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A planetary nebula is formed following an intermediate-mass (1-8 M  ) star’s evolution off of the main sequence; it undergoes a
phase of mass loss whereby the stellar envelope is ejected and the core is converted into a white dwarf. Planetary nebulae often
display complex morphologies such as waists or torii, rings, collimated jet-like outflows, and bipolar symmetry, but exactly how
these features form is unclear. To study how the distribution of dust in the interstellar medium affects their morphology, we
utilize the Faint Object InfraRed CAmera for the SOFIA Telescope (FORCAST) to obtain well-resolved images of four
planetary nebulae—NGC 7027, NGC 6543, M2-9, and the Frosty Leo Nebula—at wavelengths where they radiate most of their
energy. We retrieve mid infrared images at wavelengths ranging from 6.3 to 37.1 um for each of our targets. IDL (Interactive
Data Language) is used to perform basic analysis. We select M2-9 to investigate further; analyzing cross sections of the
southern lobe reveals a slight limb brightening effect. Modeling the dust distribution within the lobes reveals that the thickness
of the lobe walls is higher than anticipated, or rather than surrounding a vacuum surrounds a low density region of tenuous
dust. Further analysis of this and other planetary nebulae is needed before drawing more specific conclusions.
As the collapsing core of the post-MS star sloughs off its envelope
in layers, these layers interact with both each other (e.g. fast winds
pushing later released material into slower moving older layers) as
well as dust present in the interstellar medium. The core ionizes the
envelope, which produces not only spectacular visuals but also
spectral lines that astronomers can use to discern the system’s
makeup and evolution. Planetary nebulae have been studied for
several decades, but our understanding of their nature has recently
undergone a dramatic evolution. Optical surveys (e.g. Balick 2007,
Sahai et al. 2010, and Kwok 2010)1 reveal complex morphologies
(Fig. 1); however, while various ideas for their origins have been
proposed (e.g., Morris 1987, Sahai and Trauger 1998, GarciaSegura et al. 2006, Kwok 2002), 2 the mechanisms underlying these
morphologies remain unclear. Also, recent surveys in the infrared
and microwave show that planetary nebulae are bright infrared
sources (due to the presence of dust) that return significant
amounts of processed material into the interstellar medium. It is
the distribution of this dust that both indicates the presence of as
well as affects the particular morphologies of the planetary nebula,
but as the masses of such structures are ill-defined, it is difficult to
test theories of how they may form (e.g. torii from common
envelope ejection or Bondi-Hoyle accretion, and ansae from jets). 3
Despite a lack of consensus, there is a general agreement that such
an effect would be transitory, occurring early in the formation of
the nebula (Sahai and Traugher 1998).4
The SOFIA (Stratospheric Observatory for Infrared
Astronomy) is a 2.5m effective diameter reflecting telescope
housed inside a modified Boeing 747SP; it operates at an altitude
of 39,000-45,000 feet, above 99% of the Earth’s water vapor. The
telescope is a joint project between NASA and the German
Aerospace Center (DLR) and will eventually house eight first
generation instruments; however, as the telescope is still in its Basic
Science phase, only two of those eight are available for use. The
FORCAST (Faint Object Infrared Camera for the SOFIA
Telescope) is one of these two instruments; it has thirteen filters
ranging from 5.4-37.1um (Table 1) and a 3.2’ x 3.2’ field of view.

Our goal is not only to determine how the dust distribution in
the interstellar medium affects the morphology of a forming
planetary nebula (i.e. how its sloughed off envelope layers interact
with the dust in the system), but also to test SOFIA’s capabilities at
returning the highest resolution images to date of planetary nebulae
at 20-40um.
We chose the following four targets (Fig. 2): NGC 7027, NGC
6543, M2-9, and the Frosty Leo Nebula. Appendix A contains a list
of the specific filters used for each source. After gathering and
reducing the data, the images were ready for basic analysis. Using
already available programs written in IDL as well as our own
original code (see Methods section for a more in-depth
description) we calculate the flux of all of our targets to generate
spectral energy distributions (SED’s, Fig. 3). As we can see from
Figure 3, our SOFIA SED’s show similar flux values to previously
calculated fluxes (quantitative flux values are located in Appendix
A). This confirms not only that our method for calculating flux is

Figure 1 | Minkowski 2-9. Spatially orientated so that the lobe to the upper right
points north, this planetary nebula possesses a highly symmetric bipolar outflow and
a prominent waist. Is has been suggested that this waist is caused by a companion
star orbiting the white dwarf.5 As the red giant expanded, it engulfed the
companion, creating a thick disk that constricted the outflowing stellar envelope,
which forced the gas to escape along narrow lobes above and below the disk. M2-9
is one of our four targets. This image is a Hubble 3-filter composite, where the red
is OI, green is NII, and blue is OIII.

similar result to our SOFIA cross sections.
The next step in studying this particular phenomenon of
thicker than expected lobe walls would be to gather mid infrared
wavelength images of other bipolar planetary nebulae and compare
similar convolution models to their cross sections. This will require
submitting another proposal for SOFIA time. Meanwhile, we can
retrieve re-reduced data for our other three targets; for the more
spherically shaped NGC 7027 and NGC 6543 we can perform
similar cross sectional analysis to look for limb brightening effects
(along with similar convolution models) and calculate dust
distribution and density. In general, SOFIA has proven capable of
granting astronomer’s access to planetary nebulae at mid infrared
wavelengths, unlocking some of the mysteries as to their evolution;
however, we have a long way to go before finding any definitive
answers.

Methods
Flux calculations were made by a series
IDL; after using sky.pro (available in the
Library at http://idlastro.gsfc.nasa.gov)
deviation of the sky, we drew a contour

of programs written in
IDL Astronomy User’s
to find the standard
around the source at a

level of 3σ. The output coordinates of this contour were entered
into
the
program
mpfitellipse.pro
(available
at
www.physics.wisc.edu/~craigm/idl/idl.html) which fits an ellipse
to the 3σ contour. Then, all the pixels inside this ellipse are added
up to get flux in megaelectrons per second. To convert to Jy, we
multiply by 1000 and divide by a calibration factor (See Appendix
D). These calibration factors depend on flight conditions and
should not be used for other datasets. Based on the initial reduced
data for M2-9 and the other targets, the factors appear relatively
accurate; however, the 33.5um re-reduced image yields a flux over
a magnitude larger than it should. We believe that there was an
error in the reduction process as opposed to a change in the
calibration factor, but as we never received a response concerning
the matter we cannot be certain any of the values has changed.
When extracting the cross sections, I averaged a column of
three pixels for each x pixel value; that is, for each pixel location in
the x-axis, I averaged the values of the pixel in the row as well as
those in the row directly above and below.
The convolution was performed using discrete values of p/R
(a range of .01 to 1 with a step size of .01) and values of x for the
normalized Gaussian (a range of -.55 to .55 with the same step
size). The width of the Gaussian is based on the beam size of the
telescope, which varies over wavelength, and we represent it by
setting the HWHM = n*R and choosing a value of n to produce
the desired beam size. We used a discrete convolution in Excel
because an equation of the form (a-x)1/2 is too complicated for
Mathematica to output a simplified answer (both using the
Convolve function and typing out the entire formula).
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Appendix A: Planetary Nebulae Flux Calculations
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Above flux values are all in Janskies. Multiple numbers per wavelength are due to atmospheric differences during the flight, and images were coadded in
sets according to when they were taken. The * imply that our re-reduced M2-9 33.5 um images were reduced incorrectly so we were unable to derive flux
values (in Jy).
Additionally, an 11.3um image was attempted for NGC 6543 but the nebula was not detected in the taken image.

Appendix B: Cross Sections

While 14 cross sections were planned (visible in the 33.5um and 656nm images above) only the first 8 were analyzed over the course of this project. The
top six images are from SOFIA, while the bottom three are from Hubble. Note the drastic improvement of resolution compared to our data. Also note
the evidence of the precession—how we can see a brighter edge in the older Hubble images but not in the SOFIA images.

Appendix C: Convolution Model Diagram

The disk above represents a top-down view of a cylindrical lobe. The model assumes a uniform density within the walls and a vacuum inside; it also
assumes that the inclination angle of the lobe is 0, and therefore treats the plane of the lobe we observe through as a circle. These assumptions produce the
formula for the path length stated in the paper above.

Appendix D: Calibration Factor Chart
λ (um)
6.34837
6.61367
11.0886
19.7065
24.2260
31.4065
33.5
37.1569

Dichroic IN
192.0
142.0
582.0
1099.0
672.0
206.0
49.2

Dichroic OUT
239.0
250.0
590.0
1286.0
1050.0
410.0
33.6*
185.0

These calibration factors are used to convert from pixel value (in Megaelectrons per second) to flux in Jy. All but the 33.5um calibration factor were
provided in the original batch of files (in a readme file that also specified for which filters the dichroic was in or out). We received the 33.5um calibration
factor from Luke Keller upon request, as it was not contained in the original file. However, after receiving the re-reduced M2-9 files this calibration factor
no longer worked and though we inquired about the issue we never received a response.

