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ABSTRACT

We present mid-infrared imaging polarization vector diagrams of the young planetary nebula NGC 7027. The
observations were taken with the University of Denver’'s Ten and TwemtyCamera at the Wyoming Infrared
Observatory. Individual wave plate position images have been deconvolved to remove the instrument point-
spread function. The deconvolved 9—113 intensity images, in km wide bandpasses, show a bright ellipsoidal
double-peaked core surrounded by a region of fainter emission, consistent with recent continuum images in the
near-infrared. The vector diagrams show significant changes in polarization position angle with wavelength,
suggesting scattering from large grains.

Subject headings: circumstellar matter — infrared: ISM — instrumentation: polarimeters —
planetary nebulae: individual (NGC 7027) — polarization

1. INTRODUCTION NGC 7027 presents the unique case of a nearby young PN
(880 + 150 pc, dynamical age 600 yr; Masson 1989) that has
been extensively studied across the spectrum. The PN’s com-
plex morphology consists of an elliptical ionized core that is
surrounded by an extended molecular envelope (Bieging, Wil-

The role of mass loss from low to intermediate (0.848)
initial mass stars is a topic of considerable interest in stellar
evolution because of its effect upon the structure/composition

of the circumstellar envelope and subsequent evolution into a
ner, & Thronson 1991). Latter et al. (2000), ushigbble Space
planetary nebula (PN). Much work has been done to better OurTeIeﬁcope(HST) Near-Infrared Camera and Multi-Object Spec-

understanding through spectroscopy and imaging across thefrometer (NICMOS) images, derived a central stellar temper-

spectrum, but little has been done in the mid-infrared (mid-IR) ature of 198.000 K and suaaested the presence of a maior
using polarimetry as a technique in studying mass loss. Mostdisruption at’P.A.~ 5 (Withggosition angli)es s defined byJ

of the polarimetric work in the mid-IR has been done on the Cox et al. 2002). running northwest-southeast corr ndin
Galactic center, Orion-BN, and young stellar objects (Dyck et ox et al. ), Tu g no est-soutneast correspo 9

al. 1973; Dyck & Beichman 1974; Aitken et al. 1985, 1986: to afast.colllmated outflow or jetlike structure. ThIS.jet is also
Smith et al. 2000) and into understanding the grain alignmentpreseKnt 'thSI/'maEe; éc'frdglcl)%ft ?I'tﬁggf)tfmd in the X_t
mechanisms (Davis & Greenstein 1951; Gold 1952; Purcell & rﬁ\y ](c as n%r,er_l €x, & 50 Fr. ): r]l NSC e70e2r,7we presen
Spitzer 1971; Harwit 1971). Martin (1975), using polarization the first mid-IR imaging polarimetry o '
observations of the BN source in Orion, was able to place
constraints on the shape, degree of alignment, and composition 2. OBSERVATIONS AND DATA REDUCTION
of the dust grains in the interstellar matter (ISM). Li & Mayo NGC 7027 was observed using the Ten and Tweuty
Greenberg (2002) predict that mid-IR spectropolarimetry can Camera (TNTCAM2) at the Wyoming Infrared Observatory
constrain the core-mantle interstellar dust model. (WIRO) on 2001 June 6 in four Am wide bandpasses centered
Johnson & Jones (1991) studied near-IR polarization char-on 9.7, 10.6, 11.7, and 12/m. The WIRO /28, 2.3 m tele-
acteristics from a sample of red giants to planetary nebulaescope provides’08 pixel* at the detector and pointing sta-
(PNs). They found that polarization increases with age from bility of 0”71 pixel'* rms in declination and’@ pixel* rms in
the asymptotic giant branch (AGB) to the post-AGB phase and right ascension. The detector used is a He-cooled Boeing
then decreases with increasing PN age. They also noted thai 28 x 128 arsenic-doped silicon (Si:As) blocked impurity
aspherical mass loss is a continual feature in the late stages oband (BIB) array with high sensitivity at wavelengths between
stellar evolution and that the axisymmetric morphology we 5 and 25um. A unique feature of TNTCAM2 is that all me-
often observe in PNs most likely begins as early as the AGB chanical motion, polarization optics, and filters are within the
(cf. Stencel 2000). Symmetry breaking of circumstellar shells cryostat at 8 K. For a thorough description of the instrument
near the end of the AGB phase has most recently been con-and its operation, see Klebe, Stencel, & Theil (1998).
firmed by Ueta, Meixner, & Bobrowsky (2000). Thermal emis- For each bandpass, the linear polarization was calculated
sion from evolved stars is dominated by dust continuum from from four chop/nod subtracted intensity images, one for each
warm dust grains, which can also scatter radiation into preferredhalf-wave plate rotation position over a stationary wire grid.
directions depending on their alignment with respect to the The telescope secondary was chopped at 10 Hz for rapid sky
central star. Polarization studies of the late stages of AGB starsfluctuation subtraction and nodded for the purpose of beam
and the early stages of PNs can then help to reveal grain prop-switching to subtract out any residuals in the background due
erties and the alignment mechanisms behind the changes ino telescope, instrument, and surrounding environment. The
mass loss and envelope geometry responsible for their shapingehop/nod throws were such that the image was kept on the
array so that after the subtraction was performed, there were
* Department of Physics and Astronomy, University of Denver, 2112 East four images for a given wave plate position to be spatially
Wesley Avenue, Denver, CO 80208; cjurgens@du.edu. registered and co-added. Since there were no IR bright point

% Department of Astronomy, University of lllinois at Urbana-Champaign, ; T . .
1002 West Green Street, Urbana, IL 61801 sources available for automated centroiding, registration was

3 Current address: Royal Observatory of Belgium, Ringlaan 3, 1180 Brus- Performed by expanding the images by 20 times and examining
sels, Belgium; ueta@oma.be. in detail features within the nebula. Structural features above
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Fic. 1.—Left: Composite 9-13:m image.Right: Deconvolved composite imagaset: instrument PSF used for deconvolution. The brightest contours of the
double-peaked elliptical core have a S/N of 226 with respect to the pixel-to-pixel noise level®40 counts; the center region yields S/N of 78 and the last
exterior contour 50. For the PSF, the pixel-to-pixel noise levet 2,539 counts; the central contour has a S/N of 3750 and the last contour 32.

a given count of detector units were used to create subarraysnental polarization with position. Polarimetry vector diagrams
centered on a given pixel whose position was geometrically were produced in all but the 94m bandpass because of the
determined to be consistent within the nebula in all wave plate necessity of high signal-to-noise ratio (S/N) required for con-
position images and bandpasses. This provided pixel-to-pixelfidence in polarimetric measurements.

correspondence, not only for the four individual chop/nod im-  As stated above, the instrument PSF was deconvolved out
ages but amongst the wave plate position images as well. Po-of the individual wave plate position images in every filter
larization caused by image drift, pointing stability, or image before the calculation of Stokes parameters. The maximum
shift due to wave plate rotation is then minimized. likelihood method was applied using a routine from the IDL

In a given filter, the sequence of observations in terms of Astronomy Library, and convergence was found after seven
wave plate positions wa@1-Q2-Q2-Q1-U1-U2-U2-U1, where iterations.

Q1 andQ2 are intensity images with wave plate fast axis at  Figure 1 (eft and right) shows the undeconvolved and de-
0° and 48 with respect to the wire grid, and1l andU2 are convolved composite intensity maps summed over all band-
intensity images with the fast axis at’®2and 675 with respect  passes of NGC 7027. Noticeable features include the two-
to the wire grid.Q1, Q2, U1, andU2 provide independent peaked bright ellipsoidal core, P.A. oriente82° west of north,
measures of the total intensity, so the analysis was done inwhich is consistent with recent spectral imaging by Cox et al.
terms of the reduced Stokes parameters definedqby (2002), plus fainter emission that extends within and beyond
(Q1-Q2)/Q1L+Q2) and u=(Ul1l-U2)/Ul+U2). the elliptical core. Also noticeable is a disruption in the bright-
Each wave plate position image is composed of four imagesness distribution that runs northwest-southeast corresponding
that are background sky and instrument subtracted. Each chopo the outflow structure as mentioned by Latter et al. (2000).
pair (from the two nod positions) consists of 128 frames at The long axis of the fainter emission extending outside the
0.04 s integration time for bandpasses centered on 10.6 ancklliptical core is offset from the elliptical core major axis by
12.6 um and 0.05 s integration time for bandpasses centered4® at P.A.~ 28 west of north and roughly aligns with the axis
on 9.7 and 11.4m. The four chop/nod images were then co- of the quadropolar Hemission seen in the near-IR (Latter et
added, yielding wave plate images with total integration times al. 2000; Cox et al. 2002). The image has features similar to
of 10.2 s for the 10.6 and 12.eum bandpasses and continuum images at 2 and 3.28n (Cox et al. 2002 and
12.8 s for the 9.7 and 11./m bandpasses. Graham et al. 1993, respectively).

IR bright photometric standard stars were also observed in  Figure 2 displays the undeconvolved vector diagratog, (
the polarimetry mode of TNTCAM2 to measure the instru- left to right) and the deconvolved diagramboftom, left to
mental polarization. Values of polarization magnitude between right), with vectors plotted for each pixel with a SN60.

1% and 1.5% were measured. Among the five photometric Most pixels show polarization in excess of measured instru-
standard stars that were observed over the four night observingnental values. We checked contamination due to mid-IR lines
run in which NGC 7027 also was observed, HD 206936 (see in each band using spectral information obtained byl tifiex-
inset of Fig. 1,right) was observed concurrently with NGC red Space Observatory (ISO) short-wavelength spectrometer
7027. This was also the star used to provide the instrument(SWS; Bernard-Salas et al. 2001; Hony et al. 2001): 106
point-spread function (PSF) in the deconvolution routine, fol- is continuum dominated with the addition of a weak{$line
lowing the method described by Kastner et al. (2002). The at 10.5um whose emission is less than 5% of the continuum;
photometric standard stars also were imaged on different partsl1.7 um is continuum plus polycyclic aromatic hydrocarbon
of the array, resulting in no noticeable difference in instru- (PAH) emission at 11.2zm with a relative strength of about
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Fic. 2.—Top: Undeconvolved polarization vector diagranBattom: Deconvolved diagrams.

25%; 12.6um is again continuum dominated but has a PAH stars through observations (e.g., Jura et al. 2000) and radiative

feature at 12.&m with a relative strength of about 5%. transfer calculations (e.g., Meixner et al. 2002). In the dust
nebula of this young PN, NGC 7027, there still may be many
3. DISCUSSION large grains that are being refined into smaller pieces, such as

o ) ) ] the ones found in the ISM. If this is the case, scattering by

The polarization vector diagrams (Fig. 2) show important grains can also be a source of polarization at the mid-IR
differences depending on relative strength of line and contin- wavelengths.
uum and azimuthal position relative to the outflow structure as  polarization due to Scattering could exp|ain the observed
described by Latter et al. (2000). If we divide each diagram change in position angles of the polarization among the three
into four quadrants, I-1V (see Fig. fight), by the lines of the  pandpasses, since polarization position angles are independent
semimajor/semiminor axis of the ellipse, we can more readily of wavelength only if the measurements that sample the same
compare the polarization magnitudes and position anglescolumn of dust are free of contributions from scattering (Hil-
among the diagrams. One immediate observation is that thaigebrand 1988). Hony et al. (2001) compared the laboratory
magnitude of polarization is larger in the bands that contain spectrum with observations of PAH features in NGC 7027 and
the PAH features. In the south quadrant (lll) of the 10.6 and hypothesized that the 11,2n feature is due to large molecules
12.6 um images, the diagrams exhibit polarization vectors that with 100-200 C atoms and long straight edges. Smith et al.
are more or less radial, while the 11uh diagram, with the  (2000), commenting on unpublished data from the Orion bar
strongest PAH contribution, has polarization vectors that are and NGC 7027, have placed upper limits (1%) on the polari-
roughly tangential. Hence, significant polarization differences zation contributions from the 11,2m PAH emission. The mea-
with position and wavelength have been found. The only sig- surements of Smith et al. (2000) would seem to rule out the
nificant difference between the two sets of diagrams is that in possibility of the observed change in the position angles being
the deconvolved diagrams, the bright center of the nebula, withdue solely to PAH emission, although Holloway et al. (2002)
S/IN above 80, shows detection of polarization vectors that detect significant polarization from a 3.4i#n carbonaceous
better define the core after deconvolution. feature in the BN object. Hence, the observed polarization at

In the mid-IR, wavelengths of radiation are generally much mjid-IR wavelengths in NGC 7027 seems to arise from two
longer than the physical scale of the grains, if we assume 0.1competing polarization processes, thermal emission and scat-
pm sized grains as in models of NGC 7027 (e.g., Volk & Kwok tering by dust grains, suggesting the presence of large dust
1997). Then, scattering can be assumed to be negligible, sincgyrains. Clearly, further study is needed.
its efficiency decreases with increasing wavelength and thermal
emission is considered to be the dominant polarizing process
by the grains. However, this would not hold if much larger
grains exist and scattering can no longer be negligible. The We have presented mid-IR imaging polarimetry results on
presence of large grains (a few hundged and up to 1 cm)  the young PN, NGC 7027. The two-peaked core structure sur-
has been suggested in the circumstellar shells of post-AGBrounded by a faint extended nebulosity in the mid-IR intensity

4. SUMMARY



L38

map is consistent with previous optical and near-IR observa-
tions. Comparing the three polarization vector diagrams andconstraints on grain shape, degree of alignment,

the suggested differential polarization contribution from PAH
species in the 11.4m image, we suggest that the difference
in the polarization position angles with wavelength in these
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be possible to infer the alignment mechanism as well as put
and
composition.

images is due to the presence of large grains in the nebula of We would like to acknowledge Craig H. Smith for helpful
NGC 7027. This is reasonable, given that NGC 7027 is a very conversations about polarimetry and the referee for valuable
young PN and large grains may still be present in its nebula, suggestions. We also thank the University of Wyoming De-

as is the case in post-AGB shells.
These are initial results of the polarimetry mode of
TNTCAMZ2 and, as far as we know, the first imaging polari-

partment of Physics and Astronomy for access to WIRO, es-
pecially Paul Johnson, Jim Weger, Rich Coley, and Ray Martin
for support of the observing run with TNTCAM2. We also

zation observations of this famous nebula. The initial goal of acknowledge NSF grant AST 97-24506 to the University of
the investigation was to see if we could detect polarized signal Denver for TNTCAM2 construction and the estate of William
from evolved extended sources. That being done, it should thenHerschel Womble.
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