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ABSTRACT

et

The discovery of X-ray burst sources has provided
a powerful astrophysical pfobe to study the nature of the
compact objects. The observations of the X-ray burst

Sources at other wavelengths provide valuable data about

the physical processes at work in the surroundings of the

compact objects. Among the X~ray burst sources the Rapldf
 Burster, BB, (MXB 1730-33%5) displays a unique behav1our,

Thé RB located in Tiller I, a compact globular cluster
\‘\eXperiences large visual interstellar extinction (AV,\/11)
since it is locateq near the galactic center. Conse-
quently it is very difficult to obtain the optical‘obSeré
vations of either the RB or Liller I. Tdller I having
the the BB in it can be observed at IR wavelengths since
the interstellar extinction is appreciably small in the
IR spectral region (AK ~~ 1:1). We have recorded 6 IR
bursts at 1°6k/LLm on 4/57April 1979, for the first time,
frpm the central region of Liller T which we believe are
from the RB. The observed 2-3 second rise time and the
peak luminosity ~u 2 x 10°8 ¢ rg s in OjB/Lnlband~
width centered at 1.6 /A,m indicate that the IR burst
radiation is non- thermal in its origin. The pOSSlblllty
of proton-cylotron emission mechanism giving rise to

the IR radiation is suggested.
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The Be stars as a class have been studied. 55 Be

stars were observed in the J, H and K bands. A few
brighter members were also observed in the T band. MNost

of them show IR excess. The thesis contains new IR obser-—

 vations for 20 Be stars. The important result that haéﬂ
emerged from our analysis is the importance of the role
played by stellar bolometric flux, L,, in deciding the
energetics of circumstellar envelope. From BO té B8

L, changes by two orders of magnitude and all through
this range the total _continuum luminosity, Trps of the
circumstellar envelope is proportional to ¥y, . By geo~
metric considerations it is shown that the energy input
to the circumstellar envelope by ILyman continuum flux,
L; ; from the central star cannot account for the observed
continuum flux Lyp. The luminosity of the Balmer Heg
emission line is shown to be proportional to the IR
continuum luminosity of the circumstellar envelope,

IiRo As a result the IR excess becomes an indicator of
Be phenomenon. Also a long term variability of infrared
£lux with a time scale of a few years is observed from
the present and the previous available IR data. It

has been shown that the IR variations are accompanied

by variations in the equivalent width of the Ho¢ line.
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In addition to the IR observations of the RB and
the Be stars, J H K photometry of XX Cam, a member of the
group of peculiar variable stars known as RCB stars, is

presented. It is shown that the absence of IR excess in

XX Cam is related to its comparatively quiscent behaviour

in the optical region.
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CHAPTER T

INTRODUCT ION

1.1 INFRARGD ASTRONOMY - AN INTRODUGTION

Sir W.Herschel in the year 1800, alongwith

digcovering the infrared part of the electromagnetic
spectrum also obtained the first infrared astronomical
:]Qbservations. In fact he observed the sun at infrared

. wavelengths. The next historical advancement was done

by Charles Piazzi Smyth through his studies of infrared
radiation from the moon in the year 1856. It is interest-
ing to note that inspite of the discovery of infrared
spectral region as early as 1800, only during thé_last
20 years or so astronomical observations in the infrared
have gained the recognition as one of the major branches
of observational astronomy. The main reason for the iate
: development of this field was ndnmavailability of

\  detectors with sufficient sensitivity. Also the standard
~model stellar atmospheres do not allow the photospheres
to have sufficiently low temperatures ( < 2000 K)
because in that case photosphere will not be stable
against gravitational collapse. Hence stellar sources
‘with mo st of the emitted energy at wavelengths longer
than 10 um were not suspected. The early results indi-

/
.cating the presence of substantial flux at 10 ;Lm



(Mehdoza 19663 Low and Smith 1966) came as a pleasant
gurprise and greatly aécelerated the growth of infrared

astrononmy.

Because of necessity the initial efforts were

concentrated mainly towards ground based observations.
Consequently one could work only in the existing atmo-
spheric windows transparent to infrared radiations. These
windows and hence the ground based observations are restri-
'uCted tQ wavelengths shorter than 25 }Am on the lower side
"and longer than %50 fLm on the higher side of wavelength.
In certain high altitude dry sites observations at 35 f{m
are possible. At wavelengths longer than 1 fLm mainly -
water vapour (HQO) and carbon-di‘-oxide render the atmo-
sphere opaque except in certain windows. The weaker bands
of methane (CH4), nitrous oxide (NéO), carbon-monoxide
(CO) and ozone (03) which are minor constituents of the
atmosphere also couse partial obscuration to infrared
radiation. However, in recent years the availability of
different space platforms has made the entire infrared
spectral region amenable for astronomical studies. Conven-
tionally, the spectral region with wavele ngths longer

than 40 f‘m ig referred to as far infrared and it merges

into submillimeter region. After acquiring the initial
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rudimentary observations, in last few years sophisticated
Jinstruments are belng flown above the atmosphere (Soifer
and Pipher, 1978). However, the development of sensitive

detectors working in the far infrared region still remains

_as.one-of the urgent needs of the astronomical community.

The advent of infrared astronomy has served two
purposes. It has made possible to study the sources and
phenomena that could only be studied in the infrared. For
example, objects with temperatures less than 3000 K emit
4 qust of their energy in the infrared and under certain
J _astrophysioa1 conditions the non-thermal radiation is
emitted prominently in the infrared. Because of steep
decline in the interstellar extinction in the infrared,
the highly obscured regions such as dense dark clowls,
center of our galaxy etc. become transparent in the
infrared, and hence can be studied most effectively in
the infrared. Observations in the visible region of such
objects are not possible due to high extinction (Strom et
~al. 1975 Rieke, 1978). The other aspect of the astrono-
mical Studiés in the infrared is adding new information
about the objects already studied in other spectral
regions. Tor example, the IR light curves of novae

carry definitive information on grain formation and
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}_growth (Ennis et al. 1977; Szkody et al. 1979; Gehrz et
~ al. 1980). Ik observations will provide important con-

straints for the gtructure and extent of accretion discs

_in cataclysmic variables (Sherrington et al. 19803 Frank

et al. 1981). Close binary systems undergo mass transfer

‘during their evolution. IR observations of these objects
' Will reveal important‘information about dust and gas
--cbmponents (Phillips et al. 1980). The thermal emission
from cometary dust peaks in the IR and consequently IR
observations are very valuable in understanding their
nature (Ney, 1976). Dust present in the H II regions

is most effectively studied at IR wavelengths.

Another example of usefulness of IR spectral :
region 1s the possibility of studying astrophysically
important molecules whose vibration-rotation lines 1lie
mainly in this wévelength fegion. The abundant moleéules
of H2, CO and HZO present in the stellar spectra can be
~observed only in the IR, while other molecules like VO
and CN and atoms like neutral helium, carbon and sulphur
have their strongest transitions in the 2 fam region.

IR observations have provided important data about the
abundances of light elements in stellar atmospheres

(Spinard and wing, 1969). Also,the isotopic abundance



studies have become possible (Thompson and Johnson

1978) with the advent of high resolution IR spectroscopy
énd’the%é are Very helpful in understending the nuclear

processes taking place in stellar interior and mixing

~ phenomenon -in-the-stellar surface layers+ —Studies of

oxygen isotopes o and 180 have shown evidence for
enrichment of 17O in cool giants (Maillard, 1974 and

Geballe et al. 1977).

1.2 INFRARED ASTRONOMY FROM SPACE

As noted earlier, beyond 25 rim the terrestrial

atmGSphere is completely opagque and at wavelengths less

than 25 ﬁLm the atmosphere is transparent only within
restricted ranges. 'Progress in this field has been
‘coupled to the development of the detector and technical
capability to place the payload above substantial portion

of the atmosphere.

Far infrared observations have been obtained from
(a) high flying aircrafts (h ~~ 10-12 km), (b) balloons
(b~ 30 km), (c) rockets (b~ 200-500 km, for a few
minutes only). Already the data acquired by these
space platforms has brought surprising and unexpected

new results.
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Far infrared observations of H II regions and mole-
cular clouds have shown that they are very bright at
A = 100 ftm (Tow and Aumann, 1970). These observations

‘yhave emphasised the role of dust in determining their

_energy balance and evolutionary sequence.

Remarkable decrease in the interstellar extinction
at IR wavelengths provides new means of studying the
galactic structure. Targe scale infrared emission in the
galactic plane and from the galactic centre has been
observed all through the IR spectral region ~ 2.4 jam to
100 L me The reasons for the near infrared observations
from balloon are weak intensity gradient and large angular
extent. The unique gap between the OH bands of the atmo-
 Sphere at 2.4 ﬁam allow the observations to be made
without airglow interference. TFirst far infrared obser-
vations of our galactic centre region showed that 100 #Lm
emission is common throughout the galactic plane (Hoffmann
et al. 1971), emphasising the importance of dust emission.
In general far infrared and radio continuum surface
brightness are well correlated (Alvarez et al. 1974).

An interesting observational result that has emerged
- out of the detailed mapping of the galactic center

region at far infrared wavelengths is the double lobed



Stfucture (Harvey et al. 197635 Rieke et al. 1978). Further
j%he two lobes of peak brightuess at 100 4 m are located
bﬁ either side of the galactic center region where 30 P~m

bbservations show a peak (Gatley and Becklin, 1981). The

,mépgofwthe,2.4 ﬁLm emission in the galactic plane shows
_é distribution characteristic of edge-on galaxy (Okuda,
3;1981) consisting of two components,disc and bulge with
’ 'the bulge brightness peaking at galactic center. Also

~ the 5 kpc complex, where differént constituents of the
galactic disc like OB star, H IT1 regions, CO emission
‘and H 166 o« radiation peak, shows up in the 2.4 P,m
maps (Hayakawa et al. 19763 Okuda et al. 1977).

In case of extragalactic studies, the most astonish-
:fing result was the discovery of prodigal amount of energy
in the far infrared from Seyfert Galaxies (Low and Aumann,
1970). Because of the limited available apertures, the
sizes of the infrared emitting regions in the Seyferts
‘have been deduced from the temporal variability studies.
These studies which provide upper limits for the sizes
have hinted at non-therwal processes. High spatial
resolution far infrared studies of Seyfert galaxies

will provide clues for the emission mechanisms.



The Wein part of the 3 K blackbody distr dbution
fal]s in the realm of far infrared spectral region: As
a reoulf far 1nfrared observatlons have provided

aluable data for studylng cosmic background radlatlon,

(Robson et al. 1974 Woody et al. 1975).

The first sky Survey from space was carried out
by Alr Force Geophy81oal Laboratory using rooket borne
1nqtrumentq at the following 4 Wavelengths viz. 4 fim,
11 fhm, 20 pem and 27 }Lm (Price and Walker, 1976), |
The far infrared sky survey experiment (FIRSSE) presently -
1982 - in progress will extend the wavelength acoveragé

~to 120 /Aln -~ Price et al. 1981). The possibility
of aohlev1ng considerably hlgher sen81t1v1tles in space
has been demons trated by AFGL rocket sky survey (Price
'and Walker, 1976) Howover, the rockets provide data
over a very limited time interval and for long duration
observations IR satellite is the only way out. The first
IR space mission is the Infrared Astronomical Satellite
(IRAS) scheduled for launch in late 1982. IRAS will
use 0.6 m telescope cooled to ~v~ 15 K and its main
o soientifio objective is an all sky survey in 4 bands
 covering the wavelength reglon 8 fo 120 ym. The

next committed space mission is the space telescope
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T) observatory, with an uncooled 2.4 m primary mirror,
which will have IR photometer as one of the focal plame
,instrumentsn The main advantages of 3T are improved

“ spatia1 resolution and exceptional pointing accuracy

. (Moorwood.,. .1978)

1.3  GROUND BASED INFRARED ASTRONOMICAL STUDIES

The extensive stellar infrared photometric studies
  by Johnson and his group in the early stages of the
development of this field provided the basic data of
'importance\to stellar studies. In his review paper
Johnson (1966) has summarised the results about stellar
colour indices, bolometric corrections and effective'
femperatures° The next important development was the
'\_sky survey at 2 ﬁam by the CIT group (Neugebauer and
 ii€ighfon, 1969)= It gave an idea of how the infrared
'jTSkyﬂlooksn' | |

As mentioned earlier the ground based studies are
carried out through the atmospheric windows which are
centered at the following wavelengths viz. 1.25 /Lrn(J)

1.65 pom (H), 2.2 o (K), 3.4 pea (L), 5.0 jpem (M),
10.0 M (W) and 22 o (Q). Conventionally 1 %o 5 jm
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f;region is referred to as the near infrared and 6 1o

”35_fam ‘as the middle~infrared region.

‘Oﬂe of the important results of stellar infrared

studies is that a significant number of sources show

departures from the blackbody spectra in their energy

;{ diStribution, Given the spectral class of a star, which
:;fdeoides the effective temperature, one can obtain the

. expected blackbody energy distribution. If the obsérved
radiation exceeds the expected radiation in any spectral
_ region then the object is said to have excess radiation
gin that particular spectral region. With present under-
réfénding the observed infrared excess is usually attri-
buted to (a) dust re-emission or (b) plosma emission
processes - thermal and non-thermal. The ground based
galactic infrared observations cover a wide variety of
objects ~ stars, H IT regiona, dark clouds, molecular
clouds, planetary nebulae, novae and galactic center.
Extragalactic coverage 1s also equally impressive-normal

galaxies, quasars, BL Iac objects and Seyferts.

The early (1960's) infrared astronomical work done
_ Using the ground based telescopes and space platforms
1s summarised by Neugebauer et al. (1971) . Tater review

~ articles by Fazio (1976), Beckman and Moorwood (1979)
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and Reike and Lebofsky (1979) disouss the subsequent

‘;:developmentsq- Proceedings of TAU Symposium No.96 on
Infrared pstronomy (edited by Wynn-Williams and

Cruikshank, 1981) - covers extensively recent obser-

_vations, their interpretation and the theoretical .

aspects in infrared astronomy and astrophysics.

1.4 SCOPE_OF THE PRESENI! WORK

The work presented in this thesis consists of
ground based near infrared photometric observations of

selected objects at J H K L bands.

The instrumental set up used for the said obser-

vations is described in Chapter II.

The following three different kimds of celestial

¢ 8ources are studied.

1. The X-ray Rapid Burster MXB 1730-33%5
2. The Be stars
3. The RCB stars.

The discovery of X-ray burst sources has provided
~a powerful astrophysical probe for study ing the compact

objects and their environments. Amongst the X-ray burst
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sources the Rapid Burster, RB, (MIB 1730-335) is indeed
@ remarkable object and has greatly influenced the course

 of theoretical attempts to understand the nature of the

burst sources.

Observations of the X~ray burst sources in other
spectral regions will prowxide important clues to the
~_emission mechanism and the nature of these sources. AS

a result of worldwide coordinated observational campaigns

\fsﬁmultaneous optical and X-ray bursts have been observed
from three burst sources: KB 1735-44 (Grindlay, et al.78)
 MKB 1837+05 (Hackwell et al. 1979) and MEB 1636-53
(Pedersen et al. 1979). However, the.case is different

for the R B.

| The RB is located in the highly reddened globular
cluster Liller I which is near the galactic oéniﬁr and
falls in the Scorpius constellation. The large inter-
“stellar extinction, A, ~. 11, (Kleinmann et al. 1976)
. makes optical observations of RB almost impossible. Under
these circumstances near infrared studies can be employed
as powerful diagnostics to study the RB. The theoretiml
calculations of Drs.Apparao and Chitre (1979) indicated

that IR bursts should accompany X-ray bursts from the RB.
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Also the prior knowledge of the approXimate active period
of RB makes it possible to plan observational program in
advance. The results of our successful detection of IR

bursts from RB are presented in Chapter III.

The Be stars are characterised by the presence of
,1h§drogen Balmer series lines (He , Hp ...) in emission.
in the generally accepted model of a Be star the origin
of circumstellar envelope is attributed to the material
lost from the central star from its equatorial region.
The relevance of IR studies of Be stars comes about
;becauSe of the following reasons. The presence of a
circumstellar envelope around a central star is the
cause for all peculiar behaviour of Be stars. So to
 understend the nature of Be phenomenon it is essential
1o study the structure and physical conditions of the
envelopes of Be stars. Infrared photometry is one of
the powerful tools for studying Be star shells since the
Shell emits a substantial part of its total energy in
this wavelength region. With this end in view JHKL
Qbservations for a group of Be stars were taken. In the
present work the Be stars are studied as a class and
no emphasis is given to detailed behaviour of indi-

vidual members of the class. An attempt is made to
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’work out the details of enefgetics of the circumstellar
shells. Correlation studies of the total continuum

 éhé11 flux, the physical parameters of the central star
”and the hydrogen emission line strengths have been done.
M“Also 1ong term-few years time scale - photometric vari-
ability of Be stars is studied. This work is presented

in Chapter IV.

R CrB is the prototype of a peculiar class of
variable stars known as RCB stars characterised by the
following properties. Their brightness normally oonStant,
L éﬁdden1y drops by several magnitudes at irregular inter-
\fals and then slowly recovers to the initial level.
Spectroscopically they are distinguished by overabundance
of carbon and deficiency of hydrogen. Another character-
’istic feature is the presence of excess infrared radiation

at all times.

The excess infrared emission from RCB stars is due
to different mechanism than those operating in the case
of RB and the Be stars. The hypothesis of thermal re-
radiation of the stellar flux at longer wavelengths
Satisfactorily accounts for the observed infrared excess
in RCB stars. The occasional mass ejection episodes

which manifest as fading of the star in the optical
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~ region, replenish the circumste I1-r material. Of all
 the RCB stars XX Cam has shown virtually no change except
only once of visual fading during last 80 years. JHK
observations. of XX Cam have been taken to look for the

infrared excess. These results are presented amd

discussed in Chapter V.

The data presented in this thesis were obtained
- with 1 m Sampurnand reflector of the Uttar Pradesh State
Observatory, Nainital, and 1 m reflector of the Indian
Institute of Astrophysics, Bangalore at Kavalur. A few
observations of some bright Be stars were also taken on

~the 0.5 m reflector at Kavalur.




CHAPTER TIT

INSTRUNMENTATIO N

el

7 ,2.1 INFRARED PHOTOMETRY ~ AN INTRODUCTION

Infrared photometry as at any other wavelength

 'consists of measuring the amount of radiation coming from

‘;ﬁa region of the sky which contains the object of interest°
‘ 'HoweVer, the peculiarities of the infrared radiation
ﬁdemand special techniques for the successful detection of
'ﬁhé precious signal from astronomical objects. For
ﬁéfound based bbservations the main problem is the terres-
trial atmosphere. Over years, the observational proce-
‘dures that permit acquisition of IR astronomical data,
inspite of the severe limitations of the earth's atmo-
sphere, have been improved and perfected. These nave
been very nicely reviewed by Tow and Rieke (1974) and
Lena (1978). The following paragraphs briefly describe
the details of the procedure currently followed by grouﬁd

‘based infrared observers.

In the atmospheric windows, alongwith the star
light all the time thermal emission from the sky which
18 wavelength dependent will be reaching the detector .
Because of this the contrast between the source and the

background is considerably reduced making signal
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gdefeotién difficult. Intaddition, this thermal emission
ffgm fhe atmoéphere itself varies. This varistion, conven-
tiéﬁélly referred to as sky noise, is site dependent and
1in‘é given place 1t varies with changing meteorological

conditions. Very few attempts have been done to stuly the

i%ehaviour of the sky noise (Blanco et al. 19763 Allen and
 Barton, 1981). The limited available data indicates that
 the power spectrum of the sky noise is flat in 1-3 fL m
Wavelength range at :> 1 Hz and for frequencies less

_ than this it shows 1/f dependence (Allen and Barton, 1981).
TIn’order to surmount these difficulties the beam switching
:fechnique is adopted for infrared observations. Two beans,
one containing the object of interest and the other one
looking at adjacent sky are alternately presented to the

de tector. Only the difference between these +wo signals,
 Which is proportional to the source strength, is tapped

~ from the detector for further processing. By carrying out
'kthis alternate sampling at the appropriate rate (usually

> 10 Hz) a modulated signal with its a.c. component pro-
gpprtional to the incident stellar flux is generated

 rejecting the lower frequency noise.

Any room temperature object in the field of view

of the detector radiates Profusely in the infrared
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(XN>3 /me) and reduces the signal to noise ratio. So
it is necessary to cool all the detector associated com~
ponents of the photometer. In the near infrared liquid

~ nitrogen cooling is adequate and beyond 5 /j_m liguid

“helium cooling becomes essential

5.2 INFRARED PHOTQMETER

We have used our photometers in conjunction with

the reflectors meant for optical astronomy. These optical
/}reflectors have neither the provision for vibrating the
iiSecondary nor for nodding the telescope to accowplish the
| chopping. Therefore a vibrating tertiary mirror near the
fobal plane had to be used for presenting alternately

the star plus sky and nearby sky fields to the detector.
To avoid microphonics fhe chopper and detector housing
‘:were always independently mounted on the Cassegrain plate.
This reduced the transfer of microphonics due to moving
‘parts of the chopper to the detector since the mechanical
coupling between these two is only through the telescope.
The telescope damps the vibrations very efficlently

since it has a large weight.



DS Phdtoneter:

In the first version of the photometer, which was
really for our own training, uncooled lead sulphide (PbS)
detector was used. Because of high noise equivalent power

(NEP) of PLS deteotoryWstarsmfain$@£w$hanwzerowKﬁmagnitude

could not be observed(with /N ~ 4) and consequently no
1°fesults obtained with this photometer are presented in
this thesis. TFor the sake of completeness the details

of the TbS photometer are listed in Table 2.1,

fable 2.1

Detalls of the PbS detector and pre-amplifier

a. Characteristics of Pbs de tector

X
-2

NEP (X; 750 Hz, 500 K) 1071 W g

1l

Cell size 7.0 mm x 1.0 mm

il

Time constant ~~ 1 ms
Energy gap Eg = 0.42 eV 1
Long wavelength A = 2°9/4Jn

cut-off ©

b. Specifications of Pre~amplifier
Input impedance 10 M.Cu
2 K.

60 (0.16 ~ 1 KHz)

il

Output impedance

1l

Gain

1l

-

Noise

5 nV Hz ® at 16 Hz.

it
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. Ih the second version of the above photometer the
detector was cooled to'195K° The gain in sensitivity

 was marginal.

Inob Photometer:

| Indium antimonide (InSb) detector not only covers
‘fhe wavelength from 1 to 5.5 /J~m but also has lower NEP
_value. Hence in the later version of our photometer we
 ;have incorporated liquid nitrogen cooled InSb dewar
(supplied by IR TLaboratories, Tucson, USA). The schematic
’diagram.of the optical and mechanical arrangement is given
in Fig.2.1. The system diagram of the photometer, signal

_ processor and data acquisition system is given in Fig.2.2.

The InSb dewar has double walled vacuum isolation
 and provides liquid nitrogen (LNQ) temperature for the
InSh detectorvfilters, apertures, Fabry mirror and first
stage of the preamplifier. To reduce the radiation due to
thermal background falling on the detector, extengive
 baffling is provided. Tor manual selection of the filter
and focal plane aperture,obntrols have been brought
’butside the dewar through vacuum seals. The dewar is

fitted with a calcium fluoride»(Oa%w) window which can
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withstand the vacuum behind it and is able to transmit
90e95% of IR radiation’upto'7 /j.m, A small box contain-
 ing molecular sieve material is'mounted on the cold work
\ sprfaoe'ihside the dewar +to retain vacuum and consequently

~ give longer LN2 hold tiwme. Por imaging the primary mirror

of the telescope onto the detector an off-axis concave

Tabry mirror was used.

The InSb detector and preamplifier details are

given in Table 2.2.

Table 2.2

e

InSb detector and preamplifier details

a) Characteristics of InSb detector

Phtovoltaic Mode

- ~L
NEP ¢ 2.4 x 10 15 W Hz * at 2 ﬁLm )

-15 i ) for 5-50 Hz
1.0 x 10 W Hz ~ at 5 /Lnl

Energy gap By, (77 X) = 0.23 eV
Long wavelength cut off \ o = 004 m
Impedance at 77 K : 5 x 10900

Cell size

0

0.5 mm diameter

Time constant I B O

b) Preamplifier Specifications
Frequency Response : DC to 25 KHz (% dB)
Noise at 77 X 20 nv Hz”%'(5~4o Hz)
Output impedance 250.13~°
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The preé@plifie;.model IAé is designed to operate the InSb
 detector in current mode,ioe; monitoring of current Ey
holding the voltage across p-n junction of the detector
constant. This results in linear responsivity of the

detector over a very large range and hence suitable for

astronomical purposes. The dual matched FET and the feed-
back resistors are mounted on the cold work surface along-
with the detector to reduce the contribution due to
Johnson noise. There is a provision to adjust the bias
%fvoltage to near zero value resulting in maximum signal to
noise ratio. The pre~amblifier is dc coupled to the

. detéctor. Because of this, at pre-amplifier oﬁtput a
large offset corresponding to the background radiation
will be present. The pre-amplifier is ac coupled to the
  neXt stage to avoild saturation when large dc background

is present. The signal processor developed was such that
the detector noise limited the performance of the IR

- photometer. We have used the method of phase sensitive

; @eteotion (PSD) which very efficiently detects the low
8ignal in the presence of high noise. For PSD, the
reference signal was derived by mechanically coupling

- a position transducer to the vibrating mirror.

The vibration of the tertiary wirror was controlled

by a servo system. The servo system helps the chopper
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mirror to execute square wave motion and retain steady
 mean position. A duty ratio of ~v75%(stable trapezium
3Waveshaye)was realised at 16 Hz with an amplitude of

5.5 mm on the chopper tertiary mirror.

On the data acquisition Side Several facilities

Kinoreased the IR photometer efficiency. Of these the
most importahﬁ was the linear data integrating facility
for increasing S/N ratio on weak stellar sources. The
analog data could be integrated upto 99 seconds in steps
of 1 second and the voltage output was linear upto 15 V.
QThe time base that controlled the integration time was

~ accurate to 4 milliseconds.

To facilitate data reduction the analog signal was
digitised using a voltage to frequency (V/F) comwerter
with a conversion factor of 10 KHz/10V and a linearity
error of less than 0.1%. The observed characteristic
curve of V/F converter is shown in Fig.2.3. V/F count
rate output was accumulated in 4 decade counters for a
Specified time interval. The resulting outputs of these
counters alongwith 6 digit real +ime information (1 milli-
Second accuracy and 1 sec. resolution) were printed with

a 10 digit printer. The broad band interference filters

were calibrated using Beckman dual beam spectrophotome ter
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and transmittance curves are shown in PFPig.2.4. The effe-

ctive wavelehgth >\e for each filter was determined

~according to the following relations.
2

N A T dX

7 l K- J - T Y (2 M1>

A

e

‘ Jx‘h T;(J)\
A

)\1 and >\2 are cut off wavelengths at 0.1% transmission
and T)x is the filter transmittance at a given wavelength

\,)\ « The characteristics of the interference filters are

\llisted in Table 2.3%.

Table 2.3

Interference filter characteristics

Photo- Effective Percentage Effective Flux for zero™

metric wavelength Transmi- Bandwidth  magnitude )
Band )\, (/Lm) ssion Axg (/Lm) F(X) (W cm
at )\e -1)
S U - A %é@“_-
= ~-13
J 1.26 69 0.27 5.4 x 10
- o -13
H 1.65 77 0.28 1.28 x 10
K 2.25 73 0.39 3.9 x 1074
zZ =15
L 5 .64 80 1.16 8.1 x 10

* Adopted from Johuson (1966).
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The technical details of the infrared photometry

program are given in Table 2.4. -

Table 2.4

e TR T e o

Characteristics of the Infrared Photometry Program

Telescope diameter 1 metre reflector

o2

Telescope set up

o0

Cassegrain optical system

Telescope f/no /13

EX

Modified f/no

se

£/20 (by optically relay ing)

Focal plane apertures

°0

0.5 mm, 1.0 mm, 2.0 mm

Plate scale factor

02

10 seconds of arc per mm

Detector field of view

matched to £/13

12 to 16 Hz

oo

Chopping frequency

oo

Sensor cryogen

29

Liguid Nitrogen
Focal plane temperature

Detector

o0

77 K
Fabry Mirror

FE™ pair and
feedback resistor

|
|

--....,......—-._.-.—._.m.—......n.--.‘,,...——.q.....—_._._...’_..—-,_...._.._.—_...._-u--....‘........-_...—...._.__.__.-..._._...._._...a... e
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A typical section of the chart record is shown in
Pig.2.5. The details of the observing sites are listed

in Table 2.5,

Table 2.5

Observing site details

S M S Pt P A S B AL T G0 AR i Ul i R Bt i e S S P, St et e ) P B o SR S PO RS Pl St A S B g SO AR ol W A R SR et Bt S ot s SR i S

Kavalur Nainital
Latitude +12° 34.58¢ +29° 21.65°
Tongitude 78° 49% 4As5m ®m 79° 27" 24" B

( 5M5™ 19°%) (5B 9™ 49,719)

Altitude 725 m (2380 £+) 1927 m (6322 ft)

D ST T ORD 1l U A (i 170 T 1 8% 4 R G T AV W P i it et o ot P 4 ar 3 s e Rt e S 28 AR LA B e B s S O P e i S Y 3300 A3 P b o0 e

2.3 DETECTOR CAILIBRATION

The response R of the detector is defined as the
voltage output per unit incident flux. This is one of
the basic parameters that characterise a detector and

is given by

R=V,/T W evs (2.2)
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fwhére VS and ¥V are the rms values of the fundamental com-
ponents of the signal voltage at the detector output amnd

~ power incident on the detector respectively.

The response of the InSbh detector was determined

in the laboratory using a blackbody source. The incident

power P was determined using the following equation.

P=AON N (T)AXN 1, (2.%)
i 2 2
where A s etendue (cm™ sr) = A, A2/d

A, : detector area (cmz)

A, s blackbody aperture area (cu?)

o

distance between the blackbody aperturé

and the detector (ecm).

N (T) : radiance of blackbody at temperature T

at effective wavelength XN, (W om—2/LLUf1

Sr"1)

A ¢ Effective bandwidth of interference
filter (/ALUD

Tf ¢ Transmittance of the filter at the

effective wavelength.
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(Product N>wa<T> PAN T is a reasonable approximation
forkf‘ N}\TA dX  where )\1 and >\2 are the wavelengths

where filter transmission T,>\ is less than 0.1%).

Ny . (T) was calculated using the following

equation.

L 1.2 x 10—16 R P I
\N%e<T>= - i cm f&m sr

5 m
> (exp (1=44/)\e T) - 1)

e (2.4)

(%(3 in cm and T in K)

Experimental values of parameters for calculations of R

are 1listed below.

Ay = 1.965 x 107 on® (d; = 0.5 mm)
Ay = 3.167 x 107 cu® (a, = 0.635 mm)
d = 324 cm |

T = 973 K

A = 5,921 x 10 om2 SR

The incident radiation on the detector was modu~

lated using a square wave chopper at 20 Hz. However,
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the incident power on the detector has to be specified in
/térms of rms value of the fundamental component. For a
l’Square wave the rms value of the fundamental component is
| 0.45 times the peak to peak amplitude (Hudson, 1969),

therefore W.= 0.45 .

The laboratory measurement of detector noise

' i
yielded a value of V, = 30 /J,V Hz 2 at 20 Hz. The noise

. equivalent power (NEP) was calculated using the relation

v | 1

NEP = EB W Hz = v oo (2.5)

The results of the detector calibration for the

experimental values listed above are given in Table 2.6 .

fable 2.6

Detector response at effective wavelengths of JHKL bands

RIS S e S e W T i ) M i T St o 7 W R bt B4 Mo Y W i MO A i PO Y SO I S WY SR SR WD e e L i B R Y WU Ve MAED S e O e S e K e i SRS e P

Pilter (Ae ) w(rms) V(rms) R _ NEP(Ae’ 20 Hz)
1

- watts  volts W L
g 1.26 1.49x107° 7,5%107° 5.05%x10° 5.94x107 14
i 1.65 7.17x107 1% 53,0510 1.12x107 2.68x107 14
12 14

K 2.23 2.17%x107 "¢ 5.3x107° 2.44%107 1.2%x10”

2

1 3 .64 8.10x107 12 1.5x1072 1.85x10° 1.62x10" 4

T T S T R i 02 2 o S M Sty S 1t P G sy S e G TV SV S e g S i R e e G e B AR G i B R it et i e S O A i v i o e e S o W
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1

At the telescope, a value of 1.9 x 1074 ¥ uz™®

_for NEP (2.2% anu 16 Hz ) was ttalﬂbd This slightly
 h1Fhur value of NEP (compared to the laboratory value)
1,may be due to the additional noise contribution from

mirror baffles, telescope structure, etc.

2.4 ATMOSPHERIC BEXTINCTION AND TRANSFORMATION TO
. STANDARD SYSTREM

The first step in reduofion of the observations was
the calculation of 1notrumental magnitudes j, h and k.

They were obtained using the following equatiors.

j = -2.5 log d; soe s (2.5a)
h = -2.5 log dy N (2.5b)
k= 2.5 log dy N (2.5c)

where d's are observed deflections normalised to a

'particular fixed scale.

On all observation nights it was not p0351b1e to get an
extended set of observations to determine the atmospheric
extinction coefficients. So it was decided to adopt the
following extinction coefficients wh ich were determined

on 11/12 Feb.1981 at Kavalur.
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ky = OM15 , k= 0707 and ke = 0409 oo (2.6)

- Manduca and Bell (1979) have calcula ted the theo~

retically expected atmospheric extinction coefficients,

Cor the filter-sets—employed—inKittPeak National

jObservato:qy instrument, as a function of water vapour
/éxpressed in.precipitable mm. The absorption in infrared

, # ,
is mainly due to molecular bands of water vapour. The

transwission characteristics of the interference filters
eﬁployed in our InSb photometer are similar to the ones:
used in KPNO instrument. The observed values of water
kaapour at Nainital for 18 days in November/December 1976
:range from 2.5 to 4.3 mm (Kulkarni et al. 1977). The
1fheoretical extinction coefficients for 5 mm water vapour
are 0@10, OTO7 and 0?07, for Kitt Peak J, H and K filters
respectively. The extinction coefficients used in the
present oalculations (equation 2.6) are in gere ral agree-
 _menﬁ'with the calculations of Manduca and Bell (1979). To
/minimise the extinction .corrections comparison stars,
Lying within 5 to 10 degrees of program stars, were
almost always observed. Further, on most of the occa-
'éions both program and comparison stars were observed

at zenith angles less than 45°,
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The extra-atmosphere magnitudes and colours
‘ kdenoTed by the subscript zero were obtained usimg the

’: equat ions given below.

k= k-l 7 e (2.7a)
(J-k)g = (3-k) - (kg - Ig) 2 veen (2.7D)
(h-k), = (h-k) - (ky - Ig) 2 ceer  (2.7¢)

where 7 is the zenith angle.

The extra-atmosphere colours and magnitudes in the instru-
mental system were then transformed to the standard photo-

metric system of Johnson (1966) with the help of following
 equations (Hardie, 1962).

(7-K) = /U..JK (3-k)  + EJK R (2.8a)
(H-K) = Mk (h=k) + T (2.8b)
Ko= k o+ & (0-K) + T, R (2.8¢c)

where J, H and X are magnitudes in Johnson system.

The scale constants /&'s & £ and zero-point

~ constants T 's were determined with the help of obser-
vations of standard stars from the list of Johnson et

al. (1966) and they are listed in Table 2.6. The



errors in the observation were estimated by calculating
ffhelstandard deviation of zero-point constant values
determined from standard star observations. The typical

errors on most of the nights are i'O@O7 and + 0W1 when

fWere takén only for the selected bright program stars.
;Because of the limited T band observations transfor—
’5mé$ion to the standard system was not done. The T band
‘gfluxes were directly converted to magnitudes with the

:help of standard star observations.

eeing was poorer.than average. —fhe-I-band—observations —
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CHAPTER TII

THE X-RAY RAPID BURSTER MXB 1730-335/IILIER I

3.1 INTRODUCTION

The discovery of celestial X-ray sources has drama-

- tically changed our perception of the nature. The study
of these X-ray sources has been extremely rewarding in
gathering host of data which possibly explain the physics
of some of the exotic objects such as white dwarfs;
neutron stars and black holes. The observational evidence
indicates that gravitational energy released during the
accretion of matter onto a compact object adequately
explains the X-ray emission ffom a large number of these
sources (Blumenthal and Tucker, 1974)., The galactic
binary systems at an appropriate stage in their evolu-
tionary sequence have the necessary physical envirommeht
for X-ray emission to originate. With the advent of satel=-
lite observatories large number of X-ray sources were
detected (Forman et al. 1978; Cooke et al. 1978) and
extended observations of individuwal Sources have become
available. The modulation collimators have yielded

more precise position information of the X-ray sources
than that found in the earlier surveys and as g result
optiéal identifications of large number of galactic

X-ray sources became possible (Bradt et al. 1979).
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1 The X~-ray sources with‘early type, O or B, optical counter-
_parts emerged as a homogeneous group. Most of the X-ray
pulsars (15 out of 19) have OB companion stars. In general

this class is known as massive X-ray binaries. The X-ray

luminosity of these massive X-ray binaries is quite large,
.Ik‘ﬁv'1034 to 1038 erg s"1 and the ratio Ik/ibpt where
Typy 19 the bolometric luminosity, varies from 107 40

o~ T

In 1975 December, Grindlay and Heise (1976) dis-
covered an entirely different kind of X-ray source located
in the globular cluster NGC 6624, since then known as
X-ray burst source. Most of the time thdis source emits a
certain amount of steady X-ray flux and all of a sudden
in less than few seconds it literally bursts, attains ten
times higher flux level and in the next few tens of
seconds it comes down to the original level. The discovery
frame of the X-ray burst from NGC 6624 is shown in Fig.%.1.
Immediately after this discovery Lewin's group at MLT
(Zewin, 1977) and Swank's group at GSFC (Swank, 1976a,

%
1976b) made impressive contributions to this newly

emerged branch by discovering other ~~ 20 X-ray burst

sSources.,
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At present (1982) the total number of known X-ray
burst sources is around 30. Tewin and Joss (1981) have
reviewed in detaill the properties of the X-ray burst

sources. The following paragraphs briefly discuss the

general characteristics of the X-ray burst sources.

The X-ray burst sources belong to a group of
bright X-ray sources known as galactic bulge sources
which are different from the massive X-ray binaries
discussed earlier (Tewin, 1980). The galactic bulge
sources form a distinct group of bright <Ik Z, 1004 erg

S ) X-ray sources. The main distinguishing feature

between galactic bulge sources and massive X-ray binaries,
that leads to a variety of differing observed properties,
seems to be the companion star: low mass late type com~
panion in galactic bulge X-ray sources and early type

companion in massive X-ray binaries.

A typical X-ray burst has the following character-

istics:

g

i. Rise time to peak Lluminosity in less than

few seconds.

ii. Maximum luminosity, T, -~ 2 x 1078 org 571,

iili. Decay with time scale of about ~s 10 s.
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The range in the recurrence time of the bursts is from
few hours to days and individual sources have burst

active and quiescent periods.

The early attempts at optically identify ing the

L-ray burst sources were successful in associating the
globular clusters as the seat of these burst sources.
It was not possible to pin-point a particular object as
the burst source because of the high central stellar
densities of the globular clusters. The optical iden-
tification of MKB 1735-44 (McClinktock, 1978) was an
important observational clue since it is an isolated
point source (V ~v 1775), Subsequently five more burst
Ssources have been optically identified with faint blue

objects having stellar appearances (Iewin and Joss,1981).

The optical spectra of X-ray burst sources consist
of swooth continuum with a few emission lines of Hell,
OIl, N IIT and conspicugusly lack in normal stellar
absorption lines (Canizares et al. 1979). This behaviour
5losely resembles optical spectra of Sco X-1 and cata-
clysmic variables at minimum light (Bluementhal and
Tucker, 1974). The spectral similarly suggested that
the bursters could also be binaries having an accretion

disc around the neutron star. Canizares et al. note
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that fhé suspected binafy companions are main Sequence
stars having spectral type later than FO. The direct
cvidence for binary nature of X-ray bursters was obtained
by Walter, Vhite and Swank (1982) who discovered absor-

ption dips recurrent with a 50 min period from 4U 1915—05»

White and Swank (1982) attribute this period to the under-

lying orbital period of the system.

Of the 30 known X-ray burst sources M(B 1730-335
discovered by Lewin et al. (1976a) stands out from the
rest by its unique behaviour. It has been very aptly
named as the Rapid Burster (RB). Series of X-ray bursts
from BB during its active phase in March 1976 are shown
in Figure 3.2. When active, the RB emits thousands of
bursts in a single day. The availlability of large number

of bursts from RB has made its detailed studies possible.

Recognition by Hoffmann et al. (1978) that the
X~ray bursts from the RB could be classified into two
types was a ma jor advancement towards understanding the
origin and production mechanism of the X-ray bursts.
They classified the X-ray bursts from the RB into type I
and type II. The phenomenological classification details

are given below.
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Type I X~ray burstss

(i)&mm;hﬂmﬁﬂﬁofhmmstodwﬂ(mw

be even longer)

(ii) Distinct spectral softening during

burst—decay-

Type II X-ray bursts:

(i) Burst intervals of seconds to minutes.
(i1) No distinect spectral softening during

burst decay.

'Blaokbody spectrum with temperature T~ 2 x 107 X
fits reasonably well into the observed L-ray data of
type IT bursts from the RB and the ten@erature T of the

blackbody remains same all through the burst duration

(Hoffmann et al. 1978). On the other hand though black-
body spectrum fits the observed energy dis tribution of
type I bursts from RB and other burét sources, the tem—
perature of the blackbody decreases during the burst

decay (Swank et al. 1977; Hoffmann ot al. 1978).

5.2 CHARACTERISTICS OF RB

The total energy values of the individual bursts

are sypread over two orders of magnitude: 1036~~1O38 erg.
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The majofity of the bursfs from RB follow B - At relation
where E is the integrated energy‘of individual burst and
At is the waiting period for the next burst to occur

i.e. larger is the total burst energy longer will be the

time taken by the immediate following burst to make its

appearénce. However; at the lower end of the range of
total burst energy the linear relation ceases to operate
and zﬁi;the waiting period attains a value which is
independent of E. Because of reasonably good positional
accuracy attained by SAS-3 1t was known that the EB is
directionélly very close to the galactic center. Conse-
guently heavy interstellar obscuration made the optical
identification almost impossible. Following/the a nmounce-—
ment of the discovery of RB, Tiller (1976) undertook a
photographic program to identify this source. By photo-
graphing the region of the sky containing RB at 0.8 Fl m
Liller found a faint, highly reddened, compact extended
object. Tiller noted that most likely this objéct is a
globular cluster. Kleinmann et al. (1976) using 1+5 prm
photometry to‘overcome stupendous interstellar extin-
ction convincingly showed that the faint object found

by Liller, since then known as Tiller I, is indeed a
globular cluster. By performing multiaperture photo-
metry at 2,2 /i_m Kleinmann et al. showed that Liller I
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is a highly concentrated globular cluster. They also
cstimated the total visual extinction suffered by Liller I

to be Av A~ 11 magnitudes.

After the burst active phase in April 1976 of RB
when-the-discovery-was—madey—it-was—found—that-RB-became
burst active again in April-May 1977 and September 1977.

This suggested that RB is a recurrent X-ray source.

Marshall et al. (1979) made detailed study of
10,000 type II bursts from the RB acquired during March-
April 1976 and divided thew into mode I and mode ITI,
according to their burst energy. When the RB is in
mode I, the burst energy ranges from ~~ 5 X 1037 erg to
~ 5% 10°7 erg with the burst distribubion being bimodal.
"MajOrity of the mode I bursts have energies arowd

39
~ 2 X 1038 erg while very few have ~v 4 x 10 erg.

~ During mode IT all the bursts have roughly the same

energy /\J.1O39 erg and the spread in energy is only a

factor of 10,

. Combining 1976, 1977 anl 1978 data Marshall et al.
(1979) note that RB seems to become burst active about
every 6 months with the active phase lasting 2 to 6 weeks.
They also suggésted that most likely each active period

starts with mode I and ends with mode II.
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5.3 IR OBSERVATIONAT, PROCEDURE

The RB was observed with the InSb photometer during
April 1979 and August~September 1979 with the 1 metre

reflector at Kavelur. The April observational program

“was planned to coincide with the expected X=ray burst
active period, based on the previous 3 years X-ray data.
The August-September progrem was undertaken after
receiving the intimation (Hakucho group) of the beginning
of X-ray burst activity of RB. The details of the IR

observations are given in Table 3.1.

As mentioned in %.2 the globular cluster Tiller I
experiences heavy interstellar extinction and is not seen
even on the yellow plate taken with 4 m telescope (Tiller,
1977). This means that even though Tiller I is reasonably
bright at IR wavelengths (Kleinmann et al. 1976) acqui-
sition of the same in the focal plane of the photometer
has to be done blindly. The Carl Zeiss reflector at
Kavalur has Star Changing Device (D) as an accessory.
SCD has the capability of manoeuvring the telescope to
pre-assigned position from any given reference point.

SCD can move the telescope either in Right Ascension (RA)
or Declination (Dec.) axis in steps of one second of apc.

The relative pointing accuracy of SCD is few seconds of
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arcAfor angular teleséope movement of few degrees. Using
IRC»30317,FWbich is ~~ 2.5° east in RA and ~~ 0.75° north
in Dec. with respect to the RB, as the reference object,
the RB was acquired in the photometer beam. Immediately

a guide star was obtained in 8" finder telescope by off-

setting it and then on, main telescope was guided manually

using the finder telescope.

5.4 IR OBSERVATTIONS AND DATA ANATYSIS

In the month of April RB rises after mid-night and
culminates around 0400 hrs local time at an altitude of
45° at Kavalur. Observations of the RB with its altitude
greater than 30° could be taken for about 2 hows in the
early morning. Standard star photometry was conducted

prior to RB ohservations.,

The InSb photometer described in Chapter II is
basically designed for point sources. The largest avail-
able aperture is 2 mm which corresponds to ~~ 20 seconds
of arc on the sky. For all RB observations 2 mm focal
plane aperture and 2 mm chopper throw was used. Since

Liller T is an extended object (angular diameter

D ~» 80 seconds of arc) our smaller chopper throw will

modify the observed magnitude values of LillerI's steady
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emission. However, any variations in the RB contribution
to the IR flux of Tiller I will be faithfully recorded by

our instrument since RB is most likely a point source.

The IR photometer being a single channel instru-

ment, continuous monitoring of any given source can be done
in only one waveband at a time. On April 4 and 5,1979
observations were carried out in the H band. The photo-
meter was looking at the central portion of the globuler

cluster Tiller I with a 20" arc field of view.

3.4:1 Steady IR emission from Tiller T

The flux and magnitude values of Tiller I were
obtained from the observations of oalibration.stars,'The
list of calibration stars used for this purpose and their
IR magnitudes are givenin Teble 3.2. On 1979 April 3/4
and 4/5 continuous observations were taken in H band.
During the second set of observations in later part of
April 1979 steady IR emission from Liller T was measured
in J H and X bands. The observed magnitudes are listed
in Table 3.2. Also given in Table 3.2 are the magnitude
values of Liller I as reported by Kleinmann ot al.(1976).
Before comparing our values with those of Kleinmann et al.

it is necessary to take into account the differing
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| PILTER J H K
SOURCE
Present Work 8.86 7.47 6.53 (a)
8,32 6.9% 5.99 (D)
Kleinmann et al. 8.16  6.41 5.75

Galibration Stars®

HR No.
3188 2.82 2.58 2.28
3903 2 .56 2.12 2.02
4550 4.94 4 .49 4.38
4689 - 3.7% 3.75
- 4983 3.24 2.96 2.90
IRC~30317 1.8 0.85 0.60
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(a) Observed magnitudes with 20 seconds of arc beam
diameter (& ) and chopper throw (d) of 20 seconds
of arc.,

(b) Magnitudes after correction due to smaller aperture
and throw as compared to that of Kleinmann et al.'s
values of @ = 24" ‘and d=90",

$ Megnitude values of calibration stars are taken from
Johnson et al. (1966) except for HR 4689 whose magni- -
tude values are taken from CIT Standard star list
(Neugebauver, Private communication).
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 ‘observiﬁg conditiohﬁ in these two cases. Kleinmann et al.
‘observed Tiller I with.24 seconds of arc aperture and a
chopper throw of 90 seconds of arc vhere as for our obser-
“vatiors both aperture size and chopper throw were

20 seconds of arc. Taking the 2.2 fkm flux dependance

on the beam size as given by Kleinmann et al. we =~ esti-
‘mated the correction to be applied for our observations
due to the smaller aperture and smaller throw, as

Ay = 0.54. The corrected magnitudes are also listed
in Table 3.2. It is seen from Table 3.2 that after
necessary correction our J andK magnitudes agree within
experimental errors with those of Kleinmann et al.
However, the reasons for H magnitude difference

(~o 0™5)is not clear .

34432 Detection of IR bursts:

On the night of 4/5 April 1979 we detected six
bursts during 2 hours and 40 minutes of observation time.
During the observations the zenith angle of RB varied
between 54° and 47°. We have not applied extinction
corrections to the observations because of the proxi-
mity (2.5° E and 0.75 W of the RB) of calibration
source IRC-30317 and not too large zenith angles. Time

was manually marked at regular intervals on the paper
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 'ohart'ro11 using event marker facility to an accuracy of
about 1 second. The chart speed during continuous moni-
toring was 20 mm minm1; Taking into consideration these
factors, the time accuracy in reading the data is about

2 seconds.

The profiles of all the 6 bursts observed on 4/5
April 1979 are shown in Fig.%3.3. These burst events are
labelled from 1 to 6. It should be noted that the burst
number 6 has a composite structure and the two components
are designated 'a' and 'b'. The individual characteristics

are separately listed for these two components in Table 3.3.

- The peak flux is derived by comparing IR burst
observations with measurements of standard stars on the
Same night. The integrated burst flux is estimated by
measuring the area enclosed by burst profiles. Inter-
stellar extinction correction at 1.65 fLm is obtained on
the basis of 1/X dependance for the interstellar
extinction. One gets Ay = 1.47 for the adopted value of
Ag = 1.1 (Kleimmann et al. 1976). For calculating peak
luminosity and total energy of the IR bursts dis tance

of the RB and the source géometry are required. Assuming

isotropic radiation and a distance of 10 kpc (Kleinmann

et al. 1976), peak luminosity Li%

Ergp for each burst are calculated using Eqns 3.1 and 3.2,

and total burst energy
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Table 3.3
IR bursts from Iiller T/MKB 1730-3%

Peak Burst
luminosity energy
Time of Rise Dura- in 0.3 sam in 0.3 aam
Burst occurrence +time t1ion FWHM interval at interval

 No. (ur) (s) (s8) (s) 1.6/Lm) at 1.6/u,m)

— — s S s
— .—..—......-—-—--..—:.——-...—-——.—...——-.——-.——-.—-..........._..._....-«———--—--——...-...——-—.--—-.—.——-——-_.........-.......-—- L p—

1 2aM33M0® 5 39 12 2.2 3.0
2 2241 24 2 36 12 1.9 2.0
3 23 45 06 5 36 12 2.0 2.6
4 2% 47 30 3 24 9 1.7 1.5
5 00 0% 00 > 36 10 2.2 2.5
6a 00 04 54 2 20 6 2.3 1.7
6b 00 05 12 2 19 6 1.6 0.9
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P 5 P
LIR :4Trd FIR LI ) (301)
2

Jif[R = 4—7T d fFIR(t) dt ® 8 v 0 (302)

where d is the distance and FIR(t) the flux at time t.

The details of the time of occurrence, rise_time,
duration, full width at half maximum (FWHM), peak lumino-
sity and burst energy are listed in Table %.3. Inspection
of Table 3.3 reveals that all the characteristics of IR
bursts have a close similarity with each other and are
in general phenomenologically similar to the X-ray bursts.

The salient features of these bursts are listed below.

1. A total of 6 bursts during ~~ 160 minutes

of observation at 1.6 anu

2. The rise to the maximum is fast ~~ 2-3 s,
followed by a slow, almost exponential

decay in next ~v 30 seconds.

5. The average peak luminosity is
~ 2 X 1Oj7 erg Sm1 and the average total
burst energy is ~~ 2.4 x 1038 erg 1in a

bandwidth of 0.3% ijn centered at 1.6 f&nh
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3.4:3 Detection of Double enhancement:

After two nights observations on 3/4 and 4/5 April,
extended monitoring of RB was carried out from 15 to 23

April and 22 August to 4 September 1979. The observational

set up was identical to that of April first week: The

duration and times of the observation are lisfed in
Table 3.1. During April observations comprising of 9.5
observational hours, no bursté were detected either in
H or X band. However, on one occasion, 19th April 1979,
& double enhancement of flux in K band was observed. The
temporal characteristics of these enhancements do not
resemble those of the IR bursts detected on 4/5 April
1979. The profiles of the enhancements are shown in
Fig.3.4 and have been labelled as A and B; the details
are given in Table 3.4. The second enhancement occurs
immediately after the first one. The profiles are
symnetric about the peak value. A correction of AK: Te1
due to interstellar extinction (Kleinmann et al. 1976)
has been applied while calculating the burst energy. It
is interesting to note that the energy contained in the
enhancements is of the same order as the average burst

energy of the H band bursts of 4/5 April 1979.
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Table 3.4 -

Characteristics of double enhancement in K band of
MKB _1730=335,_0n 1920 April 1979._

Time of Peak Total energy
occurrence  Dura-  luminosity in 0.4 prm
Event of peak tion in 0.4 4m band -width
(U.T.) (g) bandwith erg
' erg g~
A 23%34™20° 308 1.83 B 37 2.75 E 38
B 23%35™20° 46 s 2.14 B 37 4.82 E 38
XV



'During Avgust/Septeuber 1979 most of the time
during 12 observetional nights Qloudy weather prevailed
and we could obsceve the RB for only 2 hours 40 minutes.

No increases exceeding the system noise were observed.

3.5 DISCUSS ION

The general characteristics of IR bursts observed
by us, except for the rate of occurrence, closely resemble
those of the X-ray bursts. However, in absence of simul-

taneous X-ray coverage of RB during our observations,

definite association of the IR bursts with X-ray bursts
can not be ascertained. For the present discussion we
will assume that the observed IR bursts originate from
the RB and make an attempt to develop a scenario that

explains the observed facts.

As mentioned in Section 3.2 X-ray bursts from the

RB are classified into type I ahd type I1 depending on

their spectral behaviour and also on the recurrence time

of bursts.

Ags the IR photometer used for our observation was
a single channel instrument no spectral information on

bursts is available. As the occurrence time of type I
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bursfs.is between an héur and a few days, the 6 observed
bursts in 2% hours could not be associated with type I
bursts. Thus if the IR bursts have to be related to the
EB X-ray burst activity, a possible association can be

done with type IT X-ray bursts. However, there may not

be one to one correspondence between the IR and type IT
X-ray bursts from the RB. The recurrence time for type II
X-ray bursts is few tens of seconds to minutes. Before
proceeding further let us see the constraints put by the
IR observations for the IR emission region and emission

mechanism.

To explain the characteristics of IR burst emi-
ssion mechanism the brightness temperature has been
calculated. A+t the infrared wavelengths the blackbody
Spectrum can be represented by Rayleigh - Jeans distri-
bution. Then the surface brightness of the source I ( )
which is the flux emitted normal to the surface per unit
solid angle, area and time, at a wavelength > can be

written as

IT(XN) =2 ke Ty (X)) x4 erg s on™? or” ! o]

cose (3.3)



N

where k is the Boltzman Coﬁstant,
¢ 1s the velocity of light and
T, (N ) is the brightness temperature .

%
From the observed peak luminosity, L, the surface

brightness can be calculated knowing the total emitting
area. The 2 to 3 seconds rise time of IR bursts suggests
that a major portion of the IR burst emission would be
originating in a region having linear dimensions less
than 3 light seconds. Substituting the average observed
value of I' = 2 x 1097 erg 87 and noting that this is
for a bandwidth of 0.3 fLIH at 1.6 /1rn one gets

I (1.6 /4 m) = 2.09 x 108 erg s on@ er”! on

From equation (%.3) the brightress temperature is

obtained as

Tg (1.6 /A_m) = 1.65 x 108 X

Blackbody spectrum with T ~u 2 x 107 K fits
into the energy distribution of typical type II X-ray
burst. The high value of Tb implies that the IR burst

radiation is nonthermal in origin. If the IR radiation
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were to be thermal in its origin then the X-radiation
from blackbody with T, = 1.65 x 10%will greatly exceed

the obserVed value.

For type II X-ray bursts from the RB, in mode I

the burst energy ranges from 5 x 1O37 to b x 1039 erg
while in mode II the average value of burst energy is

~~ 8 x 1038 erg. The average IR burst energy is

o~ 2 X 1038 erg. It is important to note that this IR
burst energy has the contribution from only 0.3 pem
wavelength interval at 1.6 /Lnu This'shows that the

IR burst energy is more or less comparable to X-ray burst
energy and this is quite different from the case of
optical bursts froum X-ray burst sources. For the 3 burst
sourced from which simultaneous X-ray and optical bursts
have been detected, the ratios of observed optical to
L-ray energy fluxes corrected for interstellar extin~-
ction for both persistent emission and bursts are listed

in Table 3.5,
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Table 3.5

Y T et e 3

Eopt/EX
source. Persistent  Burst Reference

s We—

MXB 17%5-44 4 x 1074 6x 1072 Grindlay et al.(1978)

MKB 1837405 9 x 1070 1 x 1074 Hackwell et al.(1979)

s

MKB 1636-53 4.5 x 107° 1.2 x 107 Pedersen et al.(1982)

+ Taken from Iewin and Joss (1981)

................—-.............._.__..__.-.......,_..-._......‘......._..-._._-“...._.....——--—..—...._._.—...-—.—.—_--—-—-.—.___.._-—_..-__—-.--—-.--—

It is seen from Table 3.5 that optical burst
energy is a small fraction of the X-ray burst energy :
~s 107* for MB 1735-44 and KB 1837405 and ~ 103
for MXB 1636-53. Grindlay et al. (1978) note that most

likely the optical burst emission arises as a result of

reprocessing of part of the X~-ray burst flux in the
surroundings of the X-ray burst source. Hackwell et al.
(1979) from their observations of simultaneous optical
and X-ray bursts from MXB 1857+05, arrive at a similar
conclusion that a region with 1-2 light seconds linear
extent situated 1-2 light seconds from the X-ray burst
Source 1s responsible for the ma jor part of the observed

optical burst ewmission. They conjecture +that this
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emitting region could be either an agorétion disc or the
photosphere of a companion star.. The reprocessing of
X~rays in surroundings of the burst source cannot explain
the occurrence of IR burste from the RB since the observed

energies of IR bursts are comparable to X-ray burst

energies.

The present status of the models of X-ray bursts
has been reviewed by Iewin and Joss (1981). A1l the pro-
posed models consist of a compact object and can be
broadly classified into +two groups: (i) a system inter-
nittently releasing gravitational energy acquired during
the accretion of matter onmto a compact object (Baan 1976,
1979; Tamb et al. 1977) and (ii) run-away nuclear fusio
of the accreted material on the surface of = neutron star
(Woosley and Taam, 19765 Maraschi and Cavaliere, 1977).
Till 1978 these two were competing theories. In 1978 when
Hoffmann et al. recognised that the L~-ray bursts could be
classified into 2 types it appeared that both kinds of
mode 1s coﬁld be correct, with one of the two possibly
explaining type I bursts and the other type II bursts.
Detailed numerical calculations of the nuclear flash
model by different groups (Joss 1977, 1978, 1979; Taam
19805 Pujimoto et al. 19815 vallace& Woosley,1981) have
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reprodﬁéed d large numbef of observed features of type 1
X~ray bursts like, the typical burst rise times, decay
time scales, peak luminosities, total emitted energies,
spectral properties, recurrence intervals which come out

to be a few hours which holds true in most of the cases.

However, for only a few systems some difficulties still
exist with these models, for e.g. regarding the obser-
vations of repeated type I bursts within minutes from
MXB 1743-28 (Lewin et al. 1976b) and 4U1608-52 (Murakami
et al. 1980).

In the accretion models the inflowof matter needs
to be modulated to reproduce the temporal characteristics
of X-ray bursts. As pointed out by Tamb et al. (1977)
the rise time of the X-ray bursts gives a clue about the
lpcation of the region where instability takes place.
Rise times of 0.1 to 1 second require that the insta-
bility zone lie within a distance of 105-10% cm from
the centre of a compact object. The magnetosphere

radius R is given by (Vasyliunas, 1979)

¢ B 4/ R 3,/7
R 2 [ X. : X '
> = 2 09 10 . [
Eooeoxot () (2




56

where RX » My and By  are the radius, mass and surface
magnetic field of the compact object. & L is the lumi-

nosity resulting from gravitational accretion of matter.

Hence the magnetosphere presents itself as a

~potential candidate-sinece its radius-not onlky-matches the
required positioning of the instability zone but also

~ provides a gating wechanisw for the flow of material
towards the compact object. AS a result various investi-
gators have considered instabilities at the magnetopause
of compact objects. Tamb et al. (1977) have considered
Sspherically symmetric flow of matter onto the magneto-
'pause of the compact object. They show that such a
situation under certain conditions results in Rayleigh~
Taylor instabilities and makes the magnetosphere ﬁnstable.
This leads to burst-type behaviour. The effect of rota-
tion of the neutron star on the instabilities taking
Place at magnetopause has been considered by Svestka
(1976), Henriksen (1976), Baan (1979) and Joss and
Rappaport (1977). Tor the RB; Baan (1979) has shown
that Rayleigh-Taylor instabilities at the magne topause

of an accreting and rotating neutron star result in

burst energy histogram that qualitatively matches with

the observed one. He also shows that low values of
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accretion rate, M, leads to the bursting behaviour while

higher values of M result in steady X-ray emission.

Apparac and Chitre (1980) have suggested electron

cyclotron maser instability operating =t a few tens of

neutron star radii above the poles of a magnetised neutron
star in a binary system which results in the infrared
emission. The electrons acquire the necessary erergy
from protons. Purther they adopt a model in Whidh ins ta~
bility in the accretion flow gives rise to type I X-ray
bursts as well as IR burst. Their suggestion is based

on the assumption that TR burst radiation is coherent
since the brightness tewperature inferred is very large
(T ~ 1010 K). However, the large brightness temperature
only suggests that the radiation is non-thermal and not
necessarily coherent. Also as discussed at the begin~-
ning‘of the present sub-section (3.5) the association

of IR bursts with type I X-ray.. bursts is unlikely

because of the discrepancy in recurrence rate.

Presently, nuclear flash model is generally
accepted for type I X-ray bursts as it successfully
reproduces most of the observed features. Simultaneous
observations of X-ray and IR bursts fished out from

1977 data by Lewin et al. (1980) showed that
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MXB.1837+05 (Ser X-1) diad nbt produce bright IR bursts
simultaneously with the type I K~ray bursts. This goes
against Apparzo and Chitre's prediction that IR bursts
should be in general observable from type I X-ray burst

sources .

The occurrence of only 6 IR bursts during two and
half hours suggests that the necessary condit ions to be
fulfilled for IR Dbursts to occur are very stringent.

It appears that whenever the accreting material succeeds
in reaching the neutron star surface, on most of the
occasions the gravitational potential energy acquired

is emitted as an X-ray burst. So all type II X-ray

bursts are not accoupanied by IR bursts.

Following our April 1979 observations, on 5th
September 1979, IR group of Imperial College, London,
detected 2 IR bursts from the RB at 2.2 f&m during 5h15m
of observation (Jones et al. 1980). The profiles of these
burs ts are shown in Fig.3.5& they are similar to those
of ours. An additional feature is the presence of 3
highly narrow spikes superimposed on each of the
2 bursts. Again there was no simultaneocus X~ray
coverage. However, the occurrence of only 2 bursts

. h, _m . . .
during 5715 of observation time once again suggests
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that IR bursts mey not have one to one association with

type II X-rey bursts.

During the burst active period of the RB in August

1979 (Inoue ¢t al. 1980), observation times of two groups

(8ato et al. 1980; Lawrence, 1982) that have acquiréd IR
data, overlap with the Hakucho L~ray observations. Sato
et al. monitored the RB simultaneously in 4 bands viz.,
I, Hy X and L using a multicolour photometer. They have
observations lasting 6h12m spread over 9, 11 and 12
August 1979. There is one instance of the occurre nce

of X~ray burst during 6h12m of IR observations. However,
in none of the 4 IR channels any increase associated with
the X-ray burst was seen. The X-ray data is available
for the onset and first 126s of the burst duration only,
Since the X-ray observations were later interrupted. It
is worth noting that at the time of this IR observation
the RB's X-ray bursting pattern was unusual and very
different than the previously observed behaviour. From

8 to 16 August 1979 the RB was emitting trapermoidal
X-ray bursts (Inoue et al. 1980) .

Glass and Carter (Tawrence et al. 1982) have also
obtained IR observations of the BB during 1 ts August 1979

active per ind. They monitored the RB at 202}f4nlon
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16 and 21 August (total duretion not specified) and did
not detect any IR bursts. The upper limit to the IR
burgt flux is 0.26 Jy. However, on 8 occasions - once
on 16 August and 7 times on 27 Auvgust 1979 - Hakucho

~detected type IT X-ray bursts—from—the—RBr—The T bursts

on 21 August occur within 1 hr 30 win. The rapid burster
after its initial unusual behaviour had started emitting

type II X-ray bursts from 16 August.,

ALl IR observations of the RB discussed i1l Now
suggest that the necessary conditions for the occurrence
of IR bursts are indeed very stringent and only occasion-
ally they are satisfied. The absence of IR bursts accom~
panying X-ray bursts (Sato et al. 1980; Lawrence et al.
1982) on 9 occasions indicates that a1l L-ray bursts are
not accompanied by IR bursts. On the other hand whether
IR bursts from the RB are accompanied By X-=ray bursts is
not certain because of the non-availability of X-ray data

at the time of IR bursis

We try to explain the mechanism of IR burst emi-
sslon by adopting a low mass binary system where in the
magnetised neutron star ig accreting matter lost from
the late type companion. No attempt is made to work

out the details of instabilities that possibly give rise
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to burst type behaviour. Only the possibility of IR

emission in the assumed model is suggested.

Cyclotron emission is likely to occur in the

surroundings of a highly magnetised neutron star. The

largeét IR burst energy suggests that emission region

is close to the neutron star surface. Assuming dipole
field and a value of 1012 Gauss for the surface magnetic
field of a neutron star, we rule out electron-cyclotron
emission mechanism since the corresponding freguency -
near the surface of the neutron star will then lie in

X-ray region.

We propose that proton-cyclotron emission mecha-
nisw operating near the neutron star suface is respon-
sible for the IR bursts. Tor the emission to appear at
146 fAm the required magnetic field can be calcula ted as

followss

The cyclotron angular frequency is given by

(Tucker, 1975)

Ze B . ~1
(> = === radian s | P (3.5)

where Ze is the charge of the particle



62

B is the magnetic field

and m i8 the mass of the particle.

)\: 1.65 /xm corresponds to W 1.14 x 1015 rad sec“1

Substituting this value of W , . Ze and m values

appropriate Tor proton, oné obtains

B~ 1.2 % 10" ¢

The neutron star magnetic field is given as

B (R) =B, ( B )] ceen (3.6)

%

where
By (R) is the megnetic field at a distance R,

Bx  the surface magnetic field, and Ry the radiuvs of

neutron star.

Hence if By = 10'2 G, at a distance R 2 R, the
mgnetic field value is such that the proton cyclotron

frequency matches A= 1.65 /Anh

Now the proton-cyclotron emission will be radiated

only if the following conditions are satisfied.

(1) Protons should emit the energy by cyclotron
process before transfering their erergy

to electrons by collisions.
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v(2) The medium through which the cyclotron
radiation has to traverse should be

optically +thin.

(3) The plasma frequency should be less than

the radiation frequency.

On most of the occasions when the accreted material
reaches the neutron star surface, the conditions there

might be such that all the 3 above mentioned conditions

are not simultaneously fulfilled. As a result all type II

X-ray bursts need not be accompanied by IR bursts.

To understend the nature of TR bursts an extensive
world-wide campaign was carried out in 1980 (Tawrence et
al., 1982). L-ray observations frbm Hakucho were taken
from 14 to 21 April 1980 ang 14 July to 26 September
1980. During the same period, May to September 1980, IR
observations were obtained by different groups. WNeither
X-ray nor IR bursts were detected, Therefore no conclu-
sion regarding simultaneous occurrence of IR and X~ray
bursts could be drawn in this campaign. The RB appears
to have decided not to divulge any more clues by not

becoming X-ray active in 1981 and 1982 (£1ill June).
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More simultanébus IR and X-ray observations of
the BB are necessary to understand the rature of IR

bursts and their relationship with X-ray bursts




- CHAPTER IV

THE Be STARS

4.1 INTRODUCLION

The discovery of emission line B type stars was an

outcome of attempts to systematically classify the stellar

spectra. Angelo Secchi in 1866 noticed that Hx was in
emission in the spectra of ¥ Cas. The first systematic
observational studies of emission line stars was wdertaken

by R.H.Curtiss in 1911. P.W.Merrill, D.B.McTaughlin,

O.Struve and others continued this program and their work
resulted in the first catalogue (Merrill and Burwell,1933)

of emission line stars.

The spectra of Be stars consist of continuous
energy distribution alongwith the usual absorption lines
of hydrogen, helium and other atoms as in normal B type
stars. In addition, bright emission lines of hydrogen
are superpoSed on the first few members of the Balmer
series. The emissién disappears in the higher members of
Balmer series, usually at HS to H15, and the remaining
Balmer lines are in absorption as in the normal B type
stars. The Balmer absorption lines in B as well as Be
stars disappear bevond H16 to H20, The absorption lines

broaden due to Stark effect. They start overlapping and
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resuit.in a continuum béyond a certain member of Balmer
series. The absorption lines of Be and normal B type
Stars, however, differ in one respect. The absorption
lines are broader and shallower in Be stars than in

normal B type stars. There is an interesting relati on-

ship associated with the broadening of absorption lines
in Be stars. 1In 1931, 8Struve first pointed out that the

widths of the absorption lines are proportional to the

widths of emission lines. In some Be stars the lines of
Fell, T1 IT and Si IT show up in emission (Jascheck et

al. 1980).

Some Be stars show shell lines in addition to the
hydrogen emission lines of Ba lmer series. The shell
- lines manifest themselves as Sharp and deep absorption
cores. The shell absorption cores are superposed on the
emission lines in the case of hydrogen and on normal
stellar absorption lines for ionised metals like FeIT,
Cr IT, etc. It has been recognised now, that the orient-
ation of the rotational axis of the star with respect to
the observer decides whether the stellar spectrum will
contain shell lines or not. Only when the rotational
axis 1s either normal or very close to normal to the
observer, the shell lines will be present in the

observed spectrum.
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4 .2 CHARACTERISTICS OF Be STARS

Tn literature various investigators have used the
|
; ! . . . .
word DPe star meaning some what different things. To avoid

ambiguity we adopt the following definitions of Be and B

type shell stars as recommended at T+A+Us SymposiumNo.9 8

(1981) at Munich, Germany (Jaschek et al. 1981).

_Be Star

"A non-supergiant B type star whose spectrum has
or had at some time, one or more hydrogeh lines in

emission' and

B-type shell star:

"A Be star whose spectrum is characterised by the

simultaneous presence of (a) broad absorption lines and

(b) sharp absorption lines which arise from ground states

or metastable levels® .

éinee their discovery in 1866, Be stars have
attracted the attention of many observational astronomers
and a lot of data has been collected. Some of the salient
features of Be stars in optical region are summarised

below,
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4.,2:1 Spectral type and luminosity class:

The frequency distribution of Be stars by spectral
type shows two mexima, one around B2 (Mendoza 1958) and
the other at B8 (Jascheck et al. 1980). The minimum is

around B5. On the other hand the frequency of normal

B type stars increases monotonically towards later

spectral type.

By definition,the Be stars are confined to the

luminosity classes III to V.

The early photometric studies of Be stars by
Mendoza (1958) suggested that, on an average they have
M, = - 3." and are thus about 1 magnitude above the
zero age maln sequence in the H-R diagram. However, the
recent studies (Abt and Tevato, 1977) indicate that some
Be stars can also occupy the region of zero age main

sequence .

4.2:2 Rotation and Polarisation:

As recognised by Struve in 1931 Be stars,as a
class,are rapid rotators; while the average rotational
velocity of Be stars is ~u 200 km s (Allen, 197g),

the maximum rotational velocity observed for Be stars
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is as high as ~v 420 km g~ (31letteback, 1976). The

frequency distribution of rotetional velocities (s sindi )
of Be stars shows a maximum at about 300 km 8"1 (Slettebak,
1979). With the availability of good quality spectro~

gcopic data and improved stellar atmosphere mode ls, the

initial picture of a Be star rotating at critical velocity
is slightly modified. According to the present picture

Be stars are most likely rotating close to but not at

break-up velocities.

0f the observed ~~ 70 Be stars about 50% show
intrinsic polarisation, the average value being ~» 0.9%
(McTean and Brown, 1978; Poeckert et al. 1979). The
peculiar charactéristics of the wide and intermediate
band polarimetry in the visual region of the spectra are
(Coyne and Kruszewski, 1969; Serkowski, 1970) (i) & more
rapld decrease in the polarisation towards the UV region
of the spectrum compared to the interstellar polarisation
curve and (ii) a minimum polarisation just to the blue
side of the Paschen Limit. An interesting recent develop~-
ment has been the detection of changes in the polari-
sation across the emi&éién lines (Clarke and McIean,
19745  Poeckert, 1975). As compared to the nearby

continuum the polarisstion in the wings of emission
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lines is less and at the line center the polarisation
increases in comparison to polarisation of the wings but
is s8t1ll less than nearby continuum polarisation (McLean

et al. 1979).

4.,2:3 Variabilitys

The Be stars have shown spectrbsoopic, photometric
and polarimetric variations ranging over wide time sbales,
So it is convenient to classify these variations into
two main groups as (a) long term and (b) short term and

rapid.
(a) Tong term - +time scale of years

Quite understandably all the initial investigations
of Be stars were spectroscopic in nature and these studies
showed that the emission lines exhibit lmpressive vari-
ability. McLaughlin, based on a systematic variability
study of Be stars found out the following details (Hack
and Struve, 1970). The emission line strengths change
drastically; this is known as E/C variation where E
refers to the emission lines and ¢ to the nearby conti~-
nuum. Certain Be stars develop strong emission com-

ponents over different intervals of time and also at
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times no trace of emission is present and what was once

a prominent Be star looks like an ordimary B type star.
As noted earlier (4+1) in many cases the emission line
is split into two components. The ratio of intensity of

the "violet" to the "red" component changes and this is

called V/R variation. Normally V/R variation consists of
a change in relative intensities of individual components,
with the total emission line intensity remaining more or
less the same. Usually either V/R or R/V ratio does not
exceed 3. Yet another manifestation of spectroscopic
variability of Be stars is the occasional appearance and
disappearance of "shell" absorption lines. I+t should be
noted that these three kinds of spectroscopic varistions

are not mutually exclusive.

Similarly considering the photometric observat ions
of Be stars in UBV bands spread over 16 years, Feinstein
and Marraco (1980) have found out that about 70% of them
vary in V and (U-B) and 50% in (B-V). Also most of these
variations are of long term character and often more

during the shell activity. The max imum amplitude of

variation in V is ~v 0@15u

Though there are limited repeated polarimetric

observations of Be stars available, the existing data
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demonstfate the prGSence of changes in polarisation with
time scales of some hundreds of days (Coyne, 1976). Since
the existing observations are nén*uniformly scattered in
time it is not possible to make periodicity studies. On

an average the change in amplitude of polarisation (Ap)

ig ~ 40% of the mean value of polarisation. However,

in the case of 72 CMa and p Car the amplitudes of the
changes in polarisation are larger than mean polarisation
itself (Serkowski, 1970). Tn the case of o And poléri~
sation and spectroscopic changes appear to be correlated

(Poeckert et al. 1979).

(b) Short term and Rapid variability:

The spectra of Be stars also change on a time
scale of months and days (Slettebak and Reynolds, 1978).
The changes may occur either in Hex equivalent width or
line profile. Going further down the time gcale, the
evidence for changes is some what conflicting. Many
irregular night to night or even hourly changes have been
reported for various Be stars (Doazan, 19763 Bahng,
1976), but are not extensively discussed aml inter-—
preted. Simultaneous measureme mts with independent
telescopes and recording systems are necessary to

confirm the existence of rapid variations .
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Extended photometric data also show evidence of

short time scale - wmonths and days - variability.

The percentage polarisation of the Be stars also

changes over an interval of few tens of minutes to days.

A change of A p = 0.%, within 24 hours has been measured
for & Tau by FPoeckert (1975). Clarke and Mclean (1976)
have reported for < Tau a change of AP ~v 0.2 over

[e]
an interval of 40 minutes in the continuum at Av 4837 A,

4,3 REVIEV OF PREVIQUS IR OBSERVATTO IS

Johnson (1967) first pointed out the fact that the
IR emission from Be stars exhibitsexcesses and attributed
the (K-L) excesses observed for these stars to IR emission
from the circumstellar shells. Woolf et al. (1970)
extended the observations to 1145 f4m and noted that for
the excess IR radiation, in most cases, the thermal freé»
free radiation fits the data quite well. Allen (1973)
from his observations of a large sample of Be stars
showed that the IR excess is a general feature of these
stars. However, because of limited spectral coverage
Allen's data could not distinguish between thermal re-
radiation from the circumstellar dust and freeéfree

emission originating in ionized circumstellar shell..
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From fheir obﬁervations.covering 2 spectral range from
243 /Am to 19.5 fkm Gehrz et al. (1974) found out that
Be stars have a smooth energy distribution devoid of.
emission features at 10 & 20 anu The presence of these

features (10 & 20 f;m) is taken as a strong evidence of

the circumstellar dust shells (Woolf and Ney, 1969;
Becklin and Westphal, 1966; Tow and Krishnaswamy, 1970).
S0 Gehrz et al. ruled out circumstellar dust emission in
Be stars and concluded that free-free emission from a hot
circumstellar plasma shell is the most likely source of

the excess IR radiation of Be stars.

Next advancement that helped in deciding the emi~
Sslon mechanism responsible for the observed IR excess in
Be stars was done by Scargle et al. (1978) who obtained
Spectrophotome tric observations of ¥ Cas. The obser-
vations were done with Kuiper Airborne Observatory and
spectral scanning was accomplished by a continuously vari-
able filter having 1% resolution and operating in the
region 1.2 to 4.1 fxnu The avallability of large
number of data points, compared to broad band photome try,
alloved a detailed spectrsal fitting to be done. Scargle
¢t al. concluded that in the case of ¥ Cas the IR

excess is almost entirely due to the free~free plus
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bound~free emission from a shell of gas at T, ~s 18,000 K

and with optical depth T.~v 0.5 at 1 fJ_m,

Ag described in 4.2.2 the radiation from Be stars

is polarised. The theoretical models attribute this

wWpolarisationwtnmthewexistencewoimanwasymmeiric envelope

around a Be star. The electron scattering in the erwvelope
that is wainly confined to the equatorial region polarises
the radiation of the central star. However, electron
scattering being independent of wave length cannot explain
the observed wavelength dependance of polarisation
mentioned earlier (4.2.2). This wave length dependance

of polarisation is attributed +o the absorption by
hydrogen plasua in the clircumstellar envelope (Coyn89
1976). The fractional contribution from shell increases
at infrared wavelengths and as a result the polarisation
curve should show a dip beyond 1 fgmu This suggestion
was confirmed by the IR polarimetric observations of

T Tauri by Capps et al. (1973). Tater polarimetric
observations in the infrared (Coyne and McLean, 1975

and Jones, 1979) have co nfirmed the general validity of
the hypothesis that polarisation in Be stars is due

to electron scattering of stellar radiation.
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4.4 OBSERVATIONAL PROGRAM AND RESULLS

Selection of Program Stars: The programme stars
were selected on the basisg of their visual magnitude being

smaller than 7.0 and their accessibility during the

observing periods. The smallest intrinsic (V~K)i.colour
amongst the main sequence B subspectral type stars is -~
0.93 for BO V (Johnson, 1966). Then for me = 7, assuming
that no IR excess is present, Wy ~ 8 and this can be
detected with reasonable accuracy (signal to noise ratio
S/N ~u 4 for integration time ~v 18 on 1 m telescope
with the InSb photometer described in Chapter II). The
Selected objects consisted of Be stars having no IR data
and also having previow IR data. in the published 1iter-
ature., 55 Be stars were observed in this program. For
20 of them previous data is not available. The subspect-
ral classes BO to B8 have been covered by this group of

program stars.

Near infrared photometry in the standard J H X T
bands was done with a conventionsl liguid nitrogen cooled
InSb photometer described in Chapter II. In most of the
cases for calibration the standard stars were selected
from the 1list of Johnson et a1, (1966) and further it

was seen that during observation, as far as possible,
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the célibrétion star was within few degrees of the program
star and had nearly same spectral +type. The results of
Be stars observed in the present ihvestlgation are listed
in Table 4.1. As noted earlier, the program stars have

been categorised into two groups. Table 4.1A covers the

Be stars for which observations presented in this thesis
are new and Table 4.1B includes Be stars having previous
IR observations. The HD and HR numbers, MK spectral type
and V magnitude of the star are listed in columns 2 to 5.
Observation month and year 18 given in column 6. J H K T
photometry in the form of magnitudes appears in columns

7 to 10. MK spectral types and V magnitudes have been

taken from the reference listed under the headihg optical
in column 11. 1In Table 4.1B reference to earlier IR work

is also included.

4.5 DATA REDUCTION AND ANATYSIS

In this sub-section we shall describe the data
reduction procedures and their analyses. Implication of
these results will be examined in the Discussion,

Section 4.9,

The main objective of the study is to understand

the nature of envelopes of the Be & tars by estimating
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the infrared flux emitted by them. The photometrically
observed flux contains (a) the contribution from the
central star's photosphere and (b) from its circumstellar

envelope. It is then necessary to subtract the contri-

bution due to the underlying stellar photospher e from

the observed fluxrtbvget the contribution from the
envelope alone. After this it becomes possible to cal-
culate different envelope proﬁerties and compare then
with theoretical model calculations . The photospheric
contribution can be estimated from model atmosphere cal-
culations, if spectral tyne of the star is known. This
calculation will give absolute fluxes. To calculate the
expected apparent flux the distance to the object should
be known. One way to get the apparent flux distribution
is to normalise the model atmosphere flux distribution

at a desired wavelength. In our calculations the normali-
sation has been done at V (0.55 }1_m) with the assumption
that the circumstellar envelope contribution is negligible
in the V band pass. The interstellar reddening modifies
the intrinsic flux distribution of the source. Hence

the first step in data reduction is to account for the

interstellar reddening.
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4.5:1 Interstellar Reddening Corrections:

To remove the interstellar reddening effects the
visualdata of the program stars has been utilised. The
spectral type, V magnitude and (B~V) colours of the
program stars are taken mainly from Jaschek et -al. (1981)
and Johnson et al., (1966). The intrinsic colours
(B*V)iy (V*J)iand (V~K)i are taken from Johnson (1966).
The (B-V) colour excess EB~V is then given by the

following relation.

veve  (4.1)

Bg_y = (B-V) - (B-v),

Assuming that only interstellar reddening contributes to

EB—V’ the total extinction at v, A s 1s calculated using

the standard relations

A-V- ::REB_V e 0 0 v (402)

where R = 3.1 (Barlow and Cohen, 1977).

As pointed out by Jones (1979) this method of
accounting for interstellar reddening results in unred-

dened magnitude values which are good only to + 0%57

Since the effects of rapid rotation and envelope emissim
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of Be stars in the intrinsic colour (Bwv)i have been
ignored. AK’theextinction at X (2.2 }Lm),is then cal-
culated from Van de Hulsts theoretical curve No.15 for

interstellar extinction (Johnson, 1968) which gives

A, = 0,089 Ay .o (4.%)

K

The unreddened magnitudes Vuand Kﬁ. of a program star gre

then given hy the following equations.

V. o=V - A | (4.4a)

u X e s (4.4D)

where V and K are observed reddened magnitudes.

4.5:2 Calculation of the continuum envelope fluxs

For a given program star we mow have the unred-
dened visual wagnitude V given by (4.4a). The intrinsic

colour (V--K)i for different subspectral types are

available (Johnson, 1966). So the expected stellar

magnitude K, for the K band is given by

Ry =7V, - (V—K)i cooe  (4.5)
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In mosﬁ of the cases K, is tbé smaller than K, indicating
the presence of envelope contribution at K (2.2 anO which
can also be looked upon as the "IR excess®. Let us
denote the magnitude and flux values of the central star,

envelope and moth combined as given below.

Quant ity 0Ob iject

________ Star. Envelope Combined

K magnitude Ky K K,
L* 3 u

Plux at X kK FC FK

It should be noted that
- U * S
Ppo = Tyg + Fy
¥ s * T
Ky - K, = 2.5 log [ ( P + Py ) / Py ~J

Tet K, - K,

e

= AK

2.5




Py ~ 1)

~7
= 222200 (q0 A _ )
(2.5119) *

o (4.6)

ol 2 !
erg s cm f&nl

In the above expression zero magnitude flux value for
K band from Johnson (1966) given in Chapter II has been
substituted. Similarly, the shell flux at other IR

bands J, H and T is computed.

4.5:3 Calculation of the continuum envelope
luminosity at specified wavelengths:

To calculate the énvelope luminosity at different

IR wavelengths one needs to know the distance D to the

source. As stated in the beginning the distance D to the
source 18 calculated by normalising the model photospheric
flux at v (0.55 fx.m) assuming the envelope contribution

at V to be negligible.

The observed V flux is

. B=0) ___ 3.92 x 107°
v (2.5119)"¢ (2.5119) "4

erg s~ om @ {,Lm—1
oo (4.7)




83
Taking blackbody distribution for photospheric emission,

the expected flux at V is

47 RS,
4T D%

:FY (T, ) R (4.8)

where jfl (T,) is the blackbody emittance per wnit
wavelength, and Ry and T, are the stellar radius and

temperature respectively.

~ () o1 1
¥/ = TTTETT e X
V5 e02/ v T

Substituting numerical values one gets

2
K (r,) = 1:A435%x10 erg s cuC Wm |
F o 2.6161/14, H

e -1

where T4, is stellar temperature in units of 107 K.

Substituting the observed and expected fluxes
in equations 4.7 and 4.8, one obtains the value for

distance D as
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a , S V.
, 1897 x 1097 (R11,07 (2.5119) %
- : e cm voa (409>

2.6161/14,
e -~

where R11, 18 the stellar radius in units of 1011 ci.

Then the envelope luminosity Ty at any given wave- -

length A , 1s given by

Ly = 4TD° ¥, erg s H o cevr (4.10)
Combining Equations 4.6, 4.9, and 4.10 one obtains

(V-K);
L, , = 9.3 x 1077 (R11,)° (2.5119)

(10 &% _ 9
2.6161/T4,
-1

X

-1, =
erg s /,(m ceeo (4017)

e
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4.5:4 Calculation of total continuum emission of
circumstellar envelope:
Having obtained the envelope flux at different IR
wave lengths next quantity to be found out is the total

continuum emission of circumstellar eunvelopes of Be stars.

Since our observations for most of the program stars do
not extend beyond 2.2 f&m, a procedure is found out to
estimate the total continuum flux of the envelope from
the avadlable J H K observations. As mentioned in 596-4.3
Gehrz et al. (1974) with the help of extensive wavelength
coverage from visible to about 20 /x,m showed that the
observed continuum energy distributions of the envelopes
fit reasonably well with free-free emission spectrum
(4.%3), In the following calculations free-free emission
mechanism for the conmtinuum radiation from the emvelope

is considered. Also the envelope is taken to be optically

thin in the near IR region.

The free-free emission at a given wavelength per
unit solid angle, volume, time and wavelength range is

given by (Allen, 1976)

24 - -4
j o= 1.633x 107 252 g 07 W, exp (-op/AT)

R R
S ISH /im e (4‘012)

erg cm

( XN in fLm>
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where 7 is the ion charge

g 18 the Gaunt factor

30

N , N. are electron and ion number densities in cm

e’ i

Integrating BEquation 4.12 over the whole wavelength range

one obtains

1
2 5

Jyop = 1.142 x 10790 2% g1
erg cn o g7 sy veo. (4.13)
Now it becomes possible to estimate the total free-

free continuum flux of the circumstellar envelope

(equation 4.,13) from the flux at one given wavelength

(equation 4.12) which has been obtained observationally.
The fraotioﬁal contribution from the circumstellar

envelope increases as one goes to longer wavelengths in
the J H K L region. So to minimise the effect of obser-

vational errors in the computation of total continuum flux

of the envelope it is advisable to use the longest avail-
able wavelength observations. Since we do not have T
measurements for all the program stars we have taken K
band observations to calculate the total continuum flux
of the envelope. Also it is seen from equations (4.12)

and (4.13) that the free-free emission spectrum has a
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Weak temperature dependance and consequently assuming it
to be uniform throughout the envelope will not introduce
uncertainties in the céloulatiohs of more than a factor
of 2. Substituting A= 2.2 pm, T= 1.4 X 10 ¥
(Gehrz et al. 1974), % = 1 (most of the material is

hydrogen) and g =1"in egquations (4512) and (4,1%) and

taking their ratio we obtain

i

. . - ,
J-to-t = 7’56 (;]2”2 //Lm ) 200 0 (4"14)

The luminosity is obtained by integrating the emiseion

throughout the volume i.ec.

L= fﬁr’ﬂ‘j av veos  (4.15)

Simce the continuum flux from the circumstellar envelope
is predominantly emitted in the infrared spectral region,
henceforth the continuum luminosity is denoted by Tp e

From 4.14 we get

Lrp = 7.57 (112'2/Am—1) ceee (4.16)

Table 4.2 lists the properties of main sequence

normal B type stars, necessary to calculate the total
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contihuqm‘envelope luminositya“The MK.Spectral typer
radius, temperature, intrinsic colors (B-—V)i and (V—K)i,
and bolometric 1uminositj are given in coloumns 1 to 6
respectively. These values have been taken from Collins
(1974 ) and Johnson (1966). Also given in Table 4.2 are
L; the stellar flux shortward of Tyman limit; Iy —ani—
IHP the luminosities of the Hx and HP lines in units
of erg g™ R-j. These three parameters are referred to

in the following sections 4.6, 4.7 and 4.9.

The calculated values of total continuumllumino—
sity of the circumstellar envelopes are given in Table 4.3
alongwith the ratios Typ/Ly and Iyp/Ly. The caloulations
are done only for the program stars of luminosity class
IV and V. The program stars have been groupéd according
to their MK spectral types. The observed (B-V) colors
taken from published literature to estimate the inter-
stellar reddening correction are aléo listed in Table 4.3.
14 out of 40 stars listed in Table 4.3 do not exhibit IR

excess. The implications of this fact will be considered

in the Section 4.9.
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 Table 4.3

ey

‘Total conmtinuum luminosity of the circumstellar
envelope for the program Be stars.

- ——o—— > —-— - 1o oo9os
ML aa ot L0 e Gl e SN A (TR S GaCR Soete aae S T R Ch o e i b e AT Vi el e o L A e dotdS laime e

Lrr _mIR/L; Ly /Ty

No. Star Sp.Type (B-V) erg s

e (b cioae ScruS € M Pt AEW oo it s S i b

1 264 B0.5 IV -0.15 4.32 E 35 0.02 0.29 E -2
2 30%4 BO Vp -0.05 2.82 E 35 0.02 0.19 E -2
3 496 B1V -0.04 5.02 B 35 0.07 0.84 B -2
4 1789 B1 VvV -0.20 3,72 E 35 0.08 1.04 E -2
5 2690 B1 vV ~0.18 %.24 B 35 0.07 0.90 B -2
6 6118 B1V +0.28 8.04 E 35 0.18 2.24 B ~2
7 8047 B1 V -0.05 No BExcess - -

8 853%9 B1V ~-0.03% 4.87 E 35 0,11 1.36 B ~2
9 8603 B1 V ~0.15 No Excess - -

10 1659 B2 Vp  4+0.06 i - -

11 2370 B2 v -0.08 1.73 B 35 0,21 1.17E =2

12 2538  Bo vy -0.23  2.62 B 35 0.%1 1.77E =2

15 6712 B2 Vvn  -0,03% 1.69 E 35 0.20 1,14 § -

o103 B2 Vn -0.14 130 E 35  0.15 (.88 E —»

15 7565 B2 v ~-0.14 3.52 B 34 0.04 0.24 B -2

16 7708 B2 yn  -0.13 7.95 B 34  0.09 0,54 E -2

17 7807 B2 Vn ~-0.20 2.83 E 34 0.03 0.19 E -2

18 8146 B2 vV -0.11 1.29 B 35 0.15 (.87 F -2

19 8520 B2V ~0.13 No Excess - -

20 985 B3 Vn -0.15 3.76 B 34 0.23% 0.60 B -2

21 1622 B3 y -0.08 4.%34 BE 34 0.26 0,70 E -2

22 2749 B3 V -0.18 No Excess - -

25 2825 B3 IV  -0.05 g.0¢ R 34 0.38 1.00 B =2

24 6873 B3 Vn =0 o J4 No Excess - -

25 7647 B3 IV 0,17 3,85 B 34 0.23 0.62 B -2

26 8575 B3 yn  -0.06 4,36 E 34  0.27 0.70 B -2

27 1087 B4V -0.06 4,05 E34 0.68 0.90E -2

28 2231 B5 V¥n  -0.13 155 Txoess - -

29 4787  B5 IV -0.13 3.48 B 34 1.87 1.26 B =2

50 3858 B6V -0.12 2,89 F 34  3.11 1.39 B -2

31 5778 B6 Vn -0.13% No Excess - -

32 8402 B6 V -0.06 i - -

373 1500 B7 IV +0.06 T - -

34 894 B8 Vn -0.06 i - -

35 1128 B8 vV -0.01 " - ~

56 11 B8 V -0.08  6.37 B 3 .58 0,82 E -2

3% ;gzg gg g ~0,12 NOngcesg 7~5 -

3 - n -0.09 5.52 E . 0.71 & -2

28 6720 B8 Vn  -0.06 ﬁOBEXCeZS 6”57 7—

7719 B8 Van  -0.11  4.35 B 3% 5.18  0.56 B -2

e o e e e et e e e o et e, e TS e o s b e o o e e s erage e SO o -

a B(B~V) = + 0.35 adopted from Snow (1975).
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4.6 CORRELATION STUDIES OF IR BXCLSb WIGH STELLAR
PARAMETERS

4.651 Continuum flux shortward of the Tyman limits

The physical conditions in the shell around the

central B star are determined by the‘heating and cooling

processes operating inthe envelope. A4S p01nted out in
4.3 the most widely accepted explanation attributes the
excess IR radiation from Be stars to electron-proton
scattering in the circumstellar msterial whidn is ibnised
by the Iyman continuum radistion from the central star,
Gehrz et al. (1974) have noted that the infrared excess
in Be stars increases as spectral type becomes earlier
and ascribe it to the increased étellar flux shortward

of the Lyman limit (hereafter denoted by Lg), They also
observe that the total continuum envelope flux, IIR’ does
not increase in direct proportion with the stellar flux
shortward of Lyman limit as one goes to earlier spectral
type and interpret this as limited amount of available
material in the envelope for ionisation. To study the
dependance of Lig on Ig, these two quantities have been
calculated by us for 9 of the 10 stars given in Table 5
of Gehrz et al. (1974). The tenth star E Per was not
included in the present ealculations since its Spectral

type is 07 ne.
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- The total shell flux is obtained by the equation

(4.1%) as

_ -217 5 2 o1
Lrg = 1.435 x 10 g T2 NSV, erg s cove (4.17)
where V,is the shell volumes— The-shell-volume-is—
calculated by assuming a disc geometry as was done by

Gehrz et al. (1974).
2
VS = ” RS H LRI} (4«']8&)

where Ry 1ls the disc radius and H is the disc thickness.
The typical value of H is 33/5 (Gehrz et al. 1974). Hence
: 5
T R
VS = ""’""”""’s""’"“’ ® 00 @ (4-18b)
5
o]
The stellar flux shortward of Tyman limit LL is calculated

by using the relation

I£ = 4T Riv/~ :E:(T*) dy cves (4.19)
vo .

where Ry 18 the stellar radius, v, is the frequency at
the Lyman limit (3.29 x 1012 Hz) and :E;(T*) is the
emittance per unit frequency range of a blackbody with

temperature T,, the effective stellar temperature.
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Dable 4.4 lists the results of the calculations
alongwith the ratio (IiR/iﬁf) apd other relevant para-
meters. Having done these calculations let us see how
the observed values of IER/Lg compare with the expected

value. The expected value can be estimated from the

geometrical considerations as follows.

The fractional solid angle Jl,s subtended by the

circumstellar envelope at the central star is

n g = ?.Ejﬁ.é.},{_. :%«-i oo (4.202)
4T R K |

The shell geometry is assumed to be such that at any
given distance d, from the central star the ratio %%%%
remains the same. The typical value of (H/R,) is given

as 1/5 by Gehrz et al. (1974). Hence
0~ 0.1 covs (4.20D)

This means that only 10 percent of the central star's
radiation 1s intercepted by the envelope. ASsuming that
- all the stellar flux shortward of Iyman limit (L;) is
absorbed by the envelope and re-radiated as the free-free

continuum flux one obtains
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.0

.t

.:E.,‘I.E{,/\_J 0.1 ceve (4.27)

It should be noted that the value of 0.1 is an upper limit

since the shell also looses energy in the form of optical

emission lines.

As noted in 4.2.2 Be stars as a class are fast
rotators, as indicated by their - sin<1 . values, .
resulting in flattening of polar region, non-uniforn
surface gravity and temperature distribution. The polar
region temperatures would be higher and relatively more
continuum radiation shortward of Tyman limit would be
emitted from these (polar) regions than the equatorial
reglons. Since the circumstellar envelopes are flattened
and mainly confined to the equatorial region, the polar
region ultraviolet flux is not utilised in ionising the
envelope material. So the disc type geometry of the
circumstellar envelope and the preferential emission of
stellar flux shortward of Tyman 1limit from the polar
regions put an upper limit for IiR/Igu From Table 4.4
it is seen that for 7 out of 9 stars IiR/ig values are
appreciably greater than 10 percent which is expected

upper limit. Hence it appears that though the ionization
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in the shell is due to the stellar flux shortward of
Tyman limit the energétics of TR radiation is not governed

entirely by the amount of available Iyman continuum flux.

For the Be stars observed in our program, the

continﬁum luminosities of the circumstellar envelopesbb

(ITR) have been calculated by the procedure described in
4.5 and listed in Table 4.%. From Table 4.3 it is seen
that the ratio IiR/Tg in general is appreciably greater

than 0.1. This fact points out the inadequecy of Iyman

cont inuum flux in supplying the input energy to the
circumstellar envelope. Apart from the energy input by
Tyman continuuu flux, an additional energy source is

necessary to explain the higher values of the ratio

Trg/ T
4.632 Bolometric Plux:

It was seen in the previous section that it is
not possible to account for the observed continuum lumi-
nosity of the envelope <IiR) if one considers the energy
input to the envelope only by photoionizations. To
gain an understanding about other possible energy input
mechanisms, the central star's bolometric luminosity,

Ly, is compared with IIR‘ The stellar bolometric lumi-

nosity is obtained by using tre releticn
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L= 4T RS o 1, org o7 ceen (4222)

where G~ = 5.67 x 1072 erg cn? deg sec” ! is the

Stefan-Boltsman constant.

The ratios of IiR/L* are obtained for 9 Be stars
listed by Gehrz et al. (1974) and are given in Table 4.4 .
From this table it is seen that for all the 9 stars the
ratio IiR/i% is constant within a factor of 2 with,én
average value of ~v 0.6 x 1072 though both L;p and Iy
individually vary by a factor of 30. This hints at the
importance of the role played by the stellar bolometric
luminosity in determining the enérgy balance of the

circumstellar envelopes of Be stars.

To check the general validity of the close depen-
dance of Irp on Ly rather than I£ » Irg values for our
program stars have been plotted against corresponding L,
in Fig.4.1 and also the ratios (Lyp/Ty ) for all the
program stars are listed in Table 4.3 . Trom Fig.d .1
it is seen that the ITR increases in proportion with
Ly« Consequence of this is examined in the subsection

"discussion" (4.9.2).
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.7 CORREIATION STUDIES OF IR FXCESS WITH HYDROGEN
BMISSION TINES

- In Be stars the hydrogen recombiration lines and

IR free-free emission originate in the same circumstellar

envelope . As a result it is of imterest to See whether
or not any correlation exists between the infrared conti-
nuum radiation from the envelope and properties of the
visual spectrum. In particular, is IR excess from Be
stars correlated with Balmer emission line strength?

In the following.paragraphs such comparative study has

been made.

As described in 4.2.3 the emission lines of Be
Stars exhibit variability. So it is desirable to have
simultaneous IR photometric and visual spectrosco pic
data for the purpose of correlation studies. The Heo¢
equivalent widths obtained by Aﬁdrillaf and Fehrenbach
(1982), which are sufficiently close in time, have been
taken for the correlation studies. For 18 of our program

stars Hot equivalent widths are available.

We have Considered only Hec line as it is the
most prominent spectral feature that distinguishes a
Be star. Hoc 1line strength, i.e. the total ene rgy

present in the line, is estimated from the observed
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equivalent width. Assuming that Tthe underlying continuum,
in terms of which the equivalent wid ths are measured,
arises from a ster radiating as a blackbody at temperature

T, and with radius Ry, one can write for the line luminosity

the following equation—

i 107 T R® (4.23)
. s : w4TT R oo (4.
T N exp (02/ AT, ) =1 *

erg 57

wherer
cy = 3.7419 x 1072 erg e 87"
A= 0.6565 x 107" com
Cp = 1.43883 cm K
W = observed equivalent width in K.

Similar equation is given by Burbidge and Burbidge (1953).
The IH@: values have been calculated for our program stars
thét have Ho< equivalent width data. They are given in
Tabler4,53~ Also listed in Table 4.5 are other pertinentv
data like date of observation of Ho¢ and its equivalent
width. Lip 18 plotted against,IHo( in Fig.4.2. It is
seen from this figure that significant correlation exists

between ITR and LHm:” The correlation coefficient of
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the linear regression curvé of Tog Lig and Log LHm:iS
0.9. Part of the scatter in Fig.4.2 arises because IR
and line measurements have not been done simultaneously .

In the time interval separating the two observations

cither IR continuum or line emission could have varied.

Howewer , the important thing to notice is the fact that

the ratio Lyp/ILy ., for the majority of the stars listed
in Table 4.5, is constant with average value %2, within

a factor of 2 though both Iy and L, . change by two

orders of magnitude.

4.8 INFRARED VARIABITITY

The existence of correlation between Hox line
strength and the IR continuum flux from the c ircumstellar
enve lope suggests that Be stars should exhibit IR vari-
ability since Hoc 1line strength varies as described in
4.2.%5. Systematic infrared photometric studies of Be
stars fo look for IR variability have not been done. The
data of Woolf et al. (1970) hinted at IR variability of
Be stars. However, Gehrz et al. (1974) reported that
during their observational period of one year they did
not find any evidence of IR variability in Be stars.

Recently BElias et al. (1978) have reported infrared




98

variébility in the Be étar o Cas. Since 1964 beginning
with Johnson's (7967)-observations sporadic infrared obser-
vations are available for o Cas. These observations show
that o Cas was quiscent between 1964 and 1976 and since

1976 it has shown considerable IR variability. Elias

et al, (1978) also have optical spectroscopic data for
o Cas which shows that infrared variations are carre lated

with variations in the Balmer emission lines .

Our set of program stars contains %5 Be stars for
which already published IR data exist. . For comparison
previous J H K T magnitudes for these stars have been
taken mainly from the papers of Johnson et al. (1966);
Allen (1973) and Gehrz et al. (1974) and these have been
pooled together with our data to obtain a data set that
spans the time period from 1965 to 1981. This combined
data set reveals that in the case of 4 of our program
stars the IR magnitudes have significantly varied. The
maximum change /\ O in X magnitude lies in the range
0.5 to 0.8, while typical uncertainities in our measure-—
ments are 4 0V07. PFor these 4 stars all the available
J H XK L magnitudes alongwith our observations are 1isted

in Table 4.6,
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4.9 DISCUSSION

4.9:1 Models:

The first explanation for thé peculiar nature of

Be stars was given by Struve (1937). It was observed
that all hydrogen (emission) lines in any individual Be
star have widths proportional to their wave lengths. This
suggests Doppler broadening and it is the main foundation
of the rotational model proposed by Struve. Aided by
fast rotation the material is able to escape from the
star and form a shell mainly confined to the equatorial
region. This 8 imple model could explain the available
data reasonably well. BEven now these concepts suggested
by Struve form the basis of some of the well developed
models. The present status of models of Be star enve lopes
1s discussed in the review articles by Marlborough (1976)
and Poeckert (1981), Following is the brief summary of

the Be star models.

Marlborough (1969) developed a model for the Be
Star envelope by assuming the envelope to be in a steady
State and fed by rotational ejection of matter at a
constant rate from the €quatorial region of the star.

The available Heoe emission line dats was taken to check
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the capability of the model. For electron and ion densi-
ties in the range 1 x 1011 to 5 x 1O1L cm™) Marlborough's
model showed reasonable agreewent between theoretiqal

and observed Hoc line profiles.

Johnson's (1967) data indicated the existence of
nonstellar IR emission in Be stars. These and later IR
observations provided new data Supporting the presence of
circumstellar envelopes in Be stars. The disc like
circumstellar envelopes in the Be star models developed
by Woolf et al. (1970); Gehrz et al. (1974) and Scargie

et al. (1978) give rise to the observed IR excess.

Further evidence for the disc like geometry for‘
Be star envelopes came from polarisation measurements.
The scattering in the asymmetrically shaped envelope
Surrounding the central star gives rise to the observed
polarisation. Capps et al. (1973) and Jones (1979) have
developed equatorial models capable of producing polari-

sation as well as its wave length dependance.

With the avallability of diverse observations of
Be stars in recent years, Poeckert and Marlborough (1977,
1978a) have made an improvement over the work done by

Marlborough (1969) in model building by considering
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bothbfheiHo( line profile_énd continuum Polarisation. In
general, there is good agreement between their model cal—
culations and observations. However, there are some
shortcomings like model calculations resulting in

larger polarisation than observed though they show

correct wavelength dependance. Poeckert and Marlborough
(1978b) have investigated the observable effects intro-
duced by different model parameters and have identified
some sensitive parameters in certain wave length ranges.

They have finally demonstrated the necessity of 8 imul-

taneous observations Spanning a large wavelength region
and ihvolving different techniques to arrive at a model

having well defined parameters.

One of the major short—comings of steady stellar
wind models for Be stars (Marlborough, 1969) is their
inability to explain the observed temporal variations.
Limber (1969) has Suggested variable mass loss rate as a

possible cause for pProducing temporal variations.

An alternative model for Be star envelope in the
form of elliptical ring around the central star, proposed
by Struve in 1931, was quantitatively developed by
Huang (1972, 1973). 1p this model apparently periodic

V/R variations (Sec. 3.2.3) abpear as a natural outcome
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of apsidal motion of the ring. However, there are several
difficulties with the elliptical model like, its inability
to produce deep shell absorption lines (Marlborough, 1976),

unlikely synchronised precession of large family of rings

to result in apsidal motion etc.

In recent years an interesting alternative scenario
to explain the formation of Be stars and their properties
is gaining grounds (Plavec, 1976). Plavec discusses the
hypothesis that a significant number of Be stars are
probably interacting binaries. This formulation admits
the existence of several possible models so that objects
similar in appearance but different in origin can exist.
According to Plavec (1976), the idea of binary model was
thought of, not because the Struve's model of fast rota-
ting single star was unsatisfactory but because the
models of interacting binaries indicated that one can
get something similar to Be star in this situation as
well. To start with, a normal B type star is one of the
components in the binary system. The companion of this
B type star, at a certain stage in its evolution starts
loosing mass through Roche lobe overflow (Peters, 1976).
The mass loss leads to the formation of a shell around

B star and what was once a B star becomes a Be star.
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As already noted in Sec. 4.5.4 in the present
investigation we adopt the model in which a disc shaped
envelopé surrounds the central B type star. The radi-

ation shortward of Iyman limit from the central star

lonises the materiél in this envelope. The bright emi-
ssion lines seen are the hydrogen recombination lines
originating in the circumstellar envelope. The thermal
bremgstrahlung process operating in the same oirdum—
stellar envelope gives rise to the continuum infrared

radiation.
4,9:2 The dependance of IiR on stellar parameters:

It was found out in 4.6.,1 that the Iyman continuum
flux which is capable of photoionisirg the envelope
material and depositing energy, is not able to account
for the amount of observed continuum IR radiation from
the circumstellar envelope. It was further shown in
4.,6,2 ITR is proportional fo L, which suggests that the
non-ionising component of the stellar radiation plays
an important role deciding the energetics of the circum-
stellar envelope. As shown in 4.8 the TR flux from
circumstellar envelopes of Be stars exhibit appreciable
temporal variation. The stellar luminosity is considered

to be constant. Only when Be stars exhibit IR excess
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the LIR values are proportional to I,. The envelope conti-
nuum luminosity of the program stars spans a range of two

i ol
orders of magnitude from 1036 to 1038 erg s and all

through this range the ratio ITR/i%viS remarkably con-

stant. The physical implications of correlation between

Irg and T, is not clear. However, i1t is interesting to
‘note that mass loss rates of O and B stars depend on their
bolometric magnitudes (Lamers, 1981). Tamers has derived
mass loss rates for a large sample of O and B stars. He

hag determined empirical relation of mass loss rate on

basic stellar parameters T, M and R. The derived functional
dependance of M, the mass losg rate on basic stellar para-

meters is given in Equation (4.24).

vee.  (4.24)

The mass loss rates of 0B stars were obtained by Tamers
from single observation for each program star. The observed
correlation of M with L, M and R suggests that these stars
are continuously undergoing the mass loss at the derived
rates. As noted earlier the IR excess radiation of
circumstellar envelopes is variable in time. So the

mass loss, which depends upon the rate M, by stellaxr

wind cannot be directly associated with the material
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present in the circumstellar envelope. The Be episode
involv es occasional ejection of material, most likely from
the equatorial region, aided by fast rotation. This

process in some way might be dependant upon L, and as a

result the total amount of material is related to T The
total amount of material in the circumstellar envelope
determines the number densities N, and N which in turn

@cMelﬂv
4.,9:% Correlation of IiR and LHM H

To understand the physical processes reSansible
for the observed correlation of IR excess emission and
line emission from Be stars let us see the details of
line formation. The characteristic emission lines of
Be stars are the result of recombination processes occur-
ring in the circumstellar envelopes. In the recombination
process, recaptures occur to excited levels and the excited
atoms thus formed then decay to lower levels by radiative
de-excitation giving the observed line photons. Balmer
series of emission lines results from the de-~excitations

occurring to the level n=2.

In general the emission at frequency - due to

radiative transition from level n to m is given by
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A 2 erg cm™? sec” ! srTl .. (4.25)

T wrmsoens
- L

J nm 47T Nl’l nm nm

where Nn is the number of atoms in the higher level n

Anm ig the transition probability

hv)nm is the energy of the emitted photon.

The initial energy spectrum of the electrons
produced in the photoionisation process depends on the
gpectral distribution of central star's Iyman continuum
photons. However the predominance of elastic scattering
results in Maxwell-Boltzmann energy distribution. So in

general the population N, can be written as (Tang, 1974)

5 g

h n
= b ; . 2 . (4,
Pt Ty Cemrm wn)?2 5 T (/) (4:26)

where I, = hﬁpo -, = (krvb/ng) is the ionisation
potential of the level n
hw,  is the ionisation potential of atom in the
ground level
7Cn. is the excitation potential of the level n
2

8, = 2n° 1is the statistical weight of the level n
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Ne’ Ni are the electron and positive ion number
densities and
bn is the deviation from thermodynamic eguilibrium

at local T, W, and N, .

The detalls of optical recombination lines are
available for two situations (Osterbrock, 1974). The
first one known as case A considers optically thin
condition i.e. all the line photons emitted in the
recombination process escape. In case B all ground
state recombinations are effectively cancelled out by
immediate photo-ionisation. Case B is the appropriate
one for Be star envelopes. Tucker (1975) has given an
analytic expression for the emissivity of a Balmer Hn

line as a function of temperature

. 1 ~23 _1
2 e X 10 . o =
Jp2 T x 1 o Wy ap T°F 1n (b /kT)

erg e 571 gp”] eoo (4.27)

a32 (HDC > = 1»29

To check the validity of Equation (4.27) in the case of

Be star envelopes, j (Hee )/ (HF;) ratios have been
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calculated and listed in Table 4,7 for a sample of
17 stars for which Dachs et al. (1981) have given Ho¢ and
Hﬁ, equivalent widths. The expected ratio using

Equation (4.27) is

The general agreement of the observed j (He )/ j Qﬂﬁ )

ratios with the expected ones shows that case'B conditions

hold good for Be star envelopes.

The Hy, luminosity of the circumstellar envelope
of a Be star assuming the shell to be optically thin

can then be written as

I'er: \P’ﬁ jH(X av

_ (70723
= fwo W, ¥y a, T

wj-

In (hy /KT)av ..(4.28)

Comparisom of the Equation (4.28) with Equations (4.12),
(4.15) and (4.16) shows that both Ly and Ty, have the
gsame functional dependance on the product Né Ni apart
from the weak dependance of temperature. Hence the
existemce of correlation between IER and LH“~is under-

standable .
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It wmay be noted from Table 4.5 that out of 18
starsg listed, 4 do not have measurable IR excess. This

could be explained as followss

(a)~ ~As-described in-4-.8-the -Be stars show IR vari-_
ability. For a given Be star the IR excess
will be present only when there is sufficient
amount of material in the circumstellar
envelope. So the depletion of material in the
envelope results in the absence of IR excess.
From the previous discussion it is also
implied that the absence of IR excess should
result in smaller equivalent width of H emission
line or even absence of Hx line in emission.
This 1s corroborated by 2 of the stars listed
in Table 4.5 that do not have IR excess. 1.6 Z
H equivalent width of HR 2231 is the lowest
of all the 18 gtars and in the case of HR 5778

Hoe dis in absorption.

(b) The other 2 stars - HR 8520 and HR 894 - that
do not have IR excess, however, have appreci-
able equivalent widths. This apprent contra-

diction may be due to the changes in physical
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conditions of the circumstellar envelope in

two menths separating IR and the Hx obhser-

vations.

The examination of Table 4.3 shows that in addition

to the 4 stars discussed earlier, the following 10 stars
HR 8402, HR 1500, HR 1126, HR 1956 and HR 6720, do not

exhibit IR excess during our observations. The reason
for the absence of IR excess appears to be the same as
- before - absence of Be episode at the time of IR obser-
vations. It will be interesting and valuable to confirm

this inference drawn from IR observations.

To make quantitative comparison between the obser-—
vations and the theoretical estimates let us calculate
the ratio of IER to LHoc’ Trom eguations (4.13), (4.15)

and (4.28) we obtain

, ~27
Lg f1.435 x 1070 0¥ W ow, avpg

] _ e
T o “_%-

J1.29 x 10723 ¢

1n (hz%/kT)Né3WidV1ﬂx

It should be noted that the circumstellar envelope)has :
been considered to be optically thin to both continuum

and lire radiation to obtain the above expression.
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Assuming that the temperature is uniform throughout the

envelope the above expression reduces to

i’_’LR - (") Ju, Vg

2 Ol | e

Tt == : -
“Hoc \ 10" / fNe N, AV,

From Table 4.5 1t is seen that the averagé value of
observed ratio IiR/LH is ~v %2 significantly different
from the theoretical estimate of 0.4 if the emission
measures for continuum and line radiation were same. The
large value of IiR/iHo<’ %35, shows that the effective
ewmitting volumes of continuum and line radiation are not
identical. Most likely line radiation does not escape

freely all through the envelope.

During the final part of the present work we
noticed that Neto and Pacheco(1982) and Dachs and
Wamsteker (1982) have independently arrived at similar
conclusions regarding the IR excess and line emission

from Be stars.

The foregoing discussion has shown that IR excess
is a good indicator of envelope activity of Be stars.
As a result Be stars can be more profitably monitored

in_IRo IR photometric observations are less time
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consuming compared to spectroscopic method and also for
a given telescope IR observations extend to fainter

magnitudes covering larger samples.

4.9:4 Tenporal variations:

To get an insight into the IR variability of
Be stars, let us first consider the explanations given
for He< wvariations since both of them are related. It
should be noted that here we are concerned mainly with
long time scale variations, say few years. As noted by
Poeckert and Mar lborough (1978) the changes occurring
in mass loss rate, expansion velocity end scale height
of circumstellar disc are the parameters controlling
tenmqralvariations of Be stars. The emission line data
of Be stars obtained by Dachs et al. (1981) show evi-
dence for variations in the size of circumste llar
envelopes. They find inverse correlation between +the
equivalent width (W) and half-intensity width (H). The
increased equivalent width suggests extra input of
material to the circumstellar envelope. Other mra-
meters such as T, Né, Ni remaining constant the
increase in equivalent width, ¥, iwmplies an increase

in Rs resulting in the increased emission weasure.
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The material in the envelope is in Keplerian orbit arocund
the central star and rotation veloclty decreases with
increasing orbital radius. With decrease invelocity the
rotational broadening decreases resulting in smaller
helf-intensity width (H). The same processes which are
responsible for changes in line strength can also account

for IR variability.

In the following paragraphs a comparative study
of all the available optical spectroscopic and IR photo-
metric data for the 4 Be stars that have shown consi-
derable IR variability ( A ®y >, 0.5) is done to look

for their correlated behaviour.

25 Ori(HR 1789):

According to our IR observations of Jan-Feb.1981,
25 Ori was at K = 4@76° The earliest available obser-
vation is that of Allen (1973) for the epoch 1971-72 and
the reported value is K = 5%47. Dachs et al. (1982)
obtained K = 5M6 in meb. 1979. These observatiors show
that between 1971~72 and 1981, 25 Ori has brightened
by 0@7 at 2.2 /u.m, The optical spectroscopic data
since its discovery has shown that 25 Ori exhibits
alternating periods of emission and pure photospheric

absorption. The optical spectroscopic data of
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Sletteﬁakvand Reynolds shows that in Dec.1975 25 Ori was
exhibiting oon&iderably low Be activity with Hec equi-

valent width W = 3,78 Z which 1s small for B1 spectral
type star. TFurther by November 1976, 25 Ori had entered

guiscent phase with Hoe in absorption. The observed

equivalent width of 8.4 Z in Dec.1980 (Andrillat and
FPehrenbach, 1982) indicates that Be activity in 25 Ori
has reappeared. Our IR observations show that in Jan-
Feb. 1981 25 Ori has appropriate IR excess expected of
a B1 V type star. This suggests correlated optical and
IR variability similar to that of o Cas (Elias et al.

(1978).
> Ori (HR 1934} .

Our observations show that IR excess radiation for
6> Ori has decreased from 1972-7% (Allen, 1973) to 1980-81.
Our nbservations of 1980-81 are compatible with 1965
observations of Johnson et al. (1966). X magnitude valwe
of Ori in Feb.1979 (Dachs et al. 1982) is in between
those of 1972-73 and 1980-81. The optical spectroscopic
data shows that Hw equivalent width has decreased from
1974 +to 1978, Baliunnas et al. (1975) and Cester et
al. (1977) using Hex filter photometry have shown that

&> Ori varies on time scale of years.
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e> CMa(HR 2749):

OQut of the available K magnitudes, ¢« CMa has the

faintest value in1981 and shows no IR excess. Tn 1971~72

it was brighter by 076 at 2.2 /u m coupared to 1981. 1978
Hee equivalent width data reveals that ¢o CMa was in a
normal emission phase with WHD< = 14 Ko As per our IR
observations between November 1978 and January 1981 the

emission lines should have disappeared.

X Oph (HR 6118) ;

X 0Oph is one of the well studied Be stars. Along
with 95 Per it has the distinction of having the largest
recorded Heg equivaleﬁt width of 67 1 (Dachs et al. 1981) .
The IR coverage for X. Oph is reasonably good - from
1970, K magnitudes are available at more or less regular
interval of 1-2 years. At IR wavelengths X, Oph decreased
in brightness from 1970 to 1973 and since 1973 its bright-
ness has increased. Ho( equivalent width has monotoni-
cally decreased from 66.7 Z in 1972 to 33.7 A in 1980.
However, V magnitude brightened by O?S between 1972 and

1978, resulting in constant Hex line intensity.
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4.10 SUMMARY

Infrared photometric studies of Be stars have been
done. J H K magnitudes of 55 Be stars are presented. For

20 of the Be stars the photometric observations reported

in this thesis are new. The new results that have emerged

from the present investigations are listed below.

1. The observed IR continuum luminosity IiR of
the circumstellar envelope of the Be stars
exceeds the energy input by the ILyman continnum
luminos ity L£ of the central star. This points
to the necessity of an additional energy source
to maintain the thermal balance of circumstellar

envelopes.

2. The existence of a correlation between the
continuum luminosity IiR of the circumstellar
envelope and bolometric luminosity L, of the
oenfralvstar is demonstrated. This correlation
suggests that the bolometric luminosity L,
plays an important role in deciding the
energetics of the circumstellar envelope.

Over two orders of magnitude IER varies in

proportion to L, o
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The IR continuum luminosity ITR of the circum—
stellar envelope is correlated to the Balmer

Ho¢ luminosity LHD/n This provides an additional

evidence for the free~free process as the dominant

S emission mechanism which gives rise to the IR

excess from Be stars.

The effective volumes which emit Hee line and'

IR continuum emission are different.

The comparison of present observations with the
previqus avajlable data shows that 4 Be stars -
25 Ori, ¢> Ori, WCMa and X Oph - have varied
at K (2.2 /x.m). The amplitude of this vari-
ation lies between OTB and 0"8 and the time
scale is a few years. The IR variations have

also been correlated to the optical variations.



CHAPTER V

5.1 INTRODUCTION

The variable stars have played a very important
_role.inmthewdemelopmenmwoimastﬁophysi@ai—ideasvwwThew
study of variable stars has provided new knowledge of

the structure and evolution of stars which eould not be
obtained from the investigations of stars which are’
steady. ROB stars form g very peculiar group of variable
stars. The sudden decreases in intensity by factors as
large as ~o 104 experienced by RCB stars identified them
as a separate class of variable stars. Except for the
occasional dramatic fadings, the RCB stars are relatively
quiscent rest of the time. The spectral studies of RCB
stars showed that they are overabundant in carbon and
deficient in hydrogen. This spectroscopic property was
subsequently added as an additional characteris tic Pro~
perty of the RCB group of variable stars. It is perti-
nent to note here that there are also hydrogen deficient
carbon rich stars which do not undergo large decreases

in their intensity. These stars are usually referred

to as HAC stars.

Obscuration of the star by intervening material

in its surroundings is responsible for the visual fading
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of RCB stars im the hypothésis of Loreta-0'Keefe
(O'Keefe, 1939). Obseérvational evidence for the
presence. of particulate matter was provided by the dis-
covery of IR excess from fhe two prominent members of

the class viz., R CrB and RY Sgr (Stein et al. 1969

and Tee & Feast, 1969). The IR excess from these stars
was attributed to the blackbody radiation from circum-
stellar dust. Tater IR observations (Feast and Glass,
19735 Glass, 1978; Gaustad, 19725 Rao, 1980 a) have
shown that the IR excess is a general property of RCB
stars. Alongwith the RCB stars Feast and Glass (1973)
also observed HAC stars. An interesting outcome of
thelr observations was the absence of IR excess in HAC
Stars. This showed that the IR excess is not a general
property of HAC stars. The occurrence of IR excess is
conhected to the visuai fadings experienced by the

RCE stars.

An alternative hypothesis for the IR excess in
the case of R CrB was put forward by Humphreys and Ney
(1974). In the scenario suggested by them R CrB is a
binary system. The companion star has a very low
surface temperature gnd predominantly emits in the IR.

The observational result that prompted Humphreys and
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Ney to propose the binary model was the 3.5 /Jvm light
curve of R CrB which showed a period of ~v 3.5 years.
However, later observations by Feast et al. (1977)vhave
shown that all RCB stars are not binaries. In particular
the TR excess from RY Sgr at 3.5 4em follows the visual
38.6 days period which is intrinsic to the optical star.
Hence 1t is difficult to associate the observed 3. B/Ltln

excess with the companion star.

5.2 IR BEXCESS AND RCB PHENOQNENON

The occurrence of IR excess is possibly connected
with the visual fadings - RCB phenomenon - of the star.
The excess IR radiation fits into the model of thermal.
re-radiation by the circumstellar material. If this
material is replenished by the occasional ejection
of matter by the star then the IR excess should be
related to the recurrence rate of the visual fadings and
also the amount by which the star's intensity decreases
in each fading. This inference has been put to an obser-

vationmal test in the case of XX Cam.
5.2:31 XX Cam:

The spectral characteristics (Bidelman, 1948)

and the occurrence of a visual minimum during 1939-40
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(Yuin, 1948) suggested that XX Cawm is a member of the
RCB group of variable stars. Yuin made a search for
light variability for the years 1898 to 1948. - Since

1948 no visual fadings have been reported. It appears

that in-the-last—v-85-years—XX-Cam-has—undergone—only
one light wminimum. It is also interesting to note that
the depth of this minimum is small viz., 157 at V. These
facts suggest that XX Cam should have either very little
or no IR excess. We have obtaired IR observations of

XX Cam to see whether it has any IR excess.
IR Observations:

J, H and X band observations of XX Cam were
obtained using 1 m telescope at Kavalur. InSb photo-
wmeter described in Chapter II was used to dotain these

observations.

To obtain a reasonably complete energy distri-
bution,the average UBV magnitudes reported by Fernie
ét al. (1972) and IR observations available with
Kameshwara Rao (Rao et al. 1980b) have been utilised.
Using a value of E (B-V) = 0.30 (Rao et al. 1980b)
the interstellar reddening corrections were done

as described in Sec.4.5:1.
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A1l the magnitudéAand flux values aré listed in
Table 5.1. The observed enafgy distribution is plotted
in Pig.5.1. The energy distribution of a blackbody at
temperature T = 7000 K fits the observational curve

reasonably well and shows that no IR excess is present

in the wavelengthuregionwimiomjﬁL%ﬁwnhﬂmmhemnbsPnne of
IR excess corroborates the optical data of only instarce
of light minimum and suggests that XX Cam has probably

become stable against RCB phenomenon.

Table 5.1

Energy ddstribution of XX Cam

Pilter A (m  mg P_(watts/cm’pm)  Date
T 0.6 8.48  1.76 x 0715y
3 044 8.20  3.78x 1071 ; ot ioen
v 0.55 735 4.50% 10715 ) |
J 1.25 5.63  1.90 x 10717 -g
K 2.2 5.3 0.80 x 10716 § 09T
2,02 5.5 2.47 % 10710 %
3.6 5.38  4.16 x 1071 )
10 4.5% 2,06 x 10718% g e
J 1.26 5.80  1.627 x 10712 )
H 1.65 5.70  5.972 x 10710 ; Peb . 1980
K 2.23 5.55 2,350 x 107 1° g

s oo oot ot

* 10 micron measurement is an upper limit to
the flux.
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