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ABSTRACT

Aims. We search for very small-diameter galactic planetary nebulae (PNe) representing the earliest phases of PN evolution. The
IPHAS catalogue of Hα-emitting stars provides a useful basis for this study since all sources present in this catalogue must be of
small angular diameter.
Methods. The PN candidates are selected based on their location in two colour−colour diagrams: IPHAS (r′ − Hα) vs. (r′ − i′), and
2MASS (J − H) vs. (H − Ks). Spectroscopic follow-up was carried out on a sample of candidates to confirm their nature.
Results. We present a total of 83 PN candidates. We were able to obtain spectra or find the classification from the literature for
35 candidates. Five of these objects are likely to be new PNe, including one large bipolar PN discovered serendipitously close to an
emission-line star. PN distances deduced from extinction-distance relations based on IPHAS field-star photometry are presented for
the first time. These yield distance estimates for our objects in the range 2 kpc and 6 kpc. From the data in hand, we conclude that
four of the discovered objects are probably young PNe.

Key words. surveys – ISM: planetary nebulae: general – stars: binaries: symbiotic

1. Introduction

We present a search for planetary nebulae (PNe) of very small
angular size. These objects are especially interesting because
they are likely to be very young, and can therefore give us
information about the late stage in the evolution of low and
intermediate-mass stars. The formation of PNe and their wide
variety of morphologies, arising from initially spherically sym-
metric AGB stars, is particularly problematic. In the past few
years, high-resolution imaging of late AGB stars, proto-PNe
(i.e., objects in which the central star large-scale mass-loss has
turned off, but the star has not become hot enough to ionise the
surrounding ejecta), and young PNe has shown that the asymme-
tries are present already before the planetary nebula phase (Sahai
et al. 2007). This is not explained by the classical PN formation
model (i.e., the Generalised Interacting Stellar Winds model,
Kwok 1982).

To solve this problem, it is essential to carry out detailed
studies of proto-PNe, transition objects, and young PNe (e.g.
Suárez et al. 2006; Sánchez Contreras et al. 2008). The youngest
PNe are expected to be very dense and of small size and there is
a paucity of very small nebulae in the catalogues. For instance,
a major PNe catalogue (Strasbourg, Acker et al. 1994) lists only
one object with a measured optical diameter of less than 1 arcsec,
which, in fact, is not a young PN but the halo PN G061.9+41.3.

At radio wavelengths, there are some 25 PNe with subarcsec
diameters but they mostly correspond to compact radio cores
in optically-extended nebulae. All other entries with an optical
size noted as stellar in the Strasbourg catalogue represent limits
where the size could not be measured, clearly reflecting the lim-
ited resolution of the old (often photographic) imaging surveys
for PNe. Even the MASH catalogue of PNe (Parker et al. 2006;
Miszalski et al. 2008) is limited to ∼3′′ for the smaller PNe.

Sahai et al. (2007) studied 23 proto-PNe with the Hubble
Space Telescope, measuring apparent sizes from 0.1 to 25′′ (typ-
ically 1′′): their spectra, when available, lack many of the strong
emission lines typical of mature PNe, consistent with a proto-
PN (rather than young-PN) designation. Cerrigone et al. (2008)
mapped a sample of very young PNe at radio wavelengths, find-
ing typical diameters between 0.3 and 1.2′′, and high densities
from 4 × 104 to 40 × 104 cm−3. These are the type of PNe we
are searching for in the optical.

IPHAS (The INT/WFC Photometric Hα Survey of the
Northern Galactic Plane) provides a new database to search for
very compact PNe because of its depth and high spatial reso-
lution. IPHAS is mapping all Galactic latitudes between b =
−5 to +5 degrees, in three filters using the Wide Field Camera
(WFC) on the Isaac Newton Telescope (INT) at the Observatorio
del Roque de los Muchachos (La Palma, Spain). IPHAS observ-
ing started in August 2003 and is now more than 90% complete.
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Fig. 1. Left: sketch of the location of PNe (area filled with green horizontal lines), D- and S-type symbiotic stars (Sy_D+S, red lines), cataclysmic
variables (CV, black lines), and Be-stars (area filled with diagonal lines coloured magenta) in the IPHAS two-colour diagram. The location of
main-sequence stars (Drew et al. 2005) with reddenings of E(B − V) = 0 and E(B − V) = 4 are shown as dotted lines. Shown are also the two cuts
used in the selection of PN candidates, as explained in the text. Right: 2MASS two-colour diagram for the same objects and the same MS reddening
tracks as in the left. As is the available sample of symbiotic stars is larger, they are divided into S-type (Sy_S, areas filled with vertical orange lines)
and D-type (Sy_D, red lines). The location of T-Tauri stars (TTau, blue lines) is also shown. The dashed line marks the cut used in the selection.
See text for more details.

A narrow-band Hα (central wavelength and width: 6568 Å/95 Å)
and two Sloan filters (r′ and i′) are used in matched 120, 30,
and 10 s exposures, respectively, spanning the magnitude range
r′ = 13 to 21 mag for point sources. Each IPHAS field is ob-
served twice at two closely overlapped pointings. More infor-
mation about the survey and its database can be found in Drew
et al. (2005) and González-Solares et al. (2008).

Witham et al. (2008) (hereafter W08) published a catalogue
of 4853 high-confidence Hα emission-line stars selected from
IPHAS. Corradi et al. (2008) showed that most of the objects in
the catalogue are Be stars and that different kinds of emission-
line objects can be separated from each other based on their
IPHAS and 2MASS colours. They further searched for symbi-
otic stars, discovering 1183 candidates, and presented the spec-
troscopic confirmation of three new symbiotic stars. We base our
PN search on the W08 catalogue and expect to find only point-
like or barely resolved PNe.

In Sect. 2 of the paper we explain our selection methods; in
Sect. 3, the search results are presented; and in Sect. 4, the obser-
vations. In Sect. 5, individual studies of the newly found plan-
etary nebulae are reported; in Sect. 6, their location in various
diagnostic diagrams is studied; in Sect. 7, we discuss the nature
and characteristics of the new objects found; and in Sect. 8, their
distances are estimated. In Sect. 9, final discussion and conclu-
sion are provided.

2. Selection methods

Our search for PNe is based on two colour−colour diagrams:
IPHAS (r′ − Hα) vs. (r′ − i′) and 2MASS (J − H) vs. (H − Ks).
To study the position of PNe in these diagrams, the IPHAS and
2MASS photometry for all known PNe detected by these two
surveys was collected and the objects were placed in both two-
colour diagrams. These positions were compared with the po-
sition of other classes of objects and it was found that the dia-
grams can be used to separate PNe quite well from other types of
emission-line and normal stars. The diagrams were discussed in
Corradi et al. (2008) and in Fig. 1 we represent a schematic view

of them. The dark shaded surfaces or the dashed contours show
the areas where 50% of the objects of each kind are located,
while the brighter surface and solid lines mark the areas that
include 90% of the corresponding objects. The T-Tauri stars are
not plotted in the IPHAS diagram since they spread over much of
the diagram above the sequence of the normal stars (see Corradi
et al. 2008).

As can be seen, in the IPHAS diagram the PNe are well
separated from the normal stellar locus and the overlap with
symbiotic stars is only partial. In the 2MASS diagram, most of
the known PNe are separated as well, although some lie in a
confused area also occupied by other emission-line objects and
some normal stars.

Figure 2 illustrates our compact/barely resolved PN search
in the W08 catalogue using IPHAS (left) and 2MASS (right)
colour−colour diagrams. All objects from the W08 list are
shown as black dots. We performed the PN candidate selection
in two distinct ways:

(1) We selected all the objects located above the straight solid
line in the IPHAS diagram (19 objects). The line delimits
the part of the diagram including 95% of the known PNe
and was extended parallel to an approximate reddening vec-
tor (see Corradi et al. 2008) so as to allow highly reddened
objects to be selected as well. From now on, we refer to this
as zone 1.

(2) For the area in the IPHAS diagram where overlap with other
emission line objects is more important (below zone 1),
we used 2MASS data to achieve further discrimination. All
objects located in the area including the final 5% of the
known PNe were first selected (zone 2, the area between
the dashed and solid lines in IPHAS diagram in Fig. 2, left),
but of these, only those located to the right of the dashed
line in the 2MASS diagram were selected as PN candidates
(64 objects): this cut includes 80% of the known PNe in the
2MASS colour−colour diagram and again runs parallel to
the reddening vector, permitting the selection of highly red-
dened candidates. For this reason, we also did not define an
upper limit to J − H. We do not place the cut any closer to
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Fig. 2. Left: IPHAS colour–colour diagram; dots 4853 objects from W08 catalogue, circles PN candidates from this work selected based on their
IPHAS colours, and diamonds PN candidates from this work selected based on their IPHAS+2MASS colours. The location of main-sequence
stars with reddenings of E(B − V) = 0 and E(B − V) = 4 are shown as solid lines, as marked in the figure. The two cuts used in the selection of
PN candidates are also shown, as explained in the text. Right: 2MASS colour−colour diagram; the symbols used are the same as in the image at
left. The dashed line marks the cut used in the selection. In both diagrams, the four new PNe discovered due to their colours are marked as well
as the four known PNe included into the W08 list. Interestingly, all the three objects selected based on their IPHAS colours, and located clearly
above the selection line in 2MASS are new IPHAS symbiotic stars (Corradi et al. 2008, Corradi et al., in preparation).

the strip occupied by main-sequence objects, since within
this narrow zone the overlap with other classes of emission-
line object is very high (see Fig. 2, right).

The detection limit of the 2MASS point-source catalogue is
∼15 mag in the Ks filter, while the IPHAS limit in the W08 cat-
alogue is r′ = 19.5 mag. Of the known PNe (those listed
in either the Strasbourg or the MASH catalogues), 49 have
well determined IPHAS and 2MASS magnitudes. The average
r′ − Ks colour of these PNe is 3.8. Therefore, using 2MASS as
an additional selection criterion might affect the completeness
of the compact PN search within IPHAS. However, considering
that we can expect many of the new PNe found from IPHAS
to be more reddened (and thus optically fainter) than the known
ones used in calculating the observed r−Ks colour, this problem
becomes less important.

As can be seen in Fig. 1, we expect our selection of PN can-
didates to inevitably identify other emission-line objects, such
as symbiotic stars and T-Tauri stars, which are possible contami-
nants of our selection. For this reason, we studied the IPHAS im-
ages of every selected object: we measured the angular FWHM
in Hα and compared it with that of nearby field stars of equal
brightness to study if any candidates are extended; we also stud-
ied their Hα environment to check for possible associated diffuse
emission. Finally, we checked if the literature already contains
data for any object selected.

3. Search results

The results from our search are shown in Table 1. We selected
a total of 83 PN candidates, Table 1 lists the following data
for each: the coordinates (the external precision of IPHAS with
respect to 2MASS is 0.1′′, and the internal precision is gener-
ally higher than this); IPHAS and 2MASS photometry; IPHAS
mean on-sky FWHM and its error derived from field stars of
equal brightness (±0.1 mag, or a minimum of 50 stars located
on the same CCD within a radius of 10′), and on-sky FWHM
for the candidate, all in units of arcsecs; Simbad information;
our follow-up spectroscopy (S, “y” meaning that a spectrum has
been taken and “n” = no spectrum); tentative object type (Id.);
and the mean distance d4 (in arcmin) from the candidate’s four

nearest neighbours listed in W08, useful for deciding if the ob-
ject is likely to belong to a cluster, as is usually true for young
stellar objects (YSO): smaller values of d4 indicate higher prob-
ability of YSO nature for the candidate (see, Corradi et al. 2008).
For some objects, additional notes are provided.

We carefully studied the literature for the 17 objects noted
in W08 to match objects classified in Simbad as PNe: most of
them turned out not to be PNe. In summary, four are known
PNe: PN K 3-15, PN K 3-18, PN K 3-33, and PN K 3-49,
and these are plotted in Fig. 2. Three are listed as possible PNe
(no confirmation found in the literature): J050327.55+414217.3,
J191528.59+184748.3, and J191750.56+081508.5. Study of the
literature data indicates that the remaining 10 objects are not PNe
(they are, e.g., Hα emission stars, H ii regions). Our method se-
lected the four known PNe listed above and one of the possi-
ble PNe, while the other two possible PNe and the ten non-PNe
were not selected. Of the known PNe, only one (PN K 3-18)
is extended in Hα (0.7′′ deconvolved FWHM). In addition,
PN K 3-33 shows an unresolved nucleus and extended emission
in its surroundings.

We either obtained spectra or the object type is deter-
mined from the literature for 35 of the candidates. The anal-
ysis of the spectra of the objects that do not show the typi-
cal PN lines in emission is in progress and will be published
later (Valentini et al., in preparation). These objects are sim-
ply marked as emission-line stars, Em*, in Table 1. Besides the
four known PNe discussed above, we discovered another four
objects that are likely to be young compact PNe, as confirmed
by our follow-up spectroscopy: IPHAS J012544.65+613611.6,
IPHAS J053440.77+254238.2, IPHAS J194907.22+211741.9,
and IPHASX J200514.59+322125.1. For brevity, from now on
we refer to them PN1, PN2, PN3, and PN4, respectively. We
present these objects in the next section. In addition, we present
the new extended PN, IPHASX J221117.99+552841.0 (PN5),
which was discovered serendipitously because of its proximity
to a W08 object.

4. Observations of the new PNe

In addition to IPHAS imaging, we carried out follow-up imaging
for the extended new PNe and spectroscopy for all the new PNe.
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Table 2. IPHAS imaging for the new PNe.

Object abbr. Date Seeing n
IPHAS J012544.65+613611.6 PN1 20031013 1.3 4
IPHAS J053440.77+254238.2 PN2 20031105 0.7 2
IPHAS J194907.22+211741.9 PN3 20050613 1.0 2
IPHASX J200514.60+322125.4 PN4 20040711,26 1.4, 1.7 3
IPHASX J221117.99+552841.0 PN5 20041103,05 1.3, 1.3 3

Fig. 3. IPHAS Hα, r′, and i′ (left, centre, right column, respectively)
images of PN1, PN2, PN3, PN4, and PN5, from top to bottom. In all
images, north is up and east towards left. The box dimensions are 60′′ ×
60′′ except for PN5, for which the dimensions are 120′′ × 120′′ .

4.1. IPHAS imaging

Information about the IPHAS images for the new PNe is given
in Table 2: we list the IPHAS name of the object, the nickname
used in this paper, observing date(s), average seeing for the cor-
responding IPHAS field (in arcsecs), and the number of available
IPHAS image sets (Hα, r′, i′) in which the PN appears. Figure 3
shows the IPHAS images.

4.2. Other imaging

In addition to IPHAS survey imaging, 3 × 30 min Hα exposures
were obtained for PN4 (Fig. 4) on 9 June 2006. The seeing at the

Fig. 4. Image of PN4 in Hα+[N ii] plotted using a logarithmic intensity
scale. The size of the box is 60′′ , north is up and east is to the left.

time was ∼1.2′′. The instrumental set-up used was the same as
used for IPHAS.

We also obtained a 93.2 ks observation of PN4 with the
Chandra X-ray Observatory, on 2007 January 15, using the
ACIS-S/S3 detector. Neither the central star nor the lobes pro-
duced detectable X-ray emission. In the 0.3−10 keV energy
range, the 3-σ upper limits for the central star, the NW lobe
and SE lobe are respectively <1.6 × 10−4 counts s−1, <4.6 ×
10−4 counts s−1, and <4.8 × 10−4 counts s−1.

PN5 was observed with the Nordic Optical Telescope
(ORM, La Palma) and ALFOSC (E2V 2048 × 2052 CCD) on
5 September 2007. The plate scale was 0.19′′pix−1 and the see-
ing, ∼0.5′′. 30 min [O iii], Hα, and [N ii] exposures were ob-
tained (Fig. 5). The central wavelengths and widths of the filters
are 5007/3 Å, 6564/33 Å, and 6583/3.6 Å, respectively.

4.3. Spectroscopy

The details of the spectroscopic follow-up of the new PNe are
given in Table 3. In the observations from San Pedro Mártir
(SPM), Mexico, of PN4, the slit was positioned at PA = 157◦,
thus passing through the core and the two lobes. The effec-
tive airmass at the time of observing was 1.8. When observing
PN5 with the INT, the slit was positioned at PA = 115◦, thus
passing through the two blobs visible in the [O iii] image (see
Fig. 5). The effective airmass at the time of observing was 1.5.
Otherwise, the slit was always positioned to match the paral-
lactic angle. Bias frames, tungsten flat-field exposures, arcs, and
spectroscopic standards were observed on each night of data col-
lection. The spectra were reduced and flux-calibrated using the
standard IRAF/FIGARO packages, while line fluxes were mea-
sured by fitting Gaussian profiles using the task SPLOT of IRAF.

5. Results for the new PNe

In this section, the results from the imaging and spectroscopic
study of the new PNe are presented.

5.1. Morphology and environment

All sources in IPHAS are located close to the Galactic Plane
where many star-forming complexes, H ii regions, and molecu-
lar clouds are present, and there is a high probability of a can-
didate being nearby in projection, or physically associated, with

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200811575&pdf_id=3
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200811575&pdf_id=4
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Table 3. Spectroscopic observations for the new PNe presented in this paper.

Object Date Telescope1 Instrument λ range [Å] Dispersion [Å pix−1] exp. time [min]
PN1 20070920 NOT ALFOSC 3000–9100 3 30
PN2 20060809 INT IDS 3090–8750 1.8 15
PN3 20070728 WHT ISIS (red,blue) 3420–5750,6384–9244 1.7, 1.9 6, 6
PN4 20041023, 20060909 SPM2.1 m/INT B&Ch (red, blue)/IDS 3720–7470/3090–8750 2.0/1.8 40, 20/30
PN5 20060828 INT IDS 3090–8750 1.8 30

Fig. 5. The NOT [O iii] (left), Hα (centre), and [N ii] (right) images of PN5. The sides of the square cut-outs are 90′′ long. North is up and east
is to the left. The star selected in W08 catalogue is shown by an arrow in the [N ii] image. The J2000.0 coordinates of the star are 22:11:16.75
+55:28:51.5.

one of those regions. Therefore, it is important to study the mor-
phology (when the object is resolved) and environment around
the candidates, both to discriminate associated nebulosities from
unrelated ones (like e.g., H ii regions or diffuse emission regions)
and to provide additional information when studying the nature
of the objects.

PN1 is unresolved. Thus, assuming for its FWHM an
upper limit of FWHM + 3 × FWHMerr, where FWHMerr
is the standard deviation of the FWHMs of the field
stars of equal brightness (Table 1), we can calculate
a three sigma upper limit of its deconvolved diameter:√

(FWHM + 3 × FWHMerr)2 − FWHM2
stars. This gives a diam-

eter <0.6′′. No trace of nebulosity is found from the IPHAS im-
ages. PN1 was detected in the infrared by MSX (G126.9996-
00.9985) at 8.28 μm only, with a flux of 0.17 Jy, and by IRAS
(IRAS 01224+6120) at 25 μm (0.65 Jy) and 60 μm (0.87 Jy).
The object is located 41′ SE from the center of the very large
molecular cloud [YDM97] CO 164 (Yonekura et al. 1997), with
dimensions of 96′ × 72′. The much smaller dark cloud LDN1324
(Lynds 1962) with a diameter of ∼12′ is located 25′ to the East
of PN1.

PN2 is unresolved (diameter <0.4′′). It shows a very faint
irregular nebulosity extending ≈10 arcsec south-west from the
source, and a slightly brighter protrusion up to 2−3 arcsec to
the NW. Like PN1, PN2 is a faint MSX source (G181.4469-
03.7710) only detected at 8.28 μm with a flux of 0.22 Jy. PN2
is located 10′ SE from the center of a small molecular cloud of
radius 5′ (number 64 of Kawamura et al. 1998).

PN3 is unresolved (diameter <0.6′′); no nearby nebulosity is
detected, and no IRAS nor MSX sources are associated (but note
that a brighter star located 28 arcsec SW of PN3 – partially seen
in Fig. 3 – is an IRAS and MSX source). No molecular cloud or
star-forming regions are catalogued nearby.

PN4 has a typical morphology of a bipolar PN (Fig. 4) in
that it has an unresolved stellar core and two detached elon-
gated lobes. The apparent long axis of PN4 is 52′′ and the as-
pect ratio of the lobes (length over width) is 4.6. The morphol-
ogy of this PN closely resembles those of He 2-25, 19W32, and
Th 2-B, objects classified as PNe but for which Corradi (1995)
argued a possible symbiotic nature. PN4 is projected on a very
extended diffuse-emission complex where many H ii regions as
well as dark nebulae are listed in Simbad, but the object itself
is not associated with any dark nebula. It is an IRAS source,
IRAS 20032+3212, with fluxes of 1.90, and 3.13 Jy at 12 and
25 μm, respectively, and a MSX source with fluxes F(8.28 μm) =
1.38 Jy, F(12.13 μm) = 2.07 Jy, F(14.65 μm) = 1.98 Jy, and
F(21.3 μm) < 1.8 Jy.

PN5 is composed of a bright, filled, central ellipse (a ring in
the [N ii] image) with two bright knots at both ends of the el-
lipse that are especially prominent in [O iii] (Fig. 5). Two faint
bipolar outer lobes are visible in all three filters. The largest
extent of PN5 is 79′′ and the outer lobes are roughly round.
PN5 is not detected in the infrared (IRAS and MSX) but it is
the only one of our sources detected by the NVSS radio survey
with F(1.4 GHz) = 3.0 ± 0.5 mJy and dimensions of 93 × 55′′.

5.2. Spectral features

The spectra for PN1, PN2, and PN3, are shown in Figs. 6−8,
respectively, and the measured emission lines are listed in
Tables 4−6, respectively.

In addition to typical low and intermediate excitation
PN lines, the spectrum of PN1 shows many [Fe ii] lines as well
as the Ca ii infrared triplet in emission. These lines are not
usual in normal, evolved PNe but are present in a large vari-
ety of astronomical objects, including interacting binary systems
(such as cataclysmic variables, symbiotic stars, slow novae, and

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200811575&pdf_id=5
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Fig. 6. NOT+ALFOSC spectrum of PN1.

Fig. 7. The INT+IDS spectrum of PN2.

VV Cephei stars), young active stars (some Be stars, T-Tauri
stars, and other pre-main-sequence objects), active galactic nu-
clei, and proto-PNe (see Corradi 1995; Rodríguez et al. 2001,

and references therein). The continuum of PN1 is very weak with
no absorption bands (the band at ∼7600 Å, visible also in PN2,
PN3, and PN4 is of atmospheric origin).
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Fig. 8. The WHT+ISIS spectrum of PN3.

The spectrum of PN2 resembles that of PN1 in being typical
of low to intermediate excitation PNe and showing [Fe ii] and
Ca ii triplet in emission. Unlike PN1, it shows a clear contin-
uum. The steep increase in the continuum at the red end of the
spectrum beyond 8200 Å is unlikely to be real, but due to poor
calibration data at these wavelengths.

The spectrum of PN3 differs from the two previous ones in
that iron and calcium are not seen in emission, while several in-
termediate excitation lines, typical of PNe, are present: [Ne iii],
[Ar iii] and [S iii]. A clear, featureless continuum is present.

The SPM spectrum of PN4 allows the identification of only
Hα, [N ii] λ6548, and [N ii] λ6584 lines in the lobes and in the
nucleus. A cut of this spectrum showing the detected lines is
presented in Fig. 9. The I(λ6548 + λ6583)/I(Hα) line ratio in
the lobes is notably high: 2.6 ± 0.4 for the NW lobe and 1.8 ±
0.2 in the SE one. High [N ii]/Hα ratios can be produced by
shocks or by a high nitrogen abundance: given the faintness of
the [S ii] lines, a high nitrogen abundance is more likely. This is
common among bipolar PNe (Perinotto & Corradi 1998). From
the [N ii] λ6583 line, we measure a difference in radial veloc-
ity of 47 ± 13 km s−1 between the lobes. Unless the major axis
of the nebula lies close to the plane of the sky, this small value
indicates a moderate expansion velocity for the bipolar lobes.
The IDS spectrum of the core of PN4 is shown in Fig. 10; fluxes
are given in Table 7. The spectrum is characterised by lines typ-
ical of low- to intermediate-excitation PNe (including [Ne iii]
and [Ar iii]) and a very weak continuum without apparent
absorption bands. Both [Fe ii] and [Fe iii] lines are seen in emis-
sion. The Hα line is 54 times stronger than Hβ, a clear sign of
self-absorption at the core of PN4.

When studying the Hα image of the W08 object (marked by
an arrow in the [N ii] image in Fig. 5), we found an extended PN,
PN5, on which the image of the catalogued star is projected. The

INT+IDS spectrum of PN5 is presented in Fig. 11 and the line
fluxes in Table 8. The object is very faint and its spectrum shows
only a few lines with no continuum; it seems to correspond to a
normal, evolved PN.

5.3. Extinction

Compact PNe can attain very high densities, and the presence
of [Fe ii] and Ca ii lines together with anomalous line ratios (as
will be shown in the next section) in the new objects warns us to
study possible optical depth effects in the Balmer lines (Drake &
Ulrich 1980), which can complicate or even preclude estimating
the interstellar extinction. Phillips (2006) has reviewed the effect
of self-absorption on the Balmer line ratios for PNe. Using his
Hα/Hβ − Hγ/Hβ diagram, we find that the core of PN4 clearly
suffers from self-absorption. Although the electron density in its
bipolar lobes should be lower, this is of little help in that the
Hβ line was not detected in the SPM spectrum of either lobe.
From this non-detection, a 3-σ lower limit can be calculated:
I(Hα)/I(Hβ) > 6.7, giving c > 1.3 or AV > 2.7 mag. However,
in Sect. 7.1 we argue that the interstellar extinction for PN4 is
likely to be AV ≈ 3.2 ± 0.5 mag, and we use this tentative value
in the following when needed.

On the other hand, PN1, PN2, PN3, and PN5 are not self-
absorbed, enabling the reddening constants to be calculated.
Using the reddening law of Cardelli et al. (1989) for RV = 3.1,
we obtain c = 1.65± 0.04, 1.88± 0.04, and 1.02± 0.06, for PN1,
PN2, and PN3, respectively. For PN5, the extinction can be cal-
culated from the I(Hα)/I(Hβ) ratio separately for three zones
of the nebula: the NW knot, the SE knot and the centre, giving
c = 1.3 ± 0.2, 0.9 ± 0.5, 1.2 ± 0.2, respectively. No signifi-
cant extinction variation is thus found to within the errors, and
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Table 4. Line fluxes (normalised to F(Hβ) = 100) for the
NOT+ALFOSC spectrum of PN1. The wavelengths are in units of Å
and the statistical errors in the flux measurements and the propagated
error in the dereddened flux are given within brackets as a percentage.

Line, λ λ Obs. F (Obs.) F (Dr.)
[O ii] 3726.03 + 3728.8 3726.9 28.3 (24) 96.2 (24)
He i 3935.94 3934.4 13.2 (20) 37.4 (20)
H7 3970.07 3968.6 20.3 (10) 55.7 (10)
[S ii] 4068.60 + 4076.35 4069.6 98.1 (6) 242.3 (7)
Hδ 4101.74 4100.8 15.3 (13) 36.5 (13)
[Fe ii] 4243.97 4242.7 12.4 (17) 25.2 (17)
[Fe ii] 4287.39 4286.3 9.5 (21) 18.3 (21)
Hγ 4340.47 4340.0 32.3 (7) 58.5 (8)
[O iii] 4363.21 4361.4 11.3 (18) 19.9 (18)
(+ [Fe ii] 4359.34?)
[Fe ii] 4413.78 4413.8 9.5 (17) 15.8 (17)
Mg i] 4571.20 4570.9 8.1 (23) 11.1 (23)
[Fe ii] 4814.55 4812.3 5.5 (23) 5.7 (23)
Hβ 4861.33 4861.2 100.0 (2) 100.0 (2)
[O iii] 4958.91 4957.4 7.9 (28) 7.2 (28)
[O iii] 5006.84 5006.2 25.2 (6) 21.8 (6)
[Fe ii] 5111.63 5108.0 5.5 (28) 4.7 (28)
[Fe ii] 5158.81 5159.0 31.0 (4) 23.5 (4)
[N i] 5197.9 + 5200.3 5199.0 18.8 (6) 13.8 (6)
[Fe ii] 5220.1 5219.8 4.5 (19) 3.2 (19)
[Fe ii] 5261.61 + 5270.40 5265.0 26.6 (8) 18.5 (8)
[Fe ii] 5333.6 5333.9 10.8 (11) 7.1 (11)
[Fe ii] 5376.5 5376.4 8.5 (12) 5.4 (12)
[Fe ii] 5412.64 5411.6 5.5 (21) 3.4 (21)
[Fe ii] 5433.1 5433.1 3.0 (35) 1.8 (35)
[Fe ii] 5527.33 5526.6 13.0 (10) 7.4 (10)
[O i] 5577.34 5577.8 14.8 (8) 8.2 (8)
[N ii] 5754.64 5753.2 10.6 (12) 5.3 (12)
(+[Fe ii] 5752.5 + 5755.6?)
He i 5875.64 5876.0 18.9 (6) 8.7 (6)
[O i] 6300.30 6301.0 450.8 (1) 166.3 (2)
[O i] 6363.78 6364.2 154.5 (1) 55.2 (3)
[N ii] 6548.03 6547.9 36.7 (4) 11.9 (5)
Hα 6562.82 6563.3 882.8 (0.4) 285.1 (2)
[N ii] 6583.41 6583.4 107.3 (2) 34.3 (3)
[S ii] 6716.47 6717.1 79.2 (2) 23.7 (3)
[S ii] 6730.85 6731.5 164.6 (1) 48.9 (3)
He i 7065.28 7064.2 10.7 (17) 2.7 (17)
[Fe ii] 7155.14 7154.9 72.6 (3) 17.4 (4)
[Fe ii] 7172.0 7171.2 19.1 (8) 4.5 (9)
[Fe ii] 7290.97 7291.0 30.2 (6) 6.8 (6)
[O ii] 7319.92 7319.1 74.4 (4) 16.4 (5)
[O ii] 7330.19 7328.6 74.3 (4) 16.3 (5)
[Ni ii] 7377.83 7377.8 36.9 (9) 7.9 (9)
[Fe ii] 7388.16 7388.2 16.3 (18) 3.5 (18)
[Ni ii] 7411.61 7410.6 11.4 (26) 2.4 (26)
[Fe ii] 7452.54 7452.2 26.4 (6) 5.4 (7)
Ca ii 8498.0 + Pa16 8502.5 8503.9 56.6 (5) 7.2 (6)
Ca ii 8542.1 + Pa15 8545.4 8547.8 63.5 (4) 7.9 (6)
Pa14 8598.4 8602.3 4.9 (43) 0.6 (43)
[Fe ii] 8617 8619.6 63.3 (5) 7.7 (6)
Ca ii 8662.1 + Pa13 8665.0 8667.7 54.6 (6) 6.5 (7)

the mean reddening constant derived from the summed spectrum
c = 1.19 ± 0.15 is adopted.

5.4. Physical conditions

To estimate the electron density (Ne) and temperature (Te)
of the objects under study, we considered all sensitive line
ratios measured from their optical spectra. In the follow-
ing, we shall use the abbreviations: [S ii] density-sensitive

Table 5. As in Table 4 for the INT+IDS spectrum of PN2.

Line, λ λ Obs. F (Obs.) F (Dr.)
H7 3970.07 3968.9 12.9 (29) 41.1 (29)
[S ii] 4068.60 4068.0 49.4 (7) 139.3 (7)
[S ii] 4076.35 4075.9 13.9 (25) 38.7 (25)
Hδ 4101.74 4102.0 13.9 (25) 37.7 (25)
Hγ 4340.47 4339.9 31.0 (8) 61.1 (8)
[Fe ii] 4416.27 4416.6 10.8 (32) 19.1 (32)
Hβ 4861.33 4861.0 100.0 (3) 100.0 (3)
[O iii] 5006.84 5005.9 16.3 (12) 13.9 (12)
[Fe ii] 5158.81 5158.0 15.1 (13) 11.0 (13)
[N i] 5197.9 + 5200.3 5198.1 4.9 (44) 3.5 (44)
[Fe ii] 5261.61 5260.1 8.0 (25) 5.3 (25)
[Fe ii] 5333.60 5333.0 4.7 (37) 2.9 (37)
[Fe ii] 5376.50 5376.1 4.2 (36) 2.5 (36)
[Fe ii] 5527.33 5526.5 4.9 (48) 2.6 (48)
[O i] 5577.34 5577.1 14.1 (17) 7.2 (17)
[N ii] 5754.64 5753.1 8.9 (26) 4.0 (26)
He i 5875.64 5874.3 23.6 (11) 9.8 (11)
[O i] 6300.30 6299.2 299.6 (1) 96.0 (3)
[O i] 6363.78 6362.7 97.2 (2) 30.0 (3)
[N ii] 6548.03 6547.8 17.9 (15) 5.0 (15)
Hα 6562.82 6562.3 1021.1 (0.4) 281.1 (3)
[N ii] 6583.41 6581.9 35.7 (5) 9.7 (6)
[S ii] 6716.47 6715.2 25.0 (7) 6.3 (8)
[S ii] 6730.85 6729.5 56.2 (3) 14.1 (4)
He i 7065.30 7063.7 6.7 (30) 1.4 (30)
[Fe ii] 7155.14 7153.8 22.1 (8) 4.3 (9)
[Fe ii] 7172.0 7170.2 4.7 (40) 0.9 (40)
[Fe ii] 7223.83? 7222.4 21.1 (9) 4.0 (10)
[O ii] 7319.70 7318.4 44.9 (8) 8.0 (9)
[O ii] 7330.20 7327.9 40.3 (9) 7.1 (9)
[Ni ii] 7377.83 7376.1 9.4 (23) 1.6 (24)
[Fe ii] 7388.16 7385.6 6.2 (35) 1.1 (36)
[Fe ii] 7452.54 7450.8 5.9 (34) 1.0 (35)
O i 8446.48 8446.9 30.3 (22) 2.9 (22)
Ca ii 8498.0 + Pa16 8502.5 8498.7 59.9 (11) 5.7 (13)
Ca ii 8542.1 + Pa15 8545.4 8543.7 65.1 (10) 6.0 (11)
Ca ii 8662.1 + Pa13 8665.0 8664.4 77.9 (24) 6.9 (25)

Table 6. As in Table 4 for the WHT+ISIS spectrum of PN3.

Line, λ λ Obs. F (Obs.) F (Dr.)
[Ne iii] 3868.75 3868.6 99.7 (3) 197.8 (5)
[Ne iii] 3967.46 3967.2 37.3 (14) 69.8 (14)
Hδ 4101.74 4100.7 23.4 (16) 40.1 (16)
Hγ 4340.47 4339.5 36.5 (7) 52.8 (8)
[O iii] 4363.21 4362.8 50.7 (5) 72.1 (5)
Hβ 4861.33 4860.7 100.0 (4) 100.0 (4)
[O iii] 4958.91 4958.2 414.4 (1) 390.1 (1)
[O iii] 5006.84 5006.2 1166.1 (0) 1067.0 (1
[N ii] 6548.03 6547.7 17.1 (13) 8.5 (14)
Hα 6562.82 6562.8 566.4 (1) 281.1 (4)
[N ii] 6583.41 6583.0 64.8 (3) 31.9 (5)
He i 6678.15 6678.2 12.6 (16) 6.0 (16)
He i 7065.30 7065.3 28.0 (9) 11.9 (10)
[Ar iii] 7135.78 7135.6 78.5 (3) 32.5 (6)
[O ii] 7319.70 7320.0 34.9 (8) 13.7 (9)
[O ii] 7330.20 7329.8 26.0 (7) 10.1 (9)
[Ar iii] 7751.10 7751.1 23.1 (10) 7.9 (12)
P40 8245.64 8248.4 4.9 (59) 1.5 (59)
P19 8413.32 8414.4 6.6 (27) 1.9 (28)
P12 8750.47 8750.8 12.1 (32) 3.2 (33)
P11 8862.79 8863.6 8.8 (30) 2.3 (31)
P10 9014.91 9015.2 9.1 (28) 2.3 (29)
[S iii] 9068.90 9067.2 57.1 (5) 14.1 (9)
P9 9229.01 9227.8 13.1 (32) 3.2 (33)
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Fig. 9. Part of the SPM spectrum of PN4 at PA = 157◦ showing the Hα
and [N ii] λλ6548, 6583 lines for both the NW and the SE lobe.

line-ratio: I(λ6716)/I(λ6731) (S2Ne ), [S ii] temperature-
sensitive line-ratio (I(λ6716+ λ6731)/I(λ4068+ λ4076) (S2Te),
[O iii] temperature-sensitive line-ratio I(λ4959 + λ5007)/
I(λ4363) (O3), [N ii] temperature-sensitive line-ratio I(λ6548 +
λ6583)/I(λ5755) (N2), [O ii] temperature-sensitive line-ratio
I(λ3726 + λ3729)/I(λ7320 + λ7330) (O2), [O i] temperature-
sensitive line-ratio I(λ6300 + λ6363)/I(λ5577) (O1).

PN1: the S2Ne ratio gives a high density Ne ≥ (1.8 ± 0.7) ×
104 cm−3. We note that this line ratio is in the high-density limit,
where its density sensitivity decreases and the upper limit to the
error is underestimated because of the non-Gaussian response of
the density to the line ratio’s variation: the true density can be
much higher. Using this density, we obtain an O2 temperature
Te = 1.2 ± 0.2 × 104 K, whereas the O1 diagnostic gives a sim-
ilar value Te = 1.5 ± 0.1 × 104 K. The measured S2Te line ratio
has an anomalously low value indicating high density. It leads
to temperatures of Te < 104 K and requires an even higher den-
sity of Ne > 8 × 104 cm−3 to give physically plausible results.
Finally, the commonly used strong-line ratios O3 = 1.46 ± 0.07
and N2 = 8.75 ± 1.04 are clearly anomalously low indicating ex-
tremely high densities (Gurzadyan 1970). We note that these line
ratios should be used as lower limits in the case of PN1 because
both the [O iii] λ4363 and [N ii] λ5755 lines may be blended
with [Fe ii] lines. However, the presence of these iron lines and
the measured [Fe ii] line intensities also indicate very high den-
sities for the object (Bautista & Pradhan 1996). Similarly, the
strong infrared CaII lines around 8500 Å indicate very high
densities from an emission region (possibly a disk) near the cen-
tral star (Rodríguez et al. 2001). We conclude that this object has
a very high density and at least some of its line ratios suffer from
density effects giving anomalous results.

PN2: from the S2Ne line ratio, we deduce that the density
of the nebula is in the high density regime where sulphur lines

Table 7. As in Table 4 for the INT+IDS spectrum of PN4.

Line, λ λ Obs. F (Obs.)
[Ne iii] 3967.46 3967.3 20.8 (25)
H δ 4101.74 4101.6 22.6 (25)
H γ 4340.47 4340.6 36.0 (10)
[O iii] 4363.21 4364.2 18.1 (21)
[Fe ii] 4373.7 4377.1 11.7 (26)
He i 4471.09 4471.9 8.5 (29)
[Fe iii] 4658.10 4658.4 15.1 (18)
[Fe iii] 4701.62 4701.6 11.3 (31)
H β 4861.33 4861.5 100.0 (2)
[O iii] 4958.91 4958.7 29.7 (7)
[O iii] 5006.84 5006.9 103.0 (2)
[Fe ii] 5158.81 5157.6 6.9 (40)
[Fe ii] 5261.61 5262.2 5.1 (23)
[Fe iii] 5270.40 + [Fe ii] 5274.9 5270.6 22.3 (8)
[N ii] 5754.64 5754.6 55.0 (4)
He i 5875.64 5875.7 94.3 (2)
[O i] 6300.30 6300.4 65.6 (2)
[S iii] 6312.10 6312.1 50.9 (4)
[O i] 6363.78 6363.8 21.2 (7)
[N ii] 6548.03 6549.6 108.3 (2)
Hα 6562.82 6563.0 5412.9 (0.1)
[N ii] 6583.41 6583.3 166.4 (1)
He i 6678.15 6678.0 36.3 (6)
[S ii] 6716.47 6719.2 3.7 (70)
[S ii] 6730.85 6730.9 3.4 (55)
He i 7065.28 7065.3 106.1 (1)
[Ar iii] 7135.78 7135.8 87.0 (2)
[Fe ii] 7155.14 7155.1 8.2 (26)
C ii 7236.42 7235.6 8.0 (25)
O i 7254.4 7254.6 8.0 (22)
He i 7281.35 7281.4 10.4 (18)
[O ii] 7319.4 7319.9 212.9 (0.9)
[O ii] 7330.3 7330.4 165.5 (1)
[Ni ii] 7377.83 7377.5 5.9 (30)
[Ar iii] 7751.10 7751.1 23.5 (8)
P30 8286.43 8286.7 7.0 (40)
P27 8306.11 8308.5 5.4 (44)
P22 8359.00 8359.7 7.1 (39)
P18 8437.96 8437.6 22.8 (39)
O i 8446.48 8446.6 160.9 (5)
P17 8467.25 8468.3 11.3 (30)
P16 8502.48 8500.9 14.5 (26)
P14 8598.39 8597.4 16.0 (33)
[Fe ii] 8617 8618.0 7.9 (51)
P13 8665.02 8661.5 30.2 (29)

cease to be density sensitive. A minimum density required to de-
rive a reasonable physical temperature from the anomalous S2Te

is Ne ∼ 2 × 105 cm−3, leading to an electron temperature of
the order 104 K (higher density leads to a smaller temperature).
A temperature of 104 K is derived from the anomalous N2 =
3.7 ± 1.0 line ratio, if a density Ne ∼ 6 × 105 cm−3 is as-
sumed. For this density, the O1 diagnostic gives Te = 1.2 ± 0.1 ×
104 K. The [Fe ii] line intensities and the CaII IR triplet also once
more indicate extremely high densities: the three CaII infrared
lines show similar intensities and this, together with the absence
of the forbidden [CaII] 7234 and 7291 Å lines, indicates that
Ne > 1010 cm−3. So, PN2 is similar to PN1 in showing a high
electron density (possibly even higher for PN2) and anomalous
line ratios.

PN3: the O3 ratio points again to a very high density. From
the dereddened line-ratio O3 = 20.2 ± 1.1, realistic electron
temperatures are calculated only if an extremely high density

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200811575&pdf_id=9
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Fig. 10. The INT+IDS spectrum of the nucleus of PN4.

Fig. 11. Parts of the INT+IDS spectrum of PN5 at PA = 295◦, showing the two [O iii] bright knots, and the centre of the PN. Note the different
scale in the spectrum of the centre.

is assumed: if Te is assumed to be in the range 104−2 × 104 K,
Ne ranges between 3 × 105 cm−3 and 25 × 105 cm−3.

PN4: the O3 and N2 line ratios measured from the undered-
dened spectrum are once more anomalously low, at respectively

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200811575&pdf_id=11
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Table 8. As in Table 4 for the INT+IDS spectrum of PN5 at PA = 295◦
and at three different parts of the nebula.

Line, λ Part λ Obs. F (Obs.) F (Dr.)
He ii 4685.7 NW 4683.4 108.0 (16) 125.2 (16)

cent 4685.0 118.2 (41) 130.3 (42)
SE 4686.6 78.4 (16) 89.5 (16)

Hβ 4861.33 NW 4860.4 100.0 (14) 100.0 (14)
cent 4861.4 100.0 (35) 100.0 (35)
SE 4861.1 100.0 (16) 100.0 (16)

[O iii] 4958.91 NW 4958.7 417.1 (4) 386.4 (4)
cent 4958.9 171.8 (21) 163.3 (21)
SE 4958.8 411.5 (4) 384.5 (4)

[O iii] 5006.84 NW 5006.9 1385.8 (1) 1238.8 (2)
cent 5006.9 609.3 (6) 565.9 (7)
SE 5006.8 1345.5 (1) 1217.6 (2)

Hα 6562.82 NW 6562.8 690.4 (2) 285.1 (15)
cent 6562.9 510.7 (8) 285.1 (37)
SE 6562.9 626.9 (3) 285.1 (16)

[N ii] 6583.41 NW 6583.5 254.9 (5) 104.4 (15)
SE 6583.2 183.6 (8) 82.9 (18)

7.3 ± 1.6 and 5.0 ± 0.2. The O3 line-ratio implies electron densi-
ties of the order ∼107 cm−3 if a normal PN temperature of 104 K
is adopted. Correction for reddening would increase the derived
density further still.

PN5: the measured emission lines (Table 8) do not allow ei-
ther the density or the temperature to be estimated for this faint
object. The He II line at 4686 Å, only detected for this object
in our sample, shows an intensity comparable to Hβ, indicat-
ing a very high excitation (class 10 in the scheme of Dopita &
Meatheringham 1990). The [NII] line is weak, a third of Hα,
and, together with the strong [OIII] lines, confirms that PN5 is a
normal, evolved, high excitation PN.

6. Diagnostic diagrams

To gain further insight into the nature of the candidate PNe, we
have studied their location in several diagnostic diagrams.

6.1. IPHAS and 2MASS

Figures 1 and 2 show that only PN4 is located in “zone 1” of
the IPHAS colour−colour diagram. The others (PN1, PN2, and
PN3) have smaller r′ − Hα colours and appear in the upper part
of zone 2 (Fig. 2), where Galactic PNe are accompanied by other
classes of emission-line objects. Interestingly, all these four new
objects are located high up in the 2MASS diagram, in an area
mostly occupied by symbiotic Miras but also by a few well-
known objects classified as young PNe (M2 9, Mz 3, etc.) that
have similar NIR colours to symbiotic stars and whose nature is
not yet fully clear (Corradi et al. 2008). PN3 is at the border of
the T-Tauri zone in the 2MASS diagram of Fig. 2 (i.e., near the
90% isocontour), whereas PN1, PN2, and PN4 are outside that
zone.

6.2. Infrared colour–colour diagrams

Pottasch et al. (1988) studied the location of H ii regions,
OH/IR stars, PNe, normal late-type stars, and galaxies in the
IRAS F(12 μm)/F(25 μm) vs. F(25 μm)/F(60 μm) diagram.

PN1 and PN4 are IRAS sources (Sect. 5.1) with respective
colours F(12 μm)/F(25 μm) < 0.65; F(25 μm)/F(60 μm) = 0.75
and F(12 μm)/F(25 μm) = 0.61; F(25 μm)/F(60 μm) > 0.90,
which locate both objects in the zone where OH/IR stars and
PNe overlap, and well away from the zones of H ii regions and
late-type stars. According to Pottasch et al. (1988), about 20% of
the most evolved OH/IR stars have colours similar to young PNe.
However, T-Tauri stars are also found in this area of the IRAS di-
agram (Magnani et al. 1995).

The combined MSX 8 to 21 μm and 2MASS data for PN4 lo-
cate it again in the OH/IR star – PN overlap area (see e.g, Figs. 2
and 3 from Ortiz et al. 2005), and close to the youngest PNe
in the MSX evolutionary tracks of Ortiz et al. (2007), where a
few known proto-PNe (but also suspected symbiotic stars) ap-
pear near PN4. For PN1 and PN2, there are only MSX 8.28 μm
data (Sect. 5.1). This, when combined with 2MASS data, locates
both objects (and PN4 also) high up in the near/mid infrared di-
agrams of Lumsden et al. (2002) for “8 μm only” sources (their
Fig. 7) in a zone populated by very red stars (or heavily ob-
scured sources, unlike our new discoveries – see Sect. 5.3) that at
the same time show moderate mid-infrared excesses. Although a
precise classification for PN1 and PN2 is not possible based on
this infrared diagram alone, according to Lumsden et al. (2002)
it would be relatively unlikely that they are low-mass pre-main-
sequence stars, or more massive (Be-type) young stars.

6.3. Optical line diagnostic diagrams

There are several diagnostic diagrams in the literature that use
ratios of strong optical lines to identify different classes of ion-
ized objects (e.g., PNe, H ii regions, supernova remnants (SNR),
and Herbig-Haro (HH) objects). At the same time, these provide
constraints on the excitation mechanism at work (photoiniza-
tion, shocks, or both). To study our new objects in the rele-
vant diagrams, a first important datum is that all four compact
sources, PN1, PN2, PN3, and PN4, show anomalous (very low)
O3 and/or N2 ratios, indicative of very high densities, as dis-
cussed in Sect. 5.4. Therefore, we start our analysis by locating
the sources in a diagram from Gutiérrez-Moreno et al. (1995),
who plotted the [O iii] λ4363/Hγ vs. [O iii] λ5007/Hβ line ra-
tios, in order to separate ionized objects of very different densi-
ties, e.g., symbiotic stars, young PNe and normal, evolved PNe.
In this diagram, PN3 is found in the area of high density young
PNe, while PN1 and PN4 are in the zone characterized by the
highest densities (zone C in Fig. 2 from Gutiérrez-Moreno et al.
1995, where most symbiotic stars are located). Therefore, PN1
and PN4 could be symbiotic stars according to this diagram, or,
to be more precise, they both show line ratios indicative of densi-
ties as high as those found in symbiotic stars. Pereira & Miranda
(2005) showed that several young, dense PNe are also located
in the zone C in this diagram. For PN2, the [O iii] λ4363 line
is below our detection limit and so cannot be located in the di-
agram. However, its N2 ratio, and other indicators discussed in
Sect. 5.4, imply also extremely high densities for the object.

A second relevant datum is that both PN1 and PN2 show
very strong [S ii]λλ4068, 4076 Å emission (Sect. 5.2), rather
unusual for evolved PNe, but typical of HH objects. Although
well studied proto-PN like CRL618 (Westbrook et al. 1975) and
young PNe like Hb12, PM1-322 or PC11 (Aller & Czyzak 1983;
Pereira & Miranda 2005; Gutiérrez-Moreno et al. 1987) show
strong 4068, 4076 Å lines also, we explored further the possibil-
ity that PN1 and PN2 are HH objects. Therefore, in the follow-
ing we locate our five objects, together with CRL618, the three
above-mentioned young PNe, and a sample of HH with accurate
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Fig. 12. The S2N2 diagram of Riesgo & López (2006) showing the lo-
cations of H ii regions, SNRs and the 85% probability ellipse of PNe.
The PN sample of Riesgo & López (2006) is shown as dots. We have
over-plotted an ellipse surrounding the HH-objects of Cantó (1981) as
well as the locations of the HH-objects of Brugel et al. (1981) (squares),
the proto-PN CRL 618 (plus sign), the three young PNe Hb12, PM1-
322 and PC11 (diamonds), together with the five objects of our sample
(crosses).

line fluxes from Brugel et al. (1981), in several relevant diagrams
involving the [S ii] and other strong nebular lines.

Riesgo & López (2006) presented a revised version of
the Sabbadin et al. (1977) log(Hα/[N ii]) vs. log(Hα/[S ii])
(S2N2) diagram, which has been commonly used to separate
PNe, H ii regions and SNRs. Cantó (1981) added ∼50 HH ob-
jects to the diagram. In Fig. 12, we have adapted this S2N2 di-
agram, finding that the HH objects from Brugel et al. (1981)
are, as expected, located in Cantó’s HH zone, while CRL618
lies in between the HH objects and PN1 and PN2. Both PN1
and PN2, together with PN4, are located on the outskirts of the
zone occupied by PNe; PN2 and PN4 are well separated from
the H ii region and shock-excited zones, while PN1 is near these
zones. PN4 shares an extreme position in the diagram with the
three young PNe. For PN3 and PN5, there are no sulphur-line
detections, and 3-σ upper limits were calculated and used in-
stead. At the calculated limits, PN3, and PN5 are located within
the 85% probability ellipse of PNe. Looking only at the posi-
tion of well-known objects in Fig. 12, it appears that a PN would
start its evolution at the shock (proto-PN and HH) zone, move
later towards the upper right corner (the young-PNe area) when
photoionization already dominates, and finally shift towards the
main PNe zone up to locations defined by the excitation and
chemical abundances of each particular object. In this context,
PN1, PN2 and PN4 could be examples of very young PNe at
different evolutionary stages.

Figure 13 shows the only diagram in the literature, to our
knowledge, that uses the four [S ii] 4068, 4076, 6717, and
6731 Å lines to study a variety of emission-line objects. This fig-
ure is a sketch adapted from Riera et al. (1990) and shows the ap-
proximate location of photoionised (model) H ii regions (dashed
ellipse), observed PNe (dotted ellipse), and the predictions of

-2.5 -2 -1.5 -1 -0.5 0 0.5
log([NII](6548+6584)Å/Hα

-1.5

-1

-0.5

0

0.5

1

lo
g(

[S
II

](
40

68
+

40
76

)Å
/(

67
17

+
67

31
)Å cPN1

cPN2 PM1322

IC4997

PC11

CRL 618

Hb12

Model shock regions

Model HII regions

PN2

PN1

PNe

Fig. 13. Sketch of the [S ii]ratio diagnostic diagram from Riera et al.
(1990). The locations of PNe, H ii regions, and shock models are shown
as ellipses (see text). Symbols are as in Fig. 12.

simple shock models of Hartigan et al. (1987) (solid ellipses;
for shock velocities 20−400 km s−1 and pre-shocked densities
of 100 and 1000 cm−3). We note that the young PNe represented
in Fig. 13 have very high [S ii] ratios, and are located high in
the diagram, above the ellipse containing normal PNe, and close
to PN1 and PN2. All these objects are clearly separated from
the HH objects of Brugel et al. (1981). CRL618 is located well
inside the shock zone, as expected for a proto-PN nebula, and
again in an intermediate position between HH objects and PN1
and PN2. If there is also an evolutionary interpretation of this
diagram, it would imply the same scenario for PN1 and PN2 as
the S2N2 diagram discussed above.

Finally, Raga et al. (2008) studied the empirical loca-
tions of proto-PNe, shells/rims of normal PNe, and low-
ionization microstructures (FLIERS) in several diagnostic dia-
grams, and compared them with results of numerical simulations
of cloudlets moving at high speed in a photoionized environ-
ment. Figure 14 show the results for the only diagram they con-
sidered where we have the necessary line measures for all our
five objects. Following Raga et al. (2008), we have plotted in
that figure the loci of shells and rims of PNe (open circles), of
FLIERS (filled circles) and of proto-PNe (triangles), together
with our PNe (crosses). We note that PN4 would move towards
the right (the normal PNe area) if it suffers a local extinction in
excess of the value assumed here, AV = 3.2 mag (but note also
that an unplausible AV = 16 mag of local extinction would be re-
quired to reach the PNe area). It is clear that PN3 and PN5 lie in
the FLIERS/PNe area, whereas PN1, PN2, and PN4 are near the
proto-PN area (the HH objects from Brugel et al. 1981 are also
located here, as expected). For this region, the models that fit
the data are those of irradiated shocks with low ionization rates
(i.e., the lowest central-star temperatures in the simulations from
Raga et al. 2008; cf. their Fig. 11). Interestingly, the young PNe
Hb12, PM1-322 and PC11 are all located close to the normal
PNe (not the FLIERS) zone in this diagram.

7. Discussion of the nature of the sources

We summarize the information for the five newly discovered ob-
jects and discuss the probable nature of each source.

PN1: an unresolved source in Hα. The infrared properties
and optical diagnostic diagrams (Sects. 6.2 and 6.3) indicate that

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200811575&pdf_id=12
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Fig. 14. The [N ii]/[O iii] diagram adapted from Raga et al. (2008). The
locations of rims and shells of PNe (empty circles), FLIERS (filled cir-
cles) and proto-PNe (triangles) are from the original paper. We have
overplotted the locations of CRL618 and the young PNe as in Fig. 12,
together with our five PNe.

it is not a compact H ii region. PN1 has [SII] and [NII] line ratios
significantly different from HH objects (cf. Fig. 13). A T Tauri
or massive YSO is unlikely given its spectrum with little contin-
uum and its infrared characteristics. All data at hand for PN1 are
consistent with it being a dense, compact PN partly photo- and
partly shock-excited.

PN2: an unresolved source in Hα with extended faint nebu-
losity. Similarly to PN1, an H ii region is unlikely. Neither the
shape of the optical continuum of PN2 (Sect. 5.2), nor the in-
frared 2MASS/MSX data, nor the presence of high excitation
emission lines like [O iii] λλ4959+ 5007 Å are typical of T Tauri
stars, although a few peculiar T Tauri stars like Th 28 do show
[O iii] in emission (Appenzeller et al. 1983). However, the emis-
sion in Th 28 (and similar stars like DG Tau) originates in as-
sociated HH-like objects (cf. Melnikov et al. 2008) and we have
shown in Sect. 6.3 that the diagnostic diagrams separate PN2
very clearly from the HH objects (Figs. 12 and 13). Therefore,
the simplest hypothesis conforming all available data is that PN2
is similar to PN1: it is an evolved object in the transition phase
between a proto-PN and a young PN, where photoionisation is
already at work.

PN3: an unresolved Hα source with faint featureless contin-
uum and relatively high excitation lines. All the information to
hand points to a young, dense PN, but probably in a later stage
of evolution than PN1 and PN2.

PN4: a bipolar nebula with an unresolved high density core.
As for PN3, there is little doubt that PN4 is an evolved ob-
ject (c.f. IPHAS, 2MASS, and MSX diagrams; diagnostic dia-
grams) but it could be either a PN or a symbiotic star with an
associated nebula. We discuss these two alternatives in a more
general context in Sect. 9.

PN5: a faint extended nebula and radio source. All available
data indicate that it is an evolved bipolar PN.

In summary, all five new objects can be described as PNe ac-
cording to the diagnostic information presently available. PN1,
PN2, PN3, and PN4 show several line-flux ratios consistent with
being dense young PNe, while PN1 could be a proto/young PN
partially photoionized and partially shock-ionized.

8. Distances

IPHAS data provide the basis for a new distance determi-
nation tool that maps extinction at high angular resolution
(a few arcmin), drawing on the photometric parallaxes derived
from large numbers of A-K stars (Sale et al. 2009; see also Drew
et al. 2008). In Fig. 15, the extinction − distance (AV−D) curves
for the new PN sightlines, obtained from IPHAS field-star pho-
tometry, are plotted together with the visual extinctions and cor-
responding error bars for each of the new PNe. We note that the
possible effect of local extinction is not considered in this study;
if it is present for any object, the derived distance will be an
overestimate.

For PN1, the curve is not shown since the IPHAS photom-
etry along this sightline is not yet of survey standard in that its
photometric calibration is suspect.

PN2 is located towards the galactic anticenter, where the
largest galactocentric distances are expected, and this makes
PN2 especially interesting. However, the background around
PN2 is clearly patchy in the IPHAS images due to the presence
of a small molecular cloud centred 10′ from PN2 (Sect. 5.1).
Hence particular care was taken when analyzing its extinction
curve. Instead of deriving the curve from field stars located in
an area of 10′ × 10′ surrounding the object, as is commonly suf-
ficient, a smaller 5′ × 5′ area was used. This leads to a more
sparsely sampled curve, but should in principle provide a sys-
tematically more reliable guide to PN2’s sightline.

The data for PN2 (Fig. 15) show several jumps well above
the quoted errors; e.g., at 2.35 and 2.55 kpc. This happens be-
cause most stars in those bins are not evenly distributed across
the 5 × 5 field. For instance, 7 of 9 stars in the 2.55 kpc bin
are grouped in the periphery of an apparent “hole” (i.e., an area
empty of stars) located ∼50′′ SE of PN2, and serve to push the
extinction in that bin above that of its neighbours. Nevertheless,
what we do learn with some confidence is that the reddening of
PN2 is comparable with the asymptotic value derived from the
field stars, which accordingly places a lower limit on the dis-
tance, D >∼ 2 kpc.

For PN3, the AV −D curve is well sampled and the distance,
D = 1.8 ± 0.2 kpc deduced from it, is reliable.

For PN4, only a lower limit to the extinction is available
(Sect. 5.3), and this yields a limit to its distance D >∼ 2.2 kpc.
However, we note that the implication of the extinction − dis-
tance relation for this sightline (Fig. 15) is that the interstellar
extinction toward PN4 is very likely to be within half a mag-
nitude of AV = 3.2. We used this tentative value in previous
sections when needed.

For PN5, the extinction− distance relation implies a distance
of 6.1 ± 1.1 kpc. Since this object is very extended, we can also
estimate its distance using the empirical Hα surface brightness –
radius (S − R) method by Frew et al. (2006). The total Hα flux
was measured from the IPHAS images and corrected for the con-
tribution of [N ii] lines using the ratio derived from the spectrum.
Ignoring the very faint outer lobes, a reddening corrected total
Hα flux of 2.2 ± 0.6 × 10−12 erg cm−2 s−1 is obtained. From the
S −R relation for a subset of bipolar nebulae given in Frew et al.
(2006), from an apparent area of the central ellipse of the PN of
1000 ± 100 arcsec2, and from a geometrical radius of the central
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Fig. 15. The extinction – distance curves (Sale et al. 2009) for the new IPHAS PNe. Note that for PN4 the estimated distance is only a rough lower
limit. Each point refers to binned data given the weighted mean of the extinction and distance for the stars in the bin. The measured AV is shown
as a dashed line, with the vertical bar showing the measurement error.

ellipse of 17 ± 1′′, a distance of D = 6.8 ± 1.2 kpc is derived. As
mentioned in Frew et al. (2006), estimating the size of bipolar
PNe is generally more difficult than for round and elliptical neb-
ulae and this leads to greater surface-brightness errors. However,
it is clear that the distances derived from the AV − D method
and from the S − R method are large and mutually consistent.
Adopting the extinction distance of 6.1 kpc, the linear dimen-
sion of the object can be shown to be a quite remarkable 2.2 pc.

9. Discussion and conclusions

IPHAS provides us with a massive Hα database for the Galactic
plane of unprecedented depth and spatial resolution and is there-
fore able to unveil rare objects (such as those in the symbi-
otic/PNe uncertain area) or extremely short-lived stages of evo-
lution, such as the transition from a protoPN to PN.

We have presented, in Table 1, a list of 83 IPHAS objects
from the W08 catalogue of IPHAS emission-line stars selected
as PN candidates. For 35 candidates, either spectra is obtained
or the object type is determined using literature data. Eight ob-
jects are classified as PNe, four of which are newly discovered
objects. In addition, one extended PN (PN5) was found serendip-
itously; it is a distant bipolar PN, and its large physical radius
implies an old age.

Of the remaining four new objects (PN1, PN2, PN3, and
PN4), the last shows extended bipolar lobes around an unre-
solved high-density core, while the other three are unresolved.
These four nebulae have some remarkable characteristics in
common: all are extremely dense, PN1, PN2, and PN4 have iron
lines in emission, and PN1 and PN2 also show the Ca ii triplet
in emission. The presence of those lines generally indicates very
high densities, and even evolved PNe hosting an interacting bi-
nary nucleus can show Ca ii lines in emission, as in the case
of the quadrupolar PN G 126.6+1.3 (Mampaso et al. 2006). In
addition to these features, PN1, PN2, PN3, and PN4 also show
low-excitation emission-lines typical of PNe.

In Sect. 6, we studied our objects in various diagnostic dia-
grams to gain better insight into their nature. PN3 is the easiest to
interpret. Its small apparent size, relatively low excitation spec-
trum, high density, and diagnostic diagrams all support its clas-
sification as a young PN. The minimum size of a PN is set by
the time between the end of the AGB and the onset of ionisation.
This is typically<∼103 yr, which for a constant expansion velocity
of 20 km s−1 would give a minimum physical radius of <∼0.02 pc.
The physical angular radius of PN3, derived from the estimated
distance, is <∼0.003 pc. This reinforces its classification as a very
young PN.

The diagnostics of PN1, PN2, and PN4 are not straight-
forward to interpret. Their optical colours and position in the
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diagnostic-line diagrams that we have investigated, are fully con-
sistent with the hypothesis that they are very young PNe, still
physically very compact, but already photoionized – at least par-
tially – by the central star. Their spectra and emission-line ratios
do not support the alternative hypothesis that they are young stel-
lar objects (see Sect. 7).

However, their colours at wavelengths longer than the opti-
cal regime (2MASS, plus MSX and IRAS when available) are
not those typical of the bulk of known PNe. In particular, in the
2MASS colour−colour diagram (Figs. 1 and 2), they are located
in the area occupied by symbiotic stars of the D (dusty) type.
These are interacting binaries containing a hot white dwarf ac-
creting from the wind of a Mira variable. A large fraction of them
(Corradi 2003) display extended bipolar nebulae, which are mor-
phologically, spectrally and dynamically indistinguishable from
PNe. Separating the two classes of objects from an observational
point of view is a difficult task (Santander-García et al. 2008),
and there is an increasing sample of objects classified as PNe
falling in the uncertain category (Corradi 1995). Some of them
are extremely well-studied nebulae, like M2 9 and Mz 3, which
confirms the intrinsic difficulty in ascertaining the exact nature of
these objects. As a further proof of this, we note that, in spite of
its “symbiotic” NIR colours, VLTI observations of Mz 3 indicate
that the NIR emission of this object comes from a dusty disc,
too small to be able to accommodate a Mira star (Chesneau et al.
2007). Therefore, some objects classified as PNe and located in
the “uncertain” zone of the 2MASS diagram can be symbiotic
stars, and viceversa. This reminds us that colour−colour dia-
grams or diagnostic-line ratios are useful empirical tools for a
first classification of objects, but they just indicate specific phys-
ical conditions that can be shared by objects of differing evolu-
tionary status.

PN4 (and perhaps PN1 and PN2 also) fall in that uncertain
category, and we should keep open the possibility that they con-
tain a D-type symbiotic binary source. However, they clearly do
not show red-giant molecular bands (TiO, CO, CN, etc.), nor the
6830 and 7082 Å OVI Raman scattered emission lines, nor lines
from very high excitation ions (up to >100 eV like Fe+6) which
are typical of symbiotics. So, they do not fulfil the observational
definition of symbiotic stars given by Belczyński et al. (2000),
and, as a working hypothesis, we classify them as very young
PNe. Our effort, in the future, will be directed to determining
whether a symbiotic Mira is hidden in their centre – cf. the case
of He 2-104, whose symbiotic nature is undetected in the optical
and only revealed by NIR spectra and photometric light modu-
lation (Santander-García et al. 2008).
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