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ABSTRACT

We compare He, radio continuum, and Spitzer Space Telescope (SST) images of 58 planetary
nebulae (PNe) recently discovered by the Macquarie-AAO-Strasbourg Ha PN Project (MASH)
of the SuperCOSMOS Ha Survey. Using InfraRed Array Camera (IRAC) data we examine the
relationships between optical and MIR morphologies from 3.6 to 8.0 um, and explore the ratio
of mid-infrared (MIR) to radio nebular fluxes, which is a valuable discriminant between thermal
and nonthermal emission. MASH emphasizes late evolutionary stages of PNe compared with
previous catalogs, enabling study of the changes in MIR and radio flux that attend the aging
process.

Spatially integrated MIR energy distributions were constructed for all MASH PNe observed
by the GLIMPSE Legacy Project, using the Ha morphologies to establish the dimensions for the
calculations of the Midcourse Space Experiment (MSX), IRAC, and radio continuum (from the
Molonglo Observatory Synthesis Telescope and the Very Large Array) flux densities. The ratio of
IRACS8.0-pum to MSX 8.3-um flux densities provides a measure of the absolute diffuse calibration
of IRAC at 8.0 yum. We independently confirm the aperture correction factor to be applied to
IRAC at 8.0 um to align it with the diffuse calibration of MSX. The result is in accord with the
recommendations of the Spitzer Science Center, and with our results from a parallel study of Hi1
regions in the MIR and radio. However, these PNe probe the diffuse calibration of IRAC on a
spatial scale of 9" — 77", as opposed to the many arcmin scale from the HiI regions’ study.

Subject headings: Planetary nebulae — infrared: ISM — radio continuum: ISM — radiation mechanisms:
thermal — space vehicles: instruments
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a substantial 60% increase in the numbers of
Galactic Planetary Nebulae identified. This is
largely due to the excellent combination of reso-
lution (~ 1 arcsecond), sensitivity (~ 5 Rayleigh)
and areal coverage (4000 sq.degrees) offered by
this powerful online survey'. These 905 new
PNe have recently been published as the Mac-
quarie/AAO/Strasbourg H-alpha PN project
(MASH) by Parker et al. (2006). In this pa-
per we describe a multiwavelength examination of
a subset of these objects for which Spitzer Space
Telescope (Werner et al. 2004: hereafter SST) ob-
servations are available between 3.6 and 8.0 ym
from the GLIMPSE survey of portions of the
Galactic Plane (Benjamin et al. 2003; Church-
well et al. 2004). We compare multiwavelength
images of PNe in He, the 8.3-ym band of the
Midcourse Space eXperiment (MSX: Price et al.
2001), the four InfraRed Array Camera (IRAC:
Fazio et al. 2004) bands, and radio continuum
from either the Molonglo Galactic Plane Survey
in the south (MGPS2: Green 2002) or the NVSS
in the north (Condon et al. 1998).

MASH PNe lie within Galactic latitudes of
10° — 13°. MSX imaged the entire Galactic Plane
within £5° while GLIMPSE is confined to +1°.
For the present multiwavelength study of PNe
we investigated both regions of the GLIMPSE
survey, covering the longitudes from 10° to 65°
and 295° to 350°. As part of the final culling
of MASH candidates prior to publication, vari-
ous multiwavelength comparisons were made be-
tween MASH PN candidates and other extant
data from MSX, 2MASS and, for the area of over-
lap, GLIMPSE. There were 85 PNe candidates in
the MASH/GLIMPSE overlap zone to begin with.
Mid-infrared (MIR) data are valuable to study
the properties of these objects as well as to re-
move misidentifications from the MASH (Cohen &
Parker 2003). Parker et al. (2006) discuss in detail
how non-PN contaminants were eliminated from
the MASH catalog. An environment with the in-
dicators of active star-formation or heavy dust ob-
scuration, or an optical morphology showing mul-
tiple patches of nebulosity, possibly linked, suffice
to remove many Hil regions. Any object that lacks
Ha emission will appear the same in the narrow-
band Ha and accompanying broadband red con-
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tinuum exposures, precluding reflection nebulae
and normal galaxies. Compact HII regions were
eliminated by optical spectroscopy based on the
weakness of [N11](6548+6584) relative to Ha emis-
sion (hereafter [N11]/He). Additional emission-
line objects that are not PNe were rejected by op-
tical spectroscopy if they lacked the characteristic
PN lines (e.g. [O111] in the blue; [O1], [N11], and
[S11] in the red) or showed a continuum. MIR mor-
phology is often sufficient to discriminate between
PNe and Hil regions.

Fig 1 compares the Ha appearance with the
IRAC morphology of a PN candidate that has now
been reclassified as an Hil region. It was initially
considered a PN candidate because of its plausible
optical morphology and its reasonable optical red
spectrum (Fig. 2, with [N11]/Hea) of 0.60, close to
the cut-off value for HiI regions, of 0.70 (Kenni-
cutt et al. 2000). High extinction precluded blue
spectroscopy that might have revealed the absence
of PN lines. However, the relative locations of Ha
and 8-pm emission (see Fig 1, and what appear to
be possible secondary star formation regions (sev-
eral compact HII regions on the north-western rim)
are much more consistent with an Hil region.

Further examples of more subtle contami-
nants in the MASH are found among highly
collimated bipolar nebulae that contain dusty
equatorial disks producing thermal emission from
warm dust with temperatures typically in the
range 250-400 K. One such interesting object is
PHR1253—6350, previously identified as a possible
highly collimated bipolar PN with a bright cen-
tral star (CS). Fig. 3 presents both MIR and He
morphologies. (The MIR image is a 3-band false
color image as described in §3.2.) The nebular
spectrum (Fig. 4) is PN-like with [O111]/HB=10,
[N11]/Ha=0.1, but with an obvious blue, and a
weaker red, continuum. The CS is not blue but is
bright in the NIR with 2MASS photometry yield-
ing J — H~1.43 and H — K~1.41. Combining
these with a magnitude at 3.6 yum of 7.35, and
K-[3.6] of 2.87 indicates that the stellar photo-
sphere is overwhelmed by thermal emission from
~T00K dust (see Allen & Glass 1974, their Fig. 2).
The optical outflows coincide exactly with a strong
elongated emission ridge of a much more extensive
underlying MIR structure which extends in fila-
mentary form for several arcminutes from NE-SW.
These structures are clearly related and certainly



atypical of PNe, as are the rising continua. In
its Ha structure and the shape of its MIR. core,
this nebula is strongly redolent of the highly colli-
mated, high-density nebulae discussed by Corradi
(1995). He linked these systems to interacting
binaries containing a symbiotic star. Among the
usual nebular lines, and those from H and Her,
one sees four [Fell] lines that are associated with
symbiotic spectra. Hence a more likely identifica-
tion would be a highly collimated bipolar outflow,
perhaps from a symbiotic nucleus. Characterizing
PHR1253—6350 as a bipolar symbiotic outflow
does not explain the relationship between this ob-
ject and its environment. Does the geometry of
the extended MIR emission indicate the passage of
this star through the interstellar medium (ISM),
represented by the filaments? Or was the object
born within the material traced by the halo of MIR,
emission that surrounds it and that is excited by
the bright bipolar nebula inside? Although we
regard this object as a non-PN, the influence of
environment on the evolution of PNe is still a rel-
evant issue. This intriguing object is the subject
of a separate paper (Parker, Cohen & Frew, in
preparation).

One further caveat relates to the constraint im-
posed by the GLIMPSE survey parameters on
MASH PNe in this paper. The narrow latitude
range, around the Galactic Equator, of GLIMPSE
should result in relatively few PNe because of the
heavy extinction. The MASH survey has found
new PNe in the plane because of the excellent sen-
sitivity of the AAO/UKST Ha survey, where the
longer central wavelength of the interference filter
compared with more traditional PN search tech-
niques based on [O111] detection, is less affected by
extinction. Part of this success also stems from
the evident patchiness of the optical obscuration.
However, only 6% of the MASH catalogued PNe
lie within one degree of zero latitude. In fact, one
might well identify an Ha emission region along
an unusually clear line-of-sight as an isolated PN
when it is merely a less obscured part of a larger
entity. A good example of this phenomenon that
again emphasizes the value of MIR maps of the
plane is shown by Fig. 5. PHR1841—0503’s loca-
tion is identified by the cross in this 8.0-uym Spitzer
image. One can now recognize that the candi-
date corresponds only to a local optical brighten-
ing along an extended ridge of polycyclic aromatic

hydrocarbon (PAH) emission. If the small west-
erly offset from the center of the MIR ridge were
significant then one might argue for the ridge to
represent a photodissociation region (PDR) cre-
ated by ionizing radiation from some star(s) to
the west of the sinuous bright 8.0-ym filament.

Careful consideration of MASH optical spec-
tra, and of MSX and Spitzer imagery of MASH
PN candidates resulted in the rejection of a total
of 27 candidates: 4 objects were found to corre-
spond to portions of known supernova remnants;
4 are inconclusive identifications following consid-
eration of the available optical and IR data; one
is a symbiotic star; 2 are “likely” PNe; and the
remaining 16 are probably Hil regions and were
anyway never classified as more than “possible”
PNe. Fifty-eight nebulae survived this cull, com-
posed of 28 true, 16 likely, and 14 possible PNe
(from the classification categories of Parker et al.
2006). Objects inconclusive in nature have been
placed in the MASH Miscellaneous Emission Neb-
ulae (MEN) catalog until their true character can
be revealed. Some of these may later turn out to
be PNe and will return to MASH.

In this paper we present the sample of PNe
and summarize their multiwavelength characteris-
tics (§2); describe the tools we use to confirm true
MIR counterparts of the 58 objects (§3); compare
the ratio of IRAC 8.0-uym to MSX 8.3-um fluxes
to investigate further the accuracy of IRAC’s ab-
solute diffuse calibration on smaller spatial scales
than probed by Cohen et al. (2006) in their
study of HIT regions (§4); compare the IRAC col-
ors of the MASH PNe with those found by Hora
et al. (2004) to provide a diagnostic color-color
plot which distinguishes PNe from other sources
in the GLIMPSE data (§5); examine the ratio
of spatially-integrated MIR /radio flux density for
PNe (§6); and compare MIR and optical mor-
phologies of PNe (§7). §8 gives our conclusions.

2. The sample of PNe and available data

Table 1 contains the following information: Col-
umn (1) — source name; Column (2) - status of
the PN as true (T), likely (L), or possible (P);
Columns (3-4) — Galactic coordinates in degrees;
Columns (5-6) — J2000 Equatorial coordinates
with units shown; Column (7) — optical dimen-
sions in arcsec; Column (8) — optical morphology



code, described in §2.1 and in Parker et al. (2006);
Column (9) — shows the presence (“y”) or absence
(“n”) of a clear MIR false-color counterpart (from
IRAC) to the PN; Column (10) — indicates if an
IRAC counterpart (in any or all of the 4 bands) is
linked morphologically to the Ha nebular image;
Columns (11-13) — list any MSX 8.3-um or radio
continuum counterparts, with the presence (“y”)
or absence (“n”) of detections listed and “...” in-
dicating that no image from MGPS2 or NVSS was
available; Column (14) — notes if the likely central
star of the PN is detected, with “0” implying an
optically identified CS candidate in an appropriate
position (for three PNe that candidate is optically
blue and is footnoted), “i” signifying a CS can-
didate found in 2MASS images, “m” indicating
a possible stellar candidate in at least one IRAC
band, and “N” denoting nebular emission seen in
2MASS. One of the MASH PNe, PHR1815-1457,
designated as a likely PN, lies so close to the upper
limit of latitude in the GLIMPSE coverage that it
was unobserved at 3.6 and 5.8 um, although im-
ages are available in the other band pair (4.5 and
8.0 um) because of the different fields of view ob-
served through IRAC’s two dichroic beamsplitters.

When looking for the MIR counterpart mor-
phologically, one may see a resolved source ex-
actly matching the ionized gas as traced by the
Ha image. If this occurred in the two short IRAC
wavelengths (3.6 and 4.5 pum) it would suggest
that recombination lines dominated the emis-
sion in these two filters (e.g. Pfy at 3.3 um and
Bra at 4.05pum, respectively). Alternatively, if
there is 5.8 and 8.0-pum emission that follows
the form of the ionized gas but with a greater
extent, then we would attribute the MIR emis-
sion in these two bands to radiation from fluo-
rescing PAHs in a PDR that wraps around the
PN. Only five nebulae are detected by 2MASS as
extended near-infrared objects: PHR1457—5812,
PHR1831—0805, PHR1843—0325, PHR1857-+0207,
and PHR1619—4914 (PM5, the only known
Galactic [WN] central star of a planetary nebula
(Morgan, Parker & Cohen 2003)).

The position of a potential CS might be close to
the optical centroid (i.e. the coordinates provided
in Table 1) for a ring, an elliptical or a bipolar
nebula. For arcuate or partial ring nebulae the
relevant location would be the center of curvature
of the arc. Ten of the PNe, or 17% of the sample,

show optical CS candidates; 12% near-infrared;
and 24% MIR.

2.1. GLIMPSE residual images

Unlike with the MSX images, we have worked
from GLIMPSE “residual images”. These are
3.1°x2.4° images with 1.2" pixels from which
all GLIMPSE point sources have been removed.
The residual images are ideal for enhancing the
recognition of diffuse nebulosity in regions of high
point source density and enable a far more reli-
able photometry of such emission. The residual
images use our adaptation of DAoPHOT for all
GLIMPSE sources detected down to 20, deeper
than the publicly released Catalog and Archive
point source lists that are required to meet higher
reliability criteria by sources being detected mul-
tiple times at a 50 level in one or more channels.
No measurements less then 30 are ever listed in
either the GLIMPSE Catalogs or Archives. Thus
there are faint 2—3-0 point sources that are sub-
tracted from the residual images but which are
not listed in GLIMPSE enhanced products. Resid-
ual images may contain sources not extracted by
DAOPHOT, such as saturated sources and sources
that peak beyond the non-linearity limit for each
band. These objects were analysed individually
and their integrated flux densities were subtracted.

2.2. Nebular morphology descriptors

A detailed description of the morphological
classifications applied to the sample and some
of the subsequent analysis form the basis of a
separate paper (Parker et al., in preparation).
However, after review of the existing categories,
an adaptation of the current Corradi & Schwarz
(1995) scheme was employed, which is based
on a system developed by Schwarz, Corradi &
Stanghellini (1993). A basic “ERBIAS” classi-
fier is used to indicate PNe which are Ellipti-
cal, Round, Bipolar, Irregular, Asymmetric or
quasi-Stellar (point source). We add a distinc-
tion between elliptical and circular PNe, based
on interest in their canonical Stromgren spheres
(e.g. Soker 2002) where an object is considered
to be Round (circular) if the difference between
estimated major and minor axis is <5%. In uncer-
tain cases a dual classification might be applied
such as “E/B?”. We then add a sub-classifier



“amprs” to indicate an asymmetry “a”, multi-

ple shells or external structure “m”, point-like
structure “p”, a well-defined ring structure “r”
or resolved internal structure “s”. Typically, only
one “ERBIAS” classifier is given, but several “am-
prs” sub-classifications, listed alphabetically, may
be applicable. Our sample of 58 PNe is com-
prised of elliptical nebulae (51%), bipolar (28%),
round (9%), asymmetric (7%), and irregular neb-
ulae (5%). The fraction of bipolar objects in the
entire MASH is 12.5%. Limiting our sample to
the very low latitude coverage of GLIMPSE has
more than doubled the fraction of bipolar nebulae
in our sample.

The correlation between highly bipolar PNe
and strongly enhanced He and N abundances is
now well-known (e.g. Corradi & Schwarz 1995)
but the linkage between chemistry and morphol-
ogy was first noted by Greig (1967, 1971). Subse-
quently Peimbert (1978) and Peimbert & Serrano
(1980) defined Type I PNe in terms of threshold
values of He or N abundance. Most Type I PNe
were found to be bipolar (Peimbert 1978; Peim-
bert & Torres-Peimbert 1983), while surveys of
bipolar PNe (Corradi & Schwarz 1995) confirmed
their chemical peculiarities and added enhanced
Ne abundance to these. As a class, Type I PNe
have larger than average diameters and expansion
velocities (Corradi & Schwarz 1995), hotter and
more massive CS (Tylenda 1989), smaller scale
heights (e.g. Stanghellini 2000), and deviate from
the circular rotation of the Galaxy. Their asso-
ciation with more massive progenitors than typ-
ical PNe is widely acknowledged on theoretical
grounds too (e.g. Becker & Iben 1980; Kings-
burgh & Barlow 1994). This is consistent with
the high proportion of new Type I PNe found by
the MASH, with its low-latitude coverage.

3. MIR counterparts of the MASH PNe

3.1. 8.0-ym IRAC imagery

To find the PAH emission commonly associated
with PNe (e.g. Cohen et al. 1989) we searched
for MIR counterparts at 8 yum. Hence, as part
of the rigorous checking of all MASH candidate
PNe prior to finalization of the catalog, an initial
check against available MIR data from MSX was
made. This was later supplemented at the lowest
latitudes, by the new GLIMPSE data. As a conse-

quence of this combined effort a significant number
of Hil contaminants were culled from the MASH
database before its publication. However, there
are also a significant number of obviously spatially
extended 8.0-um counterparts of PNe. Fig. 6 il-
lustrates two such objects, both classified as true
PNe: PHR1246—6324 and PHR1457—5812. Both
were detected by MSX but no morphology could
be discerned. The figure compares MIR structures
(upper images) with their corresponding He im-
ages (lower images). PHR1246—6324 has a clear,
tight, bipolar morphology while PHR1457—5812
is compact but asymmetric. Yet the similarities
between the MIR and optical are clear. The an-
gular sizes of the MIR and Ha images are in close
agreement, with identical position angles of the
main axis of symmetry.

3.2. False-color Spitzer imagery

MIR spectra of PNe are not always dominated
by PAH emission bands. To eliminate the poten-
tial bias against any PN for which thermal emis-
sion from dust or ionic fine-structure lines might
be the major contributor to radiation in the IRAC
bands we made a second comparison. False-color
images were produced using IRAC’s 4.5, 5.8, and
8.0-ym bands shown in blue, green, and red, re-
spectively. This particular trio avoids the clutter
due to the high stellar density in the 3.6-xm band.

The MSX data at 8.3 and 12.1 um also measure
PAH emission, but 12.1-pm was generally not sen-
sitive enough to provide a confirming detection.
By contrast, the IRAC results offer three sensitive
bands capable of sampling PAH emission (3.6, 5.8
and 8.0-pum). The 3.3-um PAH band lies within
IRAC’s 3.6-um band but its strength is typically
only 10% of that of the 7.7-ym PAH band, while
the 6.2-um PAH feature attains 56% of the 7.7-um
band in PNe, reflection nebulae, and Hil regions
(Cohen et al. 1986; their Table 5). Therefore, 3.6-
pm imagery is not a sensitive tracer of PAHs, and
we looked for similar morphologies in the 5.8 and
8.0-pum bands to confirm the existence of PAHs,
that are often the dominant spectral features in
PNe. Furthermore, it is well-known that PNe also
produce emission from lines of Hy (ro-vibrational
and pure rotational lines; e.g. Cox et al. 1998).H,
lines can contribute to emission in several IRAC
bands. They are chiefly seen at 8.0 ym (Hora et
al. 2004) but can be responsible for over 90% of



the flux detected in IRAC’s 3.6, 4.5, and 5.8-ym
bands (Hora et al. 2006). This molecular emission
in PNe can arise either in the warm molecular zone
of a PDR or in shocks. In NGC 6302 the molecular
gas is photo-dissociated (Bernard-Salas & Tielens
2005) while, in the main ring of the Helix, 90%
of the Hy emission is in shocks and only 10% in
PDRs (Hora et al. 2006). Such PNe could ap-
pear red but might have different morphologies at
5.8 and 8.0 um, rather than identical structures as
with pure PAH emission.

We intended the 3-color image to be a simple
pragmatic tool that treats every PN’s trio of im-
ages identically. We used Ds9 in its RGB mode.
Each of the three color images for a given PN was
displayed with the same stretch: linear and zs-
cale. These images were examined for evidence of
an extended counterpart to each PN, that had a
distinctive color compared with its surroundings.
Clearly, MIR-bright PNe will stand out against a
dark sky background, whatever their false color
(typically red). Fig. 7 displays 10 PNe that are
recognizable by this technique. Six are very ob-
vious examples demonstrating the power of this
identification technique, while 4 others illustrate
its capability for robustness in the presence of
complicated MIR background emission. Indeed,
we are investigating the prospects for discovering
new PNe, too obscured to be visible in the SHS,
by using GLIMPSE 3-color imaging alone.

PHR1844—0503 (top image of second column of
MIR composite images in Fig. 7), whose position
is indicated by the small green circle based on the
optical position, epitomizes the obvious matches,
despite confusion with a diffraction spike from a
bright source at the northern edge of the image.
The orange periphery and yellow core distinguish
the PN from artifacts and from the many stars
seen in the field.

PHR1157—6312 (top image of first column in
Fig. 7) lies in a field that is relatively sparse in
stars but suffers from bright MIR “cirrus” emis-
sion that permeates almost the entire 4x4 arcmin
field that we show. The PN is the scarlet diffuse
patch just below the field center, strongly con-
trasting with the widespread orange diffuse emis-
sion and predominantly green noise. Twenty one
nebulae (36% of the 58) have definite, resolved,
counterparts that are distinguishable from their
environs by false color imaging. The dominant

colors associated with these 21 MIR. counterparts
separate into three groups: 8 are red; 10 are violet;
and 3 are orange.

Red most likely represents dominant 7.7 and
8.7-um PAH band emission. Orange could im-
ply either of two explanations: PAH emission with
strong 6.2-pm emission (comparable intensities in
the 5.8 and 8.0-pum bands would lead to orange
or yellow in false color) or Hy emission lines which
are strongest in IRAC’s 8.0-um band but also con-
tribute to the 5.8-ym band chiefly through the
0—0S(7) line (e.g. Hora et al. 2006). Violet
objects could also represent two types of PN. In
high-excitation PNe, ionic lines of heavy elements
such as [Mg1v] (4.485 pm) and [Arvi] (4.530 pm)
are very strong and fall in IRAC’s 4.5-uym band.
However, such an object would also emit strongly
in the 8.99-pm [Arinl], 7.90-pm [Arv], and 7.65-
pm [Nevi] lines in the 8.0-ym band. A combina-
tion of high-excitation lines would increase emis-
sion in both the 4.5-pym and 8.0-pum bands, leading
to violet in the false-color image. As a second sce-
nario we suggest another possibility, namely low-
excitation PNe in which the H recombination lines
are the dominant spectral features. The combina-
tion of Brar and Pfg (in the 4.5-pm band) would
overwhelm Pfa and lines such as HI 6—8 (in the
5.8-um band). Flux density ratios 4.5-pm/8.0-um
in typical PNe are very small except when H lines
are dominant. Ratios of 5.8-pum/8.0-ym emission
without substantial extinction, for PNe dominated
by (i) PAH bands, or (ii) Hy lines, or (iii) H re-
combination would be about 0.5 (Cohen & Bar-
low 2005, Tables 2,3) , 0.3 (Hora et al. 2006, Ta-
ble 2), and 0.1 (using the H recombination lines in
NGC7027: Bernard-Salas & Pottasch 2001), re-
spectively.

Although the statistics are very limited, we note
from the available MASH optical spectroscopy
that the average ratio of [Niu]/Hea for the seven
PNe with red 3-color images (excluding PM5
which has Hell rather than He) is 2.440.5, the
three orange PNe give 6.3+1.7, while that for ten
nebulae with violet images is 1.04+0.5. It appears
that the false color combination of IRAC bands
2, 3 and 4 can differentiate between PNe of high
and low [N11]/Ha. Thus we propose the follow-
ing model to explain the MIR false colors and op-
tical excitations of PNe. “Red” PNe are PAH-
dominated and of modest excitation, “orange” ob-



jects are dominated by Hy or high-excitation fine-
structure lines and “violet” nebulae are dominated
by H recombination lines and are of low or very
low excitation.

For the 22 PNe with [Ni1]/Ha >3, 9 objects
(41%) have a bipolar morphology, suggesting that
this line ratio may be a valuable proxy for selecting
Type I PNe (see also Parker et al., in preparation).
No such patterns emerge in the smaller sample of
PNe with measured ratios of [O111]/HJ intensities.

3.3. Overlays of MIR on Ha images

To locate the MIR counterparts the Ha images
were regridded to Galactic coordinates with the
same projections as the GLIMPSE maps and each
of the four IRAC images was overlaid as contours
on the Ha image. “Quartets” of these overlays
were inspected. Most of these IRAC counterparts
are clearly resolved and many have similar mor-
phologies to that shown by the PNe in Ha, at
least at the shorter IRAC wavelengths. The low-
est contours displayed in all quartets were set as
the mean off-source level of emission plus 3 stan-
dard deviations. Filaments of PAH emission (in
the 5.8 and 8.0-ym bands) that might represent
limb-brightened PDRs will appear displaced from
the periphery of a PN. In addition, one can read-
ily recognize potential MIR counterparts to the
PN central stars. For 9 of the 58 PNe (16%) we
could identify a candidate central star in one or
more IRAC bands. Generally these are blue; i.e.
they become monotonically fainter with increasing
IRAC wavelength.

To illustrate how the quartets were used to de-
termine the MIR counterparts to PNe, we present
four such quartets, chosen to highlight different
features in the nebulae, their probable MIR emis-
sion processes, and their central stars.

The first quartet, presented in Fig.8, shows the
small nebula PHR1857+4+0207 that appears in an
otherwise empty field. Note the progressive in-
crease in size of this likely PN with increasing
wavelength, and the change in its morphology
from the asymmetric enhanced brightness of the
southern limb in the three shortest bands to the
large circular appearance at 8.0 ym. We identify
the 8.0-ym structure and the increase in size at
5.8 um as due to a substantial PDR that envelops
the entire ionized zone. Ionic fine structure lines

probably account for the changing size from 3.6 to
5.8 pm.

The second quartet, Fig. 9, offers an optically
and MIR-bright true PN, PHR1246—6324. This
field has several blue stars at 3.6 and 4.5 um, in
particular one bright star just below the PN’s cen-
ter, which seems to be unrelated to the nebula.
The number of stars detected falls with increas-
ing wavelength (as expected for random stars in
their Rayleigh-Jeans domain) and only the bright-
est one is still detected at 8.0 um. The PN is
bipolar and the bright Ha axis is filled across
the pinched waist. This elongation is also seen
in the MIR. Unlike in Fig. 8, the 3.6 and 4.5-um
bands are almost identical in appearance and di-
mensions, which closely match the distribution of
ionized gas traced by Ha. This is due either to
recombination lines in these two short bands (e.g.
Pfy and Bra, respectively) or to thermal emis-
sion from dust grains, close to the central star,
which are heated by direct starlight. In both the
longer bands the PN is markedly larger in lati-
tude extent, reflecting the contribution by PAHs
in the PDR in the outer portions of the nebula.
The inner contours suggest thermal emission by
cooler grains in a somewhat tilted dust disk. This
dust emission must be optically thin to produce
the two peaks, presumably from limb-brightening
along the line-of-sight to the circumstellar dust
disk. The U-shaped curvature of the second high-
est 8.0-um contours strongly suggests that IRAC
has resolved a tilted dusty disk.

Fig. 10 presents PHR1457—5812, in the third
quartet; a true PN with a very different MIR struc-
ture, also shown in Fig. 6 and in Fig. 7 (left col-
umn, third image down). One must ignore the
two unrelated point sources projected against the
western edge of the PN. It is a compact but asym-
metric true PN with a strongly enhanced east-
ern edge. The curving eastern portion with the
bright Ha emission coincides with the peaks of
MIR counterpart in the three longer IRAC bands.
These MIR peaks shift slightly with wavelength
but the spatial extent of the resolved structure is
remarkably similar at 3.6 and 5.8 yum where it lies
inside the Ha image, and again at 4.5 and 8.0 ym,
where it is slightly more extensive with a bound-
ary very well-matched to that of the ionized gas.
Despite the redness (Fig. 7) this pattern does not
suggest the presence of PAHs. It seems more in-



dicative of strong emission by the pure (¢v=0-0) ro-
tational lines of Hy within the IRAC bands. These
lines dominate the MIR emission of the Helix Neb-
ula (Cox et al. (1998); Hora et al. (2006)) and
are strong in high-excitation PNe (Bernard-Salas
& Tielens 2005). This would also account for the
nebular detection by 2M ASS, which is brightest in
the K, band that includes H; from the strong S(1)
1-0 line. Optical spectra available from MASH for
this object show [N11]/Ha ~4 but only weak [O111]
in the blue due to high extinction. There is also
weak [Arlll] at 7136A but no evidence of higher
excitation Hell.

The fourth quartet appears in Fig. 11, which
represents the inner parts of the bipolar true PN
PHR1408—6229, whose brightest Ha component
is the east-west edge-on disk that is shown in
each figure. The two flanking regions represent
optically-thin, limb-brightened, ionized gas viewed
at the extreme edges of a circumstellar torus of
gas. The bipolar lobes are much fainter and ex-
tend far to the north and south of this disk. Three
stars appear against the western side of the torus
at 3.6 and 4.5 ym but disappear at 5.8 ym, to be
replaced by a small diffuse patch. This becomes
more prominent at 8.0 um. We interpret this, and
its fainter eastern counterpart, as PDRs lying just
outside the bright ionized edge of the central disk.
The peak of the eastern PDR is clearly displaced
from the Ha emission. The PN has a size in Ha of
82""x46". Large PNe lack PAHs, perhaps because
these lower density nebulae are optically thin to
ionizing radiation and have no PDRs. The only
large PNe in which PAHs have been detected are
bipolar, high-excitation PNe in which PAHs are
found in a high-density central circumstellar disk.
We note that PHR1408—6229 has [N11]/Ha of 8,
and shows [O111] > Hf so it may well be another
high-excitation bipolar PN. It is fortunate that a
blue spectrum of this object exists to support this
conclusion. Often the MASH PNe have lower qual-
ity blue spectra because the heavy extinction so
close to the Plane requires extremely long integra-
tions to detect a useful result.

3.4. The fraction of PNe with the most
convincing MIR counterparts

Not every PN that can be recognized by false-
color imaging can be meaningfully extracted from
its surroundings; for example, PHR1843—0325

(Fig. 7; bottom right corner). We focus now on
the most convincing MIR counterparts of MASH
nebulae. These are PNe for which robust quantita-
tive estimates can be made of 8-pm emission above
their surroundings. Among the 58 PNe we found
14 (24%) such MSX counterparts and 19 (33%) us-
ing GLIMPSE images due to the higher sensitiv-
ity and resolution of IRAC. These seem like small
numbers of MIR counterparts detected compared
to the success rates enjoyed by the MIR surveys
made in the 1980s of the then known PNe, later
compiled into the highly heterogeneous catalogs
of Acker et al. (1992,1996) and Kohoutek (2000).
What differentiates the MASH PNe from the tra-
ditional, but highly heterogeneous compilations of
PNe first assembled at Strasbourg?

Firstly, the previously known PNe catalogued
by Acker and colleagues and independently by
the various compilations of Perek and Kohoutek
(e.g. Kohoutek 2000), were largely detected origi-
nally in the optical from broadband, narrow-band,
or objective-prism photography. Unsurprisingly,
these samples represent the bright end of the PN
luminosity function and those nearest the sun
which are less extinguished. It is only recently,
with the advent of new surveys in the infrared
and optical using, for example, combinations of se-
lected narrow-band filters and CCD imaging, that
more extinguished, lower surface brightness and
more evolved PNe have been detected in signifi-
cant numbers. A brief summary of these small-
scale projects appears in the main MASH paper
of Parker et al. (2006) but it is the MASH survey
itself that has changed the situation most dramat-
ically (see later).

Early MIR work drew upon the previously pub-
lished PN compilations and found all the IR-bright
nebulae amongst the known optical PNe. For ex-
ample, at 10 yum Cohen & Barlow (1974,1980) de-
tected 52% of their combined total of 145 of the op-
tically best-known PNe with apparent diameters
<30"”. Consequently, a large fraction would be ex-
pected to have MIR counterparts. Cohen & Bar-
low (1974) also noted that those PNe whose cen-
tral star showed an optical emission-line spectrum
were more likely to have MIR detections. Other
programs have made use of the specific IRAS col-
ors of PN candidates through the far-infrared (60
and 100 um) excess associated with the cool dust
in the nebulae. Ratag & Pottasch (1991) and van



de Steene & Pottasch (1995) identified 63 new PNe
and 67 possible PNe. There is always a ques-
tion mark over such candidates until confirmatory
spectroscopy and high resolution optical, NIR, or
radio imaging are obtained.

Young compact PNe are dense, surrounded by
dust grains that are heated dominantly by direct
starlight. Most of these were already known from
early optical searches. Mature PNe that have ex-
panded significantly derive most of their MIR ther-
mal emission by absorbing resonantly trapped Ly-
« photons (Cohen & Barlow 1974). This mecha-
nism acts as a thermostat so that all grains in the
ionized zone of a PN see approximately the same
intensity of UV radiation and attain the same tem-
perature, typically just above 100 K. At this tem-
perature, the bulk of the thermal dust emission
is radiated at wavelengths longer than 25 ym and
does not lead to bright emission near 8 ym from
PNe. The dominant emission processes that can
be observed in PNe by IRAC are fluorescent PAH
bands from the PDR, fine structure lines from the
ionized zone, stratified outward in the nebula ac-
cording to decreasing excitation level, and H; lines
that arise chiefly in the warm regions of the PDR.
Forbidden atomic lines also emit in the PDR but
these radiate principally between 35 and 158 ym,
outside the range of the IRAC.

MASH has greatly increased the number of the
most highly evolved optical PNe known. Indeed,
it has discovered even more extreme examples of
the phenomenon of PNe that are dissolving into
the interstellar medium, e.g. Plerce et al. (2004).
Such PNe are inherently of low surface brightness,
except at possible shock fronts, and so become un-
detectable at increasing distance from the sun and
as the interstellar extinction levels become signif-
icant. MASH PNe span a broader evolutionary
range than the previously published PNe and are
generally more evolved, obscured, of lower sur-
face brightness and greater angular extent than
those of most other PN catalogs. These combined
properties naturally lead to lower levels of MIR
detectability with current survey sensitivities in-
cluding GLIMPSE, though the success rate here is
higher than for the same region covered by MSX.
These characteristics and the implications for MIR,
detectability are explored in more detail below.

3.5. The MIR attributes of MASH PNe

As a PN ages many factors affect its MIR-
detectability. When the density drops below
Ne~1000cm™3, Ly-a photons are no longer
trapped in the ionized zone and dust grains can
absorb only dilute starlight that provides little
thermal heating, particularly as the central star
descends the white dwarf cooling track. Lower
density nebulae are optically thin to ionizing ra-
diation and have no PDRs unless they are also
bipolar and surrounded by dense circumstellar
disks (Cohen & Barlow 2005). Extensive neutral
and molecular material resides outside many PNe
from previous mass lost while the star was on the
asymptotic giant branch (AGB). Indeed, the bulk
of the stellar ejecta in PNe must occupy extensive,
but optically-faint, AGB halos that are created by
slow AGB winds and are either neutral or only
weakly ionized. Advancing age also increases the
fraction of total PN mass in the form of ionic gas,
while decreasing the atomic and molecular gas
masses (Bernard-Salas & Tielens 2005), reduc-
ing PAH and H, emission and lessening nebular
detectability by IRAC. While these authors em-
phasize the importance of the PDRs around PNe
they state explicitly that these regions are thin
compared with the ionized zones. Therefore, they
do not treat extended halos in their analysis so
their “total mass” excludes AGB halo material.
However, their overall results are robust as re-
gards the PDRs and the ionized regions of these
nebulae to which the MASH, IRAC, and radio
continuum are sensitive. As a nebula ages and
expands, the radiation field at large radii is more
dilute even as the nebula itself becomes optically
thin. Those PAHs that still survive are bathed in
a diminishing far-UV radiation field, which can be
quantified by plotting incident far-UV flux against
PN diameter (Bernard-Salas & Tielens 2005: their
Fig. 3). Recombination occurs if denser clumps
remain in the inner nebula and previously neutral
gas continues to expand slowly outwards.

Not every PN is carbon-rich, containing PAHs.
Oxygen-rich PNe also have dust grains, identified
by their silicate spectral features, which peak near
10 ym. These contribute relatively little to the
IRAC 8.0-pum band, whose relative spectral re-
sponse curve drops abruptly beyond 9 ym. Fur-
thermore, for a PN with a low gas-phase ratio
of C/0, the fraction of total nebular IR luminos-



ity emitted in PAHs is correspondingly decreased
(Cohen & Barlow 2005: their Fig. 3). Therefore,
fewer 8-pum counterparts should be found among
PNe that are highly evolved, or physically large,
or of low C/O abundance ratio, and among those
for which the central stars exhibit no stellar winds
(seen via Wolf-Rayet or Of emission lines). Of
our 58 PNe, only PM 5 has a known emission-line
central star. Consequently, a much smaller pro-
portion of MASH PNe are expected to have MIR
counterparts, as has been found.

Preliminary central star identifications have
been made for about 15%-20% of the MASH cat-
alog nebulae, mostly based on a method in which
all the available photometric images (SuperCOS-
MOS Sky Survey, He, blue and red images, etc.)
have been examined. Central (blue) star cendi-
dates were identified by combining the UKST B;
(ITIaJ), UKST Short Red, and He, images as the
blue, green and red elements of a false-color com-
posite and blinking this composite with differences
or ratios between B; and R (UKST Red, IIIaF)
images. On close inspection, many of the fainter
stars in these tri-color composites are “blueish”, a
consequence of the fainter limiting magnitude of
the blue IITIaJ emulsion in general. In a crowded
field there is a good chance of one of these faint
“blue” stars appearing close to the geometric cen-
ter of an extended PN and being identified as the
true CS. UBV I photometry is, therefore, needed
in all doubtful cases. However, because there are
so few candidate blue stars in this paper (most
PNe in GLIMPSE are at very low-latitudes and
suffer high extinction), it is not really a factor.
PHR1447-5838 and PHR1244—6231 are currently
the only really clear cases of a blue CS candidate.

3.6. Notes on individual objects

Individual MASH PNe are detailed below if
they illustrate aspects of the process of establish-
ing multiwavelength identifications.

PHR1813—1543: the radio counterpart appears to
be a double source, perhaps a background radio
galaxy. There is no MIR counterpart within the
PN nor around its periphery.

PHR1826—0953: The radio source is located ex-
actly at the Ha centroid of the PN. The MSX
counterpart of a bright star fills much of the area
of the PN. In the IRAC mosaic image the stellar
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diffraction vanes make accurate analysis impossi-
ble. However, the GLIMPSE residual images in-
dicate that the star is not associated with the PN
because it lies far from the optical centroid of this
oval bipolar nebula. Bright diffuse emission lies
across the PN so that it is difficult to provide a
useful upper limit with MSX (<160 mJy at 8.3 um
is given in Table 2). There is clearly an excess of
MIR emission within the PN and this can be mea-
sured using the residual images to give an IRAC
8.0-pm detection of 170 mJy.

PHR1843—0232: The NVSS radio source in this
vicinity is not associated with the PN. There are
clear indications of a surrounding PDR that wraps
around 270° of the PN’s outer rim at 8.0 yum. How-
ever, the region is suffused by bright streamers
and extended 8.0-ym emission so that an esti-
mate of the MIR emission from the PDR is im-
possible. This situation occurs frequently and
emphasizes the impossibility of undertaking any
uniformly flux-limited survey within the Galactic
plane. The problem is illustrated for this PN in
the final panel of the montage of 3-band false-color
images in Fig. 7 (bottom right corner). The 8-ym
sky brightness in the immediate vicinity of the PN
is about 70 MJysr—'.

PHR1457—5812: The MSX Point Source Cata-
log ver.2.3 (PSC2.3) offers only an upper limit
at 8.3 um of <110mJy, consistent with our de-
tection of spatial integral of 78 mJy above local
background in a region encompassing the PN’s Ha
extent.

PHR1619—4914: This object is “PM 5”, the only
PN known in the Galaxy to have a central Wolf-
Rayet star of type [WN] (Morgan, Parker, & Co-
hen 2003). Although the MSX PSC2.3 lists a value
of 600 mJy at 8.3 um this is not of the entire PN,
which is substantially larger than the MSX point
spread function (PSF)), nor does it reflect an ac-
curate estimate of the CS which lies in bright PN
nebulosity. An estimate using the IRAC images
suggests that the CS contributes about 25% of the
PN’s total integrated flux at 8.0 um. A more de-
tailed examination of this PN with Spitzer will be
presented by Cohen, Shupe, & Parker (in prepa-
ration).

PHR1223—6236: This object shows weak evidence
for an association between the PN and diffuse
patches of 5.8 and 8.0-ym emission on the NE and
SW rims. A bright star is projected against the



NE rim making it difficult to distinguish between
artifacts of this point source and MIR extended
emission. However, the residual image definitively
shows diffuse 8.0-pm emission distinct from the
stellar PSF.

RCW 69 (PHR1244—6231) is a relatively nearby,
evolved Type I bipolar PN (Frew, Parker, & Rus-
seil 2006), viewed through the Coalsack. RCW 69
is one of the closest PNe in the GLIMPSE sam-
ple (1.3+0.2kpc) and it is also intrinsically large
(1.6x 1.5 pc?). It has an elongated central bar in
optical images which likely represents a thick edge-
on torus similar to the ring seen in the Helix neb-
ula (O’Dell, McCullough, & Meixner 2004), but it
is much fainter in Ha surface brightness than the
Helix and is more evolved. Frew et al. (2006) iden-
tify the B=18.4 CS and demonstrate that it is on
the WD cooling track. This star is undetected in
GLIMPSE images. Fig. 12 overlays 8.0-pm con-
tours on an Ha greyscale image of the PN. The
location of the CS is marked by a cross. There is
evidence for a PDR in the form of a bar of 8.0-
pm emission displaced to the east of the obvious
nebular bar, making RCW 69 another example of
a large bipolar PN associated with PAH emission.
Frew et al. (2006) discuss the possible detection
of CO (1-0) and CO (2-1) emission which indicates
the presence of molecular material in the PN al-
though its location is unknown.

PHR1250—6346: The association (in Table 1) be-
tween MIR emission and this moderately large PN
seems likely because there are indications of a pe-
ripheral PDR around the western rim in the form
of diffuse emission at 5.8 and especially 8.0 ym.

4. The diffuse calibration of IRAC

Cohen et al. (2006) have recently examined the
diffuse 8.0-um calibration of IRAC using a sample
of 43 Hi1 regions observed by MSX and by the
Spitzer Telescope. For an angular spatial scale of
up to 24’ they found a median ratio of IRAC 8.0-
pm to MSX 8.3-um spatially integrated fluxes of
1.5540.15. A factor of 1.14 is caused by the dif-
ferent contributions made by PAH emission in the
two very different space-based bandpasses. The
remaining component corresponds to an overesti-
mate by 36% in the instrumental calibration of
IRAC at 8.0 um, as was independently noted by
Reach et al. (2005). The Spitzer Science Center
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(SSC) has recommended that extended source 8.0-
pum fluxes be scaled down by a factor of 0.74 (see
also comparable work based on the light distribu-
tions of elliptical galaxies 2).

The MASH PNe have been used to check the
absolute diffuse calibration of IRAC at 8.0 um on
smaller spatial scales than in our study of HII re-
gions, spanning the range from PNe only slightly
larger then the IRAC PSFs (but smaller than the
MSX PSFs) to a scale of a few arcmin. Details of
the method adopted to calculate directly compara-
ble integrated fluxes from the MSX images of the
PNe and the GLIMPSE residual images are given
by Cohen et al. (2006). To represent the PNe
we utilized the Ha images from the SHS (Parker
et al. 2005). The outer Ha contours of each
PN were overlaid on its quartet of IRAC images
and the flux density integrated over the identical
area for all bands, while including any peripheral
PDR apparent at 8.0 um. The same approach was
used with MSX 8.3-pym images. Multiple estimates
were made of the sky background for each PN. For
the measurements of sky background for each PN,
specific areas were selected from the IRAC 8.0-ym
residual images. The same areas were used for the
three other bands. It must be emphasized that it
is critical to understand the contribution of of the
interstellar medium at 8.0 ym in defining what is
sky emission and what is a MIR counterpart of a
PN.

Extraneous stars (not CS candidates) within
the PN boundary were removed from the MSX
PN images using the MSX PSC2.3 and the Reject
Catalog. For the study of Hir regions (Cohen et
al. 2006) the areas were as large as 1.5deg?, and
we used a validated statistical method for the re-
moval of contaminating point sources. Many of
these sources were undetected by MSX with its
lower sensitivity but were automatically removed
from the GLIMPSE residual images. Therefore, in
order to make a meaningful comparison between
IRAC and MSX spatially integrated fluxes, one
needs to subtract the contribution from the con-
taminants to the same depth for both datasets. A
more complete explanation is given in Cohen et
al. (2006), section §4.1. The method utilizes the
total surface brightness mode (Cohen 2001) of the
“SKY” model for the point source sky (Wainscoat

?http://ssc.spitzer.caltech.edu/irac/calib/extcal /



et al. 1992), operating in the 8.3-ym MSX band
using its embedded library of 2—35-um archetypal
spectra (Cohen 1993). SKY calculates the diffuse
sky surface brightness due to smearing of unre-
solved point sources.

The largest PN in our sample of 58 MASH
objects (PHR1408—6106) encompasses an area of
18arcmin?®. Within the Ha boundary there are
two unresolved 8.3-pum sources from the MSX
PSC2.3 catalog above the 50 level and none listed
in the corresponding Reject Catalog. The back-
ground emission would permit detection of an 8.3-
pum source at magnitude 7.5 (60 mJy). SKY pre-
dicts that an additional 2% of the sky background
surface brightness should be subtracted from the
integrated PN flux to account for the sources (to a
magnitude of 8.0) that were removed in producing
the GLIMPSE residual image in this field. Such a
small adjustment is well within the uncertainties
of our MIR flux measurements. The remainder
of the MASH sample have smaller areas and cor-
respondingly smaller corrections to their observed
8.3-um integrated fluxes. Consequently, we have
subtracted only those point sources listed in the
PSC2.3 and the Reject catalog to ensure equiva-
lence of the PN fluxes estimated from the MSX
and GLIMPSE residual images.

We also estimated upper limits for PNe unde-
tected by MSX and/or IRAC as three times the
root-sum-squared lo uncertainties in the fluxes
measured for both PN and sky background loca-
tions at each wavelength.

Table 2 summarizes the MIR integrated fluxes
for 19 PNe. Objects listed first have MIR detec-
tions from MSX and IRAC, together with a radio
detection. Later entries are PNe without radio
detections but with both MSX and IRAC data.
PNe with fewer than two detections among MSX,
IRAC, and the radio continuum are excluded.

A total of fourteen PNe have both MSX and
IRAC MIR detections. This sample spans a
dynamic range at 8 um from below 30mlJy to
about 1000mJy. Fig. 13 compares these results
and plots a formal linear least squares regression
line (with uncertainties in both variables). The
slope of this logarithmic plot is 0.940.1, consis-
tent with a linear proportionality between IRAC
and MSX fluxes. The offset is poorly defined as
0.440.2, corresponding to a ratio of IRAC/MSX of
2.941.5. More accurate determinations come from
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the unweighted mean of the ratios of IRAC/MSX
(1.340.2) and the median of the sample of four-
teen PNe (1.2+0.2), which are consistent with the
factor of 1.55 found for this ratio from HiI regions
(Cohen et al. 2006).

The fourteen PNe also span a wide range in
spatial scale. We used the geometric mean of the
MASH measurements of the major and minor axes
of the nebulae in Ha to calculate a representative
“diameter”, which varies from 9" to 77”. Several
PNe are smaller than the MSX PSF and several
are smaller in the MIR than in Ha even when re-
solved by IRAC. A plot of the ratio of IRAC/MSX
against nebular radius will reveal if the calibration
of IRAC diverges with increasing PN radius from
the expectation of a ratio of 1.0 at small scale (the
point source calibration of IRAC is good to ~3%
absolute) to a value close to 1.55 for the largest
scale at which we can probe the diffuse calibra-
tion. Fig. 14 illustrates this comparison.

Three lines are overlaid on the plotted points:
the formal regression line (solid) and the +1o0 lim-
iting relationships that couple the mean+1o slope
with the mean—1o offset, and vice versa (dashed
lines). The regression was derived by assigning
10% uncertainties to the diameters of the PNe,
and using the 1o errors in the ratios of MIR fluxes
determined from the root-sum-squared errors in
both IRAC and MSX flux integrals. The slope is
0.00540.005, with an offset of 1.1+0.1. The results
are, therefore, marginal but would accommodate
a gradual change between a point source calibra-
tion factor of 1.0 at small nebular size to a diffuse
factor > 1.4 by 77".

5. PN colors with IRAC

Table 3 summarizes the six color indices in
Vega-based magnitudes derived from 41 of the 58
MASH PNe for which spatially integrated fluxes
were estimated. Not every band was measureable
above the sky for every nebula. The median colors
and the standard errors of the median (sem) are
given after applying the SSC recommended aper-
ture correction factors in each IRAC band. The
color offsets that these cause are given by Cohen
et al. (2006: their Table 5, col.4). For comparison
we have synthesized the same six colors for a set
of 26 optically well-known PNe taken from Acker
et al. (1992), based on low-resolution spectra ob-



tained with the Short Wavelength Spectrometer
(SWS) of the Infrared Space Observatory (ISO).
There is excellent agreement within the ~1o joint
uncertainties.

Fig. 15 illustrates the ([3.6]-[4.5],[5.8]-[8.0])
color-color plane with 87 types of sources plotted.
This diagram too was synthesized from the spec-
tral library embedded in the “SKY” model (Co-
hen 1993). Overlaid on this plane are three boxes
for PNe. The solid box is for the median42sem
for the sample of MASH PNe. The dashed box
is for the ISO/SWS sample of PNe but is based
on mediant+1sem colors due to the poor signal-
to-noise ratios at short wavelengths. The third
(dotted) box corresponds to the entire range of
colors for the small sample of PNe from Hora et
al. (2004: their Fig. 3). There is good overlap
between the three boxes of Galactic PNe. The in-
tersection of these color-color regions includes the
two large filled circles, that represent SKY’s pre-
dictions for ensemble averaged colors for “blue”
and “red” PNe. Cohen (1993) lists the nebulae
used to produce these PN spectra and Walker et
al. (1989) explain how they are distinguished from
one another in IRAS color-color planes.

Can we distinguish PNe from the plethora of
other MIR sources using this color-color plane?
Only a single category among the 87 compact MIR
sources in SKY is expected to contaminate any
of the three color zones observed for planetaries,
shown by the cross near (1.7,0.4) in Fig. 15. That
category corresponds to one type of reflection neb-
ula. This contaminant is easily removed by com-
paring Ha and red continuum exposures. Com-
pact HIT regions (small filled circle in the figure)
cannot be confused with PNe but some extended
Hii regions do overlap the lower right portion of
the solid box for MASH PNe (see Cohen et al.
2006; their Fig. 8). We attribute this similarity
of colors to PAHs that dominate the MIR spec-
tra of many HII regions and of some PNe. How-
ever, these two classes can be readily separated by
MIR morphology and/or by optical spectroscopy.
Spiral galaxies (both normal and interacting), el-
lipticals, and irregulars all show minimal overlap
with MASH PNe and none with the other PN sam-
ples, while QSOs do not overlap any PN color-
color zone. (Smith et al. 2006).

Young stellar objects (YSOs) span a very wide
range of GLIMPSE colors. From a large grid of

13

pre-computed models (Robitaille et al. 2006) one
finds that some younger YSOs would overlap with
PN colors. The energy distributions of bona fide
PNe are never even quasi-continua. This can lead
to real ambiguity when model energy distribu-
tions are compared with solely broadband mea-
surements of spectra that contain strong emission
lines, and broad emission or absorption bands.
Consider a confirmed PN whose MIR spectral
energy distribution is well-matched in the IRAC
range by that of a YSO from this grid (Robitaille
et al. 2007). Currently, a true PN must be op-
tically detected, suffer no unusual reddening, be
isolated from obvious star-forming regions, emit
the appropriate optical forbidden lines with the
correct intensities, and have a morphology plau-
sible for a PN. Thus, no MASH PN is actually a
YSO. Conversely, one could discriminate between
a true PN and a YSO, whose IRAC photometry
places it within the color-color domain that we
have identified for MASH PNe, by the application
of these additional criteria. Perhaps the simplest
test is to examine the extinction required to match
a YSO model to the IRAC photometry. Good fits
of YSO models to PN energy distributions often
involve high reddening (Ay>5) and the existence
of an optical counterpart makes it less likely that
one has found such a YSO. Colors alone cannot
uniquely identify new IR-discovered PNe. The
goal is simply to isolate plausible candidates for
future follow-on spectroscopy.

6. MIR /radio flux density ratios

Radio flux densities for the MASH PNe were
calculated from the MGPS2 (Green 2002) sur-
vey by using the MIRIAD IMFIT task to fit ellip-
tical Gaussians above a planar background. For
the NVSS (Condon et al. 1998) the source cata-
log was queried and the same IMFIT run, as con-
firmation. The images were inspected to reject
multiple source detections and unrelated chance
alignments. Mauch et al. (2003) determined that
the flux density calibration of NVSS and MGPS2
agreed to within 2%, based on a comparison of
7000 radio sources in the overlap zone between
these two surveys. All the MGPS2 detections are
unresolved, which was calculated using the process
developed for the Sydney University Molonglo Sky
Survey (SUMSS: Bock, Large & Sadler 1999) and
the fitted peak flux density is used as a good mea-



sure of the integrated radio fluxes. NVSS detec-
tions were treated identically. MGPS2 operates at
843 MHz while the NVSS observed at 1.4 GHz.

All the PNe should have thermal spectra in
the radio continuum and the difference between
flux densities of an optically thin PN at these two
frequencies is about 5% (after allowance for the
Gaunt factor). If the PN are optically thin, then
this change is smaller than the uncertainties in
the radio flux determinations. If the nebulae were
fully optically thick in the radio domain (S « v?),
then the flux ratios between 1.4 GHz and 843 MHz
would be 2.8. Taking even this most extreme case,
the range of values for either one of the frequencies
is more than any global change in the ratios due to
any mild optical depth effects. Furthermore, the
significant difference between the present PN sam-
ple and the previous estimate using bright PNe
from the Acker et al. (1992) database remains.
For the present analysis, we do not distinguish
between results from these two surveys. The rea-
son for the small number of radio detections found
partly reflects the confusion from high source den-
sity along the Galactic Plane, but is also due to
the intrinsic radio weakness of the MASH PNe.

Might the MASH PNe be optically thick around
1GHz? Forty-five objects in the compilation
of radio measurements of 557 PNe by Higgs
(1971) have either detections or useful limits below
1GHz. We examined the uniform set of models
for which Higgs adopted T,=12000K and fitted
for 7(10 GHz). The median value of 7(10 GHz)
for these 45 PNe is 0.0017. Free-free radio optical
depth is oc »72! so 7(1.4 GHz) would be ~0.10,
and 7(843 MHz) =0.30. If MASH PNe were sim-
ilar to these 45 nebulae, then their NVSS flux
densities would be converted to those at 843 MHz
by multiplying by e~ %% or 0.82. But many MASH
PNe are more evolved, fainter, and probably of
lower density than previously studied objects.
This too lowers their radio optical depths (o<N?).

Ten PNe detected by MSX at 8.3 um also have
radio fluxes. Fifteen detected by IRAC at 8.0 um
also have radio fluxes. We have examined the re-
lationships between these two pairs of flux den-
sities. The regression lines for MSX and radio
fluxes have a roughly linear proportionality with
an unweighted mean of 6+1.4 and a median ratio
of 5+1.5. The corresponding regression between
IRAC and radio fluxes has a mean of 942 and a

14

median of 5+2.5. Given the factor of 0.74 to be
applied to IRAC at 8.0 yum to correct its diffuse
calibration, the IRAC mean and median would
become 6.5+1.5 and 442, in the the validated
MSX calibration basis. Within their uncertain-
ties, the MSX/radio and IRAC/radio ratios agree
at the 1o level. Combining them with inverse-
variance weighting yields an overall MIR /radio ra-
tio of 4.641.2 for the MASH PNe.

Cohen & Green (2001) took a set of 21 PNe
from the Acker et al. (1992) catalog and derived
a median ratio of MSX/radio of 12. This is half
the median value of 2545 they obtained for HiI re-
gions, which has been confirmed by more detailed
analysis (Cohen et al. 2006). The values for the
MASH PNe are more than a factor of 2 smaller
than these selected known PNe from Acker et
al. To find an explanation, firstly the MSX/radio
flux ratio and PN diameters for the 21 previously
known PNe, together with our 10 MASH nebu-
lae, were compared. No trends are seen and the
plotted points for the MASH PNe overlap the dis-
tribution for the sample taken from Acker et al.
(1992). Then we examined the two populations
to see whether the samples were comparable in
angular size. The 21 PNe have a median diame-
ter of 1245" while the 10 MASH PNe for which
we have MSX and radio detections have a median
of 20+3"”. As reported by Parker et al. (2006),
the typical MASH PN is significantly larger (and
hence generally more evolved) than those previ-
ously listed in the previously known PN compila-
tions (the average diameter of all 905 MASH PNe
is 51" compared with <10 for the ~1500 previ-
ously known PNe in Acker et al. (1992)).

If the PNe in the two samples are considered
to remain with the same ionized fraction, but the
Acker et al. nebulae were to increase their diame-
ters by 1.67 to match those of the MASH objects,
then the mass of ionized gas in those expanded
nebulae would be unchanged although the elec-
tron densities would fall substantially. The beam
size of the Molonglo Observatory Synthesis Tele-
scope would still exceed the median diameter of
the MASH PNe so the observed radio fluxes would
be unchanged. However, the increase in diameter
would diminish the far-UV radiation required to
sustain the PDRs, roughly as the square of the
expansion factor (see Fig. 3 of Bernard-Salas &
Tielens (2005)), or a factor of 2.8. Therefore, one



might expect the median MIR/radio ratio to fall
by this factor as fewer UV photons would be avail-
able to pump the PAHs into MIR fluorescence.
This would imply a median ratio for the typically
larger MASH PNe of 12/2.8 by comparison with
the smaller Acker et al. (1992) objects, or a ratio
of ~4. This is almost exactly what we observe.
Consequently, unlike HiI regions, in which there is
relatively little evolution in MIR/radio flux once
they are past the ultra-compact phase, PN evo-
lution is marked by a progressively diminishing
MIR/radio ratio as nebulae expand, their stars
cool, and their PDRs dwindle. It is not possible to
probe this evolution at the level of individual PNe
using the present data, but the ensemble averages
provide adequate evidence of this phenomenon.

7. Optical and MIR PN morphologies

For 17 of the 58 PNe there is simply no hint
of either a MIR central star nor of diffuse MIR
emission associated with the Ha object. The re-
maining 41 PNe (71%) are extended IR objects
with a MIR morphology that either matches or
complements that in Ha. The most frequent type
is that of a PDR in which 8.0-ym emission occurs
around parts of the nebular rim but is displaced to
the outside of the ionized gas. In 11 of the 41 PNe
two or three of the shorter IRAC bands appear to
follow the distribution of Ha emission across the
PN. In 5 of the 41 nebulae with MIR extension, all
four IRAC bands trace the ionized gas. We have
noted the possible presence of a candidate central
star in the IRAC images for 11 of the 41 PNe.

8. Conclusions

Forty-one PNe of our sample of 58 MASH PNe
observed by GLIMPSE have MIR counterparts.
For many of these, it is not possible to extract
meaningful quantitative spatially-integrated fluxes

because of the complex structured background in
the MIR.

The ratio of integrated diffuse 8-pym and radio
fluxes is a discriminator between thermal and non-
thermal emission regions (Cohen & Green 2001).
A ratio of MIR/radio fluxes of about 25 implies
thermal emission, while very small values around
0.06 indicate nonthermal processes (Cohen et al.
2006). PNe are thermal emitters and we have com-
pared the MASH sample with the set of bright
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PNe for which a ratio of 12 was calculated (Co-
hen & Green 2001). The difference in evolution-
ary state between a typical MASH PN and a neb-
ula drawn from old catalogs causes the median
MIR/radio ratio for our sample of MASH PNe
to be about 5. Evolved PNe are of lower den-
sity, lower UV optical depth, and have only weak
or negligible PDRs, reducing the contribution of
PAH emission in bands near 8 ym, and hence their
MIR detectability with IRAC. The recognition of
this evolutionary trend in MIR properties em-
phasizes the importance of the MASH catalog of
newly-discovered PNe.

The fraction of bipolar nebulae within our sub-
set of 58 MASH PNe is 28%, more than twice
the fraction found for the entire MASH catalog.
This reflects the low scale heights and short lives
of the higher-mass stars that are the progenitors
of Type I PNe. These are preferentially observed
by the GLIMPSE survey due to its restriction to
Galactic latitudes of only £1°. The MIR emission
in Type I nebulae is likely to come from the warm
dust in the associated circumstellar disks.

False-color IRAC imagery (encoding bands at
4.5, 5.8, 8.0 um as blue, green, and red, respec-
tively) reveals MIR counterparts of PNe that are
often clearly distinct from the color of their sur-
roundings. The three types of false color found
in our survey appear to differentiate between the
degree of excitation of the optical nebular spectra
as determined by [Ni1]/Ha. The most frequently
encountered false color is violet, which represents
the weakest optical excitation. This probably cor-
responds most frequently to PNe that contain only
H recombination lines. By combining false color
MIR information with the relationship between
MIR and Hoa morphologies of PNe (i.e. whether
MIR emission in IRAC bands mimics or is found
outside the He distribution), one could assess the
excitation of the nebula and decide whether fine-
structure lines produce the emission in the IRAC
bands. For example, the [Aril] and [Ariii] lines at
6.99 and 8.99 um, respectively, would contribute
to IRAC’s 8.0-pym band as would the 7.64-pym
[NeVI] in very high-excitation PNe.

The ratio of IRAC and MSX flux densities in
PNe confirms that a multiplicative correction fac-
tor of ~0.74 should be applied to IRAC 8.0-ym

diffuse emission fluxes to match the absolutely
validated calibration of MSX. These MASH PNe



probe the diffuse calibration on a spatial scale up
to 1.3', complementing our work on HII regions
that explored IRAC calibration up to a scale of
24" (Cohen et al. 2006). This factor is already
recommended by the Spitzer Science Center, and
has been derived from knowledge of the instru-
ment and from elliptical galaxies. We indepen-
dently confirm this value for the 8.0-um correction
factor on a spatial scale between slightly resolved
PNe and well-resolved Hil regions.
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Fig. 1.— Top: MIR false color morphology of
the IRAC counterpart to PHR1517—5751 (blue,
green, and red represent emission at 4.5, 5.8, and
8.0 um, respectively). Image is 4x4’. The object
consists of an almost complete ring which has the
appearance of an HII region rather than a PN.
Center of the small circle (12" radius) is the MASH
geometric center of the nebula. Bottom: Ha im-
age of the same PN covering the same area as
shown in the IRAC image, overlaid by white con-
tours of 8.0-um emission at levels of 50, 70, 100,
200, 300 MJysr— 1.
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Fig. 2.— Red spectrum of PHR1517—5751 show-
ing the weakness of the [NI1] lines relative to He
that define this object as an HII region.
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Fig. 3.— Top: MIR false color image (as in Fig. 1)
of the bipolar counterpart to PHR1253—6350. Im-
age is 4x4’. Note the several bright MIR filaments
that extend for several arcmin. Circle and image
size as for Fig. 1. Bottom: Ha blow-up showing
nebular detail in the form of two asymmetric bipo-
lar lobes flanking the image of the symbiotic star.
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Fig. 4.— Optical spectra of PHR1253—6350. Top:
blue spectrum showing [Fell] lines at 4575 and
4665A, together with nebular lines of H3 and [O111]
on an obvious continuum. Bottom: red spectrum
showing a faint red continuum with [Feli] lines at
6474 and 7094A; Her lines (5876, 6678, T065A);
Ha; the red nebular lines of [N11], [S11], and [Ar11i]
at T136A. 21
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Fig. 5.— MIR image at 8.0 ym of a probable sin-
uous PDR showing the location of the PN candi-
date, PHR1841—0503, just off the ridge. The cross
has 9" arms; the large circle has a 72" radius).
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Fig. 6.— A pair of 8.0-ym IRAC images of
the true PNe PHR1246—6324 and PHR1457—5812
(top), compared with their respective Ho images
(below). Dimensions of the small cross and large
circle as in Fig. 5.
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Fig. 7.— False color images of PNe from
GLIMPSE mosaics (not residual images). From
top to bottom of each column, the images are
of the following PHR-designated PNe.  Left
column: 1157—6312, 1246—6324, 1457—5812,
1619—4914 (PM 5). Middle column: 1844—0503,
185740207, 1552—5254, 1619—5131. Right col-
umn: 1622—5038, 1843—0325 and, offset by the
blank panel, in the bottom right corner is the field
of PHR1843—0232, illustrating graphically the ex-
treme difficulty of extracting any object in the
green circle against the very bright and variable
8.0-um sky background (red) emission of PAHs.
All images are of 4 arcmin square fields and any
small green circle that guides the eye to the loca-
tion of a PN’s optical centroid has a 12" radius.
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Fig. 8.— Quartet of IRAC contours (in white)
over the grayscale Ha image of PHR185740207.
The MIR counterpart of this PN increases in size
with increasing wavelength, perhaps indicative of
emission by fine-structure lines in the 3.6 and 4.5-
pm bands, and PAHs at 5.8 and 8.0 ym.
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Ha for PHR1246—6324. The MIR images suggest
dominantly thermal emission by warm dust in a
tilted disk, although the greater extent at 8.0 ym
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might also signify a PDR.
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Fig. 10.— Quartet of IRAC bands overlaid on Ha
for PHR1457—5812. We suggest the MIR struc-
ture is due to Hy line emission.
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Fig. 11.— Quartet of IRAC bands overlaid on He
for PHR1408—6229. This large high-excitation
bipolar PN shows a diffuse waist terminated to
east and west by bright MIR PDRs.
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Fig. 12.— White contours of 8.0-ym emission (20,
40, 100 MJy st=1) overlaid on the gresycale Ha im-
age of PHR1244—6231. The horizontal line of 8.0-
pm patches near 0.317 longitude is an artifact due
to a very bright star outside the field presented,
to the south-east.
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Fig. 13.— Comparison of spatially integrated
IRAC 8.0 and MSX 8.3-um fluxes for PNe. The
solid line is the regression based on errors in both
variables.
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Fig. 14.— Ratio of IRAC to MSX fluxes for PNe
plotted against diameters of the nebulae. Solid
line is the regression line flanked (dash-dotted) by
the 10 extreme fits. Error bars are shown both
for the ratios and for diameters. Note the slope of
the regression line that suggests the correctness of
the IRAC calibration for a point source, and the
steady increase in ratio to about 1.5 with increas-
ing nebula size.
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Fig. 15.— Diagnostic IRAC color-color plot ([3.6]-
[4.5] vs. [5.8]-[8.0]) comprising 87 types of IR
point source. Key: pluses - normal dwarfs, gi-
ants, supergiants; asterisks - AGB M stars; di-
amonds - AGB visible C stars; triangles - AGB
deeply embedded IR C stars; squares - hyperlu-
minous objects (these objects include deeply em-
bedded OH/IR stars and early-type hypergiants
(Cohen 1993); a small number are required to re-
produce MIR source counts at low latitude: Wain-
scoat et al. 1992); crosses - exotica (T Tau stars,
reflection nebulae); larger filled circles - planetary
nebulae; small filled circle - bright compact Hii re-
gions. The reddening vector corresponding to an
Ay of 10 mag is shown by the shaft of the arrow
in the upper left corner. The three rectangles are
described in the text. The solid one is that occu-
pied by the MASH PNe in this paper (+2 standard
errors of the median). Axis labels include magni-
tudes with “N” in their names to signify that new
relative spectral response files from July 2004 were
used for the IRAC bands.
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ATTRIBUTES OF PNE sTUDIED IN Ha, MIR, AND RADIO.

TABLE 1

Name PN GLON GLAT RAJ2000 DecJ2000 Size Morph. SST SST MSX MGPS NVSS Star
PHR status arcsec type col Ha

1806—1956 T 10.2111 0.3433  18h06m55.3s —19d56m18s 61x50 Bams n n n n
1807-1827 P 11.5293 1.0039 18h07m11.7s  —18d27mb54s X6 E n y y n
1813-1543 T 14.6575 1.0115 18h13m29.0s —15d43m19s 27x21 Eas n n n n
1815—-1457 P 15.5185 1.0342 18h15m06.5s —14d57m21s 9%x8 Es n/a y n y .
1818—-1526 L 15.5378 —0.0195 18h18mb59.2s —15d26m22s 55x 11 Br? n y n n .m?
1824—-1505 T 16.4158 —0.9312 18h24m02.1s —15d05m33s 30x18 Bps n n n n
1821-1353 P 17.2190 0.1272 18h21m43.9s —13d53m13s 20x6 As n n n n
1826—-0953 T 21.2911 0.9803 18h26m26.1s  —09d53m26s 54x 42 Bs n n n y
1831-0805 L 23.4401 0.7449  18h31m19.6s —08d05m43s 13x9 Eas y y n n N
1834-0824 T 23.5513 —0.1362 18h34m41.6s —08d24m20s 31x26 Ea n y n n
1842-0539 L 26.8632 —0.5529 18h42m17.9s —05d39m1l3s 90x65 Ias n y n n
1843-0541 T 26.9222 —0.7630 18h43m10.4s —05d41mb51s 48x 39 B?/Eas n y n n
1844-0517 P 27.4764 —0.9616 18h44m54.0s —05d17m36s 31x26 Es n n n n
1838—-0417 P 27.5860 1.0186  18h38m02.2s —04d17m24s 15x13 Em y y n n
1844—-0503 T 27.6643 —0.8265 18h44m45.7s —05d03mb54s 35%x12 Bm?/Em y y y n oi
1844—0452 L 27.7721 —0.6350 18h44m17.3s —04d52m56s 38x38 Rar n n n n m
1845—-0343 L 28.8931 —0.2907 18h45m06.0s —03d43m33s 51x 30 As y y n n 0i?
1843-0325 P 28.9519 0.2570 18h43m15.3s —03d25m27s 10x9 Ea y y y y? N
1842-0246 L 29.5024 0.6246  18h42m57.1s  —02d46mO01s 24x13 Em y y n n
1843-0232 T 29.8197 0.5073  18h43m56.9s —02d32mO08s 61x54 Ear n y n n
1846-0233 T 30.0485 0.0357 18h46m02.7s  —02d33mO09s 36x31 Ear n y n n
1847-0215 T 30.5060 —0.2200 18h47m47.4s —02d15m30s 20x 14 Bs y n n n m?
185640028 L 33.9770 —0.9860 18h56m51.1s +00d28m53s 8x7 Er y y y n
185740207 L 35.5650 —0.4910 18h57m59.5s +02d07mO07s 11x11 Ea y y y y N
1150-6226 L 295.9050 —0.4110 11h50m07.0s —62d26m32s 89x 77 R n n n n
1152-6234 L 296.2510 —0.4580 11h52m55.7s  —62d34m10s 27x24 R n n n n

1157-6312 L 296.8490 —0.9840 11h57m03.2s —63d12m44s 15%x13 B? y y y y

1206-6122 T 297.5680 1.0230 12h06m25.5s —61d22m44s 2x11 E y y n n

1218-6245 L 299.1190 —-0.1360 12h18m00.9s —62d45m38s 42x31 Es n y n

1223-6236 T 299.7780 0.0980 12h23m58.0s —62d36m21s 48x 43 E n y n n
1244-6231 T 302.1330 0.3510 12h44m28.5s —62d31m19s 300x235 B n y n n o®
1246-6324 T 302.3730 —0.5390 12h46m26.5s —63d24m28s 31x19 B y y y y oim
1250—-6346 T 302.7840 —0.9080 12h50mO04.4s —63d46mb52s 83x 74 Ea n y n n o®7m
1255-6251 L 303.3725 0.0173  12h55m18.0s —62d51mO04s 185x%x 81 B n y n n oi
1257-6216 P 303.6783 0.5923 12h57m51.3s —62d16m12s 19%x13 E y y n n m
1408-6229 T 311.7300 —0.9500 14h08m47.3s —62d29m58s 82x46 B n y n n m
1408-6106 T 312.1525 0.3741  14h08m51.7s  —61d06m27s  307x264 Es n y n n m?
1429-6043 P 314.6780 —0.1290 14h29m52.8s —60d43m57s 167x131 E n n n n m
1429-6003 L 314.9220 0.5180 14h29m43.9s —-60d03m17s 141x110 Ems n y n n

1437-5949 T 315.9480 0.3320 14h37m53.2s —59d49m25s 103x63 Ba n y n y
1447-5838 P 317.5785 0.8845 14h47m41.8s —58d38m41s 200x200 I/Ba n n n n o
1457-5812 T 318.9300 0.6930 14h57m35.8s —58d12m09s 31x25 A y y y y N
1507-5925 T 319.5050 —1.0140 15h07m50.2s —59d25m1l4s 22x17 Ea y y y y o
1544—-5607 P 325.4480 —1.0270 15h44m56.7s —56d07mO07s 14x10 E n n n n

1552—-5254 T 328.3570 0.7670 15h52m56.8s —52d54m12s 31x26 Es y y y y
1610-5130 P 331.2780 0.0600 16h10m21.1s —51d30mb54s 20x11 Es n n n n m
1619-5131 P 332.3493 —0.9814 16h19m57.6s —51d31m48s 11x11 E y y n y

1622-5038 L 333.2746  —0.6547 16h22m40.6s —50d38m42s 21x19 Ear y y y n
1619-4914 T 333.9279 0.6858 16h19m40.1s  —49d14mO00s 36x32 Rs y y y y o0iNm
1619-4907 T 334.0350 0.7560 16h19m50.1s  —49d06mb52s 48x47 Ra n y n n

1633—4650 T 337.3141 0.6361 16h33m58.0s —46d50mO07s 24x8 B y y y y
1635—4654 P 337.4831 0.3524 16h35m51.9s —46d54m10s Tx 34 Ta/B? n n n n o?
1634—4628 T 337.6825 0.7684 16h34m51.2s —46d28m28s 22x17 E n y n n m
1639—-4516 T 339.0980 0.9880 16h39m22.3s —45d16m35s 38x%x25 Er n n n n
1644—4455 P 339.9730 0.5280 16h44m36.2s —44d55m23s 34x34 E n y y n m
1646—4402 L 340.8600 0.8500 16h46m27.6s —44d02m25s T1x72 A n y n n

1709-3931 T 347.0320 0.3500 17h09m10.8s —39d31mO06s 51x13 B n n n n oi
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TABLE 1— Continued

Name PN GLON GLAT RAJ2000 DecJ2000 Size Morph. SST SST MSX MGPS NVSS  Star
PHR status arcsec type col Ha
1714—4006 T 347.2000 —0.8720 17h14m49.3s —40d06m09s 20x11 B? y y n y m

PCS candidate is blue.
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TABLE 2
RADIO AND MIR FLUX DENSITIES FOR PNE WITH TWO OR MORE DETECTIONS OF THESE.

PN NAME Status Diam. Morph. [M]GPS2 Radio MSX8.3 TRACS8.0 IRAC/ MSX/ IRAC/
PHR arcsec [N]VSS mly mly mly MSX radio radio
1844—-0503 T 20 Bm?/Em N 3.2(0.9) 43 78 1.8 13.0 24.0
1843—-0325 P 9 Ea N 16.0(2.0) 210 210 1.0 13.0 13.0
185740207 L 11 Ea N 78.3(2.4) 160 180 1.1 2.0 2.3
1246-6324 T 24 B M 14.3(1.4) 120 140 1.2 8.2 10.0
1457—5812 T 28 A M 79.8(2.7) 78 160 2.1 1.0 2.0
1507—-5925 T 19 Ea M 24.2(1.3) 110 100 0.9 5.4 4.8
1552—-5254 T 28 Es M 20.9(2.2) 110 150 1.4 4.2 5.9
1619—-4914 T 34 Rs M 240.(8.0) 1000 970 1.0 4.3 4.1
1619-5131 P 11 E M 20.2(1.8) 90 99 1.1 4.5 4.9
1633—-4650 T 14 B M 26.9(3.1) 55 63 1.2 2.0 2.3
1714—4006 T 15 B? M 9.7(1.3) <31 27 s cee 2.8
1157—-6312 L 13 B? M 6.4(1.0) <20 30 s cee 4.7
1437—-5949 T 181 Ba M 11.7(1.8) <160 320 27.0
1815—1457 P 8 Es N 9.2(0.6) <26 16 1.7
1826—-0953 T 48 Bs N 8.4(0.6) <160 170 20.0
1644—4455 P 34 E M <5 150 150 1.0

1843—-0541 T 43 B?/Eas N <1.5 130 180 1.4

1622-5038 L 20 Ear M <28 51 110 2.2

1842—-0539 L 77 Tas N <2.5 280 370 1.3
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TABLE 3
OBSERVED AND CORRECTED MEDIAN COLORS (IN MAGNITUDES) oF MASH PNE IN THE FOUR IRAC
BANDS, COMPARED WITH COLORS SYNTHESIZED FROM ISO SWS SPECTRA OF A SAMPLE OF
WELL-KNOWN ACKER ET AL. (1992) PNE.

Color MASH Acker et al.
Index Corrected synthesized
median+sem median+dsem

[3.6] — [4.5]  0.68+0.22 1.16+0.31
[3.6] — [5.8]  2.12+0.25 2.3740.20
[3.6] — [8.0]  3.84+0.28 3.9140.28
[4.5] — [5.8]  1.25+0.16 1.07+0.28
[4.5] — [8.0]  2.76+0.19 2.5740.34
[5.8] — [8.0]  1.66+0.11 1.62+0.23
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