reflection

nebula. The origin of the light beams has been suggested to bea very close stellar

companion (Sahai et al. 1998; Kastner and Soker 2004), or thepresence of dust layers

reflecting the light of the central star (Goto et al. 2002). The bipolar reflection nebula

shows a dark equatorial lane where a large amount of dust may by present.

The 850-µm image is presented in Fig. 9.3-Top panels. It shows elongation in the

direction of the polar outflows. The equatorial extent is less but at the lowest contour

the torus is more extended on the eastern side. The extent is∼60”×40” although it is

not clear precisely where the emission ends. The bright coreat 850µm shows a FWHM

of 16× 14 arcsec2, at a position angle of 25 degrees which is in the same direction as

the outflow. We could not measure the core elongation at 450µm due to the under-

sampling. The spatial resolution is insufficient to separate the two light beams, but

the width of the emission suggests that the dust traces the larger lobes which the light
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Figure 9.3:Scuba 850 and 450µm results on CRL2688. North on the top and East on the left.

The axes give the image scale in arcseconds.Top left panel: The 850µm map of CRL 2688, with

contours from 1 to 5% and 10% of the peak.Top right panel: The 850-µm vector polarisation

showing the magnetic field orientation. The general outflow direction is indicated by A and

the equatorial plane by B. The polarisation vector scale (showing the degree of polarisation) is

set at 10%.Bottom panels: HST images (WFPC2, filter F606W) with the overlaid magnetic

field corresponding to the 850µm map (left) and 450µm map (right). The dust continuum is

elongated along the outflows. The field shows a complicated structure with components along

the outflow and along the equatorial plane. The polarisationvector scale (showing the degree

of polarisation) is set at 20% for both maps.
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beams illuminate, and that these beams themselves are not present in the far-infrared

data. (The elongation of the core is in fact along the line of one of the two beams only.)

CRL 2688 presents the highest number of polarisation vectors in our sample. For

this nebula, the under-sampled 450µm map gives some additional and useful indica-

tions (even if we observe a lack of vectors due to this under-sampling). The polari-

sation vectors cover the full nebular extent (seen at both wavelengths), as they do in

NGC 7027. The degree of polarisation is not uniform and strongly decreases near the

center. This phenomenon is more visible in the 850µm map, which suggests that beam

depolarisation may play a role. At 850µm, the mean value of polarisation of the region

containing the bipolar lobes is about 3.2%, the outer regionhas a mean value of 8.8%,

and the region of the dark lane shows a mean degree of polarisation of 1.4%.

If we draw a line passing through the nebula in a longitudinaldirection (NNE-SSW

Fig. 9.3-Bottom-left panel), we can see distinct behaviours of the magnetic field on

either side of this line: on the eastern side, the orientation of ~B is mainly in the direction

of this line, while on the western side, the magnetic field appears perpendicular to it.

The 450-µm map (Fig. 9.3-Bottom-right panel) shows the magnetic fieldat higher

resolution, confirming the bimodal distribution. This map is under-sampled and only

some positions in the nebula are covered. The map gives a suggestion of a superposi-

tion of a toroidal field and one aligned with the polar outflows. The field becomes less

ordered towards the tip of the outflow direction, but the emission here is faint and the

uncertainties on the polarisation vectors are larger.

The complicated magnetic morphology makes it likely that the dynamics have

shaped significant parts of the field, rather than the magnetic field shaping the neb-

ula. The structure may show the superposition of two components over most of the

area of the source. The lack of polarisation in the centre suggests that the bright core

is not polarised, or its polarisation is averaged out over the JCMT resolution. The out-

ermost field vectors in the longitudinal direction are alongthe outflow, and this may

indicate a field carried along by the outflow. This is most apparent in the north when

looking at the outer vectors direction in the figure 3-bottom-left, in the south the outer
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vectors point towards the corresponding outflow so we assumethat the magnetic field

may be carried by this outflow.

The grain alignment, which is perpendicular to the direction of the magnetic field,

is in the direction of the outflows on the western side. On the eastern side, the grain

alignment is toroidal.

High resolution molecular images in the literature includeIRAM CO J=2-1 data

(Cox et al. 2000) and HST infrared H2 images (Sahai et al. 1998). The continuum-

subtracted H2 image in Fig. 4, shows multiple jets, located both in the equatorial plane

and towards the polar directions. The CO data show these jetsto be the tip of flows

originating much closer to the star. These jets all fall within the Scuba 850-µm core,

indicating that indeed structure is present on scales much smaller than the JCMT beam

size. Thus, beam dilution and beam-depolarisation of the magnetic field is likely.

We note that the elongation visible in the Scuba image, on theeastern side, is in the

same direction as the largest molecular sub-jet E2 in Fig. 9.4, or A1 in Cox et al. (2000)

(but the Scuba structure is much larger). The polarisation vectors seem unaffected. On

the western side, both the molecular and the Scuba images indicate a smaller extent

of the envelope. The polar outflows as seen in the molecular lines do not show the

light beams, but instead show relatively well-collimated lobes. The lobes are brighter

in the north. The polar lobes in the Scuba image are consistent with this, both in

direction and in brightness, but again are much larger than seen in the molecules. The

molecular emission shows the wind-blown cavities, while the Scuba emission arises in

the surrounding shells.

9.4.4 NGC 6302

This oxygen-rich planetary nebula (Pottasch and Beintema 1999) is a proto-typical

butterfly-type nebula. It shows two extended lobes that result from a bipolar outflow,

with a dark lane in the center. It has been studied by Meaburn and Walsh (1980),

Meaburn et al. (2005), Matsuura et al. (2005b) and Casassus et al. (2000).
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Figure 9.4: Continuum-subtracted H2 (HST) image showing the jets in CRL 2688.

[North at the top and East at the left]. They are named as in Sahai et al (1998). The jets

are all located within the compact 850-µm source, and the some perturbations seen in

the Scuba data can be related to the “sub-jets” E2 or A1.

The Scuba observations were optimised for 450-µm. They show a bright core, of

FWHM 14× 12 arcsec2 (larger than the beam), with the long axis in the north-south

direction, with an extension towards the south-southeast (Fig. 9.5). The arcs seen

at 25 arcsec are likely part of the diffraction pattern from the very bright core. The

polarimetric data obtained at 450µm shows only five polarisation vectors. They do not

line up with either the dark lane or the outflow. However, theyare fairly well aligned

with the ellipsoidal radio source in the center of the nebula. The radio nebula shows

the inner ionised region, confined by the dense torus: the elongation is perpendicular

to the torus.

The difference in position angle of the inner torus with the dark laneis interpreted

as a warped disk (Matsuura et al. 2005b). Further from the center the outflows have dif-

ferent position angles, and eventually become east-west inthe outer bipolar lobes. The

450-µm polarisation indicates that the magnetic field may be oriented in the direction
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Figure 9.5: Scuba 450µm results on NGC 6302. North on the top and East on the left.

Top panel: The map shows the magnetic field orientation on the planetary nebula with

contours from 1 to 5%, 10%,20% and 25% of the peak. The polarization vector scale

(showing the degree of polarisation) is set at 20%. Note thatthe arcs seen 20 arcsec out

are part of the beam side lobes of the very bright core.Bottom panel: 450µm Scuba

map of NGC 6302 overlaid on the F656N band HST image (WFPC2). North on the top

and East on the left. The external hexagonal contours do not belong to the star but are

representative of the bolometers. The main Eastern outflow seen on the submillimeter

image coincides with the one observed with the HST. Note thatthe arcs seen 25 arcsec

out are part of the beam side lobes and the two outer horizontal and vertical features

are artefacts from the HST image and not vectors.
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Name Band (µm) Deg (%) Angle (deg)

NGC 6537 850 11.2±2.2 26.5±5.7

NGC 6302 450 11.4±1.6 32.7±4.6

NGC 7027 450 8.2±0.9 -18.5±3.7

CRL2688 850 6.8±1.0 -22.6±4.5

Table 9.1: Mean values of the polarimetric parameters for the Post-AGB objects, Deg:

degree of polarisation, Angle: position angle of the polarisation. These values concern

the main band studied for each nebula.

of the inner outflow.

We have no data for magnetic fields elsewhere in the outflows even at 850µm.

9.5 Discussion and Conclusion

The sub-millimeter observations of the four post-AGB objects reveal new information

regarding the distribution of the magnetic fields, the dust emission and the link between

the two components.

Extended dust emission was seen for all four nebulae. For CRL2688, the large

polar lobes have been detected. The orientation of its polarlobes is along only one of

the two light beams. The equatorial emission is also extended, and shows an asym-

metry which is correlated with the appearance of the (much more compact) equatorial

jets. These jets originate close to the star and it is unlikely that they are affected by

structures at much larger scales. Instead, the jets may affect the dust emission through

heating. In NGC 6537, an asymmetry in the dust correlates with differences in the ex-

tinction map, suggesting that here the Scuba map shows a trueasymmetry in the dust

distribution.

The presence of detectable polarisation shows that at leastsome of the dust grains

are not spherical.
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9.5.1 Targets

Polarisation is detected for all four nebulae. This in itself suggests that magnetic fields

are common for these types of objects. It is thus important todiscuss what types of

objects were selected.

Firstly, the four targets are all bipolar nebulae. The leastpronounced morphology

is shown by NGC 7027, but even here the molecular maps clearlyshow the underlying

bipolar structure. We do not have information on the existence of magnetic fields in

less bipolar (e.g. elliptical or spherical) nebulae.

Secondly, although three of the nebulae have very hot central stars and ionised

cores, all have extended molecular envelopes. It is argued above that the detected fields

are located in the molecular or atomic regions. The presenceof molecular envelopes

around ionising stars indicates very dense nebulae, and therefore very high mass loss

rates on the AGB.

Thirdly, the dense nebulae with relatively small ionised regions imply that their

stars have evolved to high temperatures before the nebulae have had time to expand

significantly. Such fast evolution is characteristic for high-mass central stars. The

cooler object (CRL 2688) may have a lower mass, but the fact that it has become a

carbon star suggests it still has a relatively higher initial mass (Mi ≥ 3M⊙), as lower-

mass stars experience insufficient dredge-up to become carbon rich. For NGC 6302, a

progenitor mass of 4–5 M⊙ has been suggested, based on the mass of the circumstellar

envelope (Matsuura et al. 2005b). The precise initial masses are not well determined,

but high mass progenitors appear likely for all four objects.

Thus, the result of the survey can be interpreted that magnetic fields tend to be

present for high mass progenitors evolving into bipolar nebulae, and that the fields are

detectable while the nebulae still have molecular envelopes.
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9.5.2 Field location and orientation

Overall, we see fields aligned with the polar directions and/or toroidal fields in the

equatorial plane. Assuming that the dust in the polar flows originates from the dust

reservoir in the disk or torus, this suggests that the field also originates there. The

alignment with the polar flow is interpreted that the gas carries the field with it.

NGC 6302 is the only source in our sample without evidence fora toroidal field.

This nebula has a complicated morphology with a warped disk and the nebula is ori-

ented at 45 degrees with respect to the equatorial dust lane.It is therefore difficult

to ascertain the alignment of the field with any particular morphological component.

However, alignment with the radio core seems most likely.

The other nebulae show evidence for toroidal field components. We therefore sug-

gest that the initial configuration of the field is toroidal, and is located in the equatorial

torus.

The polarisation in all cases appears to be seen in the neutral/molecular regions.

Towards the central, ionised regions, the percentage of linear polarisation is much

reduced. This may in part be because of the beam averaging over regions of different

polarisations, but the ionised regions may also be expectedto lose a directional field

(non-constancy of~B). The reason for the absence of a detectable magnetic field in

the ionised region can also be explained by the lack of dust (so ~B is not carried). For

NGC 6302, the field is aligned with the ionised core but is likely located around rather

than within the core.

Polarisation will not be detected if the field is oriented along the line of sight. This

is expected for toroidal fields near the tangential points ofthe torus. This may be

present especially in CRL 2688, where two components are found at different loca-

tions.
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Figure 9.6: Location of the Scuba dust emission, compared tothe HST images (con-

tours). We present respectively a) NGC 6537, b) NGC 7027 and c) CRL 2688. NGC

6302 is shown in Fig. 9.5 .

9.5.3 Chemistry

The sample includes two oxygen-rich nebulae (NGC 6537 and NGC 6302, both PNe

with hot central stars) and two carbon-rich nebulae (NGC 7027 and CRL 2688: the

latter is the cooler post-AGB nebula in our sample). This sample is too small to draw

general conclusions. However, we point out the following points of interest, for future

study.

• The O-rich PNe both present collimated magnetic fields concentrated near the

central star. In both cases, we have an organised magnetic field in the central

region, resistant to distortion effects, but do not detect more distant fields.
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• The two carbon-rich nebulae show extended fields covering their entire nebula.

In both nebulae, the magnetic field is more disorganised thanin the two O-rich

stars.

The question of whether there is a chemistry-related originto these behaviours is

valid, but cannot be answered with the current sample. Dust chemistry could play a

role. First, carbon grains tend to be smaller than silicate grains. Larger grains may be

more spherical, which would give less (or no) polarisation.Both oxygen-rich nebulae

show evidence for crystalline ice (Molster et al. 2002) (strongest in NGC 6302), indi-

cating coatings on the grains. Second, amorphous carbon grains may be intrinsically

non-spherical, build up from graphitic carbon sheets.

For the O-rich nebulae, it is possible that only the hotter dust, above the ice evapo-

ration temperature, leads to non-spherical grains and a polarised signal. Thus, a differ-

ence in polarisation does not necessary imply a difference in magnetic field structure.

Both O-rich nebulae show evidence for weak PAH emission in their central regions.

The origins of the PAHs is not clear, but they are seen only in irradiated regions. The

continuum radiation from the dust component containing thePAHs is only seen at short

wavelengths (warm dust) and contributes very little to the sub-mm flux (Kemper et al.

2002b; Matsuura et al. 2005b). Thus, the polarisation signal is seen in the oxygen-rich

grains, not the PAHs.

Iron needles could be considered as carriers of the polarisation: in O-rich stars,

some or most of the iron is incorporated in the silicate grains (olivines and pyroxenes:

Ferrarotti and Gail 2001), but for a C/O ratio close to and above unity, solid iron and

FeSi become more important (e.g., Ferrarotti and Gail 2002). Metallic, non-spherical

iron grains may contribute to the NIR opacity in high mass-loss OH/IR stars (Kemper

et al. 2002a).
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9.5.4 Comparison of less evolved/ more evolved nebulae

The extent of the nebulae shows that the objects differ in age. The nebulae of CRL

2688 (Post-AGB) and NGC 7027 (young PN) are younger than NGC 6537 (PN) and

NGC 6302 (PN). (The lobes of the last object extend to over 2 parsec across.)

Our submillimeter polarimetric data show that the magneticfield is better organised

for the older nebulae. Assuming an originally toroidal field, later carried by the bipolar

flows, the best organised field is expected if one component dominates. The bipolar

flows are most massive early in the post-AGB evolution (Bujarrabal et al. 2001). As

they diminish, the remaining field may become less confused.However, evolving dust

characteristics may also play a role: dust grains become larger in older disks, and may

show less polarisation as a result. It is not possible with the current sample to separate

evolutionary and chemical effects, but both are expected to occur.

9.5.5 Field strength and origin

The detected polarisation contains information on the direction of the field, but not

its strength. A method to obtain the field strength out of fluctuations in polarisation

was suggested by Chandrasekhar and Fermi (1953). Applying this method to our data

leads to field strengths of the order of mG. This equation assumes that the magnetic

field dispersion is caused by Alfven waves. The applicability to our sources may be in

doubt, as the dispersion may be dominated streaming motions.

In neutral-dominated media, Alfven waves contribute if thecollision times between

ions and neutrals are shorter than the period of the Alfven wave. This is the case for

waves longer than

λA >

(

0.3
pc

) (

B
0.1 mG

) (

104

n

)3/2 (

10−7

f i

)

(9.1)

wheren is the particle density per cm3, and fi is the fractional ionization (Hildebrand

1996). For our sources,fi may be high except in the densest regions of the tori. As-

suming a typical source size of 0.05 pc, and a field strength ofa mG, Alfven waves
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may contribute iffi > 10−4. This is a plausible value for the outflows.

Previous observations of OH Zeeman splitting has shown fieldstrengths in OH/IR

stars and post-AGB stars of a few mG at 3× 1015 – 2× 1016 cm from the stars (Bains

et al. 2004, 2003). Much larger values have been inferred from water masers: several

Gauss at∼ 2 × 1014 cm (Vlemmings et al. 2005). The difference is consistent with a

dipole field, which gives anr−3 dependence, and less consistent with a solar-type field

r−2. Water masers trace high density clumps and the measured field strengths may not

be fully representative of the surrounding areas.

Assuming we look at typical distances of 5 arcsec at 1 kpc, ourmeasurements are

at ∼ 5 × 1016 cm from the stars. Compared to the OH and water masers, one would

expect a field of 1mG or less at this distance. This suggest that the direction changes

in the field are due to streaming motions, rather than Alfven waves.

The grains become aligned with the magnetic field with the Davis-Greenstein mech-

anism. In this mechanism, charged grains align their spin axis along the magnetic field

via paramagnetic relaxation (or dissipation). The grains rotate with their angular mo-

menta parallel to the interstellar magnetic field. The time scale for this to occur is

(Kruegel 2003, Ch. 11)

trel ∝ B−2

and, for fields of the order of a few mG, is typically 106 yr. The age of the nebulae is

∼ 104 yr. For this time scale, the alignment of the dust with the magnetic field requires

fields in excess of those seen from OH maser emission. The alignment is therefore

likely to originate close to the central star, atr < 1015 cm, and is maintained while the

nebula expands.

9.5.6 Evolution

For OH/IR stars, evidence for dipole fields has been presented by, e.g., Vlemmings

et al. (2005). For more evolved stars, in the early post-AGB evolution, the presence

of both toroidal (IRAS 20406+2953) and poloidal (OH17.7-2.0) fields are inferred
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from OH observations (Bains et al. 2004, 2003). The poloidalfields arise from a

stretched dipole. For the even later evolutionary stage studied here, a strong toroidal

field component is found, combined with a poloidal field.

A toroidal field can form out of a dipole field by rotation. Thisalready makes it

likely that the formation of the torus and the formation of the toroidal field are related.

A binary companion can be the source of the required angular momentum. Rotation

of the star itself is less likely, as its angular momentum canbe expected to be lost early

on in the mass loss. A binary companion, on the other hand, candeposit its angular

momentum during the time of the peak superwind, at the end of the AGB mass loss.

The fields detected via OH and H2O masers have been claimed to be strong enough

to dominate the dynamics of the nebula (Bains et al. 2004; Vlemmings et al. 2005).

Soker (2006) argues that fields of this magnitude cannot be generated by the star itself,

and should be attributed to a companion. Based on this, the basic shaping mechanism

of the nebula is found in binarity. However, once the strong fields have been generated,

they would be a significant factor in the further evolution ofthe nebula towards the PN

phase.

9.5.7 Summary

We present the discovery of magnetic fields in four bipolar post-AGB stars (NGC 6537,

NGC 7027, NGC 6302 and CRL 2688). This confirms the earlier work of Greaves

(2002) for two of these. The fields are mapped at high resolution (for sub-mm), using

either 450 or 850µm. The sub-mm emission traces the extended emission. In CRL

2688, we find evidence for the polar lobes which contain the well-known search beams.

All objects show polarisation indicative of grain alignment by magnetic fields.

Toroidal fields are found for three objects, and poloidal fields for two (CRL 2688 shows

evidence for both). The alignment of the field with nebula is least certain for NGC

6302, where the nebula shows a multipolar structure. Our results suggests that mag-

netic fields are common in these types of targets: bipolar nebulae with intermediate-
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mass progenitors. The fields are long lived as they are observed over different evolu-

tionary stages.

The data also show evidence for elongated grains. The polarisation is stronger

and more extended for the carbon-rich nebulae. This may showthat amorphous car-

bon grains are intrinsically non-spherical, e.g.the sheet-like structure of graphite. The

oxygen-rich nebulae show polarisation only in their central regions. This is interpreted

in that the dust grains in the torii are larger and more spherical.

The poloidal fields in the polar flows suggest that here the field is carried along by

the flow and that these flows are not magnetically confined. Thetoroidal components

in the torus may be more important, for the dynamics. As the fields in AGB stars are

dipole-like, the toroidal field structure appears to be a later phase of evolution. We

suggest that this transition occurs when the equatorial field is wound up through the

interaction with a companion. Following Soker (2006), we suggest that the original

shaping agent is a binary companion. Once the field has been wound up, it may how-

ever become dynamically important for the subsequent nebular evolution.
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Other detection processes and

magnetic field exhibition

We have seen that the analysis of dust polarisation is a good way to determine the

global location of the magnetic field over the PNe. Several investigations have been

done using this technique (Lazarian 2007), (Falceta-Gonçalves et al. 2008) and (Rao

1999) but in other astrophysical fields the use of the Chandrasekhar-Fermi method is

suitable to measure the field strength (Chandrasekhar and Fermi 1953). In the PN

field there are still two other ways to measure the field strength: Zeeman splitting and

Faraday rotation measurements.

10.1 Spectropolarimetry and radio measurements

The first process to be described is the Zeeman effect. In the presence of a magnetic

field B, atomic lines will be split equally and show different transition levels with their

∆mJ= 0(π), 1(σ) or -1(−σ). The latest 3 components are polarised either linearly or

circularly, and they are the features intended to be observed to derive the magnetic

field strength. But their observation depends on the field’s orientation relative to the

line of sight (LOS). Thus if the LOS and B are parallel, only the circularly polarised

σ components are seen (Fig.10.1, left) and if the LOS and B are perpendicular all 3
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Figure 10.1: Polarization of spectral lines

components are seen with theπ component parallel to the field and theσ components

perpendicular to it (Fig. 10.1, right). The magnetic field strength can be derived by

measuring the separation between the circularly polarisedσ components. The angle

between B and LOS should also be taken into account.

∆λ = 4.67× 10−13λ2
0zBcosθ (10.1)

With ∆λz the line separation in Å,λ0 the wavelength of the line and z the Lande factor.

But due to the weakness of the field, the separationδλz of the lines is not often

seen. We must therefore rely on the total circular polarisation given by the Stokes
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parameter V. Thus Mathys (1989) and Bagnulo et al. (2002) defined a “weak field

approximation”:
V
I
= −ge f fδλzλ

21
I

dI
dλ
< Be f f > (10.2)

where I is the total intensity, ge f f the effective Lande Factor and Be f f (Gauss) the

effective magnetic field also linked to the mean longitudinal field. The latter is retrieved

via a linear regression of the two terms of the equation.

This method has been applied to find<Be f f> in the central stars of planetary neb-

ulae by Jordan et al. (2005) and Lee et al. (2007a) using the low resolution FORS1

spectrograph/spectropolarimeter (R=260-1700) at the VLT (8m) and the high resolu-

tion (R=60 000) ESO Multi-Mode Instrument (EMMI) on the 3.58m New Technology

Telescope (NTT) respectively. Magnetic fields in the order of the kG were claimed

to be found in the CS of NGC 1360 and LSS1362 (Jordan et al. 2005), and an upper

limit of 20 kG in the CS of He 2-64 and MyCn 18 has been established by Lee et al.

(2007a). A source of error in this technique lies in the presence of a (hot) companion

which would disturb the spectrum of the primary source. In addition, noise may also

be taken for a weak magnetic field.

At radio wavelengths, other than the masers detection we discussed earlier, magnetic

fields can be detected via Faraday rotation. This process is based on the fact that in

the presence of a magnetic field, the polarisation plane willrotate with an angleβ pro-

portional to the field’s strength. The method has been applied for the PN Sh 2-216 by

Ransom et al. (2008) and a magnetic field of 5±2 µG has been derived but it is likely

to be interstellar rather than stellar. The main concern, using this technique, is the

presence of a magnetised structure in the line of sight whichcan lead to a misleading

determination of B. Moreover the value obtained for the fieldis only directional, and

does not indicate if the field is located inside or outside theobserved target.
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10.2 Interstellar magnetic field

The methods described so far have been mainly used to derive magnetic fields inside

the planetary nebulae and therefore to look for an “internal” shaping . But the magnetic

field could also shape the PNe in an “external” way as the interstellar medium itself is

magnetized. As we have seen previously, some PNe with ISM interaction show dis-

ruptions, fragmentations, filaments and vortices which maybe due to Rayleigh-Taylor

instabilities enhanced by interstellar magnetic fields. Figure 8.30 (bottom) shows the

location of the different PNe/ISM as a function of the stage of interaction and also in

relation to the extinction in the plane. Although we found some WZO2 objects in high

extinction zones, we predominantly noticed the presence inthis area of nearly all the

late stages (WZO3-4,WZO4), which are the most disrupted nebulae. The WZO3 neb-

ula located at a higher latitude may either be a misclassification or located in a locally

dense area (see the magnetic maps from Mathewson and Ford (1970)). The regions of

interest are the denser (dustier) ones in the Galaxy and populated with dense nebulae

(HII regions, SNR). According to Tielens (2005), the magnetic field would increase in

those areas as:

B ∼ nα (10.3)

with α ∼ 0.5 and n the gas density. Thus at n∼ 104 cm−3, B ∼ 30µG. Knowledge of

the gas density of the IPHAS nebulae with ISM interaction would therefore provide

an estimate of the lower limit of the magnetic field for the disturbed nebulae and of

the upper limit for the undisturbed ones. (Ransom et al. (2008) gave a detailed anal-

ysis of the magnetic field around the old interacting PN Sh 2-216). By extension, the

interstellar magnetic field could be locally traced (probed) in the whole Galactic Plane.
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Conclusions and Perspectives

11.1 Summary of the investigation

Going down to 2×10−17 erg cm−2 s−1 arcsec−2 in term of sensitivity, the INT Photomet-

ric Hα survey has allowed us to discover 233 extended candidate planetary nebulae in

the right ascension range 18h to 20h. These objects have beendetected visually using

2 degrees squared binned mosaics of 15×15 pixels and 5×5 pixels. Along with these

candidate PNe, other stellar populations like emission line stars, SNR and diffuse neb-

ulae have been (re)discovered and have been catalogued in a database specially created

to list all the Northern nebulae located between b±5. The spectroscopic identification

of the IPHAS PNe has not been systematic for all our discoveries. This was mainly due

to the allocated time during the follow-up spectroscopy. Assuch, 18 objects have been

confirmed PNe using diagnostic diagrams from Sabbadin et al.(1977) and Riesgo and

López (2006). But the lack of spectroscopic data did not slow down our identification

of planetary nebulae as we used other tools, like the infrared and radio data linked to

our objects as well as their morphological analysis. Thus, the IRAS and MSX surveys

were used to classify the IPHAS nebulae in the infrared. The diagnostic diagrams by

Pottasch et al. (1988) and Zijlstra et al. (2001) for the IRASdata and the diagram by

Ortiz et al. (2005) for the MSX data have allowed us to confirm 10 nebulae as plane-
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tary nebulae. The limited number of objects analysed is related firstly to the accuracy

on the position between the IR sources and our IPHAS nebulae (which are not com-

pact) and then to the quality criteria inherent to each IR survey, for which we only

chose the highest quality data for the bands used. The next classification tool used

was the radio identification with the NRAO VLA Sky Survey (Condon et al. 1998) at

1.4 GHz. More IPHAS objects were analysed (60) and this time we defined our own

diagnostic diagrams to identify the PNe or at least to probe the likelihood of it being a

planetary nebula. These diagrams are based on the brightness temperature, the general

PN flux and the evolution of the fraction of PNe/HII regions along with the radio flux.

Cross-checking these methods allowed us to identify 1 “verylikely” HII region and 12

“very likely” PNe and 38 “probable” PNe. The radio study alsogave us the first results

regarding the nature of the IPHAS nebulae. Therefore we noticed that, compared to

known PNe, the selected IPHAS sources generally have low radio flux and low surface

brightness, both consistent with evolved and extended nebulae. Finally, the morphol-

ogy based classification indicated that 146 sources (nearly2/3 of the whole sample)

can be classified from “very likely” to “probable” PNe due to their shape. This type of

classification is, of course, not to be used as a single reference.

The final classification, which concerns 72 objects, is listed in Table 3.10 and is dis-

cussed in Section 3.5 for all 233 nebulae. Among the total setof candidate PNe, there

are several objects which could also be supernova remnants due to their morphology

(generally filamentary), and the presence of young pulsars nearby as well as X-ray

sources (see Appendix E).

The identification/classification process has been the first step in our study of the

IPHAS PNe, and more information can be derived in order to show the extent and

importance of the contribution of the IPHAS to the PN field.

First, our study of the galactic distribution of the new nebulae has revealed that many

more objects, hitherto unknown, and particularly those close to the Galactic Plane

(near b=0 and hence in heavier extinction zones). There is a factor of4 difference

with the number of known PNe in the same sky area. These new nebulae are related
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to two “hidden populations” which are the large objects witha size greater than∼20

arcsec and the irregular nebulae. We linked the large size nebulae (141 objects) to

evolutionary more advanced nebulae and/or which could have derived from massive

progenitors. The irregular nebulae are localised, in termsof height above the plane,

between the elliptical and bipolar nebulae. They would therefore have as progenitors,

(O-rich) AGB stars with intermediate to long periods, with ahigh mass between 1M⊙

and 1.5-2 M⊙ (without reaching the bipolar progenitor mass level). Finally, assuming

that∼1200±200 planetary nebulae are expected to be present in our area of study, we

show that IPHAS contributes quite well towards filling the gap between the actual ob-

servations and the expectations. The lack of detection occurs mainly at a low latitude

range which implies a higher extinction rate (although IPHAS increases the detection

rate in this low latitude range). The missing PNe might not bediscovered using optical

surveys.

The infrared analysis of the IPHAS sources has revealed thatall of them show a sys-

tematic 60µm excess, due to dust, in comparison to the known PNe located in the same

sky area. We therefore suspect that this phenomenon alters the classification of the

nebulae asbona fidePNe in the Pottasch et al. (1988) study, where they would auto-

matically fall in the left part of their diagnostic diagram (corresponding to HII regions

or they would remain unclassified). We used the photoionisation code CLOUDY to de-

termine whether the IRAS colours of the IPHAS nebulae (and particularly those with-

out a clear classification) are consistent or not with a planetary nebula nature. Several

models were used varying the nebular radius, the density (hydrogen and electronic),

the stellar temperature and the grain nature (graphite and silicate). We concluded that

the IPHAS nebulae better fit medium-low density nebulae, with large size (from∼ 0.01

pc in radius) and a tendency for 60µm excess or else, dust excess. We therefore showed

that the “Pottasch IRAS diagnostic diagram” is incomplete and does not cover all PNe.

Based on this initial diagram, we established new boundaries for the identification of

planetary nebulae.

One of the important issues in the astronomical field in general is the determination of
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distances. In the framework of IPHAS we compared three methods, two statistical and

one individual. The first statistical technique is thesurface brightness-radiusrelation-

ship based on the relations given by Frew and Parker (2006). We varied this method

using four different ways to derive the surface brightness: simple visual determination

of the limit of the nebulae, expanding circular adaptive aperture, 1% contour of the

nebula, and using the Hα flux, corrected from extinction, from the spectroscopy. The

three first methods used continuum-subtracted images Hα+[NII] IPHAS images. The

second, statistical technique is theShklovskii method. Finally, the individual method

is based on a new extinction-distance relation developed inthe framework of IPHAS

(Sales et al, in preparation).

The three methods were tested on the set of IPHAS PNe for whichspectroscopic data

were available. The results obtained are, in fact, quite disparate. The method using an

expanding circular adaptive aperture, and the IPHAS extinction-distance method show

non-systematic agreement, although substantial agreement is found within the error

margin for 11 objects. We found that neither the size of the nebulae nor their morphol-

ogy could account for the observed disparity. But we also noted a discrepancy between

the methods using the SB-R relation i.e., whether spectroscopy (Hα) or imaging (Hα

+[NII]) were used to derive the flux. We concluded that the use of the single Hα flux

would be an important factor in the estimation of the final distance and it should be

considered more reliable than the two wavelengths combination. From this work, two

ways to accurately derive the surface brightness have been established:

• Spectroscopically: Using an Hα integrated spectrum of the whole nebula with in-

tegral field spectroscopy.

• Imaging: Using a narrow-band filter in Hα and the averaged surface brightness

method. A wavelet analysis would sample the images in different areas and levels

of brightness.

The “Shklovskii method” appears to be inadequate to derive the distances of our PNe.At

the end of this study on distances, we know how to improve our accuracy using the SB-
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R relationship, and which methods are unreliable or less reliable. A variation of the

nebular extinction is unlikely to be a cause of the discrepancies which could exist with

the extinction-distance method (although the error coversthe gap), and we consider

the photometry (for the A-stars) as precise. The accuracy ofthe measurement of the

nebular extinction is an issue.

Using the distances from the IPHAS extinction curves, we showed that we encounter

PNe at close and large galactocentric distances, and they are generally located at lower

heights above the plane (< 200 pc). The ionised mass of the IPHAS PNe was also

derived.

We continued our study of the 18 IPHAS PNe by looking at their possible recombi-

nation and age, as we saw that the survey would more likely target evolved objects.

Hence, deriving the recombination time scale as given by Kwok (2000) and the den-

sity vs size relation and dynamical age from the R/Vexp relation) (Table 7.4), only 1 PN

shows a true sign of recombination. We also show that the survey covers PNe with a

wide range of ages. But, thank to its sensitivity, IPHAS is more likely to discover first

“middle-aged” PNe, comparable to most of the known PNe located in the same sky

area. This implies that the new objects were not detected because of their extinction.

Also, the survey allowed the discovery of (very) evolved planetary nebulae. In this

sky area no known PNe have been observed with the typical characteristics of evolved

PNe (large radius and low density, see Fig. 7.3 and 7.4). The non-detection (so far) of

the IPHAS nebulae (faintness) is likely to be linked to theiradvanced evolutionary sta-

tus. The analysis of the Str¨omgren radius indicates that most of the planetary nebulae

(known or new, in our sky area or outside it) are fully ionisednebulae and then density

bounded.

The last investigation carried out on the IPHAS nebulae was the identification of inter-

action with the interstellar medium. The depth reached by the IPHAS survey combined

with the binning detection method allowed us to detect several interacting PNe candi-

dates. The morphology and behaviour of these candidates were compared to the three-

dimensional hydrodynamic simulations by Wareing et al. (2007), which list four stages
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of interaction depending on the ISM velocity, density and AGB mass loss rates.Each

stage can also be linked to an evolutionary status: WZO1 for young candidates, WZO2

stage for middle-aged candidates and WZO3 and WZO4 for old candidates. Table 8.2

lists the 21 nebulae out of 233 for which an interaction otherthan WZO1 (where the

PN is not affected yet by the interaction) was observed. As a result, we observed that

most of the IPHAS nebulae showing an ISM interaction belong to stage 2 (17 objects)

and show a rather circular morphology. This behaviour is comparable to the known

PNe listed by Borkowski et al. (1990) and the ones present in the “IAC Morphological

Catalog of Northern Galactic Planetary Nebulae” (Manchadoet al. 1996). Only 3 neb-

ulae display a stage 3 interaction and one a stage 4 and these are classified as irregular

nebulae. We also observed phase transitions (WZO2 to WZO3 and WZO3 to WZO4).

The detection of a stage 4 of interaction is encouraging, as we can now expect more

cases in other parts of the Galactic Plane. This is importantbecause we are now able

to study PNe at the very end of their life. We also notice the presence of vortexes and

perturbations perfectly described by Wareing et al. (2007)in their simulations. The

analysis of the size of these interacting nebulae has shown that even if most of the PN-

ISM are large (size greater than 100 arcsec) and thus more evolved, the ISM interaction

process does not only imply “old” nebulae, as “small-mediumsize” nebulae (size less

than 100 arcsec) are also affected. In terms of location on the Plane, the large nebu-

lae seem to survive at relatively low latitude but they will suffer from the ISM action

on their geometry and will display more advanced stages of interaction. Smaller size

nebulae at the same latitude range are less affected. When the extinction is maximum

i.e. the influence of the ISM (its density) is greater, no PNe-ISM are detected. This

can only mean that either they are not detected, so we are not going deep enough in

our optical survey, or they have been totally destroyed by the effect of the ISM. Finally

we did attempt to identify the central star for each PN-ISM aswell as its proper motion.
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11.2 Solved problems and future work

The investigation presented in this thesis has demonstrated that the IPHAS survey is a

good tool to complete our knowledge about planetary nebulae. In section 1.2, we listed

a series of problems which interfer with the study of PNe.

• Thus, we can consider that the “detection problem” has been partially solved or at

least a great advance has been made :

• The extinction induced by the ISM is no longer so problematicand nebulae (of

different morphologies and sizes) located at low latitude or height are detected.

• Middle-aged and (very) evolved nebulae are observed and constitute the core of

the detections.

• From our small sample of newly identified PNe, we notice that they are generally

located further in the Galaxy.

• The use of two binning systems greatly helps to identify new nebulae in crowded

areas on a large scale.

The general number of objects in the 18h-20h sky area has increased and with it the

number of nebulae with ISM interaction. The missing objectshave to be found, if

possible, using other methods.

Our investigations enabled us to have a new perspective on some physical parameters:

• The size and morphology analysis led to the detection of “hidden populations”

(respectively large and irregular nebulae).

• The IR and radio analysis have shown that in the framework of the IPHAS survey

we are dealing with generally more evolved, dustier and colder PNe. This gave

birth to new diagnostic diagrams.

• The introduction of the IPHAS extinction curves to derive the PNe distances

has revealed the (dis)agreement with the distances obtained by other statistical

methods.

LAURENCE SABIN 323



11: CONCLUSIONS AND PERSPECTIVES

The origin of the morphology in planetary nebulae was also onour list of unsolved

problems. In this thesis we focused on a new shaping agent: the magnetic field. Using

SCUBA sub-millimeter polarimetric observations, we were able to detect the presence

of magnetic fields (via dust alignment by the latter) i.e. carried/coexistent with the

dust in four bipolar PNe (NGC 7027, NGC 6537, CRL 2688 and NGC 6302). All the

objects show a toroidal magnetic field which is consistent with their bipolar structure.

CRL 2688 also has a poloidal field. We found long-lived magnetic fields which may

vary in strength, along with the chemical composition and the evolutionary status of

the nebulae. The question of whether the magnetic field governs (alone) the mass flow

can only be fully answered by the detection of the field in the PN core and its behaviour

with the surrounding plasma. This implies the combination of observations and MHD

simulations. In conclusion, magnetic fields can play a role in the shaping of planetary

nebulae but with the small amount of data obtained we can onlyconsider that their

shaping action is done in conjunction with a binary companion.

The main investigations in the sky area studied here are firstthe spectroscopic iden-

tification of all the nebulae detected in order to strengthenour analysis and then the use

of the IPHAS extinction curves for known PNe to identify the point of divergence in

the determination of distances. On a larger scale, the search for PNe in the remaining

part of the sky is still going on. When this is accomplished, we will be able to obtain

an unbiased and general study of planetary nebulae.

The continuation of the sub-mm (dust polarisation), radio (polarisation and Faraday

rotation) and optical (spectropolarimetry) observationsfor more PNe with different

morphologies, age and chemistry will give us a better understanding of the effective

implication of magnetic fields in the PNe structure (can it bethe sole agent in the shap-

ing process ?). This will also help us to understand the role of the magnetic field in the

physics of PNe.
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The IPHAS extended PNe candidates

Table A.1: Full listing of the planetary nebulae candidate in

the 18h to 20h region.Note: The notation for the morphol-

ogy is defined as follow: R:Round, B:Bipolar, E:Elliptical,

I:Irregular, “:r” is set for “ring”.

IPHAS Name Morphology Size (in arcsec) Name if known

IPHASX J183416.2+021215 I 556

IPHASX J183438.7+000803 E 8 PN PM 1-2421

IPHASX J183602.4-000226 I 12 PN PM 1-2462

IPHASX J183652.8-011536 I 26

IPHASX J183811.7-010512 I 42

IPHASX J183911.8+010624 R 6

IPHASX J184030.3-003820 I 22

IPHASX J184104.6-014050 I 6

IPHASX J184137.2+044025 I 35

IPHASX J184211.4+005031 R 4

IPHASX J184253.2-022642 I 376

1(Preite-Martinez 1988)
2(Preite-Martinez 1988)
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Table A.1 – continued .

Name Morphology Size (in arcsec) Name if known

IPHASX J184320.1+042722 I 60

IPHASX J184336.6+034640 B 18 PN G035.4+03.43

IPHASX J184505.2+001158 R 4

IPHASX J184540.5-031238 I 34

IPHASX J184716.3+030929 I 20

IPHASX J184720.0+021025 I 10

IPHASX J184745.4+013248 B 46

IPHASX J184800.6+025420 R 67

IPHASX J184834.7+063259 I 22

IPHASX J184836.2+022050 R 6

IPHASX J184932.7-004437 I 96

IPHASX J184933.3-003801 I 42

IPHASX J184938.1+000926 I 14

IPHASX J185129.8-010752 I 235

IPHASX J185155.3+084019 I 68

IPHASX J185208.1-012843 I 326

IPHASX J185223.1+005322 I 580

IPHASX J185224.2-004446 R 4

IPHASX J185225.0+080843 R 20

IPHASX J185225.5-003326 R 8

IPHASX J185309.4+075241 E 10

IPHASX J185312.9-002529 I 20

IPHASX J185321.8+055641 R 6

IPHASX J185322.1+083018 R 110

IPHASX J185342.6-003628 I 14

3(Acker et al. 1992)
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Name Morphology Size (in arcsec) Name if known

IPHASX J185525.7-004823 B 12

IPHASX J185620.8+004856 I 28

IPHASX J185627.9+005550 I 48

IPHASX J185640.1-003804 E 12

IPHASX J185722.5+010929 I 40

IPHASX J185744.5+105053 E 110

IPHASX J185759.6+020706 R:r 10 PN G035.5-00.44

IPHASX J185815.8+073753 E 8

IPHASX J185925.8+001734 E 12

IPHASX J190016.5+103406 I 50

IPHASX J190115.6+114147 R 30

IPHASX J190125.5+050857 B 14

IPHASX J190126.4+051438 I 11

IPHASX J190143.3-012937 E 8 PHR 1901-01295

IPHASX J190155.1+011211 I 140

IPHASX J190227.3+020815 I 106

IPHASX J190228.1+020724 I 36

IPHASX J190319.2+142524 I 14

IPHASX J190338.5+104227 R 512

IPHASX J190340.7+094640 I 13

IPHASX J190346.8+050935 I 52 PN HaTr 126

IPHASX J190349.0+045503 I 504

IPHASX J190356.2+050637 I 92

IPHASX J190417.9+084916 R 5

4(Acker et al. 1992)
5(Parker et al. 2006a)
6(Hartl and Tritton 1985)
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Table A.1 – continued .

Name Morphology Size (in arcsec) Name if known

IPHASX J190418.6+050635 I 36

IPHASX J190419.4+152126 R 470

IPHASX J190432.9+091656 R 7

IPHASX J190447.9+121844 E:r 10

IPHASX J190454.0+101801 R 18

IPHASX J190502.9+034229 E:r 64

IPHASX J190512.4+161347 R 66

IPHASX J190543.8+064413 R 14

IPHASX J190543.8+110018 R 9

IPHASX J190614.9-013318 B 138 PHR 1906-01337

IPHASX J190621.1+030050 I 44

IPHASX J190631.4-023237 I 20

IPHASX J190633.6+090720 R:r 14

IPHASX J190654.9+052216 R 464

IPHASX J190700.7+043041 R 1090

IPHASX J190701.9+014646 I 200

IPHASX J190718.1+044056 E 8

IPHASX J190757.2+045445 I 31

IPHASX J190759.4+050519 I 150

IPHASX J190812.7+143530 I 16

IPHASX J190816.8+052506 E 8

IPHASX J190823.6+023302 I 16

IPHASX J190852.1+031305 I 15

IPHASX J191001.0+142203 R 6

IPHASX J191003.4+032224 R 244

7(Parker et al. 2006a)
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Name Morphology Size (in arcsec) Name if known

IPHASX J191017.4+065258 R 6

IPHASX J191022.1+110538 R:r 10

IPHASX J191027.4+034046 R 14

IPHASX J191037.7+044403 I 96

IPHASX J191058.9+040350 R:r 11

IPHASX J191104.7+060845 B 20

IPHASX J191124.8+002743 B 34

IPHASX J191255.5+143248 R:r 10

IPHASX J191344.7+132212 I 48

IPHASX J191345.6+174752 R 6

IPHASX J191349.6+121841 I 362

IPHASX J191421.1+140936 R 47

IPHASX J191445.1+133219 B 13

IPHASX J191651.6+065607 I 14

IPHASX J191707.1+020012 R 72

IPHASX J191716.4+033447 E 16

IPHASX J191716.5+181518 R 48

IPHASX J191725.0+205230 I 108

IPHASX J191727.0+082036 I 13

IPHASX J191819.3+141320 I 78

IPHASX J191840.4+073131 I 36

IPHASX J192026.4+120222 I 66

IPHASX J192038.9+160224 I 63

IPHASX J192043.7+052702 I 25

IPHASX J192140.4+155354 B 13

IPHASX J192146.7+172053 R:r 32
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Table A.1 – continued .

Name Morphology Size (in arcsec) Name if known

IPHASX J192150.0+145424 R 320

IPHASX J192152.0+135223 E 12

IPHASX J192153.9+143056 E:r 18

IPHASX J192213.1+161417 I 22

IPHASX J192221.5+151550 I 44

IPHASX J192256.9+140700 I 68 DSH J1922.9+14078

IPHASX J192320.6+164419 I 78

IPHASX J192347.8+143642 E 74

IPHASX J192349.9+143330 I 112

IPHASX J192410.6+133443 I 824

IPHASX J192429.6+202433 I 64

IPHASX J192436.3+154402 E 20

IPHASX J192458.2+193434 R 29

IPHASX J192510.8+113353 B 134

IPHASX J192520.6+092410 I 126

IPHASX J192535.2+200336 R 38

IPHASX J192543.2+143546 R 176

IPHASX J192615.4+191358 R 142

IPHASX J192619.1+144814 I 14

IPHASX J192624.7+195045 I 20

IPHASX J192633.2+235726 I 66 P85b 129

IPHASX J192644.3+243836 I 36

IPHASX J192651.5+224524 I 64

IPHASX J192717.1+194308 I 400 DSH J1927.2+194310

8(Kronberger et al. 2006)
9(Petrossian 1985)

10(Kronberger et al. 2006)
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Name Morphology Size (in arcsec) Name if known

IPHASX J192748.3+203712 I 35

IPHASX J192751.3+140127 R:r 11 PN PM 1-30211

IPHASX J192816.9+231911 I 17

IPHASX J192837.7+245024 E 12

IPHASX J192847.1+093439 B 64

IPHASX J192902.5+244646 R 10

IPHASX J192950.2+193426 I 96

IPHASX J193008.9+192137 E:r 188

IPHASX J193014.2+190105 I 20

IPHASX J193023.1+181540 R 318

IPHASX J193056.8+265845 I 23

IPHASX J193110.7+192904 E:r 20

IPHASX J193116.8+291232 I 4

IPHASX J193127.0+115622 E 26

IPHASX J193305.9+132921 R 67

IPHASX J193308.9+155354 R 24

IPHASX J193334.4+175232 I 10

IPHASX J193517.8+223121 R 44

IPHASX J193532.1+112115 R 9

IPHASX J193550.2+162850 I 28

IPHASX J193617.6+272051 R 9

IPHASX J193630.3+312810 R 404

IPHASX J193633.3+153348 R 114

IPHASX J193637.3+123808 R:r 262

IPHASX J193718.7+202102 B 62

11(Preite-Martinez 1988)
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Table A.1 – continued .

Name Morphology Size (in arcsec) Name if known

IPHASX J193721.9+233607 I 48

IPHASX J193740.6+203548 I 31

IPHASX J193752.1+271119 E 18

IPHASX J193809.2+205412 R 146

IPHASX J193827.9+265752 R 7

IPHASX J193843.4+234949 I 28

IPHASX J193849.6+313744 R 160

IPHASX J193912.0+251105 I 38

IPHASX J194038.5+123129 I 66

IPHASX J194052.5+301711 I 74

IPHASX J194204.9+231932 E:r 15

IPHASX J194226.1+214521 B 24 DSH J1942.4+214512

IPHASX J194232.9+150034 R 20

IPHASX J194240.6+275109 R 74

IPHASX J194301.3+215424 B 18

IPHASX J194305.7+272343 I 28

IPHASX J194332.7+234508 R 14

IPHASX J194339.9+203213 R 18

IPHASX J194359.5+170901 B 122

IPHASX J194408.9+284845 I 21

IPHASX J194409.1+280600 I 36

IPHASX J194434.7+255540 I 8

IPHASX J194510.6+270929 E 9

IPHASX J194533.8+210751 I 135

IPHASX J194550.1+313800 I 20

12(Kronberger et al. 2006)
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Name Morphology Size (in arcsec) Name if known

IPHASX J194556.2+232833 E 58

IPHASX J194610.9+170609 I 14

IPHASX J194620.6+342337 I 38

IPHASX J194633.0+231659 R 9

IPHASX J194638.4+235010 I 272

IPHASX J194641.5+264820 I 114

IPHASX J194645.3+262211 R 290

IPHASX J194727.6+230816 R 37

IPHASX J194728.9+222823 R 27

IPHASX J194730.5+250201 R 45 GM 3-1113

IPHASX J194745.5+270150 R 207

IPHASX J194751.9+311818 R 8

IPHASX J194804.2+254847 I 8

IPHASX J194810.6+280724 I 149

IPHASX J194815.0+280730 R 4

IPHASX J194829.3+245355 I 88

IPHASX J194843.4+181830 I 81

IPHASX J194852.7+222516 R 21

IPHASX J194853.7+181021 R 8

IPHASX J194905.2+181503 I 26

IPHASX J194930.9+273028 R 84

IPHASX J194940.9+261521 B 10

IPHASX J195011.4+264331 I 17

IPHASX J195015.9+272859 I 202

IPHASX J195032.6+272102 I 21

13(Gyul’Budagyan and Magakyan 1977)
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Table A.1 – continued .

Name Morphology Size (in arcsec) Name if known

IPHASX J195042.3+255949 I 38 DSH J1950.7+260114

IPHASX J195057.1+272752 I 94

IPHASX J195126.5+265838 E 7

IPHASX J195221.9+315901 E 40

IPHASX J195248.8+255359 B 10

IPHASX J195318.5+371005 I 416

IPHASX J195343.8+202636 I 30

IPHASX J195357.9+312130 R 212

IPHASX J195400.7+315551 R 32

IPHASX J195436.4+313326 R:r 10

IPHASX J195529.3+294351 I 42

IPHASX J195627.3+250648 R 24

IPHASX J195657.6+265714 B 24

IPHASX J195748.5+304343 I 106

IPHASX J195759.5+340119 I 44

IPHASX J195815.1+340143 I 78

IPHASX J195836.5+292314 B 12

IPHASX J195919.1+312534 I 6

IPHASX J195919.6+283827 I 520

IPHASX J195957.4+395306 I 412

IPHASX J195958.2+332939 R 60

IPHASX J200018.7+365934 R 30 GN 19.58.5.0315

IPHASX J200149.5+392944 R 26

14(Kronberger et al. 2006)
15(Neckel and Vehrenberg 1985)
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Appendix B

Qualitative description of the IPHAS

candidate PNe

IPHAS coordinates and Description

183416.223+021215.95: Large curved nebula.

183438.678+000803.00: Well defined elliptical nebula.

183602.400-000226.16: Diffuse and faint nearly-circular nebulosity.

183652.778-011536.81: Diffuse and faint nebulosity. No sign of symmetry.

183811.748-010512.37: Diffuse and faint nebulosity. No sign of symmetry.

183911.810+010624.63: Well defined round nebula.

184030.275-003820.86: Diffuse and faint nebulosity. No sign of symmetry.

184104.600-014050.08: Small nebula with complex morphology and small halo.

184137.235+044025.04: Diffuse and faint nebulosity. No sign of symmetry.

184211.400+005031.63: Well defined round/point-like nebula.

184253.191-022642.51: Large nebulosity: bright part of a former circular nebula in-

teracting with the ISM on the NW direction ?

184320.059+042722.10: Diffuse and faint nebulosity. No sign of symmetry.

184336.580+034640.80: Well defined bipolar nebula .

184505.250+001158.72: Well defined round nebula with halo .
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184540.555-031238.17: Diffuse nebulosity with no sign of symmetry.

184716.354+030929.13: Diffuse and faint nebulosity. No sign of symmetry.

184720.009+021025.38: Diffuse and faint nebulosity. No sign of symmetry.

184745.400+013248.00: Well define bipolar nebula.

184800.647+025420.70: Circular nebulosity with two spiral arms around star IRAS

18454+0250.

184834.676+063259.30: Diffuse nebulosity with upper bow shock in the northern di-

rection.

184836.250+022050.72: Well defined and faint round nebula

184932.656-004437.57: Diffuse nebulosity. No sign of symmetry.

184933.300-003801.00: Bow shock nebula with tail .

184938.078+000926.88: Diffuse and faint nebulosity. No sign of symmetry.

185129.777-010752.12: Large diffuse and faint nebulosity. No sign of symmetry.

185155.313+084019.08: Very faint nebulosity. No sign of symmetry.

185208.070-012843.08: Large diffuse nebulosity. No sign of symmetry

185223.142+005322.81: Large quasi-circular nebula with irregular interacting front

towards the north.

185224.185-004446.66: Well defined round nebula.

185225.044+080843.89: Faint round nebula.

185225.543-003326.48: Well defined round nebula.

185309.450+075241.06: Well defined elliptical nebula.

185312.923-002529.37: Faint nebulosity. No sign of symmetry.

185321.763+055641.24: Well defined round nebula.

185322.127+083018.45: Well defined semi-circular nebula. The rim may show an

ISM interaction in the SW direction. The coordinates are centred on the geometric

centre.

185342.593-003628.81: Faint nebulosity. No sign of symmetry.

185525.754-004823.38: Well defined bipolar nebula.

185620.761+004856.60: Faint S-shaped nebulosity.
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185627.930+005550.66: Faint nebulosity with no obvious symmetry.

185640.084-003804.00: Faint elliptical nebula.

185722.529+010929.13: Diffuse and faint nebulosity. No sign of symmetry.

185744.505+105053.07: Faint elliptical nebula but showing a bright rim on the SW

side.

185759.645+020706.00: Faint round nebula with a ring structure.

185815.852+073753.47: Well defined elliptical nebula.

185925.771+001734.64: Well defined elliptical nebula with a nearly rectangular shape.

190016.482+103406.96: Very faint and diffuse nebulosity around group of stars.

190115.597+114147.65: Faint round nebula.

190125.458+050857.78: Faint bipolar nebula.

190126.412+051438.83: Diffuse and faint nebulosity. No sign of symmetry.

190143.284-012937.15: Small elliptical nebula.

190155.126+011211.68: Faint and diffuse nebulosity. No sign of symmetry.

190227.285+020815.58: Diffuse and faint nebulosity with a SE straight rim ? ISM

interaction ?

190228.149+020724.29: Straight nebulosity (also seen in 190227.285+020815.58)

treated as independent object.

190319.157+142524.83: Diffuse and faint nebulosity. No sign of symmetry.

190338.530+104227.47: Large well defined semi-circular rim of nebula. The rim may

show an ISM interaction in the NW direction. The coordinatesare centred on the geo-

metric centre.

190340.715+094640.06: Diffuse nebulosity. No obvious symmetry.

190346.793+050935.71: Diffuse nebulosity with an enhanced rim in the NW direc-

tion: ISM interaction ?

190349.023+045503.10: Diffuse and faint nebulosity. No sign of symmetry : SNR?

190356.250+050637.69: Diffuse and faint nebulosity. No sign of symmetry.

190417.986+084916.62: Well defined round nebula.

190418.623+050635.71: Faint and diffuse nebulosity near bright star.
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190419.428+152126.59: Faint circular nebula with enhanced rim on the eastern side:

ISM interaction?

190432.950+091656.68: Well defined round nebula.

190447.889+121844.58: Faint elliptical structure with a ring shape.

190454.065+101801.00: Faint round/elliptical nebula with a brighter enhancement to-

wards the eastern direction: ISM interaction ?.

190502.989+034229.26: Faint elliptical structure with a ring shape.

190512.452+161347.55: Well defined faint and round nebula with enhanced rim on

the western side: ISM interaction?

190543.810+064413.36: Faint round nebula.

190543.843+110018.55: Well defined round nebula.

190614.977-013318.62: Faint bipolar nebula with a brighter eastern side: ISM inter-

action?

190621.122+030050.24: Diffuse and faint nebulosity. No sign of symmetry.

190631.454-023237.58: Diffuse and faint nebulosity. No sign of symmetry.

190633.643+090720.49: Well defined faint and round nebula with a possible central

star also visible.

190654.984+052216.03: Large semi-circular shell: ISM interaction ? or cirrus ?

190700.736+043041.07: Large semi-circular shell with a bright towards the eastern

direction: ISM interaction ?

190701.948+014646.06: Diffuse and faint straight nebulosity.

190718.149+044056.11: Well defined elliptical/straight nebula.

190757.194+045445.80: Diffuse and faint nebulosity near bright star.

190759.374+050519.25: Diffuse and faint nebulosity.No sign of symmetry.

190812.756+143530.53: Diffuse and faint nebulosity.No sign of symmetry.

190816.778+052506.00: Well defined nebula but with no obvious symmetry: we clas-

sify it as elliptical.

190823.654+023302.00: Diffuse and faint nebulosity.

190852.186+031305.98: Faint and straight nebula with a possible central star.
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191001.000+142203.90: Well defined round nebula.

191003.400+032224.00: Faint round nebulosity.

191017.437+065258.48: Well defined round nebula.

191022.104+110538.49: Well defined round nebula with a ring shape.

191027.415+034046.84: Faint round nebula.

191037.726+044403.00: Straight nebulosity .

191058.939+040350.41: Faint round nebula with a ring shape.

191104.751+060845.05: Bipolar nebula with NW and SE outflows .

191124.761+002743.94: Well defined bipolar nebula with opposite bright lobes and

possible central star.

191255.483+143248.10: Faint round nebula with a ring shape.

191344.743+132212.36: Diffuse and faint nebulosity. No sign of symmetry.

191345.569+174752.34: Well defined round nebula.

191349.594+121841.73: Diffuse and faint nebulosity. No sign of symmetry.

191421.085+140936.27: Faint round/elliptical nebula with bright NW rim: ISM inter-

action ?

191445.100+133219.00: Well defined bipolar nebula.

191651.588+065607.00: Small faint nebulosity.

191707.129+020012.14: Faint round nebula.

191716.408+033447.34: Faint elliptical nebula.

191716.561+181518.20: Faint round nebula.

191725.028+205230.05: Straight nebulosity with possible extensions on its two sides.

191727.043+082036.00: Diffuse and compact nebulosity. No obvious symmetry.

191819.310+141320.70: Diffuse straight nebulosity .

191840.443+073131.30: Diffuse and faint nebulosity.

192026.428+120222.98: Diffuse and faint nebulosity.No obvious symmetry.

192038.895+160224.10: Diffuse and faint nebulosity with a bipolar symmetry ?

192043.747+052702.57: Diffuse and faint nebulosity.No obvious symmetry.

192140.402+155354.22: Well defined bipolar nebula with a butterfly shape .
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192146.723+172053.35: Well defined round nebula with a ring shape.

192150.054+145424.44: Round nebulosity: independent structure or loop in HII/SNR

?

192152.039+135223.19: Faint elliptical nebula.

192153.942+143056.21: Well defined elliptical nebula with a ring shape. The extreme

NW and SE rims are brighter than the rest of the nebula.

192213.116+161417.98: Diffuse and faint nebulosity.No obvious symmetry.

192221.545+151550.81: Well defined nebula with a bow-shock structure: ISM inter-

action.

192256.939+140700.52: Diffuse and faint nebulosity.No obvious symmetry.

192320.640+164419.46: Diffuse and faint nebulosity.No obvious symmetry.

192347.845+143642.99: Well defined elliptical nebula, with central star ? .

192349.947+143330.25: Irregular nebulosity with an apparently bipolar symmetry

and an enhanced eastern side: ISM interaction ?

192410.570+133443.12: Large bright arc: sign of ISM interaction ?

192429.557+202433.22: Diffuse and faint nebulosity. No obvious symmetry.

192436.343+154402.00: Faint elliptical/irregular nebulosity with a brighter SE rim:

ISM interaction ?

192458.242+193434.94: Faint round nebula.

192510.835+113353.58: Well defined bipolar nebula.

192520.606+092410.76: Straight/arc nebulosity : ISM interaction ?

192535.215+200336.23: Faint round nebula.

192543.221+143546.30: Faint circular nebula with a bright NE rim: ISM interaction

?

192615.422+191358.73: Large round nebula.

192619.123+144814.56: Diffuse and faint nebulosity. No obvious symmetry.

192624.662+195045.34: Diffuse and faint nebulosity. No obvious symmetry.

192633.231+235726.79: Diffuse and faint nebulosity. No obvious symmetry.

192644.309+243836.59: Diffuse and faint nebulosity. No obvious symmetry.

340 GALACTIC PLANETARY NEBULAE



192651.479+224524.09: Diffuse and faint nebulosity. No obvious symmetry.

192717.136+194308.47: Bright straight nebulosity .

192748.289+203712.37: Diffuse and faint nebulosity. No obvious symmetry.

192751.343+140127.18: Well defined round nebula with a ring shape .

192816.954+231911.22: Diffuse and faint nebulosity. No obvious symmetry.

192837.759+245024.82: Well defined elliptical/bipolar nebula with brighter NE and

SW rims.

192847.100+093439.00: Well defined bipolar nebula.

192902.500+244646.30: Well defined round nebula.

192950.224+193426.38: Diffuse and faint nebulosity. No obvious symmetry.

193008.992+192137.49: “Bended” elliptical nebula with ring shape.

193014.182+190105.00: Diffuse and faint nebulosity. No obvious symmetry.

193023.149+181540.94: “Bright” round nebula.

193056.854+265845.87: Diffuse and faint nebulosity. No obvious symmetry.

193110.735+192904.00: Faint elliptical nebula with a ring shape .

193116.853+291232.68: Diffuse and faint nebulosity. No obvious symmetry.

193127.014+115622.93: Faint elliptical nebula .

193305.903+132921.05: Well defined round nebula with bright rim .

193308.903+155354.64: Generally faint round nebula but with brighter rim .

193334.416+175232.83: Small diffuse and faint nebulosity. No obvious symmetry.

193517.767+223121.46: Faint round nebula with possible central star .

193532.110+112115.64: Well defined round nebula .

193550.172+162850.22: Diffuse and faint nebulosity. No obvious symmetry.

193617.561+272051.62: Faint round nebula with possible central star .

193630.281+312810.64: Large semi-circular nebula: ISM interaction ?

193633.347+153348.66: Faint round nebula.

193637.297+123808.36: Large round nebula with a bright NE rim: ISM interaction ?

193718.757+202102.45: Well defined bipolar nebula .

193721.921+233607.09: Diffuse and faint nebulosity. No obvious symmetry.
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193740.602+203548.72: Irregular nebula with bow-shock structure inside.

193752.094+271119.96: Faint elliptical nebula.

193809.161+205412.05: Faint round nebula .

193827.898+265752.11: Well defined round nebula.

193843.421+234949.58: Diffuse and faint nebulosity. No obvious symmetry.

193849.653+313744.84: Faint round nebula .

193912.000+251105.00: Irregular nebula with bow-shock structure.

194038.557+123129.98: Diffuse and faint nebulosity. No obvious symmetry.

194052.482+301711.13: Diffuse and faint nebulosity. No obvious symmetry.

194204.900+231932.35: Faint elliptical nebula with ring shape and bright rim on the

SE direction: ISM interaction ?

194226.150+214521.73: Well defined bipolar nebula with a possible central star, two

outflows (NE and SW direction) and two bright rims (North and South).

194232.899+150034.17: Faint round nebula.

194240.579+275109.00: Faint semi-circular nebula: ISM interaction ?

194301.330+215424.90: Well defined elliptical/bipolar nebula with brighter NE and

SW rims.

194305.720+272343.30: Diffuse and faint nebulosity. No obvious symmetry.

194332.571+234508.57: Faint round nebula with with internal loop.

194339.948+203213.56: Faint round/irregular nebulosity.

194359.500+170901.00: Bright bipolar nebula.

194408.900+284845.90: Diffuse and faint nebulosity. No obvious symmetry.

194409.130+280600.23: Diffuse and faint nebulosity. No obvious symmetry.

194434.706+255540.16: Bright irregular nebulosity.

194510.651+270929.52: Elliptical nebula.

194533.810+210751.00: Diffuse and faint nebulosity with a bright “condensation” in-

side. No obvious symmetry.

194550.107+313800.50: Diffuse and faint nebulosity. No obvious symmetry.

194556.236+232833.65: Faint elliptical/bipolar nebula with two opposite bright rims
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on the northern side.

194610.918+170609.00: Faint irregular nebulosity with possible central star.

194620.611+342337.10: Diffuse and faint nebulosity. No obvious symmetry.

194633.002+231659.58: Well defined round nebula with possible spherical halo.

194638.447+235010.65: Large round/irregular nebulosity with possible ring shape.

194641.500+264820.50: Diffuse and faint nebulosity. No obvious symmetry.

194645.310+262211.51: Arc probably sign of pre-existing round nebula: ISM inter-

action ? Coordinates on geometric centre.

194727.587+230816.56: Faint round nebula with possible central star and enhanced

SW rim .

194728.870+222823.81: Faint round nebula.

194730.500+250201.50: Faint round nebula near bright star.

194745.502+270150.69: Large and faint circular nebulosity.

194751.914+311818.12: Small well defined bipolar nebula.

194804.162+254847.70: Small irregular nebulosity with no obvious symmetry.

194810.612+280724.82: Diffuse and faint nebulosity. No obvious symmetry.

194815.014+280730.31: Well defined small nebula with nebular arc (remaining of cir-

cular nebula ?) on the western side.

194829.336+245355.30: Faint nebulosity .

194843.409+181830.18: Diffuse and faint nebulosity. No obvious symmetry.

194852.700+222516.92: Round nebula with brighter southern rim: ISM interaction ?

194853.738+181021.10: Well defined round nebula.

194905.200+181503.78: Diffuse and faint nebulosity. No obvious symmetry.

194930.984+273028.27: Faint round nebula.

194940.937+261521.18: Well defined bipolar nebula.

195011.446+264331.80: Faint nebulosity with a bright “condensation” inside. No ob-

vious symmetry.

195015.963+272859.90: Elongated nebulosity: remaining of circular nebula interact-

ing with the ISM ?
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195032.628+272102.00: Faint nebulosity .

195042.259+255949.97: Diffuse and faint nebulosity. No obvious symmetry.

195057.134+272752.68: Diffuse and faint nebulosity. No obvious symmetry.

195126.520+265838.73: Well defined round/elliptical nebula.

195221.937+315901.70: Faint elliptical/round nebula .

195248.826+255359.65: Well defined bipolar nebula.

195318.494+371005.24: Large filamentary nebula: SNR?.

195343.769+202636.22: Diffuse and faint nebulosity with a nearly rectangular shape.

195357.881+312130.79: Faint round nebula with a brighter northern rim: ISM inter-

action ?

195400.750+315551.29: Well visible round nebula.

195436.449+313326.39: Well defined round nebula with ring shape.

195529.340+294351.64: Diffuse and faint nebulosity. No obvious symmetry.

195627.338+250648.55: Very faint round nebula.

195657.600+265714.00: Faint bipolar nebula.

195748.478+304343.12: Diffuse and faint nebulosity with internal “condensation”.

No obvious symmetry.

195759.468+340119.54: Diffuse and faint nebulosity. No obvious symmetry.

195815.133+340143.68: Diffuse and faint nebulosity. No obvious symmetry.

195836.475+292314.67: Small and faint bipolar nebula ?

195919.070+312534.06: Small and bright irregular nebula.

195919.636+283827.07: Large closed nebula (quasi-elliptical) with bright rim onthe

eastern side: ISM interaction or SNR ?

195957.456+395306.60: Large and faint irregular nebulosity with bow-shock shape.

195958.200+332939.90: Diffuse nebulosity with sharp structure inside .

200018.700+365934.00: Well defined round nebula.

200149.462+392944.04: Possible single faint round nebula .
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Appendix C

Spectroscopic observations of

candidate PNe located after RA=20h

During the spectroscopy follow-up, during the night and depending of the semester,

we were able to observe the whole Northern Galactic plane andobtained spectra for

candidate PNe located outside 18h to 20h boundaries (Table C.1 and Fig. C.1). We

confirmed 12 nebulae as planetary nebulae. The remaining twoobjects are still un-

clear. IPHASX J203128.3+403810, which has a “spiral galaxy” shape has a compli-

cated spectrum and more analysis will be done to see whether we are dealing with a

PN or an HII region. IPHASX J231226.4+605813 has a bright CS and we did not see

any nebular lines.

It was also possible to derive the distances for some objects(Table C.2 and Fig. C.2)

and we can see that due to the lower level of extinction the determination of the dis-

tances is somehow easier and more accurate than near the Galactic Centre. Any non-

determination is due either to the low Hβ level (introducing too much error) or the

unavailability of the extinction curves in the selected area.
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C: SPECTROSCOPIC OBSERVATIONS OF CANDIDATE PNE LOCATED AFTER
RA=20H

Table C.1: List of 14 IPHAS nebulae with spectral data and localised between 20h and

00h in RA.

Name Morphology Size (in arcsec) Name if known Telescope

IPHASX J200018.7+365933 R 29 GN 19.58.5.03 INT

IPHASX J202946.1+354926 R 16 INT

IPHASX J203128.3+403810 B 32 WHT

IPHASX J203228.7+401712 I 42 INT

IPHASX J205013.7+465518 I 360 WHT

IPHASX J205527.3+390359 B 28 DSH J2055.4+3903 WHT

IPHASX J210205.9+471017 E 67 DSH J2102.1+4710 INT

IPHASX J212151.8+473301 B 28 INT

IPHASX J212201.3+550427 B 52 DSH J2122.0+5504 WHT

IPHASX J221118.2+552844 B 76 INT

IPHASX J231226.4+605813 R 54 INT

IPHASX J231303.4+591739 R 100 PN WeSb 6 WHT

IPHASX J233841.2+614145 E 60 INT

IPHASX J234403.8+603242 R 24 INT
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Figure C.1: Hα IPHAS images of the nebulae with spectra in the 20h-7h region. From Top to Bottom and from Left to Right the

nebulae are listed by ascending RA, see TableC.1. North on the top and East on the left.
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C: SPECTROSCOPIC OBSERVATIONS OF CANDIDATE PNE LOCATED AFTER
RA=20H

Table C.2: Distances and extinction for some of the nebulae outside the 18h-20h

boundary. “*” indicates that there is no available lower incertitude.

Name cHβ Av Distance (kpc)

IPHASX J203128.3+403810 1.78 3.61 1.3−0.6
+0.3

IPHASX J205013.7+465518 1.06 2.10 3.2−1
+1

IPHASX J205527.3+390359 0.25 0.47 0.7−∗
+0.6

IPHASX J212151.8+473301 1.61 3.23 0.8−∗
+0.9

IPHASX J212201.3+550427 1.70 3.43 1.7−0.5
+3

IPHASX J221118.2+552844 0.91 1.78 2.7−1
+1

IPHASX J231303.4+591739 0.51 0.98 0.8−0.5
+0.5

IPHASX J234403.8+603242 1.26 2.51 0.8−0.2
+0.4
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Figure C.2: Extinction curves of the main sequence stars in the direction of each of the

nebulae allowing to retrieve their distances.
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C: SPECTROSCOPIC OBSERVATIONS OF CANDIDATE PNE LOCATED AFTER
RA=20H

350 GALACTIC PLANETARY NEBULAE



Appendix D

Spectra for each models obtained with

CLOUDY
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Figure D.1: CLOUDY model A for a density of 100 cm−3: From left to right and top to bottom: Silicate & Te f f=1e5 K, Silicate &

Te f f=5e4 K, Graphite & Te f f=1e5 K and Graphite & Te f f=5e4 K .
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Figure D.2: CLOUDY model B for a density of 100 cm−3: From left to right and top to bottom: Silicate & Te f f=1e5 K, Silicate &

Te f f=5e4 K, Graphite & Te f f=1e5 K and Graphite & Te f f=5e4 K.
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Figure D.3: CLOUDY model C for a density of 100 cm−3: From left to right and top to bottom: Silicate & Te f f=1e5 K, Silicate &

Te f f=5e4 K, Graphite & Te f f=1e5 K and Graphite & Te f f=5e4 K.
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Figure D.4: CLOUDY model D for a density of 100 cm−3: From left to right and top to bottom: Silicate & Te f f=1e5 K, Silicate &

Te f f=5e4 K, Graphite & Te f f=1e5 K and Graphite & Te f f=5e4 K.
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Figure D.5: CLOUDY model A for a density of 1000 cm−3: From left to right and top to bottom: Silicate & Te f f=1e5 K, Silicate

& T e f f=5e4 K, Graphite & Te f f=1e5 K and Graphite & Te f f=5e4 K .
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Figure D.6: CLOUDY model B for a density of 1000 cm−3: From left to right and top to bottom: Silicate & Te f f=1e5 K, Silicate

& T e f f=5e4 K, Graphite & Te f f=1e5 K and Graphite & Te f f=5e4 K.
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Figure D.7: CLOUDY model C for a density of 1000 cm−3: From left to right and top to bottom: Silicate & Te f f=1e5 K, Silicate

& T e f f=5e4 K, Graphite & Te f f=1e5 K and Graphite & Te f f=5e4 K.

3
5

8
G

A
L
A

C
T

IC
P

L
A

N
E

T
A

R
Y

N
E

B
U

L
A

E



Figure D.8: CLOUDY model D for a density of 1000 cm−3: From left to right and top to bottom: Silicate & Te f f=1e5 K, Silicate

& T e f f=5e4 K, Graphite & Te f f=1e5 K and Graphite & Te f f=5e4 K.
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Figure D.9: CLOUDY model A for a density of 10000 cm−3: From left to right and top to bottom: Silicate & Te f f=1e5 K, Silicate

& T e f f=5e4 K, Graphite & Te f f=1e5 K and Graphite & Te f f=5e4 K .

3
6

0
G

A
L
A

C
T

IC
P

L
A

N
E

T
A

R
Y

N
E

B
U

L
A

E



Figure D.10: CLOUDY model B for a density of 10000 cm−3: From left to right and top to bottom: Silicate & Te f f=1e5 K, Silicate

& T e f f=5e4 K, Graphite & Te f f=1e5 K and Graphite & Te f f=5e4 K.
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Figure D.11: CLOUDY model C for a density of 10000 cm−3: From left to right and top to bottom: Silicate & Te f f=1e5 K, Silicate

& T e f f=5e4 K, Graphite & Te f f=1e5 K and Graphite & Te f f=5e4 K.
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Figure D.12: CLOUDY model D for a density of 10000 cm−3: From left to right and top to bottom: Silicate & Te f f=1e5 K, Silicate

& T e f f=5e4 K, Graphite & Te f f=1e5 K and Graphite & Te f f=5e4 K.

L
A

U
R

E
N

C
E

S
A

B
IN

3
6

3



D: SPECTRA FOR EACH MODELS OBTAINED WITH CLOUDY
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Appendix E

The case of the Supernovae Remnants

Throughout this thesis, we have mentioned several times thepossibility for some ob-

jects to be SNRs rather than Planetary Nebulae. This claim was based, in the first

instance, on morphological criteria (filamentary structure), and most of the candidates

were observed to have a “medium-small” size (less than 20 arcmin). These dimen-

sions are characteristic of rather young objects and we expect with IPHAS to discover

more of these new outbursts. The other tools used to classifysome nebulae as potential

SNRs are the following:

• The presence of X-ray source(s) on the morphologically identified objects.

• The presence in the area of a young pulsar i.e. with an age lower than 106 years. The

pulsars coordinates were obtained in the ATNF Pulsar Database1 (Manchester et al.

2005), and we cross-correlated this list with the IPHAS mosaics.

So, in addition to the 17 known SNR found (Table E.1), we derived:

• Five nebulae with ROSAT X-Ray data from the bright sources (Voges et al. 1999)

and faint sources catalogues (Voges et al. 2000) (these sources are not always on the

nebula location) (Table E.2).

• Twelve pulsars showing a nebula in their surrounding regions. We also added 4 ob-

1http://www.atnf.csiro.au/research/pulsar/psrcat/
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E: THE CASE OF THE SUPERNOVAE REMNANTS

Table E.1: The 17 known SNRs in the 18h-20h region.* This small SNR is linked to

the pulsar PSR B1951+32 (or PSR J1952+3252) of age: 1.07e+05 yrs.

Ra Dec Approx. Diameter (arcsec) Name

18 51 24.534 -00 09 50.11 1258 SNR 032.8-00.1

18 51 32.804 -01 31 03.39 1286 SNR 031.5-00.6

18 52 09.684 +00 33 16.30 976 SNR 033.6+00.1

18 55 32.262 +01 28 46.32 1450 SNR 034.7-00.7

18 55 57.498 +01 21 51.85 2279 SNR 034.7-00.4

19 06 08.879 +10 30 10.37 2026 SNR 043.9+01.6

19 23 31.421 +14 07 24.09 1460 SNR 049.5-00.4

19 23 37.885 +14 06 47.71 1663 SNR 049.2-00.7

19 29 59.779 +18 46 58.81 2036 SNR 053.9+00.3

19 31 20.362 +19 23 36.13 4006 SNR 055.0+00.3

19 32 32.447 +19 14 56.79 4844 SNR 054.4-00.3

19 38 22.405 +17 15 39.72 1458 SNR 053.6-02.2

19 38 38.919 +24 23 07.92 2592 SNR 059.8+01.2

19 42 36.230 +23 37 28.19 4810 [TWG92]059.5+0.1

19 52 58.063 +32 52 45.83 80 SNR 69.0+2.7*

19 53 51.051 +32 42 44.22 5772 SNR 068.8+02.6

19 59 55.372 +32 34 41.24 10330 SNR 069.4+01.2

jects outside our initial search boundaries (Table E.3). One can see that the association

of a pulsar to a candidate SNR is quite difficult as we are in a zone where SNR are quite

numerous and also because it may have moved quite far from itsoriginal location. But

the pulsar’s youth is a guarantee that it is not linked to a large degree-scale SNR.

We underline that all the objects have not been classified as PN candidates.
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Table E.2: SNR candidates with X-ray emission nearby and/or adequate morphology.*Caveat: HII regions around.

Ra Dec ∼Diameter (arcsec) X-ray source Offset (arcsec) Count/s Comments

19 25 43.22 +14 35 46.3 176 1RXS J192547.8+143612 71 1.56e-02 Inside nebula (round shell)

19 59 19.64 +28 38 27.1 520 1RXS J195944.9+284314 439 1.54e-02 Outside nebula

19 53 18.49 +37 10 05.2 416 1RXS J195313.0+372529 926 2.62e-02 Outside nebula

(+filamentary structure)

18 52 23.14 +00 53 22.8 580 1RXS J185224.3+004148 695 6.25e-02 Outside nebula

(+ sharp and filamentary structure)*

19 07 00.72 +04 30 41.1 1090 1RXS J190709.4+043100 131 3.95e-02 Inside semi circular

area(also PN candidate)
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Table E.3: Young Pulsars close to nebulae found within IPHAS. Notes: (1)(or wider: at 776” on 19:04:57.065+06:08:29.37 ?),

(2)(or wider at 2858” on 19:07:02.258+03:00:30.52 ?)

Ra Dec Age (years) Offset with nebular source (“) Comments on nebula

06 31 27.54 +10 37 02.2 4.36e+04 240” circular structure

18 49 10.25 -00 40 20.00 9.56e+05 1200” new SNR or known HII?

18 55 26.63 +03 07 20.2 7.4e+05 1039” Centered on 18:55:16.083+03:12:41.31

19 01 57.85 +05 10 34.00 3.13e+05 1800” Centered on 19:03:49.02+04:55:03.1

19 05 06.84 +06 16 16.7 1.16e+05 214” Centered on 19:04:54.888+06:13:34.15 (1)

19 07 14.54 +03 45 10.6 4.63e+05 2852” Centered on 19:08:10.592+03:52:38.42 (2)

19 13 50.82 +04 46 06.00 9.18e+04 780 ” Centered on 19:14:03.09+05:00:33.2,+filaments, 13’ diameter

19 18 23.63 +14 45 06.00 8.81e+04 940 ” Link to nebulosity centered at 19:18:41.298+14:44:57.68

19 30 30.13 +18 52 14.1 2.89e+03 1116 ” SNR 053.9+00.3 or independent small nebula at 19:29:40.234+18:48:39.46 ?

20 02 04.42 +32 17 18.31 1.05e+05 1098 ” Centered on 20:02:14.758+32:13:33.99

20 21 04.50 +36 51 27.00 1.72e+04 1000 ” Centered on 20:21:24.398+36:54:17.68 or HII DWB 16

23 37 05.77 +61 51 01.69 4.09e+04 852 ” SNR 114.3+00.3 or small structure at 23:37:26.914+61:51:05.78
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Caught in the First Stages of ISM Interaction.Publications of the Astronomical

Society of Australia, 21:334–343, September 2004. doi: 10.1071/AS04039.

S. R. Pottasch, editor.Planetary nebulae - A study of late stages of stellar evolution,

volume 107 ofAstrophysics and Space Science Library, 1984.

S. R. Pottasch and D. A. Beintema. The ISO spectrum of the planetary nebula NGC

6302. II. Nebular abundances.A&A, 347:975–982, July 1999.

S. R. Pottasch and A. A. Zijlstra. Shklovsky distances to galactic bulge planetary

nebulae.A&A, 256:251–254, March 1992.

S. R. Pottasch, R. Olling, C. Bignell, and A. A. Zijlstra. Planetary nebulae near the

galactic center. I - Method of discovery and preliminary results. A&A, 205:248–256,

October 1988.

382 GALACTIC PLANETARY NEBULAE



REFERENCES

S. R. Pottasch, D. A. Beintema, and W. A. Feibelman. Abundance in the planetary

nebulae NGC 6537 and He2-111.A&A, 363:767–778, November 2000.

A. Preite-Martinez. Possible new planetary nebulae in the IRAS Point Source Cata-

logue.A&AS, 76:317–330, December 1988.

S. D. Price, M. P. Egan, S. J. Carey, D. R. Mizuno, and T. A. Kuchar. Midcourse

Space Experiment Survey of the Galactic Plane.AJ, 121:2819–2842, May 2001.

doi: 10.1086/320404.

C. Quireza, H. J. Rocha-Pinto, and W. J. Maciel. Bayesian posterior classification of

planetary nebulae according to the Peimbert types.ArXiv e-prints, 709, September

2007.

R. Ransom, B. Uyaniker, R. Kothes, and T. Landecker. Probingthe Magnetized In-

terstellar Medium Surrounding the Planetary Nebula Sh 2-216. ArXiv e-prints, 806,

June 2008.

R. P. Rao.Measurement of magnetic fields from linear polarization of dust emission.

PhD thesis, AA(UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN), May

1999.

M. A. Ratag. A study of galactic bulge planetary nebulae. Groningen: Rijksuniver-

siteit, 1991, 1991.

M. A. Ratag, S. R. Pottasch, A. A. Zijlstra, and J. Menzies. Planetary nebulae near

the Galactic center. II - The second VLA measurements.A&A, 233:181–189, July

1990.

T. Rauch. A grid of synthetic ionizing spectra for very hot compact stars from

NLTE model atmospheres.A&A, 403:709–714, May 2003. doi: 10.1051/0004-

6361:20030412.

T. Rauch, E. Furlan, F. Kerber, and M. Roth. Survey of Large Planetary Nebulae

in Decay. In J. H. Kastner, N. Soker, and S. Rappaport, editors, Asymmetrical

Planetary Nebulae II: From Origins to Microstructures, volume 199 ofAstronomical

Society of the Pacific Conference Series, pages 341–+, 2000.

T. Rauch, K. Werner, M. Ziegler, J. W. Kruk, and C. M. Oliveira. Spectral Analysis of

Central Stars of Planetary Nebulae.ArXiv e-prints, 709, September 2007.
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B. Strömgren. The Physical State of Interstellar Hydrogen. ApJ, 89:526–+, May 1939.
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