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Summary. NGC 6888 is a filamentary nebulosity as-
sociated with the Wolf-Rayet star HD 192163. Maps
are presented with a resolution of 5arcmin at 11 cm
and better than 1.5 arcmin at H, and at 6 cm, 21 cm and
49 cm (continuum). There is a smooth component to
the H, radiation which presumably originates from gas
between the filaments. From comparison of the line and

continuum intensities, it is found that the smooth
component has essentially the same temperature as the
filaments. The mechanism by which the filaments are
created and maintained is not clear.
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1. Introduction

NGC 6888 (S 105) is the nebulosity around the Wolf-
Rayet star HD 192163(BD +37°3821). It is one of the
nine “ring” nebulae associated with WR stars (Smith,
1968c; Crampton, 1971). Of these, it is the nearest,
brightest, and the most regular in shape. It has, besides,
a more strongly developed filamentary structure than
the other nebulae.

The appearance of the nebula strongly suggests that
the ionized gas is distributed in a very thin ellipsoidal
- shell, roughly but not exactly, centered on the WR star.
It was suggested by Johnson and Hogg (1965) that the
shape of the nebula is due to material ejected from the
WR star at high velocity sweeping up the interstellar
medium. Thus, the nebula is of prime interest because
of its relationship to the WR stars and to the interaction
of material ejected from stars with the interstellar
medium.

This paper presents H,+ [N 1] isophotes (Section 2.2),
11 cm continuum isophotes bbtained with a single dish
(Section 3.2), and 6cm, 21 cm and 49 cm continuum
isophotes obtained by aperture synthesis (Section 3.3).
The H,+[N1] and 21 cm observations have resolu-
tions of approximately 30 arcsec; this is adequate to
resolve all but the finest structure of the nebula. The
single dish (5arcmin resolution) map is necessary in
order to determine the total radio flux density.

2. Optical Observations
2.1. Previous Optical Data

The previously known parameters of the star and the
nebula are summarized in Table 1. Note that the values
given are recomputed for a distance of 1.45 kpc, based
on the most recent estimates of My, and are not always
equal to the values given in the papers quoted.

The optical spectrum of the nebula has been studied by
Parker (1964) who observed the brightest filaments in
the north and north-western parts. From the [O 1]
doublet, 143726, 3729, he derived an electron density

Table 1. Data related to HD 192163 and NGC 6888

Star:
Galactic coordinates 75.5, +2.4
Spectrum WN 6 Smith (1968a)
v(1/4,=1.94) 773 Westerlund (1966)
b—u(1/3,=2.34) +0.25 Smith (1968b)
M, —4.8 Crampton (1971), Smith (1972)
A(=1.084)) 1.75 Kuhi (1966), Smith and Kuhi (1970)
Distance 1.45kpc
Nebula:
Dimensions 18 x 12
7.6 x5.0pc

Electron density 400 cm™3 Parker (1964)

(in Filaments)
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of 400 cm 3. The most unusual feature of the spectrum
is the great strength of the [Nu] lines near H,;
I([N u])/I(H,) ranges from 0.5 to 2.1 compared to an
average value for galactic Hu regions of about 0.5
(Johnson, 1953; Dickel et al, 1969). Lozinskaya and
Esipov (1968), have also studied the optical spectrum
and confirmed the high ratio of [N ]/H,. They find an
average value of 1.6. Possible explanations will be
discussed in Section 5.4.

2. 2. H, Plus [N u] Isophotes

NGC 6888 was observed in the calibrated H,-survey
of the Cygnus X-region by Dickel et al. (1969). The
nebula is shown in Fig. 1. The plate was obtained with
the 48 inch Schmidt telescope of the Hale Observatories
on flashed Eastman Kodak 103a-E emulsion behind an
interference filter with a bandwidth of 80 A centered
on H,. Figure 6 presents a contour map obtained by
microphotometry with a rectangular response pattern
having an effective resolution of 38 and 35 arcsec in
right ascension and declination respectively. The con-
tours were corrected for a slight decrease of trans-

mission on the filter near the edge of the plate. A linear
baseline was fitted between the regions east and west
adjacent to NGC 6888 where there is no apparent
nebulosity. The main errors of the map resulted from
the photoelectric calibration of the plate series (5%),
from transferring this from one plate to another (5%)
and from the uncertainty of the baseline level (5%).
The resulting rms-error is <15%.

Three bright stars within the boundary of the nebula,
the central star, HD 192163, and two foreground stars,
are marked by asterisks in Fig. 6. Their flux was sub-
tracted by hand from the total integrated flux contained
in the map. The final flux of the nebula is:

SH,+[Nn])=1.1x10"2Wm~2,

In order to obtain the flux due to H, alone, we must
correct for the contribution due to the [N 11] lines which
are included in the filter bandpass. The intensity ratio,
[Nu]/H, is not constant over the nebula. Figure 7
combines the tabular data of Parker (1964) Losinskaya
and Episov (1968) and Losinskaya (1970) to divide the
nebula into regions of approximately constant intensity
ratio [N1]/H,. The numbers give the factor I(H,)/

Fig. 1. Photograph of NGC 6888 in H,+[Nm]. See Text. Taken with the Hale Observatories 48" Schmidt-telescope

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1975A%26A....42..173W&amp;db_key=AST

FT975ARA - Z427 “I73Wh

NGC 6888 175

IH,+[Nm]). The integrated H, flux obtained by
combining Figs. 6 and 7 is

S(H)~0.55x10"12Wm™2,

There are several structural features which we wish to
point out:

1) The faint ridge (at about a=20"11", §=38°12)
extending from the northeast corner of NGC 6888
towards the south is real and visible as a faint patch
on the original plate. It can also be seen on the
Palomar Atlas Sky Survey prints and does not appear.
to be physically related to NGC 6888. (This impression
is confirmed by reddening determinations: see
Section 4.3) Its total flux, uncorrected for [Nii], is
6x10"*Wm2

2) The distribution of radiation is very asymmetric.
About 35% of the total radiation originates from the
brightest group of filaments at the northeastern end;
the bright group on the northwestern side contributes
25% and the group at the southwestern end 15%. Thus,
75% of the radiation comes from only 25% of the area
of the nebula.

Fig. 2. Radiophotograph of the 1415 MHz observations of NGC 6888

3) The sharpness of the boundaries of the ring is not
uniform. On the northeastern and southwestern ends
(around «=20"10"45%, §=38°18 and «=20"09™50",
0=38°04') the boundary is sharper than on the north-
western side. This can be seen on the photograph
(Fig. 1) and also on the isophotes (Fig. 6). Tracings
were made with 2arcsec resolution perpendicular to
the boundary at several points. It was found that on
the northeastern and southwestern ends the rise from
minimum to maximum intensity takes place in about
13+ 3 arcsec; this corresponds to a linear distance of
about 0.1 pc. On the northwest side the rise is about
half as fast, taking place over about 0.25 pc.

On the southeast side of the nebula, the intensity
decreases slowly and it is difficult to determine the
boundary. We will assume, in what follows, that it may
be represented by the completion of the ellipse defined
by the brighter edges.

4) One particular feature of the shell boundary has
been previously overlooked. Faint filaments protrude
from the northwest side of the nebula beyond the well-
defined rim. This feature is hardly visible on the Sky
Survey prints, but can clearly be seen on the photo-
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Fig. 3a and b. Microphotometer scans along the lines indicated in Fig. 6 with a resolution of 3 arcsec

graph in Fig. 1. These small filaments stand in marked
contrast to the majority of the filaments in the nebula
which appear to be oriented tangentially within an
ellipsoidal shell.

2.3. H, Observations of the Smooth Component

A strongly exposed plate of NGC 6888 in H, only was
obtained in conjunction with R. Louise using the
“reducteur focal” (Courtés, 1973) on the 120 cm telescope
of Haute Provence Observatory. The filter had a band-
pass of 10 A in parallel light; its properties in the F/6
beam of the telescope are not known, but the trans-
mission of the [Nir]-lines is certainly greatly re-
duced.

Figure 3a and b show tracings across the nebula along
the lines A and B maked in Fig. 6. These were made
with a projected slit, equivalent to 3.3 arcsec square on
the plate. The clear plate (P) and the sky background
(S) (due to moonlight) are marked. It is obvious that
underlying the filaments is a component of the radiation
which is smooth on a scale of 10arcsec and has a
distribution similar to that of the filaments, in the sense
of being most intense in the northwestern half of the
nebula and decreasing smoothly to the southeast.
Comparison of Fig. 3b with the H,+[Nu] contour
map, Fig. 6, shows that the smooth background on this
trace corresponds to isophote “75”. The smooth back-
ground is clearly somewhat stronger further to the
northwest, where the strongest filaments are found
(see trace A); however, the level of the smooth com-
ponent in trace B is clearly defined and the corre-
sponding levels on the contour maps are easily defined;
thus, we adopt this level as representative of the
smooth component.

3. Radio Observations
3.1. Previous Radio Observations

All previous observations were made with single dish
instruments and did not have, in general, sufficient
resolution to detect structure. Thus, only integrated
flux density values are available. The data are sum-
marized in Fig. 4 which clearly shows that the radio
radiation of the complex is in first approximation of
thermal origin and is optically thin. The value for the
flux at 318 MHz includes a correction for the dimensions
of the source, from that of the optical nebula (as as-
sumed by Terzian, 1970) to 18 by 15arcmin as
indicated by the isophotes of Felli and Churchwell
(1972). The radio source extends to the south and
southeast of NGC 6888 covering the position of the
faint patches of nebulosity which were mentioned in
the previous section, and which are not necessarily
physically related to NGC 6888. It follows that not
all the observed integrated flux can be attributed to
NGC 6888.

3.2. Single Dish Observations at 11 cm

In order to obtain a more accurate total flux density
for NGC 6888, alone, the region was mapped with the
100m telescope of the MPIfR at Effelsberg at 2695 MHz.
At this frequency, the beam has a half-power total width
of 4.8 arcmin. Six or more scans at each position were
averaged, resulting in an rms noise of 0.02K T, or
better. The zero level of the map was set equal to that
defined (Wendker, 1970) for the Cygnus X region which
is just north of NGC 6888 and into which several
long scans were extended. The remainder were tied
together by a number of cross scans.
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Fig. 4. Radio spectrum of NGC 6888 from low resolution single dish observations. The solid line representing a spectral index of —0.1 is
estimated by eye. The references are: (1) Johnson and Hogg (1965), (2) Lozinskaya (1970), (3) Terzian (1970), (4) Schwartz (1968), (5) Johnson
(1971), (6) Felli and Churchwell (1972)
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Fig. 5. Contour map of NGC 6888 and surrounding area at 2695 MHz

In the 11 cm map (Fig. 5) the main source, NGC 6388, smaller sources. Its main effect is to cause the back-
and a second source, corresponding to the faint ridge, ground level to decrease from south to north across
are clearly resolved. There is also a weak and very  the region of NGC 6888.

extended component, best visible to the south of  The brightness temperature isophotes of NGC 6888
NGC 6888, which is probably unrelated to the two were planimetered to obtain the total flux density. In
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Fig. 6. Contour map of the H,+[N 1] intensities of NGC 6888 from the plate shown in Fig. 1. 1 contour unit =3.74 x 10~ *°W m™~ sterad ™!
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Fig. 7. Map representation of the correction factor to be applied to
the contour map of Fig. 6 when converting from H,+ [N 11] intensity
to H, intensity alone. See text

the north and west the boundary is obvious; in the
south and east the contour level labelled “8” was
taken as the boundary. The extended component was
estimated to contribute 0.2+0.1 K over the area of
NGC 6888. This correction is uncertain and represents
the largest source of error in the flux determination.
The result is

S2695=2'5i0'3 X 10_26 Wm—2 HZ_1 .

To compare with the higher resolution maps to be
presented in Section 3.3, NGC 6888 was divided into

four components which were represented by gaussians:
two for the northern filaments, one for the southern
maximum and one for the underlying large component.
The background was treated as one component centered
slightly south of NGC 6888. The rms-value of the
model fit was only slightly larger than the observational
noise. The derived values of the integrated flux density
of the various components are given in Table 3. The
total flux density of 2.6 x 1072 Wm~2 Hz™ ! for
NGC 6888 is in excellent agreement with the value
derived by integration of the isophotes.

The source to the southeast of NGC 6888 can be
approximated by a gaussian of peak intensity 0.44 K T,
(above an estimated zerolevel of 0.20 K) with half-width
of 13x8arcmin corresponding to a flux density of
09x10"2Wm~2Hz .

3.3. Aperture Synthesis Observations at 49, 21 and 6 cm

To obtain higher resolution radio observations of
NGC 6888, we used the Westerbork Synthesis Radio
Telescope. This instrument consists of an array of ten
fixed and two mobile 25m dishes, forming twenty
simultaneous interferometers. The instrument is de-
scribed in detail by Baars and Hooghoudt (1974); the
21 cm receiving system is described by Casse and
Muller (1974). Parameters relevant to the telescope and
our observations are given in Table 2. We used the
standard calibration and reduction procedures, de-
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Frequency [MHz] 4995 1415 609.8
HPBW Primary beam 12 376 83
[arcmin]
HPBW Synthesized Beam  7x11 25x%39 58 x 88
[arcsec]
R.M.S. Noise [mJy] 0.6 0.6 20
Field Center 20"10™40.8° 20%10™16.8° 20°10™21.0°
38°16'12" 38°12'36” 38°12'00”
Observ. Time 4x128 4x128 2x 128
Observ. Dates Nov 1972 Apr 1971  Aug 1973
Dec 1972 May 1971  Sep 1973
Jan 1973  Jun 1971
May 1973
Spacings Interferometer [m] 36-1458 36-1458 54-1458
Increment [m] 18 18 36

scribed by Hégbom and Brouw (1974) and van Someren
Gréve (1974). The observations are represented by maps
with contours of constant flux-density per beam, i.e.
constant brightness temperature (Figs. 8—10). In the
maps, the contours are labelled in units of 3.75K
(corresponding to 5 m.fu. per synthesized beam). The
21 cm radiograph presented in Fig. 2 was made using
an interactive program and a PDP9 computer at
Groningen University (Ekers et al., 1973). The following
comments are in order.

1) In all maps interferometer spacings shorter than
36 m are missing. As a consequence, extended struc-
tures are inadequately observed. About 50% of the flux-
density is missing for components larger than 4arcmin
at 6cm, larger than 12 arcmin at 21 cm, and larger
than 30arcmin at 49cm. Given the dimensions of
NGC 6888, this means that the source is completely
detected at 49 cm, that one expects about 50% of the

smooth component to be missing at 21 cm, and that
only the bright filaments can be observed at 6 cm.

2) The lack of a zerospacing and (in the case of the 6 cm
and 21 cm observations) also the lack of the 18 m spacing
implies a slight depression of the true zerolevel. Only
in the case of the 49 cm observation is the (u, v) plane
regularly sampled, so that this zerolevel depression is
linear. The magnitude of the zerolevel depression can
be estimated from crosscuts.

3) Flux densities were determined by planimetering the
contourmaps. The results are listed in Table 3. The
21 cm flux-densities were derived from a map smoothed
to a 2 arcmin synthesized beamsize in order to increase
the signal-to-noise ratio for the extended structure.
The flux-densities of the extended component of
NGC 6888, as observed at both 11cm and 49 cm is
consistent with the notion that at 21 cm 0.6 x 10"25W
m~2Hz ! is missing out of a total of 2.6x 10726 W
m~2Hz . A missing flux-density of 40% is indeed
the amount expected for structure on a scale of
10 arcmin.

From Table 3 it appears that all components of
NGC 6888 are thermal in nature and optically thin.
Finally we have a possible detection (three times the
r.ms. noise) of the WR star itself; upper limits are
given for the other two observed wavelengths.

4. Comparison of Radio and Optical Intensities

4.1. General Features

The resemblance between the H,+ [N ] photograph
(Fig. 1) and the 21 cm radiograph (Fig. 2) is striking.
However, comparison of Figs. 6 and 9 shows that the
isophotes are not identical: The peaks in the northeast

1 NGC 6888
WSRT
(1950.0) A=60cm
38°18'00" —
0
o 0
4
L]
16' 30" \.. o @
.
(g 0
ot @
[\
15'00" —
Qo |
11™po* 10™9S 10™36% 10™2¢5 20M10™28

- a(1950.0)

Fig. 8. Contour map of the 6 cm observations with the Westerbork Synthesis Radio Telescope. 1 contour unit=3.75 K T,=2.0 x 107 2°W

m™~2Hz™ !sterad™!. Drawn contours are: 0.15 to 0.6 in steps of 0.15
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Fig. 9. Contour map of the 21 cm continuum observations with the Westerbork Synthesis Radio Telescope. 1 contour unit=3.75K
T,=1.4x10"2'W m~2Hz™ 'sterad~!. Drawn contours are: 0 (dashed), 0.5 to 5.0 in steps of 0.5

do not coincide in shape or position and the ratios of
peak intensities (line/continuum) vary by a factor 1.5
from peak to peak, which is not due to beam smearing
because the resolution is the same at both wavelengths.
This is probably due to variable contributions of
[N 1] to the intensity. After correction for [N 1] ac-
cording to Fig. 7, the peak-to-peak variation remains,
which is no surprise, since the H, /[N] ratio is
probably variable on a smaller scale than the data
permit to determine. There is, however, no systematic
effect, such as might result from uneven foreground
absorption.

4.2. The Temperature of the Gas
in the Smooth Component

We suppose that the smooth H, component (Section 2.3)
comes from gas between the filaments and is also
confined to a shell (rather than filling the volume of
the ellipsoid).

The H, emission coefficient ¢(H,) is given by Pengelly
(1964) as a function of temperature. In the range 10*
to 10° K, we have, to good accuracy:

AnI(H,) =47 [e(H,)dl~3.53 x 10”24 [N2T, ‘difWm™2] .
1

Thus, the difference in surface brightness between a
filament and the interfilament region reflects a difference
in the density (N,), temperature (T,), path length (J),
or all three.

We may test directly for a difference in temperature by
considering the corresponding relation for emission of
free-free radio radiation. From the emission coefficient,
¢,, given by Oster (1961) and the approximation formula
given by Altenhoff et al. (1961), we derive:

4nl,=4ne,dl
=817 x 10-*°[N2T 03501 d[Wm=2].  (2)
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Fig. 10. Contour map of the 49 cm observations with the Westerbork Synthesis Radio Telescope. 1 contour unit=3.75 K T,=2.7x 10 2*W
m~2Hz !sterad ™ '. Drawn contours are: 0.75 to 3.0 in steps of 0.75 and 4 to 18 in steps of 2

Table 3. Flux densities (1072 Wm~2Hz™ ')

Wbk Eff Wbk Wbk

(Fig. 8) (Fig. 5) (Fig. 9) (Fig. 10)
Wavelength [cm] 6 11 21 49
Northern Filaments 0.6+0.2 09402 08 +0.1 08 +0.1
Large Component — 1.6 0.8 +0.1 1.55+0.2
Total NGC 6888 — 26+03 2.05+03 275+04
SE Ridge Source — 0.9+0.1 03 +0.1 0.27+0.04
HD 192163 0.0035+0.0015 — <0.0015 <0.0025
We define a “contrast” R by: Thus, if the temperature of the gas in the smooth

_ component is significantly different from that in the
R=I(filament)/I(smooth). @) filaments, the observable quantity on the left hand
a hown that: side will differ from unity.

It may then be sho To determine the two values of R, we use the group
R(H,)/R(ff) = [ T,(smooth)/T(filaments)]°-®* . (4) filaments  northwest of the WR star (marked by an
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arrow in Fig. 3a). This group has the desirable proper-
ties: that the filaments are close enough together over
a large enough area, that the smoothing due to
resolution of the 21 cm observations (24 x 39 arcsec)
and of the H,+[N1] observations (38 x 35 arcsec)
should have no effect on the peak intensity; that the
filaments do not appear to overlap and the peak
intensity is not much greater than that of bright single
filaments (see Fig. 3a).

A representative value for the brightness of the smooth
background in H,+ [N 1] was established (Section 2.3)
to be equivalent to contour “75” in Fig. 6. Thus, the
H,+[Nu] contrast ratio is 700/75=9.3. The cor-
rection factor for [N 1] is not known: the factor in
the filaments is 0.53 (Fig. 7); however, the degree of
ionization of nitrogen is probably higher in the inter-
filament region than in the filaments, [N 1] thereby
relatively weak, and hence most of the radiation in the
smooth component may be H, Thus, the contrast is
expected to be less for H, alone than for H,+[N1].
We may set limits 5< R(H,)<9.3.

The H, tracing, Fig. 3a, passes through the relevant
group of filaments. They are unfortunately over-
exposed; one can only say with certainty that R(H,) is
greater than 10/14~7 and is probably less than
15/1.4~11. Thus, our best estimate from available
data is R(H,)=8+t2.

To determine R(ff), we must first determine the
equivalent level of the smooth component. We note
first that the so-called “large component” for which
fluxes were derived and listed in Table 3, obviously
includes some weak filaments which we wish to avoid
and therefore proceed as follows: We note that the
“75” isophote in the H,+ [N 1] map is nearly coinci-
dent with the “zero” isophote on the 21 cm map. Zero
point depression in this map is 0.75K T,. In addition,
distributing the missing flux of 0.6+0.3 x 10726 W m ™2
Hz™! (see Section 3.3) evenly over the optical extent of
the nebula (18 x 12 arcmin=1.44 1075 sterad), we find
a contribution of again 0.75K T,. Thus, we derive
I(f)=1.5K T, for the smooth component. The peak
brightness of the relevant group of filaments in our
21cm map is 825K T,. Thus, R(ff)=(8.25+1.5)/
1.5=6.5+2.

Thus, R(H,)/R(f)=1.240.3 and we conclude that the
gas responsible for the smooth component probably
has the same temperature as the gas in the filaments.
Whether the smooth component is due to interfilament
gas or to a blending of numerous small, weak filaments
cannot be established from the present data.

4.3. Temperature and Reddening of the Nebula

Combining Egs. (1) and (2), allowing for interstellar
absorption of H,, and integrating over the source, we
obtain:

S,/S(H,)=2.31 x 10~ 16 T+ 0-65,=0-11(C )

where Cis the logarithmic absorption at H, =04A4(H,)=
0.31A4,, where A(H, and A, are the absorption, in
magnitudes, at the wavelength of H, and V, re-
spectively.

From Section 3.3, the total flux density at 21 cm is
(2.65+03)x 1072 Wm~2Hz"!. From Section 2.2,
the total H, flux is (0.55+0.1)x 107> W m™?2 (where
the possible error does not allow for an error in the
correction for [N 1r]). Expressing T, in units of 10* K,
we have:

T;+0-6510C=43+08.

If the absorption over the whole nebula is equal to
that for the star, i.e. A,=1.62mag, then T,=16000+
6000 K. Alternatively, if we assume T,=10*K, then
Ay=205mag. An error of 04 magnitudes in the
visual absorption of the star is unlikely. Large varia-
tions of foreground absorption are unlikely (see Section
4.1). Thus, the temperature of the nebula might be
higher than average for galactic nebulae; it is also
possible that we have underestimated the H, flux by
overestimating the correction for [N11] (see Section
2.2).

Applying Eq. (5) to the emission from the southeast-
ridge-source, which we found to have an 11 cm flux-
density of 0.9x 1072 Wm~2Hz ! and an H, flux of
6x107'*Wm~2 we find that either T,>10°K or
Ay>3.7mag. The required temperature might be
reduced by a factor of 3 if [N1] were very strong;
however, the value would still be unlikely and we
conclude that the absorption of this source is rather
higher than that for NGC 6888 and it is likely that this
nebulosity is at a greater distance than, and is un-
associated with NGC 6888, as already assumed.

5. Discussion

5.1. On Dynamical Models for the Relation
between Nebula and Star

Johnson and Hogg (1965) used a simple, spherically
symmetric model, based on conservation of momentum,
to argue that NGC 6888 (and other such nebulae
around WR stars) are expanding shells swept up by a
strong stellar wind from the central star. A more
elaborate model, that also considers the structure of
the shell has been developed by Pikel'ner (Pikelner,
1968; Pikel'ner and Shcheglov, 1969) and applied to
NGC 6888 by Avedisova (1972), Pikel'ner’s model
predicts that the swept up interstellar mass forms a
thin skin around a thick, very hot (108 K) shell of
shocked stellar wind gas. It is, in fact, the gas pressure
in this thick hot shell that pushes the observed cool
shell outwards, sweeping up more gas from the
surrounding medium. The observed shell is bounded on
the outside by an ionization shock. As gas passes
through the shock, it is heated to temperatures of about
10% K, but is cools relatively quickly to a temperature

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1975A%26A....42..173W&amp;db_key=AST

FT975ARA - Z427 “I73Wh

NGC 6888 183

in equilibrium with the stellar radiation field, i.e.
10-15000 K. The observations described in this paper
refer to the “cool” layer of gas that borders on the
thick, hot, shocked stellar wind shell.

We consider in the following sections: the mass and
thickness of the shell (Section 5.2); the origin of the
material in the shell (Section 5.3); the [N u]/H, ratio
(Section 5.4); the nature of the filaments (Section 5.5);
and HD 192163 as a radio star (Section 5.6).

5.2. Mass and Thickness of the Shell

Using the formulae given by Smith and Batchelor
(1970) together with the newly derived total flux for
NGC 6888 (2.65+0.3x1072* Wm™2Hz™* at 21cm),
an assumed density throughout of 400 cm™3 (Parker,
1964) and a distance of 1.45kpc (Table 1), the mass
and radiating volume are 4.6 M and 0.36 pc?, re-
spectively for T,=10*K and 5.3 M and 041 pc for
T,=1.5x 10*K. The mean shell thickness is 0.01 pc,
corresponding to 1.4 arcsec. If the filaments are cylin-
drical and cover 1/4 of the surface, their thickness
should be of order 6 arcsec, in reasonable agreement
with the observed size of the stronger filaments. The
ratio of the mean shell thickness to the distance from
the star (~3 pc) is of order 3x 1073, to be compared
with the theoretically predicted upper limit of 5x 102
(Pikel'ner, 1968).

Revision downwards (by 40 %) of the mass of the nebula
will reduce (by the same factor) the estimates of the
rate of mass loss from the star (Georgelin and Monnet,

1970; Avedisova, 1972). However, a factor of 2 is-

probably insignificant compared to other uncertainties
in this quality.

5.3. Evolution of the WR Star

Johnson and Hogg (1965) suggested that the material
ejected by the WR star sweeps up the ambient
interstellar matter. While there seems no doubt that the
mass loss from that star controls the shape of the
nebula we would like to consider more thoroughly
the probable origin of the gas in the nebula. If, as
suggested by Smith (1972) all population I WR stars
are 10 M, nearly pure helium stars, it follows that they
have probably evolved from more massive stars from
which the whole outer, hydrogen-rich envelope
(~20 M) has been lost. When the WR star is a
member of a binary system, it is probable that the
material lost by the WR star has been transferred to
the companion which becomes thereby fairly massive
and readily detectable (Paczynski, 1967). However,
when a companion is not detectable, the material
must have been lost to the surrounding interstellar
medium. It is notable that “ring” nebulae are associated
only with WR stars that appear to be single.

We suggest that the material observed in NGC 6888
and other ring nebulae is part of the material shed by

the central star in the process of becoming a WR star.
The material will probably not be either uniformly
distributed or at rest with respect to the star, as
assumed in the dynamical models. The effect of this
change is not clear. Since the origin of the shed
material is the outer envelope of the star, its com-
position is nearly primordial. Slight N enrichment is
possible and may contribute to the strong [N1I]
lines observed, but the amount of enrichment is ex-
pected to be small.

54. The [N 1] Lines

On the assumption that the nebula was collisionally
ionized and excited, Parker (1964) could explain the
high values of I([N1])/(H,) by a kinetic temperature
of 15000K. In as much as WR stars have high
luminosity and probably high temperature, the radia-
tion from the star is expected to dominate the ionization
and energy balance in the nebula. The demonstration
(Smith, 1968c) that WR stars are often located near
the middle of such nebulae leaves no doubt regarding
the real association of the star and the nebula. Thus,
the relevance of Parker’s analysis is uncertain (as he,
himself, pointed out).

One contributor to N-enrichment in the nebula was
suggested in Section 5.3. Another possible source is
the stellar wind. This provides material highly enriched
in He and N. However, in the lifetime of the nebula,
~10* years (Georgelin and Monnet, 1970), the stellar
wind material cannot cool from the high temperature
(107 —10® K) produced by passage through the shock
front; it remains in the hot inner shell which is
unobservable.

The dominant reason for the strong [N1i] lines in
NGC 6888 is probably the low degree of ionization of
N. N* has an ionization potential nearly equal to that
of He. Thus, in the vicinity of hot stars it is mostly
ionized to N**. Two factors probably contribute to
decrease ionization of N* in NGC 6888. Firstly, the
radiation from the star is more dilute than for normal
H 1 regions because of the shell structure. Note, that
the [N ]/H, ratio is 3 times greater at the northeast
end of the nebula than at the northwest side (Parker,
1964). The distances from the star are 9 and 6 arcmin,
respectively, yielding a difference in dilution factor of
2.2, approximately correct to account for the observed
effect. Secondly, the high abundance of He in the
atmosphere of the star is likely to depress the
emergent radiation shortwards of the He ionization
limit.

5.5. The Nature of the Filaments

Probably the most conspicuous result from our ob-
servations is the close agreement between the radio
and the optical pictures. As has been shown in Sec-
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tion 3, the radio radiation is probably bremsstrahlung.
From the observed spectrum we conclude that any
non-thermal contribution at 600 MHz<0.3 x 10726 W
m~2Hz™ '

Mainly on descriptive grounds we distinguished in
previous sections between “filaments” and the “smooth
component”. The question then arises whether the
physical conditions in the two components differ.
In Section 42 we showed that, to within 50%, the
temperatures of the smooth component and the
filaments agree. We have no direct information on the
density n, in the smooth component, but assuming
that pressure equilibrium exists between the smooth
component and the filaments, the densities also agree.
Hence, we may conclude that there is no physical
difference between smooth component and filaments:
the smooth component is a “smeared” collection of
filaments.

The assumption of pressure equilibrium is supported
by a closer look at Pikel'ner’s model (see Section 5.1).
In this model the interstellar matter enters the shell
through a shock front, is thereby heated and then
flows away very slowly from the shock front under
almost isobaric conditions. In this flow the gas cools
down until its temperature is in equilibrium with the
stellar UV flux. From the amount of swept up material
we estimate that n,, the density of unshocked inter-
stellar material, equals 2cm™3. Taking the northeast
corner, where the shock velocity V=100kms™!, we
find that right after the shock T=3uV?/16k=
2.7x10° K. The density is then 8 cm™3 and therefore
n,T=64x10°Kcm~3 In the filaments we have
n,=250 to 400cm~3 and T,=15000K, so that n,
T(filaments)=3 to 6x 10°K cm~>. The good agree-
ment between the values of n,T in the gas directly
beyond the shock and that in the filaments supports
the view that the filaments form in the shocked
interstellar gas when it flows away from the shock
front. Some uncertainty is introduced, however, if we
assume that the outside magnetic field is fully com-
pressed by the shock front. Taking B=2 n G for the
interstellar field, we then find that in the filaments
B?/8m=6x10"%ergcm™3, which is 5 times higher
than the gas pressure 2nkT=14x10"%ergcm™3. A
suggestion as to why and how filaments may form
in the cooling gas has been made by McCray et al.
(1972). Isobarically cooling gas in the relevant temper-
ature range is thermally unstable (Field, 1965), but the
wavelengths of the resulting instabilities depend on
thermal conduction. McCray et al. noted that the
coefficient of thermal conduction is considerably smaller
perpendicular to the magnetic field than parallel, and
they suggest that the thermal instabilities will lead to
long thin cylinders of cooler gas parallel to the
magnetic field lines. To our knowledge, detailed
calculations do not exist about the growth of the
instability out of the linear regime.

Some support for this formation mechanism may be
obtained from another case where, under different
conditions, the same mechanism appears to be
operating. This case is IC443, an old supernova
remnant with a well developed filamentary system.
The optically observed parameters of the filaments
have similar values (n,~200—400 cm ™3, V~65kms™?)
as in NGC 6888. The source has recently been mapped
at radio wavelength with sufficient angular resolution
by Duin (Duin, 1974; Duin and van der Laan, 1975).
Duin shows that also in IC443 the filamentary
structure and the radio structure agree in detail.
However, IC 443 is a very strong non-thermal radio
source (S=105x10"2°Wm~2Hz"! at 21cm). Pre-
sumably, the synchrotron radiation is produced by
interstellar cosmic ray electrons which, together with
the surrounding interstellar magnetic field, have been
compressed after passage through the shock front.
However, the optically observed filaments do not
contain enough matter to produce the radiation and
Duin supposes that the optically observed filaments
are actually the ionized outer edges of much more
massive neutral filaments. These neutral cores contain
the compressed electrons and field. The amount of
hypothetical neutral matter required for this is in
quantitative agreement with the amount of interstellar
matter required for the slowing down of the supernova
remnant.

Comparing IC 443 with NGC 6888, the striking differ-
ence is that the first is a strong non-thermal radio
source, whereas the other is completely thermal. The
suggestion is that IC 443 contains a large amount of
neutral interstellar matter because (a) it is in a region
of higher surrounding density and (b) the ejected shell
was originally so energetic that it could expand to a
diameter of 27 pc. NGC 6888 is situated in a region of
low interstellar density, and the kinetic energy fed
into the shell is considerably less. Consequently, it
has swept up less matter, which will remain ionized
due to the UV flux of the central star. Both effects
will decrease the non-thermal radio flux.

Qualitatively, the similarities and differences between
IC 443 and NGC 6888 can be understood, if we adopt
the suggestion by McCray et al. (1972) that the magnetic
field is important for the filament formation even
though it may not be dynamically dominant.

5.6. HD 192163, a Radio Star?

If a star is losing mass isotropically at a rate M, with
outflow velocity V, then the electron density distribu-
tion around the star will be given by:

M =4nunr?V,

and, since ¥, will be constant, n,~r~2. Several authors
(Panagia and Felli, 1975; Wright and Barlow, 1975;
Olnon, 1975) have noticed that the bremsstrahlung
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flux from such an electron density distribution can be
given in a closed expression, provided that the electron
temperature is constant. If the mass loss is sufficiently
high, the gas is optically thick and the flux density
varies, in the radio region, as v*-%. Such spectra have
been recently observed from the small objects MWC 349
and V 1016 Cyg. Wright and Barlow show that in the
infrared the spectral index is expected to increase to
2/3, provided that the line of sight through the object
will reach-an optical depth of 0.25 before the two
conditions, n,~r~* and T,=constant, break down.
HD 192163 has been observed by Hackwell et al.
(1974) at 6 wavelengths between 2.3 p and 11.4 p. They
find considerable IR excess over that expected from
extrapolation of the stellar continuum. They attribute
this excess to free-free emission. At 10y, the flux
density is 1.2 x 1072°W m~? Hz ™!, which predicts, for
a v%-%% law, S(6cm)=4.2 107>*Wm~2 Hz™ %, in agree-
ment with the uncertain detection mentioned in Sec-
tion 3.3.

The corresponding value for the rate of mass loss,
M=2x10"5 Mg yr~* (Hackwell et al., 1974), is some-
what higher than the value obtained from dynamical
considerations. The latter, however, assumes spherical
symmetry and constant rate of mass loss, which may
be poor approximations.
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