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ABSTRACT

We report preliminary results of a CCD survey designed to detect and investigate faint halos around planet-
ary nebulae. A TI 800 x 800 pixel CCD was used to take deep exposures of 44 planetary nebulae. The expo-
sures were obtained through an Hua filter at the Cassegrain focus of the Palomar 1.5 m telescope. Spatial
resolutions of 1” to 2" were obtained across 400” wide fields. The images, which are in many cases consider-
ably deeper than any previously taken, reveal numerous planetary nebula halos. About £ of the studied
nebulae possess extensive outer halos, here defined as any extended emission beyond the 10% isophote.
Ionized sulphur electron density measurements show that in some nebulae, the mass in the halo is comparable
to the mass contained in the primary H 11 region. We have used the data to place constraints on the mode of
origin of the halos. It is likely that the halos originate either by dynamical separation of a single ejected shell
of gas or by the ejection of two or more such shells from the central star. It is possible but less likely that the
halos are caused by excitation of the preplanetary stellar wind and improbable that the halos represent reflec-

tion nebulae.

Subject headings: nebulae: planetary — nebulae: reflection

I. INTRODUCTION

The morphologies of planetary nebulae have been the
subject of numerous observational and theoretical investiga-
tions (Curtis 1918; Duncan 1937; Wilson 1950; Osterbrock,
Miller, and Weedman 1966; Mathews 1966; Khromov and
Kohoutek 1968; Weedman 1968; Greig 1971; Wentzel 1976, to
name but a few). Observationally, the problem is to deduce the
three-dimensional structures of the nebulae from their projec-
tions in the plane of the sky. The solution of this problem is
made easier by the fact that the nebulae are optically thin at
most wavelengths of observation. To some extent, Doppler
velocity measurements can be substituted for the line-of-sight
dimension, but the inversion problem is still intractable in
many instances. A majority of the nebulae appear as elliptical
rings in the plane of the sky. These are frequently interpreted to
be thin, ellipsoidal shells of gas. Other interpretations include
toroidal shells with their cylindrical symmetry axes near the
line of sight. Some nebulae appear as centrally condensed
objects; still others seem to be completely amorphous. Theo-
retical investigations have been confined to the most simple,
spherically symmetric models and have had some success in
matching the observed nebular expansions (Mathews 1966;
Hunter and Sofia 1971).

In a number of planetaries, faint material can be observed
projected outside the body of the main H 1 nebulae. These
objects are known as double shell or halo nebulae and have
received considerable attention. Nebulae reported to show
faint halos include NGC 2392, 3242, 6809, 6804, 6720, and
7662 (Minkowski and Osterbrock 1960; Kaler 1974; Millikan
1974). Kaler (1974) suggests that the double shell nebulae result
from a double pulse planetary nebula ejection process. In the
case of NGC 7027, Atherton et al. (1979) suggest that the halo
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is a reflection nebulosity. Mathéws (1966) notes that the halos
may result from shock or radiation acceleration of the outer
layers of the expanding primary shells. Kwok, Purton, and
Fitzgerald (1978) suppose that the halos may be the illumi-
nated escaping winds of the progenitor red giants.

An understanding of the halo nebulae may be important in
the determination of the masses of the nebulae, and of their
radii and lifetimes. Furthermore, since planetary nebulae are
important contributors of material to the interstellar medium,
the nature and frequency of the occurrence of the halos may be
of importance to the study of the mass balance of the inter-
stellar medium. However, despite the potential importance of
the halo nebulae, relatively few such objects have been identi-
fied to the present time, and their status as normal components
of the planetary nebulae is in doubt.

The present survey was designed to investigate a random
sample of planetary nebulae, in a sensitive and systematic way,
in order to determine the true frequency of occurrence of halo
structures. The majority of halos described in this work have
been observed by earlier workers. It is hoped that by systemati-
cally observing a number of these objects some common
properties, perhaps indicative of the mode of origin, might be
discerned.

II. OBSERVATIONS

a) Instrumentation

The observations were taken with a Texas Instruments
800 x 800 pixel charge-coupled device (CCD) during 1982
June-July. This CCD detector was characterized by very low
readout noise (~10 electrons per pixel), good linearity of
response (~0.1%), high sensitivity (quantum efficiency ~0.6 at
0.65 um wavelength) and large dynamic range (~ 5000). Dark
current was effectively eliminated by cooling the chip to 150 K
with liquid nitrogen. For the present observations the CCD
was mounted inside the versatile camera PFUEI (Gunn and
Westphal 1981). PFUEI permitted observations in two distinct
modes. As a direct camera the instrument was used to obtain
images through narrow bandpass interference filters. As a spec-
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trograph PFUEI was used to obtain low spectral resolution
slit spectra of selected regions of the nebulae.

Most of the observations were acquired with the PFUEI at
the Cassegrain focus of the 1.5 m telescope at Palomar Obser-
vatory. The /8.75 focal ratio of the telescope was reduced to
f/3.75 by a system of lenses in the PFUEI: the resulting image
scale was 0755 per 15 um pixel at 0.65 um wavelength. The field
size was 440" square. In addition, a smaller number of observa-
tions were taken at the prime focus of the Hale 5.1 m telescope.
With the Wynne corrector lens and PFUEI in place, an effec-
tive focal ratio of f/1.4 was obtained. The corresponding image
scale and field width were 0742 per pixel and 340", respectively.
At both telescopes the final spatial resolution was determined
by the atmospheric seeing. A journal of observations is given in
Table 1.

b) Images

Planetary nebulae were selected from the atlas of Perek and
Kohoutek (1967) according to two criteria: (1) the position of
each object was chosen to satisfy the conditions 16"00™ <
Uigs50 < 24"00™ and —25°00' < &,450, Where & 950, 1950 Are
the right ascension and declination of the nebula at epoch
1950, and (2) the longest dimension of the nebular image, L
(arcsec), was chosen to be in the range 10 < L < 200. The latter
criterion was implemented to ensure that a reasonable number
of resolution elements were present across each nebular image
and to exclude those nebulae which were substantially larger
than the field of view (in retrospect, some nebulae proved to
extend beyond the field of view at very low surface brightness
levels; the outer halo of 96 +29°1 [NGC 6543] was not record-
ed for this reason). It is possible, though unlikely, that a few of
the objects selected from the Perek and Kohoutek catalog are
not true planetary nebulae.

Observations in the direct camera mode were all taken
through an interference filter centered at 6560 A and having a
full width at half-maximum (FWHM) =98 A and a peak
transmission of 58%. This filter passed the Ha 6563 A emission
line as well as the [N 1] 6548, 6583 A emission lines from the
nebulae, together with some nebular continuum.

In the direct imaging mode, short exposures were used to
find and center each object in the field of view. A guide star was
then acquired in an adjustable field eyepiece and was locked
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into position. In a few cases guiding was rendered impossible
by the absence of suitable guide stars. Exposures of 1200 s
duration were taken on each nebula. Complementary short
exposures of nebulae having very high surface brightness were
taken to prevent saturation of the CCD. The images were
photometrically calibrated by taking short exposures of the
standard stars BD +17°4708 and BD +26°2606. Flat field
frames were recorded each time the PFUEI was mechanically
adjusted to permit the subsequent removal of pixel to pixel
response variations from the data frames. Numerous zero
exposure “erase” frames were also recorded to permit subtrac-
tion of the bias level from the CCD. ‘

Observations of bright stars were taken to determine the
instrumental scattering function. Planetary nebula-like rings
were simulated by exposing on out-of-focus star images. The
exposures were used to guard against the possibility that any of
the observed planetary nebula halos could be the result of light
scattering within the telescope or camera. The internal scat-
tering was found to be small in all but the most strongly satu-
rated test exposures.

Two bright nebulae with halos were imaged through a
polarizing sheet to attempt to detect gross polarization of the
radiation. The polarizer was rotated 90° between exposures,
and separate flat fields were recorded for each polarizer orien-
tation. The data were not absolutely calibrated—instead the
field stars within each image were used to provide relative
intensity calibration between the two polarization frames. It
was assumed that the field stars did not exhibit gross intrinsic
polarization.

¢) Low-Resolution Spectra

Low-resolution spectra were taken of many of the imaged
nebulae in order to estimate the nebular electron densities from
the [S 1] 6716, 6731 A line ratio. The dispersing element was a
600 lines per millimeter grating blazed at 5700 A. It gave a
dispersion of 4.3 A per pixel and a useful wavelength range
from 4300 A to 7100 A. The spectral resolution was determined
by the width of the entrance slit. A 1” wide slit was used: the
resulting spectrum lines had FWHM = 1.5 pixel correspond-
ing to 6.4 A. This resolution was sufficient to allow clear
separation of the 6716, 6731 A lines of [S 1]. The 240" long slit
permitted the simultaneous recording of the spectra of widely

TABLE 1
JOURNAL OF OBSERVATIONS

Seeing
UT Date, Telescope FWHM
1982 (m) ") Sky Conditions Work*

June 19-20 ....... 1.5 20 Cloud to photometric Ho
June 22-23 ....... 1.5 1.0 to 2.0 Photometric Ha
June 23-24 ....... 1.5 1.0 High cirrus Ho POL
June 24-25 ....... 1.5 20 Photometric to cirrus Ho, Hx POL
June 28-29 ....... 5.1 1.0 Photometric to cirrus Ha
July 18-19 ........ 1.5 1.5 Photometric Ha
July 19-20........ 1.5 2.0 Photometric Ha
July 20-21 1.5 1.0 Photometric to cloud Ha
July 21-22 1.5 1.5 Cirrus Sp
July 22-23 L5 1.2 Cirrus Sp
July 23-24 1.5 1.8 Cloud Sp
July24-25........ 1.5 10to 1.5 Photometric Ho
July 26-27 ........ 1.5 1.5 Photometric Ha, Sp
July27-28 ........ 1.5 1.0 Photometric Ho, Sp

* Ha, direct imaging; Ha POL, direct imaging through polarizer; Sp, spectrography.
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separated regions of each nebula, with seeing limited resolution
along the length of the slit. In most cases the slit was long
enough to project onto the adjacent sky, thereby providing an
independent, simultaneous night sky spectrum.

The positioning of the spectrograph slit on each nebula was
achieved by using PFUEI as a direct finder camera. PFUEI
was then converted to a spectrograph, and a short exposure
was taken to confirm the correct positioning of the slit (usually
by noting the location and appearance of the central star of the
planetary). The positioning was found to be accurate to better
than 17 in declination and to about 1” in right ascension. The
slit was oriented east to west for all the observations reported
here. Rather long exposures (1200-3600 s) were obtained to
attempt to achieve good signal strengths in the [S 11] lines. Flat
field and erase frames were recorded in the same manner as for
the direct frames. No attempt was made to obtain absolute flux
calibration for the spectra, such calibration being precluded by
the very narrow slit and by atmospheric effects.

III. RESULTS

a) Interference Filter Images

Images of 44 nebulae in the light of H1 + [N 11] are present-
ed in Figure 1 (Plates 22-26). The panels in the figure should be
read from left to right, then from top to bottom. Each image is
shown in two versions in order to provide a basis for the
systematic intercomparison of the nebulae. The first image of
each object is a “stretch ” between the sky brightness and the
brightest part of the nebula; ie., it displays all of the data
numbers in the image of the nebula. In the second image only
the lowest 10% of the data numbers are displayed; those above
have been set equal to white in the figure. We define any
material which extends beyond the 10% isophote of a primary
nebula by a distance large compared to a seeing disk as halo
material. Though arbitrary, this definition is a practical one,
since a CCD image of a point source shows only slight exten-
sion beyond the 10% isophote. The presentation in Figure 1
thus emphasizes the bright primary structures in the first image
and the faint secondary halos in the second. In a few nebulae,
very faint halos are not well seen in either stretch of Figure 1.
These halos are more clearly evident in Figure 2 (Plate 27),
where only the lowest 1% of the data numbers are displayed.
In both figures, pixels which are saturated in the raw data
appear black. Strongly saturated images appear elongated
east-west due to a property of the detector. Each nebula is
accompanied by a scale bar of 20” length and by a designation
from the Perek and Kohoutek catalog.

The nebulae shown in Figure 1 exhibit a wide range of mor-
phologies. For example, centrally condensed, ring, bipolar, and
irregular nebulae are all present in the sample (see, for example,
21-0°1, 40—0°1, 10+ 18°2, and 85+ 4°1, respectively). Such
pronounced variations of appearance make the inter-
comparison of the nebulae very difficult. In addition, the
nebulae exhibit great structural complexity which thwarts
much quantitative analysis of the images. In this work we are
mostly concerned with ascertaining the gross properties of the
halos. Consequently, we elect to describe each nebula by a few
readily measured parameters, even though these may not fully
reflect the true complexities evident in the images. The basic
parameters have been chosen as follows.

a, b the semimajor and semiminor axes of the best fit ellipse

to the 10% isophote;

p, q the semimajor and semiminor axes of the best fit ellipse
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to the edge of the halo material, where a halo is
observed;

¢  the position angle of the major axis of the best fit

ellipse to the 10% isophote.

From the above quantities, which serve to describe the
shapes of the primary nebulae and their halos, several second-
ary quantities have been computed and are listed in Table 2.
These are

e, e

R,, R,

the ellipticities of the primary nebulae and halos;
the ratio of the averaged semiaxes of the primary
nebulae and halos.

The ellipticities have been defined through

e, =[1—(a/by’1"?; e, =[1~-(p/g)*1"?
and the equivalent circular semiaxes through
R, =(ab)'?; R,=(pg)"*.

Other quantities listed in Table 2 include column (1), object
designation from Perek and Kohoutek (1967); column (2),
alternative designations; columns (3), (4), a, d: right ascension
and declination (epoch 1950); columns (5), (6), 1", b": galactic
longitude and latitude; column (7), ¢: position angle of the
primary long axis; column (8), 8: angle between the long axis
and the galactic equator; column (9), indication of whether a
halo is (Y) or is not (N) present; Column (10), A: distance to the
nebula where known (Acker 1979); column (11), morphological
type of the primary nebula determined by inspection of the
CCD images. R = ring; I =irregular; C = centrally con-
densed; B = bipolar (cf. Greig 1971).

Excellent examples of halos, shown in Figure 1, are found in
the nebulae 2+5°1, 8+3°1, 36—1°1, 64+48°1, 69—2°1,
83+12°1, 85+4°1, 89+0°1, and 106 —17°1. In some nebulae
the halos are circularly symmetric (e.g., 69—2°1, 83+12°1,
106 —17°1), whereas in others the halos have an irregular or
filamentary appearance and do not exhibit circular symmetry
(e.g., 2+5°1, 8+ 3°1, 85+4°1). At least two extreme interpreta-
tions of the more irregular halos are possible: either (a) the
irregular appearance is due to a truly irregular distribution of
matter in the halos or (b) the irregular appearance results from
azimuthal variations in the radial Lyman limit optical depth in
the primary nebulae. The former case would correspond to a
“density bounded” nebula, the latter to a “radiation
bounded ” nebula. In the latter case a complete spherical shell
halo would appear to be irregular as a result of the patchy
shadowing of ionizing radiation by material in the primary
shell. Plausible examples of shadowing are found in 41—2°1
and 88 —1°1. In both nebulae the position angles of faint sec-
tions of the primary nebulae are coincident with the position
angles of bright sections of the respective halos. Other possible
examples may be found in 8 +3°1, 36 —1°1, 68 —0°1, 103 +0°1,
and 114—4°1. Counterexamples may be found in 33—6°1,
64 +48°1,and 106 —17°1.

The frequency distribution of the ratio R,/R,, is plotted in
Figure 3. The range is 1.2 < R,/R, <5 and the mean is
21 +02 (n=25). The mean ellipticities of the primary
nebulae and the halos are e, = 0.57 £ 0.04 (n = 40) and e, =
0.54 £+ 0.05 (n = 28), respectively. These means are identical
within the uncertainties. Hence, statistically, the halos are the
same shape but about twice the diameter of their respective
primary nebulae. The ratio of the halo to primary nebula
surface brightnesses I,/I, exhibits wide variations within the
range 1073 < I,/I, < 0.1.
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TABLE 2
. PROPERTIES OF NEBULAE
Object  Name 950 0050 ™ "y v Halo A(kpo) Type R, R, RJ/R, R,(p) e, e
(1) @ 3 (O] 5 ® 0 ©® © 00 an 12 13 14 s (17)
2+ 5°1 6369 17263 -23°43' 244 +585 74 -7 Y 12 R 17 34 200 010 031 042
8+ 3°1 6445 17483 -20 00 BO7 +380 -10 21 Y 1.35 R 18 106 589 012 065 040
9+14°1 6309 17113 -1251 968 +14.81 -20 13 Y 286 1C 16 45 2.81 0.20 0.85 0.81
10+18°2 M29 17029 -1004 1091 +1808 O 33 N 275 B 13 - - 017 098 —
17-10°1 A51 18581 -1817 1761 -102¢ — — N - R 31 - - - 019 —
21-0°1 M3-28 18299 -1008 21.82 -0.47 0 28 Y 23 Cc 4 14 3.50 0.04 071 092
24+ 5°1 M4-9 18118 -0500 2422 45985 -10 18 N 1.3 R 21 - - 013 056 —
25- 4°2 IC1295 1B851.6 -0B 51 256.42 463 65 -88 Y - R 45 65 1.44 - 052 062
26+1°1 VVi-8 18306 -0500 2644 +1.77 30 -2 Y 1.0 1 — >240 - - - =
29+ 0°1 A48 18402 -0316 2909 +045 60 B7 N - R 10 - - — 065 060
33- 6°1 6772 19120 -0247 3317 -838 10 37 Y 1.25 R 37 54 146 022 017 0.80
34+411°1 6572 1809.7 +0850 3462 +1184 5 22 N 0.67 c (A - 002 075 —
35- 0°1 Ap2-1 185568 +0133 3513 -0.v5 50 23 Y - c 14 19 1.38 - 057 054
36-1°1  Sh2-71 18595 +0205 3608 -137 -10 17 Y - R 67 194 290 — 084 040
38-25°1 A70 20289 -0718 3811 -2547 -85 2 N - R 21 — - - 055 —
40- 0°1 A53 19043 +0819 4037 047 — — N - R 15 - - — 000 —
41-2°1 6781 10160 +0627 4184 298 -16 13 Y 0.80 R 60 79 132 023 049 077
45+24°1 Ki-14 17404 +2128 4559 +2433 20 1 N - R 26 — - - o020 —
50+ 3°1  M1-87 19093 +1847 5021 +331 30 58 N 0.65 IR 57 - - 0.18 040 —
59-18°1 A72 20477 +1322 65980 -1874 -15 20 N - R? 111 — - — 088 —
63+13°1 6720 18517 +3258 63.17 +1398 60 B84 Y 0.57 R 39 74 190 011 065 061
64+15°1 M1-64 18482 +3511 6498 +1553 -40 -17 Y 25 R 9 15 187 011 055 0.00
64+48°1 6058 16027 +4049 6467 +4830 =5 -22 Y 2.6 R 10 15 150 013 052 062
65+0°1 6842 19530 +2909 6581 +0080 — ~— Y 1.27 R 13 29 223 008 070 043
66-28°1 7094 21345 +1234 6679 2821 — — N 1.3 R 49 - - 031 018 —
68-0°1 M1-75 20028 +3119 6886 -005 -30 3 Y 2.8 R 8 21 263 011 082 084
68+ 1°2 Hel-4 19573 +3147 68.63 +1.19 -30 2 Y 18 R 11 14 1.27 0.10 0.50 038
69- 2°1 6694 20144 +3025 6948 262 - -— Y 1.41 R 20 31 155 014 057 031
83+12°1 8828 19435 +5024 8356 +1278 — — Y 1.02 c? g13 89 253 - —  0.00
85+ 4°1 A71 20308 +4711 B501 4449 20 56 Y - 1 108 >220 >208 - 067 —
88- 1°1 7048 21124 +4604 B8B76 -168 15 59 Y 13 R? 35 54 154 022 064 048
B9+ 0°1 7026 21046 +4739 B89.00 +037 5 37 Y 1.87 R? - 20 - - — o083
93+5°2 7008 2059.1 +5421 9342 +549 15 58 Y - 1 40 60 150 - 060 0.73
95+ 7°1 A73 20552 +5715 95.27 +780 15 55 N - R 40 - - - 0.49 -
96+29°1 68543 1758.8 +66 38 96.47 +2095 20 20 Y 0.85 R 6 12 2.00 0.02 080 0.79
97+ 3°1 A77 21308 +5540 9752 +318 80 -53 N - 1 28 - - - - -
101+8°1  A75 21252 +6240 10185 +B74 — -— Y - 1 18 35 194 - 062 0.00
102- 2°1 A79 22244 +5434 102.98 -233 65 -57 N - IR 25 - - - 0.40 -
103+ 0°1  M2-51 22143 +5714 10323 +068 20 36 Y 16 R 18 38 238 012 089 072
106-17°1 7662 23235 +4216 10656 -1760 35 75 Y 1.15 R 7 17 243 004 075 048
107+2°1 7354 22385 +6101 10784 +231 — — Y 186 I? 10 21 210 008 059 044
114- 4°1 AB2 23434 +5647 11407 -468 40 -85 Y - B 42 53 126 - 027 072
120+ 9°1 40 00103 +7215 12002 +8.87 20 -79 N 0.92 R? 25 - - 011 081 —
328+42°1 1972 14017 -1701 32875 +4221 — — Y 20 R 24 26 108 023 036 039
The distribution of the orientations of the apparent long
12 T T T T T —\— T axes of the nebulae is shown in Figure 4. The angle, 6, between
L ) 1 the apparent long axis of each nebula and the galactic plane is
ok 2N=27 _ also listed in Table 2. The dotted curve in Figure 4 represents
i | the 0 distribution to be expected if the nebular long axes are
5 distributed randomly in direction. Evidently, the observed dis-
n tribution is similar to the model curve, suggesting that there is
] no preferential alignment of the axes. This is opposite to the
N g} ~ conclusion reached by Grinin and Zvereva (1968) and by
L ] Melnick and Harwit (1975), who found the long axes of planet-
al | ary nebulae to be preferentially aligned in the galactic plane.
Such an alignment would have provided (rather surprising)
i evidence for the control of nebular morphology by an external
2 n agency, possibly the interstellar magnetic field.
L l_l . The variation of the nebular surface brightness as a function
0 L 1 1 A of radial distance from the central star has been investigated by
| 2 3 4 °>5 examination of nearly circularly symmetric nebulae possessing
R,/R . halos. The surface brightness, B(r), was averaged around con-

F1G. 3.—Distribution of the ratio of the halo radius R, to the primary
nebula radius R,. The distribution is peaked toward small values of the ratio
and has a mean equal to 2.

centric circles centered on each nebula center. Figure 5 con-
tains plots of log [B(r)] versus log (r) for six circular nebulae.
The plots have been marked to show the location of the
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Fi1G. 4—Distribution of the directions of the apparent long axes of the
planetary nebulae. The number of nebulae, N, having their longest axes
inclined to the galactic equator at angle 0 is shown. The dashed line depicts the
distribution to be expected if the longest axes are randomly oriented. Within
the statistical uncertainties, the model and the observed distribution are
similar.

boundary between the primary nebula and the halo in each
instance. The plots show that the surface brightness of the
halos decreases sharply with r, often more quickly than the
inverse fifth power of r.

The majority of the halos are too irregular to allow the
construction of meaningful plots of the type presented in
Figure 5. Large variations of surface brightness occur over
small distances in the halos. A common feature of many of the
halos, shown in Figures 1 and 2, is the presence of loop fila-
ments. The loop filaments appear convex outward, have radii
equal to a fraction of R, have widths comparable to the seeing,
and often appear to have centers of curvature close to the
primary/halo boundaries. Examples may be seen in 2+5°1,
33-6°1, 68—0°1, 89+0°1, 103+0°1, and 120+9°1 (in Fig. 1)
and in 8+3°1, 9+14°1, 63+13°1, and 83+12°1 (in Fig. 2).
Many of the halo electron density measurements discussed in §
IIIc refer to loop filaments rather than to the fainter surround-
ing material. The origin of the loops is unclear but their resem-
blance to shock fronts is striking.

b) Polarizations

Images of the nebulae 63+ 13°1 and 64 +48°1 taken through
perpendicular polarizers were scaled by equalizing the inten-
sities of field stars (assumed to have negligible polarization).
Scale factors determined from different field stars were equal to
within 1%. The scaled frames were then subtracted. Residual
differences in the subtracted images were attributable to regis-
tration errors. They place an approximate upper limit to the
degree of linear polarization present in the nebular Ha +
[N 1] radiation of POL < 0.05. This upper limit is consistent
with the typical primary nebula polarization of about 1%
(Hamilton and Liller 1972). The significance of the absence of
larger polarization in the halos of these nebulae will be dis-
cussed in § IV. :

¢) Optical Spectra

The optical spectra were examined with the principal objec-
tive of measuring the halo electron densities. This was achieved
by determination of the ratio of the intensities of the [S 1]
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6716, 6731 A lines. In the majority of the spectra, these lines
were sufficiently faint that small-scale variations along the
spectrograph slit could not be separated from the pixel to pixel
noise. In these spectra, the ratio of the line intensities was
obtained by the averaging of long segments (typically ~ 10”) of
the slit images.

The unresolved electron measurements are presented in
Table 3. The contents of the table are column (1), object desig-
nation (Perek and Kohoutek 1967); column (2), Ax (arcsec): the
offset of the center of the spectrograph slit from the central star,
in right ascension; column (3), Ad (arcsec): the offset of the
center of the spectrograph slit from the central star, in decli-
nation; column (4), L (arcsec): the length of the slit along which
the [S 1] line intensities were averaged. The slit was always
aligned east-west on the sky and was of 1” width; column (5),
r/R,: where r = (Aa® + A6%)'/? is the separation between the
central star and the effective center of the slit. R, is the radius of
the primary nebula in arcsec (from Table 2); column (6), the
type of material sampled by the spectrograph slit, either
primary nebula (P) or halo (H); column (7), [S 11] (6717/6731):
the ratio of the intensities of the [S 1] lines within the effective
slit. The tabulated uncertainties were computed by assuming a

| 1 v
’_
2459 64+15°
|7—W|\4 64 +48°|
i 291@\0'/&\ 69-2°\/‘\ _
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—
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A
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1 | F N 1
2 4

1
0] I 0 |
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F1G. 5—Azimuthally averaged Ha + [N 11] surface brightness plots of cir-
cularly symmetric nebulae. The logarithm of the surface brightness is plotted
against the logarithm of the radial distance from the central star in arcsec.
Vertical ticks mark the boundaries between primary and halo material in those
nebulae which possess halos. Lines of slope —4 and —5 are shown for refer-
ence.
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TABLE 3
ELECTRON DENSITY MEASUREMENTS

Aa AS L [S u] log N,
Object ) ) ) /R, Type (A6716/46731) (m~3)
1) ) 3) @ ®) (6) ()] (®)

24+51.......i. 1w ON 11 0.65 P 0.59 + 0.06 9.5919:1%
14E ON 11 0.82 P 0.70 + 0.07 9.3915-12
28W ON 6 1.65 H 0.80 + 0.20 9.1919-38
32E ON 10 1.88 H 1.00 £ 0.10 8.8510:1¢
10+18°2......... OE 2N 5 0.15 P 0.51 + 0.05 9.8119:2¢
W 2N 9 0.56 P 0.64 + 0.06 9.50* 51
35—0°1.......... 10W ON 8 0.71 P 0.89 + 0.09 9.02i§;}§
13E ON 16 0.93 P 0.86 + 0.09 9.08%0-1¢
25W ON 22 1.79 H 1.14 + 0.11 8.63+511
50+3°1.......... OE 128 46 0.90 P 0.76 + 0.08 9.27181¢
68—0°1.......... 12E ON 8 1.50 H 1.10 +£ 0.11 8.70%93:18
12E 128 8 2.12 P 1.00 + 0.10 8851012
68+1°2.......... OE ON 12 0.00 P 0.96 + 0.10 8911517
10W ON 8 091 P 0.94 £+ 0.09 8.94i§:}ﬁ
13E ON 8 1.18 P 0.98 + 0.10 8.8870:1¢
89+0°1.......... 0E ON 15 0.00 P 0.63 + 0.06 9.521012
OE 128 27 H 0.79 +0.08 9.22*813
97+3°1.......... 17E ON 29 0.61 P 1.29 +0.13 8221037
102—-2°1.......... 22E ON 23 0.88 P 1.16 £ 0.12 &591‘8;;2
29W ON 24 1.16 P 1.20 + 0.12 8.49“:‘8’;33
48E ON 10 1.92 P 1.25+0.13 8357531
103+0°1.......... 27TW 6S 31 1.73 P 0.94 1+ 0.09 8.9415:18
107+2°1.......... 6W ON 8 0.60 P 0.68 + 0.07 9.43%9-12
11E ON 13 1.10 P 0.58 4+ 0.06 9.61*51¢

statistical error distribution within the effective slit and are
generally due to photon noise; column (8), log (N,) m~3: the
logarithm of the electron density within the effective slit, and its
formal uncertainty. The electron density was estimated from
the [S 1] (6717/6731) line ratio using the collision strengths
calculated by Pradhan (1976) and the transition probabilities
of Wiese, Smith, and Glennon (1966). An electron temperature
T, = 10* K was assumed.

An additional five nebulae had surface brightnesses high
enough to permit the determination of spatially resolved elec-
tron densities. Results from these nebulae are not given in
Table 3 but instead are plotted in Figures 6a—e. From these
plots the general trend toward smaller electron densities in the
halos may be followed. The rate of decrease is relatively slow.
By inspection, the plots seem to preclude variations of the form
N (r) oc r~" with n > 2. However, the plotted measurements of
the electron densities in the halos most likely represent only
upper limits to the true spatially averaged halo electron den-
sities. This is because regions of locally enhanced density will
tend to have higher surface brightness than surrounding
regions and will therefore be preferentially conspicuous in the
slit spectra. The bright filamentary structures present in many
halos (e.g., see 2+ 5°1, 25—4°2, 83+ 12°1) probably represent
regions of locally enhanced density. A rough estimate of the
magnitude of the density enhancement may be obtained by
comparing the surface brightness of the filaments to the surface
brightness of adjacent halo material. The surface brightness in
a recombination line (e.g., Ha 6563 A) varies as

BrCCNeNia(Te)L s

where N, and N; are the electron and ion densities, o(T}) is the

recombination coefficient appropriate for the line of interest,
and L is the line-of-sight path length through the emitting
region. Denoting filamentary properties “fil” and adjacent
halo properties “h” we may take By;)/B, ~ 5 and Ly;/L, =~ 0.1
from observations. Provided the filament and general halo
electron temperatures are similar, we may take o /o, = 1,
since « is a very weak function of temperature. Furthermore, in
a pure hydrogen nebula N, = N, giving N (fil)/N (h) ~ 7. This
suggests that the measured electron densities, which are biased
toward the densities in the filaments, overestimate the locally
averaged electron densities by about a factor of 7. This is com-
parable to the filament density enhancement estimated by
Capriotti (1973) from dynamical considerations. Considerably
larger density enhancements have been proposed by Wentzel
(1976).

The mean electron density in five planetary nebula halos,
corrected as above for observational bias, is N, = 1.4 x 108
m~3 (140 cm~3). This is equal to about 1/10th the typical
electron density in the primary nebulae (Table 3). Taking
R,/R, =2 (§ Illa) gives the ratio of the halo volume to the
primary nebula volume to be ~ 10. Hence, by this argument,
the order of magnitude of the ratio of the halo mass to the
primary nebula mass is M,/M, ~ 1.

IV. INTERPRETATION

We consider four independent models of the origin of the
nebular halos. The models, and others derived from them, have
been previously proposed by other workers to account for the
existence of individual halo nebulae. While each model may
successfully represent some of the nebulae studied in this
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F1G. 6—Variation of [S u] 6716, 6731 A line intensity ratio and of electron density, log [N . (m™3)], as a function of distance along slits projected east-west on the
surfaces of five nebulae. The points represent measurements along single lines of pixels parallel to the dispersion. The statistical uncertainties in the line ratio at each
slit position are indicated by the local scatter of the measurements. Very uncertain measurements have been omitted for clarity. The continuous lines, where drawn,

have been added to guide the eye.

survey, our objective is to determine the model which is best
able to represent a majority of the nebulae.

The halos might be caused by the scattering of nebular radi-
ation from interstellar dust grains, as occurs in normal reflec-
tion nebulae. This model has been proposed by Atherton et al.
(1979) to account for the halo surrounding NGC 7027. Several
observations are inconsistent with this model of planetary
nebula halos. (a) The optical spectra of the halos are generally
different from the spectra of the respective primary nebulae.
However, scattering of the radiation by dust grains would be

nearly gray and could not produce the variations of emission
line ratios as are observed. (b) Polarization measurements of
the halos of 63+13°1 and 64+48°1 show that the linear
polarization is POL < 0.05 at the wavelength of Ha. Typical
reflection nebulae are observed to exhibit larger polarizations
in the range 0.05 < POL < 0.15 (Zellner 1973). (c) The large
frequency of occurrence of halo nebulae reported in the present
study would imply an unreasonably high coincidence between
the spatial location of planetary nebulae and of interstellar
dust clouds. Furthermore, high galactic latitude planetaries
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such as 64448°1 (b" = +48°1) and 96+29°1 (" = +30)
possess conspicuous halos even though the interstellar medium
at such large b" is, presumably, very rarified. (d) The planetary
nebula halos commonly exhibit a characteristic filamentary
morphology which is not similar to the morphology of a
typical reflection nebula. In view of the above mentioned argu-
ments, it seems very unlikely that a majority of the halos might
be due to reflection nebulae.

The halos might be due to excitation of the escaping stellar
wind formerly produced by the central star when in a cool
preplanetary red giant state (see, e.g, Kwok, Purton, and
Fitzgerald 1978; Kwok 1982). Typical stellar wind mass-loss
rates from red giant stars are observed to lie in the range

1078 < dM/dt(M o yr~ ') < 10~ (Cassinelli 1979). Exception-
al stars, including the long-period variables often cited as pro-
genitors of planetary nebulae, have dM/dt < 107° M yr~ %
Such a wind expanding isotropically at the stellar escape speed
from a star of mass ~ 1 M and radius = 1000 R, would have
a number density N,(m~3) < 103*°R ™2, at distance R(m) from
the central star. The observed planetary nebula halos extend to
at least R ~ 0.5 pc ~ 1.5 x 10'® m (Table 2). At this distance
the steltar wind would have a number density N,, < 4 x 108
m~3. N, may be compared with the halo electron densities
listed in Table 3. There it is seen that typical halo filament
electron densities are N (h) ~ 1 x 10° m~3. Allowing for an
estimated factor of 7 density enhancement in the halo filaments
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(§ IIIc) gives N (h) &~ 1 x 108 m~3 which is still more than an
order of magnitude larger than N,,. Hence, it is apparently
unlikely that the planetary nebula halos are caused by excita-
tion of escaping stellar winds unless the winds are stronger
than we have assumed here. However, the uncertainties are
large enough that we cannot discount the possibility that at
least some of the halos may be due to such a process. Mass-loss
rates exceeding 10™* M yr™!, if sustained for the nebular
expansion time ~10* year, would be able to produce the
observed halo densities. Interestingly, Knapp et al. (1982)
report mass loss rates approaching 10™* My yr~! in some
stars.

Excitation of the interstellar medium is unlikely to give rise
to observable emission since the number densities there are
very small, generally < 10% m ™2,

The halos might represent excited gas which is expanding
away from but which originated in the primary nebula shell.
The halo would be formed by dynamical separation from the
primary shell after its ejection from the central star. Models of
this type have been computed by Mathews (1966). The outer
layers of the shell undergo accelerated expansion down the
pressure gradient into the relative vacuum of interstellar space.
Simple considerations lead to a model of the nebula in which
the radial expansion speed, v, is proportional to the distance
from the central star, R. The halo consists of gas which has
accelerated away from the primary nebula. Taking v oc R, the
condition of continuity gives N(R) occ R ™3, where N is the total
number density of particles at R, and the expansion is assumed
to be spherically symmetric. Assuming N,/N = constant (ie.,
tantamount to the assumption that the hydrogen Stromgren
sphere is larger than the radius of the halo), and assuming
constant electron temperature, the halo surface brightness in a
recombination line (e.g., Ho) would vary as B oc R~ 3. Detailed
qalculations by Mathews in which the previous two assump-
tions are relaxed yield similarly steep surface brightness varia-
tions. Comparison with the halo surface brightness profiles
shown in Figure 5 suggests that accelerated expansion models
of this type may be able to reproduce the planetary nebula

halos. However, the model profiles are sensitive to the net
heating rate in the expanding gas and the heating rate is very
poorly constrained by existing observations. In the absence of
more rigid constraints, in the form of resolved electron density
and temperature maps of specific halos, it would seem to be
premature to perform model fitting. Hence, we conclude that
this model may be consistent with the halo observations, but
that a firm conclusion cannot yet be reached.

The planetary nebula ejection mechanism may lead to the
production of two or more separate expanding shells, ejected
from the central star at different times. We can find no strong
observational test of this model in our data. However, one
relevant observation is that the halo material usually appears
contiguous with the primary nebula. There is rarely a case in
which the supposed halo ejection occurred so long before the
primary nebula ejection that a prominent gap exists between
the halo and primary shells. Unless there is some fundamental
limit to the length of time between successive ejections from the
central star, this observation would seem to provide an argu-
ment against the multiple ejection model.

Further discrimination between the above formation mecha-
nisms might be possible using radial velocity measurements of
the halos. For instance, in the red giant wind model of Kwok
we would expect to find a ratio of halo velocity to primary
nebula velocity v,/v, < 1, since typical stellar wind speeds are
only a fraction of the typical planetary nebula expansion
speeds. Conversely, the accelerated expansion models of
Mathews predict v,/v, > 1.

V. SUMMARY

1. Twenty-nine out of 44 randomly selected nebulae for
which deep CCD images were taken are found to possess
halos.

2. The halos exhibit a wide range of properties. The relative
radii are concentrated in the range 1.1 < (R,/R,) < 5, with an
average R,/R, ~ 2. Many halos exhibit filamentary structure.

3. The apparent long axes of the primary nebulae are dis-
tributed randomly in direction. There is no evidence for the
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axis alignment reported by Grinin and Zvereva (1967) and by
Melnick and Harwit (1975).

4. The spatially averaged electron densities in five halos
average N, ~ 10® m ™3, about 10% of the densities of the
primary nebula shells. Filaments in the halos have about 7
times the mean electron density. The ratio of the halo mass to
the main shell mass is of order 1.

5. The halos are unlikely to be produced by scattering from
interstellar dust nebulae. Some halos may be produced by exci-
tation of preplanetary winds. It is likely that most halos result
from either the dynamical separation of a single ejected shell or

from the multiple ejection of shells from the central star. In
future work, expansion velocity measurements will be used to
discriminate between these models.

We thank J. A. Westphal and J. E. Gunn for permission to
use the PFUEI We are thankful for the skilled operation of the
telescopes by Juan Carrasco, Al Lilge, Skip Staples, and Dave
Tennant. Mike Ravine, Sid von Grollik, and Barbara Zimmer-
man provided valuable assistance during some of the observ-
ing runs.

REFERENCES

Acker, A. 1979, Astr. Ap. Suppl., 33, 367.

Atherton, P. D, Hicks, T. R., Reay, N. K., Robinson, G. J., Worswick, S. P.,
and Phillips, J. P. 1979, Ap. J., 232, 786.

Capriotti, E. R. 1973, Ap. J., 179, 495.

Cassinelli, E. R. 1979, Ann. Rev. Astr. Ap.,17,275.

Curtis, H. D. 1918, Pub. Lick. Obs., 13, 57.

Duncan, J. C. 1937, Ap. J., 86, 496.

Greig, W. E. 1971, Astr. Ap., 10, 161.

Grinin, V. P., and Zvereva, A. M. 1968, in IAU Symposium 34, Planetary
Nebulae, ed. D. E. Osterbrock and C. R. O’Dell (Dordrecht: Reidel).

Gunn, J. E., and Westphal, J. A. 1981, Proc. S.P.1.E., 290, 16.

Hamilton, N, and Liller, W. 1972, Mem. Soc. Roy. Sci. Liége, 6th Ser., 5, 213.

Hunter, J. H., and Sofia, S. 1971, M.N.R.A.S., 154, 393.

Kaler, J. B. 1974, A.J., 79, 594.

Khromov, G. S., and Kohoutek, L. 1968, Bull. Astr. Soc. Czechoslovakia, 19, 1.

Knapp, G. R., Phillips, T., Leighton, R. B,, Lo, K. Y., Wannier, P. G., Wootten,
H. A, and Huggins, P. J. 1982, Ap. J., 252, 616.

Kwok, S. 1982, Ap. J., 258, 280.

Kwok, S., Purton, C. R., and Fitzgerald, P. M. 1978, Ap. J. (Letters), 219, L125.

G. E. DANIELSON: 170-25, Caltech, Pasadena, CA 91125

DAviD C. JEWITT: 54-418 M.L.T., Cambridge, MA 02139

Mathews, W. G. 1966, Ap. J., 143, 173.

Melnick, G., and Harwit, M. 1975, M.N.R.A.S., 171, 441.

Millikan, A. G. 1974, A.J., 79, 11.

Minkowski, R., and Osterbrock, D. E. 1960, 4p. J., 131, 537.

Osterbrock, D. E., Millier, J. S., and Weedman, D. W. 1966, Ap. J., 145, 697.

Perek, L., and Kohoutek, L. 1967, Catalogue of Galactic Planetary Nebulae,
Prague.

Pradhan, A. K. 1978, M.N.R.A.S., 184, 89P.

Reimers, D. 1977, IAU Colloquium 42, The Interaction of Variable Stars with
Their Environment, ed. R. Kippenhahn, J. Rahe, and W. Strohmeier
(Bamberg: Remeis-Sternwarte).

Weedman, D. W. 1968, Ap. J., 153, 49.

Wentzel, D. G. 1976, Ap. J., 204, 452.

Wiese, W. L., Smith, M. W, and Glennon, B. M. 1966, Atomic Transition
Probabilities: A Critical Data Compilation (Washington, D.C.: U.S. National
Bureau of Standards, Government Printing Office).

Wilson, O. C. 1950, Ap. J., 111, 279.

Zellner, B. 1973, in IAU Symposium 52, Interstellar Dust and Related Topics,
ed. J. M. Greenberg and H. C. Van De Hulst (Dordrecht: Reidel), p. 109.

P. N. KUPFERMAN: 12-34, J.P.L., 4800 Oak Grove Drive, Pasadena, CA 91127

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1986ApJ...302..727J&db_key=AST

PLATE 22

T 203027272730

o]

[198BA

10 +18°2

&

FiG. 1.—CCD images of planetary nebulae. Each nebula is shown twice. The left-hand image shows all data numbers between the sky brightness and the peak
nebular brightness; the right-hand image shows the lowest 10% of the data numbers. The left-hand image emphasizes the primary nebula, whereas the right-hand
image emphasizes the halo in nebulae where one is present. Saturated star images appear as black streaks. Each picture has north to the top, east to the left. The scale
bars are each 20" long.
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F1G. 2—Stronger stretches of selected nebulae from Fig. 1. Only the lowest 1% of the data numbers are shown. The images emphasize very faint halos not well
seen in Fig. 1. North is to the top, east to the left. The scale bars are each 20" long.
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