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Abstract—Our spectroscopic (with resolution R = 75 000) and spectropolarimetric (R = 15 000) obser-
vations with the 6-m telescope of the Special Astrophysical Observatory have enabled us to distinguish
photospheric and circumstellar features in the optical spectrum of the bipolar protoplanetary nebula AFGL
2688 for the first time. The linear polarization of the radiation was measured at 5000–6600 Å. The emission
in the lines of the sodium doublet and the Swan bands is formed in the envelope, and the mechanism
exciting the transitions is resonance fluorescence. We conclude that the circumstellar envelope has a low
density. Features of the structure of the nebula are discussed based on published high-angular-resolution
photometric and polarimetric (HST NICMOS) data. c© 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Mass loss on and after the asymptotic giant
branch (the AGB and post-AGB stages) is accom-
panied by the formation of a gas and dust envelope.
The angular size of this envelope can be below the
resolution limit for ground-based telescopes. In this
case, asymmetry of the envelope can be detected
from the presence of radiation polarized by scattering
on the envelope’s dust component. The degree of
polarization depends on the scattering conditions
and the extent to which the star providing the
unpolarized light is obscured. The protoplanetary
nebula AFGL 2688 is one of three bipolar post-AGB
structures resolved by ground-based telescopes [1,
2]. Thirty years ago, the optical image of the source
was thought to represent a pair of compact blue
galaxies, IV Zw 67, at a distance of 30 Mpc [3].
During the flights of the AFCRL rockets in 1975, a
source that was unusually bright at 10 and 20 µmand
was not present in the 2.2 µm catalog of Neugebauer
and Leighton [4] was detected. The nebula’s optical
image consists of two elliptical lobes with different
brightnesses elongated approximately north–south.
The central object illuminating the lobes is hidden
from the observer by a dark bridge, thought to be
a dust disk or torus. High-angular-resolution HST
observations [5] have increased the number of objects
similar to AFGL 2688 to nine. The parameters and
atmospheric chemical composition of the central star
were determined in [6]. Here, we discuss published
1063-7729/04/4804-0288$26.00 c©
polarimetric data and present the results of new high-
angular-resolution polarimetric observations aimed
at distinguishing the radiation of the central star from
that of the circumstellar envelope of AFGL 2688.
We selected this object, known (from broadband
polarimetry) for its high degree of polarization, for the
development of our method.

2. OBSERVATIONS AND REDUCTION

Since these are the first high-spectral-resolution
spectropolarimetric observations of a post-AGB ob-
ject, the observational method requires some dis-
cussion. Medium resolution is preferable for most
spectropolarimetric observations, with the exception
of studies of magnetic main-sequence stars, when
measurement of the four Stokes parameters within
the profiles of magnetically sensitive lines makes it
possible to map the stellar magnetic fields [7, 8]. In
other cases, the spectral resolution is chosen based on
the fact that, since the polarization of spectral features
is low, it is necessary to obtain signal-to-noise ratios
for such features appreciably higher than the values
characteristic of spectrophotometric measurements
of unpolarized light. Within the possibilities provided
by a single telescope, this can usually be achieved
by reducing the spectral resolution, which is often
done without taking into consideration the ratio of the
line’s width to the detector’s resolution. A more de-
tailed consideration shows that the problem cannot be
solved so trivially; as an example, we consider the es-
timation of the uncertainties of equivalent widths, W .
2004 MAIK “Nauka/Interperiodica”
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Fig. 1. (a) Instrumental polarization, p, measured from spectra of the zero-polarization standard ζ Peg in the center of each
order with number m [11]. (b) Polarization as a function of m from spectral measurements of the polarization standard
HD 204827. The instrumental polarization has been subtracted.
For equal numbers of counts, N , detected during an
exposure per unit wavelength (Ångstrom), the uncer-
tainty in the equivalent width is inversely proportional
to the square root of the spectral resolution, R, when
the light detector’s pixel width, s, is larger than the
line’s width, l [9]. Thus, if s > l, it is advantageous
to increase the spectral resolution, R, and not N , if
the latter must be achieved by increasing the total
exposure time. This statement is correct if the readout
noise is negligible (as is true for spectrophotometric
observations). Thus, the most “economical” spectral
resolution (for measurements of W ) is the R value
providing a linear resolution equal to the spectral line
width (s = l).

Post-AGB stars are surrounded by cool envelopes
with narrow lines, and the condition s < l is satisfied
only if R > 60 000. For this reason, it is desirable
to approach such resolutions if one wishes to use
spectropolarimetric observations to separate the light
emitted by the star and envelope. Below, we show that
increasing the spectral resolution by more than an
order of magnitude (from R < 1000 to R = 15000)
made it possible to obtain new spectrophotometric
information and enabled us to improve the model of
AFGL 2688. However, it is more useful to study the
wavelength dependence of the polarization detected
for a number of post-AGBobjects over awide spectral
range [10] using medium-resolution spectra, since
such spectra can also be used to detect (but not
measure) polarization effects in individual spectral
features.

Our high-spectral-resolution (R = 15000) linear-
polarization measurements were obtained at the
prime focus of the 6-m telescope of the Special
Astrophysical Observatory (SAO) with the PFES
ASTRONOMY REPORTS Vol. 48 No. 4 2004
echelle spectrograph [9] converted into a spectropo-
larimeter [11]. Observing at the prime focus makes
it possible to avoid the effects of instrumental polar-
ization produced at the third (flat) mirror of the 6-m
telescope. We simultaneously recorded wavelengths
of 4950–6630 Å. The width of a pixel of the light
detector (a CCD chip with 1160 × 1040 elements)
corresponded to a radial-velocity interval of 7.7 km/s.
A broadband (600–700 nm) image of the nebula is
shown in Fig. 1 of [1]. We observed the nebula’s
northern lobe, with the slit center placed on the main
axis of the nebula (the line connecting the centers of
the optical lobes), 5′′ from the nebula’s center, which
is hidden by a dark bridge. The effective magnitude
of the part of the image that fit into the slit was
15.5m. During each of the exposures, we rotated
the spectrograph to compensate for the rotation of
the field that is characteristic of telescopes with
altitude–azimuth mounts. During the spectropolari-
metric observations, we kept the projection of the
slit perpendicular to the nebula’s main axis during
one exposure, and turned it counterclockwise by 45◦

relative to the first position during the next exposure.
Examples of the resulting spectropolarimetric echelle
images are shown in Fig. 7 of [11]. In addition to the
target object, we observed standard stars for which
photometric data indicated either high polarization
(several percent) or no polarization (zero-polarization
standards). The position of the crystal optical axes of
the analyzer relative to the spectrograph’s elements
was always the same.

We reduced the echelle spectrophotometric im-
ages with the ECHELLE software package of the
MIDAS system using original algorithms tested for
the reduction of observations of polarization stan-
dards [11, 12]. In particular, these algorithms make
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Fig. 2. Fragment of the spectrum (R = 15 000) of the central part of the northern lobe of the AFGL 2688 nebula near the C2

(1; 2) 5585.2 Å and (0; 1) 5635.5 Å Swan bands and graphs of the linear polarization and polarization position angle.
it possible to remove effects due to the fact that the
spectrograph is not rigid, which appear when the
projected position angle of the slit is changed by 45◦,
i.e., during rapid repositioning of the spectrograph.
A characteristic feature of spectropolarimetric obser-
vations with an echelle spectrograph is the complex
relation between the instrumental polarization and
the wavelength, which is determined mainly by the
mutual position of the diffraction gratings operated in
a cross-dispersion mode. For this reason, the planes
corresponding to the largest polarization effects from
the gratings likewise do not coincide. Together with
the wavelength dependence of the polarization, which
is different for different gratings, and also because
of polarization effects in the antireflection coating
of the lens components of the spectrograph optics,
this leads to a complex wavelength dependence for
the instrumental polarization. Figure 1a shows the
instrumental polarization measured for the centers
of the echelle orders during observations of zero-
polarization standards. An example of correction for
this relation is presented in Fig. 1b, which shows the
variation of the polarization with wavelength for the
standard HD 204827, whose polarization is known
from broadband photometry to be 5.4% in the V
band [13].

Figure 2 shows part of the spectrum of AFGL2688
near the (0; 1) band of the C2 Swan system, along
with the calculated parameters of the linear polariza-
tion. Note that the scatter in the polarization angle
ASTRONOMY REPORTS Vol. 48 No. 4 2004
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is due to the poor statistics of the signal, but the
mean angle Θ is close to the value 99◦ ± 6◦, known
from broadband polarimetric observations [1]. When
comparing the accuracy of our spectropolarimetric
measurements with the broadband polarimetric re-
sults, we must keep in mind that the width of each
of our spectropolarimetric channels is more than
three orders of magnitude smaller than in the case
of broadband polarimetric observations. On the other
hand, these channels are not sufficiently narrow to
enable detailed measurements of the polarization
within individual emission features in the spectrum.
For example, the residual polarization in the core
of the emission components of the sodium doublet
(Fig. 3) is partially due to the effects of convolving the
object’s spectrum with the instrumental function of
the PFES spectropolarimeter.

In our analysis, we also use a spectrum of
AFGL 2688 taken with the NES quartz echelle
spectrograph [14], equipped with an Uppsala CCD
chip [15]. The spectrum was acquired with an image
slicer [16], providing a resolution of R = 75000.
Fragments of this spectrum were presented in [17],
which also gives the systemic radial velocity
(∼ −34 km/s), the radial velocity measured from
photospheric spectral lines (∼ −15 km/s), and the
radial velocities measured from the envelope’s spec-
trum (∼ −55 km/s). The results of our analysis of
the star’s radial-velocity variations and estimation
of the atmospheric line parameters will be presented
elsewhere.

3. DISCUSSION OF THE RESULTS

We have analyzed the results of our high-spectral-
resolution spectropolarimetry combined with pub-
lished photometric, broadband polarimetric, and me-
dium-resolution spectropolarimetric data.

3.1. Broadband Polarimetry

Ney et al. [1] present the collected results of the
first Johnson BV RIHKN polarimetric measure-
ments. On average, the polarization was about 40%
in the BV RI bands; 31% in the H band, possibly
underestimated due to insufficient sensitivity of the
analyzer; 20 ± 7% in the K band; and less than
1% in the N band. The wavelength dependence of
the polarization was studied in [18–20]. The linear
polarization of the source as a whole at 3700–8800 Å
increases linearly with wavelength (from 40 to 50%),
independent of the size of the entrance diaphragm (in
photometric observations of the nebula as a whole,
the contribution from the northern lobe dominates).
No changes in the polarization were detected in five
months of observations.
ASTRONOMY REPORTS Vol. 48 No. 4 2004
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Fig. 3. Same as Fig. 2 for the region of the resonance
sodium doublet.

The observations were then compared to a model
for polarization induced by interstellar clouds [20] for
various ratios of the cloud’s depth and length (size in
the plane of sky), assuming that the direct light from
the star is completely blocked. It was concluded that
the observed polarization corresponded to a ratio of
the cloud’s depth to its length less than 1/10 and that
the wavelength dependence of the polarization agreed
with the expectations for graphite grains better than
those for silicate grains [20]. Measurements at 1.2
and 2.2 µm demonstrated that the polarization de-
creased with wavelength beyond 1 µm, which can be
explained by an increasing contribution from unpo-
larized thermal emission from the dust envelope [21].

Circular polarization of −0.67% that was con-
stant at 3800–7700 Å was detected in [18, 19]. This
circular polarization could be due to the effects of
scattering in the nebula or to the polarizing action of
the interstellar medium (ISM). It was demonstrated
in a model for scattering by cylinders of infinite length
[22] that the wavelength dependences of the circular
polarization are very different for different indices of
refraction m. The modeling demonstrated that, in ad-
dition to strong wavelength gradients of the circular
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polarization, a change of the sign of the circular po-
larization should be observed in the optical. If linearly
polarized light passes through an ISM containing
aligned anisotropic grains, and if the polarization an-
gle of the light entering the ISM does not coincide
with the positions of either of the optical axes of the
ISM grains, then a circular-polarization component
will be formed. This idea was the basis of the classic
study [23], in which the ISM was probed by the
passage through it of synchrotron radiation from the
Crab nebula [23]. The Crab nebula’s intrinsic degree
of polarization is the same at different wavelengths,
and only the polarization angle is different in different
parts of the nebula. The wavelength at which the sign
change of the circular polarization in the ISM occurs
depends on this angle.

The circular polarization of AFGL 2688 remains
the same over a wide wavelength range, so the hy-
pothesis that the circular polarization has an inter-
stellar origin can be rejected. The unusually high
linear polarization and the “favorable” orientation of
the bipolar structure (the main axis is nearly in the
plane of the sky) lead to thoughts of single scattering
on nonspherical (elongated) grains that are smaller
than the wavelength and are aligned along the neb-
ula’s main axis. In this case, the dynamic interaction
of the grains with the outflowing gas could provide
the alignment mechanism [24]. The predominance
of single scattering on small grains contradicts the
formation of the circular polarization via repeated
scatterings on grains whose size is comparable to
the wavelength. Elliptically polarized light can also
result from single scattering of unpolarized light on
dielectric (with a real index of refraction), nonspheri-
cal grains [25]. This problem was considered as a way
to explain the elliptic polarization of the zodiacal light
(for which the highest degree of circular polarization
is 0.86% [26]), where the multiple-scattering mech-
anism is also ruled out due to the low concentration
of the grains. In this case, the circular polarization
will be zero if the symmetry axes of all the grains are
perpendicular to the direction of the entering beam
and/or are in the scattering plane. If the main axis of
the AFGL 2688 nebula is in the plane of the sky, there
should be no circular polarization of light scattered on
the lobes if the grains are aligned perpendicular to or
along the entering beam.

3.2. Photometry and Polarimetry of Images

(a) Panoramic optical polarimetry. Broadband
polarimetric mapping of the nebula was undertaken
at 4500–7000 Å [27]. The linear polarization of the
weak southern lobe (60%) was significantly differ-
ent from that of the bright northern lobe (50%). For
the bipolar nebula M 1-92, the polarization of the
weak southeastern lobe is 40%, while that of the
bright northwestern lobe is 10% [27], with the relative
brightness of the lobes differingmore strongly than for
AFGL 2688. Comparing the lobe polarizations and
surface brightnesses suggests that there is a relation
between the lobe brightness and the fraction of light
that is singly scattered. The polarization is higher
where the fraction of single scatterings (relative to
all scatterings) is higher, so that the total number
of scatterings, and also the surface brightness, is
lower (compared to the opposite lobe with lower po-
larization, where the contribution from multiple scat-
terings is higher). An important conclusion follows:
the difference in the brightnesses of the lobes of a
bipolar nebula demonstrating considerable polariza-
tion could be due not to different illumination by the
central source but to different numbers of scattering
grains, with this effect being more pronounced when
the optical depth of the lobes to scattering is low.
In this case, the peripheral parts of lobes with lower
surface brightness should exhibit higher polarization,
as is observed [27]. The lobes’ low optical depth to
scattering agrees with their low surface brightness: a
supergiant with an absolute magnitude of −6.7m [6]
at a distance of 1 kpc has an apparent magnitude of
3m, whereas the nebula’s integrated V magnitude is
only 12.2m [1]; this drastic difference cannot be ex-
plained by interstellar absorption or radiation-dilution
effects in the nebula’s volume. We can assume that
most of the light from the central star passes through
the volume of the lobes without hindrance.

(b) Panoramic IR polarimetry. Narrowband,
high-angular-resolution HST NICMOS polarimet-
ric measurements were made at 1.99 µm to determine
the position of the central star illuminating the neb-
ula’s lobes [28]. The polarization of the lobes in the
near-IR is nearly 10% higher than in the optical, and
the polarization-angle map also demonstrated point
symmetry. The source of optical light detected in this
way is too far from the compact IR source for them to
be considered a close binary that is determining the
character of the mass loss of the post-AGB star.

Thus, we can summarize the results of optical and
near-IR polarimetry as follows. The grains, thought
to be graphite, are small (not larger than 0.1 µm),
aspherical, and should be aligned in a direction con-
sistent with the linear- and circular-polarization pa-
rameters. The role of interstellar polarization is negli-
gible. Absorption in the lobes can also be neglected.
The high polarization at 2 µm testifies to an insignifi-
cant contribution in the near IR from the dusty com-
ponent of the lobes themselves.

3.3. Optical and IRMorphology
The first models of the nebula explained the bright-

ness difference for the northern and southern lobes of
ASTRONOMY REPORTS Vol. 48 No. 4 2004
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Fig. 4. Classic schematic of the AFGL 2688 [32] nebula. Shown are the disk expanding in the equatorial plane (A), shells
expanding in the polar directions (B), wind cavities in these shells (C), and the cold, slowly expanding envelope (D).
AFGL 2688 in the optical as an effect of extinction
of the radiation from the southern lobe in the periph-
eral zone of an extended equatorial dust disk. This
interpretation is not consistent with the broadband
polarimetric observations (the southern lobe is more
strongly polarized); in addition, the small inclination
of the disk’s axis to the plane of the sky implies a
very large size (more than 3000 AU), and such a disk
should have a large mass and angular momentum.

Images of the nebula taken with ground-based
instruments show a gradual change in the intensity
along the axes of the elliptical lobes, which was inter-
preted in a model with an axially symmetric, mono-
tonic distribution of the density of the dust compo-
nent, which is concentrated toward the equator [29].
The slight deviations of the lobes from an elliptical
shape—the so-called “horns” (cf., for instance, Fig. 1
in [1])—were modeled by appropriately choosing the
gradient for the decrease in the grain density. Such a
model, based on multiple scatterings on dust grains,
does not explain the high polarization of the lobes of
the AFGL 2688 nebula, which was known already
after the first broadband photometric observations. A
model based on multiple scatterings in the dust enve-
lope assuming a constant scattering optical depth at
0.8–2.2 µm [30] remained the main model considered
nearly until the HST observations of AFGL 2688
revealed fine structure of the lobes, which were re-
solved into a complex system of arcs and rays [31].
ASTRONOMY REPORTS Vol. 48 No. 4 2004
The horns, for which modeling results were used to
identify the inclination of the nebula’s axis, are not
present in the high-resolution images.

Figure 4 shows a schematic of the nebula taken
from [32]. Here, A is the disk expanding in the equato-
rial plane; B, shells expanding in the polar directions;
C, wind cavities in these shells; and D, the cold,
slowly expanding envelope. The high polarization of
the optical lobes is explained as an effect of reflections
from the inner walls of the cavities [32].

The inclination of the nebula’s optical axis to the
plane of the sky (5◦−15◦), which was used to inter-
pret the spectroscopic measurements in the IR and
radio, was obtained in an isotropic scattering model
consistent with the flux ratios in the infrared bands
and the intensity distribution along the lobes [33].
Additional evidence that this angle is small follows
from the “natural” assumption that the nebula’s main
axis and the plane of the dust disk, which is observed
nearly edge-on, are orthogonal.

The high polarization of AFGL 2688 in the optical
and IR requires that the dust grains be small, 0.04 ≤
a0 ≤ 0.08 µm in size [34]. However, larger grains are
needed to explain the centimeter-wavelength radia-
tion from the dust disk detected by the VLA [35]: the
spectrum at centimeter and millimeter wavelengths
can be modeled by a power-law size distribution for
the grains, with an index of 3.5 and the largest di-
ameter of the grains being aC > 0.5 cm. It is thought



294 KLOCHKOVA et al.
that the small grains are concentrated in the nebula’s
reflecting lobes, whereas the large grains are con-
centrated in a dense dust disk lying in position angle
53◦ [35].

The dust envelope of AFGL 2688 was modeled
in [36] using the refined multiple-scattering mech-
anism of [30]. It was concluded that the broadband
spectrum and the nebula’s shape in the optical and IR
could not be explained without the presence of larger
grains (with radii of at least 5 µm). The spectrum in
the optical and up to 3 µm is described by “gray”
extinction; i.e., this likewise requires that the grains
be large. The bipolar structure is clearly visible up
to 5 µm; i.e., the scattering occurs on grains whose
size is comparable to the wavelength. The mass of
the envelope grains is 4.4 × 10−8d2 M� or, for a dis-
tance of d = 1000 pc, 4.4× 10−2 M�. For the gas-to-
dust ratio that is usually adopted for the interstellar
medium (158 ± 13), the envelope’s total mass, esti-
mated without taking into account the matter leaving
the nebula volume, is 7M�.

3.4. Spectropolarimetry

The first attempt to obtain spectropolarimetric ob-
servations with 7-Å resolution was undertaken with
a 1.8-m telescope [37]. No difference was found in
spectra taken at 5400–6800 Å for two orthogonal po-
sitions of the polaroid. Observations with a 3-m tele-
scope revealed interesting wavelength dependences of
the polarization [38]. At 4200–6700 Å with 7-Å res-
olution, high polarization was recorded in the contin-
uum and in strong absorption features (50 and 60%,
respectively, for the nebula’s northern and southern
lobes), whereas the polarization in the (0; 0), (0; 1), (1;
2) C2 Swan emission bands was lower (by 10–15%).

Our observations with the 6-m telescope and
spectral resolution more than an order of magnitude
higher than in [38] (R < 1000) have made it possible
to improve the relative contrast of the spectral fea-
tures, i.e., to reliably separate the spectra formed in
the F supergiant’s atmosphere and in the extended
gas and dust envelope illuminated by the central star.

First, the lobe spectrum demonstrates numerous
absorption lines of the supergiant’s atmosphere that
disappear when the polarization is calculated; i.e., the
polarization is the same in the lines and in continuum.
This means that the main polarization mechanism
acts outside the supergiant’s atmosphere. Our ob-
servations show that, on average, the polarization in
the continuum and photospheric lines of the northern
lobe is 52% in the wavelength range studied.

Second, we find numerous emission bands formed
in the circumstellar gas and dust envelope, with po-
larization minima observed at the positions of these
bands (Fig. 2); i.e., the polarization of the emission
bands is negligible compared to that of the photo-
spheric light. Thus, the main polarization mechanism
acts between the supergiant’s photosphere and the
formation region of the emission bands (or in that
region). Assuming that the emission in the C2 bands
is not polarized, we used the energy distributions and
polarizations for the most reliably measured bands—
(0; 0), (1; 2), and (0; 1)—to calculate the spectrum
of the polarized light. This yielded the continuum
level of the photospheric spectrum under the emission
bands in the polarized light. Consequently, we can
take the characteristics of the photospheric spectrum
to be those of the radiation exciting the correspond-
ing molecular transitions when determining whether
resonance fluorescence is likely to be acting [6, 39].

Third, other details of the wavelength distribu-
tion of the polarization were revealed: emission and
absorption lines of the sodium resonance doublet,
with the polarization near these lines being quite low
(Fig. 3). Our analysis taking into account the higher-
resolution spectrum (R = 75000) demonstrated that
these emission lines, which also form in the gas and
dust lobe of the nebula, were the doublet’s unpolar-
ized component. The continuum polarization is 57%,
while the polarization in the doublet line cores is
about 13%. Given the observed ratio of the fluxes
in the emission and absorption components, these
values are consistent with the hypothesis that the
emission is unpolarized and that the absorption cores
of the doublet’s photospheric spectrum has a polar-
ization similar to that of the continuum. We observed
sodium line emission at least to distances of 10′′ from
the center of the northern lobe in the direction of the
slit along an east–west line. This means that the lobe
width in the sodium emission lines is at least twice the
width in the continuum.

Let us discuss the influence of the spectral reso-
lution on the interpretation of the spectrophotometric
data, based on a comparison of our data with those of
Cohen and Kuhi [38]. Our first comment refers to the
C2 bands. Spectrophotometry with medium resolu-
tion (R < 1000 with subsequent smoothing over five
channels, yielding an effective R < 300 [38, Fig. 3])
showed that Swan absorption bands were observed
in the polarized radiation. This suggested that these
bands were formed before the light was scattered on
grains, on the way from the star to the lobe region
of the observed nebula. In addition, these absorptions
overlap with unpolarized emission formed directly in
the lobe. The resulting spectrum consisted of three
components: the polarized photospheric spectrum,
the envelope’s molecular absorption spectrum, and
the unpolarized spectrum formed in the lobes. We
conclude from our observations (R = 15000) that the
spectrum in the region of the Swan bands has only
ASTRONOMY REPORTS Vol. 48 No. 4 2004
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two components: the F supergiant’s photospheric
spectrum polarized on the dust component and the
unpolarized emission bands. When separating the
polarized and unpolarized components, the absorp-
tion bands do not stand out in the polarized light,
and hence there is no need to place an additional
cool molecular envelope between the photosphere and
the nebula’s lobe. We believe that the appearance of
the absorption band in the polarized light is due to
the slight (11%) excess of the emission band’s head
over the continuum level in [38]. This excess in the
high-resolution spectrum is 140% (R = 15000), and
our NES observations demonstrate that the excess
is preserved when the spectral resolution is further
increased (to R = 75000), so that the PFES spec-
tropolarimetry of the Swan bands is already free of the
effects of insufficient resolution.

Our second comment deals with the sodium reso-
nance doublet. Strong absorption in the blend of the
sodium doublet was revealed in [38] in the spectra of
both lobes when observed in polarized light, where-
as the spectrum of the northern lobe in unpolarized
light shows weak absorption, and the spectrum of the
southern lobe, weak emission. Our spectra resolve the
doublet, and it is evident that the emission compo-
nents are at least twice as narrow as the absorption
components in the polarized light. The atmospheric
absorption lines already demonstrate an asymmetry
at R = 15000. The envelope’s emission component
provides the unpolarized part of the complex profile.
The unpolarized absorption components, which could
be formed at the edge of the nebula’s lobes as well as
in the ISM, equally attenuate the polarized and unpo-
larized components and, thus, cannot be isolated by
means of spectropolarimetry. The contribution from
the unpolarized emission component can be identified
when the spectrum (Fig. 3a) is compared with the
distribution of the polarization (Fig. 3b).

Our third comment concerns the Hα profile. The
spectra presented in [38] demonstrate no statistically
significant variations of the polarization in the re-
gion of Hα. Our high-spectral-resolution spectropo-
larimetry revealed a decrease of the polarization in the
absorption core of the Hα line. It is apparent from
Fig. 5 that the polarization in the line core is consid-
erably lower, by approximately 15%. The polarization
angle does not vary along the Hα profile within the
uncertainties.

The profile of the Hα line consists of an absorp-
tion component with a narrow core and broad wings
and an emission component, which presumably has
several parts [6, Fig. 1]. The position of the core
corresponds to a radial velocity of −17 ± 1 km/s.
The reason for the slight blue shift relative to the
ASTRONOMY REPORTS Vol. 48 No. 4 2004
velocity system of the photospheric absorption spec-
trum could be the influence of the Hα line’s enve-
lope component, formed on the way from the star’s
photosphere to the nebula’s lobe. Figure 5 shows the
profile of the Hα line and the degree and angle of the
polarization.We can see that the polarization changes
from 50% in the continuum to 35% within the line
profile; the position of the polarization minimum is
nearly coincident with the line’s core and is shifted
from it only slightly, by 8 ± 5 km/s toward longer
wavelengths; and the polarization angle is constant
within the errors. The presence of a slight emission
component distorting the red wing of the Hα line [6] is
not reflected in the polarization variations, providing
evidence that the emission has a circumstellar origin;
i.e., it originates in the region between the star and the
nebula’s scattering lobes. The decreased polarization
may be due to a higher contribution from unpolarized
light, as well as to an increased optical depth that
leads to multiple scatterings of the radiation and pos-
sible depolarization. There are three possible origins
for the polarization minimum in the core of the Hα
line: the presence of (i) a narrow unpolarized emission
component formed in the core, (ii) an unpolarized
emission component whose width exceeds that of the
Hα absorption profile, or an unpolarized continuum
without lines (for example, due to the envelope’s in-
trinsic thermal emission), or (iii) an absorption com-
ponent formed after scattering on the grains in the
nebula’s lobe. Let us consider these three possibilities
in more detail.

(1) The narrow unpolarized emission should be
formed directly in the nebula’s lobe or in outer regions
(relative to the lobe), and the matter responsible for
theHα emission should have a line-of-sight projected
velocity of ∼40 km/s away from the observer relative
to the system’s center of mass. We can estimate
the intensity of the hypothetical emission component
based on the decrease in the polarization, from 50%
in the continuum to 35% in the line core, with the
residual intensity in the core being 0.45, resulting in
a value of (10–15)% of the continuum intensity near
the Hα line.

(2) In the presence of a broad emission base whose
width exceeds that of the Hα absorption wings or in
the case of a lineless continuum, the decrease of the
polarization follows from the lower contribution of the
polarized light in the core of the Hα line compared
to the continuum. Consequently, the position of the
polarization minimum should coincide with the line
core independent of the velocity of the matter forming
the unpolarized radiation. We can estimate the inten-
sity of the unpolarized light from the absorption line’s
depth and the change in the polarization, which is
(20–25)% of the continuum level at theHα line, while
the polarization of the photospheric spectrum should
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Fig. 5. Same as Fig. 2 for the region of the Hα hydrogen line.
be ∼60%. The envelope’s intrinsic thermal emission
cannot provide this unpolarized radiation, because an
even higher continuum polarization is observed in the
near-IR. In addition, a broad emission base in the
Hα line due to high-velocity motions should have
been detected via radio spectroscopic observations.
Thus, we reject this interpretation of the polarization
minimum in the Hα core.

(3) The polarization in the core of an absorption
line formed in the nebula’s lobe can also decrease
on its way to the observer. The depolarizing factor is
resonance scattering of photons on hydrogen atoms.
In this case, as in the first possibility, the line-of-sight
velocity of the absorbing matter should be ∼40 km/s
away from the observer, relative to the systemic ve-
locity.
Spectropolarimetry of post-AGB stars with spec-
tral resolutions of about R = 1000 [10] has suggested
a division into four types of objects. Based on our
observations, AFGL 2688 is a type Ic star: an object
whose emission lines and continuum display different
polarizations. This effect can arise if the direct light
from the star is completely or partially obscured, so
that we observe a considerable contribution from the
star’s scattered polarized light combined with unpo-
larized radiation from the envelope; alternatively, it is
possible that both the star and the emission region
are obscured but the polarizations of these compo-
nents are different due to dilution of the radiation.
Our high-resolution spectra, which are the highest
quality spectropolarimetric data for a post-AGB star
available to date, demonstrate that the emission of
AFGL 2688 is essentially unpolarized.
ASTRONOMY REPORTS Vol. 48 No. 4 2004
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Thus, our high-spectral-resolution spectrophoto-
metric observations have enabled us to separate the
components of the optical radiation formed in the
central star’s atmosphere and in the bipolar neb-
ula’s lobes. Analyzed together with high-angular-
resolution images acquired with the HST, this sug-
gests a new interpretation for the AFGL 2688 phe-
nomenon.

3.5. Resonance Fluorescence of the C2 Molecules

(a) The vibrational spectrum of C2. Crampton
et al. [37] detected the C2 5162 Å (0; 0) and 5631 Å
(0; 1) emission bands but not the 4737 Å (1; 0) band,
although their blue spectrograms had a resolution of
R = 3000 (1.5 Å), a factor of three higher than their
red spectrograms (R = 1000, 7 Å). Eight emission
bands belonging to the ∆v = −1 and ∆v = −2 se-
quences as well as to the diagonal sequence (∆v =
0), but no bands of the ∆v = +1 sequence, were
detected in [6] in a spectrum with R = 15000. Using
our spectrum with R = 75000 (4653–6080 Å), we
measured the intensities (in units of the continuum)
for the heads of seven emission bands (see the table).
We found no trace of the 4737.1 Å (1; 0), 4715.2 Å (2;
1), 4697.6 Å (3; 2), 4684.8 Å (4; 3), 6004.9 Å (3; 5),
or 6059.7 Å (2; 4) bands in the spectrum.

Taking into account the nebula’s continuum en-
ergy distribution [37], we determined the flux ratios
for the heads of the (1; 0), (0; 0), and (0; 1) bands
to be 1.2 : 3.2 : 5.6 (the continuum fluxes read from
Fig. 2 in [37] indicate the flux ratios 1.2 : 1.6 : 2.5).
Calculations of the molecular-band absorption coef-
ficients in a Boltzmann approximation for the level
populations (T = 2500 K) using the hypothesis of
overlapping lines [40] show that the opacities near
the heads of the (1; 0), (0; 0), and (0; 1) bands have
the ratios 1.6 : 4.0 : 0.4 (the cross sections per grain
on a logarithmic scale have the ratios−16.8 : −16.4 :
−17.4). For these bands, the ratios of the Franck–
Condon factors, q(v′, v′′), are 0.25 : 0.72 : 0.22 [41].
Thus, when the populations of the vibrational levels
are in equilibrium, the emission intensity in the (1;
0) band should be intermediate between those in the
(0; 0) and (0; 1) bands. We conclude that the vibra-
tional levels of C2 have non-Boltzmann populations
and that the intensity behavior of the vibrational–
rotational bands repeats the energy distribution in the
supergiant’s spectrum. This provides evidence for the
action of resonance fluorescence.

Note that the resonance-fluorescence hypothesis
removes the difficulties encountered by Cohen and
Kuhi [42] when explaining the emission-band intensi-
ties by invoking the effect of circumstellar reddening.
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Relative intensities of the heads of the C2 Swan bands in
units of the continuum intensity

λ, Å (v′, v′′) q I/Ic

5097.7 (2; 2) 0.117 1.078

5129.4 (1; 1) 0.330 1.370

5165.2 (0; 0) 0.724 1.988

5501.9 (3; 4) 0.202 1.072

5540.7 (2; 3) 0.265 1.164

5585.2 (1; 2) 0.286 1.723

5635.5 (0; 1) 0.220 2.235

They estimated the extinction in the nebula to be
8.1m and 11.5m in the directions from the star to
the northern and southern lobes, respectively. These
estimates do not agree with the extinction derived
from the interstellar component of the sodium doublet
(4m) [42], which we believe to be severely overesti-
mated due to an order-of-magnitude error in the use
of the equivalent widths of [42] (see [6] for details).

(b) The rotational spectrum of C2. The possi-
ble action of resonance fluorescence is also supported
by the presence of photospheric absorption lines over-
laid by the molecular emission spectrum. For exam-
ple, the CaI 5581.98 Å line, with a photospheric radial
velocity of −14.8 km/s, is confidently observed near
the head of the (1; 2) 5585.5 Å band, but there is
no rotational C2 spectrum near this line. If a different
mechanism were exciting the C2 spectrum, this CaI
line should have been overlaid by the P1(21) rotational
emission line. The FeI 5159.06 Å line is observed near
the head of the (0; 0) 5165.2 Å band, whereas the
blend of the P1(27) + P2(28) rotational lines is not
seen (although neighboring, weaker lines of the C2

spectrum can be reliably identified).
Our observations with R = 75000 showed that

the mean radial velocity for the heads of four emission
bands (−55 km/s) is in good agreement with the
radial velocity from the emission components of the
sodium doublet (−54 km/s). This indicates that the
kinematic characteristics of the corresponding for-
mation regions are similar; i.e., the regions in which
the C2 lines with low rotational quantum numbers, J ,
and the sodium-doublet emission are generated are
similar.

The optical spectra of AFGL 2688 can be used to
determine if fluorescent equilibrium has been estab-
lished at the rotational levels of C2. For this purpose,
we will make an analogy with the behavior of the
C2 rotational lines in the spectra of comets. The C2

molecules in cometary atmospheres are produced by
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the dissociation of C2H2 molecules, with the for-
mation of C2H as an intermediate step; further, the
C2 molecules are also photodissociated by the solar
radiation. The distance from the region in which the
C2 molecules formed to the zone where the statistical
equilibrium for C2 is reached is determined by the
time scale for achieving equilibrium (10 min) and the
outflow velocity (1 km/s). Adding the distances to the
formation zones of the C2H2 and C2H molecules, it
is possible to estimate the distance of the maximum
C2 concentration from the cometary nucleus. The
rotational structure of the C2 (0; 0) Swan band in the
spectrum of Halley’s comet was analyzed in [43]. Two
values of the rotational temperature were obtained in
a Boltzmann approximation: about 3000 K for levels
with J > 15 and 190 K for levels with J < 15. It
was concluded that fluorescence could successfully
describe the levels with large J quantum numbers,
while the newly formed molecules with low J values
had not yet achieved fluorescence equilibrium. If col-
lisional processes are as efficient as fluorescence, the
lines have a low rotational temperature, reflecting the
kinetic temperature of the gas. It was shown in [44]
that a balance between collisional and radiative pro-
cesses in cometary atmospheres was reached at par-
ticle densities of about 1010 cm−3; at lower densities,
fluorescence equilibrium is achieved. The conditions
in the envelopes of protoplanetary nebulas differ from
those in cometary heads in the following aspects.
First, there are two sources of photodissociation: the
central star’s light and external UV radiation from the
ISM. Second, the outflow velocities are an order of
magnitude higher, although the role of this factor is
negligible because of the large distance to the object
(the distance covered by the newly formed molecules
before they reach the zone of statistical equilibrium is
within the projected width of the spectrograph’s slit).
If the fraction of newly formed C2 molecules is high
for the observed part of the lobe and collisional pro-
cesses are significant, the low-J levels should have
their Boltzmann populations for a temperature that
is close to the gas temperature. The low-J rotational
lines whose positions coincide with the photospheric
absorptions (with the Doppler shift taken into ac-
count) should have Boltzmann intensities, i.e., emis-
sion lines that are positionally coincident with pho-
tospheric absorption lines should not be weakened,
since the fluorescence processes are predominant.
Near the heads of the C2 bands in the spectrum of
AFGL 2688, we observe deviations of the rotational-
line intensities from a Boltzmann distribution due to
photospheric absorption, i.e., to a deficiency of illumi-
nation. This suggests that fluorescent equilibriumhas
been achieved and that the gas in the lobe has a low
density (below 1010 cm−3).
Thus, the ratio of the intensities of the vibrational
and rotational bands in the C2 spectrum provides
further evidence for a low gas density in the lobe. This
density can be made considerably lower if we estimate
the mass of gas in the nebula’s envelope. Let us
suppose that only stars with main-sequence masses
not exceeding 8M� can reach the post-AGB stage.
We can calculate the nebula volume from the angular
size assuming a distance of 1 kpc. If all the “excess”
mass was ejected but did not leave the volume, we
obtain a maximum density that is at least five orders
of magnitude lower than 1010 cm−3. This represents
additional evidence for the action of resonance fluo-
rescence and for a high transparency of the lobes.

3.6. Character of the Matter Distribution

What determines the shape of the optical lobes—
the character of the nebula’s illumination or the dis-
tribution of the scattering material? High-angular-
resolution images reveal quasi-concentric luminous
arches reaching as far as the plane of the dark
bridge [31]. This suggests that the solid angle within
which the nebula material is illuminated is large
(∼170◦, projected onto the plane of the sky). The
arches apparently reflect the nonmonotonic character
of the envelope’s ejection during the AGB stage, and
we can accordingly assume that the light from the
arches is due to gas-dynamical effects and not to
scattering of the illuminating radiation. However, the
quasi-concentric arches do not show the ellipticity
(1.6–1.3) that follows from models for the latitude
variations of the gas density and of the drift velocity
of the dust grains [29, 30]. Similar arches have been
found for objects with larger inclinations for their
main axes [45].

The optical lobes glow predominantly in the con-
tinuum (the contribution from C2 and NaI emis-
sion is negligible). Thus, the lobe region contains
continuum-scattering material, and since the scat-
terings are single, it is natural to assume that there
is virtually no scattering material outside the lobes.
The lobes consist of numerous radial rays that can
be traced, like the regions of shadow between them,
to distances of tens of arcseconds [31], confirming
that the star’s light undergoes single scattering on
the dust component of the envelope (the contrast
of the rays would be lower in the case of multiple
scatterings). The polarization plane is perpendicular
to the rays [27, 28], indicating that the polarizing
(scattering) agent is related to the rays. This possibil-
ity is also supported by the higher contrast of the rays
in the southern lobe [31], where the polarization is
higher [27]. The lobes are the brightest in regions with
a higher density of rays. The polarization in regions
between the rays is lower than in the rays (cf. the
ASTRONOMY REPORTS Vol. 48 No. 4 2004
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image of the inner part of the southern lobe, Fig. 1
in [28]).

The presence of long, narrow, high-contrast rays is
inconsistent with multiple-scattering models. A fairly
exotic “searchlight” schemewas suggested to explain
the existence of such narrow rays (∼0.1′′): the star
is in a cocoon with near-polar windows that form
annular holes that let the narrow beams escape [31].
In this picture, the brightnesses of the lobes differ
because the cocoon with near-polar windows sur-
rounding the star has a larger optical depth in the di-
rection of the southern lobe than in the direction of the
northern lobe. When interpreting the HST images,
it was supposed [31] that the existence of the dark
inter-ray space did not prove the absence of scattering
material there, since the first millimeter observations
in CO lines showed a spherically symmetric, uniform
distribution of matter in the nebula volume. How-
ever, high-angular-resolution interferometric obser-
vations have since been obtained and provide evi-
dence that the nebula volume is filled nonuniformly
with CO molecules [46]. In our opinion, the weak
point in the searchlight scheme is the assumption that
the volumes occupied by the luminous rays contain
matter identical to that in the dark inter-ray space.
The alternative possibility that scattering material is
present in the region of the luminous rays and absent
from the dark regions is equally plausible. In any
case, precisely this picture is observed just beyond the
outer boundaries of the lobes (the resonance sodium-
doublet emission is observed in a much larger volume
than the scattering of the photospheric spectrum). In
a scheme in which the scattering material is restricted
to the radial rays and concentric arches, there is no
need to look for a mechanism operating near the
central star that collimates the beams of light.

Our proposed picture, in which both hemispheres
of the nebula are nearly completely illuminated by the
central star (with the exception of the plane of the
dark bridge), differs from models with wide, partially
shaded cones [47] or a certain latitude dust distri-
bution [29, 30, 36]. For this reason, estimates of the
envelope mass based on the dust component’s mass
can be lowered.

4. CONCLUSIONS

We have carried out optical spectropolarimetry of
AFGL 2688 with a resolution a factor of 50 better
than those of previously published data. This has
enabled us to distinguish the spectra of the central
star and of the circumstellar envelope. The absorption
lines in the spectrum of the central star have the same
degree polarization as the photospheric continuum.
Seven C2 Swan emission bands, emission compo-
nents of the NaI resonance doublet, and a narrow
ASTRONOMY REPORTS Vol. 48 No. 4 2004
Hα component were identified in the envelope’s
spectrum. We have demonstrated that resonance
fluorescence could excite the C2 spectrum and con-
clude that the density of the nebula’s lobes is low.
Based on the results of polarimetric, high-spectral-
resolution spectropolarimetric, and high-angular-
resolution photometric and polarimetric observations,
we have suggested a new picture for the nebula’s
structure.

When successfully applied, high-spectral-resolu-
tion polarimetric observations can be used to reveal
gas and dust envelopes around protoplanetary neb-
ulas observed from the ground with relatively low
angular resolution.
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