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any types of astromomi-

cal objects can  be

imaged using amateur
telescopes and comeras offering
nearly limitless opporiunities for
explonng celestial wonders from
o suburban backvard. Most com-
monly images are taken using
standard RGH filters and the
resulting images are deesmed *trae
color”™, These images fenture col-
ors that would be similar to what
wiould be obtained wsing color
film im a conventional film cam-
era. An example of a rue color
image tiken by the suthor can be
secn in Figure 1.

ver the past five yvears the
Oill.-llhl.lT has comnceniraled on
the use of emission line fillers for
imaging nebhulae and this activity
has produced a number of images
that have a very different appear-
ance than those taken using tradi=
tional frue color techniques.
Additionally the filters actually
provide a means to “deconstruct”
the nebula revealing individual
spectral lines of the constituent
elements comprising the nebula.
BSuch images can provide msight
inte ionization potentials within
the nehulae,

One of the properties of nar-
rovhand emizgion line filters is
that ||r||j_.- |iJ__!||[ of a small wave-
length range will pass through the
filters. while all other lLght 1=
klocked This characieristic
behavior of the filters mitigates the
eftect of light pollution; be it man
made or natural (such as The Moon)
This offers an important benefit 1w
astronomers operating in less than opti-
mal dark sky conditions. An example
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Figure 2 - The Crab in 51, Halpha, Q-1
Sir=Red, Halpha=Green, (-111=8Blue

of an emission line image of the Crab
Mebula taken by the author from o rel-
atively bright suburban backvard is

]

seen in Figure 2.

'T"lu.' out of band blocking of
the emission line hlter wall
also hlock broadband radiation
emanating from the core region
of the Crab Nebuly, The effeci of
the blocked broadband radiation
can be seen by companng Figure
| 10 Figure 2: the “fog” is miss-
ing in the emission ling image.
As a result o significant propaor-
ton of the radiation emamating
from the Crab MNebuly is lost
when using emission line filters,

| A_]I the moment the most com-
non wayvs for amateurs to
make an image of the Crah
MNebula  hove been to  take
RGBLRGH {aka “true color)
ITREES O emission line miges,
A goal of this paper 15 1o intro-
duce to amateurs an altemnate
method, the use of linear polanz-
ing filters, for such imaging of
the Crab MNebula and other
objects. Before doing so, it is
appropriate to discuss the nature
of the Crub Mebula in order 1o
better understand why the pro-
posed alternate method works as
il does,

Thermal and Non-Thermal

Radiation

The light mdinted by most astro-
nomical objects is thermal mdio-
tion, Thermal mdiation is generat-
ed when heat from the random
movement of subsiomic particles
within atoms 15 comveried to elec-
tromnagnetic radiatgon, The wave-
lengih range and spectral imensity
ot the emutted mdwtion 15 stnctly a
tunctiom of the temperature of the object
aind !."I'k_'}'h
Planck’s Law tor Mackbody mdators.
The broadband hight in the core ot
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the Crah, however is non-thermal
and is created in an entirely dif-
ferent way. When a charged parii-
cle passes through o magnetic
field it will travel in a spiral path,
Because the path is curved, the
particle undergoes acceleration.

hen a charged paricle is
WilL"ﬂL‘L‘h.‘lii[r_"l.l a photon s
emitted or absorbed.
An ultra-relativiatic electron (one
rraveling close to the speed of
hght) travelling through a mag-
netic field travels in a spiral path
and will emit electromagnetic
radiation  called Synchrofron
Radiation. Synchrotron radiation
is broadband and doesn’t follow
Planck’s Law for blackbody radi-

instead of revealing a core unok-
structed by the fog such as the
emission line image reveals, the
polanzation of the broadband
synchrodron radiation is revealed,
exposing ong of the key signa-
tures of such synchrotron radia-
Erom,

A technical Issue and a solution

Since  non-polarized  Light
includes all angles of polonza-
tion an unpolarized source will
pass some amount of light
through a polanzer, albeit attenu-
ated, ."u.l.l.lil:i-:'-l'l:l.l'l'r-.- Every filter
will have some “leakage™ of sig-
nal that should be rejected but
passes through the filier in an
alenuated state

wlors in terms of miemsity versus Figure 3 Simple Polarigram of Crab Nebula
wavelength, At the heart of the ~_ Polarizer oriensations: . The filaments surrounding the
Crab Mebula is a pulsar that emits Red = Vertical, Green = 45 degrees, Blne = Horizontal o0 1 ¢ 1he Crab Nebula are clas-
synchrotron radiaton. sic emission line sources and dio
nod exhibit polarization. However
One of the properties of R G they do appear in the simple
Synchrofron radiation is that it is G_ R polarigrams shown in Figures 3
highly polarized. In the case of the omvd 4 abowve but muted compared
Crab nebula it is strongly lineardy o the emission ling image of
polanzed and its discovery plaved Figure 2,
a kev role in the process of B . _
cxplaining the opcrating mecha- Other regions of the Crab
nism of the Crab Mebula in the late Fignre 4: Simple Polarigram of Crab Nebnla ""f'"‘hul"' _ul}:u Sl “"PU]““.":'HJ
| 05 s Polarizer orleniations: light mixed with the polarized
Red = 115 deprees, Green = Vertical, Blue = synchrotron radiation. The owtput
Imaging with a Polarizing Filter Horizowial of the polarizers will include this

undesired “common mode™ sig-
nal, A schematic view of this
mixing of the desired and unde-
sired common mode signal con-
tained in the cutput of the polar-
izers is shown in Flgure 5,

Using a polarizimg filter, an

mmage of the Crabr Mebula was
taken by the author. Three differ-
ent polarization angles were used:
Vertcal, Horzontal and 45
degrees. The data from the filter
when oriented vertically was
assigned to the Red channel, the
45% degree onentation assggned to
Gireen and the Horizontal orienta-
on was :uxign:.."l.l to Blue. The
resulting image, referred to by the
authoer as a Simele Folarderam. is

shown in Figure 3.

If the image from one polanz-
er onentsion is subtracted from
the image from another onenta-
tion, the unpolanzed common
mde signal is eliminated. For
example if the image from the
Horzontal polanzer is subtrct-
ed from the Vertical polarizer’s
image, the result containg only
the polanzed signal of inferest
with none of the undesired com-
modn miode signal,

Changing the palette by
pssigning RB= 135 degrees, G-
YVirtical and B= Horisontal but
otherwise processed in the same
way as Figure 3, the image in the Crab Nebula and in so doing, : I E
Figure 4 was created by the author. The  reveals otherwise latent structural Gabriel Stokes in 1852

: - o . taught a convenient mathematical
simple polarigram method described  details of the nebula. In this case, thod for describing the pol .
above offers an alternate way 1o image method bor describing the polanzation

e work of Sir George
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Figure 5: Undesired common mode signal mixed wich rhe desired
polarized signal
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state of electromagnetic radiation.
From a simple perspective, Stokes
defined four parameters, 30, 51, 52 and
53 thar completely described the polar-
1zation state of an electromagnetic
wave, iIncluding light. In Stokes”™ work,
the 90 degree and 0 degree onented
polarzers were summed and called
S0, this amounts to luminance mn the
world of amateur cod imaging. The sec-
ol Siokes parameter, 51 15 computed
by subtracting the 0 degree from the 90
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degree polarizer data,

Likewise the 52 parameter 15 the
difference between the data from the
135 degree and 45 degree polanzers
Stokes also decomposed a circular
polanzation component, named 53 that
15 the difference betwsen a right —hand
and lefi-hand circular polanzer, but we
will ignore that parameter for this
wirk.

The vanous Stokes parameters o
mndifications of them such as subtract-
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Figure 8 ;:lr.ll'n'ri:,nﬂ'r'un angle drters
mvi R roe

ing other angular combmnations can be
uscd to make a color image as shown
below,

Figure & is such an image. In this case
the data from the 135 and 435 degree fil-
bers were subiracted and the difference
was used for the red channel of a color
image. The green channel’s data is the
difference between the horizontal
polanizer’s data and the vertical polar-
trer’s data. The blue chonmel's dotn 1=
the difference between the data from
the 45 degree and horizontal polarizers.

As Figure & shows, the Crab Nebula
has significant polarization with viriu-
ally every region showing  different
angular onentation of the polanzation
and has a rather unusual appearance
when so displayed. Other polarizer
angle differences and color channel
asaignments can be chosen to make
color images of diffening colors. The
structural delineations don't fundamen-
tally change in these aliernate rendi-
tions typically although the colors and
contrast do. One such example is seen
in Flgure 7.

In Figure 7 the polanzation gradi-
ents are niot as pronounced as in Figure
6, Note that the angles are all refer-
enced to 135 degrees in Figure 7 versus
in Figure & which has two of the three
angles being orthogonal and being off-
sl by 45 degress relative to each other.

This affects the contrast observed in
these images, For that reason and
another explained below, the author
prefers and recommends the angle pairs
used in Figure & over those used in
Figure 7.

If the images from two orthogonal
polarizers are subtracted and the result
1= zero, it implies that either there 15 no
polanzed signal or the polanzed signal
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ig 1.:-f'|u:|||:|.' :crrnng i -¢'.1|."|!| |'|||1:|: i.:"-c.."l' o=
entation. The latier case resulis wien
the target light's polarzation angle hes
haltway between the angles of the
E‘l-c‘\-hni.?:.."l*-u [} :nl'r-' G} |.|-:.."51|;¢ Potalio

fromm that hal fway angle. For example of

the difterence signal from the 135 and
45 degree polarizers is #ero then the
targel polarzed wave's angle is a1 0
degrees or 90 degrees if there is any
polarization in the signal,

The latter ques-
B

tion & answered by
faking the differ-
cnce between the
vertical and hor-
zonial polarizer sig-
nals. If there's a

R
G

Fipere 10, Simple Pelaripram of M78
Palarizer oriemations: Red = 45
degrees, Blue = Verical, fireen =
Huvrizomtal
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Figure 2 Srokes polarigeam rendition combined with
Emission Livne Image a Hublble Space Telescope
Imagae ix insel for reference

positive difference while
the 13545 delia was zero,
then the target hght's
polarization is vertical (%0
degrees). If the resulting
.L:ignu] 15 negaiive when
the vertical amd horizonal
polarizer signals are sub-
tracted, then the tareet
light"s polarization is hor-
izontal. Four such special
cases are illustrated in

Figure B,

Compaosite Images
nsing Stokes Parameter
Images

While the Crab MNebula's
Stokes  Parameter rendi-
tions may have an inter-
esting and bizarme appenr-
ance when compared o
comventional images, images so made
can be effectively used in a composite
image 1o highlight the pulsar region in
the core. For example using emission
ling data blended with the Stokes

Polarigram data, o composite image
can be created that has a unique appear-

135
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45

H
B

Figure I, Stokes Polarigram of M7
Palarizer differences: 13 5dep- 45 dep =
Red, V— H = Gereen, 45 deg - W=
Hine

ance, The Stokes polarigram data great-
ly assist in viswally enhancing the pul-
sar region. Additionally the colors are
modulated by the polarization of the
inner structure which provides a visual-
ization of such polarization,

A composite image made from the
dutn used to moke Figures 2 and 6
yields the image in Figure 9,

Mote that the pulsar region in the
composile image iz rather prominent
amd iz readily identified by comparing
with the image taken of the embedded
pulsar by the Hubble Space Telescope
shown ns an inset to Figure 9.

ther Ohjects for exploration with

Polarigraphy The Crab Nebula is
unmique 1 the skies of the Norhern
Hemisphere, There's really no other
large pulsar of similar brighiness with
optical  polarization  so  readily
observed. However Synchrotron mdun-
tion is mol the only optical radiation
that exhibits polarization that can bhe
imaged using the polangraphic tech-
niques descnbed above.

Polarization can result from none-
planzed light reflecting off a surface.
One example 15 the sun reflecting off
water. In that case the reflected Light
fioam the water surface is honzontally
polarized. In an analogous manner
starlight can be reflected off dust parti-

cles,

Dusty star forming regions often
have large circumstellar dises that milu-
ence the collimation of stellar jets, the
formation of cometary/ipolar reflec-
tion nebulae and large scale cold modec-
ular outflows (1), These discs may con-
tain magnetically aligned microscopic
gm:irl'»: which can create 3 |'|||'|:||:r'i:"i:||g
region of reflection nebulosity,

Ar‘. of early Febmary 2007, the
author has  pholographed two
objects exhibiting such polarization
froam star forming regions that have sig-
mificant reflection nebulosity, MTE
(NGC2068) and Hubble's Variable
Mebula (MGC2261) The first is from
MT78 and both the simple polarigram
and the Stokes polangram are shown
below us Figures 10 and 11 respective-
ly.
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Figere 12; Hubble's Vartable Nebulo
(WO 22600 in RO

Figure 13: Siniple Polarigram of
NGC226) Polarizer OviennarionsRed =
Vertical, Green = 45 degrees, Bliwe =
Hm'l';nm'uﬂ

R
G

B

In Figure 12 15 an BRGHB image of
Hubbles Yanable Mebula, also known
as MCC2261, In Figure 13 is a simple
F‘l-.:l|.'|1i_|::r:.1r'|'| of it while in Fi;_.:l.lll: 14 is a
stokes polangram of the same object.
Finally m Figure 15 15 a composite
image made from the RGB image and
the Btokes polangram.

Image Processing

df Amalenr Asiromnemy

Fignre 14: Stokes polarigram af
NGC2268 Polarizer differences:
P 35deg- 45 deg = Red, V- H = Green,
45 deg — H = Biue

T

There are numerols practical con-
siderations when processing the image
data using the concepts descnbed in
this paper. Areas neceding attention
ing: lude raw data calibration, photoamer-
ric normalization and the loss of
numerical precision that can present a
hazard when subiracting numbers of
similar magnimde. Specific methods
that have been develeped are unfforu-
nately bevond the scope of this article
but are planned for a future work.

Discussion and Conclusion

Mhis work has shown that the use of
polanzing filters are effective at reveal-
ing oplical polanzation in the Crab
Nebula, M78 and Hubble's Vaniable
Mebula, Two dEfferent data reduction
methods were uwsed 1o Pricess the
images: direct mapping of polanzer
outputs to color channels and the map-
ping of differences between pairs of
polarizer oulputs 5o as w0 eliminate the
non-polanzed common moede signal.

Strong  linear polanzation  1s
observed in the simple and Siokes
polangrams of the Crab Nebula pub-
lished n this paper. Additnonally, a

Figure I5: Srokes Polarigram
combimed with RGE Tmage

composite image of the Crab Mebula
was made, combining the Stokes polar-
igram with an emission ling image, The
||,'\.|,.||.rir|g I.IIIIILLI,! showed enhanced visu-
alization of the pulsar region, yet is
comprized solely of visible

light images,

revious work by Malin  and

Pasachol™ used a photographic
technique for performing the differenc-
ing of the polarizer channels. While an
ingenious process, practical considera-
tipns involving the film medivm made
the process somewhat difficult in com-
parizon with today’s digital methods, Tn
this work the :1||-L|i5i1;1| [L'v;,:|'|||i-:|u|.' used
by the author pemutted complete free-
dom in selecting the channels to sub-
tract 30 that many more combinalions
could be tried in search of some of the
more interesting combimations of data.

e primary consideration used by

the author for selecting the channel
pairs to be differenced was the noted
~.i||1p|'i|;il.1_.- of .._'l_llnpluli:ug I|1|.r ]'I-I_IIII.I:i.-".iI-
tion angles by using pairs of orthogonal
channels offset by 45 degrees for the
difterencing as illustrated in Figure &

I:_'g:-'ilh.:'id;:rﬂ:_:"}' thi irlluEL' pn_1|_||.|-;;|.'d
using the channel pairs in this configu-
ration vielded a more detailed image
than the previous work by Malin and
Pasachoff.

The Crab Mebula Stokes |'||.r|;3fi_15|:|.|'|‘| of
Figure & 15 the most highly detaled
Stokes polarigram thus far published to
the best knowledge of the author
Furthermore the composite image of
the Crab Mebula (Figure W) 15 the first
such image published that 15 known to
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the author. The composite image pro-
vided a novel way to enhance the visu-
alization of the pulsar region’s magnet-
ic field while using only optical data
faken with a conventional ground-
based amateur elescope amd cod cam-
.

An additional difference in this
work amnd the previous work were the
simple polarigrams that accompanied
the mmages. While a simple concept
with noted scientific deficiencies, the
fechnique has potential in aristic ren-
denngs of astronomical objects, which
15 a major goal of this work Fimally
Malin and Pasachofl™s work focused
solely on the Crab Mebula, while this
work has used the Crab merely as a
departure point to begin a larger survey.
This work also included M7T8 and
NGC2261.

Reflection  nebulae M7E and
MNOC226]1 exhibited significant lincar
polanzation in the simple and Siokes
polangrams introduced in this paper.
To the best knowledge of the author,
these polarigram images of MTE and
Hubble's Vanable nebulas are the first
such images published of these objects.

As reported previously by Scamot
et al{l)y, and Aspin et al(2), NGCX26]
exhibits lincar polanzation around R
Mon, Aspin's work reporis the source
of this polanzation 1o be a circumstellar
disk comprised of magnetically aligned
particles, consistent with the specula-
tion of the author when the target object
wis selected.

Likewise, the M7TE  region

(MGC2008) 15 another star forming
region that shows linear polarization
due to magnetically  aligned dust
griins. Such polonzation 15 observed in
both polarigrams of the object reported
in this work,
Considering the vast number of siar
forming regions with significant reflec-
tion nebulosity, the author expects to
find many more olyects exhibiting lin-
ear polanzation uzing the technigques
described in this paper.

Equipment

With the exception of the Emission
Line image shown in Figure 2, all
images were taken using a 450cm
126 home buile clasgical cassegrain
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telescope equipped with a focal reduc-
er providing a final 3366mm focal
length, or approximately §7.46. The
CCD mmoge sensor used was o Kodak
EAFIRZME 3.1 megapixel CCD
without coverslip mounted in a Finger
Lakes CMI10 Maxcam. The image scale
was 0,42 arc-sec/pixel.

The Emission Ling image of Figure
2 was taken using a Celestron C 14 tel-
cscope at 12,46 with a Tektronix
TE 1024 Back Muminated | megapixel
CCDy mounted in a Finger Lakes
IMG L0245 Diream Machine
camera. The image scale was 1.12 arc-
sec/ pixel,

The polanzer used wias an all glass
polarizer made by Edmund Optics
Cormp. The emission line filters wsed
weng Custom Scientific 3nm FWHM
AR-Coated amateur grade and the
RO filters used were Optec IR-block-
ing RGE filters.

This work will be described in more
detail in late Sepiember 2007 at the
East Coast Conference tor
Astronomical Imaging (ECCAL 2007).
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T ———————
Editor's Note
Richard's work holdz scientific
inferest, and even in grayscale (our
print subscribers), the variations in the
narrowhband and phase shified images
hold intrigue, and reveal fascinating
information about the structaral detail
of the object. But to receive the full
impact of Richard’s work, and his arf,
please visit our web site for the: full
color supplemental material. A link is
available on the main page, from the
article summary, or directly from the
supplemental matenal page.
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