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ABSTRACT

,‘This thesis.contains'an account of some of the work undertaken
.by tﬁe author:while-a member of the Astronbmy Group at the University
,of‘Durham. : The'work-of the group involves the measurement and
'Jinterp;etaﬁion of the,linear-polariza;iop in nebulér astronémicai obﬁects.

}The igitiai chapters briefly desc;ibe theAtheory of poiérized
light ahd'thé;method of observing iiﬁear polarization, along with an’
indiéation of the.techniques involéed when anélyzing the data.

Chapter three is avreviéw of recent work on interstellar grains.
with a summary of the present ideas on the naturé of the grains.

- The next chapter summarizes the observétioné of the peculiar object
n Carinae and in the following chapter,vé polarization map of the nebulosity
around - ﬁ Carinae is presented and a model determined to account for the
observea.linear'polarization. Thg model involves the.aésumption of a

bipoiar type geometr? for n Carinae with a size distribution of silicate

grains of the form

o 0.85

n(a) = exp{ —[?/0.024] ;
and it is found that graihs.of..ISu contribute most to the scattering at
_optical.wavelengths.. Using the same distribution itAis found that maximum
emission at 10u can be expecfed from grains of size .lp .

The final chépter contains qbservations of the linear polérization
in-thé Carina Nebula in tﬁe region-of n Carinae, and the results are
Ainteréretéd in the light of_present ideas cdncerning n Carinae and its
relationship with the Carinae Nebuia. It seems that the light from

n . Carinae is being reflected by clouds in the Carina Nebula.
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INTRODUCTION

"Spurred Ey discoveriés,bf eliiptical poia:ization; by the
'cqmbinatiqn of photometry and polarimétry, by thétintroduction'of new
'cdﬁputers'ahd instruﬁents, including thbsé_on spaceéraft and'bf the growing
ireal;zatién of tﬁe uséfulness of theée teéhniques Qhéh'supportea b& well-

"  -developed iﬁ;erptetivé'ﬁheories-“ (Gehrels, 1974). there has, in recent years,
been a wave of activity in polarimetry. ' ,
“With mostxastrdnomical problems, tﬁere:are many parameters to solve.

For.exampie; thé §e0me£;§kand aspecﬁ bf a reflecting object with respect to
tpe.light sourcé must bé‘determined.or assumed and tﬁi;”ﬁay be complicated
by "a dependence on wavelength as in tﬁe case}df planetary atmospheres where
penetration depepdé'on'thé yavelength of fhe incideqt‘and emergent light.
Also dependent on the wavelength ié thé complex r;fraptive index and the
~num5gr of scatférers or optical depth of étmosphere.l Distribution of sizes
,and_shapés-of{particlés.must also §e detetmined and whether or not they

~ are preférentially aligned. |
J In'orde¥ £o'§oive for all.these parametérs many - independant

| pﬁenomenatmust.be obSerQéd.. Since the,object'i§ extremely remote, solution

fgf'the‘astEOnomical»problem'reqﬁires-that ébservations of the light emitted
or reflecged by the body be made in the_fullest detail, and hence the need
for light scattering theéries is osvious. |

from‘thé beginning the devélopmént of 1ight_séattering theories

ﬁéé'beeh linked with astronomy. Computations on_the radiation pressure
exerted on perfectl§ conducting spheres were made before 1900 in order to
explain the theory of comet tails.,,Since 1930 much attention has been
»paid to the optical properties viz scattering and/or extinction of inter-

b',stellar:grains., :Laﬁer work on scattering by é&lindérs‘was aimed at

explaining interstellar pq}arization}




Laboratory work in formulating phfslcal and chemical theories‘
of the properties of such grains in the ambient gas and radiation field
have complemented the basic data which should be obtained over as many
parameters as possible. Therefore, results of radioastronomy, spectroscopy,
photometry, radial veloc1ty studies, and direct photographs and visual
observations should be added to those of polarimetry over as large a: range
'iof wavelengths and phases as possible.

- This is especially.important in objects such as the Carina Nebula
whicn nresent .strikingly different'appearances at different wavelengths.
Also in n ICarinae, where previous observations have suggested a particular
geometty and grain type as the natnre of the scatte:ing particle, present
polarimetric observations may allow the determination of a size distribution

. of grains, but futurelpolarimetric observations along with techniques

preViously mentioned, at different wavelengths, will be very important in

completely determining the nature of this peculiar object.

~f




~ CHAPTER 1

POLARIZED LIGHT

1.1 WAVE POLARIZATION

‘'Light is a superposition of many electromagnetic wavee, each
iAexhibiting_transverse, sinusoidal vihrations, and satisfying Maxwell's
Eguationsf The direction and‘amplitude-of each wave is characterired by
' ite electric field vector E and its magnetic field‘veetor H.

C.G . Stokes (1852) was the first to investigate in detail the
phenomenon of 'polarized’, as opposed to 'natural' light. He defined
natural light as :-

) ‘Light which is incapable of exhibiting rings of any kind when
examined by a crystal of Iceland spar and an analyzer or by ‘some.
- eqnivalent combination'. |

This is equivalent to saying that, on average, natural light has no
”preferred orientation for the direction of its E vector.

Polarized light, on the other hand, arises when the direction of
vihration of the light is restricted in-some manner from its natural random-
ness; | | |

. .Plane polarization arises when the vibrations are oonfined to one
plane. When the plane of polarization of polarized light rotates with time,
and the amplitnde of vibration varies, elliptical polarization oecurs. If
_the amplitnde of vibration of ellintically‘polarized light remaine the same,

- the light is said to be circularly polarized.  Mixtures of these different.

. polarizations are found in nature. .

1.2 - THE STOKES' PARAMETERS

The polarization of a beam of light nay be completely characterized

A bY four vectors : I, Q, U and V, which were introduced by C.G.Stokes (1852)

as follows :-




'Wheh any number:of independent:polarized sﬁreams of given‘_
-refréggibility'are'mixed together, the nature of the ﬁiﬁture E
is completeiy determinedjby the values.of four constants which .

| gre cer£ain functions of the inténsifies of the streams, and of
the azimuths and eccenﬁ;icities of the ellipses by which they are
respectively qharacterized,.so~that any two.groﬁps of polarizéd
stréams which furnish the Same value§ for egch of these four

 constants'are optically equivalent'.

’ An éxfeﬁsion of this is the. *Principle of quivalence'_wﬂich states
.'that it is impossible by means ofAény instruments fo diétinguish between
'variots incoherenﬁ'sums'of eleCtromagnetic,wéyes that may together form a
beaﬁ;with the Stokes' Parameters (1, Qliu, V).
. Hence, there is>6nly one kiﬁd,of natural”iight with (1, Q, U, V)
= (1, 0, 0, 0) which fhéoretica;ly may be cémposed of waves in an infinite
vﬁrieﬁy of ways. |
| 'The-esséntiaivpropérty of the Stokes' Paraﬁeter; is their additivity

in.the superposition of tw§ independenﬁ béaﬁs of lighf, corresponding to the
_ abseﬁce_of ény interference. |

The first parameter I represents the_flow of energy per unit area,
that ié,‘the intensity of the beém. The other parémeters have the same |
dimensién.' .

The’seéond parameter Q is a measure of the horizontal p;eference
-displayed by the E—vector; That is, it is a measure of the difference -
befween.polarization forms hérizontal aﬁa vertical (+—r - I ). Hence Q '
will be éositi#é for a préferential horizontal poiarizgtion form, negative
for the reverse-and.zero if no preference‘is shown.

fhe thinjparaméter U indicates the preferénce between directions

+45o and -45° (efa'— YJ) being positive for polarization forms closer to

+45° than -45°,




'Q and U define an angle 9, rélatingito thé direction of linear

. -polarization,vor the azimuth of the major axis of élliptical polarization,

such that
tan 20 = —
Q

The foﬁ?th parameéer V describes the §ense of the'elliptical
polarization being positive for right-handed forms,negative for left-handed
.forms, and zero for linear formé.

‘As meaéurable intensities refei to a superposition of many simple

| waves, with indepeﬂdent phases, the Stokes':Parameters of an entire beam

~of light are given by the sums

I = 14, Q= Igi, U = Iui v = Ivi.
1 i 1 e i
‘where the index 'i' denctes each simple independent wave.

1.3 - - THE. POLARIZATICN ELLIPSE

Consider é‘plane wave travelling in the z-direction with components

of oscillation in the x-and y- directions given by

Ex = alcos(mt - Bz) ' ' ' (L.1)

Ey = azcés(mt - Bz + §) v - (1.2)

al and az represent thé_amplitudes of»the two vibratibhs, w/2m ° the
frequency and § the phase.differeﬁce.

R 'Equations 1.1 and 1.2 describe two .linearly polarized waves, one
polarized in the x-direction, the‘other in the y-direction.

Combining the two equations vectorially the resultant field is

x Ex + y Ey

|td
.

;alcos(mt - Bz) +'y"a2cos(wt - Bz + &)

[N
o
|td

]




. At z = 0, equations L.T and 1.2 reduce to

(1.3)

BEx = 'aicqsmt

By = xazcos (wt + 6) : A . (1.4)
From 1.3

cos wt = Ex

2
which implies that
. .2
Si-n'wt = l.. ?_X_

Expanding equation 1.4 and eliminating time gives

2

‘E o o A ‘
N »xz - ZEXEX‘cosé + . sin2.6
a3 %2 S )
, 2 2 _
or aEx“ - bExEy + CcEy =1
' 1l 2cos$ 1
: :al sin®§ alazsin § : a2 sin” §

_This represents the equation of an ellipse
Therefore,

E = xEx +YEy

represents the genéral case. of ellipﬁical polarization ; the locus of

' the tip of the vector E_describing an ellipse




i 2 2
) J‘I = él‘ + a2
2 2
Q = 3, - a,
U = 2ala2c055

vV = 2a1azsin6

It can be seen that

_12 2 Q2 + U2 + V2,

ﬁhe equality only being true for completely polarized beams.

1.4 ' DETERMINATION OF THE STOKES' PARAMETERS

Suppose that a beam of monochromatic light is observed after passing
through a polarizer, orientated at an angle 6 to the positive x-directicn

(Fig.1.4).




~
d

Pig. 1.4 - TIllustrating Notation

‘ The component of the electric vector in the O-direction is

~given by

E(6) = Ex cos® + Ey sino (1.5)
so that
* .
I(6e) = E(6) . E (6)
2 T2 :
= Jxx cos e_ + Jyy sin © + Jxy cosO sin® + Jyx sinBcosd 1.6

l.e. ' I(©)

where J = : . A
* * 2 ’ . 16
ExEx ExXEy a alaze

*. *
EyEx . EyYEy i a,a.e a2

These elements may. be determined quite simply from-a set of convenient

measurements for 6. For example, © = 0°,45°, 90°, 135°.




.. Substituting these values for 6 in equation‘i_g,'it may be seen that

2 .

:1I (Oo) L= Jxx = a,
I (45°) = Jxy/2 + Jyx/2
190" = ayy = a2
! 1 (135%) = -3xy/2 - Jyx/2

" Combining I -(45°) with I (135°) :
O o :
I (45) - I (135) = Jxy +Jyx = 2 aa, cosé-
‘The Stokes Parameters may be extracted from these equations thus :

1

I (0% + I (90°)
0 = 1 (00 - 1 (90°)

- U

1% - sy 0 —

' with the orientation of the polarization vector given by

1, = o
e = < tan u/Q
_.Consideratidn'of.the imaginary parts of Jxy and Jyx arising when '
the y-component of the light is retarded with respect to the x-component

.is necessary for the evaluatkon of V. ' ‘In the present case V = 0, and

the light is plane polarized.
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CHAPTER 2

THE NEBULAR POLARIMETER AND REDUCTION TECHNIQUE

2.1 INTRODUCTION

. ‘ ‘The data discussed in this fhesis was 6btained at the £/15 focus
ofvthe 3.9m Anglo-Australian Telescope in January 1978 and at the £/15 focus
of -the 1.0m S.A.A.0. Telescopé in July 1978 by Scarrott and Warren—Sﬁith.

Analysis of thé states of polarization of the light from an astron-
om;cal‘object by the polérimeter'aesults in the production of a linear polari--
A?atibn map éf the object. fhe informatioh is recorded by an electronographic
éémeia: Sufficient data to producé a complete. polarization map is contained

in’eight exposures or eléctronographs.

—

2.2 THE NEBULAR POLARIMETER
| The nebulér polarimeter,‘developed by Scarrott, Bingham énd Axon, is
| ofvthe Pickering-Appenzellér kind, having a Wollaston prism and rotatable
half-wave p%ate,.based on a design by Ohman (see Axon 1977 for further details)
| 4.Light éassing through the telescope:enters the polarimeter and is.
.diQided by means of a Wollaston Prism,.into'two orthogonal components,
éolarized perpendicularli to each other. In order that'these two orthogonal
polarizations may be recordeaAsiﬁultaneously, one half 6f the field of view
'of the polarimeter is "blocked out" by a series Qf grids. The plane of
polarization of the light is altered by changing the orientation of the A/2
éiate, which rotates the plane of polarization by twice its own angle

| Figure 2.21 éhows the path of a light say through the optical
' components of the polarimeter, the properties of which are summarized in
table 2.2aA.

2.3 ‘THE ELECTRONOGRAPHIC CAMERA

The 4cm electronographic image tube was developed by Dr.D.McMullen

at the'Royal Greenwich Observatory. . The main features are shown in figure 2.31

11
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" TABLE 2.2A

- Function and Properties of the Optical Components of the Polarimeter

to pass through
optical system

Component‘ Function Constfuction/Properties
o . '

45  Mirror Detachable off-axis -Aluminized perspex

' : guider. » (used on SARO telescope)
Grids To block out one half Black coated perspex

- ° of the field of view which eliminates

~ in alternate strips edge effects
Field lens .To constrain all light 20 cm focal length

£/4 achromatic doublet

Grid viewing -

Enables dbject to be

Aluminized perspex

incident linearly

. polarized light

mirror placed centrally in

. the field
‘Half-wave Rotates plane of 'Magnesium fluoride and
plate polarization of . quartz

Achromatic in range
4500 - 6800 X

Wollaston Prism

Separates light into
two orthogonal
polarizations'

Quartz cementeg
4 cm width. 1  divergence

Relay lens

Used to focus grids
accurately onto '
photocathode ;
introduces 4 x de-
magnetization between
telescope and photo- -
cathode and a similar
gain in speed

Nikon £/1.4
50 mm bloomed

Filters

To define wavelength

. range of light reaching

photocathode

AAT. Broad V(4800-6400 %)
SARO. V(5500 * 500 R)
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: Light,'éassingAthrough.the telescope, analyzed by:the polarimeter
is broﬁght«éo»é focus at fhe photocathode of the electronographic image tube.
Phétons,‘iﬁcident.bn the photocathode eject electrons (with 20% efficiency)
. which,ére accelerated down the tube by aﬁ assembl& of electrodes of uniform
potentigi grédient. A magnetic field briﬁgs tﬁe.electrons to a focus at the
-nuclear emulsionlsiﬁuated behind the mica window. Reciprocity failure is
négligiblé, and since the emulsion is linear, density seing'pfoportional to
exposure in,}he range of interest, calib;ati§n of the piates is unnecessary.

Detailed descriptions of the‘electronographic camera are given else-

whérei(McMnllen et al} 1972, McMullen 1972).

, fhg air on the outpﬁt side of the mica window, which is 40mm in
AJaﬁete: and 4um thick is kept at 1 torr oi 1es§ by a mechanical pump. The
nucieaf émuision on melinex (50um thick) is mounted in the film holder and
‘brought up to the mica by the pneumatic actuato£J££rough the gate valve ‘which
'acts as z ﬁacuum lock ; the valve is obened only when the pressure on the
filﬁ side has been reduéed to’below 1 torr. The'emﬁlsion is brought into
intiméte contact with the mica by pfessurizing the space behind the film
holder with pitrogen at'lo torr. - All'the operations viz pumping down the
film ho;dei, opening the gate valve, bringing'forward the film and pressufiz-
ing to 10 torr, are carried out by an automatic electro-pneumatic system.
Film can be changed in 2-3 minutes.

2.4 REDUCTION OF THE DATA

In order to obtain a linear_polarization map, eight electronographs_
" are necessary for each object, four corresponding to position "grids in" and
four.to‘”grids out”. The chafacteristicé of the polarization of one half
of a field of view (i.e. grids in or grids out) are displayed.ip figure 2.41.
>>The §1ates are digitized in 24 i pixels with a 25y step using the PDS-
a miérodensitometer at thé Royél Greenwich Observatory, forming 512 x 512

matrices of intensities which are stored in the cdmputer. A typical electro-

nograph is shown in figure 2.42.
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ORIENTATION OF E-VECTOR WITH ROTATION OFA/2 PLATE

- Plate-1

" Plate2

Figure 2.41

 Plate3

Plate4

Right

A2=0
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N2=L5







Fﬁil detailé of the alignments of the plates, the reduction in size
of the 512 x 512 métrices, the necessary corrections to be applied to the
dgta and the ca%culaﬁion of fhe Stokes' Parameﬁers will be found in Warren-

Smith's thesis (1979). A brief discussion of the corrections, éalculation
of polarization, and error estimates,follows.
--.2.4.1‘C1e§r Plate Subtraction

'From figﬁ;; 2.43‘it can be seen that, in order to obtain the signal

from an asttonomical object alone, it is necesséry to subtract a clear plate

signal and a sky signal from the data.

object signal

v

[ sy signdl

late

clear
- '-eyel I |

Fig. 2.43 - Intensity Profile from an Electronograpﬁ

' Upon digitization, the plates are raster-scanned in the x-diiection.
Hence any fluctuations in the zero level of the microdensitometer will be

discernible in the y-direction, the time séale being large compared with

" that of k—scans.:

Traées of the intensity down the plate are obtgined for clear plate

14




either side of the exposed regich. The average of the two estimates is
subtracted for each y-value. | V |

2.4.2 Photocathode Correction -

The effect of the non-uniformity of the photocathode in response
to the incoming signal must be removed from the data. This is achieved by
investigating the variation in intensity from a uniform source of ligbt, e.g.
the nightvsky, across the field. Four plates are taken, corresponding to
: the four ﬁositions'of the A/2 plate. The intensities on each plate are
first essentially smoothed by ncrmalizinglthe plstes with respect to'each
ctherAso that equal intensities are obtained. Then the intensity for every
poeint in each left-hand strip is compared with the average intensity for all |
points in all left—hand strips, a relative sensitivity factor for every point
.hence being obtained. This is repeated for the_right—hand strips. The
relative sensitivity factors for the photocathode so obtained are used to
correct the object data. |
T The experimental technique is such that each component of polarized
light 'is reasured twice'(see figure 2.41). This gives a measure of the
cobsistency of the results and provides not only facility for obtaining the:
‘relative response between left-hand and right;hand,strips, but also for
obtaining the relative exposures between the plstes, both of which are again
used to correct the data.

2.4.3 sky Subtraction

Since the sky is recorded simultanecusly with the object, the sky
intensity may be obtained by finding the average intensity of regions of the

plate where there is no sighal from the object, for both left and right-hand

strips, and may be subtracted accordingly.
2.4.4 Filtering of the Data

The intensities Il —4i8 may be expressed in the form

I, = I +Qcos 20 + Usin 20

15.




where I représents Il + I8 and I, Q, U, and © are defined in Chapter 1.

i
This-doﬁble siné curve cqnsﬁrﬁcted from the intensities Il+ I8

(from the.four plétes) is now optimized using a "search" programme, until

the besﬁ fit with'the-data is obtained. For a partiqular densit&, the average
dispgrsion of points from the curve is obtéined, and any point Qith dispersion
greater than the average is'rejected. This proéess‘is repeated ite?atively
five or six times for each set of eight intensities, i.e. for every pixel.

2.4.5 Calculation of the Stokes' Parameters

, Once the data has been filtered the intensities are integrated over
X X Yy pixels with spacings in x and y of Ax and Ay.

A double sine curve is now fitﬁed to these iﬂtegrated intensities,

Il » 18 and is again optimized to give the most accurate values possible for
the Stokes' Parameters. The férm of Qutput'is shown in the Appendix.
| 2.4.6 Exrzors )

-idea;ly, the precision-éf the polarimetric measureﬁents should be
limited only by the quantum ndise, i.e. by the fluctuations in the number of
incident protons. 1In practice, however, fhis,is ﬁever achieved.

Various systematic errorsrare produced by the optics of-the polarimeter
and telescope, the non-uniformity of the phoébéathode and the imperfections.

in the nuclear emulsion of the £ilm. Random errors are introduced by the

quantum noise and the digitization procedure.

Errors due to the component optics of the system have been shown to
.be negligible when working at a level of 1% polarization (Axon, 1977) by

tests on standard polarized stars.

Systeratic errors can be found by comparing the signal recorded on
different electronographs since, as noted in section 2.4.2, each component

intensity is effectively measured twice.

The random errors on the two-dimensional signal are estimated from

the dispersion of individual measurements about a smoothed 2nd order surface
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fitted locally to the recorded density (Warren-Smith, 1979).
"The errors.on the recorded signals lead directly to the errors
on the'Stokgs'_Paraﬁetérs (since the recorded signals after various

corrections combine to give I, Q, and U) which in turn transmit them to the

degree and angle of polarization.
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CHAPTER 3

INTERSTELLAR DUST GRAINS

3.1 INTRODUCTION

-: As eﬁrly as l784, visual recordings of dark and bright nebulae were
made by Sir William Herschel'who catalogued thousands of nebulae, some of
which later were found to be distant galaxies.

| Long exposure photograpﬁs of the Milky Way revealed gonspicuous dark
patéhes and striations against a background of more.or-less unifofm star
fields,'and a debate as fo whether these dark patches were due to obscuring
é;puas; or to holes in the distribution of stars followed. The answer came
Ln th; 1930's when»statistical analyses of star counts through Aark patches.
established the existenceﬂéf optical obscuration.

The determination of the:natﬁre of this ‘optical obscuration' now known

to bé;in_the form of dust grains, sﬁili remains an important field of research

for astronomers.

3.2  INTERSTELLAR EXTINCTION

" The observed intensity of starlight, séen at wavelength A can be

written as

I (M) =1Io (A) exp (- Nma’ Qori “(a,A) ) (3.1)

ﬁhere Io(k) denotes the intrinsic intensity of the star, N thé grain density,
ﬂaz the geometrical cross-section ana Qext theAefficiency factor for extinction
bf the grains._

Definihg the.optical depth.as

T = Nma’ Qext (a,7)

the familiar equation of transfer is obtained

T = Io('x)_e'T




Io terms of magnitudes
X : . 2 Ty '
. Am()) = 1.086 Ta Qext(a,l) n(a) da . (3.4)
(o]

where Am()) denotes the attenuated light at wavelength A and the grainsize

:.distribution n(a) ‘has now been integrated over.
The absolute magnitude M(A)is defined as the apparent magnitude of
a star in the absence'of absorption at a distance of 3 x 1019 cm. For a

given set of wavelengths A + @ set of monochromatic apparent magnitudes

m(l ) may be determined for a star, related to the absolute magnitude M(A )

- by the equation

m(dy) = M(A) - 5+5 log, D + A(d)) : (3.5)

where D is the distance of the star in parsecs and'A(Ai) is the interstellar
extinction in magnitudes at wavelengthili. This follows by simply taking

account of the inverse square law attenuation togethei with the extinction.

Colour  indices (i-j) are defined as the difference in stellar

magnitudes between_the two wavelengths Ai' Aj. The observed (i-j) colour

of a star is then related to the corresponding intrinsic colour from equation

(3.5) by
(1 = 3) pe = - Diner t A(A_i). - A(Aj) (3.6)
Colour excesses Eihj are defined byA
By y=-9 - - j)i;rltr | (3.7
' From eguation (3.6)
By = A —-A()\j) | | | (3.8)

Hence equation (3.8) corrects measurable colour excesses with interstellar

extinction. If Ai = AB' and A =-Av using the UBV system (where the filters:

3
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used for each_of these bands admit radiatidh-in a range of wavelength
_ . ) o
about 1000 R wide with central wavelengths of approximately lux 3650 A,
N o & o '
"AB‘N' 4400 A , Av ~ 5480 A }, and withLXd representing some wavelength a,

from equation (3.8)

- A(A) - A(A)
Q. A - [+ A4 ' . (3.9)
By, B0 -aQY)

Since EB-V is a directly observable quantity for a given star and A(Av) is
-not, the determination of the quantity |

A(L) ,
A (3.10)

R =

E
B-v

i.e.—the ratio'of the to£a1 to selecﬁive>absorpti9§ is important, both for
a knowledge of total exfingtion in a éiéen case and for making estimates of
stellar distahces. Various determinations of R afe discussed in
: Wickramasingﬁe and Nandy (1972).

" If Av gan'be measured entirely’independenfly,-the resultant value of
R can be used to set a limit on the density of large particles producing
“gréy extinctioﬁ" in visible light (Spitzer, 1968). Values of R, obtained
by different methoﬂs are'tabﬁlated by Crawford and Mandwewala (1976),
the average being 'R;= 3.2 = o0.1. ‘

The extinction curQes of Bless and Savage (1972) are reproduced in

fiqire 3.11 from Zannestad and Purcell -(1973). The uitraviolet part of the

extinction curve was obtained from ORO-2 observations, and the visual and

infrared parts are based onh measurements by Johnson (1968).
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ﬁFigure 3.11 intereteilar Entinction'Curves
from Aannestad and Purcell (1973)

. i ' 3.2.1 The Ultraviolet Region

"~ From tne observations of Bless and Savage (1972) the main features
‘of the ultravioiet extinction curve are found to“;e.: large variations in
theIultraviolet.extinction from star to star, the greatest variations being
in the.far—ultravioiet ;'a characteristic hump that usually has its maximum
'at about 4;6u-l,'being more pronounced in some objects than in others ; a
shallow.far-ultraviolet minimum in the region 5,5 - 7.5 u-l which falls at
shorter wavelengths when the far-ultraviolet extinction is smaller ; after
the shallow minimum, a rapid rise in the ultraviolet extinction. Nandy et al
(1976) have shown that there is no strong variation of the mean extinction
curves with galactic position.

' 3.2.2 Visual Region

In this region, the curve follows a roughly linear 1/\ law (Stebbins,
Huffer and Whitford, 1939). The discontinuity in 'the slope of the curve at
about 2.3 ¢ -1 was fiist noted by Whitford (1958). Recent observations of
SChild (1977) indicate that in no octave of the spectrum is interstellar
extinction strictly proportional to 1/A and that variations in the inter—

stellar reddening law with galactic longitude are becoming important.
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'1 3.2.3 Infrared Rééion

There are intringic differences in the infrared extinction from
star to étar as indicated in figure 3.11, some of which may imply the
presence of circumstellar emission superposed on the stellar contimium.
The most important results bf the infrared extinction observations have
been the discovery of strong absorption bands in the 10u region and the
jdiéco§ery of the 3,1y icé—bandr

3.2.4 Theéretical Extinétion Curves

The existence of a strong absorption peak in the 2200-2 region
givesvgreat support to the identification of graphite with the ultraviolet
extinctiqn hump;, Various other t&pes'of particle have been proposed, e;g.
éiliéates, éuartz, solid hydrocarbons but since silicates are thoughtito be
unlikely due to the severe restrictioﬁs.on size distribution required to
produce the neceésary humiugraphite remainsAthe favourite (see Bless and
Savaée; }972 And references theréin). The most likely cause of the extinction
' humpuls‘thouéht to bé plasma oscillations in‘small (mean radius = 0.0lu )
néarly.spherical uncoated graphite particleg. For mean rédius > 0.02 y
spherical graphite particles préduce-broad bumps centred at much larger
Qaveléngths than those observed (Gilra, 1971f. If the graphité particles
are small comparéd with the wavelength,‘then the position 6f the hump becomes
nearlf indepéndenflof the details of the size distribution of parficles which
is important because most humps are at l-l = 4.6 u-l and it is unreasonable to
sgggest that particles have the saﬁé sizé distributiéns everywhere (Bless and
Savage, 1972).  However,in other parts of the extinction cur?e graphite is
found to bg quite unéatisféctbry. |

For the optical region} "dirty" ice grains (m = 1.5-0.05i) (see
Rannestad and Pu;ﬁell, 1973), graphite éarticles surrounded by dielectric

ice maﬁtles, mixtures of refractory particles (Wickramasinghe and Nandy,1972)

and dielectric whiskers with mantles of polyformaldehydé (Wickramasinghe and

Cooke, 1976) have all variously fitted the extinction curve.
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In the infrared region the 1lOp absorption feature has been.
‘identified with silicates although Wickrama51nghe (1975) has suggested a
possible 1dentification of the 10y band with polyoxymethylene whiskers.

© Dirty ice grains, of radii %0.12fi , although fitting the visual
.extinction cannot reproduce the ultraviolet eXtinction hump nor the amount
:of‘far ultraviolet extinction. Calculations for a two-companent size
‘ distribution of infinite dielectric cylinders as well as for dirty ice with
a small percentage of molecules and metallic compounds give only slight
improvementsoand it seems that dirty ice grains of various shapes, sizes and
refractive indices, can be ruled out as the main contributor to_interstellar
extinction in the'ultraviolet. However, combining their own infrared spectro-
.photometric observations from 2-4y and 8-13u , Merrill, Russell and Soifer,
’(1976)show.that ices are common in the interstellar medium, but with small
abundances compared with silicates, being confined'mainly to molecular cloud
‘regions.. From their‘observations of a heterogeneous group of infrared sources,
thej’conclude that conditions of unshielded interstellar medium do not favour
ice growth. These results are in agreement with“Knacke et al (1969) whose
observations revealed that interstellarrgrains contain very little ice.
Graphite-core and ice-mantle grains again do_not give satisfactory agreement.
in the ultraviolet region of the'extinction curve (Wickramasinghe and Nandy,
1872).

As far as mixtures are concerned, extinction calculations performed

by Gilra (1971) for a mixture of graphite, meteoric silicate and silicon
~carbide have‘proved the "best“ fit'to the extinCtion curves, but have the
u shortcoming»of the sensitivity of the extinction hump to variations in the
" sizes or shapes of the graphite components. Also, it does not embody a
realistic wavelength dependent refractive_index for the silicate component
in the far ultraviolet. |

; Mixtures of graphite grains of radii 0.065u and silicate grains of

0.07u give good agreement with the available extinction data as do mixtures




of graphite, silicaﬁe ahd iron particiés_of radii 0.05u , 0.15p and 0.02y
respeétively, using various size distributions (Wickramasinghe aﬂd Nandy,1972).

. Calcu1ations based én enstatite show that silicate cannot be
responsible for the observed visual extinction'unless otﬁer components
different in either composition or size are_inclgded (see Aannéstad and
4 Pu:cell, 1973). quever; as a result of ultraviolet determinations of
oétical coﬁplex indices of refraction for vafious silicates, meteoric.and
~ iron-sulphide materials, Egan and.Hilgeman.(l975) suggeét the plagioclase
felspar bytownite as a suitable maﬁerial for the interstellar medium having
v‘a'distribution of particle radii ranging from 0.1 - 0.001 y. |

| Day (1976) has p;oducedvén aﬁorphous magnesium silicate which could
é%multaneously account for both infrared and optical extinction. Far infra-
red pioperties of these materials éuggest that they could supply a gignifi;ant
amount of far-infrared emission observed in such sources as the Orion Nebula.

Wickramasinghe (1975) suggests.that, since interstellar formaldehyde

has ;een identified by its 6 cm radio absorption line in over 100 dust clouds,
‘much larger amountéfof ﬁzco:may be present in solid state polymer form as
polyoxymethylehe whiskers and condensed on interstellar dust grains, and
‘thatva significant fraction of ail interstel;ar oxygen and carbon may be
'locked‘up as polyomeethylene. With the exception of-H2 and CO, H2CO is
probably the most abundant gaseous molecule in the -interstellar medium.

Hence (Wickramasinghe and Cooke, 1976) the case for polymerization and the

formation of mantles of polyformaidehyde‘is as strong as that for the formation
of icé-mantles on refractory grains. Apparently whiskers of radii 10_5 cm
would explain £he availaﬁle data on intefstéllar éxtinction in the waveband
range 3500.2 -1y, and a compérable mass of smaller uncoated graphite and
silicatebérainé-is needed in the far ultraviolet.

| In general, the gross featurgs of the extinctioh curve may be easily

but not uniquely reproduced by a mixture of grains of which smell graphite

particles are one component, but where ofhefwiéelonly a bimodal distribution
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of dielectric grains is needed Thelarger grains may account for extinction
in the visible and infrared regions, whilst the smaller grains cause
“increasing extinctionlin the ultraviolet.(Aannestad and Purcell, 1973).

3.3 - INTERSTELLAR POLARIZATION

Since the discovery of interstellar polarization by Hall (1949) and
Hiltner (1949), there has been a massive accumulation of polarimetric
observations (see Aannestad and Purcell 1973 for a review of observations) .

- The results of the survey by Mathewson and Ford (1970) are generally
interpreted in terms of a galactic magnetic field, aligning elongated dust
grains by the Davis-Greenstein mechanism. Polarization arises because '
extinction is greatest for the vibration of the electric vector of the light
4n the plane parallel to the long axis of the cylinder. dSince the grains are
oriented such thatitheir long dimension is transverse to the field, the
vimplication is that the plane of polarization of the light will be parallel
vto the galactic magneticﬂrield, which has proved to be the case (Mathewson -.
and’ Ford 1970) |

| The results of surveys by Serkowski, Mathewson and Ford (SMF) (1975)
‘and by Coyne, Gehrels and Serkowski (CGS) (1974) indicate that the inter-
‘stellar polarizatlon curve as a function of wavelength for all stars can be
fitted by a unique function withlone'free’parameter - the wavelength of
| marimun polarization_(kmax).v The values of lmax are found to be concentrated
within the range 5000 X - 6000 R, 'Amax for a feu-stars being greater than
this. SMF suggest that Amax is proportlonal to the average size of inter-
stellar dust grains producing both extinction and polarization. Amax is in‘
fact found to oe proportional to the mean grain size, multiplied by (n-1)
where n is the refractive lndex of the grains (Cohen 1977). CGS find that
models of dielectric cylinders, with Dauis—Greenstein orientation mechanism
- fit the results.

- It has been suggested that Davis-Greenstein alignment in the inter-

stellar medium is not efficient enough unless the grains possess special
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properties.such as ferromagnetism (see Aannestad,and Purcell 1973)£ Purcell
'(1975) has proposed a "pinwheel theory" in which surface "rockets" spin the
‘grains up to high speeds, so that more complete alignment is achieved in

'a weak magnetic field. In fact, direct observational evidence from lOu
polarization measurements in Orion (Dyck and Beichmann 1974) indicates that
ordinary silicate grains can be aligned, but recent'calculations by Elsasser
and Staude (1978) indicate shortcomings in the model of Dyck and Beichmann
and show that scattering by circumstellar dust and electrons distributed

- non-spherically can account for the large polarizations observed in a variety
'or young stellar objeCts, as opposed to the need to invoke a magnetio field.

' In the case of stars with long Amax' SMF suggest that'larger than ..
normal grains exist. Further investigations by Cohen (1977) show that it is
. possible for the grains to grow by accreting mantles from the gas rather than
by coalescence of previously exlsting grains. Since only 1% by weight of the
interstellar medium is in the form of grains and since elements heavier than
| heliun are only'lt of total cosmic abundance by weight, Cohen concludes that
the mantles which accrete in dense regions have different chemical comp051tions
. from grain cores, preferably involving as much hydrogen and as little of the
hedvier elements as possible.

Most of the stars with long Amax,are located in dark-cloud complexes
where grain growth might reasonably occur because of high density and ultra-
violet shielding. Water ice is certainly a possibility for the mantle and
Athe fact that infrared absorption bands of water ice have been observed in
dense molecular clouds,_lends support to the hypothesis of a different
chemical composition in grains in the densest regions of the interstellar
medium (Cohen 1977). | |

Aligned grains cause linear dichroismiofvthe interstellar ‘medium,
and in general they must also cause linear birefringence, i.e. a difference
in the real part of the refractive index for the.medium for waves polarized

parallel and perpendicular to thé direction of grain alignment. Thus arises

27




;ﬁe possibilitf of observing a small component of circular polarization
in the light from a ;inearly polarized source; that has traversed a region
where the.grains-are aligned in some diréction,neither parallel nor perpendi-
' :culai ﬁo the polarization vector of the source. |
Martin (1972) shows how éptical observations of circular polarization
j". yield valuable info;mation abént the grain material. He demonstrates that
the waveiength of circular polarization is sensitive to the imaginary part
of the compl?x refractive index of the grain matérial and hence provides a
powerful tool in determining the nature'of interstellar dust grains. He
éroposés the following materials for interstellar grains with refractive
vindices m = n-ik :
;- - (1) Ice, with n &{1.3 which is dielectric even when impurities
 raise k to 0.05 ("dirty ice"). |
(2) silicates with n @1.7 with k ranginéwgéom o toA&.B. _The non-—
. 'absorbing variety are dielectric but those with large k would have
... — @ more "meﬁallic"Abehaviou;. |
(3) Iron Qith kv n which is metallic.
- (4) Gtaphite which is 0ptically anisotroﬁic (see Martin 1972)

(5) silicon carbide, agéin optically anisotropic.

Shapiro k1975) demonstraées that flat, platelet grains of magnetite
can account for the observed wavelength dependence of linear and circular
"interstellar polarizations. Given conditions of perfect alignment they can
also account for the amount of polarization whilst locking up in magnetite
—érains only a relatively small fraction of the total iron present in the
interstellar medium. Hence much magnetite dust would only contribute a
small amount to.the observed interstellar extinction, thus allowing the
extinction curve to be explained by other types of dust. If perfect align-
ment is not achieved, it is necessary only to put more iron into the magnetite

grains.and in turn account for a large fraction of the total extinction.
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Howevef, a determination 6f'£he interstellar bireftingence by
3cMill#ﬁ and Tapia (1977) yields results éonsistent with nearly pure
dielectric material. . This reviéion therefore removes,according tb then,
all'obsef&ational evidence for materials such as_magnetite, which have a
. heaédieébie_k. | |
" The few ﬁltraviolet polarization-oﬁﬁervations that exist (Gehrels
' ;974)Aéhd‘thdse in the infrared (Dyck 1974) show behaviour which is in
general’consistent wifh that expected for dielectrics (Martin 1975).

3.4 FAR INFRARED OBSERVATIONS

Many galactic HII regions are asséciated with far infrared sources
of heated dust which appears to be‘present both inside the HII region, and
~outside in the néutrai gas (Emerson and Jennings, 1976).' Recent observations
- (see Aannestad(j1976 and references therein) show that in some cases, the
far infrared maps correlate closely with.the radio continjum maps, indicating
that the dust in these cages is mixed with the ionized gas within the nebulae.
.':.Emerson-and Jénnings intérpret the results of tbeir observations of
faf infraréd sources in terms of emission from dust clouds heated'by hot
stars,'grains (or grain mantles) of ice, fitting the data well. Greenberg
(Emerson and Jénnings, 1976 —Adiscussion) howevér, suggests a mixture of
core;mantle particles in the O.lpym size range and a large number of much -
_smaller core particles (probably silicateé) in the 0.005 um size range as:
thé dust composition. | .
Obsefvations of the three gost observed HII xegions_viz.Ozion A,
W3 and M17, have been modelled successfully by Aannestad (1976) in terms of
dusty HII regions containing olivine-core and ice-mantle gfains. ‘The
| ref?actory compénent of tﬁé dust, withstanding high temperatures mﬁch better
than the mantle material, will be subject tq evaporation mainly in the
immediate vicinity of the exciting star. Further from the central star, the
teméerature may be low enough for the gr&in to maintain its mantle. The

distribution of suéh gfaihs is thus limited, but is still possible in a
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sub#tantial portion of ;ﬁ BEII :egiOn. In terms of sizes of the grains,
Aanﬁestéd'hgs taken a core size of 0.05 um andAa mantle size of 0.15 um.

._ Rowan—Robinson (1976) has constructed models of optically thick
aﬁs£ c1ouds-fitted-to the spéctra of galactic_(Orion and W3) and extra- .
" galactic (M82 and NGC 253) sources from 3 ym - 1 mm. He finds that if
- the grains are composed of ice or silicates, then radii g?eater thaﬁ 10um .
‘are required and that grant grains appear to be a general feature of sources
‘.peaking in the far infrared..

‘Multiply branched whiskers in the’form.of "snow-flakes" which may
be expected.to grow very rapidly under suitabie conditions, can also enhance
'infrared and f#r infrared emissivities (Edmunds and Wickramasihghe, 1976) and
Narliker, EdmundS‘énd Wickramasinghe (1976) suggest that it is possible to

explain the cosmic ﬁicrowave background in terms of tﬁermalization‘ of

radiation from sources such as galaxies by somewhat exotic graphite whiskers,

of radii 10-6 - lo_S cm and of lengths & several hundred um.

3.5 COMETEARY DUST

Comets are believed to be the rémnants of the most primitive material
in the solar'system;. Eecause their reflected light and thermél emission
are‘seen'uncontaminated, by thé light of anyAilluminating star, they caﬁ
be studied in greater detail than any other source of interstellar dust
and hence are very important..

The silicate signature has beenfobserved in Comet Bennett, Comet
fKohoutek, ana Comet Bradfield (see Néy, 1977 and references therein). The
comet data also indicates.that the material responsible for the 10 um feature
is very refiactory, with érains surviving at temperatures of lOOO° K
(Ney, '(;977) ). | |

| Obsérvations of Comet West (Ney and Merrill, 1976) yield scattering

.phase fuﬁctions best fitted by dielectric materiais (where'l.3§ n § 2.0 and

- : 2rd
n > k) such as dirty ice or silicates with 6& x £ 15 (where x = > is
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the size paiameeer of the grains).

»Reeent analysis of the lo_ﬁm-and ls‘ﬁﬁ bands in Comets Beﬁnett
and theptek (see Cooke and Wiékramasinghe 1976) indicates the presence
of materiels euch as polyformaidehyde. Both theseibands and the underlying
infrared confinium.are depressed by a factor of 10 in intensity a few days
after berihelion whenlthe radiative temperature is 6nly A 500o X, consistent
with the evaporation of formaldehyde but not with that of silicate grains

where temperatures > 1400 K are necessary.

»

The’detection of polyformaldehyde in the Allende carbonaceous chond--
rate (ﬁreger,_zubrovic, Chandler, 1972) increasee the evidence fqr it, as
a eohstituent of interstellar dust grains.
'3_.6 ' SUMMARY
| ~ Martin (1977) has reviewed the natufe of the recent investigations"

iﬂto intersfellar dust properties and also emphﬁsiies the importance of new
areas and techniques of investigation.

.. ._Studies of interstellar extinction, albedo (from diffuse galaetic
light-data) and polarization (both lineer and circular) are found to be

‘consistent with a 3-component grain model. Wickramasinghe. (1976) summarizes

these:reselte: .
(L) Extinction and polarization bbserfations in the wavebandlquO-BOOO i
demand a predominantly dielectric grain‘model ; partially aligned
dielectric needles of refractive index m‘=>l.5 with fadii n .15 pm .
 are consistent with these data.
~(414) Extinction, phase function and albedo data in the 3000-1800 g
waveband require the dominance of a predominantly absorbing (low-
albedo) grain population. fhe grain populaticn must provide an
. explanation of the 2200 S interstellar absorption band. If graphite
- 1s fesponsible for the extinction in this waveband, the particles

. - : o
- must be nearly spherical with radii ¢ 0.02 um, the 2200 A band

being a small.particle resonance in graphite. :
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(iii) : ExtinctiOn and albedo data at wavelengths < 1806 g require a
dielectric grain population with radii & 0.0l um.
vAccordiog to Wickramasinghe {1977) all the date can be accounted
for in oerms of a mixture of small spherical graphite particles, radii
5.0.02 Hm, small dielectric spheres, fadii < 0.01 um and larger elongated
i dielectric parﬁiclee, radii " 0.15 pm, with the mass density of all three
populations roughly comparable. At present, it is-thought‘that siiicate
grains p:obabif meke up the smailer sized dielectric component, and icy
grains, probably with silicate cores the larger sized component.
Interstellar column density derivations, e.g. by Snow (1975) indicate
that all elemeots in interstellar’clouds are underabundantowith respect to
, hydrogen, lending support to the hypothesis of Routly and Spitzer (1952) that
these“missing elements are bound up in interstellar grains. Hence there is
..general support (see Wickramasinghe, 1977,for further references) for the
idea that the bulk of the elemeﬁts Mg, Si, Pe is condensed in grains or grain
cores as iroﬁ,’silicon carbide'and'silicate particles,<and that the CNO

- elements are also locked away in grains, presumably as grain mantles, but to

‘a lesser extent (Wickramasinghe, 1977).
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" "CHAPTER 4 -

“ETA" "CARINAE

4;1 . EARE&'HISTdRY
. 4.1.1 The Light Curve

The earliest_fecorded observations of n Carinae are summarized
in Table 1A. Thefé ;s no mention of the stér in the oldest catalogues
(Ptolemy) aﬁd'since thé earliest records of observations of thé n Carinae
regionlat the eﬁd‘of the 16th century (v. Houfmann, Bayer) do ﬁot include
thé star,it is reasonable to assume_that at the time of Ptolemy the star
wés_fainter than 4th magnitude and may poésibly havé»been increasing in
magnitudé éver the centuries (Innes 1903). |

AObsérvations were ?gde by various people unﬁil 1834 when Sir John
Herschél began his own series 6f qbservatiqns at the Cape of Good Hope which
lasteé}untilv1838. During thése years 1n Carinae fluctuated between 2nd and
_1st‘magnitude. |

Whén firstiobserved by Sir John Héfééhel in 1834 it "appéared as a
very'largé sta:'df'the 2nd magnitude,‘or.a very small one of the first
~ and so if remained‘withdut apparent increase or change up to nearly the énd
of 1837;.,." |

It was on 16th December, 1837, thét Herschél's ﬁastonishment was
excited by the appeafance of a new céndiaéte for distinction among the very
brightest sfarsvof the first magnitude....". After a "momentary hesitation",
the "natural éonsequencé of:a phenomenon éo utterly unexpected", ﬁe satisfied
himseif that it waé his "old acquaintance"; n Argus as the star used to be
calléd; Its light was nearly tripled.

from this*timé on its light continued to increase until it attained

- maximum bfightnession 2nd January, 1838, when it was almost as bright as
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" 'TABLE 4.1A

Earliest Recorded Observations of the Magnitude of n' Carinae.

 DATE AUTHORITY o MAGNITUDE
1&77 Halley 4
‘ 1751 | Lacaille 2
1811-1815 | Burchell 4
A ' 1822 | Fallows 2
© 1822-1826 | Brisbame 2
Feb. 1 1827 | Burchell 1 = a crucis
Feb.29 1829 | Burchell 2...1
' 1829-1833 | Johnson 2
1832-1833 | Taylor 2 -
© '1834-1837 | Herschel 1...2
Jan. 2 1838 | Herschel . | > 1 very nearly = & centauri
Mafch‘i9 1842 | Maclear < 1 inferior to .d crucis
April 1843 | Maclear s 1 nearly equal to Sirius
” Apr.11-14 1843 Mackay 1 fuily bright as Canopus
magnitude of o crucis’ = 140
magnitude of a ceﬁtauri = -0.3
magnitude of Canopus: - -0.7
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o centauri (<073). By 20th Januéry; it was.“visibly diminished" and
continued to fade‘beyona 14th April, 1938, after which time Herschel's
own obSérvatibns of n'éarinae ceased. \
i n Car's sﬁbsequent increase "in lustre" was obsérved by the
Rev. W S Mackay, at the Generai Assembly's Mission, Calcutta, iﬁ March
'51843. Du?ing March, the brightness of the star was oscillating and at
‘maximum brightness.rivalled Canopus (—O?7),-its minimum being somewhat
less than the'magnitude of d Cruqisé(l?o).
By 1857, n Car'had faded to a first magnitude star, by'1860 a
3rd and after 1868 faded considerably. .
Anéthe; small, but relatively weli—defined maximum occurred in
1839)'but by the end of the century n Car had faded to 8th magnitude.
vFigure 4:31 shows the Light Curve of n Car, I L e
. —
4.1.2 Earif’SPectrosCopic-Observations,
~-~- The earliest availablé{spectroécépic observations were made by
Le Sueur (1870) and Clerke (1888). Lé Sueuf describes the spectrum as
being "crossed'by bright lines" and identified the lines Ha, He I A5876,
aﬂd Fe IT X 5169, 5018. These observations, during the latter part of
| the decline of the great 1843 maximum, indica£e that the spectrum may have
had a similar appearance to today's. Le Sueur also states that "occasionally
there is an-aépea;ance,és if of a multitude [E% dark 1ine§:] over the
spectrum'generally, but they refuse to be seen séparately and cértaiﬁly“.
_if is possible thét a very rich spectrum of weaker emission lines, like the
present one,Acould have been mistaken visually for an absorption one.

‘Clerke too says that "indications of dark shadings are perceptible"

in the spectrum of n Carinae, but detected no bright lines. It is uncertain
whether relatively weak emission lines could have been detected if present,

since the observations of both Le Sueur and Clerke were pre-photographic
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descriptions..

From 1892 onwaxds, 40 plates (the Harvard Pia,tésl of the spectrum
of n Car were taken with the Boyden l3-inch telescope in Arequipa, Peru.

~Bok (1930) has reviewed-these early spectra taken by Cannon and
describes n Carinae as having an absorption spectrum with superimposed
thdrogen emission and a spectral classification of cgg However, an’
examination of the 1892 and 1893 plates by Hoffleit (1933) shows that an
em1551on spectrum existed before the absorption spectrum of 1893. The main

features of the 1893 spectra are : very intense Balmer lines ; faint Fe II

lines ; and very strong forbidden lines.

‘ A plate taken in 1895 shows a spectrumimuch more like the present
ohé.' There is stili some faint absorption but the emission spectrum is
' prominent. The Balmer lines are still the strongest but more than 20 other
.emission lines due to ordinary and forbidden Fe II are clearly visible.
Hoffleit detects conspicuous absorption components on the violet sides of
’the'stronger iines, which are.later absent.

The next spectrum, observed by Gill in 1899, revealed a bright line
spectrum closely resembling that of Nova Aurigae. Baxandall (1919) has
'suggested that since Gill'detected no absorption lines, in agreement with

. later observers (e.qg. Moore and Sanford (1913) ) then perhaps the Harvard
observers had in some way misinterpreted some of the intervals between bright
lines as dark lines, and measured them as such. The most likely explanation

‘is that the spectrum was still undergoing its change, i.e.'decreasing intensity

of absorption spectrum was accompanied by a strengthening of permitted Fe II

lines relative to Balmer lines and by the appearance of very strong forbidden

Fe II lines.

Hoffleit (1933) concludes that the spectral changes were probably

‘ correlated with the light variation of n Car at this time, the change from
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absorptlon to emission spectrum having taken place whilst the star was
rapidly decreasing in brightness from 725 in 1892-3 to 873 in 1895.
The Harvard spectra after 1900 show~the usual emission spectrum with
perhaps a faint continuous background. | Intensities of Balmer lines and
i Fe IT and AFe Ii] are of the same order. |

These observations, both visual and photographic, provide evidence
'that n Car underwent at least two mejor spectral transformations during the
second half of the last century.- (Wwalborn and Liller (1977) ). Hence the
absorption spectrum of 1893 was not necessarily related to the great light
‘fmaximum of 1843 but probably to the minor one of 1889, i.e. the absorption
spectrum of 1893 arose in an expanding shell eJected shortly before.

4.2  THE STRUCTURE ‘OF ETA CARINAE

Eta Carinae has been characterized by, forwexample, Thackeray (1956)
.as essentiaily a‘scattering nebula, iiiuninated by a central object.
Walborn (1976) considers the three principal components of n Car to be the
'-nucleus; the ﬁomunculus (after Gaviola) and the outer shell.. n Car presently
has aimagnitude of'6?2 and is associated with OB stars at a distance of
2.8 kpc (Walborn and Ingerson 1977),

4.,2.1 The Nucleus
T | The very bright centrel object in n Car is often referred to as the
"central.star" but in fact this nucleus-is non-stellar. Radiation from.
this central object is effectively scattered from the "halo".

4.2.2 The Homunculus

With the 61 inch reflector at Bosque Alegre Gaviola (19535 observed
'arshape resembling a "homunculus", “"with its head pointing NW, legs opposite
and arns folded over a fat body". This’area, oval in shape, is reasonably
well defined and of dimensions 12" x 17". ‘The surface brightness is

relatively high and it manifests itself as a reddish-orange nebulosity, with

"a complex internal structure. Gaviola's Homunculus is reproduced in Fig. 4.21.
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. The objgcts,.formerly thought to be components of a multiplé
star systeﬁ, we;é diécerhed by Gavioia to be condensations moving radially
_outﬁards’with speedé ranging from 3?2'to 7?5 per century. The rate of
expansidn suggested ejection by the centrai nucleus around 1843 or later.
The light from the nebula was found by Thackeray (1956) to be

.'polarized, the polarization being as great as 40% at the head of the
’ Homunculus.v By obserVing both the polarized and unéolarized lines in the
head, Thackeray demonstrated that the head of the homunculus. is moving away
from the nucleus at the rate of 63olqns?1 approximately in a directionA
- inclined 70o to the line of sight. Using Gavio1a's measured expansion rate,
apd gséuming-the head to haveoriginated in the second eruption, in the 1890's,
Thackeray obtained a distance of 2,000 LY fof n Car.

-Measurements of'Géviola's»condensations §pﬂ;ecent plates (Gehrz and
>Ney 1972) show that the krots have contiﬁped to move outwards and that bet&een
1944 and 1972 there has been a 1.25-fold increase in the pattérn's size.

This inéreaseuimplies that ejection oécurred around 1835 + 10 yrs but since
the expansion factors for various paits.of-the nebula vary, 1.25 being the
average ihcreasé, it seems likely the material was ejected over a wide range
of time. For example, the observations of the head of thé homunculus imply
ejection in 1862. |

4.2.3 The Quter Shell

‘The surface brightness of the outer sheli is distinctly lower than
that of the homunculus, but it possésées an intricate structure which is
érggressively revealed by increasing exposures ; the most distant features

extend to at least 25" from the central object.

The érincipal features of the outer shell have been identified by
:AWalborn (1976) on a composite sketch, reproduced in figure 4.22, and are
" described by him as follows : (1) the southern (S) ridge, well separated

from but perfectly parallel to the homunculus, containing near its western

“40




Figure 4.22. Composite sketch of the nebulosity ofri carinae
- reproduced from Walborn (1876) and showing notation of
- Wdborn, Thackeray and Blanco(1978) in parentheses.




end the brightest feature of the entire outer shell, thé Southern (S)
,cbndensati&n i (2) the northern (N) condensation thch is ‘a close double ;

. (3) the western(W) arc, which curves towards the Qestérn (W) condensation ;
and (4) theAfive eastern (E) cogdensations the largest of which (E5) is: the
.‘most distanﬁ'well defined feature from the CQntral object (about 25" away).
The main body of the ou;er shell, exclusive of outlying condensations and
prominenéés; is elongated in approximately fhe same sense as the Homqnculus
'and has dimensions‘21" x 29" the-ratio of which is essentially identical to
that of'the homuncular oval dimensions. |

'Comparison of Walborn's (1976) photographs with those of Thackeray
. L 4

(1949-1950) reveals the N and brightest E condensation have increased their
rééial distances. from the central object. Walborn éstimates the displACe—
ments to.be 1?5 - 2?0 for the quarter century-interval implying angular
veiocities near the-upper limit of thoée derived for features within the

homunéulus by Gaviola (1950) and Ringuelet (1958).

-VIA cohéideration of the proper motions of thése.condensations by
Walborn, Thackeray and Blanco (1978) revééls tﬁat all motions are outward
and radial with respect to the central object, that the velocities of NN and
NS condensationé are greater than anﬁ obse;ved'within the Homunculus and
that the W and El1-5 condensations have motions similar in magnitude to those
in.the-Homunculus and the south ridge, despite the much greater separations
‘of the former froﬁ the central object; This observat!dﬁ éupports the idea
that W and E1-5 méy have been ejectéd from n Car at the much earlier epoch

implied by the assumption of uniform motion.

However, the unknoWh derivatives of the observed motions introduce
a basic uncertainty but if it is assumed that all the observed nebulosity is
. related to the activity of the last century, it follows that the most outlying

7featﬁres;muét have been sharply decelerated.

Oon the assumption of predominantly uniform motions, the suggestions
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of Walborn, Blanco and Thackeray about the relationships of the condensa-

" tion ejections with the light curve of n Car, are summarized in Table. 4.2B.

- TABLE 4.2B
Relationship of Condensation Ejections with Light Curve '

4 (from Walborn, Blanco, and Thackeray, 1978).

_Gaviola—RingueleE Walborn .
Condensation Feature Light Maximum
B, C, b, g ' 1889
NN, NS _ 1870-1872
C, 4 h,  and H, S - . 1830-1840
W, E1-5 ' 15th century ?

Walborn (1976) indiéates some intriguing apparent relationships‘
between structﬁral details of the homunculus and the oﬁﬁer shell; The most
striking is the alignment of the "arms" on either side of the homunculus with
.the N and'S condensations. Curved filaﬁents are observed~to'connect these
¢ondensations to the regions of the hémuncular arms. @he western arc may
be a closed loop which, together with the western condens;tion, bears an
aﬁalogous relationship to the head of the homunculus, itself a looped
étiucture. Walborn suggests that some mechanism may be operating in.n Car
which spatiaily aligns ejections at differént epochs, or with very different

. velocities. A magnetic field is one possibility since this is synonymous

with curved and looped structures.

4.3 MODERN LIGHT CURVE MEASUREMENTS

Modern light curve measurements have been madefby De Vaucouleurs and
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-Egéen“(lgsz); 0'Connell (1956),lFéins£eiq-(l967) and Feinstein and
“‘Marraco (1974).

From aroupd.Bth.magnitude at the turn of the century, 0'Connell
- found that n Car had conéiderably increésed in brightness by 1941 to a

magnitude'of about 7.4. In 1952 De Vancduleurs and Eggen obtained a

magnitude of 6.5 and - recent -measurements by Feinstein and Marraco
‘(l974)indicate that n Car is still increasing in brightness. Figure 4.31

Showsthe cumpletelighthurveof n Car, reproduced from Feinstein and Marraco

(1974) .

Feinstéiﬁ and Marraco have obtained a period of abaut 1100 days
for the variation of"light from n Car. However, their data are hot weli
eﬁough distributed ih time to be certain of this result and Walker (1972)
who has.made frequent, evepiy spread observations of the light variation
suggests that his :esultsﬂindicate irregular rathééﬂrapid brightenings,
foliqyed by slow declines. He also observes that the overall rate of

' incréase in brightness seems to have sléwed somewhat.
A Thackeray (1953 a) suégests that since the contribution of the nucleus

to the integrated.;ntenéity cannot be greater than 25% at most, then the

increase in magnitude in recent years must mean that the halo has brightenéd,

4.4 OPTICAL SPECTRUM

The optical spectrum of n Carinae now consists of a multiﬁude of
emiséion lines superimpoéed upon a-background continium. Detailed
descriptions of the spectrum have been given by Thackeray (1953 b) and
Gaviola (1953) , the most characteristic features being the numerous and

very'strdng forbidden lines due to quadrupole- transitions of Fe II.

The emission lines are found to be multiple (Gaviola 1953) consisting

.df 2, 3, or more components with the red component considerably the strongest
{Thackeray 1953). A small number of lines are sharp whilst others range-

from nebulous to very nebulous.



'I'he stro.ngest lj.ne by faf is Ha» which gives n Car its visual
colour. The main compohent is over 2 Z wide, having a comparatively
sharp violet edge and a nebulous red‘ edg_e. The. position of the Ha
liné co;'résponds ﬁo a radial velocity of +20 km s—lA. Other components
of Ho on ave;:age have radial x}glocitieé of several hundred km s-l. The
other Balmer lines are also present, the multiple structure, nébulosity
and radial velocities varying from line to line. A
| The main components of [F:e(Ig 14287, r_;‘e I:I] - A\4359 are found
to be-brighfer than the main components of H#B }althoﬁgh the integrated light
éf HQ (lines plﬁs cpntiniu.m) forms thé second brightest feature of the
séectrum (Géviola 1953) . The bright metallic linés show in general a
m.ultJ';plet structure, with a continuous background. = The main components
have a‘violet shift of about -28 km s_l, but the radial velocity shifts of
E all the components .d.o not fall within narrow llmlts. The near components
ften, have shifts in the range *140-200 km s“l ; those of ﬁ.&e fuxther
components méy lie betwéen 12'5_0-350> km s-l. - ,
| The fo-rbidden. lines E Iﬂ ’ E Iﬂ ;_Ee _II] ’ Ei Iﬂ have
identical radiél velﬁcities to the majox."components of the hydrogen re-
,combinatio:t_i:series -(Rodgers and Searle 1967) suggesting that they must
originate in the same regions of n Car. |
Changes in the spectrum were obsérved by Gaviola (1953) during his
1948 observati\ons. He found that the general continium had become stronger
with respect to the emission lines ; that the sharp [He I ] AA5876, 4471 lines
ﬁa'd. practically disappeared and that the Elﬂ p Ele II_I__] P E‘e Iﬂ lines

had faded in intensity. His plates of 1949 showed that the spectrum was

slowly coming back to 'normal', although the continuum remained enhanced.
Rbdgefs and Searle (1967) observed similar fadings of Ee I:l

: l:ls;e I]Zl and E‘e III:] in the period between March 1964 and March 1965.
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Gaviolﬁ has detected the early absorption spectrum (P-cygni
correqundingito F5 supergiant) measured on the éafly ﬁarvard plates but
partially cbscured by. the present emission spectrum.

| The;strongest lines in n Car are gceompaqied by»diffuse absorptions

. - -1 :
shifted to the violet by about 450 km s . The absorption components appear

-4

6n1y weakly on dense éxposures.and as with the emiésion components the
'velocitiesvare larger for the stronger members of the Balmer Series.

Pagel (1969) suggests that; ?ather than being due to scatte;ed
' radiation from a hqt central star, which has never been cleatly~identified
 'yisua1ly, the visual continum is due to two photon emission by hydrogen

in ﬁhe 25 state,. Apparently the spectfal distributioﬁ and intensity of the
c;ntinuum reiative to Ho and certain other emission lipes can be accounted
fof‘in this way (see Pagel 1969 and references therein) .
. Observations of the spectré from the difég;ént parts of the ﬂebula
arebdifficult to obtaiﬁ because the light coming from the nucleus, especially
 .in bad seeing is too sﬁ:oﬁg at_distancés of only a few secohds, but in general
~ the sufrounding shell shows thé same kinds of lines as the core but with
,differént inteﬂsities, suggesting that the shéll shines by core radiétién
that has been scattefed in the shell; This interpretation is supported by'
absorption features in fhe_sheil; o
g According to Thackeray,-the permitted'iines which are found to be
éolariZed, aré‘exclﬁsively due to 1igﬁt from the nﬁcieus being scéttered by
the shell whilst the unpolarized forbidden lines arise in the halo or shell
iﬁseif.
The principal morphologicél conclusions to be drawn from the

spectroscopic observations are summarized by Walboxrn, Bianco, Thackeray (1978)

as follows =

(1) The emission lines from the central object have sharp cores,

S . ' -1
but there are diffuse absorption features shifted by about -450 km s




..relative to the emission;

(2) The hémunqﬁlus has diffuse emission linés (widths up to
nearly BQO km.s—l)with generélly positive velocity shifts as high as
+ 850 km s-l for the permi£tea_1ines in featUre 'h'." There are also
blue shiftgd diffuée'absorptionS'as in thé'central.object..

: ‘ (3) The emission lines from the E2-5 condensations of the outer
‘shell are relaﬁivély narrow and have négative velocity shifts in the range
~100 to -200 ka s - |

 (4) The emission lines from the outer shell features NN, NS (Gaviola's
'm') and ES (Gaviola's '1').have extremely complex diéturbed profiles
extending to very high velocities.

C (5) In the central object and homunculus the intensity of

Ha > [Eg'lf] - AA6548, 6583 but throughout the outer shell [E II| > Ha.

4.5 - INFRARED MEASUREMENTS

- Eta.Carinae is the brighfést object known at 1oﬁ and 2oﬁ with the
exceptioﬁ ofiébjééts within the solar-system (Westphal and Neugebauer 1969) .

The steep rise of the #isual continium towards the infrared was
originally obse:ved by Rodgers ana Searle (1967), and subsequent‘measurements
e.g. Neugebauer and Westphal (1968) , ﬁestphal'and Neugebauer (1969’, Sﬁtton,
Becklin, Neﬁgebauef (1974) and Robinson, Hyland, Thémas (1973) have confirmed
the strengtﬁ’of-the infrared continiam in n Carinée.

The slope of the céntinuum-in the optical and near infrared is
critically dependan£ on the dorrectibn_made_for differential extinction by
iﬁferstellarndust. Initially, Neugebauer and Westphal corrected their data
usiﬁg a Gélué of EB—V‘=-O°6; with the visual absoiption AV = 1.8 giviné R = 3.
They obtéinéd an increase in the slope of the ‘contimium incompatible with
.that'ffém a hot star, and in any case difficult to explain. Howévef, by

' compafing'the relative intensities of 4[%; IE] lines in the spectrum of

n Car at different wavelengths, Pégel (1969) has obtained a value of EB-V= 1.2,
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which replaces the increase in slope of the continuum towards tne infra-
red with a decrease, compatible with the continuum from a hot star.

The existence of the silicate emission peak in the 8-13 u range
has been establlshed by Robinson, Hyland and Thomas (1973) However, the
lack of oxygen lines in the spectrum of n Car (Thackeray 1953 ; Rodgers
“and Searle 1967),-indicating a deficiency of oxygen poses a problem since
silicate emissivity peaks are only'expected to be fonnd in the energy
distributionsuof oxygen-rich stars: Robinson, Hylénd and Thomas suggest that
tneitrue oxygen deficiency is.only marginal and that the apparent deficiency
erises due to oxyoen atoms becoming bound in molecules and silicate grains.

The infrared continium is now generally accepted as being due to
tnermel emission by grains (Westphal and Neugebauer 1969 ; Robinson, ﬁyland,
Thomasd1973 ; Pagel 1969) as opposed to synchrotron emission (e.g. McCray
1967) .Various 51ngle shell and multiple shell models have been developed to
. account for the infrared energy distribution (Apruiese 1975 ; Mitchell and
' Robinson31978 i ﬁobinson, Hyland, Thomas 1973). Multiple shell models are
appropriate because, at each‘optical raximum, mattet which is ejected and
moves radiaily outwerd, eventually reaches a radius such that the temperature
is below the vaporization temperatuie of tne grains; hence the formation of
‘gtains occnrsAandvsince there have been-several optical maxima, the dust grains
are likely to be distributed in the form of several concentric shells,
(Robinson, Hyl;nd) Thomas 1973). Invoking a model based on various details
of the spectrum of n Carinae, and the assumption that the infrared spectrum
, is due to thermal re-emission from dust surrounding an ionized :egioni
Davidson (1971) portrays n. Cerinae as a very massive star Whose surface
temperature is about 30,000o K, photoionizing'a compact H II region which
© is sutrounded by dust. | |

- 4.6 - THE NATURE OF ETA CARINAE

In a detailed study of the present condensation process of solid
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.
mate;ial érpgnd ﬁ. Car, Aﬁdriesse e£lal (1978) interpret the light curve
in terms of a model éf timé evolution éfAthé dust énveiope, which accounts
for tﬁe ﬁaveiength dépendent:extent of thé infréred source. They show
that‘;nvﬁéar; a high'lumindsityAStar‘(S x IOG-LO) with a ;asé of 160 MG'
has been losihg mass since 1846 at the,réte M = 8.# 106 LO' which may
acéount for the~intrinsic fading'by 1 magnitude since 1840, and also that

sinéew1856 dust has been condensing from the circumstellar gas at distances

AN

greater than 3.7 x 1014 m from the star, initially at:the rate

3

Md =1 x 10'4 MG'y-l and presently at a somewhat higher.rate.
With a surface temperature of the order of 30,000° X (Davidson
1971) n Carinae appears to be well above the main sequence. Hence

n  Carinae may be either a very massive star approaching the main sequence,

or one which has'perhaps evolved away from it and become pulsationally

unstable.

Since the process of contraction to the main sequence has a smaller

'tiﬁe'scalé than that of evolving away from it, the latter hypothesis seems

more likely and variations in brightness, extensive envelope and mass ejectién

all suggest that the star is showing signs of instability. Hence n Carinae

" may fall into. the category of stars which are mildly, but not yet seriously.

‘unstable being much further along its evolutionary path than other known

massive stérs, and possibly being beyond -the point at which the core is

exhausted when 60-70% of the total hydrogen has been burned. If the star

is rapidly exhausting its supply of nuclear fuel, and with its evolutionary

state speeding up very rapidly, n Carinae may possibly undergo a supernova

outburst (Burbidge 1962).

' Davidson (1971) supports this view of Burbidge, although not

necessarily predicting a supernova outburst, and suggests a hypothetical

 series of events as follows : initially the star was as it is at present

day, but without the ciicumstellar dust it was 4th magnitude rather than
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6t§. : Then'SOme instability caused the sudden ejection of material which
’formed a‘shell,'giving the appearance of a bright star when the shell had
'expandea.tb the pbint where most of its radiation was at visual wavelengéﬁs.
Aé‘dust grains'beéan to form it seemed to fade and when the expanding |
envelope became obtically thin.for some fofm of scaftering, but visuaily
"opaéde'becéuse of the dust, n. Carinae assumed its present appearance.
i -Bécause_ n éarihae seems.to be a member of a stellar association
“in Cariﬁa; 'Gratton (1963) sﬁggesté ihat the sta;'is a very young object
and thét the éhenomena shéwn by it could be those accompanying the formation
of a (massivé) star or perhaps a group of stars.

v.As regards 7 Carinae being in the process of gravitational contrac-'
'éioﬁ;'it seems ﬁhat very mdssiﬁe proto-stars are prone to become pﬁlsationally
unstable and that in fact the true upéer limit to stellar masses may be set
by the_instability'of more massive proto-étars, Qﬁiéh may eject material
or dgstrcy themselves completely .whilst moving towards the main sequence.
If this is the case, n  Carin;g may now be at its high luminosity phase and
furthef evolution ma& lead to either a catastrophe or a minor re-adjustment,
the innér part-contracting nérmally to the.main sequence and the outer shell
‘being ejected (Burbidge, 1962). | '

| 'vZWicky classifies n Carinae as a Type VrSupernova, the only other
analbgouslobject_in the classvbeing in"NGC 1058. However, with a difﬁerence
vdf onlé 9 magnitudes between maximum and minimum luminosity, as opposed to
~17 magnitudes in a normal supermova, with a spectrum resembling that of
hérmal novae, and with an absence of non—tﬁermal radio emigsion, n 'Carinag
cannot realiy be classified as a trué-sﬁpernovae; Thackeray (1956) suggests
thét n Carinae be1Qn§s to a new class of supernova, that of ‘'ultra-slow

supernovae' corresponding to the birth of an expanding association - an

event far rarer than an ordinary nova or supernova.
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With a maximum lumihosity intermediate between that of novae

and supernovae, n Carinae may well be "representative of a small grdup

of ejectioh variableé that attain high luminosity”, (Payne-Gaposchkin, 1957).

The high luminosity, blue colour index and intermediate F-type spectra

associates n Carinae with the group of Hubble-Sandage variables, (Warren-

.£Smith et al 1973) the brightest irregular variables in M31 and M33. Hence

n Carinae may be an'eqﬁivalent Hubble-Saﬁdage Variable in our own galaxy.




" References

Alier_L“H, 1970 Sky and Telescope 39 368.
Andrie;sec D,anneB(D,-ViOtti R, '1978 Mon.Not.R.Astr.Soc. in print.
Appenzeller I, 1970 'Astron. Astroph&s. 5 355.. |
, Bpruzese J P, 1975 Astrophys. Journ. 196 753.
 Baxandall F E, 1919 Mon.Not.R.Astr.Soc. 79 619.
Bok B J, ,1939 Populér Astronomy 38 l3§9.
Burbidge GR, 1962 Astrophys; 3oufn. 136 304.
Clerke A M, 1888 - Observatory ,li' 4é9.
ﬁe Vaucouleurs G, Eggen O J, 1952 Publ. A.S.P. 64 185.
A_Davidsén K, 1971 Moﬁ.Not;R.Astr. Soc. 154 415. |
: Féinstein»A, 1967 Observatory 87 287.
Féinstein A, Marraco H G, 1974 Astron. Astrophys.- 30 271.
.Gavioia»E, 1950 Aétrophfé. Journ. 111 408.
‘Gaviola E, 1953 Astrophys. Journ. 118 234. |
Géhrz.ﬁ D( Ney E P, .1972 Sky and Telescope éi‘ 4.
Gill sir D, 1901 Mon.Not.R.Astr. Soc. 61 (appendix) 66.

Gratton L, 1963 Star Evolution. Proceedings of the International School.

of Physics Enrico Fermi (Academic Press).

Herschel Sir JF W, 1847‘ Results of Astronomical Observations made

. .during the years 1934-38 at the-Cape of Good Hope (London :
Smitﬁ, Elder and Co). |

Hoffleit D, 1933 Harvard Bulletins 893 11.

Innes R.T.A, "1903 Ann. of the Cape Obsefvatory' 9 75B.

Le SueurlA,_ 1870 Proc. Ro?. Soc., 18 245.

ﬁovi G, '1972 Sky and Telescope 43 306;

'.'Mitchell~R M, Robinson G, 1978 Astrophys.<Journ. '229 . 841,

McCray R, 1967 Astrophys. Journ. 147 544.

51 -




Moore J H, Sanford R F, 1913 ©Lick Obs. Bull. 8 55,
NeUgebauér G, Westphai J A, 1968 Astrophys Journ. ‘152 1.89.
O'Connell D J X, S7 1956 Vistas in Astronomy 2 1165.
Pagel B E'J, 1969 Nature 231 325.°
Payne;Gaéoéchkip C, 1957 The Galactic Novae (North Holland) .
\ Ringuelet A E,'1958 Z Astrophys. gé_ 276. .
Robinson G( ﬁyland A R, Thomas J A, 1973 Mon.Noﬁ.R.Astr.Soc. 161 281.
kodgers, AW, Seafle.L, 1967 Mbn.Not. R.Astr. Soc. 135-99.
Schlovsky I S, 1975 Supernovae (Wiley aﬁd Son‘Ltd).
Sutton E, Becklin lE‘E, Neugebaner G, 1975 Astrophys. Journ. ‘190 L69.

- Thackeray A D, 1949 Observatory 69 31.
I  1953a Mon.Not.R.Astr. Soc. 113 237.

-'1953b Mon.Not.R.Astr. Soc. 113 211.
. 1956 Observatory 76 103. -
1961 Observatory 8l 1o02.

1967 Mon.Not.R.Astr.Soc. 135 5I.

W;lborn N R, 1976 Astrophys. Journ. ‘ggi. L17.

Walborn N R, Liller M H, 1977 Astrophys Journ: 211 181.

Walborn NiR, Blanéo B, Thackeray A D, 1978 Astrophys. J. '219- 498.
Walker W S G, 1976 Southern Stars 26 217.

Warren-Smith R F, Scafrott S M, Murdin P, Bingham ﬁ G, 1978 preprint.

Westphal J A, Neﬁgebaﬁer-G, 1969 Astrophys. Journ. ‘156 L45.

52




CHAPTER 5

‘A DUST SCATTERING MODEL OF THE ETA‘CARINAE'NEBULA

- 5.1 THE DATA

_:ThepEta Carinae nebula was observed at tne £/15 focus of the
3.9m.Anglo-Australian Telescope on 17th January 1978, by Scarrott and
Warren—Smith.‘ The data was reduced by Warren-Smith and interpreted by
Warren-Smitn,Soarrott, Mufdin and Bingham (1979), henceforth referred to
as Paper I.. |

_ The polarization map of the Homunculus, corrected for an inter-
etellar polarization of 2,4%at position angle 108° (as given by Visvanathan

1967) is shown in figure 5.22. Each vector represents the degree and

position anole of the polarization aﬁ that point. Representative errors

on the polariiation are shown‘inAfigures 5.21 whiohtsnow the spatial
i#aiiafion of:polarization. The Stokes' parametere for each point on the
.map are_listed in Appendix 1, along with the polarized intensity, percent-
age polarization and position angle of polarization. Measurements have

been made using an integration bin of 0.7 x 0.7 arcsec with a separation

of 0.7 arcsec. N

' 5.1;1 Seeing on the AAT
The AAT is‘susceptible to changes in the.seeing. Since the

integration bins are of the order of the seeing disc (5 0.8 arcsec FwWHM),

iﬁ is inportant that the seeing remained constant over the four exposures.
(Only four enposures were neceesary because the lateral extension of the
"Homunculus wae no more than one grid width, so grids "out" were. unnecessary).
Profiles of the same star from each plate in x and y are shown in figure 5.11,
along with the sﬁandard deviation for each distribution. Since the integra-
ﬁion bin is compoeed of 2 x 2 of these infensity bins 0 is well within the

required accuracy range, and the seeing is constant over the four exposures,
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with'thé exception perhaps of platé 3. Plate 3 was found to be

extremely noisf and hence was réjected in the production of the polafiza-
btion'map. The reduction techniqué.was carried out as.in Chapter 2 except
that the filtefing stage was necessarily omitted. It was found that a
smoother map was obtained usiﬂg threé plates without filteriﬁg, than using
lthe set of four plates plus filtering (Warren-Smith, private communication).
The erfors, normaily calculated during thé filtering stage were now calculated

as a function of noise on the pléte.

5.2 . THE POLARIZATION MAP

The-polariéation map of the Hémunculus, shown in figure 5.22 is

discussed in detail in Paper 1. |
i 5.2.1 Geometry of the Homunculus

The main feature ;f the genérélly centro-symmetric polarization
patte:n'is the asyﬁmetfy to the NW-and‘SE where the pqlarizationé are 35%
and 25% respectively. |

" The g;neral_simil;rity'between this polarization patfern and that

of the nebula M1-92 (Schmidt, Angel, Beaver, 1978) has led Warren-Smith
et ‘al to postulate a similar geometry. M1-92 is»described as being "bipolar",
that is, essentially-symmetric about an axis passing through two lobes aﬁd
‘fhe central star, also with an optically'thick equatorial dust torus. In-
the case of the Homunculus, this torus ié considered to be luminous. If the
nebula is inclined at éoo to the plane of the sky (Thackeray, 1961), then to
the N; where the torus is before thé nebula, it-will ﬁanifest itself as a
sharp drop in polarization due to incféased opfical depth and hence multiple
scatteriné effects. This is shown in figures 5.21. To the S, where the
fing ;s'behind the nebula, the rise in polarization to the extremities of the
~ nebula is uniform, (see geometry in figure 5;23). Both the ring and n Car
contribute to £he scattered light. The astmetry in polarization isﬂexplained

in terms of the scattering processes oﬁerating in the Homunculus.
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EFFECT OF LUMINOUS RING ON

Figure 5.21

- THE PERCENTAGE POLARIZATION
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5.2. 2'Conclusions

Warren-Smith et al postulate that, like with bipolar nebulae
(Cohen and Kuhi, 1977), n Carinae originated in a nova ex91051on in which
an initially spherical expanding envelope interacts with a disk. Ejection,
free along the poles of the disk,-is constricted by swept-up disk material
~:-'i_n the direction of the disk's equator. They explain the origin of the
‘disk—like circumstellar cloud as an "ex-cretion" disk generated by overflow
from the outef Lagronian points of'a close binary star and suggest tnat
n Carinae belongs to a class of Hubble-Sandage Variables (Hubble and Sandage
| 1953) intermediate in magnitude between novae and supernovae.
5.3 THE MODEL |
?-.1‘ The iarge polarizations measured in the Homuncuius are thought to
‘be dne to the scattering of light, from the central source, by dust grains.
There is substantial support for the existence oé'dnst grains in n Carinae
(Pagel, 1969; Dav*dson, 1971; Westphal and Veugebauer 1969 ; Gehrz and Ney,
1972;. Other mechanisms capable of producing polarization such as Rayleigh
- scattering and electron scattering can be ruled out due to the absence of the
chara_cter:i.stic‘')\"4 component in the continuum,characteristic of Rayleigh
scattering,and because tne optical depth of electrons is insufficient to
produce the necessary electron scattering (Craine,v1974). The asymmetry in
the polarization about 90o could be produced by M@i'scattering where the
, grainsize &‘A and where the polarization depends on the nature of the dust
particle (characterized by a complex refractive index) and a size.

Evidence for the existence ofisilicate grains comesvfrom-the observa-
tions of Neugebauer and Westphal (1968) ,and Robinson,Hyland and Thomas (1973)
amongst others, who identified the lOu feature attributable to silicates in
- the infrared emission. Refractory grains} nith melting points in the range

: N
1500 K to 2000 K are obvious candidates for the components of dust which nust

,\_J

withstand temperatures in the range 200 X to 1500 K (Davidson 1971) as opposed




to volatile substances such as ice with melting éoihts in the range
.100 K to ZOO‘K. |

Previous modsls of the Eta Carinae Nebula-hava consisted of
extehded spherical circumstellar dust sheils (Mitchell and Robinssn,1978 ;
,Apruzese 1975) based on measurements of infrared emission. Mitchell and
Robinson find that a mixture of silicate, corundum and iron grains satisfy
the observations, with the silicate grains having a size of .1ly.

' Radiative transfer calculations by Apruzese require rather larger.
particles~and in a detailed invsstigation of the dust around n Carinae,
Andtiesse (1978) ééncludes that the aqst consists of silicate grains of
radias lu. | -

The present model of the Homunculus takes the geometry described
in section 5.2.1 with a size distribution and seeks to reproduce the’

polarization produced by scattering on the major axis at the extremeties
| of the Homunculus. At these scattering angles viz, 110° to the NW and 70°
to the SE; tﬁe pblarisation is founa tovbe.35% and 25% respectively (see
figares 5.31 and 5.32). These asymptotic values are assumed to arise
“where the nebﬁla is sptically thin and the_scattering geometry is‘nst
sigﬁificantly changing. Betwees these regions and n Carinae, the polariza-
tion drops oﬁ:considerably due to the effects of increase in optical depth,
cﬂanges in scattering geoﬁetry and the presence of the equatorial ring.

The dust is assumed to consist of silicate grains.

5.4 METHOD OF COMPUTATION

The angular scattering functions for the silicate particles are
computed by Mie theory ( using the formalism given by Wickramasinghe '1973)

as a function of complex refractive index

m = n-ik = 7k - 2ic Me (5.1)

where n sorresponds to the real (refractory) and k the imaginary (absorbing)

1 part of the refractive index, K is the dielectric constant and o the
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Acouductivity of the particle material, and size patameter
x = 2ma/ T | (5.2)

vwhere a is the radius of the (spherical) grain and . A the wavelength
of the light.

The normalized scattering functions, following Hanner (1971) are

o) /5,80 /% a0 ax -
E, (O = | (5.3)

. &0

n(x} dx

o]

wherelsi(x,e,l)'are the amplitude'fuhctions defined by van der Hulst
(1957) and the subscripts i = 1,2 represent the"ééntributions perpendicular
and‘parallel;

- _... The . percentage polarizatibn is given by
2 .

1 2 .100 . (5.4)

‘The éccuracy of the integration routine (from the_* NAG LIBRARY)
has 5een checked by ;eproducing the cﬁrves from Hanner's paper, using her
parameters. These curves are shown in figure 5.41. |

5.4.1 Refractive Index

Silicate minerals typically have real refractive indices in the
iange 1.55—1.75. Inclusion-of a small imaginary component in the rgfractive
index will reduce the amoﬁnt of negative polarization ahd increasg the
positive polarization compared with tﬁe corresponding curves for a pure real
refractive index. The refractive index used by Hanner was chosen, 1i.e.
mi = 1.65 - O.QSi on ﬁer suggestion that the inclusion of a small imaginary
cémpohent fdr silicate may be more representativé for models of grains than
a'pﬁrerrefractivé index (Hannér, 1971) .
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- Figure 5:41
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From calculations on interstellar circular polarization; Martin
(1972) demonstrates that the wavelength of circular polarization is
sensitive to the imaginary part of the complex refractive index of grain
material He suggests some possible grain materials including silicates,
with n'& 1;7 and k ranging from O to ~ 0.3. A refractive index,
~m2 1.7 - o. 3i, was also chosen in order to contrast "dielectric"”
behaviour with that from more metallic grains.

5.4.2 size distributions

It is highly improbable tbat any distribution of dust grains will
consist of grains of a unique size only. A range'of sizes is more likely
. to occur from say .Oly to greater.than ly, in radius, with differing cross-
_'sectiondfor scattering, and hence afrecting the polarization differently.
It is.therefore necessarv to incorporate a size distribution in any scatter-
ing model proposed. Various size distributions have been adopted by
WickramaSinghe and Nandy’ (1973) in interstellar extinction studies, but
here}}the Greenberg distribution used by Hanner issinitially considered,

.which is of the form

| | s 3 | , ‘
n(a) = exp | (2—> . .- (5.5)

with ao‘='0.25. Here n(a)da represents the number of grains per unit
volume with radii between a and a + da and the distribution is integrated
.between x = 0.01 and x = 20, convergence generallv being reached after

. 2na/

about seven or eight terms, where x is the size parameter, egual to Ay

' ¥ 2
A being the wavelength, with X, = ﬂaO/A. Hence an integral of the form

= X
n(x) = exp <;r- . _ (5.6)
o/ | o . _ |

is actually evaluated, since-the'Mie'functions are calculated in terms of

' 5g




. X rather than a and since only a retio is involved, the same results
are obtained
Rather poor agreement Qas obtained using this distribution and so
(cr ko)'yas varied to find en optimum value for the constant. The
improvement was only.marginal.
A greater degree of freedom could be obtained by varying the power

and so a new distribution of the form

. . a ) . .
A n{x) =  exp [:; (ﬁf) : ' (5.7)
o ‘ , ' o

was investigated.
. The effect,of varying the power a, for both refractive indices is
“shown in figure 5.42, and it is cleer that the éercentaée polarization is
.exﬁredely sensitiée to'a.ﬁ The main difficulty is that of obtaining the
correct spacing between P(llo ) and P(70 ) at the right order of polariza-

' tion. . For m, . the best fits were obtained with 0.24 < X, < 0.27 and
0.84 <a < 0.87,_ ~ For m, there was a unique best fit at X, = 0.24,a = 0.69.

It can be seen that the refractive index has a greater effect on o

than on xo, The two size distributions

o ol (zm) ]

are shown in figure 5.43a to be compared with the distributions obtained

n(x)

and

using the standard Greenberg distribution (ao = 0.25) and this distribution

optimized (ao = 0.22 for m, and a =.0.26 for m2) in figure 5.43b. All

curves are normalized to an area of 1.

Although the Greenberg distributions are somewhat different from




014=6
150-0- 59 =W

8§ 1
od abou80Jy

UOUIZ LI}

9

9
" uopozuood Sbnjuadigy

g

0476
1500~ 59+ =W

4 OL

¥ HLM X 40 NOILVIMVA 0EvS,2nby

1




4]

PR—Z2Q . ho £9 o ke o  px «—Z2 ho €2 o °
JTES 1€0-41 =W la 0.=8 1€0-L1=w g
for he or
g 7
= g
‘Oﬂramo ;Oﬂ.rmun_uf
m ™
8 g
only Joy 2 -
g TH
3 =
. 3
Jos oS
192 109
19 . OP
{og - o&,
CT0 3O e ’
.AOm g 4O =P — — %G

® HLIM #X 40 NOILVIMVA

qzy°g @dnbig



Agues.43a  NEW SIZE DISTRIBUTIONS
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the new distributions, they'are all very similar in the 0.1, size ;egion.
The new distributions tend to include'a greater number of both smaller’
.and larger grains than the Gréenberg distributions.

5.5  RESULTS

The results of the computations using various size distributions

are summarized in Table 5.5A.

TABLE 5.5A

Percentage Polarizations obtained using various size distributions

bistribution I &=1.65 - 0051 | == 1.7-0.31

_P(70°) P(110°) || 2(70°) P(110°)
Greenberg-standard ||  23s 16 || 36 38%
Grgenbérg—optimized 31 - 35% . 34% 35%
NéQAdistribution_ 25§ e - 36% -28% 34%
OBSERVATTONS . P(70%) = 258 | P(110°) = 35%

Using the new distributions, it‘is possible to predict the variation
of polarization with wavelength. This will be the most important factor
determining the characteristics of the grain materiai‘since, as can be seen

in Table 5.5B, the two refractive indices used predict very different

polarizations at 70° and 110°.




TABLE 5.5B

Variation of Polarization with wavelength

Refractive Index A = .4 g A o= 7
n A y
P(70°) p(110°) P (70°) P(110°)
m = 1.65-0.051 148 14% 36% 52%
m = 1.70-0.30i - 25% 278 32% 41%

5.5.1 Efficiency Féctors

—

.The efficiency factors for scafteri§g>(Qséa)f absorption (Qabs)
"and e,xtinctionl(Qext = Qabs + Qscé) have been calcu}&ted, using the
formalism 6f Wicktamasinghé (1973). They areidisplayed in figures 5;51a and
5,51b as a.fﬁnétion of grain-size. The larger imaginary component in the
reffactivé inde# (figure 5.51b) has the effect éf smoothing the curves,
otherwise, apart-frgg the greater absprbing-efficiency of m2 over ml, the twq‘
graphs are very similar.

5.5.2 Cross-sections

 The total cross-sections for scattering (Csc;), absorptioﬂ (cabs)
~ and extinction (cext) are shpwn in figures 5.52@, 5.52b, as a function

 of grain size. The cross-sections are equal to the ielevant efficiency

factor, multiplied by the geometrical cross-section, naz (van der Hulst, 1957).

Thus 2
' Qsca = Csca/1ra (5.8)
. 2
Qe = Caps/™ (5.9
3 - —'. c /ma’ (5.10)
__QeXt T - Text *
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'Yet again, a large imaginary component in the refractive index
has the effect of smoothing the curves (figure 5. 52b) and naturally all
‘ cross—sections increase with larger grain size.

If'the crossesections are multipIied by the size distributibn, the
maximum of the curve will indicate those grains giving the greatest contri-
.
bution to the scattering and absorption of the light, i.e. the most efficient
polarizers. These results are shown in figures 5.53 for ml, and figure 5.54
for m2, for the two Greenberg distributions and the new distributions.

Without doubt, it is grains of. ~.15u which are mainly responsible
for both scattering and absorption.

In figureS'S:SS and 5.56, the three distributions are compared for
S» scattering, absorption and extinction, with the area under each curve
normalized to 1. The new distributions involve a greater population of
larger grains than the Greenberg distributions, contributing to the Cross-
sections. |

-'fhe graphs in‘figure'5.57, where the new distributions are compared
1for scattering and absorption indicate‘that a larger imaginary component in
the refractive index denands a greater population of larger grains for
extinction;. |

ﬁoweuer, the size of grain giuing the greatest contribution to
scattering and absorption is indeoendent of the size distribution and the
refractive index ; these only affect the details of percentage polarization
in that they determine the range of particle sizes_and relative numbers. The
graphs show,without doubt,‘the grains of .15y are chiefly responsible for

the scattering in the Homunculus, irrespective of size distribution.

5.6 EMISSION AT 1Oy

Since good absorbers are good emitters, those grains with maximum
. absorption at 10y will be the most efficient emitters at 10y . Andriesse

(1978) and ARpruzese (1975) suggest that grains of size ly are responsible  for
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the 10p emission. Uéing a realistic imaginary component in the

refraétive inde::(Gauétad, 1963) fof rad;ation at 1oﬁ, the.abSorption'
cross-section, mult;plied byqthe new size'distributionA(a = 0;85) is shown
as'a_fﬁpction 6f grain size in figufe 5.6. As proved earlier, the maximum
of n(a) x C_

. abs .
curve is shown to peak at ~.1 grains, and in fact the contribution of 1y

will be independent of size distribution in any case. The

grains to the absorption cross-section is negligible.

5.7 CALCULATION OF R

ﬁsing the new size distributions, R may be calculated as follows:-
AV = 255 log10 e Iv . (5.11)

- where AV is the extinction and Ty the optical depth at visual wavelengths.

.t

S

Since 1. = no J‘c V  nla) da L (5.12)
o \'4 -~ ext . N
where no is the total number of particles

. | . v . | _ | |
= 5.13
AV k | Cext n(a) da ‘ ( )
where k is a constant
Now,

' = - : 5.14
Ex v 2.5 1°glo e (TB TV)- I )

where the'BVsubscripts corfespond to the UBV system of colours,

' . B v
B-V k J-Cext n(a) da - .[ Cext n(a) da (5.15)

e
1

v ,
JC n(a) da
ext . (5.16)

B v
Jcext n(a)da- J‘Cext n(a) da

- Using the calculated value of R,'and Pagel's (1969) estimate of
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.EB-V = 1?2, estimates of Av may be obtained and hence of MV' the absolute
visual magnitude of n Carinae, since MV = -12.7 - Av (Paper i). The

results are summarized in Table 5.7A. Clearly the larger refractive

index gives a totally unrealistic result.

, TABLE 5.7A

Results of Calculation'of R

m - R A, M,
1.65-0.054 ‘ 2.42 2.9 -15.6
1.70-0.30i . 10.95 134 - -25.8

5.8  DISCUSSION

The new distribution of silicate gfains, characterized by a

refractive index of m = 1.65-0.05i used in conjunction with the Mie

- formulae for light scattering by small particles givés excellent agreement'

with the polarimetfic measurements of Warren-Smith et al (Paper 1). This
distribution is véry similar to those used in interstellar extinction
§tudies, thé main difference lying in.the fact that it incorporates a larger
number of smaller particles. Since contributions by smaller particles in
a givén size dist;ibution are relativelf more important to the polarization
tﬁaﬂ to the extinction (Hong and Greenbe;g, 1978) , it is reasonable that
_ the mean of the new size distribution shouldAbe 0.0ju as opposed to 0.07u

for the Greenberg distribution.
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CalgulationS'of scattering and absorption cross-sections show that

~grains of size .l5p are the most effective at visual wavelengths, while at

1oy, graihs of size .lp are the most highly emitting. These results are
independent of size distribution. Mitchell and Robinson (1978), from

infrared studies have also obtained a size of .lu for the silicate grains

o

..in n Carinae and hence the new size distribution characterizes one compon-

ent of the grains in n Carinae.

The Greenberg-distributidn'is a solution to the differential

.equation for grain;groﬁth and destruction. Since n Carinae is a region
'of‘gréiﬁ growth (see Davidson, 1971) -a different distribution may indeed be
- expected. This leads to a value of R, the ratio of—fotal-to—selective

, abéorption, which is slightly less than that of the interstellar medium.

Determinations of R have ruled out grains characterized by a large

imaginary component in their refractive index since R = 10.95 is totally

outside the range delimited by Hong and Greenbérg (1978) .~ R = 2.4 however,

‘agreesiwell with their value when using an exponential distribution which is

nearly the form_of the newAdiséribution; Therefore it seems that the grains
in_q?vCafinae are distinctly ndielectric" as opposed to "metallic", the
imaginary COmponént in the refractive index beingfnecessary, but small.
5.9 CONCLUSIONS

The polarimetric measurements of the~HomunCulﬁs may be explained in
terms of the gebmetry discussed in Section 5.2.; by scatte;ing from a
distribution of silicate grains chargcterized by a refractive index of
m = 1.65-0.051i."

The most effective scatterers seem to be grains of size .15p at visual

'wavelengths, whilst at 1Op maximum infrared emission will come from grains
_of size .1y . These sizes are similar to those resulting from recent

. observations of the interstellar medium (see Chapter 3) and it is likely

that the grains originating in n Carinae will ultimately form one component




v.of'the interstélla:vgraiﬁxmixture;
Calculations of R ha&e ied to a'Qa;ue'of My = -15.6 mag. for n
Carinae at maximum, which is intermediéte between those of novae and super-
‘novae, Therefore, it does indeed seem that N Caiinae, an ejection variable
that has attained higﬁ luminosity; may be classed as a Hﬁbble-Sandage

Variable, these being the brightest'irrégular variables in other galaxies
t : ‘ : '

(Paper I).

66"




References

| Aitken D K,. Jones B, Breégman J D, Lester D F, Rank D M, 1977 Astrophys Journ

217 103.. | |
- Aller_x Cc W.,” 1973 BAstrophysical Quantities' (U.London, Athlone Press).
‘Andriesse C D, Donne B D, Viotti R, 1978 Mon.Not. R.Astr.Soc (in press).
Apruzese J P, 1975 Asf:rophys Journ. 196 753. |
Craine E R, - 1974 Astrophys Journ; 191 105.
Davidson K, 1971 Mon.Not. R. Astr.Soc.. 154 415.
_Gehr'z'k D, Ney E P, ‘197~2 Sky and Telescope 44 4'.
Banner M S, 1971 Astrophyé Journ. 164 425, -
Hubbie' E, Sand&ge A, 1953 Aastrophys. Journ. 118 353.
.'Martin P G, ‘1972 Mon. Not. R. Astr. Soc. 159 179.
'Mitche’ll R M, Robin'sén G, - 1978 Astrophys Journ.w’ 220 841.
Nalggbauer-G,-Westphal J A, l§68 -.Astrophys Journ. . 152 L89..
Pagei B E J, 1969 Nature 221 325. |
Robiﬁson G‘; Hyland A R, Tﬁomés J A, 1973 Mon.Not.R.Astr. Soc., 161 28l.
Schmidt G D, Anéel J R P, Beaver E A, 1978 Astrophys Journ. 219 477.
Thackeray A D, 1961 Observatory 81 99.
Warren-Smith R F, Scarrott S M, Murden P, Biﬁgham R G, 1978 preprint.
Westphal J A, Neugebauer G, 1969 Astrophys Journ. 156  L45.
Van der Hulst H C, 1957 Light Scattering by Small Particles

R (New York, ‘John Wiley &- Sons) .

h%ié:kramé.singhe N C, 1973 Light Scattering Functions for Small Particles

_(Adam' Hilger, London).

Wickramasinghe N C, Nandy K, 1972 Rep.Prog. Phys. 35 157.

_Hong S 'S, Greenberg J M, 1978, Astron. & Astrophys,_’]_c_)_ 695.




' ‘CHAPTER ¢

A POLARIMETRIC INVESTIGATION OF THE CARINA NEBULA

NEAR n CARINAE

"It would manifeStiy be impossibie by verbal description
to give any just idea’ of the capricious forms and irregular
gradatidnsvof light affectea by the different‘branches and
' appenda@esvof this nebula ..f.; nor is it easy for language
"to convey a full impression of the beauty and sublimity of
- the spectacle it offers when viewed in a sweep, ushered in
. as it is by so glorious and innu@erable a procession of stars,

to which it forms a sort of climax...."

- Sir John Herschel (1848)

6.1  INTRODUCTION

With an apparent diamefer'of about 2 degrées, the great Carina
Nebula forms one of the most powe;ful laboratories available for investi—
gating the'eafly evolution of veiy massive stars'(Walborn, 1973) . This
~regiqn, the moét brilliant spot in the‘southern Milky Way is the most
prominent feature of what is generally believed to be a spiral arm or
segment; stretching along the lihe of sight to great distances. ~ Several
young_cluSters are associated with>the nebulaAthch.in fact contains the
strongesp concentration qf extremely ear;yho stars known in the galaxy
(Berbst, 1976). Also assQCiated with the nebula are the radio continuum
peaks khown as Carina I and Carina II.

Walborn (1973) has ghown that .of the clusters associated with the
nebula Qiz. Trumpler 14, Trumpler 16 and Coliinder 228, Trumper 14 is the

most distant at 3500 pc and.is‘an exceedingly young cluster whose brightest




membe; is a:possible pre-or post - Wolf-Rayet s;ar ; and- that Trumpler 16
and Collinder 228, both at disfances of 2600Vpc in.facf-ﬁay belong to the

© same comélex, the apparent separation beiﬁg due té thé dense obscuring lane
‘superimpésed on the HII_region.

oI general, the stars are the brighter sté;s of spectral type O,
R.seQeral of them béing amongst the hottest known,Ai;e. 03 stars with spectra
Ashowing lines of ionized Helium, but not neutral Helium. Most of them
appear to be Maih Sequénce objects and may be the most massive stars knpwn
(Walbornland Ingerson, 1977).

| The positionsiéf the radio peaks suggests some possible association
~ of the radio with the optical structure. Thg_centfe of Carina I coincides
with the centre éf a semi-circular riﬁ;on the edge of the very abrupt
absérption iane to the ndfth-west of the nebula (Gérdher et al, 1970).
Carina II seems tb bé situated near the centre o% a ring of nebuloéity about
3' arc in diameter (2.4 pc) with a‘band of enhanced emission along its
southerﬁ édgé} Near their junction is a well-defined patch of absorption
-about 1 pc wide which extends into the”riﬁg.. Several rays are.Vigible
‘outside the‘riﬁg starting at abogt 3' arc from the centre (Gafdner ét al,
1970) . The optical ring may be the fesult of chance superpositions of

Abright énd dark materiél, but the existence of Carina ITI at its centre
" strongly suggests a physical structure {(Walborn 1973).
‘The brightest nebulosity does not seem t6 be associated with any
of the visually brightest stars andkoccprs.in a fegioﬁ where no O-stars
éfe yet known. Although the stars of Trumpler 16 may be contributing to
the general excitation of the nebula, it is possible that the exciting stars
“are hidden behind Aust cocoons, which obscuré the visible light without
' greatly.affecting'the ionization, (Gardner et al, 1970).
'The positions of the various feature# in the nebula are indicated

‘in Figure 6.11 which superimposes on a photograph of Walborn's (1975) plate,
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* HD93250

.HD 303308

Figure “611 The main features of the Carina Nebulg,

superimposed on [SII] photognuph of Walbom (1979)
North is upwards, East to the left




“in the 1:Lght of SII]

6.2 OBSERVATIONS OF THE CARINA NEBULA

6.2.1 Optical Studies
Thevregions around the. radio peaks Carina i and IT are regions
of high ekcitaﬁion, (strong in [:§ Ili:] radiation) whilst the surround-
iﬁing nebulosity'is of low (strong in l:é Ié:] radiation) excitation
(Faulkner, 1963). Monochromatlc photographs of reglons centred on
Carina I and.II reveal a similar appearance in L_Ii II_J and EII], and
A‘in Ha, HB and [§ IIé:] This is due to the ionization structure since
E‘I Iz_l and E II:l are emitted by low excitation regions and [O IIﬂ
ny high excitatipn ones. As“ajwhole, this part of the nebula is of high .
eXbi£ation hence there are many O++ and few 0+ iene so the appearance is
the same -in Ha, HB and o] II;:] (Deharveng and Mancherat, 1975) . [:; Ié:]
,and [é Ié:lenhance the rims, globules and ring of nebulosity around Carina
11, ;eveallng them to be regions of lower exc1tat10n than the surrounding
nebulosity. d : : n, ‘ .aJ
Walborn's (1975) [E Ii] and [é IIi] interference-filter photo-
graphs ef the norﬁhern part of the nebnla reveal striking differences
- beﬁween the,features enhanced ;n the lightvof‘each filter. The most
vprominenn feature in [é Ié:] is the ring structure-associated with Carina II,
bnt of the several outer rays, only ridge E (see figures 6.1 and 6.36), seems
to be'structurelly associated, the otners being prominent in [é IIé:]

Walborn makes -the foilowing remarksﬂabqut individual features identifiable

in the copy of his photograph (figure 6.36) :~

Arc An - the gas seems to be twisted or helical about a north-south
axis ;
- Arc B - the two branches at its northern end are of quite different

excitation , the outer one being brighter in E; II{:] '
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the inner brlghter in '[%_I:] and [3; 11 and both belng
similar in Ho }“

‘Clend.c — similar to A, B and E in that it is enhaneed in [é Ii] and
Ei Ii] while suppreseed in [é III .and Hd‘ but it is
relatlvely more prominent in [é é] and the red. contlnuum and
hence bearing some resemblance to Cloud D ;

' Clond.D = different from the other features near the ring being

relati\rely suppressed 1n E II:[. and L—N_ Iﬂ and nof

.particnlarly prominent in Ha or [é IIi]l. Progressing through

the Balmer series from Ha to Hy , it gradually brightens and

in |O ij] and.narrow-band red and_blue continuum photographs

i_ SR appears as the brightest'feeture. It is also bright in [§ #E];
hence it may be of very lew excitation and possibly in parr a
reflection nebula which may be less neevily reddened than the
rest of the ring ;

éloudsr. | eonspicuous in [é Ii] but only associated dust seen in projec-

‘l, 2 and - tion in Eé IIi] . Cloud 1 has a billowy strucﬁure, Cloud 2

.3 | jie.more amorphous and Cloud 3 has a spiral'or looped form.

They appear distinctly different from classical bright rimmed

globules.'

Spllttlng of the Ho and |N Ii] A6584 lines. has been observed by
Deharveng and Mancherat (1975) and Louise (1972) using interference
techniques with high angular and snectral resolution. This occurs over
alregion equivalent to 11 p ¢ with the strongest sp;itting occurring near
n .Carinae (wirh radial velocity differences of more than 50 km.s_l).
Slightly weaker splitting occurs both in the obscured regions and in the
bright nebu1051ty but is not observed in the northern region or in the north-

west absorbing lane.

The only possible correlation between splitting and optical structure




: enisre‘inithe region of the ring where strong splitting (more than
. 40 km s-l) is' observed at the centre and to»themsouth—east of the‘
ring on each side of thelabsorption-patch;" " On the western edge of the
ring, where no splitting occurs, tne velocity is the meen between each
componentl Within rhe-ring,‘radial velocity differences betneen the two
components of Ha and .[g Ié:]are in good agreement, but outside, in some
j'places, only one component is observed for [& I:] whilst two are observed
for Ha , the [i I:]veloc1ty corresponding to the velocity or one or other
of the Ha components. |

Denarveng and Mancherat interpret_these results in terms of two
clouds emitting_Har, and only one, receding or approaching emitting |N ii}.
The clouds must be in different stetes of ionization (low excitation
enitting ﬁn and -N.viijl' high excitation emitting Hc and _b III} ) and
this interpretation is confirmed by the occurrence. of this phenomenon in
a region.where the structﬁre appears quite different in [& Ii] and'Ei I;E]
The éresence of these clouds reinforces’the idea of Dickel (1974) of an
' erAhéiﬁg sheil model and Deharveng and Mancherat find the centre of the
expansion,'which is non-spherical, to be the peculiar object, h;Carinae
with an ekpansion'velocity of 3,2S'km.sfl.

. Complex structure has also been found in the interstellar Calcium

II ( H (A3958) and K (A3933) ) lines by Walborn and Hesser (1975) on 9 A
mn -~ wide spectrograms of stars in the Carina Nebula. The profiles show
large_variations over‘emall engular distances with as many as six components
;n a single spectrum. - A total velociﬁy renge of 330 km s-l has been
measured. Most of the stars observed are members of Trumpler 16 and
Collinder 228. Since stare associated with the outer parts of the nebula
show only iine—of-sight calcium components, the additional high velocity
components in the inner region are very:prooablf formed there, or in its
E immediate foreground.

Walborn and Hesser postulate that these complex, high-velocity




inﬁerstellar line profiles represent a new kind of‘strgcture connected
- with either,.qne or-more of the outbursts of n Carinée, with the ultra-
ﬂVi91et rédi;tion and_sféliar;kiﬁds‘caﬁégd by the energf input tolthe
sqfrbuhding ﬁedium ofvéhe 63 sfars,ior with the bright optical_ring

structure, where’ it seems that some energetic event has occurred or is

" occurring.

Double nebularemission lines (e.g.- [§ II 'AA3726,.3729) were
alsé observed (Walborn and Heséer, 1975) but the nebﬁlar-absorptign feature,
'.Hé.I 23889, observed in the spectra of all stars in the brighter fegions
of the Carina Nebula was found té be onl& single'éorreéponding to the
negative velocity.ofAthe doublets.” Hence Wélborn and Hessef conclude that
- éhe ﬁositive—velociﬁy ionized material must lie predominantly beyond the
stars, and thuslcénnot give rise Fo én absorption feature in their spectra.

Relationships are;unclear between the CaH;I and the nebular line
:phenqmena but the complex nebular line profiles appear to extend to much
jlérg;r distanées from tﬁe éent;e of the nebula_tﬁan-thé calcium profiles.

6.2.2 Radi6 Observations |

The Cafina Nebula has been observed at 85.5 MHz (Mills, Little and
Sheridan, 1956);'1400 MHz (Hindman and Wade, 1959), 1410 and 2650 MHz |
(Beard and Kerr, 1966); 5 GHz (Gardner and Morimoto;'l968), 6 m (Gardner,
‘Milne, Mezger'., and Wilson, 1970), 408 MHz (Shaver and Goss, 1970), 30 Miz '
in.absorption (&ones 1973) and.at 3.4m and 6 cm (Huchtméier and Day, 1975).

| The  early observations did. little more than $o verify the hypothesis

£hat ordinary emission nebulae emit rqdié waves as a résult of their high
" electron teméeratures 5y.the process of.free-free transitions (Mills et al.
1956) and to invoke the existence_of several O-stars in order to ma;ntain
the ionization of the nebﬁla kWade, 1959). The half-power beaﬁwidths at
85.5 and 1400 Miz were of the order of lo, tha? is, approximately the

diaméter'of the visible nebula and henée'appreciabie aerial smoothing

_ 73




' 6bLiterated'anf poésible structure in ﬁhe cohtinuum maps.

" Beard and Kerr (1966);Observed_the.hebula at 1410 and 2650 MHz
in'order to'try to detect synéhroﬁron radiation'fiom n Carinae. They
féﬁnd;ﬁhowéVér, ho evi§ence for any non-thermal-radiatioh. Their results
'did produce a radio-contour map consisting of a maximum peak, dqe,tp
_ emissioh frqm é.pa?t of thé nebula obscured by overlapping dusf, and
séveralléubsidiary-peaks, the secondary maximumvbeing'near the bright riﬁg
structﬁré and the others correspéndiné to areas of high excitation oh a
phbtgéraph taken in Ha. The 2650_MHz dbservations also indicate tﬂat the
southérn.side of the bright northe;n part of the ﬁebula is due to overlying
vabsorpfiqn,becausg the radid contours gﬁrry right across whereas the dark
aféas further south arend?e to low excitation, because here ﬁhe contours
show troughs. | R R o

A fhe primary énd séﬁondary maxima 6f Béa;d and Kerr (1966) were
found by Gardner aﬁd Morimbto~(l§68), ﬁsing higher resolution at 5 GHz to
" be 6fvégﬁi}ar peak ihtensity and angular size and separated by some 10' arc.
Carina i is on the edge of the very abrupt absorption lane to the north-west
6f thé nebula and Carina II is injthe‘centre of the op;ical ring structure
(Gardner et al,‘197Q);{}: |

.‘ﬂéomparison by Gardner ét al (1970) . of the.5 GHz radio emission with
. the optical emission reveals that for the. outer regions there is good general
aéreemeht.: T§'the north—wést, near Carina I, because the radio contours _
come in along the lane, itseems'th;t.thejébsorbing-matter is connectéd with
the ioﬁization and that the sharp ionization boundary to the west of Carina I
(where the intensity falls“by half in 1' arc) is due to the absorption of
'the ultravioiet radiation by dense mafter in the nebulé, even though the

ionization boundary as revealed by the radio contours is more nearly north-

south than the absorption edge on the plate. The other principal region of



obscuration.in-the nebula shows'no evidénce of any connection between
the radio contours_and the absorptiQn_in_agreement.with'the resuits of
?eafd aﬁé‘Kerr;' | . | |
v.7bfhe results of Gardner .et alA(1970) and of Shaver and Goss .(1970)
élso confirmlthat the radio'spectrpm of the Cérina Nebula is thermal and
' that the nebula is optically thin down to 400 MHz.
Recombination line observations have been made by McGée and
Gardnér (1968) at 126a and 127q, MeGee, Batcheidr, Brooks and Sinclai;
(1969)‘at 158a°- and 1998, Gardnér; Miine, Mezger ;nd‘Wilson (1970) at 1378
aﬁd 109a and by Hﬁchtmeier and Day fl975) at 109a and 90a .
-~ The linés>havé béen observed at both continuum peaks but around
CariﬁaiII,‘the préfiles have been found to be double'(qardner et al (1970),

Huéhtmeier and Day, 1975). Arpund Carina II, the wide profiles are all

e

very ‘similar as regérds the intensity of the twqipeaks and the veiocity
sepa;é;ion.; the narroﬁef profiles have smaller éomponent separations and -
. aé Carina I isnapproached, the(profiles become single peaked and gradually
ﬁairow until those around Carina I are typical of the lines found in other
HIX regidns. fhe mean radial velocities for the regions with compléx line
structure are found to be equal to tﬂe.radiél<velocities of the remainder;
Huqhtmeier and Day interpret‘the ciear separation of tAe line
compénénts in terms of an expanding "shell" or of different clouds being
expelled-into'different directions,ithe approaching and receding éarts
fofming two distinct line components. The distribﬁtion of mean radial
&élocities shows a difference of about 6 to 8 km s_l between Carina I and
Carina II (-16 and -24 km s_l respectively). Since the velocities in the
ﬁolecular cloud in front of the nebula are near‘the mean velocity of the
. Carina IiicomPlex, if appears that the moléculaf cloud.may.be associated
with this source. However, the regionfof greéter'line separation around

the cluster Trumper 14 seems to be associated with Carina I.
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" Both H

:By_obtaining the disﬁributions for radial.yelocities greater than
q; eéﬁal t§ +10 km's—l, and iess-than or equal to -50 km s-l {maximum
line'éeparation being 44 km s_l), Huqhtmeiervéﬁd Day find two very similar
distributions, both centred to the same position, southward of the gontinuum
peak Carina II, approximately on'frumpler'l6. ‘Hence the extreme velocities
represent. the ekpelled cloﬁds of the "expanding sphere" which are furthest
éﬁay:from and closest té us. Chance coincidence of two clouds along the
line of sight would not necessarily give coincident distributions for
.éxﬁreme.veIOCitieé.

n Carinae; if situated within theAnebula-éould be responsible for
the éxpanding sphere but’éince the e#pansion velocities seem to be highest
é&éylf£§m the maximumAdensity of ionized hydroéen kCarina I and Carina iI)
:and éwéy from-thg régidns of maximum dust and molecule concentraﬁions; the
dust may have beeﬁ disﬁeréedfby steilar wind and radiation pressﬁre,
kﬂﬁéﬁﬁmeier and Day - (1975) ) from Trumpler 14 and 16 which may well be
respéhgible fgr the obéerved phenomena as theyvare located in areas of large
line separatiqns.

- Qbsexvations of H2CO absofpt;on at 4829 MHz (Gardner eﬁ al 1973)
and OH absorption at 1665 and 1667 MHz (Dickel and Wall, 1973) give absorption
positiqns‘which'form very simiiar distributioné at fhe two frequencies.
CO and OH molecules form two.concgntrations, both peaking near each

2
other in the two dust lanes. The peak optical depths for the OH concentra-
tions are the same whilst for the HZCO absorption, the optical depth for the

higher longitude component is more than twice that of the lower longitude

component. Both distributions have similar central velocities, widths and

profile shapes and these, together with the association of the molecules with

the dust, suggest that the molecules are physicaliy associated in the dust

clouds producing the optical absorption lanes across the nebula (Dickel and

" Wall, 1974).
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’Compariéon'of the OH optical depths witﬁ;a map of visual
ébsotption (Dickel; 1974).showsleﬁcglleﬁt_égreeﬁgnt’bgtween‘the Av (visual
absorption) contoufs qnd.the OH opfical depths; thus supportihélthe
hypothesis of Dickel and Wall (1974) that thé OH and Hzco molecules are
_ physically associated with the dust.<-Subtraction.of poséible foreground
f absofption.clearly‘ieéves ﬁuch absorption near the nebula remaining, and
Asincg this absorption hés the same'position, shape,ana extent as for the
molecules, it seems likely that the dust and molecules are actually
associated within the nebula (Dickel, 197'45 . |

* Dickel (1974) interprets the résultg of the observations of B,CO
'qnd QH.absofption in terms of an expénding shelL containing conceﬁtrations
of dust, neufral hyarogen and moleCulés, surrounding thé ionized hydrogenf

with a centre of expansion mid-way between Carina I and Carina II and an

expansion velocity of 7 km s7L.

. :The differing expansion velocities of Dickel, and Dehaveng and

: Maucheraf are-not.incompatibleibecause each‘set_of observations refers to
a different region ; that is, the molecular observations refer to the
oufer, approéching,‘neutral regions) and the HII observations refer to the:
inner iqnized gas,' (Deharveng and ﬁaucherat, 1975). However, the

expansion centres are different and Deharveng and Maucherat favour an

' expansion with non-spherical symmetry in contrast to Dickel's model invoking

spherical symmetry.

-

30 MHZ observatioﬁs of the Carina Nebula (Jones 1973) reveal the
pfgsence of a strong non-thermal source in front of the_nebula. This is
presumabiy a supernova remnant which has escaped detection at higher
ffequencies due to increasing contras; at low: frequencies bgtwgen the noﬁ—
'V'thermai éourée and the thermal emission of the nebula. | The 30 MHzZ positioﬁ

is 14° aic~to the east of n Carinae.

The results of the Aerial V:sky.survey (Seward et al, 1976) have




identified an X-ray source in the same region as SNR 287.8 - 0.5 and

it‘is possible that the X—ray souree maf be associated with the radio
snpernova‘rennant‘since,their positional.errors both overlap. 'n Carinae
lies within the error box of the X-ray source nhich-also includes the
ring'of_optical filaments.  Kinematic measurements of the optical emission
‘from within the ring reveals that the Ha and HR 1lines are composed of

two components due to high-veloc1ty and low-velocity gas, the high veloc1t1es
being consistent with the supernova remnant hypothesis (Elliott, 1979).
i'Therefore, according to Elliott, it seems likely that the X-ray and radio
featnres-refer to the same object which displays the high velocity gas,and

hence that the ring is the optical counterpart of the radio and X-ray

remnants.

P

The splittlng of the {E II | and Ho 1lines, the complex inter-.
'stellar Ca 1I lines and the double radio line profiles all indicate that
‘the Carina Nebula is undergoing some sort of internal activity. This
activity is interpreted in terms of an expanSion’nhich, in the case of
Deharveng and Maucherat has n Carinae as the centre with an enpan51on
» velocity of > 25 km s -1 assuming non—spherical symmetry, and in the case
of Dickel has a centre midway between the radio continuum peaks. Carina I
and Carlna II and an expan51on veloc1ty of 7 km s = assuming spherical
symmetry. In general, all phenomena seem to be associated with either
the ring structure with Carina IX at~1ts centre, n Carinae or the stars of.
.frumpler 16. The fact that-a radio supernova remnant and an X-ray source
which:may or may not be associated with each other have also been located
in this,part-of the nebula poses many intriguing questions and makes further

investigation of this region a necessity.

6.3 ANALYSIS OF THE DATA

An area 8' x 8' arc of the Carina Nebula around n Carinae was
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pbservea ét'the-f/ls focus of the 1.0m SARO telescope during June and
July 19§8Aby Scarrott and Warren-Smith, using ﬁhe Durham polarimeter and
the 4 cm electronographic image tube. . Eight plates wefe thained (four
each for "gridé in" and "gfids out") and these were analysed according to
the procedure §utiined in‘Chapter two. A brief desdription of the output
>and'input data involved during each stage of the reduction follows.

.6.3.1 Digitization

Digitization of the eigﬁt plates converts the recorded densities
on thé piates tq intensities in the form of a 512 x 512 matrix, part of
which is shown in figure 6.31. Here, the intensities have been integrated
-6ver,3 X 3 pixels and each intensity range is represented by a symbol.
v corresponds .to the lowest intensity range, i.e. clear plate followed
by '.'; '1v, '2', etc. up to '9', then through the-alphabet, until '*'
feprésents the brightest ébrtions of the'plate. Each symbol - represents
a coﬂtbur intefval of 25 intensify units. | The fainte¥ regioné of the
' plaﬁéméarreséénd to the dust lanes, and'the brightest regions to the
‘brigﬁtest stars on the plate.

| 5.3.2 Clear Plate Subtraction

The clear plate intensities on both sides of the plate (thé
’digitized portion of the plate is larger‘than the exposed area) are
averaged to give a ‘single trace down either side of the plate. These
are shown in figure 6.32 where '.' represents the avgrage-clear plate level
on the left-hand side of the exposeé region and '+' that on the right-hand
side. These two traces are composed of "smoothed" intensities where
éertain éoihts have been réjected as being inaccurate. The numbers give
the‘values of these intensities and their errors. A linear interpolation
- of these two number§ is subtracted across tﬁe plate. The asterisk '*'
represents the‘ﬁean of the average infensity of the left and right-hand

‘'sides of the plate before the data has been smoothed.
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- 6.3.3 Photocéthode Correction

By the construction of a "photocathode map"” of intensities it

is possiblé to obtain the relative sensitivity of each point on the

photocathode.

These sénsitivity factors are used to correct the data,

point by point, for any changes in the photocathode sensitivity.

 6.3.4 sky Subtraction

Since the whole field of the polarimeter was filled by ﬁhe nebula,

leaving no regions of sky on the plate, the intensity of the faintest part

of the dust lane was assumed to give a reasonable estimate of the sky

intensity.

for plate 4,

Histograms of these regions were obtained for each plate (those

"grids out" being shown in figure.6.33), the mean value for

each was subtracted off, as sky intensity, from the data.

' 6.3.5 E- and F-Factors _ o -
X'Since 11 = (I6/F)-E2 |
. _I2/F = I5.E2, 4
13 = (18/r).(E3/E1)

I4/F

Ilfg(see Figure 2.41)
E |

‘graphs of Il v I6, I2 v I5, I3 v I8 and I4 v I7 will give gradients Gl,

G2, G3, G4 where

Fl =
and F2 =

with . F

YG1/G2
YG3/G4

VF1 x F2

The relative sensitivity factor between left-hand and right-hand gridé is

' . calculated in

this way.

Graphs of Il + I2/F v I3 + I4/F, Il + I2/F v I5 + I6/F and

Il + I2/F v I7 + I8/F will give the relative exposure between Plate 1, and
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Plates 2, 3 and 4 (i.e. E1, E2, E3).

E- and F;factors'may alsoAbe celculated on a point-by-point
" pasis and the width of the frequency distributions is a measure of the
eccuracy with which the clear plate and sky signals have been subtracted,
since o#er a plate the E- and F-factor should be censtant. Figure 6.34
v!éhows typical distributions indicating that the sky and clear-plate signals
have.been'subtracted with sufficient accuracy.

6.3.6 Calculation of the Stokes' Parameters

ﬁnwatted components of tﬁe data having been remOVed,the data is
now "filtered" as briefly outlined iﬁ Section'2.4.4; (full details given
| in Werren;Smith's‘thesiS). bn the calculation of the Stokes' Parameters,
'ﬁeing a least squares fit to the sine curve each point is wéighted with its

€error..

P

The intensities have been integrated ovet 5" arc x 5" arc with a
spacing ef 5" arc and the complete map is shown in figure 6.35 where each
vectot“fepresents the degree end orientation of.the polarization at that
point._-
| Figtre 6.36. shows part of the map superimposed on the [5 II:]
photogtaph of Walborn (1975).. The superposition is achieved by matching
' the reference stars on the plate with stars on the photograph.

-6.3.7 Errors- | |

Representative errors (those for polariiations in the region of
elouds C and D) are shown in figure546;37a and 6.37b where the fractional
polarization error, and the error on the angle are piotted against the .
polarized intensity. Since the errors are Iinversely proportional to the
V@ize.of the signal, i.e. thejintensity,_it is realietic that the errors

should decrease with increasing polarized intensity.

6.4 ~ THE POLARIZATION MAP

The main structure in the polarization pattern occurs within the
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‘Figwe 635 POLARIZATION MAP (North up; East to left)
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Aﬁeculiarnring, where clouds C and D axe about 8% (& 2%) polarized at -
. Position angle 456.(approximatelyl.

A largé area of the map consisté of nearly horizontal vectors
. of about 2% polarization. The xegularity’of this feature, especially
in the southern region of the map is m;éh disturbed by the effecf of
kthe numeréus stars in the field.

There is some small evidence for the existence of 45° vectors
of‘about 6% polarization running along the edges of the dust lane to
#he south~-west of n Carinae. |

The presenée of clouds 2 and 3, and of clouds A and E, do not
seem to‘affecf the polarization pattein. There are no measurements
in the region of cloud 1 or cloud B, or in the cenﬁre of the peculiar
ring structure. - : ;;w
6.5  " DISCUSSION

The horizontai véctors representipolarization of interstellar
origin'}.subtfﬁction‘of this component - 2.4% at position.angle 108o :
(Visvanathan.l967) - yieids very small polarizations over the map,
except'iﬂ.the region of clouds C and D. However, a map of the
polarized intensity, which is morevmeanin;ful fhan‘ﬁhe polarization,
‘since now.only the polarized regions are registering, shows that
significant amoﬁnts of éolarized intensity are present in cloud E when
the interstellar component has been subtracted (see figure 6.38). The
polari?ed intensity along the edges Qf'the dust lane is insignificant.

| A general feature of the polarized intensity map is the existence
of several‘distinct éegmenté of indepenaent centro-symmetric patterns.
There seems to be no singlé source responsible for‘the polarization
_of this region of the Carina Ngbﬁla.
:Cléuds C and D seem to be reflecting the light from n Carinae.

These are both low excitation clouds ahd_the results confirm the sugges-







L
tion of ﬁalborn.(1§75) that they are in part refiection nebuiae,
associated with n Carinae. It is possible that these clouds are
'*a}so;refleCting the‘lighﬁ'from‘stars nearby; and the vague existenée
of a semi—éiréular_pattern of vectofs associatea with cloud C is’
sﬁggestivé of a source hidden somewhere behind cléud D.

No sinéle source can be responsible for the polarizatidn‘of
_ ¢loud E. The wésﬁern part oflcloud E may well be reflecting tﬁe light
frém n Carinae. :The polarization eastwards is suggestive of a source
éomewhere to the'north‘of HD 303308.  The ;ectors just north of cloud
E suggeétva source northwards of cloud E. Therefore multiple sources
must be résponéible for the polarization of cloud E.

" The general lack of uniformity in the polarization pattern of
the ring structurg.raises the question as to whether of not the ring
is indeed a physical féature of simpiy the result‘ofbchance super-
positions of cloud along.;helliné of sight (Walborn 1975) .-

'~ It i; possible that-cloua E is more deeply-embedded in the
nesgla than clouds C and D, which may be at the forefront of a three-
dimensional "rim" structure, and henceAthe contribution of light ffom
" n Carinae is negligible or small compared with.that of stars in the
immediatg vicinity of.cloud E. |

The most westerly portion of the arc to the south of cloud E
may be reflecting the light frém ﬁ Carinae, but eastwardé, the pattern
centreston a source in the vicinit¥ of HD 303308.

-It is diffiéult to draw coﬁclusions about clouds A and B, since
there ére only a few ﬁeasurements in thése regions but there is a
suggestion tﬁat the vectofé associated with the cloud befween C and A

are generally perpendicular to a radius vector drawn from n Carinae.

Ovér the rest of the field the polarized intensity is negligible

and there are no particular features discernible in the polarized

intensity map
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‘Very few of the obsexvations of the.Carina Nebula specifically

embrace the ring stfuéture.i:Dickel's (1974) observations involve lérge

" regions of the nebula ; those of Walborn and Hesser (1974) do not include

the ring structure. Both Gardner et al (1970) and Huchtmeier and Day

(1975) observe double recombination line profiles being wide and very

: similar in intensity, but the resolution of the observations makes it

impossible to associaté a partiéular profile with a particular cloud.
_Deharveng‘and Maucherat " (1974) have observed the spectral split-

ting of the [:ﬁ Ii] and Ha lines of part of the ring structure. They

- find that [:& Ii] splitting occurs in cloud BCand the westerly portion

of cloud E, in addition to the central regions of the ring.Cloud D,
beiné of low excitatibn is no£ obéervedlin [§ II |- The most easterly
regions of cloud E and the arc below cloud E are iPterpreted in terms
of a'recediﬁg cloud; whilst the southern part oftcioud A is interpreted
in ?erms of an approaching cloud.

"’L“";The only possible correlation between these and the polarization
results is that the [E Ii] splitting occurs in regions where the polariza-
tion may be atﬁributed to reflection of the liéht from n Carinae.

Deharveng and Maucherat propose n Carinae as the centre of their

"expanding sphere" and thetefore it is not unreasonable that n Carinae

.1s '‘also responsible for the polarizatioﬁ of cloud C and part of cloud E.

The results of Deharveng and Maucherat seem to suggest that cloud E is

really:a multiple cloud structure and in view of thié, it is reasonable

that more deeply embedded clouds should have a different source of

illumination.
6.6 CONCLUSIONS

Clouds C and D are polarized by reflection of the light from
n Carinae, and possibly that from stars in the vicinity. Multiple

sources are necessary to explain the polarization of cloud E, but it
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seems that cloud E is a multiple cloud structure, the most vesterly

~ clouds beipglassociated with the n Carinae - cloud C and D complex.

{There is no apparent central source in this fegion, and- it is

likely that n Carinae and the O;stars all contribute to the general
exéitatioh;

l'However, it must be notéd that observaﬁions made with a broad
" band V—filter have bgen éuperposed on an [E Ié:]photograph. There-
fore, featmres enhanced in [g Ii] ére_got neéessarily those enhanced
in v and-so a detailed correséondenée 5étwéén‘the polarization map and
the éhotographicannot be éxpected. - Hence it is important to obtain

further polarimetric measurements of this region of the Carina Nebula-

with very marrow-band filters in order to make some definite conclusions

about the warious relationships between n Carinae, the riné structure,

and the O-stars of Trumpler 16.
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GENERAL ‘CONCLUSIONS

zAFrom polarime?fic measuremegt$ it has beeﬁ éoésible to obtéin
| information regarding the nature of the dust gfaihs in n - Carinae and the
i.relatiohship between n .Carinae and the.Carina Nebula.
o : ASsuming that n Cariﬁae haé a bipolar structure, one componen£ of
‘the dust has been fqund to consist of a size distribution of siiicate grains
of éffectiye sizé'§1o;lu and reffactive index m = 1.65-0.05i.

Clouds in.the éarina Nebula have been foﬁnd to.be reflecting the
light from n Carinae, hence associatingfn Carinae with the Carina Nebula.

It is, however,'important to make further investigationé at different
wéyeiengths.,;Althqugh optical polarizqtion is-very sensitive to the size of ‘
grains'givingArisé.tojthe scattered radiation, spectro-polarimetric data is |
pecesééry in order td_cdns%dér grainvmixtures and’ﬁiace further constraints
on mddéls; ' |

;AivAs regards ﬁhe observations of the Carina Nebula, in a region
'stfiking fdr.its'changing appeafance in difﬁerent wavebands it is extremely
important to unite speétral ana épétial pdlarimetric_observations. - The
present results are‘mainly preliminary.

‘Spectro—pdlarimetry is the;efo:e the next stepin completely defining
the nature of tﬁe dﬁst grains in nq Carinaé and.also the nature. of the

relationships between the various unusual features of the Carina Nebula,
in the vicinity of n Carinae.

Inn Carinae "we have a star fitfully variable to an astonishing
extent and whose fiuctuations are'spfead.over cehturies, apparently in no
settled periéd and with no regularity of progression;... Its future career

will be a subject of high physical interest" (Sir John Herschel).
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