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ABSTRA CT

The WFPC2 cameraaboard the HubbleSpace Telesope was usedto obtain
imagesof the planetary nebula BD+30 3639at two epochs separatedby 5.663
years. The expansionof the nebulain the H and [N II] bands has been mea-
sured using seeral methods. Detailed expansionmaps for both emissionlines
were constructed from nearly 200 almost independert features. There is good
agreemen betweenthe (independert) H and [N II] proper motions. There are
clear deviations from uniform radial expansion,with higher expansionrates in
regionswherethe shell is faintest, sud asthe south-west quadrart.

The SpaceTelescop Imaging Spectrograph(STIS) wasusedto obtain edelle
spectrain the C 11] 2326multiplet andthe [O II] 2470doublet, providing well-
resohed expansionvelocities at two position angles. From the C 11] lines,we nd
that the certral velocity split is 36.3km s ! at a position angle of 99, and

33.5km s ! at p.a. 25. The fainter [O II] doublet doesnot appear to di er
from the C 11] multiplet.

To determinethe distance of BD+30 3639by comparisonof the angular ex-
pansionand the spectroscopicallydeterminedradial expansion,we must address
the problem of the three dimensional shape of the nebula. We measuredthe
angular expansionalongthe position of the 99 edelleslit, nding displacemeis
of 4.25masyr ! at the shell edge (2°%47 from the certer). If the nebula were
spherical,this would imply a distanceof 1.80kpc. But there is evidencethat the
nebulais elongatedalongthe line of sight, which suggestghat the actual distance
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is less. Radio cortinuum imagesfrom 5 and 15 GHz VLA obsenations provide
information on the extent of the radial elongation. We t the radio brightness
variation and the echelle data by appraximating the nebula as an ellipsoid, also
making use of the ground-basedecelle spectra reported by Bryce & Mellema
(1999, MNRAS, 309, 731). Our model has an axial ratio of 1.56, is inclined to
the line of sight by 9:7, and exhibits an expansionin the plane of the sky which
is 2/3 that in the radial direction, leadingto a distanceof 1:2 kpc. Not all the
kinematic data ts this simple model, sothe distance must still be regardedas
uncertain.

Basedon the recert model atmosphereof Crowther et al. (2002), a distance
of 1.2 kpc implies a stellar luminosity of 4250L . The kinematic age of the
nebula, =, variessomewhatfrom regionto region. A good averagevalueis 800
years,while the expansionalong the position of the 99 edelle slit givesabout
600years.

Subjet headings: planetary nebulae: individual (BD+30 3639)| stars: dis-
tances

1. INTR ODUCTION

Understandingthe fundamenal properties of planetary nebulae(PNe) requiresknowl-
edgeof their distances.For planetary nebulae,becauseof the absenceof a standard quartit y
commonto all, there is no well-calibrated standard distance scaleand distancesestimated
from di erent independernt methods often disagreewith ead other. One way to determine
the distance of a planetary nebulais to measureits angular expansionduring a period of
time and combine this with its Doppler expansionvelocity. This method has beenusedfor
both VLA (Very Large Array) radio maps(Hajian et al. 1993,1995;Hajian & Terzian 1996;
Kawamura & Masson 1996), and optical imagesfrom the Hubble Space Telesope (HST)
(Reedet al. 1999).

BD+30 3639 (hereinafter, \BD+30") is a rapidly ewlving, chemically inhomogeneous
nebula (Waters et al. 1998). It is one of the few nebulaewith detected X-ray ux from its
bubble of shacked stellar wind (Kreysing et al. 1992; Arnaud et al. 1996; Guerrero, Chu,
& Gruendl 2000;Leahy, Kwok, & Yin 2000;Kastner et al. 2000). This justi es extensiwe
obsenations of this object. To understandthe rapid chemical ewvolution of BD+30, we need
to know the massand luminosity of its certral star, and this requiresa reasonablyaccurate
distance. The earliest expansiondistance of BD+30 was obtained by Masson(1989) from

VLA maps,who gave a result of 2:8"7 kpc. Hajian et al. (1993) useddi erent two-epoch
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VLA obsenations, resulting in a distanceof 2.68 0:81kpc. Kawamura & Masson(1996)
conbined the obsenations usedby Masson(1989) with a new set of data obtained in 1993,
and derived the most accuratemeasuremen at that time of 1.5 0:4 kpc.

To obtain a more accurate determination of the distance, and details of its expansion,
we usedthe two-epoch optical obsenations of Wide Field Planetary Camer (WFPC2) on
board the HST to measurethe expansionof this nebula. The total expansionof BD+30 was
estimated to be about 15 mas betweenthe rst and secondepochs, which is about 1/3 of
the Planetary Camema (PC) (®9455pixel. This tiny displacemen in di use objects can be
measuredbecauseof the high resolution of WFPC2 images(Currie et al. 1996),and we can
do even better for a number of di use knots sharinga commonproper motion.

Much evidenceshaws that BD+30 is not actually a spherical object (Masson 1989;
Bachiller et al. 1991;Shupe et al. 1998;Bryce & Mellema 1999;Bachiller et al. 2000). We
thususean ellipsoidal kinematic model of BD+30 to combine the angularexpansionwith the
radial expansionvelocities from spectroscopicobsenationsto nd the distanceand kinematic
ageof this nebula.

2. Observ ations

HST narrow-band imagesfrom our GO programs5403and 8116wereusedfor this study
(Table 1); the obsenations were separatedby 5.663years. For both epochs, imagesthrough
F656N (H ) and F658N ([N I1]) narrow-band lters were obtained. In the rst epoch there
were two imagesfor eat band with the samepointing but di erent exposuretimes. The
imageswith longer exposuretime were saturated in places. For the secondepoch, there
werethree imagesfor ead band, with the sameexposuretime and orientation, but slightly
shifted by fractional pixels with respect to eat other for the purposeof drizzling. Sincethe
orientation di ers for the two epochs, the imageshad to be alignedto a commoncerter and
orientation.

3. Data Reduction

The data reduction includescosmicray rejection, drizzling, and imagealignmert. Other
adjustmerts or correctionslik egeometricdistortion correction, saturated pixel masking,were
alsodoneduring the three main steps.

Becausethe 2nd epoch H and [N 1] imageswere dithered cosmic rays cannot be
removed by the commonly used IRAF task crrej. However, Mutchler and Fruchter (1997)
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and Fruchter & Hook (1998) introduced a method to remove cosmicrays from a group of
dithered HST images,as well as an IRAF padage drizzle for this purpose. We rst used
IRAF task crossdriz, shift nd, andimshift to nd the relative displacemen betweenimages,
and align the images. Then, we usedcrrej to combine the alignedimagesto produce cosmic-
ray-free images. Finally, driz_cr was usedto create cosmicray masks,which were usedin
the drizzling step.

Using the IRAF padkage drizzle, three 2nd epoch H imagesand three 2nd epoch
[N I1] imageswith PC imageresolution 800 800 were combined into imageswith resolution
1600 1600, respectively. To compareimagesfrom the two epochs, the old (the 1st epoch)
imageswere also mapped into the samel600 1600grid by the drizzle padkage,and cosmic
rays were removed by the samestrategy as for new (the 2nd epoch) images. It is easyto
tell that somefeaturesare sharper in the new drizzled imagesthan in the old images(which
were merely mapped onto ner grids). The drizzledH imageis shavn in Fig. 1.

To perform the comparisonbetween new imagesand the old ones,imageshad to be
alignedin displacemen and position angle. The relative rotational angle and shift between
two epochs of imageswere found by IRAF task crossdriz, rot nd, and shift nd, iterativ ely.
The most ideal and simplest situation is that the expansionis isotropic, so that it looks
symmetrical. We took this asthe Oth order appraximation, and did the alignmert by trail-
and-error strategy with the following measuremets to make the measuredaverageexpansion
along radial lines as symmetrical as possible.

4. Expansion Measuremen t

By blinking the alignedimagestaken at two di erent epochs bad and forth, the expan-
sion can be seenclearly by eye. The expansionin 1600 1600imagesis estimatedabout 0.5
to 1 pixel (or 0.25to 0.5PC pixels). The actual measuremets were performedusing se\eral
di erent independernt methods.

4.1. Metho dology

Basically, there are two ways to measurethe expansion;oneis magni cation, which is
whole-image-basedhe other is to measurethe shifts of individual features. If the expansion
is spherically symmetric, the newimageshouldbe a magni ed versionof the old image. This
method canbe applied to the wholeimage, or alongsectorsin particular directions from the
image certer.
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Becausehe old ( rst epoch) imageshave many saturated pixels, while the new (second
epoch) onesdo not, we reducedthe new imagesto t the old images,which avoids any
manipulation of the saturated-pixel masks. The reduction factor was determined by min-
imization of the squareof the di erence image rather than by cross-correlation,which we
found lesssensitive. We estimate the uncertainty at 25%for the global magni cation factor
and for the magni cation factors along radial lines.

Howewer, since the expansionof the nebula may be asymmetrical, the magni cation
method cannot provide the details of the angular expansion. Thus we made measuremets
of individual featuresand took the results of the magni cation method as a consistency
chek. Comparedto other PNe sud as NGC 6543, BD+30 is more di use, soit is not
possibleto measuresmall regionsof only a few pixels in size. To determine the best size
of regionsfor shift measuremets, we tested the e ects of squaresize on somerandomly
selectedfeaturesby plotting the curve of measuredshifts againstthe sizeof the region. We
found that whenthe squaresizewas around 20 pixels (i. e., 10 PC pixels), shifts were the
most insensitive to the size of the region. We therefore adopted 20 20 pixel squaresfor
the measuremets.

The basic compare-and-t strategy used here is just like what is usedto produce a
cross-correlatedmage. First, move oneimageby, for example, x pixelsin the x direction
and vy pixelsin the y direction. Then compareand quartify the di erence by summing
up the squaresof di erences of correspnding pixels asin a least-squarest. This givesthe
value of the point ( X, V) in the least-squaresmage. Finally, nd the minimum of the
least-squaresmageby Gaussian2-D tting. This position ( X, Yy) givesthe relative shift
betweentwo features.

Care must be exercisedin the treatment of the edgesof the squares,since almost all
regionscut from the original imageshave non-zeroedges(and the edgesof saturated pixel
masksare also sharp discortin uities). Tapering is not satisfactory becausethe regionsare
very small, as are the shifts; tapering the edgeswill drag the measuredshifts to zero. The
method we employed was to treat the 20 pixel square,combined with the saturated pixel
mask within the squareregion, as a window. We rst moved the secondepoch image,
which cortained no saturated pixels, then looked at both imagesthrough that window, and
comparedthe visible parts by least squares. To simplify the process,IDL routines were
dewveloped which can selectsmall regionsfrom imagesinteractively, and calculate the shifts
automatically.
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4.2. Results

We usedthe magni cation method at two levels, one for whole image, another along
ewvery radial line at 10 intervalsfrom O to 360. Numerical tting for the wholeimagegave
magni cation factors of 0.99384for H and 0.99361for [N I1].

The resultsfrom radial line magni cation are shaovn in Fig. 2. As mentioned above, one
criterion of alignmert wasto make the angular distribution of magni cation assymmetrical
aspossible.Even so, we can still notice that the measuredexpansionshovs somestructure.
The expansionis greatestnearthe openingsin the northeasternand southwesternquadrarts.
While the distribution of walls and openingsis irregular, the smallestexpansionseemsasso-
ciated with regionswherethe shell is brightest. The direction of greatestexpansionis not
along the longestaxis of the nebula'simage;this may be becausethe nebulais a tri-axial
ellipsoid, with noneof the axesalignedwith the line of sight, sothe expansionmight not be
aligned along the longestaxis of the image. This might alsoexplain why somefeaturesnear
the center were measuredto have inward displacemets.

The shifts of nearly 200 featuresin the H imagesand the [N 1I] imagesare shaovn in
Fig. 3 and Fig. 4, respectively, which illustrates the details of expansion. Again, except
for a few features,the results from the two independent wave-bandsshav a high degreeof
consistency(Fig. 5). The agreemehbetweenH and|N I1] givesus con dencein the results.
The discrepanciebetweenthe two wave-bandsmay partly be due to slight misalignmer,
sothat the samecoordinatesin di erent imagesmight refer to slightly di erent regions.In
addition, sincethe ratio of [N I11] to H emissionvariesfrom point to point within the nebula,
there may be real di erencesin the shifts of featuresseenin the two wave-bands.

The expansionsof the major axis and minor axis of the optical shell are summarizedin
Table 2. The kinematic ageof the nebula, de ned as =_, variessomewhatwith the method
of measuringthe expansionas well as from region to region. A good averagevalue is 800
years. The magni cation factor derived for the whole image gives kinematic agesof 920
and 880yearsfor H and [N 11], respectively. The magni cation factors along sectorsgive
somewhatsmaller ages,and the agesalong the minor axis tend to be lessthan along the
major axis. Finally, expansionsrom feature shifts give the smallestkinematic ages,740-800
years,and are again smallestalong the minor axis. As discussedoelow, we are particularly
interestedin the expansionalong the position of a spectrographicslit at position angle99 ;
the kinematic agealong this direction is about 600 years.
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5. Mo deling of BD+30 and Distance Measuremen t

If we want to derive the distanceof the nebula, somekind of kinematic model { implicit
or explicit { must be employed to relate the tangertial expansionrate to the expansion
velocity along the line of sight.

Bryce & Mellema (1999)recenly discussedhe kinematics of BD+30 basedon ground-
based optical emission-linespectra. They measuredthe spectra along two slits roughly
alignedto the east-westand north-south directionsthrough the certer, which, approximately,
are the major and minor axesof the nebula. For the modeling of BD+30, they useda tilted
ellipsoidalshell,with a high velocity expandingH, ring in the equatorial plane. Furthermore,
they found that thereis a di erence betweenthe low ionization and high ionization regionsof
this nebula. Comparedwith low ionization regions,the high ionization regionsare smaller,
but have much higher velocities. They found the expansionvelocity along the line of sight
to the certral star to be 28 1km s ! for [N I1] proles and 355 1km s ! for [O 1l1]
pro les.

5.1. The HST STIS Echelle Spectra

Becauséhe nebulais compact, ground-basedong-slit spectra do not have the optimum
degreeof spatial resolution. As part of our HST program, we obtained STIS spectra with
the E230H ednelle grating using a 6%°x (?2 slit. The grating was set to include the strong
C 11] multiplet 2324.21,2325.40,2326.11,2327.64and 2328.84,aswell asthe [O I1] doublet

2470.97,2471.09.The edelle mode of STIS is available only with the ultraviolet MAMA
detector, sosubstartial dust extinction wasunavoidable. Two position angleswereobsened,
25 and 99. The 25 orientation su ers badly from extinction, especially to the north, so
we we rely primarily onthe 99 p.a. slit. The slit waspositionedsothat it passed®% north
of the certral star to avoid cortamination by the stellar cortinuum. The location of the 99
slit onthe H imageis showvn in Fig. 7. Toincreasethe S/N ratio, the spectrum wasshifted
by 1.53A and addedto itself to superimposeC 1] 2327.64and 2326.11,the two strongest
componerts. The resultsare shovn in Fig. 6. Panel A is the 25 orientation and B1 and B2
the 99 slit. In this gure, the top of the slit is to the east. The [O I1] line appearsidentical
to C I1], but haslower S/N, sowe do not discussit further.

We seethat the line haswell-de ned red and blue componerts, which yield an accurate
expansionvelocity. If the nebula were a uniformly expanding ellipsoid, the edelle pro le
would be an ellipse { tilted, if the ellipsoid major axis were inclined to the line of sigh.
While our pro le is roughly elliptical, there are clearly local irregularities in the expansion.
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Panel (B1) shaws an ellipsewhich ts the data reasonablywell. The vertical extert of this
ellipseis 4°94 and the horizortal splitting (at the certer) is 36.25km s . The ellipseis
tilted to the right by 5 from vertical. While the splitting seemdo be well determined, the
tilt of the ellipseis not secure.

But basically, it is a tilted ellipse, which indicates that a tilted ellipsoidal shell is an
appropriate model of the nebula. The lower edgeis fainter due to local dust extinction
(Harrington et al. 1997). Since C II, like N I, is a lower stage of ionization, we were
surprisedthat the expansionvelocity of this line was closeto the result Bryce & Mellema
(1999)found, not for [N 11], but for the high ionization [O 111] line. Perhapsour higher spatial
resolution givesa more accuratevelocity, while the lower ground-basedesolution lls in the
pro le certer, lowering the averagevelocity. Another considerationis that, although the C*
ionswill avoid the highly ionized certral regions,the excitation level of this UV line is high,
sothe emissionwill be biasedtoward the hottest parts of the nebula.

Becausethe expansionvelocity was only measuredalong the STIS slit, we made mea-
suremerts of the astrometric shifts of featuresalongthat cut. According to our kinematic
model, the tangertial expansionis along radial directions, and is linearly proportional to
the distance from the certer. Under these conditions, projections of expansionvelocities
on any axis are proportional to the correspnding projections of distanceson that axis. So
for point (X, y) of the image where the certer is at (0, 0), its expansionvelocity (v, Vy)
satisfyvy / x andvy / y, andit doesnot matter which direction you specify asx direction.
Therefore, we extracted the componerts of the shifts along the slit for ead feature along
the cut, and plotting them againstthe distancesto the certer of the slit, tted them to a
straight line, asshown in Fig. 7. The least-squaredine goesthrough the certer, which is
a good demonstration of symmetry. Obviously, the error of the certral point will be large,
sinceits shift should be perpendicular to the slit. A t excluding the certer three points,
which are likely to have large errors, gave almost the sameline. In this way, the expansion
rate at the edgeof the nebula, which correspndsto the upper and lower edgeof the spectral
ellipse,was measuredto be 425 0:32masyr ! at 2%47 away from the certer.

If the nebula were a uniformly expanding spherical shell, then the above tangertial
expansion,combined with the 36.25km s ! velocity along the samecut, implies a distance
of 1.80kpc. Thereis evidence however, that the nebulais not spherical. In the next section,
we will attempt to dewvelop a better kinematic model.
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5.2. Shape Deriv ed from the Surface Brigh tness Variation

BD+30 is optically thick to ionizing radiation { it is surrounded by a neutral halo
(Harrington et al. 1997){ but the photoionized shell is also geometrically thin (perhaps
becauseof the pressureof the 3 10° K X-ray emitting gaswhich lls the interior of the
shell). Under these conditions, the variation in the surface brightness acrossthe nebula
cortains information about the three dimensional structure of the nebular shell. Sinceit
would be di cult to correctfor the internal extinction due to dust which a ects the optical
images,we have usedthe 5 and 15 GHz VLA radio maps descriked in Harrington et al.
(1997) for this analysis. A similar approat was previously used by Masson(1989), who
modeled the apparert EW elongation and surfacebrightnessvariations of BD+30 in terms
of aninclined prolate ellipsoid tilted from our line of sight alongthe EW direction, consistert
with a limited kinematic information available at that time.

The relevant equationsare dewveloped in the Appendix. The constancyof ux in pie-
shaped sectorsradiating from the certral star supports the idea of complete absorption of
the ionizing radiation. The ratio of the certral surfacebrightnessto the total ux indicates
that the nebulais elongatedalongthe line-of-sigh: the certral intensity is substartially less
than would be the casefor a sphere. Unfortunately, the angular expansionvanishesnear
the certer of the nebula; what we needis information on the shape of nebula where we
have measuredthe angular expansion.We can, howewer, nd the shape of the shellalong a
chosenwedgefrom the surfacebrightnessdistribution (eq. A3). We integrated the surface
brightnessin 25 sectorschosento overlap the region cut by our 99 STIS slit. The results
are showvn in Fig. 8. The valuesnear the certral star are very noisy due to the low signal
at the wedgeapex. Also, near the edgeof the nebula, the nite shell thicknessinvalidates
the assumptionsof the method. But overall, the shellseemgo be well t by an ellipsewith
an axial ratio of 1.5to 1 along our line-of-sigh, asindicated by the dotted line in Fig. 8.
This t also closely matchesthe shell distance of 37 in the direction of the certral star {
the triangle in Fig. 8 { found from the certral intensity (eq. Al).

In obtaining the shape from eq. A3 we made the assumptionthat the front and badk
surfacesof the shellcontribute equallyto the surfacebrightness. But if we look at the echelle
pro le, we seethat there is a great asymmetry betweenthe front (blue-shifted) and badk
(red-shifted) branches. We might attribute this to dust extinction, and indeed we feel that
the relative weaknessof the lower (west) part of the pro le is likely due to dust. But this
cannot explain the relative brightnessof the upper, red-shifted side of the line, becausethis
radiation comesfrom the back side of the nebula: this radiation must su er at leastas much
extinction asthe wealer blue side.

A slit placed acrossa uniformly expanding shell in the form of a tilted ellipsoid will
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result in a spectral line in the form of a tilted ellipse. (The tilt angle of the major axisin a
plot of the line pro le will vary depending upon the relative scalesof chosenfor the x-axis
and y-axis. The ratio of the x displacemen of the top of the ellipseto the width of the ellipse
on the x-axis is, however, an invariant.) Becausethe ellipsethat best ts our edelle pro le

seemdtilted, we consideredthe appearanceof a tilted ellipsoidal shell. Equation A7 gives
the front and badk surfacebrightnesseswhich we found, for the parametersrelevant here,
to dier by up to a factor of two. We can sum the front and badck contributions and apply
eg. A3 to the result, to simulate our analysisof the VLA data assumingsymmetry. We nd

that an ellipsoid of axial ratio 1.56,tilted by 10, closelyresenblesan untilted ellipsoid of
axial ratio 1.5. (Sudch a solution is showvn on Fig. 8 asa dashedline.)

Sincethe top of our echelle spectrum seemdilted redward, this would imply an ellipsoid
with the near side tilted down (westward). Unfortunately, with sud atilt, it is the front
(approadiing, blue-shifted) side which is brighter at the top (east) end of the slit, just the
opposite of what is obsened. In an attempt to clarify this situation, we examinedthe spectra
presened by Bryce & Mellema (1999), who reproduce two spectra taken with an east-west
slit (closeto the orientation of our 99 slit), onein the [O I1l] 5007 line and the other
in the relatively weak [N 1] 5754line. The [O Il1] prole is clearly tilted with the east
side blueward, opposite the apparent tilt of our C Il] line. The [N Il] pro le alsoseemsto
be tilted with the eastside blueward, but determination of the tilt is dicult in this case
becausethe parts of the pro le correspnding to high velocities are very faint comparedto
the bright parts at lower velocities. We nd that if we apply the sameanalysisas above to
the STIS pro le, this time tting the VLA surfacebrightnessand the tilt of the Bryce &
Mellema(1999)[O II11] pro le, wegetagood t with an ellipsoid of axial ratio 1.56,with the
near end tilted up (easward) by 9.7 . This is the samedirection of tilt shawvn in Fig. 4 of
Bryce & Mellema (1999). We were guided by the C 11] pro le in setting the certral velocity
and spatial extert of this t, sincethe relatively low resolution of the [O I11] pro le provided
lessconstrairt. Fig. 9 shows this predicted pro le superimposedon the Bryce & Mellema
(1999) data.

While no simple ellipsoidal model seemsableto t thesecomplexdata, we feelthat this
is the bestcompromise sinceit (a) ts the VLA surfacebrightness,(b) producesa front/bac k
brightnessratio in the samesenseasthat seenin both the C I1] and [O I11] pro les, (c) ts
the certral velocity seenin the C I] pro le, and (d) ts the direction and magnitude of the
tilt seenin the [O I11] line. The problem is that this model predicts a tilt in the opposite
senseto that seenin the C 1] line remains. In view of the low S/N of this pro le, howewer,
its tilt is uncertain. Also, the fact that the ellipsoidal models are only slightly inclined to
the line of sight meansthat irregularities in the shape of the shell can easily changethe tilt
of the line pro les.
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The ultimate goal of our kinematic model is to relate the tangertial expansion, as
determinedby the linear t in Fig. 7, to the Doppler splitting seenin the edelle spectrum.
The model discussedabove { a tilted ellipsoid with a 1.56 axial ratio { hasa tangertial to
radial velocity ratio of 0.667. This reducesour estimate of the distanceto BD+30 to 1.20
kpc. The error attached to this distanceis hard to estimate. The formal error in the linear
t to the astrometric shifts along the slit is lessthan 10%, and the error in the expansion
velocity smalleryet. This implies an error of about 10%in the distance,but only if we have
an accurate kinematic model.

It is clear that the shape and kinematics have an important but somewhatuncertain
impact on our derived distance, almost surely reducing the value signi cantly below the
spherical value, but by an amourt that must remain somewhatuncertain. Progressmight
be madeby a program of extensiwe kinematic mappingwith multiple narrow slits { preferably
in the infrared to minimize the e ects of extinction by internal dust.

We should alsobear in mind that all the foregoinganalysisis basedon the assumption
that the expansionof the nebulais radial, and with a velocity proportional to the distance
from the certer { sud an expansionwill presene the shape of the nebula. While this is a
reasonableand consenative assumption,it is not hard to imagine that there may be more
material around the waist of the nebula (the plane perpendicular to the major axis) which
may impedeexpansionin that direction. Sud a situation would reducethe derived distance
to the nebulastill further.

6. Discussion

We have usedpairs of HST WFPC imagesseparatedby 5.663yearsto producedetailed
mapsof the angularexpansionof BD+30. Imagesin both H and[N I1] show similar patterns
of expansion. Near the northeastern corner, the direction deviations of expansion ow are
very regular, and the magnitudesof expansionare alsocloseto eat other. If we look at the
opening nearthe northeasterncorner, the movemeris of the material in the inner part tends
to move toward the opening, not always along the radial direction. Becausemeasuremets
were performed on small independert regions,this cannot be a systematicerror. It appears
that the material in the inner part is trying to go out through the opening, which has
relatively low density, instead of moving along a radial direction. This probably shaws that
the inner material has a higher velocity than the outer shell. The west parts of the image
do not have very regular patterns over a large scale,but we can still notice somesystematic
movemeris. For example, the expansionsalong the southwestern direction going outward
are almost all along one direction with samemagnitude, and there is another corvergence
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certer at the southwestern part of the image. The velocities are particularly large at the
outer edgeof the southwest quadrart. It is interesting that the largest proper motions are
appraximately alongthe axis of the bipolar out o w asdelineatedby CO "bullets" imagedby
Bachiller et al. (2000), rather than along the (EW) major axis. Apparently, measuremets
of the angular expansioncan reveal the \true" bipolar axis, consistenn with ground-based
kinematics.

Overall, our measuremets are more securethan earlier results, sincethe high resolution
of theseimagesallowsusto measurethe displacemets of small, discretefeatures{ in cortrast
to the radio work, which could only measurethe global expansion. A comparisonof proper
motions listed in Table 2 with the radio expansionmeasuredoy Kawamura & Masson(1996)
shonvs a good agreemefy but both measuremets are signi cantly larger than the radio
expansiondetermined by Hajian et al. (1993). The di erence between these two radio
proper motion measuremets arisesfrom a correction usedby Kawamura & Masson(1996)
to account for the decreasingsurface brightness of BD+30 as it expandsat an assumed
constart luminosity. The presert measuremets con rm the validity of this correction, which
must be applied if an optically thick nebulais obsened with an instrument whosespatial
resolution is comparableto the size of the object. While the HST spatial resolution is
superior with respect to the existing radio obsenations, a rather remarkable agreemen
with measuremets of Kawamura & Masson (1996) demonstratethat ground basedradio
obsenations can provide reliable proper motions for compact PNe.

Although our STIS spectra have rather poor S/N, their high spatial resolution gives
us a precisemeasureof the expansionof the brightest part of the nebular shell in a well
de ned location. This velocity data can be combined with the astrometric shifts along the
samecut to derive a distance. Here, the greatestuncertainty is the shape and kinematics
of the nebula: how elongatedis the shell and how uniform and radial is the expansion?
We have usedthe radio surfacebrightnessto addressthe shape, but we have had to assume
uniform radial expansior{ eventhough our mapsof angularexpansionshow clearnon-radial
motions is somesectors. Still, we feelthat our resulting distancedetermination of 1.2 kpc is
better justied than previousdistance estimates,and o ers an improvemern over the most
recert value of 1:5 0:4 kpc found by Kawamura & Masson(1996) from radio expansion
measuremets conbined with the ground-basedkinematic data.

At adistanceof 1.2kpc, the luminosity of the certral star of BD+30 is equalto 4250L
following the recen determination of Crowther et al. (2002) basedon modeling of the stellar
spectrum. (This is 60% lower than the luminosity basedon the earlier model of Leuen-
hagen, Hamann, & Jerey (1996).) Most of the stellar radiation is absorked within the
nebula, primarily by dust in the neutral halo (the infrared luminosity is 2000L ) and in
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the photoionizedshell (nebular modelsindicate that 800L is requiredto accour for the

obsened radio cortinuum). The mostly neutral nebular massis equalto 0.13M , basedon

the [C 1] 158 m line luminosity derived from the Infrared SpaceObsenatory (ISO) mea-
suremeitts of this line ux (Liu et al. 2001)and the 1.2 kpc distance. In terms of its massand

luminosity, BD+30 is not exceptionalamongGalactic PNe. But its certral Wolf-Rayet WC

star is hydrogenpoor and ISO obsenations revealedthe presenceof crystalline silicate dust

in this carbon-rich nebula (Waters et al. 1998), signaling a recert changefrom the oxygen-
to carbon-dominated chemistry. The origin of theserapid abundancevariations is not un-

derstood at presen. One promising hypothesisinvolvesa nal thermal pulse (Waters et al.

1998;Herwig 2001)which occurredat most a few thousandyr ago,shortly beforeBD+30 left

the Asymptotic Giant Branch phaseof ewolution. With the fairly well determineddistance,
perhapsthis bright and well-obsened PN can provide a stringert test of various hypotheses
invokedto explain the origin of WC stars and the presenceof abundanceinhomogeneitiesn

PNe.

Support for this work was provided by NASA through grants GO-08116.01-9%X and
GO-08116.02-9K from the SpaceTelescog Sciencelnstitute, which is operated by the
Assaiation of Universities, Inc., under NASA cortract NAS5-26555. We would like to
thank Dr. Myfanwy Bryce for supplying the data from Bryce & Mellema(1999)usedin Fig.
9.

A. App endix

To the extent that the temperature in the nebular gasis constart, and if we neglectthe
secondarye ects of di use radiation produced within the gas,the emissionin a hydrogen
reconbination line or in the free-freecortinuum will depend only upon the ux of stellar
ionizing radiation that is absorked in the volume of gas. Considera nebular shell which is
optically thick to ionizing radiation but which is geometricallythin. Then, the emissionfrom
the surfaceof the shellwill simply be proportional to the solid angle of the surfaceelemert
as seenfrom the certral star. Consideran elemen of the shell dS which is inclined so that
the angle betweenthe normal to the surfaceand our line-of-sight is . Let be the angle
betweenthe radial vector from the star and the normal to dS. Then dS will appear to have
a surfacebrightness of

(A1)

where F is the total ux from the whole nebula, r is the distance of dS from the certral
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star, and D is the distance from the nebulato the obsener. Near the certral star, where
cos( ) = cos( ), the ratio of to F providesthe distance of the surfacefrom the star (in
angular units: (r/D) radians). One complication is that we seeboth the front and badk
sidesand must separatethesecortributions or assumesymmetry. From the certral surface
brightnessof the radio frequencyimages,it is apparen that the nebulais elongatedalong
the line-of-sigh, sincethe certral intensity is substartially lessthat would be the casefor
a sphere.We nd (/D) to be at least 3%; extrapolation to zeroradius of the ux in rings
about the certer yields 3°%.

Considera sphericalcoordinate systemwhoseorigin is the certral star, with the z-axis
directed towards the obsener. Call the azimuthal angle and the angle betweenthe z-
axis and the vector to a point on the surface . The ux in any pie-shaped section of the
image, bounded by angles ; and ,, must be F( » 1)=2 , becausethat part of the
image arisesfrom the absorption of the fraction of the stellar ux emitted into the volume
boundedby the planes = ;and = . In fact, this providesa ched on our assumption
that the nebulais optically thick and that di use nebular radiation is not important: equal
pie-shaped segmets of the radio image should have the same ux. This ched is satis ed to
within 5%, exceptfor a sectorat p.a. 60 , wherethereis de cit of 11%. (We usethe radio
imagesbecausethe H imagesare a ected by dust absorption/scattering.) Unfortunately,
the angular expansionvanishesnear the certer of the nebula; what we want is information
on the shape of nebulawherewe have measuredthe angular expansion.

Let p be the (projected) angular distanceof a bit of the surfacedS from the star. Then
the ux in the image segmenh between([p;p+ dpl and[; + d ] is equalto the product
( p; )pdpd Therearetwo cortributions to : radiation from the front and bad surfaces.
We assumethat we can separatethem or that they are equal. So hererefersjust to the
front or badk surface. The emitting piece of surfaceis located at the (unknown) angle
from the star. The ux emitted by the surfaceis F d =4 , whered is the solid angle
subtendedby the surfaceas seenfrom the star. d = sin() d d, sothat the ux is
[F=4 ]sin( ) d d . By equating uxes we can write

;sin()d d = (p;)pdpd (A2)

Considera thin segmen of the nebulabetween and + d . Integrate the expression
above from anangle , correspndingto someimpact parameterp,to = =2, correspnding
to po. ( = =2isthe plane passingthrough the star and perpendicular to the line-of-sigh.
If the nebulais expandingradially, then this is the plane with zeroradial velocity.) We nd

that 4 Z 0o
cos = — (p; )pdp (A3)
p
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The expressionon the right hand side is just the integrated ux from the azimuthal
segmen (from badk or front shellonly), divided by F=4 . We usethis relationto nd (p).
Now p=rsin( ) andz = rcog ), soz = p=tan( ). The p-z plot is the cross-sectiorof the
nebulain the -plane.

As a simple example,let the nebulabe an ellipsoid of revolution about the z axis with
the minor axis bin the plane of the sky and the major axis (z-axis) a alongthe line of sight.
Then the radius vector from the star to a point on the surfaceis

ab

=P . (Ad)
" Bcog( ) + azsind()
The angle betweenthe z-axis and the normal to the ellipsoid surfaceis
= arctan[(a=h?tan( )] (A5)
Then from equation (1), we can shawv that the surfacebrightensis
a2
= = A6
r4 cos() (A6)

Now, p= rsin( ) and & = 29X 'sothat pdp = sin()d , and equation(3) is satis ed.

a2
If the ellipsoid is inclined to the x-axis by an anglei, the surfacebrightnessbecomes

(ab)? 1
r4 b?cos()codqi) aZsin( )sin(i)

(A7)

In this expression, is negative for valuesof correspnding to the badk side of the shell.
Evenfor modesti and a=h the e ects of andr may combine to producelarge front-to-back
shell brightnessratios.
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Fig. 1.| Drizzled H imageof BD+30. The intensity scaleis linear. North is up and east
is to the left. In this gure, the eld of viewis ¥40 910.

Fig. 2. Line magnication measuremets of BD+30 in H . The numbers are the magni-
cation factor minus 1 along the correspnding radial directions. In this and the following
gures, the eld of viewis 6887 6°%7.

Fig. 3.] Expansionsof individual featuresin the BD+30 H image. All numbers are in
units of masyr 1.

Fig. 4.| Expansionsof individual featuresin the BD+30 [N II] image. All numbersare in
units of masyr 1.

Fig. 5.] The comparisonof the expansionsof individual featuresin the H band and in
the [N I1] band. Solid lines represem the H shifts, and dashedlines are for [N 11]. White
regionsin the gure are masked saturated pixels.

Fig. 6.] The CII] 2327line pro les of BD+30, obtained with the HST STIS. Panel (A)
is with the slit at position angle25 eastof north; north is at the top. Panels(B1) and (B2)
showv the spectrum taken with position angle of 99 ; eastis at the top. In panels(A) and
(B1) we have overploted the best tting ellipses. The bright dots mark the certers of the
ellipses.Panel (B2) shaws the samedata as (B1) without the distraction of the ellipse. For
both positions the slit was shifted °% from the certral star, although a trace of cortinuum
at the top may be a broad stellar line scatteredby nebular dust. The apparert spur seenin
(B) branching from the pro le at about 10 o'clock is the trace of another line of the C 11]
multiplet.

Fig. 7.| The position of slit through which the STIS edelle spectrum (Fig. 6 B) wastaken,
and the t to the expansion. The left panel shavs the slit orientation and width, and the
measuredshifts of featuresalong the slit. The right panel shavs the t of shifts along the
slit againstthe distancesfrom the certer of slit. The triangles are the shifts and the square
marks the origin. The dashedlines at %7 mark the edgesof the tting elipseshown in
Fig. 6 B1.
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Fig. 8.] The cross-sectionof the nebula (arcsec)along p.a. 99. The vertical axis is in
the plane of the sky, the horizontal axis is toward the obsener. The + symbols are from
equation A 3, wherefor we usedthe averagesurfacebrightnessof the radio imagesover
a interval of 25. The triangle is from equation A 1. The dotted line is an ellipse of 1.5
axial ratio. The dashedline is the shape that would be inferred from equation A 3 applied
to an ellipse of 1.56axial ratio, inclined by 9:7. Seetext.

Fig. 9. The white curveis our model t plotted overthe [O I1l]] 5007line pro le of Bryce
& Mellema (1999), Fig. 2(d). This spectrum was taken with an E-W slit in 1°°seeing. We

have smoothed their original data and reversedthe y-axis to placeeastat the top, asin our
STIS edelle spectra (Fig. 6).
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Table 1. Obsenations Usedfor Expansion Measuremen

Filter Exposure HST P.A. Date Proposal
(sec) (deg) (yyyy-mm-dd)
H F656N 200,300 1154058.8 1994-03-06 5403
H F656N 3 160 2490405.9 1999-11-04 8116
[N 1] F658N 200,300 1154058.8 1994-03-06 5403
[N 1] F658N 3 160 2490405.9 1999-11-04 8116
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Table2. ExpansionRatesof BD+30 in masyr 1. The valuesfrom two magni cation
methods camefrom the magni cation factors times the distance of the edgesof the major
and minor axesfrom the certer of image. The valuesfrom feature measuremehwere
calculated by averagingsomevaluesnear the edgesof major and minor axes.

H [N 1]
Major Axis Minor Axis Major Axis Minor Axis
Radius 20032 19984 20032 19984
Magni cation (masyr 1) 254 051 202 040 264 053 209 042

Line Magni cation (masyr 1) 282 056 230 046 291 058 240 048
Feature Shifts (masyr 1) 289 029 249 025 307 031 245 025
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