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Abstract. I review recent results of mm-wave interferometric observations
of molecular envelopes of young and proto planetary nebulae. Spatial reso-
lutions of mm-wave interferometers now reach from one to a few arcseconds;
together with line observations reveale very small structures in molecular
envelopes of planetary nebulae. These small scale structures are probably
caused by an instability of the radiation-driven, gas-dust outflow. Implica-
tions of these observations and theories are discussed.

1. Introduction

The recent improvements in interferometric techniques enable us to study
very tiny structures in the envelopes of planetary nebulae (PNe). Spatial
resolutions achieved by mm-wave interferometers at Nobeyama, Owens Val-
ley, Hat Creek and Grenoble now reach a few arcseconds (for previous sum-
mary, see Deguchi & N-Q-Rieu 1991). With this high resolution, a number
of very small scale structures in the molecular envelopes of PNe are now
being revealed. Their physical relation to the morphology of PNe is quite
interesting from the view point of the dynamical evolution of the envelope.
A relation of these high-resolution observations with recent HST results
must be considered. In this paper, I first describe several examples of small-
scale structures which were observed by radio interferometers. About two
dozens of interferometric observations of PNe with spatial resolutions bet-
ter than 5” have been published till today. Table 2 shows a list of published
interferometric observations of PNe and proto-planetary nebulae (PPNe).
Observations of AGB stars as IRC+10216, CIT6 etc. are omitted from this
list; for observations of these AGB stars, see papers by Bieging & Nguyen-
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Q-Rieu (1988b; 1989), Bieging & Tafalla (1993), Takano et al. (1992), Lucas
et al. (1992), Dayal et al. (1993, 1995), and Gensheimer et al. (1995).

TABLE 1. Interferometric observations of PNe and PPNe

Source name Molecules (line) Reference

CRL 2688 CO (J=1-0) Masson et al. 1985

CRL 2688 13C0 (J=1-0) Yamamura et al. 1995, 1996
CRL 2688 HCN (J=1-0) Bieging & N-Q-Rieu 1988a
CRL 2688 HC3N, HNC, SiS  N-Q-Rieu & Bieging 1990
CRL 2688 NHs;, HCsN Nguyen-Q-Rieu et al. 1986
CRL 2688 HCsN, SiS Lucas 1994

CRL 618 CO (J=1-0) Shibata et al. 1993

CRL 618 CO (J=1-0) Hajian et al. 1996

CRL 618 13C0 (J=1-0) Yamamura et al. 1994
CRL 618 CS (J=2-1) Hajian et al. 1995

CRL 618 NHs (3,3) Martin-Pintado et al. 1995
CRL 618 NHs (3,3) Bachiller et al. 1993
NGCT7027 CO (J=1-0) Bieging et al. 1991
NGC17027 HCO* (J=1-0) Deguchi et al. 1992
NGC17027 HCO?t (J=1-0) Likkel et al. 1992

IRAS 21282+5050 CO (J=1-0) Shibata et al. 1989

IRAS 2128245050 CO (J=1-0) Meixner et al. 1996

M1-7 CO (J=1-0) Shibata et al. 1994

M1-92 CO (J=1-0) Bujarrabal et al. 1994
M1-92 13C0 (J=1-0) Bujarrabal et al. 1996

2. Interferometric Observations of Proto-Planetary Nebulae

The well-known, best studied example is CRL 2688, the Egg Nebula, which
exhibits a bipolar structure in optical and near-infrared images (Ney et al.
1975). A number of interferometric observations have been made for this
nebula. Yamamura et al. (1995, 1996) mapped this nebula in the 13CO J=1-
0 line with the Nobeyama Millimeter Array (4” resolution) and the 45-m
telescope (16” resolution). The combined map of interferometer and single-
dish data shows that the density distribution of the envelope is quite spheri-
cally symmetric, through there is some high density elongation to the south.

The combination of the single-dish and interferometeric data is quite
important; interferometers are sensitive to small high-brightness features
but often lose the flux from weak, extended components; often the lost flux
amounts to 2/3 of the total flux of the line emission. Single-dish data (with
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less spatial resolution) cover these short-spacing fringes which cannot be
obtained from interforometers. They are quite complimentary to correctly
map the total flux of emission.

From the modeling of the envelope using the Large Velocity Gradient
(LVG) approximation, we can obtain the gas density in the envelope and
hence derive the variation of mass loss rate of the last 1000 years from the
central star. Accoding to Yamamura et al. (1996), the mass loss rate varied
over the last few hundred years from 1 x 107% to 3 x 107 Mgyr~! and
seems to have stopped stop approximately 600 years ago.

Figure 1. A overlay of **CO high velocity emission (contours) on the H2 emission
(picture: 20” x 20”) at the infrared in CRL2688. The white contour on the ri%ht is the
redshifted component and the black contour on the left is the blueshifted. (the '*CO map
is from Yamamura et al. 1995; the H2 picture from Dr. C. Skinner).

The other interesting feature is the high-velocity flow, which is re-
solved in this '2CO observation. The direction of the !'3CO high-velocity
flow seems to be oriented in a direction slightly different from the direction
of the bipolar axis. Figure 1 shows an overlay of the map of the 3CO high
velocity flows on the infrared image of the Hy vibrational emission. The H,
emission comes from the 4 points, two of which coincide with the direction
of the bipolar axis the other two hot spots of H, however, seem to look
like shocks at the inner edges of the disk. The ”quadri-polar structure” of
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hydrogen-molecule emission is clearly seen in this figure. The positions of
the 13CO high velocity flow are slightly different from the positions of the
near-infrared molecular hydrogen emission. The direction of the *CO flow
does not coincide exactly with any of these Hy features.

Recently, Kasuga et al.(1996) have analysed data of the CS J=1-0
and 2-1 transitions in CRL 2688 taken at Nobeyama. Figure 2 shows the
integrated-intensity map of CS. The overall feature is somewhat similar
to 13CO ; the outer envelope looks spherically symmetric. However, at the
inner core, emission in the J=2-1 transition exhibits an elongation close
to the optical bipolar axis but slightly misaligned. The abundance of CS
seems to be slightly increased at this part.
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Figure 2. The integrated intensity map of CRL2688 in the CS J=1-0 line (left pannel)
and in the CS J=2-1 line (right pannel). The broken line shows the direction of the
bipolar axis.

Another representative protoplanetary is CRL 618. Shibata et al. (1993)
and Yamamura et al. (1994) mapped this nebula in the 2COand !3CO
J=1-0 lines with Nobeyama Interferometer and obtained velocity channel
maps in each lines. The optical bipolar axis is oriented approximately in
East-West in this nebula. However, we can see a number of irregular struc-
tures which seem not to be oriented to the bipolar structure. From the
12CO and 3CO data, we can obtain the density and temperature distribu-
tions in the entire 3-dimensional space of the envelope if the velocity field is
assumed. It is well known that 12COQ is a measure of gas kinetic temperature
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and 3COis more or less a measure of gas density. Therefore if these two
data are combined, we can obtain the three-dimensional density and tem-
perature structure of the envelope of PPNe (Yamamura et al. 1994). The
results show that the gas kinetic temperature increases along the bipolar
axis. The other irregular structures are probably due to irregularity of the
kinetic temperature and not due to the irregularity of gas density.

Recently, Hajian et al. (1995) made a high-resolution mapping of the
core of CRL 618 in the CS J=2-1 line and found that CS emission is elon-
gated in the direction approximately by 45 degree to the optical bipolar
axis. They also found an absorption feature in CS line. These irregulari-
ties and the orientation of CS emission agree with the results obtained by
Shibata et al. (1994) in CO lines.

Martin-Pintado et al. (1995) have analysed NH3 data in CRL 2688.
They also mapped the continuum emission at 23 GHz from this nebula.
The size of the continuum emission in this nebula is about 0.5 ” and the
continuum is elongated along the optical bipolar axis. They found a dif-
ference of NH3 absorption lines in the different parts of the continuum.
Therefore the ammonia cloud has clumps of about 0.1 ”, or less than about
10*® cm. This observation suggests that there are tiny clumpy irregular
structures in envelopes of PPNe.

NGC 7027 is a very bright young planetary nebula. CO emission is ex-
tended to about one arc minute (Bieging et al. 1991), indicating a large
ionized molecular envelope. Deguchi et al. (1990) found that intensity of
the HCO* J=1-0 line is quite strong, and it is stronger than the inten-
sity of the HCN J=1-0 line. The mapping observations of HCO* emission
(Deguchi et al. 1992; Likkel 1992) revealed that the HCO* molecules are
concentrated at the periphery of the ionized gas. Model calculations (Ya-
mamura & Deguchi 1994) indicate that HCO™ is located in a torus with
the axis inclined by about 60 ° from the line of sight. The HCO* molecule
is considered to work as a catalyzer in ion-molecule reations and the abun-
dance of this molecule influences very strongly the chemistry of the outer
molecular envelope (see Deguchi 1995).

Radio observations discovered a number of small-scale structures in en-
velopes of PPNe. The most important structure among these is, of course,
the high velocity flow. The orientation of the high-velocity flow does not
coincide with the optical bipolar axis and it appears to have a ”precession”
motion. The ”precession”, is not exactly a precession of a rotating body,
but the features observed by various molecular lines, if connected, look like
a curved string coming out from a rotating body. It reminds us of a neutron
star with the rotating dipole magetic field misoriented from the rotation
axis.
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3. Stability of the gas-dust outflow

Recently, Sahai et al. (1995) found with the HST that the dust envelope of
CRL 2688 consists of many arclets or thin dust shells. The thickness of the
shell is approximately 10'¢ cm. Narrow double beams of the scattering light
were also seen. The shell can be observed only in the tangential direction at
thickest part of the spherically symmetric shell and other part of the shell
cannot be seen probably because of the lower optical depth of the shell.

What is the origin of these thin shells? Is the gas-dust flow intrinsically
unstable or does the mass loss terminate periodically? A similar question
is whether or not this phenomenon is common in all PPNe and mass-
losing AGB stars. Another question is whether or not the gas has a similar
distribution as the dust. If this is so how do the interpretations of radio
and infrared data change? Especially, the estimation of the mass loss rate
of this source has to be altered because previous estimations assumed a
smooth distribution of the gas density.

There are two possible explanations on this phenomenon. One is the
recuring He-shell flash, however, then the time between two helium-flashes
is too short: judging from the separation of the shell in CRL 2688, the flash
must occur once every 200 years. If we adopt the He-shell-flash period-core-
mass relation given by Paczynski (1975), the core mass must be about 1.15
Mg. In this case, the initial mass of the star must be more than 10 Mg
and the luminosity at the AGB phase must more than 3 x 10 Lg. It is
somewhat improbable for AGB stars to have such a large mass.

A more plausible explanation is an instability of a radiation-driven gas-
dust flow. An excellent review on this problem was given before by Morris
(1992). The standard linear perturbation analysis is the common method
to discuss the stability. Here, I present a simple version of the linear per-
turbation analysis.

First we give the steady state solution and then put some perturbation
on it and see if the perturbation is growing or damping. In the previous
analysis by Morris (1992), the thermal pressure term is negleted. However,
this term leads to a special instability. All parameters are assumed to be a
function of radius.

For the analysis, we use equation of motion for the gas,

Ovy [0t + v40v,/0r = GM(F, — 1)/r? - pg'laP/Br (1)
and equations of continuity for the gas and for the dust (see Kwok 1975):
0pg/0t + 1720(r%pguv,)/0t = 0, (2)

and
Bpa/dt + r720[r*pa(vy + vas))/ 0t = 0, (3)
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where pgy and pg are the mass densities of gas and grains, respectively, and
vg, the expanding velocity of the gas, and vgy;, the drift velocity of grains
to the gas. Here F, is the radiation pressure per unit mass in unit of the
gravitational force GM/r2. The equation of motion for the dust grains is
integrated. In practice, it is assumed that the radiation pressure on grains
is in equilibrium with the gas friction on grains:

ra*QL/(4mer?) = ara®vgp(vi + vﬁft)l/z, (4)

where a, @, a, and L are the grain radius, the efficiency of radiation scatter-
ing, the sticking probablity, and the luminosity of the star. This is verified
because the time scale of motion grain is about 100 times shorter than the
gas dynamical time scale. We make the perturbed quantities proportional
to exp[i(kr — wt)] and obtain a dispersion relation, a third order equation
in w. The dispersion relation is quite simple when we neglect the higher
order terms of the inverse of the wave number, k, because we are interested
in the large scale perturbation. Only the second order terms of k=1 are
retained. In this case, it depends only on 4 non-dimensional parameters.
Most important parameters among them are p, which is a measure of wave
number of perturbation (= h/k), and the parameter g, which is a square of
sound velocity (= v,) devided by dust drift velocity (= vgs:). The dispersion
relation is,

Z°+(pgi—1)2° —gZ +g-pi+ Bp’ =0 (5)

where
Z = (w — kvgo + 10v40/07) [ kvso (6)

Here the quantities with subscript 0 indicate the unperturbed state. When
the imaginary part of w is positive, the perturbation is growing and the
system is unstable. Equation (5) can be solved numerically. An inspection
of the plot of the imaginary part of Z as a function of two parameters, p
and g, reveals that unstable point occurs when the parameter g is close to
unity.

The system becomes unstable when the sound velocity is nearly equal
to the dust drift velocity. It can be understood by the following way (see
Figure 3). Suppose that a density irregularity occurs in the outflowing gas.
The grain speed is influenced by the gas density. When the gas is thin,
the dust drift velocity becomes higher because the gas friction is less, and
when the gas density becomes higher at the other point, the grain drift
velocity become smaller because there is more friction by gas. Therefore,
the gradient in the dust drift velocity is produced. This gradient causes the
density-wave of grains. If we subtract the average drift velocity of grains,
the motion of grains causes concentration of grains at one point(see Figure
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Figure 3. Density waves of the gas and grains. The flow becomes unstable when the
drift velocity of grains to the gas is equal to the sound velocity. The arrows in the
frame indicate the grain speed. The length is proportional to the magnitude. The arrows
above the frame indicate the relative speed to the average dust motion (the drift-velocity
gradient). The arrows under the frame indicate the radiation pressure acting on the gas
through grains (the average is subtracted). That caused the compression of the gas.

3) and dissipation of grains at another point. Therefore, the dust density
wave become like the curve drawn in Figure 3.

When we consider the dust density wave, the dense part of dust receives
more radiation pressure and the rarefied part less. Therefore, the gas is
pushed more where the grain density is higher. This compresses the gas
more at the dense part of the gas.

For this instability to occur, the perturbation speed of the gas must be
equal to the dust drift velocity. Mathematically, the parameter, g, is then
equal to unity. The other important conclusion of this two-stream instability
is that the phase of the perturbation of the gas is by 90 °® advanced to the
phase of dust perturbation. This analysis predict that the gas density wave
can be seen very close to the dust shell but by a quarter of wavelength in
advance. This effect might be detectable in the Hubble Space Telescope.

We have calculated the unperturbed state and obtained the point where
the instability starts. In the model of CRL 2688, the mass loss rate is taken
to be 2 x 10™* Mg yr~!. When the drift velcity of the gas exceeds the
sound velocity, the radiation pressure driven flow becomes unstable at the
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radius of about 5 x 10'® cm. We have calculated w in unit of crossing time
scale, i.e., the radius divided by the gas velocity at each radius. If this is
above unity, the perturbation can develope in enough short time. In this
case, near the unstable point, it grows quite rapidly; about 1000 times of
the crossing time scale. The unstable wavelength is typically, one tenth of
the radius. In the high mass-loss case, the unstable point starts relatively at
the outer envelope. In the case of the mass loss rate of 3 x 1075 Mg yr~ !,
the unstable point start at the radius of 3 x 10'* cm. In this case, the
wavelength of perturbation is very small and difficult to observe. In the case
of low mass-loss rates, this instability makes very small scale structures.

From these still preliminary studies, we can draw some conclusions on
the instabilities of radiation-driven flow. The observable large-scale insta-
blity can develop only when with the mass-loss rate is very high. This is
due to the requirement of unstable condition that the grain drift velocity is
comparable with the sound velocity. This fact well explains the case of CRL
2688. Mastrodemos et al. (1996) recently investigated this process further
including the thermal balance of the gas in the wind.

4. Conclusion

Molecular line observations with radio interferometers reach now the reso-
lution of a few to one arcsecond. With these observations, the central cores
of protoplanetaries are going to be resolved. It turns out that the high-
velocity flow is not exactly oriented in the direction of the optical bipolar
axis.

Further complex structures are seen and we are still do not understand
the origin of these fine structures. The radiation-driven flow is unstable
and it is possible that the fine structures are created by this instability.
With this model, we can explain the different features appearing in the
different molecular lines. From these observation, it may be possible to
state somewhat extreme proposition that main morphological structure of
planetary nebulae were created at the protoplanetary phase.
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