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Abstract

chapter 1; givesfan overview and an introduction of cometary
studies ih genéral.
| In chapter 2, the instruments wused for making the
photopolarimetric observations uéed in the present .work are
discussed. A two channel photopolarimeter which works on a rapid
,modulatiOn principle was used. The sampling rate of the instrument
js 2-ms and the data are processed on-line with a 2Z-80
microprocessor. This instrument was mounted on the Cassegrain
focus of one-meter telescope at Vainu Bappu observatory, Kavalur
and vthe comet was observed for seven nights (9—10£h. Dec 1985,
15-19th March 1986) for photometry and polarimetry. In addition to
this, a wide field imaging polarimetry of comet P/Halley was
carried out on Jan 5 1986 (almost a month before it’s perihelion).
A Celestron-14% telescobe at Gurushikhar observatory, Mount Abu
wasrused for these observatiohs.

In Chapter 3, the results from the photometric studies made on
comet P/Halley are presented. The absolute fluxes in different

CO+, C, and H20+) were calculated along

3 2
with the background solar continuum flux in order to provide

emission bands ( CN, C

supporting data for the molecular band polarization calculations
which are given in Chapter 4. For the coma region it has been
found that C2 emission is stronger than CN and C3, whereas CN and -
C; are almost equal. In addition p0+ and H20+ fluxes are fgund to
be equal and they exhibit weaker emission compared to other
emission bands. Among the three neutral molecules, CN, C3 and Cz,

it has been found that C, emission decreases fastest along the
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cémetary tail and c, decreases slightly faster than CN. Also the
production rates of different neutral mdleCules were calculated.
In Chapﬁer 4,‘ we discuss the results obtained on the band
polarizétibn of the molecules CN, C3, CO+, C‘2 and H20+ where the
emission takes place by resonance fluorescence mechanism. Using
Stokes parameters, caléulations' were done for the resonance
fluorescence polarization values in different emission bands. It
has been found that emissions from CN, C, and C, have polarizétion‘
values between 5-7%, at a phase angle of 66.1 degree. For CN and
C, the polarization values agree well with the theoretically
predicted values, but for C3 the polarization value falls much
below the theoretically predicted value. The two ionic molecules

cot' and H.,0" show large ©polarizations, 17.5% and 29.5%

2

respectively.

Chapter 5, describes the imaging polarimetry work done on the
comet P/Halley, which is an excellent tool for prdbing cometary
“nuclear activities. Comet P/Halley was imaged polarimetridally in
the coma and tail region on January 5, 1986. In the inner coma a
’small region has been found which has very 1low ( < 2%)
polarization. But in the tailward direction beyond the outer coma
( > 10° km) two separate regions of enhanced polarizations ( >8%)
were found. We showed that the high polarization in those regions
-can be possible by the presence of small size grains as compared
to the neighboring regions. The small grains were perhaps pocketed
there by some nuclear jet activities. The low polarization region
in the inner coma, can also be connected with a fresh dust jet
ejected from the nucleus, so that the dust density is still high

enough to cause multiple scattering. The low polarization could be
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resulting from multiple scattering in-the region of high dust

concentration, in the fresh ejecta.

' In. Chapter 6, Ve discuss results on continuum filter

polarimetry of comet P/Halley and properties of cometary dust.

comet P/Halley was observed polarimetrically for seven nights in

THW and other continuum filters, during its pre and post

perihelion passages. The observed polarization increases with the

wavelength at large phase angle values and the nature of the

wavelength dependence of polarization is different for the

'/different parts of the comet, signifying the segregation of
different size grains over different parts of the comet. These
- polarimetric observations have been combined with thelobservations
:ﬁaken by other investigators, to get a complete picture of phase
"angle and wavelength dependence of polarization of comet P/Halley.
:Assuming spherical shaped particles (with density p = 1.0), and
using the dust size distribution functions obtained by the Vegé
and Giotto séacecraft; we have calculated, by applying . Mie

scattering theory, the complex values of the refractive indices of

~ the cometary grains.

In.chapter 7 we briefly describe some of the polarimetric works

~ done on the symbiotic peculiar star R Aquari and a set of four

Lf”gupergiant stars.
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CHAPTER 1

Introduction

Seétion 1.1 A brief history of comefary science

Among the various objects in our solar system, comets had
attracted the attention of the common people to a large extenﬁ
over the centuries. For a long time the scholars were not sufe
whether the comets have a celestial origin or an atmospheric
origin. Aristotle himself used to believe that the comets are
manifestations of some atmospheric phenomena. The. positional
measurements of comets by Toscanelli (1397-1482), ‘attempted
distance measurements by Peurbach (1423-1461), the observations by
Fracastoro (1483-15530) that the comet tail is always pointed away
from the Sun and the distance measurements of the bright comet
during 1577, by Tycho Brahe gave the initial break through toﬁards
a systematic and scientific cometary research work.

Sir Edmond Halley, using Newtonian mechanics, showed that the
comets which had appeared in 1531, 1607, and 1682 are the one and
the same with a period of about 75.5 years. He also predicted that
the comet would return in 1758. As predicted, the comet did return
in 1758, though Halley had passed away by then. Later, the comet
was named after him. This comet has been traced backwards in time,
by several investigators through orbit calculations. It appears

that this comet has so far made thirty historically recorded

appearances.



The successful predicted return of comet P/Halley, in
eighteenth century, suggested that the cbﬁets are a part of the
solar system moving in elliptical orbits. Bdt later, as the
physical eppearances and the orbital characteristics of different
comets were found to differ, Cole (1823) and others ruled out the
petiodicity in cometary orbits. It was suggested that the comets
might come from the interstellar medium.

Johan Encke (1791-1864) discovered the non gravitational force
by studying the cometary orbit of the famous comet (later named
after him), with mathematical techniques developed by Gauss. He
found that every 3.3 years, this comet returned 2.5 hrs earlier.
It is now known that there are as well'many comets returning later
than the predicted period. This can be explained in terms of the
outgassing from the surface of the comet. The outgassing from the
afternoon side of the comet, results a non gravitational force due
to the jet action, which adds to the rotation of the nucleus. If
the rotation of the comet is in the same direction as the
revolution around the Sun, then the outgassing will accelerate the
revolution of the comet around the Sun, causing the decrease in

the time period of the comet. In the reverse case the deceleration

is caused.

Section 1,2 The modern descriptions
Comets which contain both gas and dust, brighten up as they
come closer to the Sun. At far distances from the Sun, it appears

as a faint fuzzy patch of light, which is a cloud of gas and dust
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called coma. In addition to the brightening of the coma, the tails
start developing as the comet nears the éuh and approaches it’s
perihelion.'Affer the perihelion the reverse prbcess starts and
fhe comet starts fading. The 'gas and dust 1in the coma, are
released from a solid source (by solar heating), which is called
the nucleus of the comet. The diametér of the nucleus can be a few
kilometers. The diameter of thé coma can be between 104 to 105 km.
The nucleus and the coma form the head of the comet. The tail of

7 to 108 xm.

the comet can extend up to 10
Section 1.2.1 The nucleus

Before 1950, the nucleus of the comet was thought to be a
collection of interstellar dust grains, attracted and captured by
the gravity of the Sun, when the solar system passes through the
galactic clouds in course of it’s way around the galaxy. This
model kndwn as "Flying sand bank model" proposed by Lyttleton
(1953) could not explain many of the observed phenomena in the
comets. A

The "dirty’ ice" model proposed by Whipple (1950) which
describes the nucleus as a single aggregate of ices of water
methane, carbon dioxide, ammonia etc and meteoritic matter, was
able to explain various properties connected with cometary physics
in a better way. However, the original model put forward by
Whipple needs a number of improvements to understand (i) size of
the nucleus (ii) its rotation period (iii) its internal structures
etc.

The bare nucleus of a comet was actually seen, when comet



Figure 2. Processed images taken from Vega 1 on 6 March 1986,

showing the nuclear region (Sagdeev et al. 1986a).



p/Halley was imaged by Vega and Giotto spacecrafts (Sagdeev etval.
1986a; Keller et al. 1986). Though»thislis the only comet for
which a bare nucleus was actually seen, the existence of a
.cometary nudleus, as a single. body, was predicted long before
through the interpretations of several ground based observations.
The nucleus of comet P/Halley was found to be an irregular potato
shaped body ~ 14.0X 7.5X 7.5 km in size, with a rotation period of
53+3 hrs (Sagdeev et al. 1986a). The‘albedo of the nucleus was
found to be very low 0.04, probably this classifies P/Halley as
the darkest object in our solar system (Sagdeev et al. 1986a). The
temperature of the nuclear region was found to be 300-400 K by
Vega (Sagdeev et al. 1986b)- which is much higher' than that
predicted by the ice models of nucleus (180-200 K, at the
heliocentric distance of 0.8 AU). Sagdeev et al. (1986b) have
suggested that the presence of a porous surface layer may be able
to explain this anomaly. Several other physical parameters related
with the nucleus of comet P/Halley have been determined during the
recent apparition of the comet, which are not discussed here.
There are at present several modifications of the original
’dirty ice model’ proposed by Whipple. But any model describing
the cometary nucleus should be able to explain the above observed

properties of the nucleus of P/Halley.

Section 1.2.2 Cometary coma and tail
Various properties of the coma, like the size, gas and dust
composition, production rates of different molecules, etc. depend

upon the heliocentric distance of the comet, the composition of



volatiles in the outer layer of its nucleus and to a lesser extent
on its rotation rate and polar axis aliénmént. By solar heating,
the volatiles sublimate and drag with them the dust, flowing
radially outward. The gaseous components emit the characteristic
radiation in ultraviolet, visible, and IR wavelength due to
several emission mechanisms. The éimplest model for interpreting
the gas emissions for comets is due to Haser(1957), which is
discussed in chapter 3.

The photoionization of neutral molecules in the coma by solar
ultraviolet radiation, produces ionic molecules (called cometary
plasma) in the coma. The formation of an ion tail (also called
Type I tail) is basically due to the interaction of solar wind
plasma with cometary plasma. Interactions of this type was
detected at a distance of ~ 1 million km from the tiny nucleus by
Suisei encounter of comet P/Halley (Kukai et al. 1986). The
theoretical studies of the solar wind flow near the comet were
carried out mainly in the framework of hydrodynamical description
of plasma (Wallis 1973; Schmidt and Wegmann, 1982). The plasma
tails are seen mainly due to the resonance fluorescence radiation

from CO+ and H20+ molecules.

The dynamics of the dust particles released from the comet
nucleus, depends upon the combined effect éf solar radiation
pressure and solar gravity and also on the size and mass of the
particles. The dust particles are driven away from the nucleus by
solar radiation pressure, forming a tail, called the dust tail
(also Type II tail). This tail is seen due to the reflected solar

continuum by the dust particles. The tail is curved so as to lag



behind the sun-comet line, opposite to the direction of cometary
orbital motion. The particles with differénf size and mass follow
different trajectories in the. tail. The theory of dynamics of the
Vdust tail is worked out in great detail by Finson and Probstein
(1968) and Sekanina and Miller (1973). Under favorable projection
conditions, when the comet is cldse to the ecliptic plane the
heavy dust particles, in the sunward direction of the comet appear

as a tail pointing towards the Sun, called the anti tail.

Section 1.2.3 Origin of comets
Oort (1950) showed that a simple plot of the number of comets
versus 1l/a, the inverse of the semi major axis of the orbit, gave

1. It was shown that,

a conspicuous peak at around (1/a)~ 10”5(AU)_
this peak can not be due to chance. Oort called the comets
belonging to this peak as ’new’ comets, which have come into the
solar system for the first time. Most of these appear to come from
a distance of ~ 10° AU grom the Sun. The inclinations of the
orbits of these comets were found to be randomly distributed,
similar to those of the observed long period comets. This appears
to show the existence of a cloud of comets around the Sun at this
distance, called the Oort cloud. Originally Oort made this plot
with the data available on nineteen comets, but even now the data
available on more number of comets continue to show the same
trend.

According to the Oort theory there is a vast reservoir of

comets around the Sun (called the Oort cloud), from which, due to

the stellar perturbations, many comets leave the cloud for ever



and some others enter the planetary system. Among them somé may
happen to come close to Sun and are obéerﬁable as new comets. A
fraction of these comets, when encountered by the large planets
(particularly Jupiter) are perturbed and leave the solar system
all together after theirvfirst encounter. Some of them get caught
in the solar system and seen as iong period comets. By repeated
encounter with giant planets many of them are transformed into
intermediate period comets and finally into short period comets.
There are various hypotheses regarding the origin of Oort
cloud. These can be broadly classified into two groups (i) the
solar system origin and (ii) the interstellar origin. However, any
scenario describing the origin of the comets must e#plain their
dynamical properties as well as the chemical compositions. The
presently known chemical compositions of comets require a
temperature, at the time of formation, to be quite low ~ 80 -200 K
to keep the volatiles 1like H,0 and CO, from evaporating. This
rules out the formation of comets in the inner solar system. The

12,13

isotopic ratios of elements, like C, in the comet also put

constraints in the temperature and age of the cloud, while

modeling its origin.

Section 1.3 The aims of the present work

Comet P/Halley made it’s thirtieth historically recorded and
fourth predicted return during 1985-86. Since comet P/Halley was
one of the best predicted and intermediate period comet with its
orbit known with a good accuracy, it was chosen as a target for

six different space missions planned by the scientists all over



the world (Please see Figure 1). Simultaneously IHW (International
Halley Watch organization) took upi‘the' responsibility of
,coordinating' all the ground based observations made on comet
P/Haliey ffom diffetent parts of the world.

~ The present thesis aims at understanding some of the physical
parameters related with cometéry' dust, 1like its nature, size,
composition and distribution. Since a large amount of cometary
polarization is caused by the scattering of the sunlight by the
cometary dust, these physical parameters can be studied
effectively through photopolarimetric observations. The ground
based photopolarimetric observations and the mass distribution
functions of the cometary dust as obtained from tﬁe dust-mass
detectors on board the spacecrafts, when analyzed together will be
a powerful technique to explore different properties of the
cometary dust. With these aims in mind, photometric and
polarimefric observations were made on comet P/Halley in several
continuum and emission bands. Also imaging polarimetry was carried
out to study the spatial distribution of dust properties.

The cometary molecules produce a good amount of polarization by
resonance fluorescence mechanism. But not much work has been done
on the molecular band polarization of comets. One of the aims of
the present thesis is to study the nature of molecular band
polarization of a comet. Since it contaminates the observed
- continuum polarization, a proper understanding of the nature of
the molecular band polarization will be useful (1) for carrying
out accurate spectrophotometry of individual 1lines and (2) to

Ccalculate the actual polarization caused by the dust.
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The distribution of dust is never homogeneous and smooth over
the different regions of the conmet. The combined effect of
radiation pressure and solar gravity determines the path of a dust
pérticle released from the comet nucleus. This distribution
becomes further complicated when a dust jet is ejected from the
nucleus. Imaging the entire éomet in polarization would be, very
useful to study the spatial distribution of the cometary dust and
to probe the various nuclear activities.

The aimé of the present thesis are:
(i) to study the cometary molecular band emission and polarization
(ii) to study the different properties of cometary dust
(iii) to study the spatial distribution of cometary dust and probe
for possible nuclear activities.

apart from the above studies on comet P/Halley, the present
thesis also describes some of the polarimetric studies taken up by

the author on R Aquari and a set of supergiantvstars.
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CHAPTER 2

Instrumentation and observation

In this chapter the instruments wused for the present
observations are discussed along with the observational
techniques. A two channel photoelectric photopolarimeter which
works on rapid modulation principle was used for most of the
observations made on comet P/Halley and other objects reported in
this thesis. This instrument was mounted at the Cassegrain foci
of one meter telescopes at Vainu Bappu Observatory, Kavalur and U.
P. State Observatory, Nainital. In addition to this, we also
carried out imaging polarimetry work of comet ?/Hallley using
photographic technique on a Celestron-14" telescope at the

Gurushikhar observatory, Mount Abu.

Section 2.1 Polarimetric definitions.

Before we go into the detailed description of the instruments,
the definitions of different parameters, which are referred most
frequently for any polarimetric work, are given below:

The most convenient way by which the polarization information
can be described is through the four Stokes parameters (which are
most commonly denoted by I, Q, U, and V). These were first
introduced by Stokes (1852). Recently Clarke(1974) defined I, Q,
U, and V as discussed below:

The electric vector is used to describe the orientation of the

electromagnetic wave vibration. A quasi monochromatic

14



electromagnetic disturbance may be written in terms of its

. components in the two orthogonal planes xz and yz as

E = Exo,exp(i(wt—(2nz/A)+.6x)) (1)

E = Eyo.exp(i(wt"(ZHZ/?\)‘*GY) ) (2)

where Ex and Ey are the values qf the electric field vectors at
the position z and at time t; E  and Eyo are the amplitudes of
the components of electric vector (Eo)of vibratioh; dx and 8y are
the phases at z=0 in the directions x and y respectively. w is the

angular frequency and A 1is the wavelength. For such a. beam the

Stokes parameters are defined as:

2 2

I _<Ex0 > + Eyo (3)
2 2

== - < >

Q <E > Ey0 (4)

U = <2E E cos(dy-8x)> ' (5)
xo yO0 .

V = <2E E sin(8y-8x)> (6)
x0 yO

~ The degree of polarization p is defined as
1/2
p = ((Q%4U%v%) V%) /1 - (7)

Though these are supposed to be some of the most rigorous
definitions of Stokes parameters, we shall use the definitions
given by Serkowski (1962), which are more appropriate for
astronomical measurements and are different from the above
definitions by sign convention only. Here we consider 1 and r the

two mutually perpendicular vectors in a fixed plane perpendicular
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to the direction of propagation of the~ light beam. The cross
product rxl represents the direction of proéagaticn of light and 1
is lying in the plane of meridian of‘equatorial-coordinate system
and directéd towards the hbrthern hemisphere. The components of
electric vector (E) in some fixed pqint of space, as a function of

time is written as :

E; = Eq sin (wt—el) (8)

E =E_ sin (wt-e ) (9)

where w is the angular frequency and € and € are the phases.

It is clear from Egqg. (8) and (9) that the end of the electric
vector (E) in general will outline an éllipse in the 1lr plane. As
has been discussed by Serkowski(1962) we can introduce two more
parameters 6 and B, where 6 (usually called the position angle of
polarization) is the angle which the major axis of the ellipse
makes with the l-direction and tan(B) is the ratio of the minor
axis to the major axis of the ellipse. The angle 6 here is counted
in the opposite direction compared 4to that of ahgle x of
Chandrasekhar (1950) and van de Hulst (1957); consequently the
present Stokes parameter U differs by the sign as compared to the
same defined by the above authors. This change has been made in
accordance with the direction in which position angle is measured
in astronomy.

The Stokes parameters can now be rewritteh in the form of the
following four equations (Chandrasekhar, 1950)

2 2y1/2

I=E °+E =@ +U%+ v (10)

I cos2B cos286 (11)

L)
1l
=
i

]
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U=-2E

1o Ero cos(cl-sr) = T cosZB‘s;nza (12)

vV = Z’Elo E. o sin(el—er) = I sin2B (13)

The stékes parameter I is the intensity of the beam. If we
choose another system of coordinates I and B remain the same, only
¢ changes. Thus I, Q2+U2, and V remain invariant under the change
of coordinate systemn.

Actual light is the superposition of many simple waves coming
in very rapid succession. If there exist no correlations between
the phase differences e - and the amplitude ratio E, /B, for
these simple waves, we are dealing with unpolarized natural light.
otherwise the 1light is in generél partially elliptically
polarized. The Stokes parameters describing the actual light are
the sums of the corresponding Stokes parameters describing the
simple waves. This additive property of Stokes parameters leads to
the principle of optical equivalence which says ‘It is impossible
by any ‘optical analysis to distinguish between two beans
characterized by the same set of Stokes parameters’.

In general 1light can be regarded as partially elliptically
polarized. Such light described by four Stokes parameters can be
decomposed into two beams:

1.Natural or unpolarized light of intensity I- (Q + U + V )l/2
for this beam Q= U= V= 0.

2.Fully elliptically polarlzed light of intensity (Q + U2+ v )1/2
If the intensity of this beam is much smaller than that of

first beam, the light may be decomposed into three beams, namely:

1/2_

1. Natural light of intensity I- (Q + U ) -|v]

2.Fully plane polarized light of intensity (Q + U )l/2 for

17



which V=0

3.Fully circularly polarized light of intensity [V| for which
Q = U‘= 0; V.> 0 corresponds to»right hand circular polarization
‘and V < 0 corresponds to left hand circular polarization.

The ratio
p=(®+v)¥2 )1 (14)
is defined as the degree of polarization (or degree of 1linear
polarization) and
P = |V|/I (15)
is defined as degree of circular polarization.

The normalized stokes parameters defined above can also be

expressed as : )
Q /I = P cos26 (16)
U /I P sin2e (17)

which are useful to determine P and 6 from measured values of Q

and U.

Section 2.2 Polarimetric observations, sources of errors and
their remedies.

Most of the astronomical objects exhibit small polarization and
therefore the demand for high accuracy in the polarization
measurements becomes essential. There can be several sources 6f
errors in polarimetric observations and some of them can be
reduced quite effectively. Serkowski has dealt with these problens
very 4e1abofate1y (Serkowski 1962, Serkowski 1974). We shall
mention some of the various sources of errors encountered in

polarimetric measurements and their remedies as discussed by

Serkowski (1974).
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(1) Photon Noise

The mean error of —each of the éimultaneously determined
normalized,S£okes parameters Q/I and U/I, which describe the
linear pbiariiation is |

e(Q/I) = €(U/I) = 4 (2/N) (18)

where N is the total photons céunted. Thus the only method to
reduce the error resulting from photon statistics is to count more
photons. To make the most efficient’use of the light available,
one should subdivide the light into various frequency bands and
detect all of them, simultaneously, with high quantum efficiency
detectors.

(2) Atmospheric scintillation and seeing
_ The air is not birefringent, therefore atmospheric
scintillation will be same for both the perpendicularly polarized
compoﬁentSkOf light coming from an astronomical object. The ratio
of two such orthogonal beams, emerging from say a Wollaston prism,
will pe free from the effect of atmospheric scintillation.

The atmospheric seeing ie, fhe fluctuations and spread of the
direction from which light is coming, affects the ratio of the two
orthogonal components, since the detector on which the image forms
will have inhomogeneous sensitive surface. This problem, which can
‘as well arise due to the imperfect guiding in the telescope, can
largely be solved by the introduction of an achromatic high focal
length Fabry lens, which accurately images the primary mirror of
the telescope on the photo cathode of the detector.

The harmful effect of both atmospheric scintillation and seeing

can be suppressed by a rapid modulation of the signal. Unpublished

calculation done by A. T. Young, gquoted by Serkowski (1974),
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shows that the s1nu501da1 modulatlon w1th frequency f diminishes
the error of the atmospherlc origin in the amplitude of this
" modulation by a factor (f/fc)s/s, where fc is a cut off frequency

equal to
f, =V, /(uD) (19)

D is the telescope diameter and V), is the speed at which the
wind drags the shadow pattern past the telescope aperture.
Assuming V;, = 3000 cm/sec, the critical frequency of modulation
should be ~10 Hz for a 100 cm dianeter telescope, below which the
photometric errors caused by atmospheric scintillation and seeing
are not diminished.

In the present case, the modulation of the polarized radiation
is achieved by mechanically rotating a half wave retarder. If the

half wave retarder is rotated with a frequency f the emerging beam

will have a modulation frequency of 4f (as will be discussed

later);

(3) Instrumental Polarization

Linear polarization by the mirrors of a Cassegrain telescope
does not exceed 0.1% if special precautions, described by Thiessen
and Broglia (1959) are taken into account, while aluminising the
mirrors. However, in all the telescopes this care is not taken.
The telescope and the photopolarimeter optics may introduce some
polarization which is called the instrumental polarization. The
instrumental polarization can be determined by observing the zero
polarization standard stars and the final result can be corrected
for this instrumental polarization. A list of zero polarization
standard stars is available from Serkowski (1974).

Also it is important to eliminate the conversion from linear to
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circular polarization,-whiéh is éﬁﬁsed‘by the telescope optics.
guch a conversion diminishes the actuél amount of 1linear
-polarizatiqn. Avoidihg filters, lenses and tilted mirrors in front
of an analyzer can help to a certain extent to get rid of this
problem. Use of a dielectric focal plane diaphragm is essential,
as the metallic diaphragms introduce polarization due to
reflections. These cares have been taken into account in the

present instrument which is discussed in the following section.

Section 2.3 Description of the photopolarimeter

The photopolarimeter, thch was built here at PRL and which was
used for the present work, has been déscribed by Deshpande et al
(1985) . An optical layout of the system is given in Figure 1.

The photopolarimeter works on a rapid modulation principle,
which is achieved by the rotation of a half wave retarder. As can
be seen from Figure 1., the. photopolarimeter consists of a
rotating half wave retarder, a.similar fixed half wave retarder, a
set of filters, a neutral density filter, a wollaston prism, and a
detecting system with online processor. Both the half wave
retarders are supérchromatic (Pancharatnam 1955) and the
retardence does not deviate more than 3° from'180o in the entire
spectral range of 3100A to 11000A. The first half wave retarder is
rotated at a frequency of 10.41 Hz, which results in the
modulation of the polarized component of the radiation at 41.64
Hz. This fast rotation is essential to minimize the atmospheric
scintillation effect, as has been discussed earlier. The first
half wave retarder in addition to changing the retardence also

changes the position angle of the optic axis, which is wavelength
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dependent. This effect is totally eliminated by the use of a
second half wave retarder which is identical with the first one
but is fixed. The filter slide is situated after the‘two half wave
retarders, so that the narrowAband interference filters can also
be used without the introduction of any instrumental polarization.
The neutral density filter is used for brighter objects, to
protect the photomultiplier tubes from being damaged owing to
excess photon flux. The beam is split using a wollaston prism
analyzer. The wollaston prism has been chosen as it gives the best
separation angle between the two beams (ordinary and
extraordinary) and has a good transmission in the wavelength
region from 3150A to 8500A. Both the beams are detected using a
set of GaAs sensitized photomultiplier tubes. These tubes have a
flat response from 3150A to 8500A. The tubes are cooled to dry ice
temperature to achieve 1low dark counts and are used in photon
counting mode. The signal is intégrated using coherent integration
technique. The entire instrument is controlled by a Z-80 based
microprocessor (presently replaced by IBM PC-~AT). The data are’

analyzed for Stokes parameters and the results are obtained on

line.

Section 2.3.1 Calculation of polarization and position angle

Let the polarization vector of the incident beam make an angle
¢ with the optic axis of the rotating half wave retarder at a
particularAinstant of time. Also let the polarization vector of
the beam after emerging out from the rotating half wave retarder
make an angle ¥ with the optic axis of the fixed half wave

retarder. Let the Mueller matrices representing the rotating half
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Figure 1. The optical layout of the photopolarimeter is shown.
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wave retarder, fixed half wave retarder, and the wollaston prism
be denoted by R, F, and W respectively. The expression for R, F,

and W can be written as (Shurcliff 1962):

1 0 0 0

R = 0 c2¢ s2¢ 0 (20)
0 s2¢ -=-c2¢ 0
0 0 0 -1
(1 0 0 0

F = 0 cy s2¥ 0 (21)
0 s2y =-c2y 0
| O 0 0 -1
1 +1 0 0

W= (1/2) [#1 1 0 0 (22)
0 0 0 0
| O 0 0 0

where c2¢, s2¢, c2y, and s2y stand for cos2¢, sin2¢, cos2y, and
sin2y respectively. In the matrix expression (22) the upper sign
stands for the ordinary and the lower sign for the extraordinary
ray.

Let the Stokes parameters of the beam entering into the

photopolarimeter be denoted by the matrix

< SO H

Then one can obtain the Stokes parameters of the two light rays

coming out of the wollaston prism as

II
Q’ = W. F. R.
Ul
Vl

(23)

<O H
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A simple matrix multiplication utilising the expressions (20),

(21), and (22) gives

I’ - I £ Qc4p t U s4p )

Q’ = (1/2) Q c4p + U c4p (24)
U ' O .

v’ 0]

where p = ¢ - ¥ = angle between the optic axis of the rotating and
fixed half wave retarder. If a and B are the position angle of the
two half wave retarders, then from (22) we can write

I’ = (1/2) [ I * Qcos 4(a-B) * U sin 4(x-B) ] (25)
In the present case a changes with frequency 10.41 Hz. Thus a
complete rotation of the half wave retarder produces a modulation
equivalent to four complete sine waves. |

The half wave retarder rotates through 96 discrete positions by
a stepper motor. Since one complete rotation produces data in one
sine wave that is repeated in other 3 sine waves, data at similar
phases are combined. Thus data collected from positions 1,25,49
and 73 are added. In a similar way data collected from positions
2,26,50 and 74 are added and so on. At each position the half wave
retarder stops for 1 milli sec and samples the data.

When an integration is started an array of 24 locations in the
computer memory is cleared. The counts obtained from combining of
every twenty fourth position are stored into the memory and
corrected for sky background. The number of photons counted by
each photomultiplier tube is corrected for overlapping of pulses
as discussed by Frecker and Serkowski (1974).

Let Nij be the corrected number of photons for the position j
of the half wave retarder (j = 1,..24) and for the photomultiplier

tube i (i = 1,2). Now from the relation (25) one can arrive at the
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following equation for the photomultiplier tube i and position j

Qi cos (15j) + U, sin (15j) = * (N4 / N, -1) | (26)
3 ' 24
wh?re Ni = (1/24) jgl N ij

the + sign is used for tube 1 and - sign for tube 2. There will
be 24 such equations for each tube. The least square solution of

above set of equations for each tube is

24 — ’
Q; = (1/12) T [ (N5 / Nj -1) cos(153) ] (27)
j=1
. 24 —
U =t (1/12) j£1 [ (Nj3 / Ny -1) sin(15]) ] (28)

The percent of linear polarization derived for each tube now can

be written as

2

P = 100 (m/24) / sin(n/24) A Qiz + Uy (29)

where 100 (m/24) / sin(mn/24) is a factor correcting for the
averaging of photon counts over 24 sections of sine curve (Frecker
and Serkowski, 1970).

The error in P in percent can be derived as
24

c =100 { (1/22) [(1/12) ¥ (N;s / ﬁi “1)2 - (Q-2 + U-2)2 ]}1/2
P, 521 j i i
(30)
(22 = n-2, where n = 24 bins. One degree of freedom is lost in

the averaging, another because of solving for two unknowns).

The expression for position angle also can be derived as:
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6 = A8 + 28°.648 zZ, for Q. >0, U, >0
6 = A8 + 28°.648 (z; + m) for Qi‘< 0 (31)
6 = A8 + 28°.648 (z2; + 2m) for Q. >0, U; <O

where A6 1is the offset value in position angle to be
determined after the observation 6f polarimetric standard stars

_ -1
and Zi = tan (Ui / Qi).

The Q and U values combined for both the tubes can be expressed

as:

24
Q = (1/12) ¥ ( Ry cos(15) ) (32)
J=1

‘24
U = (1/12) ¥ ( R; sin(15j) ) (33)
j=1

where Ry = ( Npjj - Noj (ﬁl / Ez)) / (N5 + Ny (Np / Ny))

P, 6, and o now can be calculated from this set of Q and U values
and by using relations (29), (30), and (31). The error in position

angle can be expressed as follows (Serkowski, 1962):

o, = 28°.65 % / P (for oy < P) | (34)

= 51°.96 (for P ~ 0)

The expression for magnitude for the combined tubes can also be
written as:

M = Am - 1.08574 1n (( ﬁl + ﬁz) / 2t) (35)
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where t is the integration time and Am is the offset value in
the magnitude to be determined from the observations of

photometric standard stars. .

Section 2.4 Imaging polarimetry

Apart from the photopolarimeter- described above, the comet
p/Halley was observed in the imaging polarimetric mode also. The
detailed description of the experimental set up used in the
imaging polarimetry work will be separately discussed in chapter

5.
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CHAPTER 3

Photometry of comet P/Halley

Cometary photometry is a very good tool for understanding the
properties of cometary gas‘molecules as well as the dusts. The
recent attempts by IHW (International Halley Watch) for
coordinating all the ground based observations, by introducing a
uniform set of filters, have helped us to make comparison between
different sets of data supplied by different observers. In this
chapter, the photometric observations taken on comet P/Halley, are
presented and calculations are done for the emission flux values,

column densities, and production rates of different cometary

molecules.

Section 3.1 Observational details and reduction procedures
Observations were made on the one meter telescope of Vainu Bappu
Observatory, Indian Institute of Astrophysics,Kavalur, India on 19
March 1986 with our photopolarimeter which gives online
information on photometry and polarimetry. The comet coma was
observed with 24" aperture (which corresponds to a linear size of
about 1.4 xlO4 km). Another region vacross the dust tail
(henceforth referred to as tail) was also observed with the same
aperture, changing the RA and DEC each by -66".6 from the center
4

of the coma (which corresponds to a distance of 5.5x 10" km).

IHW filter system was used for the observations, which contains
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three continuum bands free from any cometary emissions: 3650/80,

4845/65 and 6840/90 and five emission bands CN(3871/50),

2
figures are in Angstrom, central wavelength/band pass). The

C, (4060/70), co+(4260/65y, C,(5140/90) and H,o' (7000/175) (all

extinction coefficients were obtained as the mean values of at
least three standard stars chosen from those suggested by IHW
organization. The solar type star HD105590 was observed for
photometric calibration. This star has been chosen from a list of
seven IHW solar analogs (given in IHW, Photometry and Polarimetry
Net, Circular 8 Nov 1985). On the basis of the magnitudes of these
solar analogs in 8 different IHW filters a set of interpolation
formulae has been set up, which is given below (IHW Photometry and
Polarimetry Net, Circular 3 Feb 1986):

We denote the magnitudes observed in the continuum filters
3650A, 48452, and 6840A by m(3650), m(4845), and m(6840)
respectively. However, the magnitude observed in 4845a filter was
corrected, for the neighboring ¢ | emission band‘ (5140Aj

2
contamination, by the following empirical formula.

corrected value of m(4845) = m(4845) -0.012( m(5140) ~-m(4845))
This corrected magnitude is again denoted as m(4845) and
following are the continuum magnitudes (mc) in the different

emission filters :

mc(3871)

il

0.8151 m(3650) + 0.1849 m(4845) + 0.490

M, (4060) = 0.6569 m(3650) + 0.3431 m(4845) + 0.088

M, (4260) = 0.4895 m(3650) + 0.5105 m(4845) + 0.167
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m,(5140) =-0.2469 m(3650) + 1.2469 m(4845) + 0.244
or = 0.8521 m(4845) + 0.1479 m(6840) + 0.077
m,(7000) =-0.0802 m(4845) + 1.0802 m(6840) +.o.o39
| Cheeeeneeees teseesseeess(la,b,c,d,e)

.The above set of interpolation formulae was used to calculate
the contribution of continuum in the emission bands in terms of
the magnitudes. Since cometary emission is basically due to the
scattering of the solar radiation, the expected spectrum of the
comet is of solar type on which at certain wavelengths cometary
emissions from CN, C3, CO+, c, and H20+ are superimposed (within
the spectral range we are considering).

After necessary airmass corrections»the observed magnitudes of
the comet at different IHW filters are compared with the observed
magnitudes of the solar type star HD105590 (the IHW standard
magnitudes for this star are known); so that the former set of
magnitudes are now reduced to the standard scale of IHW
magnitudes. These magnitudes are converted into flux by adopting

the flux conversion formulae given below ( IHW Photometry and

Polarimetry Net, circular 3 Feb 1986):

F(CN) = (5.30 -0.021 T) x 10  ’'x (F(3871) - F(3871))
F(C;) = (1.38 -0.003 T) x 10" 'x (F(4060) - F_(4060))
7

F(cot) = (5.90 -0.005 T) x 10~
7

x (F(4260) - F_(4260))

x (F(5140) - F_(5140))
7

F(C,) = 6.81x 10~

F(H20+) = 3.58 x 10 'x (F(7000) - F_(7000))

cessssssesss(2a,b,c,d,e)
where the unit is in erg-cm ?-s™} and T is the filter
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Table 1. The observed magnitude (Mﬂm), air mass corrected

magnitude (me), and magnitude expressed in the IHW scale (Mnm)

as discussed in the text are given along with the air mass values .
(AM) and coefficients of extinctions (KA)' F(p) gives the flux
observed in the continuum ( 1077 ergs-cm ?-s™'-A"!) and emission
(10 ergs-cm -s °) band. Other quantities logM(p) and COMA/TAIL
are as explained in the text.

A 3650 3871 4060 4260 4845 5140 6840 7000

KA .841 . 649 .541 .451 .280 227 .089 . 027
HD105590

AM 1.34 1.35 1.37 1.38 1.39 1.41 l1.42 1.44

Mobs 10.80 11.29 9.28 9.24 8.47 8.52 9.62 8.95

er 9.71 10.41 8.54 8.62 8.08 8.20 9.50 8.91

Mmw 8.35 8.65 8.01 7.88 7.16 7.11 6.25 6.22

Comet (coma)

AM 2.39 2.32 2.26 2.21 2.16 2.09 2.05 2.00
Mobs 13.50 11.42 10.61 11.33 10.36 9.06 11.19 10.43
er 11.56 9.91 9.39 10.33 9.76 8.58 11.00 10.38
W 10.20 8.15 8.86 9.60 8.83 7.49 7.76 7.69
F(p) 6.86 2.36 2.42 0.07 14.72 4.75 13.03 0.06
log M(p) 29.99 29.44 29.52 30.59 27.55

Comet (tail)

AM 1.90 1.86 1.83 1.80 1.77 1.75 1.73 1.71
M _13.65 11.36 11.29 12.16 11.29 9.72 12.33 11.56
M _12.11 10.16 10.30 11.35 10.79 9.32  12.07 11.52
M 11.00 8.40 9.77 10.61 9.87 8.23 8.82 8.82
F(p) 3.28 1.99 1.02 5.67 2.68 4.88

log M(p) 29.92  29.07 30.34

COMA/TAIL 1.19 2.36 1.77
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Table 2. Log of production rates (Q molecules—s-l) of different

molecules at the heliocentric distance r=o.99 AU.

CN. c, c

log Q 27.54 26.68 30.59
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temperature in degree centigrade. F(wavelength) is the magnitude
converted into fluxes in arbitrary unit by the following formula

F(wavelength) = 10~ 0-% m(wavelength)

The continuum fluxes (erg~cm_2-s;l-A-1) are determined from the
following relations (IHW Photometry and Polarimetry Net, circular

3 Feb 1986) :

F, = (8.22 # 0.13) x 10 (9-0 + 0.4m(3650) . _ 3450
F, = (5.10 + 0.30) x 10" (9:0 * 0.4m(4845) . _ ,5,5n
F, = (1.65 + 0.02) x 10 (9:0 *+ 0.4m(6840) . _ co40n

ceteriieeen...(3a,b,c)

Section 3.2 Discussions on the calculated flux values

In table 1 the extinction coefficients, air mass values and
observed and airmass corrected magnitudes for the comet and solar
type star HD105590 are given. Also fluxes in different emission
bands (CN, Cs, CO+, C2 and H20+) for the coma and tail region, as
discussed above are listed in Table 1. The calculated flux values
have a maximum of 10% errors. Figure 1 shows histogram plots of
these values. When considered in terms of total flux in the whole
band one sees that C2 is stronger than CN and C3, whereas CN and
C3 are almost equal, for the coma region. Also for the coma region
cot and H20+ fluxes are equal (within the error bar) and exhibit
weaker emission compared to other emission bands. In the tail
region (which will be at a distance of about 5.5 x10% km from the
coma) the cot ana H,o" emissions are below the detection limit.

2
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Table 1 also gives the flux ratio COMA/TAIL for different bands.

Only CN, C,; and C, have been considered for these ratios. It shows

3

C3 is decreasing fastest along the tailward direction and C2 has

‘decreased slightly faster than CN towards tail. This is expected,

4

km at 1.0 au)

since C, has smaller scale length (about 4x10

3
compared to CN and C, (A’Hearn 1 1982; Delsemme 1975). C, is
generally found strongly concentrated in the nuclear region and
has a larger slope than CN and C2 (Delsemmel975). A faster
decrease of C, than CN can indicate a smaller scale length of C,y
compared to CN. The spatial distribution study of CN by Combi and

Delsemme (1980) shows CN has a scale length greater than 3 xloskm

5

whereas the scale length of C, is 1.2x10~ km (A'Hearn'1982); both

2
the values being at 1.0 au. The intensity of co® and H20+ vary
largely from comet to comet and little spectrophotometry has been

done for them (A’Hearn 1982; Delsemmme and Combi 1979).

Section 3.3 Calculation of column densities and production rates
The number of molecules of each observed species, within a
cylinder of radius p defined by the diaphragm and extending

entirely through the coma can be evaluated by the standard formula

(Millis et al., 1982):

log M(p) = log F(p) + 27.449 + 2log (A.r) =-log g (4)
where F 1is the observed flux in cgs units; r and A are the
heliocentric and geocentric distances of the comet respectively
and g is the fluorescence efficiency (in cgs unit) per molecule at

r = 1 AU. Following Millis et al.(1982) we use log g(c,) = -12.657
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and log g(C3) = =12.000. Because of -Swings effect g(CN) varies
significantly with comets heliocentric radial velocity. At the
time of our observations the helioéentric‘radial vélocity of the
comet was 26.42 km/sec (IHW newsletter N 7). With this value of
radial velocity, we have found out from the Figure 1 of Tatum and
Gillespie (1977) that, the appropriate wvalue of log g(cN) is
-12.360. From Babu et al. (1989) we take log g(CO+)= =13.441 and
log g(H20+)= -11.523. Now by using the relation (4) we calculate
the value of log M(p), which have been listed in Table 1. Further
by assuming the Haser model, the column densitieé (M(p))
calculated for the coma can be converted into production rates for
the neutral molecules by using the following relation (A’Hearn and
Cowan, 1975)

ux
MP) =@ V' pu (u-1)7 [ £ K (y)dy + (1=1/u)/% + K (ux) - K (x)]
| " (5)
where V= velocity of the released species; u= ratio of daughter
and parent molecule scale lengths; x= ratio of p and daughter
molecule scale length; K, and K, are the modified Bessel functions
of the second kind of order 0 and 1. We assume V= 0.58/4dr, where r
is the heliocentric distance of the comet " (Delsemme, 1982;
Cochran, 1985). We take the parent and daughter scale length
values from Cochran (1985). The production rates for the neutral
molecules CN, C3 and C2 calculated by this method are.listed in

Table 2.

%

Catalano et al.(1986) have conducted the pPre and post
perihelion photometry of comet P/Halley for certain heliocentric

distances. our observations are at 0.99 Ay heliocentric distance,
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for which catalano et al (1986) have no observations. They have
plotted the Log(Q_production rate) values écross different Log(r)
values forvthe molecules CN, C3vand'C2. They héve found that Q ~
r % where « is 6.2+ 2.5, 8.3 + 3.0 and 6.6 2.0 for the molecules
CN, C, and C, respectively. For a comparison, we have plotted the
production rate values obtained by us on the same figure which is
reproduced here as Figure 2. From this it is clear that within the

errors, our production rate values follow the same trend of

heliocentric distance dependence as obtained by Catalano et al

(1986) .
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CHAPTER 4

Molecular band polarization of comet P/Halley

It is well known that cometary polarizations are caused by two
mechanisms: (1) scattering of sunlight by the cometary particles
and (2) fluorescence emission by the cometary molecules. However
not much of work has been .done towards the detection and
measurement of molecular band polarization in comets. Ohman(1941)
showed for the first time the presence of polarization_due to
resonance fluorescence emission. Further works are by Blackwell
and Willstrop (1957), Bappu et al. (1967) and kharitonov and
Rebristyi(1974). A recent work is by Le Borgne et al.(1987Db),
where they have measured'for comet P/Halley and Hartley-Good, the

resonance fluorescence polarization in the molecular bands of OH

(3090 A), CN (3880 A) and C, (5140 A).

Section 4.1 Observations and reduction procedures

Observations were made on the one meter telescope of Vainu
Bappu Observatory, Indiah Institute of Astrophysics, Kavalur, on
19 March 1986. The comet coma was observed with 24" aperture
(which corresponds to a linear size of about 1.4 xlO4 km) . Another
region across the dust tail (henceforth tail) was also observed
with the same aperture, changing the RA and DEC each by -66".6
from the center of the coma. The instrument used was a

photopolarimeter which has been discussed in chapter 2.

IHW (International Halley Watch) filter system was used for our
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observations, which contains three continuum bands free from any
cometary emission: 3650/80, 4845/65 and 6840/90 and five emission
bands: CN (3871/50), C3(4060/70), CO+ (4260/65), c, (5140/90), and
H20+ (7000/175) (all figures are in Angstrbm, central wavelength/
band pass ). The solar type star HD105590 was observed for
photometric calibration. The entire photometric procedures,
including how to obtain flux values in different emission bands,
have already been described in chapter 3.

In the emission bands the observed flux is equal to the sum of
flux due to reflected solar continuum(FC) and flux due to
emissions from gas molecules (FE). The contribution of emission
polarization to the observed polarization was found out with the
help of Stokes parameters Q and U which have been already defined

in chapter 2 and are as follows:

Q=P F COS 26 | (1)

U=P F SIN 26 (2)

where 6 = position angle and F = flux or intensity. The observed
degree of polarization (PO) and positioh angle (60) in emission
bands are due to the mixing of emission with continuum. Thus by
using Stokes parameters Q and U, one can estimate the emission
polarization (PE) and position angle(6E). The Stokes parameter due
to observed polarization (Q0, UO) is equal to the sum of the
Stokes parameter due to emission polarization (QE, UE) and the
Stokes parameter due to background continuum polarization (Qc,

UC). Therefore one can write
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Q0 = QE + QC

UO = UE + UC
OR PO FO Co0s260 = PE FE Cos26E + PC f'c Cos26C (3)
PO FO Sin260 = PE FE Sin26E + PC FC SinzeC (4)

where PC, 6C and FC are the background continuum polarization,
position angle and background continuum flux in the emission band.
The degree of polarization and position angle in the continuum
filters for coma and tail are listed in Table 1 (also Figure 1).
From Figure 1 we find out, by interpolation, the degree of
polarization in a particular emission band, which is due to
background continuum only. In a Similaf way we find out the values
of 6C in different emission bands also. FE and FC values are
calculated as discussed in chapter 3. The value of FO is simply
the sum of FC and FE. After inserting the known values of FO, FcC,
FE, PO, 60, PC, and 6C in the above set of two equations (3) and
(4), we solve them for PE and 6E. The results are listed in Table

2.

Section 4.2 Results and discussion

The degree of polarization and position angle in the continuum
filters for coma and tail region are listed in Table 1 (see also
Figure 1). From our observations the position angle is found to be
independent of wavelength and also perpendicular (within the
errors) to the scattering plane. These features will be discussed
in detail in chapter 6.

Fluxes in different emission bands (CN, C3, CO+, C2 and H20+)

are given along with the background solar continuum flux in Table
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Table 1 Percent polarization(P), error in polarization (Ep)>and
position angle(6) in degrees in the three continuum filters for
coma and tail.

U Continuum B Continuum R Continuum

3650/80 4845/65 6840/90
P 13.87 16.67 18.24
COMA E, 1.35 0.21 0.46
Ny 165 166 165
p 9.38 14.29 18.99
TATL E, 1.47  0.55 1.02
0 164 167 171
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2 for the coma and tail region. However, for the tail region the
co’ and H20+ emissions are below fhe’ detection 1limit. The
molecular bénd polarization vP(B)f observed at ‘a particular
sun-comet-earth phase anglé B, 1is supposed to follow the following
theoretical relation (Ohman 1941)

sin?g)/ (1+p__ cos?g) (5)

P(B)=(P

max

where Pmax is the maximum polarization observed at a phase angle
90°. At the time of our observation the phase angle was 66°.1.

Accordingly the Pm values for the different molecules have been

ax
calculated and these values are listéd in table 2.
From the theoretical calculations by Ohman (1941) a wvalue of

7.7% for Pma is expected for the molecules CN and C.. The Pm

X 2 ax

values obtained for CN and C2 in the present work seem to be well
in agreement with the theoretically expected one (within the
errors). Le Borgne et al (1987b) have found a very significant
deviation of the CN polarization vector from the normal to
scattering plane. But in the present work no such deviations were
observed. In the present work, the C, molecule shows a similar

behavior to that of CN and C with a Pm value ~ 6%. Le Borgne

27 ax

et al. (1987a) have reported’ a similar value for 03 band
polarization, which is again much smaller than the theoretically
expected value of 19%;

To have a first hand information about the errors which we are
dealing with, while calculating polarization due to molecular

emission, we proceed as follows:

The technique which has been discussed earlier to estimate the
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H.ot

Table 2 CN c, co 'CQ 5
3871/50  4060/70 4260/65 5140/90  7000/175
PO  6.20 9.29 15.47 9.09 18.52
c Epo 0.43 0.29 Q.45 0.14 0.29
o 60 165 166 166 166 166
M FC  0.326 1.697 0.781 2.129 2.958
A FE 2.358 2.421 0.066 4.750 0.059
PE 5.1 5.4 17.4 5.6 29.5
6E 164 165 163 163 160
Py 6:2 6.6 21.7 6.8 37.5
PO  6.84 8.12 13.39 7.66 15.15
T Epo 0.53 0.55 0.83 0.28 0.83
A 60 165 165 167 165 167
I FC 0.150 0.754 0.335 0.796 1.106
L FE 1.990 1.025 2.680
PE 6.5 5.3 5.0
6E 165 166 165
P 7.9 6.4 6.0
max

Note: PO=percent polarization observed in emission band; Epo=errbr

in PO; 60= position angle of polarization observed in emission

band; FE=flux in emission band due to emission only and FC=flux in

emission band due to  background continuum only (10-10
ERG-CM 2-SEC™ ') ; PE=emission polarization and @E=position angle of
emission polarization estimated by wusing Stokes parameter;
Pmax=max. pol. calculated from relation (5).
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emission polarization becomes much simpler, if the emission and
continuum have the polarization vector in’ the same direction (viz.
perpehdicular‘to the scattering plane). Such an assumption will
" not . change»‘our conclusioﬁ, as ‘we haVe already seen the above
assumption holds true, for our observations for the neutral

molecules. In such a case the emission polarization PE is given by
PE FE = PO (FC + FE) - PC FC (6)

where the observed polarization PO, is the vector sum of emission
polarization (PE) and continuum polarization (PC). FC and FE are
the flux due to background continuum and pure molecular emission
respectively (as has been discussed already).

We shall use the relation (6) to estimate the errors associated
with our calculated values of emission band polarization. Using
the above relation (6) we can writeb’BPE' the error in emission
polarization in terms of the errors associated with the estimation

of flux ( 8FE and 8FC ). Thus

SPE® = ( 8PE/ 4FC)2 &8FC® + ( GPE/ OFE)° SFEZ (7)

At present we are not considering the error in the observed
polarization value (PO) or in the continuum polarization wvalue

(PC) . After partial differentiation we get from relation (7)

2 2 2

((PO-PC) /FE)% 8FC? + r® ((PO-PC)/FE)° SFE

SPE (8)

where r FC/FE.
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PERCENT POLARIZATION
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Figure 1. Wavelength dependence of linear polarization for coma

and tail of comet P/Halley observed on 19 March 1986.
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The calculated flux values in Table 2. has a maximum of‘lo%
error. In the present case 8FC and S8FE afe'comparable and further

if r>>1, (which is the case with co’ and H20+) we can simply write
SPE ~ r ((PO-PC)/FE) SFE (9)

Now we can clearly see from Table 2 that r > 10 for the
molecules co' and H20+, which indicates that the values of the
emission polarization derived by this method will have large
errors. However, we see from the relation (8) that for the
molecules CN, C3 and C2 where r is always less than or close to 1,
SPE also reduces.

In the present case both CO+ and H20+ show very high
polarization values (PmaX = 21.7 % and 29.5 % respectively). Since
the error bars associated with these values are very high,
therefore it is difficult to make any definite conclusion about
the nature of band polarization for these two molecules. However,
one can argue that, if there is a large error present in the
estimated emission polarization (PE) values, it may reflect on
the estimated values of angle of polarization (6E). But since the
angles of polarization (6E) estimated for cot and H20+ are same as
that of all other molecules and continuum, we simply can not rule
out the possibility of high polarization in the ionic bands.

Neither theoretical nor experimental works are probably
available on the resonance band polarization of these two
molecules. Further theoretical and experimental investigations are
required for these molecules in future.

For all these molecular bands, the polarization vector was
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found to be perpendicular to the scattering ‘plane, which is
generally expected.

The polarimetry of coﬁetary molecular bands provides an useful
'test of the excitation conditiphs. It could be used at its best
if, in the future, polarimetry of individual 1lines within a
molecular band could be aéhieved.'The anisotropy of fluorescence
emission, which causes the band polarization, has generally being
neglected in the construction of synthetic spectra. It could
affect the 1line intensities by 10% or even more in extreme
conditions (Le Borgne et al. 1987a). This effect should be taken
into account when accurate comparison of theoretical and
experimental spectra are made.

Since the presence of line emission contaminates the observed
polarization which is due to dust, a proper understanding of the
nature of molecular band polarization will help, in estimating the

polarization which is purely due to the dust.
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CHAPTER 5

Imaging polarimetry of comet P/Halley

During the recent apparition of comet P/Halley, linear and
circular polarization measurements have been made by several
investigators (Bastien et al., 1986; Brooke et al., 1987; Dollfus
and Suchail, 1987; Kikuchi et al., 1987; Lamy et al., 1987; Le
Borgne et al., 1987b; Metz and Haefner, 1987; Sen et al., 1988
etc). Most of these studies are aimed at understanding the
polarization which occurs due to the reflection of the sunlight by
cometary dust particles. These studies help us in understanding
different properties of cometary grains. Polarization occurring
due to the resonance fluorescence mechanism in the molecular
emission bands of comet P/Halley has also been studied by some
investigators (Le Borgne et al.,1987a§ Sen et al., 1989). But most
of these observations are taken through apertures, rather than
imaging. Eaton et al.(1988) have carried out the imaging
polarimetric stﬁdies in the near nucleus region of comet P/Halley
on three different nights, showing the distribution of degree of
polarization in different parts of the comet.

In order to study the degree of polarizétion and alignment of
polarization vector within the different parts of the comet, we
have carried out imaging polarimetry over an extended area of
comet P/Halley.

In this chapter all the wavelength values are expressed in

micron (um), 1in order to facilitate the comparison with the
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similar works done by other authors in this field.

Section 4.1 Details of 6bservation,‘and data reductions

Comet P/Halley was observed on 5 January, at 15—55.hrs. uT, (r=
0.95 AU and A =1.24 AU) with a 35 cm aperture f/11 telescope at
Gurushikhar, Mt. Abu. The observation log has been given in Table
1. The images of the comet were obtained with an image intensifier
placed at the focal plane and with a polaroid sheet placed in
front of the primary mirror. Kodak 2415 film was used for
photographic recording. The polaroid sheet, image intensifier, the
photographic plate and the optics of the system together in
combination had almost a flat response over the wavelength range
of 0.33 um to 0.68 um, with a sharp cutoff in the 1longer
wavelength side. Each exposure was of two minutes. Three
photographs of the comet were taken in three different
orientations (0°,120°and 240°) of the optic axis of the polaroid
sheet with respect to the celestial N-S axis. If the intensities
(corresponding to a particular point (x,y) in the comet image) in
the three photographs are Il’ I2 and I3 respectively then the
polarization(P) and position angle of polarization vector(®), at

the point ( X, ¥ ) can be expressed as (Clarke, 1971)

P = e e e e e (1)

tan (28) = —=——mm—m—e—————— (2)
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These three images were digitized with a photodensitometer
system. After d01ng the photographlc calibration, the intensity of
11ght at each p01nt of the. 1mage frame was found out. Later, with
the help of image processing techniques and with the help of a
field star SAO 145900 (towards the south east direction of
nucleus) and the nucleus itself, the three frames were matched
exactly.This field star is of K5 spectral type with wvisual
magnitude 9.0. This star is not known to have any intrinsic
polarization. In order to cover a wider field a transfer lens was
introduced just before the image plane, which converts the beam
into an f£/8.7 one and gave a platescale of ~68 arc sec per mm. The
field covered was 22 arc minute in diameter, centered on the
nucleus on the photographic plate. As the geocentric distance of
the comet was 1.24 AU, one arc sec in the image frame corresponds
to about 900 km in the comet. One pixel on the image is 60um _ 4

arc sec _ 3600 km.

Section 4.1.1 Uncertainties in the estimated values of
polarization:

An uncertainty 8p in the measurement of polarization can be
expressed in terms of the uncertainties in the measurements of

intensities (811, 612 and 613) by the following relation

2 2 2 2 2 2
sp 2 = (9p/01,) % 8T1,% + (ap/61,)? 81,2 + (ap/o1,)? o1, (3)

where 68p/d1 is the partial derivative of polarization p with

respect to intensity I. Thus from relation (1) one can obtain :
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9p/81; = [( 2I,-I,-1,) / (u V)i -2 u / v? (4a)
6p/612

ap/BI‘3

]

[(2I,-I,-I)) / (uv)] =2 u /v? (4b)

[C2I;-I,-T,) / (V)] =2u /v (4c)

where we have substituted

[ I, (I,-T,) + I, (I,-I,) + I,(I,-1,) 1" =u (5a)
[T, + 1, + I;1 =v (5b)

combining (3), (4a) » (4b) and (4c) we get

6p2

_ o 2 2 e 02 2 Lt 2 2 2
=(( 2I)-T,-1) &1, H(2T,-T)-15)% 81,%+( 21, I,-I,)° 81,%)/ (u.v)
2

2 2 2 4
+4u (BI1 +6I2 +613 Y/v

2 2 2 3
4(( 21)-I,-1,) &I, t(2I,-1)-1,) 8I,%( 2I,-I, I,) §1,%)/ v
(6)

Since 611, 612 and 613 are comparable, we take 611~ ST, ~ 6I3~SI,

2
where 8I is the average of the three uncertainties and thus the
third term in expression (6) disappears. After necessary
simplification we substitute back p=2u/v in (6) and we obtain

5p° = 6.51%/v% + 3 p2 s12/v2 (7)

We further assume v = Il+ I2+ I3 ~ 3I, where I is the average of

the three intensities Il' 12 and 13. Thus finally we get from

relation (7)
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2 1 '
sp ~ ((2+p%)/3) Y% (s1/1) (8)
Since p is always Smaller than 1 we simply write
dp ~ 0.82 (8I/I) (8a)

All our intensity values are calculated from the 1linear
portion of the photographic calibration curve, which is LoglOI
0.454 + 2.833 D - 1.407 D°, where D = photographic grain density.
The above expression gives 8I/I = 6.523 8D -6.479 8D.D and 8I/I is
V@aximum when D=0. Replacing 8D by 0.001 which is the least count
in the value of D, we get [8I/I] = 0.65%. Thus the upper limit
in the value of 8p is 0.53%. However for most of the data points,
which are brighter, 8I/I is much smaller (typically ~ 0.2%).

Further the error in position angle can also be derived as

(3 cos*2e) ((1,-1,)% 61,2 + (1,-1,)% 812, + (1,-1,)% 51,7

4
(21,-I,-1,)

Section 4.1.2 Contamination from molecular emissions

‘The observed polarization (PO) in the present case will be a
mixture of polarization (PC) due to dust scattering in the
continuum and molecular band polarization (PE) in the emission.
The observed polarization (PO) can be expressed in terms of PC

and PE by using the Stokes parameters which are defined as

follows.
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Q =F P Cosb

U=F P Sinze | _ (10 a,b)

where F is the flux or intensity, P is the polarization and 6 is
the position angle of polarization. The Stokes parameters are

additive and one can directly write

O
It

QC + QE
U, = U, + U (11 a,b)

where the subscripts o,c,and E represent the quantities due to
observed, continuum and emission polarization respectively. A
detailed discussion showing how to separate these two components
is given in chapter 4, where it has been shown that the position
angle values for continuum and emission poiarization are same.
Under such circumstances the polarization (PO) observed within the
wavelength range from 0.33 pum to 0.68 um can be written és

.68
FC PC + FE PE

PO = FC + FE
A=.33

(12)

FC and FE being the flux values in the continuum and in the
molecular emission respectively.In dgeneral FC, FE, PC and PE are
all functions of wavelength A. From the nature of the phase angle
dependence of molecular band polarization (Le Borgne et al. 1987a
and Sen et al. 1989) we assume an average valué of 4%
polarization for the three cometary molecules CN, C, and 02 at

51°.5 phase angle (as on 5 Jan 1986). For all other molecules
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emitting within the above wavelength range, their contamination
effect into the observed polarization Qiil'bevnegligible, since
for them the product FE PE will be small as compared to the other
'three molecules. Also the wavelength dependence of continuum
polarization for comet P/Halley was not very strong especiélly at
small phase angles (Dollfus and Suchail, 1987; Brooke et al.

1987). Thus we can finally write without loosing much accuracy:

Y FC Y FE
PO = PC =—mmmm—————— + PE ==mwmmm————— e
Y FC + ¥ FE Y FC + ¥ FE
=PC r / (r+l) + PE / (r+l) (13)
= PCr / (r+l) + 0.04 / (r+1) (13a)

where r = ¥ FC / ¥ FE. From Sivaraman et al (1987) we adopt a
value of r = 3.71 (corresponding to a date closest to and having
same heliocentric distance as on, 5 Jan 1986). Their observations
cover the wavelength range for the molecules C3 and C2 only and
they also have suggested that inclusion of CN émission band will
not change the value of r significantly. Under these assumptions
relations (13) and (13a) reduce to: |

PO = 0.788 PC + 0.212 PE (14)

PO = 0.788.PC + 0.008 : (14a)

Section 6.2 Discussion of results

Figure 1 shows one of the three photographs of the comet
corresponding to the 0° orientation of the axis of the polaroid
sheet with respect to celestial N-S, along with the intensity
levels expressed in some arbitrary linear scale. The star SAO

145900 which has also appeared along with the comet image, can be
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Table 1. Log of observations of comet P/Halley taken on 5
January 1986, from Gurushikhar, Mt. Abu, -India. ( r=0.95 AU,

A=1.24 AU, phase angle= 51°.5)

Frame Time in U.T Duration of poSition of polaroid

No. when exposure each sheet w.r.t celestial
started exposure , north-south

1 15-55-32 2 minutes 0°

2 15-57-40 = @ —ee——— 120°

3 15-59-47 = @ —————— 240°
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easily seen in the south eastern side of the comet.

Figure 2 shows the distribution of dégree of polarization in
different parté’of the,comét. Background sky polarization is mixed
up with actual cometary polarizaﬁion over the entire image and
from Figure 2, it appears to be generally between 0-2%. Since the
comet was much brighter than the sky the error in measured
polarization due to sky contamination will be much lowér than 2%.
We take an upper limit of 2% as an uncertainty in the estimated
polarization values for the comet.

The star SAO 145900 seen in Figure 1, has disappeared from
Figure 2. The position of the star SAO 145900 has been marked in
Figure 2 by a white circle. The encircled region shows 0-2%
polarization. Although the star should ideally show 0%
polarization, but it will be always contaminated by background sky
polarization which is between 0-2%. Thus with an accuracy of 2%
polarization in our measurements we can claim that the star has
disappeared from Figure2. signifying that it is an unpolarized
star. In fact the disappearance of this zero polarization star
from Figure 2., acts as a calibration for our technique of imaging
polarimetry and also confirms it.

Three distinct features are seen from Figure 2, (1) a region in
the inner coma towards south west of the nucléus, having very
little ©polarization (about 2%) (2)a region of very high
polarization (about 10%) is seen almost at a distance of 3.2 x10°
km from the nucleus in the tailward direction and (3) another
region of relatively high polarization ( about 8%) is seen at
about 1.5 x10° km from the nucleus also in the tailward direction.

We refer these three regions as region 1, region 2 and region 3,
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intensity-level

Figure 1.: Intensity image of comet P/Halley on 5 January 1986
is shown. Color coded intensity 1levels are éxpressed in some
arbitrary linear scale. West is up and north is right in the
photograph. Direction of sun is indicated by a tick mark, where a

set of four small tick marks is used to identify the nucleus.
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respectively in the subsequent discussion. The nucleus, as can'be
seen from Figure 2., itself has about 4%-pélarization.

Regions 2 énd 3 can have high degree of polarization due to
scattering, if the population of smaller grains is relatively
higher in these regions. Eaton et al. (1988), have also done the
imaging polarimetry of comét P/Halley on 5 January, 1986, at 16-50
UT, 55 minutes after our observations. They have also observed a
similar region of high polarization, but at a much closer distance
to the nucleus. The observed high polarization region as they have
explained, can be due to several mechanisms. Apart from a high
concentration of smaller size particles in these regions, grains
with different values of refractive indices or a lower value of
gas to dust ratio in these regions can explain the observed high
polarization. Grains, after they are released from the nucleus,
may change their optical properties (like refractive indices) with
time due to evaporation of volatiles. Also grains which are
originally released from the nucleus, will break up into small
pieces as they move along the tail. Again since the observed
polarization has contribution from the cometary molecular emission
and molecular emission polarization is generally low compared to
the dust component, a reduction in gas to dust ratio can also
increase the observed polarization in a particﬁlar region. Also
when a dust jet is ejected from the nucleus, the smallér size
particles travel further, away from the nucleus compared to the
large size particles, owing to their stronger coupling with the
gas outflow and also due to more effective radiaﬁion pressﬁre. The
dust size distribution has been found from Vega and Giotto

spacecraft, to be very complex and different for different parts
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polarization(®)

140000 kn
160 arc sec

Polarization image of comet P/Halley on 5 January

Figure 2.:
1986 is shown. Color coded polarization levels are shown
alongside. West 1is up and north is right in the photograph.

Direction of sun is indicated by a tick mark, where a set of four

small tick marks is used to identify the nucleus. The position of

the field star which was appearing in Figurel has been marked here

with a white circle.
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of the comet ( Mazets et al., 1987; McDonnell et al., 1986 etc).
Dollfus and Suchail (1987) have studied-pélarizations of different
parts of theVCOmet, through ground based aperture measurements and
~ found significant changes in polariiation with nucleocentric
distance. |

In the following we make an attempt to evaluate the most likely
mechanism from those suggested by Eaton et al. (1988) in
explaining the high polarization blobs.

Apart from the regions 1, 2 and 3 the comet coma in general
shows around 6% polarization and if we assume a value of r to be
3.71 there, then from (14a) we get a continuum polarization (PC)
value of 6.5%. Therefore by changing the dust to gas ratio (which
is related with r) in the regions of high polarization blobs, we
can at most raise the observed polarization (PO) value to 6.5%,
but not to the extent of 8-10%, which is the observed degree of
polarization in the blébs. Moreover by increasing the dust to gas
ratio one can explain the high polarization blobs provided it is
not done by reducing the amount of gas present there. The
depletion of gas will show up in terms of lowering of intensity in
the position of two blobs in Figure.l., which is not seen.
Therefore more number of dust particles in the regions of these
two blobs are required to explain the observations. These excess
dust particles have to be sub-micron in size («A), otherwise their
existence will show up in the intensity map as the bigger
particles (=) have higher scattering efficiencies. Small grains
(«A) will produce more polarization, but they will have less
scattering efficiency compared to the bigger grains ( zA) and as a

result will have less effect on the intensity map. But. simply
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adding small grains sufficient to change the polarization would
also affect the intensity. Therefore a éhange in the distribution
of grain sizé.whidh can result in the increase of the relative
- population of the smaller size grains is necessary, to explain the
high polarization blobs. On the other hand if the grains change
their optical properties by the evaporation of gases trapped in
them, then they may be able to produce high polarization. But the
change in optical properties are quite 1likely to change the
scattering efficiencies as well, which should be seen on the
intensity image. Therefore we suggest that concentration of
smaller grains is the most likely mechanism, which can explain the
high polarization blobs.

The origin of these two blobs (region 2 and 3) should be
connected with the ejections of two discrete dust jets from the
nucleus. Eatén et al. (1988) have covered a smaller field with
higher resolution inrtheir polarization images of the comet. Their
observations were taken 55 minutes after our observations. Since
dust jets are moving away from the nucleus, we can not see regions
2 and 3, in their polarization image as it covers a smaller
field. But they also observed a high polarization region in the
comet which seems to be around 14 arc sec from the nucleus,
equivalent to 3.5 pixels in our image, which  will be slightly
difficult to identify. Therefore we can not comment about any
connection between the high polarization blobs in the two sets of
images. However, our observations cover much wider field (22 arc
minute) compared to the field covered by Eaton-et al. (1988) and

both the sets of observations act as complementary to each other.
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Figure 3.: The alignment of polarization vectors over different
parts of the comet is shown. The degree of polarization is
expressed in a suitable scale as shown along with. Position angle
of each vector is measured from north towards east. In order to
avoid the merging of two vectors which are almost parallel to the
north south direction, we have added an anglevof 45° to each of
the actual position angle values of the polarization vectors. The

nucleus, the two high polarization regions as discussed in the

text and north south directions are marked.
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Seétion 6.2.1 A possible explanation for‘low polarization region

The existence of region 1, with very little po1arization still
remains to be'explained.vApart from 5 January Eaton et al.(1988)
have studied the comet on 13 December 1985 and 7 Jénuary 1986.
Their 13 December polarization’image shows, the nuclear region
deVoid of any polarization. Metz and Haefner (1987) from their
circular polarization measurements suggest that multiple
scattering was prevailing in the coma of comet P/Halley.
Calculations by Keller et. al (1987) based on Giotto encounter of
comet P/Halley suggest that the optical depth (t) was less than
1.0. A value of T < 0.1 is necessary for single scattering to take
place, beyond this first double and then (for T > 0.3) multiple
scattering takes over " ( Van de Hulst, 1981). One possible
suggestion could be that the observed low polarization in region 1
may be caused by the depolarization due to multiple scattering;
Comet Halley exhibited‘pronounced activities varying from night to
night and occurrence of a dust jet can always raise the dust
density to such an extent as to cause multiple scattering in some
isolated regions in the coma.

Multiple scattering in general is possible in a region where
the dust density is too high. But since in our case the region is
not symmetric around the nucleus the question evidently arises
whether it is connected with yet another fresh dust jet from the -
nucleus ? The observed low polarization in Region 1 probably can
be connected with another fresh dust jet from the nucleus. A dust
jet when it 1is ejected from the nucleus, can give high
polarization by the already discussed mechanisms, only if the dust

density is not too high to cause multiple scattering. Otherwise it
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has to travel a sufficient distance from the nucleus until the
dust density reduces to avvalue where théAsihgle scattering takes
over the multiﬁle sdattering. Since the low polarization region is
'appearing like an arc around the nucleus we suggest, it was
connected with an equatorial jet which was ejected continuously
for quite sometime, so thaﬁ due to the spinning of the nucleus it
has taken the shape of an arc. Unfortunately the field coverage in
the Eaton et el.(1988)’s photograph does not permit us to see this
low polarization region in their photograph.

Figure 3 shows the distribution of polarization vectors over
different parts of comet P/Halley. The degree of polarization is
proportional to the length of the vector. The position angle of
polarization vector is measured from north towards east. In the
present case at some places the polarization vectors lie almost
parallel to the north south direction and thereby two adjacent
vectors merge together. In order to get rid of this difficuity we
have added an angle of 45° to each position angle value in Figure
3. However, the direction of north south has been kept actual in
Figure 3. It has been found that the polarization observed is
positive, in other words, the polarization vector is perpendicular
to the plane of scattering. No significant deviation from this
trend is noticed for any part of the comet. It has been confirmed
through several ground based aperture measurements that, except at
small phase angles '(<22°) the polarization observed for comet
P/Halley is always positive ( see Kikuchi et al. (1987) and
references therein). Our observations confirm this feature in a

wider way, over the various parts of the comet P/Halley.
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CHAPTER 6

Polarimetry of Comet P/Halley : Properties of dust

Cometary polarizations. are generally caused by two mechanisms:
(1) scattering of sunlight by the cometary particles and (2)
fluorescence emission by the cometary molecules. Linear and
circular polarization measurements have been made by several
investigators during the recent apparition of conmet
P/Halley(1982i) (Bastien et al., 1986; Brooke et al., 1987;
Dollfus and Suchail, 1987; Kikuchi et al., 1987; Lamy et al.,
1987; Le Borgne et al., 1987b; Metz -and Haefner, 1987; Sen et
al., 1988 etc). Most of these studies are aimed at understanding
the nature of the polarization which occurs due to the scattering
of the sunlight by cometary dust particles. These studies help us
in understanding characteristics of cometary grains. Polarization
occurring due to the resonance fluorescence mechanism in the
molecular emission bands of comet P/Halley has also been studied
by some investigators (Le Borgne et al.,1987a; Sen et al., 1989).
The observed value of cometary linear polarization, which is
caused by single dust scattering is generally .a function of (1)
incident wavelength (2) cometary phase angle (=180o - scattering
angle) (3) the geometrical shape and size of the dust particles
and (4) the composition of dust particles in terms of complex
values of its refractive index (n-ik); where the real part
represents the actual refractive index and the imaginary part
represents the absorption co-efficient of the dust particle. Since

cometary particles are irregularly shaped and at present there is
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no scattering theory available for irregularly shaped particles,
we can reasonably make the assumption that cometary particles are
spherical in shape'and uée Mie scattering formulation to explain
“the observed polaiization valuesvfor a comet. |

'In the present chapter we will attempt to study the
characteristics of cometary grains based on ©polarimetric
observations through IHW (International Halley Watch) and other
continuum filters.

Like the previous chapter, in this chapter also, all the
wavelength values are expressed in micron (um), in order to

facilitate the comparison of the results with similar works done

by other authors in this field.

Section 6.1 Observations

Observations were made with the one meter telescope of the
Vainu Bappu Observatory, Indian Institute of Astrophysics,
Kavalur, on 9, 10 Dec 1985 and 14, 15, 17, 18 and 19 Mar 1986,
covering both the pre and post perihelion passages 6f comet
P/Halley. A photopolarimeter, described in chapter 2, was used at
the Cassegrain focus of the telescope.

On the nights of 9, 10 Dec 1985 and 17, 18 and 19 Mar 1986, the
observations were taken thfough the IHW (International Halley
Watch) filter system which contains three continuum bands centered
at 0.365, 0.484 and 0.684 um, with FWHM 0.008, 0.006 and 0.009 um,
respectively. An entrance aperture of 60" diameter was used on 9
and 10 Dec 1985 and 24" diameter was used on 17, 18 and 19 Mar
1986. On 9 and 10 Dec the observations were taken at around UT

15-00 hrs. But the observations on 17, 18 and 19 Mar were taken
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Table 1. Percent polarizations as observed during Mar 1986,

through different narrow band non-IHW continuum filters.

Date Aperture Phase-angle Wavelength Polarization

") *) ‘ (um) (%)

14~-15 Mar 15 64.3 0.342 16.8 + 1.0

‘ 0.442 18.7 = 0.2

0.526 19.5 + 0.2

0.575 1.0 * 0.2

0.641 : 20.6 * 0.2

15~-16 Mar 15 64.8 0.526 18.6 * 0.4

24 0.526 18.4 * 0.2

15 0.641 19.0 + 0.5
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Table 2 : Percent polarization as observed during Dec 1985

and Mar 1986 through the three IHW continuum filters.

Date Aperture Phase-angle U B R

M ) ~ 0.365um 0.484um 0.684um
9 Dec 60 44.3 9.3 % 4.5 8.3 % 1.1 9.3 + 1.1
10 Dec 60 45.7 10.0 * 3.0 6.8 + 0.8 10.0 * 1.3
17-18 Mar 24 65.9 15.9 + 0.6 17.6 * 0.1 20.0 * 0.3
18-19 Mar 24 66.1 14.5 0.9  18.3 * 0.3 19.1 * 0.3 |
19-20 Mar 24 66.1 13.9 + 1.3  16.7 + 0.2 18.2 * 0.4
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after UT 23-30 hrs. and since the obser&ations were continued for
an hour these observing dates are actually overlap between two
nights such as 17-18, 18-19 and 19-20 Mar respectively. However in
" the subsequent discussions_(excépt in the Tables 1,2,3) we will
refer these three nights as 17; 18 and 19 Mar for convenience. On
the nights of 14 and 15 Mar 1986, the comet was observed through
several other narrow band interference filters centered at 0.342,
0.442, 0.526, 0.575 and 0.641 pum, all the filters have FWHM ~
0.005um. These filters except 0.575 wum (which is slightly
contaminated by NH, emission) are free from any cometary molecular
emission. All the observations were centered around the nucleus
and the diameter of the aperture was 15" and 24". As discussed
above these two nights are also actually overlap between the two
nights 14-15 and 15-16 Mar respectively. But in the subsequent
discussion, except in Table 1, we will refer them as 14 and 15 Mar
respectively. For these five overlapping nights we tabulate the
phase angle values (in Table 1 and 2) which correspond to the
phase angle at the UT 00.00 hrs of the second night. Also we shall

use these values for Mie scattering calculations to be discussed

later.

Section 6.2 Results and Discussions

In Table 1 we have listed all the polarization observations
taken through non-IHW continuum filters, which are plotted in
Figure 1. From Figure 1 we can clearly see that the polarization
increases with wavelength on 14 and 15 Mar. The observations on 14
Mar were made also with the filter 0.575 um which is slightly

contaminated by NH2 emission. On 14 Mar all the observations were
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Table 3. Percent polarizations observed through the non-IHW
filters are compared here with the expected polarization wvalues

calculated, using n and k values estimated as discussed in the

“text.
Phase Wavelength Observed Estimated Expected
Angle in um Polarization values of Polarization
() (%) (see text) (%)
n k
64.3 0.342 16.8 £ 1.0 1.311 0.031 16.8
0.442 18.7 = 0.2 1.376 0.037 18.2
0.526 19.5 * 0.2 1.374 0.042 18.8
0.641 20.6 + 0.2 1.374 0.049 19.1
o
64.8 0.526 18.6 = 0.4 1.374 0.042 19.0 :
18.4 * 0.4 19.0
0.641 19.0 %+ 0.5 1.374 0.049 19.3
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Table 4. Percent polarization as expected at different
scattering angles (in degrees)with particle size range 0.001-20.0

and 0.01~20.0.um respectively ((n,k)=(1.387,0.032), A=0.365um).

Particle size range 0.001-20.0 um,
Scat. angle 100 110 120 130 140 150 160 170 180

Polarization 23.7 21.0 14.7 8.4 2.8 1.8 1.5 -4,4 0.0
Particle size range 0.01-20.0 um,

Scat. angle 100 110 120 130 140 150 160 170 180

Polarization 15.3 10.1 6.4 4.0 2.4 1.4 0.8 0.5 0.4
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taken through the 15" aperture and we have joined these data
points in Figure 1 by straight lines except the point
corresponding to 0.575 um. Figure 1 shows that the polarization
'decreases across the band 0;575‘ﬂm. This is quite expected, since
the molecular emission is generally polarized to a lesser extent
as compared to the continuum polarization caused by dust (Le
Borgne et al., 1987a; Sen et al., 1989). On 15 Mar we have
observed the comet only through two continuum filters 0.526 and
0.641 pm, with 15" aperture. Here also we see an increase in
polarization with wavelength. 1In order to see whether the
polarization changes with the size of the entrance aperture, we
have repeated the observation at 0.526 um with 24" aperture on
the same night. However as seen from Figure 1. and Table 1. the
polarization does not seem to change, within the errors, when we
change the aperture si;e from 15" to 24". Bastien et al.(1986)
have done similar studies and by changing the aperture from 3".9
to 17".7, they have found that barring some exceptions, there is a
general trend for the polarization to decrease as the aperture
size increases. Their experiments were conducted at wavelengths
0.764 and 0.684 um, over a range of phase angle from 20O to 520.
Bastien et al.(1986) have also discussed the cases of other comets
where sometimes the opposite trend has been noticed. Kikuchi et
al.(1987) have changed the aperture from 13" to 32".6, for comet
P/Halley and found no systematic dependence of polarization on the
aperture size.

In Table 2 we have listed all the observations taken through

the IHW continuum filters and in Figure 2 we have plotted them.

The observations taken on 18 and 19 Mar correspond to the largest
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Figure 1. Wavelength dependence of polarization observed through

several non-IHW continuum filters on 14 and 15 Mar 1986.
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phase angle for which ground based observations were possible‘on
comet P/Halley. As seen from Figure 2;- the post perihelion
' polarizétion values increase with the wavelength, whereas for the
pre perihelion observations no such trend is seen within the
errors. In our case the post perihelion observations correspond to
a phase angle ~ 660, whereaé pre perihelion observations were made
at a phase angle of ~ 45°. As has been reported by other authors
(Kikuchi et al., 1987; a more general review is given by Dollfus et
al., 1988) comet P/Halley’s polarization showed a clear increase
with the wavelength for higher phase angle values, but no such
dependence was seen for smaller phase angles. Brooke et al. (1987)
confirmed this trend from their IR polarimetric observations also.
Bastien et al. (1986) have found that the polarization becomes
negative (électric vector becomes parallel to the scattering
plane) when the phaseangle is = 22°. The polarization observed in
our case 1is always positive. In other Vords the direction of
electric vector was always perpendicular to the scattering plane.
As can be seen from Table 2 our IHW post perihelion observations
correspond to a phase when the sun-comet-earth angle increased to
a maximum of 66°.1 and remained there for next few days. In fact
the phase angle on 17 Mar was 65°.9 which is also very close to
the maximum phase angle value. |
The 1linear polarization measurements of this comet have been
made by several other authors during the recent apparition
(Bastien et al., 1986; Kikuchi et al., 1987; Le Borgne et al.,
1987b; Dollfus et al., 1987 etc). We have plotted the linear
polarization values as observed by them along with our observed

polarization values at the three continuum filters centered at

84



0.365, 0.484 and 0.684 pum, in Figures 3, 4 and 5 respectively. As
a result we have observations from various sources covering a wide
‘range of scattering angle almost from 110" to 180°. The features
observed from Figures 3, 4 and 5 are: (1) except at low phase
angle (180° =~ scattering anglé) the polarization is élways
positive. The cross over from positive to negative polarization
occurs at the scattering angle of 160° + 10°. (2) the polarization

seems to increase with wavelength when the phase angle is high.

Section 6.3 Cometary grain properties

In the following we make an attempt to find the size
distribution and complex values of refractive indices of the
grains, which will fit to fhese observed values of polarization at
different wavelengths. The dust mass detectors on board Vega and
Giotto spacecrafts, have already found out the dust mass
distribution functions (Mazets et al.,1987, McDonnel et al.,1986)
of comet P/Halley. Assuming that the grains are sphericai in size
and the density of the grain particle ~ 1 gm/c.c, the following
dust size distributioh functions are those obtained by Mukai et

al. (1987) from the in situ measurements (Mazets et al., 1987)

-2

n(s) ~ s ~wWhere s < 0.62 um

n(s) ~ s2-75  yhere 0.62 < s < 6.2 um
-3.4

n{s) ~ s where 6.2 < 5 um

where s is the radius of the grain in micron and n(s) is the
number of grains having radius s. Krishna Swamy and Shah (1988)

have discussed about the particle size 1limit for the reddening and
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Figure3. Polarization values as observed at wavelength A = 0.365um
by different investigators are plotted along with the different
scattering angles(= 180° - phase angle). The dashed curve has been
fitted by the method of least square to the observed polarization

data for complex value of refractive index (1.387 - i0.032).
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Figure 5. Polarization values as observed at wavelength A =
0.684um by different inveSéigators are plotted along with the
different scattering angles(= 180° - phase angle). The dashed
curve has been fitted by the method of least square to the
observed polarization data for complex value of refractive index
(1.374 - i0.052). The observations taken by Kikuchi et. al.(1987)
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the least square fit are plotted across different wavelengths. The
k values have been joined by a solid line of best fit, where the n
vaiues have been Jjoined by a dashed curve by free hand. The
similar values obtained by Mukai et al.(1987) are shown along with

(marked by A).
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polarization calculations. From Krishné Swamy and Shah (1988) we
have adopted the lower limit of particlé‘size to be 0.001 um, for
carrying out the Mie scéttering calculations. Also from the same
work, we have chosen the uppet iimit in.the grain siée to be 20.0
um, as grains bigger than this do not contribute effectively to
the observed ‘polarizatioh. Having the grain size distribution
fixed, we explored a wide range of (n-ik) values to calculate the
expected values of polarization using Mie scattering formulations.
For the phase angle values at which polarizations have been
already observed, we have calculated the expected values of
polarization and then calculated the sum of square of the
difference between the observed and expected polarization values.
Now by varying the values of (n-ik), we found out the best fit
value of (n-ik) for which the above sum becomes minimum. We
introduce a quantity o° which is equal to the above sum divided by
the number of data points. Thus at o we get the best fit wvalue
of (n,k). The value of o gives the confidence level on our best
fit value of (n,k). While doing these calculations we included the
observed polarization values reported by several authors ( Bastien
et al., 1986; Dollfus et al., 1987; Kikuchi et al., 1987; Le
Borgne et al., 1987b) as can be seen from Figures 3, 4 and 5.
These polarization values have been observed through different
apertures and therefore a normalization of these values may be
necessary. But as discussed earlier, since no definite trend of
the aperture dependence of polarization has been established, we
have not made any attempt to normalize these values. Another point
to be noted here is that for A=0.684 um there are no polarization

values available in the literature for this comet at a scattering
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angle > 160°. However, Kikuchi et al. (1987) have reported negétive
polarization measurements of this coméﬁ. at A=0.67 pum at phase
angles > 1606; Therefore while making the least square fit we have
made use of the negative polarization values of the comet observed
at a=0.67um reported by Kikuchi et al (1987). The positive
polarization values obser&ed by Kikuchi et al.(1987) at A=0.67 um
are also plotted in Figure 5 along with all the other polarization
values observed at 0.684 um, but have not been included in the
calculation for (n-ik) at 0.684 um.

The important findings are the following set of complek values
of refractive indices (n-ik) at the three discrete wavelengths

which fit to the observed polarization data.

(n-ik) is (1.387-i 0.032) at 0.365 um with o = 2.9

Il
=
=5}

(1.375-i 0.040) at 0.484 pum with o

I
[\
>

(1.374-i 0.052) at 0.684 um with o

In Figure 6. we have plotted the above n and k values with the
wavelength. All the k values can be fitted into a straight line ‘k
= 0.062 A + 0.009’ by the method of least square (vide Figure 6).
The dependence of n on the wavelength seems to be nonlinear. Apart
from the IHW filter polariﬁetry, we also havé the polarimetric
information on this comet at the continuunm wavelength 0.342,
0.442, 0.526 and 0.641 um as listed in Taﬁle 1. Since these
observations do not have good phase angle'coverage, we do the
following exercise to look into the nature of n-a dependence more
closely, which is otherwise not possible only from the three data

points, defined by the IHW filters.
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From the k-A straight line, we interpolate the k values at the
wavelehgths 0.342, 0.442, 0.526 and 0.641 um and list them in
Table 3. Keeping these k values fixed, we try to find out the n
" values which can generate.the‘polariZation values‘as close as
possible to the observed polarization values. These n values are
also tabulated in Table 3. As a result we get more data points
along the n-a curve, which now help us to see the n-A dependence
in more detail. We have plotted the new set of n values in Figure
6 and the different points are joined by a dashed curve. Finally
in Table 3 we put the actual observed polarization values, along
with the polarization values calculated by using these set of
(n-ik) values. The observed values of polarization seem to match
very well with the theoretically calculated values for most of the
cases as is clear from Table 3.

Mukai et al.(1987) have also found out the A-dependence of the
two parameters n and k. For a comparison we ha?e also plotted
their n and k values (marked by A) in Figure 6. At a particular
wavelength their n value seems to be higher than our n value and k
value seems to be lower than our k value. Apparently there seem to
be no reasons for the difference between our set and their set of
(n-ik) values. However, from the work by Mukai et al.(1987) it was
not clear what were the upper and lower size limit of grain
distributions they have used for the calculation of (n-ik). If the
size limits are different it may give rise to different (n-ik)
values for the two cases. As an example in Table 4. we have
compared the polarization values at differeht scattering angles,
with two different particle size ranges 0.001-20.0 and 0.01-20.0

um. Moreover in order to fit the observed polarization data to the
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Table 5. Percent polarization (P), error in percent polarization
(ep), and position angle (8) in.degreésfin the three continuum

filters for coma and tail, as observed on 19 Mar.

U B R
0.365 . 0.484 0.684
COMA P 13.89 16.67 18.24
£ 1.4 0.2 0.5

e 165.1 166.2 165.0
TAIL P 9.38 14.29 18.99
£ 1.5 0.6 1.0

e 164.1 167.1 171.3
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obtained by Mazets et al. (1987) explaihsfthe observed degree of
polarization of comet P/Halley at different phase angles for
particular-kind of grains whose ©properties have been discussed

above.

Section 6.4 Observation on 19 March
The observation on 19 March has a special significance, since it
was taken for two regions in the comet. An entrance aperture of

4 xm

24" diameter, corresponding to a linear size of about 1.4 10
on the comet, was used to observe (i) the central region of the
coma (which has been already discussed) and (ii) another region
across the dust tail, changing the RA and DEC each by =-66".6 from
the center of the coma. Henceforth, the second region will be
referred as tail.

The degree of polarization (P), errér in polarization (ep), and
position angle (6) for coma and tail regionrare listed in Table 5.
The degree of polarization increases with wavelength, both in coma
and tail region (Figure 7). The coma is found to be more polarized
than the tail at 0.365 and 0.484 um, whereas at 0.684um the error
bars overlap. Also it is noticed that the nature of wavelength
dependence of polarization is different for coma and tail. This is
probably due to the varying distribution of dust particles, the
coarser ones being in the " central regions of coma. Such
segregation of grain sizes are possible, as has been discussed in
chapter 5.

The position angle is found to be independent of wavelength and

also perpendicular (within the errors) to the scattering plane.
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CHAPTER 7

Polarimetry of some interesting astronomical objects

Section 7.1 Variation of linear polarization in R Aquarii system

R Aquarii is a symbiotic systenm v}hich embodies a number of
characteristic properties that distinguish it from other peculiar
stars. The visual spectrum indicates the presence of a cool Mira
variable (period about 387 days) in close association with a hot
unresolved ionizing source of radiation that appears to be
responsible for the higher excitation nebular emission (Merrill
1950, Wallerstein and Greenstein 1980). Encircling this spatially
unresolved ionized region is an extended ring-like nebula which
extends to about 60" east and 75" west of the star, and this
nebulosity moves outward (Hubble 1943; Baade 1944). Also there is
a nebulosity much closer to the sta;, which to some extent is
variable in brightness and structure; it tends to be extended
north and south of the star at right angles to the outer arcs. R
Aqr indicates the existence of a "jet-like’ feature (hereafter
referred to as a jet) of about 6" with a position angle of 29°
from the central star (Sopka et al, 1982; Mauron et al. 1985).
Observations by Kafatos et al. (1983) reveal two discrete knots of
emission-one at a distance of about 6" and the other at 2"-3" from
the central object with P.A. of about 29°.3 and 45°, respectively.
TUE observations indicate that a hot ionizing source of radiation
in the central object, probably a subdwarf, is‘responsible for the
intense ‘1ine and continuum radiation observed (Johnson 1982;

Michalitsianos, Kafatos, and Hobbs 1980). Several models have
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recently been advanced to explain the appearance of the emission
features of R Aqr. Kafatos and Michalitsianos’ (1983) model
invokes supercritical mass exchange at periastron between the
tenuous envelope of the Mira and a‘hot'subdwarf moving in a highly
eccentric (0.84 = e = 0.92) orbit with a 44-year period. Spergel
et al. (1983) have suggested a different model. According to their
model, discrete clumps form in the neutral stellar winds of the
Mira variable which are eventually illuminated and excited by the
UV flux from the orbiting companion when these clumps enter the
Stromgren volume.

Linear polarization measurements are important in understanding
the peculiar geometry of the material surrounding the central
object and the jet associated with the subdwarf. Wavelength and
time dependence of polarization can be used to put constraints on
the geometry of the object and to identify the mechanism(s)
responsible for the polarization. In view of this, we have carried
out linear polarization measurements of R Agr in the UBVRI bands.
our observatiohs give additional support for a binary model for

the R Aqr system and suggest precision of the jet.

Section 7.1.1 Observations

Observations were made during November-December 1984 on the one
meter telescope of the Indian Institute of Astrophysics, Kavalur
with a two channel photopolarimeter discussed in chapter 2. The
filter system is UBVRI. Measured values of percent polarization
(P) and position angle (8) at different phases, and earlier

observations of Serkowski (1974) and Ladbeck (1985), are listed in

Table 1.
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circumstellar shell around the Mira variable..
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Section 7.1.2 Discussion of results

Figure 1 shbws then obéerved wavelength dependence of 1linear
polarization in the UBVRI bands at different phases. Observations
of Serkowski (1974) and Ladbeck (1985) are also plotted for
comparison. It is clear from the figure that the R Aqr shows
strong wavelength and time dependence of polarization and position
angle. As R Aqr is comparatively near to us (about 200 pc) and is
located at high galactic latitudes (-70°), the interstellar
polarization is expected to be negligible. Hence the observed
large percent of polarization and its variation with time are
intrinsic to R Aqr. In Figure 1 we see several interesting
features in the percent polarization (P) as well as in the
position angle (8): (a)In the ultraviolet the polarization is
large and varies between 5.37% to 19%. The data, as indicated in
Table 1, were obtained between 1974 and 1984. These data show
short term (one month) as well as long term (ten year) variations
in P. (b) The position angle in the ultraviolet has remained
unchanged at an angle of about 120°, though small variations with
time are observed. (c) The polarization in the VRI bands is small
(between about 0.5% to‘7%). (e) The position angle in the VRI
bands, unlike in the U band, show large changes ranging from 20°
to 170°.

All of these observations support, and may be explained
through, the binary model for the R Aqr system in which a hot
subdwarf is orbiting around a Mira variable. When the white
subdwarf is close to the periastron, mass transfer from the Mira
variable takes place with the formation of a disk around the white

subdwarf. When the mass accretion exceeds a critical 1limit, jet
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Table 1. Polarimetric observations of R Aquarii

Date Filter 2 P > e - € References
A eff : p o 08
’ (um) (%) (%) () )
14 Oct,1974 N 0.345 19.00 0.9 108 1 Serkowski, 1974
U 0.365 6.80 0.2 109 1
B 0.450 . 0.50 0.1 3 6
v 0.530 1.79 0.1 20 1
R 0.660 2.14 0.1 34 0.4
I 0.880 2.25 0.1 31 0.2
Sep28-0ctl7, U 0.360 7.00 0.5 133 2 Ladbeck, 1985
1983 B 0.440 4.02 0.2 137 1
OIII 0.514 1.34 0.4 . 154 8
Cont.
Tio 0.622 0.39 0.3
Ha 0.636 0.43 0.2
Cont.
Ha 0.657 0.28 0.1
RK 0.798 0.35 0.1
Nov2,1984 U 0.36 5.37 1.0 136 5 Present Obs.
B 0.44 3.96 0.3 139 2
Vv 0.55 1.50 0.1 148 2
R 0.62 0.44 0.1 156 7
I 0.80 0.23 0.0 164 4
Decl9,1984 U 0.36 13.56 0.9 120 2 Present Obs.
B 0.44 3.96 0.3 105 1
v 0.55 1.50 0.2 122 2
R 0.62 0.44 0.1 126 4
I 0.80 0.23 0.0 121 4

104




structures are formed (Kafatos and Michalitsianos 1982). ~The
optical and radio observations (Sopke et al. 1982; Hollis et al.
1985) of R Agqr indicates the existehce of a jet. When the gas in
the jet is heated by intense UV radiétion from the white subdwarf,
a high degree of polarization arises due to Thompson scattering.
This explains the observed feature (a) above. The observed jet has
a position angle 29° (Sopka et al. 1982). If the polarization in
the U band arises from the jet one would get a value of 119° as
given in Table 1. This explains the observed feature (b) above.
The small variation in position angle in the U band around the
expected value of 119° may be due to precision of the jet around

an axis; however more data are required to confirm this. The above
findings indicate that the effects obsérved in the ultraviolet are
mainly due to the white subdwarf. As we come to the longer
wavelengths, especially in the R and I bands, it appears that the
main contribution comes from the mira variable. The polarizatioﬁ
in these bands may be due to the dust shell around the R Aqr
system (as observed in (c) above). The large changes in position
angle at the V, R, and I bands may be due to changes in the
nebulosity around the R Aqr system.

The above findings strongly suggest that R Aqr has a Mira
variable around which a white subdwarf is moving in an elliptical
orbit. Close to periastron, the white dwarf accretes material from
the Mira variable. A jet-like structure is formed when the
accretion exceeds a critical value. It is likely that the jet may
be precesing (Figure 2). Though the model proposed by Spergel Et
al. (1983) explains most of the features we have observed (a, c,

d, and e), it fails to explain feature (b) -- ie, the position
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angle in UV remains almost unchanged. Further observations are
needed to explore (a) whether polarization‘and the orbital period
of the white subdwarf have any correlation, (b) whether the jet
weakens - at ‘apastron,’ (c¢) "whether the jet precesses, and (d)
whether a 387 day periodiéity’ in the Mira variable has any

correlation with the I band polarization.

Section 7.2 Polarimetric investigations of some peculiar
supergiants.

Stars HD161796 (F31b), HD101584 (FOIape) and HD163506/89
Her (F2Ipe) are F—éupérgiants and HD89353/HR4049(B9.5) is a
hypergiant. All these stars are at high galactic latitude and
their evolutionary stages are not cleér. IRAS measurements show
large IR excess in these stars (Parthasarathy and Pottasch, 1986;
Lamers et al. 1986). Parthasarathy and Pottasch(1986) have
attributed 1large IR Vexcess in HD161796 and HD101584 due to
substantial dust mass around them. Stars HD161796 and HD101584
emit almost as much energy in the far infrared as in the visible
region of the spectrum (Parthasarathy and Pottasch, 1986). Star
HR4049 besides large IR excess, shows severe UV deficiency
(Humphrey and Ney, 1974a and b). Stars HD101584 and 89 Her have
many similarities and both show 10 um silicate emission features
(Humphrey and Ney, 1974a and b; Gillet et al. 1970). It is quite
remarkable that there is no noticeable reddening for either
HD161796 or HD101584. Humphrey and Ney (1974a and b) based on IR
photometry have suggested that HD101584 and 89 Her are binary
stars with cool companions. However, based on the study of

velocity variations Burki et al. (1980) found no evidence of
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binary nature of HD161796 and 89 Her. Star HR4049 shows about 0.4
mag variations in brightness in a time scale of 140 days (WaelkYo
and Rufener, 1983). Other stars also show small amplitude 1light
‘and radial velocity Variations Simiiar to long period cepheids
(Fernie, 1981;1983).

To understand further, the peculiar behavior of these stars,
polarimetric observations were undertaken and investigations are

reported here.

Section 7.2.1.0bservations and analysis
Observations were taken on one meter telescope of Indian Institute
of Astrophysics, Kavalur, using our polarimeter which has been
described in chapter 2. Filter system used was UBVR. Polarization
measurements were made during the dark phase of moon and the
difference between (sky + star) data and sky data is typically ~ 7
to 8 mag and sky polarization is ~ 6 to 7% in visual band.
Therefore the polarization values are meaningful

The results of the observations for all stars observed for the
present program are listed in Table 2, which contains the star

name, JD of observation, P, Ep, 6 and Eg-

Section 7.2.2 Discussion of results

Figure 2 shows the wavelength dependence of P and 6. From the
figure it appears that P and 6 are almost independent of
wavelength in the visual region of the spectrum except for
HR4049 (HD89353) and HD101584 for which the position angles show a
change of 67° and 20° respectively from red to blue region.

Polarization values for the program stars are less than 1% except

107




Table 2 Polarimetric observation of some peculiar supergiants. The

numbers in brackets are error values.

star Julian PU eU PB 99 Pv ev PR en
Date , o
244650, % (°) % °) % °y % )

HD89353 5.24 0.39 179 0.30 34 0.33 66 0.45 59
(HR4049) (0.11) (8) (0.04) (4) (0.03) (2.5)(0.10) (6)

HD101584 5.22 0.94 132 1.12 119 1.29 116 1.29 113
(0.10) (3) (0.04) (1) (0.03) (1) (0.01) (1)

HD161796 4.34 0.60 117 0.57 117 0.60 110 0.50 107
(0.10) (5) (0.04) (2) (0.03)(1.5) (0.06) (3.5)

HD163506 5.44 0.64 66 0.60 60 0.83 61
(89Her) (0.04) (2) (0.05) (3) (0.07) (2.7)
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for HD101584 for which it is higher than 1%. Since all these stars

are at highj galactic .latitude, ‘the expectéd interstellar

‘polarization is much less (.< 0.2%) than the observed values. In

addition the wavelength dependeﬁce of P, for all stars, is quite

different compared to the interstellar polarization. Also the

position angle for interstellar poiarization is 1independent of

wavelength, whereas in present case at least two stars show
significant changes in 6. Hence the observed polarizations are
intrinsic to the stars. These observations along with large IR

excess, but with almost negligible reddening (Parthasarathy and

Pottasch, 1986; Lamers et al. 1986; Humphrey and Ney, 1974a and b)

are discussed in the following:

The large infrared fluxes from these objects have been
attributed to the massive dust shell around these stars
(Parthasarathy and Pottasch 1968; Lamers et al. 1986). The degree
of polarization in optical region is rather low which perhaps
indicates almost spherically symmetric distribution of the dust
around the stars. Since there are no observational evidence of
polarization in F supergiants, we assume that the intrinsic
radiation from the star to be unpolarized and the polarization is
introduced by the scattering of light due to the circumstellar
matter. All stars show weak wavelength dependence of polarization
which is indicative of 1large dust particles ( > 0.3 um for
silicate grains) in the circumstellar shell. The presence of large
grains also explains the zero reddening (Drain and Lee, 1984)
observed in the optical region for these stars (Humphreys and Ney,
1974a and b). Stars HD101584 and HR4049 show some additional

features in their polarization curve (Figure 3) which can be
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attributed to other characteristics associated with the dust

shell. These two stars are discussed here- in detail.

HD101584: This star shows a slow increase of 'polarization
towards the red wavelength and also shows (Figure 3) wavelength
dependence of polarization angle, namely 6 decreases by ~ 20° from
U band to R band. The error in position angle in U band is ~ 3°.
In other bands the error is much smaller than in U band (Table 2).
Therefore, the change of 20° in position angle is quite
significant. This is indicative of multilayer dust shell having
grains of different sizes or there is a radial gradient in grain
size. The IR spectrum shows that the infrared flux continuously
increases with increasing wavelength up to 100 um (Parthasarathy
and Pottasch, 1986), which could be due to temperature gradient in
the dust shell. This supports the view that the grain size changes
radially. The degree of polarization shows a very slow increase
towards the R band and attains a maximum value at R band or beyond

this wavelength. Therefore the most typical grain size is expected

to be about 0.3 um (assuming silicate grains).

HD89353 (HR4049): This star presents very interesting case.
Earlier Mathewson and Ford (1970) have reported the polarization
value of this star through B-filter. The present measurements show
that the degree of polarization has weak wavelength dependence
whereas the position angle shows strong wavelength dependence; 6
changes by ~ 67° from U band to R band (Figure 3). The change in 6
is much  larger than the error in observation (Table 2). The

observed degree of polarization has a minimum in the B band and
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increases slowly towards shorter and longer wavelength. The nature
of the observed wavelength dependence of polarization and position
angle is quite different than the usual interstellar polarization.
- Therefore the radiation from the'staf is intrinsically polarized,
though the observed polariiation contains a mixture of
intgrstellar polarization. However, the contribution of
interstellar polarization is expected to be much less than the
observed polarization as the star is located -at high galactic
latitude (b=22°.5). The interstellar polarization for this star
has been estimated as follows. Interstellar extinction for this
star is small (Mathewson and Ford, 1968). We have adopted
extinction ~ 0.2 mag., which corresponds to a polarization value ~

0.2% (assuming P/Av =0.025 (Greenberg,1978)). Therefore, we adopt

[¢]

P (interstellar) ~ 0.2% and 6 (interstellar) = 75 (Mahewson and

max
Ford, 1970) for the direction of this star. Further we have
adopted the interstellar polarization law; P/Pmax = exp(-K 1n2(

/A) (Serkowski,1975) with AL = 0.55 um. The corrected values

Amax ax

of the observed polarization have been obtained by subtracting
vectorially the interstellar polarization values from the observed
values. The polarization values in UBVR bands thus obtained are
respectively 0.45, 0.31, 0.14 and 0.27 percent and the respective
position angles are 99°, 162°, 26° and 24°. This again shows that
the position angle flips near B band. Also the degree of
polarization increases on both the sides of BV bands.

Oone possible explanation for this kind of wavelength dependence
could be based on two shell model - one shell containing small
particles and the other containing large dust particles. The net

polarization is the result of the superposition of polarization
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produced by twc shells. Assuming silicate grains of refractive
index m=1.66 and the extinction efficiencies given by Greenberg
(1978), we infer that the smaller particles are of the size 0.05
um and bigger particles being 0.8um. The symmetry axis of two
shells should be different to broduce the flip in the position
angle. Based on the energy distribution from 0.155 um to 100um
Lamers et al. (1984) have also concluded to the presence of two
kinds of particles - small size particles being 0.05 um and larger
.particles being 1 pum. Our finding also gives the similar results.
Lamers et al. (1984) have also suggested the possibility of
spherically asymmetric shell around the star. However, the
polarization observations cannot be expiained only on the basis of
spherically asymmetric shell. The comparison of the present
polarization measurements with the values reported earlier by
Mathewson and Ford (1970) in B filter does not show variation.
This perhaps reinforces the possibility of single star surrounded

by two dust shells.
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