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REFLECTION NEBULA IN THE FAR-ULTRAVIOLET

1. lcy Grains

G. A. SHAH and K. S. KRISHNA SWAMY*®

ABBTRACY

Bomo models of the ruflociion nobuls In the form of homopenaous planc-parallol slab sontsining singly scatter-
Ing dirty 100 grains as test case have boon glvan  Tho throo poomotric cases of the siar bohind, within and 1n froat of
the nebula have boon considored  1ha sizo distribution of the grains has also boen incorporated. We have calculated
the nebular surface brightnass and band integroted coloura and polarizetion  Tho presant rosulta on the nebular surfaco
brightnese have boon diroctly comperad with the very racent far-vltraviolet obsorvations of tha Merope rolleation nebula.

Key Worde : roflociton nobule- interetoller graine -for-ultreviolot aclours nnd polarlzation

1. Introductlon

The refloction nebulae provido an oxcellent
opportunity for observations end the theoretical
models In search for the nature of ubiqultous dust
gralne. The Marope reflaction nebula I8 particularly
woll rulted for the observations of surface brightness,
colour dlfferences and polarization as functlon of
wavelength and offset angloe. The eatilor ground-
based obasrvations (Elvius and Hall, 19868; Grasnharg
and Roark, 1867) wore confinad to UBV photomstry
and polarimetry. The rolated thooretlcal models
(Gresnberg and Roark, 1967; Greenberg and Hannet,
1970; Shah, 1874) based on homogonaous plane-
parsllel alab containing alngle scattering gralns have
brought out certain trends of varlation In tho colours
and polarization. However, it 18 known that the
observations in the UV reglon can bring out charac-
teristics of the grain properties which are not rovoalod
in the visual reglon. This has been amply demonat-
ratad from the far-ultraviolet extinctlon observations
(Bleas and Savage, 1972; Nandy st /. 1876), Thers-
{ore, [t Is of interest to calculate the expecied nebular
surface brightnees, colours and polarizations of the
scattered light In the ultraviolet reglon. Since the
illuminating ster in the Marope reflection nebula is of
spoctral class B8V, 1t 13 reasanable to ignoro emlaslon
and lonlzation. It may be noted that a nebula usually
has & composite spectrum If the spactral class of the
lluminating star Is BO-B1 or esrlier (Kaplan and
Plkelner, 1970).
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Here we conslder some simple models of reflec-
tlon nabula based on plana.parallal slabs and single
scattering. We have used dirty Ice grains as a teat
case, Tho stellar energy distrlbution, measured
wavelength-dependent refractive Indlces of Ica, graln
slze distribution, Mle scettering process atc. have
been used as basle Input quantltles., We have
calculated the far-ultraviolet colours In & manner
anglogous to the case of UBV photomatry. The
calculated surfacoe brightnesa dletribution ecross the
nabula has been comparad with the recent observa-
tions of the aurfacoe brightness of tha Merope nebula
obtalned by Andrlesse &t al. {1977) with the help of
ultarviolet photometer on board the ANS satellite.
In what follows we dallneate the systematice of the
general trends and relate them to the hasic propartios
of the grains and geometries of the reflection nebula,

2. Theorstical Consideratlon and Geometrioal
Models

We have assumed the reflection nebule In the
form of & plane-paraliel slab perpendieular to the Line
Joining the chserver and the star. The nebula le
divided Intc 8 number of alementary slabs. The three
ceses (1) atar behind the nebula (SBN), (2) star with-
In the nebula {SWN) and (3) star in front of the nebula
(SFN) have baen considered. The finite aperture of the
telesoope has bean Inoluded In the theoretical formu-
lation of the models. The number density of the greine
hes been essumed to be unlform throughout the
nebular reglon of intereat. The frequency of the wave
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before and after the scattering process remains the
sams. The two states of polarization in the orthogonal
refsrence planes have been traated separailely, The
empitlcal corraction for the axtinction of light within
tha nebula has been taken into account on the basls
of observatlons (Peytremann and Davis, 1974). Tho
stellar anargy distributlon for Merope (23 Tau, B8 [V)
as Qlven by Andriesse &f a/. {1977) has been adopted
hera. The Intensity Is obtalned by fntegration wlith
regpect to the elementary scatteiing volumes along the
llne of slght and with respect to the size of the dust
gralns, We have also computed the band integrated
quantitles. The definitions of colours and polarization
as usual are adopted from Greenberg and Roark
(1967).

The symbols and notatlons have the following mean-
Ing :

D == the dlstance from the observar to the liluminating
atar,
T = the thickness of the nsbula,

H == the perpendicular distance from the star to tha
front aurface of the nehuia,

¢ = the offset angle,

B = semi-veitex angle of the telescope
redian,

h = the distance of the bottom of a typical elementary
slab from the observel,

0.0016

A© = the solid angle of the telescops s tan? f
S =: the {ocatlon of the star,

O = thea location of the obsearver,

A — wavelength of light,

a = size of the grain,

a8, = parameter [n the size distribution function,
m{A) = m'(d)—7/m'" (1) =- index of refraction,

A possible consideration in the present study is
ta ncludae & certain number of much smaller particles
(alze, 8~0.006 um) which are needsd to account for
the shape of the far-ultraviolet extinction curve bayond
A-' - 7um-' (see, for s.g., Greanbeig and Hong.
1974). It may be assumed that the small particles
are contlnuously generated to compensats for the
affects of radiatlon pressure and destruction. In order
to assess the Importence of such smail particlas one
must estimate thelr optical thicknesa v/s-a-viz the
classloal larger sized particles which are thought to
contrlbute the visual extinctlon. Let the size para-

meters and the number densitles ba (a), noi) and {8,
nea), respectively, for smell end large categories of
paitlcles, Following Greenberg {1977), we assume
that the total surface area (S)) of small particles is
two timos larger than that (S2) of larger particles.
Choeosing the normallzed size distributlon function In
the form

n(8)da ~ (n../a.) exp [-6(a/s)]da, | 1,2,
It can be shown that

2
D—“i—— f(:—:) , Wwhere Tm ::
Fora; 0.006 ym,a» 0.6 ymandf 2, the ratioof
the graln numbei densities turns out to be (n,i1/n.")
~ 2x10%. The corresponding ratio of the optical
thicknesses 18 glvan by
T Nai ) i /Q
() @@
where Q;andQ,; are the extinctlon efficiencles of the
twa types of particles. For dirty ice grafns, wave-
ength 4 - 0.16 um, and using tha above quoted
values of (ns/n. 1), a; and a:;, one obtains (r/m)
>1/18. This implies that the smali particles cannot
play slgnlficant rola in modifying the colours and
Intensity distributlion of tha refiection nabula In the
far-ultraviolet, Due to finite absorptivity, /.e somo
Imeginaly component of tho index of refraction In tha
far-ultraviolst, most of the axtlnction or opticsl
thickneas of the emall particles s caused by absorption
efflcisncy. [n fact, the scattering efficleancy of amall
absorbing particlea is likely to be three or more orders
of megnltude smaller as compared to the absorption
etflclency. Therefore, one cannot expect the com-
penent of tha very small gralns to modlly the degree
of Isotropy of the phase functlon which would be
mainly determined by the classical gralns. SimHarly
alarge number of emall absorbing paiticles in conjunc-
tion with large paiticles can reduce the average albedo
considerably bselow unity. This ls evident from a
glance at the quantitetive tables of scattering pera-

meters (see, for a.g., Isobe, 1976) Tor real materiale
with finlte absorptivity.

A related question regarding the multiple soat-
tering within the reflection nebula must now be
examlined n the light of far-ultraviolet optical thicknass
and albedo of the totallty of the gralns. According to
Keplan and Pikelner (1970), If the optical thickness
%1 and albedo of the gralng is close to unity,
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higher order scettering muat ba conaidered along
with single scattaring. These conditions are sahis-
fled in dense dust ¢cloud complexas such as, for ex-
ample, globules or compact spherlcal nebula NGC
7023. Vanysek and Solc (1973) have used Monte
Carlo technique to show that the multiple scattering
can introduce depolaiization effects in dense clouds.
The depolarization faetor is a function of the optical
thickness. For instance, when 1 Increases fiom 0.4
to 1.6 the polarlzation 18 roughly halved for the same
geometrical distance of tho nobulal region fiom the
llumlnating stai.

Woe can make an astimate of the optical thicknesa
of Merope reflection nebula by considerlng It as a
*Standard’ cloud with gaseous particle denslties in tho
range 3Sna(cm ?) €104 (Watson, 1976)  From the
obsarvations Including the ultiaviolet extincllon
of vailaty of objects (seo, a. g., Lllley, 1956; O’ Dell
and Hubbard, 1966; O'Doll o &/, 1968, Krishna
Swamy and O'Dell, 1967; Isobe, 1971; Janklns and
Savage, 19874), one has the following relation
betwean dust and gas concentratlong ;

{Ng u«/Na} ~102 cm? per atom

where ng and o, aro the number density and extinc-
tion cross-section, respectivoly, of tho graina. This
ratio la approximately Independsnt af location in tha
galaxy (Aannestad and Purcell, 1873). Using the
abova quoted n. and thicknaas of the Morope nabula
- 1 pc, one has
3777 0.03.

Notlng the constraint that =+ -3 s the upper limit and
becsuse of the absorptivity in the far-ultraviolet, it
appearsthat the scattering optical thickness would be«
come considerably smaller than unity. As mentioned
earller the albado is also smaller than 1. Thie ia cor-
roborated by the rocent 0AO measurements (Lillle and
Witt, 1976) on diffuse galacticlight In tho ultraviolet
which glve albedo < 0.6. In summary then it may
be stated that we do not envisage two primary
conditions (v/z. 7%, 1 end albedo > 1) to bo satisfied
strongly enough In the cese of Merope reflaction
nebule to warrant the use of multiple scattaring.
Accordlng to the most receni observations by Jura
(1877), the dust in sister nebula {Mais) towards 20
Tau 18 In front of the star and that the nebula is opti-
cally thin. He further mentions that It Is quite possible
that the cloud obssarved tolle in front of 20 Tau might
fie behind 23 Tau {Merops) as well. Therefore, in
the present work, we have assumad single and Inde-

pendent scattering to hold. This preserves the
almplicity and continuity with the earlier equivalent
models in the UBV (see, for s.g., Gioenberg and
Roark, 1967; Shah, 1974, 1977a, b).

2.7 Casel. Star bahind the nebuls (SBN)

The present treaiment Is similar to that of
Gresnberg and Roark (1967). The main difference
15 that we have consldered, foi sake of generality, the
exact scattering volume Intercepted by the extenslon
of thetalescopeand the elemantary elab. The scattar-
ing centre within the alsmentary volume s located
with reasonable symmetry and is spacifiad explicltly
Thetefors, the analytical expressions are ditferant for
oll the thrae casas. The relevant equations for SBN
are given by Shah (1974) and wlll not be repeated
here., The genaral expresslon for Intenslty given
there holds also for the casas of SWN and SFN.

2.2 Caso ll. Starwithin the nebula (SWN)

Two subcases must be considemed sepatately,
2,21 {a: (hya)>D

Flg. 1a represants this case In a schematlc way.
The observer |s vlewling tha nehular slab x; xa vy vz &t
an offset angle ¢ wlth respect to the observer-star
directlon 0S. The extension of tha telescopa inter-
sects the elementary slab L'N* LN in eflipges L'M’'N’
and LMN with thelr centres at C' and C, raspectlvaly.
The points P' and P ara along the axls of the telescopa.
Tha scattering centre within the elementary volume
MN N'M’ 13 located at the centre C'' of the alllpss
LM *N" which dlvides this volume Into two equal
parts. Wa deflna J to be the perpendicular dlstance
bstwean ihe elliptical cross-sectlons L''M''N" and
LMN. Some distances and angles have been dencted
as follows @

oc’ -, sC¢’ I, oL -h,
L =4, PC' -y,

¢ - 4SOP, o = £LSP"

¢, -» LPOC, & - 2P'SC".

The useful relations are given below :
h ~(D-H) I- {-1) AZ , N

where | 1, N elementary slabs. The limita of Inte-
gration with respect to Z will be from (D —H} 10
(D~HIT) which covera the thicknese of the slab.
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(a)

o

Flg. 1a. 8chematic of the model raflsotion nsbula 1n tho form of
homogensous plane-parallsd glab; (a) atar within the nobuls with
tha scattering centre mors diatant than the distanoe of the star
from the obesrver, i.#. h-F3>D.

This Is best taken care of by using h as the varlable

for both the ocases lla and Ilb. ’
(h+d)tan § tan? B
Y= cont ¢ —sin*ptan?f -’ (2)
n
5| {1 (5} -] ®
tan (¢ + ¢1) - tan § + y/(h+6) . (4)
tan (@+ai) ={y + (h+8) tan ¢ }j(h-D 1), (B)
It = (h+d)[cos (¢ +¢)) (8)
I = (h—DA §)/cos {a+ai) . (7)

The portions |;x and |y, of I| and ly, respectively, are
gsaantlal for consldaration of extinction within the
nebula. They are

e = (hi H +8~D) Jeas (P4 ) (8)

low = 12 . (9
The acattering angle at C*' Is

0=at (prd)—{eiw)

2.2.2 b, (h+8)<D

(10)

Figure 1b deplcts schematically the distances
and angles for this conflguration, The description |e
similar to casa lla. The analytical relations for h, 4,
¥ h, hwand (¢ + ¢|) are the same a8 in casa lla but
now they must bo considered wlith referance to
Figure 1b, The ramalning equations are

tan (¢ 1 @) {y' (h1d)tangp} /(D--h -8) , (1)
la = lax -- (D -h -8) Jeos (u-ta) (12)

Y

Nl

Xa

o

Flg. Th. The same & in {1a) but hero h | §<D,

2.3 Cass /Il Star In front of the nebula {SFN)

Flgure 1c schematically represents the essentlal
distances and angles. The relatlons for &, 9. i
(a+a)) and (¢ + ¢1) are the same as in case lla
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once agaln, but must bo taken with 1eference to

Flgma 1c. Further relations are
Z - (I-1)AZ,i 1,N, (13)
h ~ D+HZ, (14)
he - (21 6) fcos (¢ | D). (16)
lh - (Z1H1&) jeos (i 0y), (18)
s (Z13d) jcos (u! ). (17)
ht
L M N'
L M'/ P‘L A
L

/4

4 ‘

0

Flp. 10. Ths schematic for 1ho oase of tho reflostion nebul®
with the atar In the front (8FN).

The scatterlng angle at C” In figure 1c is given by
equation (10). The exact volume element MNN‘M’
in all the three cases turns cut to be

AZ 17 hZN?
{0 G
[Cos?h — Bin ptan?I]P2

if f~0° and (—Aﬁ; < <1, this volume element ap-

Ay = hAZAnN

proximataes to the expression glven by Greenberg and
Roark (1887).

3. Results of Model Calculations

The values of geomaetrlcal parametsrs chosen on
the baals of wark by Gresnberg and Hanner {1870)
have besn summariead [n Table 1. The cholce of
size peremeter {a,} In the slze distrlbution function
of the type n (a) ~exp [-6{afa,)?] hes been selected
by keeping In vlew the bast Fits to obaerved Inter-
stellar extinctlon In the fer-ultravlolet (see, for e.g.
Greenberg and vande Hulat, 1973), We have
adopted a,=0.3 (0.1) 0.6 um for Ice. The wave-
length dependent index of refraction of lce has basn
taken from Fleld at &/. (19687) and Greenherg (1868).
A useful tabulatlon has also been given by Shah
(1967). The filter response functlon Q«({A) In the
far-uitravlolet bands heve baen used according to the
data In Celascope Catalogue {Davis af a/., 1973). The
gtellar energy distribution for 23 Tau, the llluminating
star for Merope reflectlon nebuia, I8 chosen accord-
ing to Andrlesse ef &/, (1977).

Table 1. Qoomatrical Parameatara

Case | Case || Case il

SBN BWN SFN
D (pos) 180.0 1260 126.0
T (pa) 1.0 10 - 10
H (pe) 1.28 0.26 0.04

The absciesae in all the subsequant flgures
rapresent the offset angle ¢ In minutes of aro, Tha
dots correspond to the observations of tha Marcpe
reflection nebula obtalned from eateilite experiments
(Andrlesse st al., 1877). Although observations on
polarization In the far-ultraviclet are not avallable, we
have Includedthe theoretically calculated polarization
for future comparison. The exact Mie theory of scat-
tering by homogeneous smooth spheres (sea, for
e.g. van de Hulst, 1967; Shah, 1977c) hes baen
used for all sizes and Indices of refraction of the
greine end for ail wavelengths In the far-ultravioiet.
The far-ultraviolet bands designated aa Uy, Uz, Us, Uy,
have ranges of wavelengths (A) 2160 to 3200, 1660
to 3160, 1360 to 2300, and 1060 to 2300, respec-
tivaly. The oolours and polarization given hers have
been obtalned by integrating with respect to wave-
length the Intensity for esch band in & manner an-
alogous to that of Shah (1 874).

3.1 Surface brightnass

Figurea 2, 3 and 4 for the three geometrles SBN
SWN and SFN respectively, show the nehular
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intenaitles expressed in arblirary unlts but normalized
8o that log S (4,8, ¢ = 10°) = 0, for all wave-
lengths and size parameters. This scheme allows one
to compara model 1esults directly with obseivetions
raduced In the same way. The set of curves a,b,c
and d are plotted in each of these figures for wave-
length A~ 1660 \, 1800 }, 2200 \ and 2500 1\,
ieapectively, The solld curves mie for the size
parametor a, = 0.3um and the dashed curves ara for

8o = 0.8gm. The theoretical values of Jog S, fof
the case of SWN vary most steaply at first for small
,' SBN rl
B»
1
wn [+
[,
2 =1
L=
2
=]
E [
=
[r]
-1
B e S N B w e
¢ {min of arc)
Flg. 2. The tar-uliraviolet nebular surface brightnesa i arbitrary

units but normalized auch ihat log 8 (A, 8o ®- 107 -~ log ebe
(@ --10')=a0, This e the cosa of SBN, Tho sets {a). (b). (o) snd

{4} corraspond 1o wavelengths A = 1680A, 1800.\, 2200 and

2500, A respactrvely. The foa grains have size parsmsisr ag — 0.3
#m for—and 0.8 gm for---. The dats repreasnt observations,

¢, the gradiant being moderste for the case of SBN
and much slower varistlon for log S occur for the
casa of SFN, The most sultable geometiy for match-
Ing with the ohservations Is found te be SFN for Ice
grains. This Is clear from Flgure 4 because for
all the four wavelengths, the observatfonal points lie
close tothe calculated models. However, the curves
for wlidely separated values of a,, viz., 8, =~ 0.1 and
0.6um, are alao closeby. Thersfors, It Is difficult to
predict the slze paiameter precisely. For this, one
must study the other observational faatures such as,
for example, polarizetion. At present we have no
data on polerization in the far-ultraviolet,

3.2 Colours

There ara four ultiaviolet bands designated U,
Wz, Us and U, In the order of decreasing Init!al wave-
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log 8

Normalized

[ N B B
6 4 8 @ I8

¢ (min ot arc)

Tho senio &8 Figure 2 but far the casa of SWN.,

or

Flg. 3.

length as tabulated In Celescope Catalogue (Davis
of al., 1873), Followlng Greenberg and Roark
(1887), the colour difference in magnltude for the
first two bands Is definad by

Uapee (Ua~Up)y— Uz -Uy),

Thus Uz means the difference between the Intrinsic
{Us ~Uy) colour of the star and the (U: U;) colour
of the particular nebular region. The colour dif-

ferencas Uss and Uy are simllarly defined., These
T 71— _SFN L“ Y 1 T
{c} (d)
1,
o [T= P
Or— * ' . -
f IL T \"""h-.\
3 1 {0) (o) I
HpE * . -
E L] __‘l..%
= °r' .ﬁ.\
T

20
¢ {minp of are)

Fig. 4. Tho sama aa Figure 2 bot for the cass of SFN,
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colours for the three cases of SBN, SWN and SFN
are shown in Flguros 5,8, and 7, raspsctively, As inthe

Lk ]

04
o]

COLOUR
COLOUR

orr

Ao

# (min, :f, arc)

Fig. 5. The far-ulireviolat colour differonces betwoon two con-
ssoutive bands for star minue tho samo for roflootion nobuls,
The star 1s bahind nebuls (SBN)  The size parameler of the graing
for smoh wet of curves 18 8o - 0,3 #m for
0.4 pmfor - - —
0.6 umlor —.—,----
0.8 «m for

case of UBV photometry, the nabula ls relatively bluer
in the viclnity of the star and redder with respect to
the atar after certaln offset angle but the varlation in
colours s noi necessarily monotonic. Tho Uss colour
differences foi various a, and for all the gaomatric
cates lla close together. This ls because the UV
Fliter respanse functlona for U, and U, bands greatly
ovarlap. The Uy colours In Flgures 5 and 8 show
minimum almost for each a, chosen here. The nature

[} ]

COLOUR
-]
»
COLOUR

[[] [-] L} : [ ] * { ] * ] *
Hmh‘?of arc)

Fig. 8. The sama as Figurs 5 exoopt lor the casa of SWN,
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of these curves Indicate that efter minimum at certain
offset angle, thare is lesser reddening effect and
posslbly blueing effect can recur at an Intermadiate
renge of ¢. For example, Ui colours for a, ~0.4xm
(cf. Flgure 6) are positive and thus nebula is bluer
relative to the star In the range 5'<¢ 510, The
colours for the case of SFN In Figure 7 show amaxi-
mum neer ¢ - 2° for a,- 0.3um and 0.4um. For
other a,, the colours vary monotonically. The radden-
ing effact (/.6. negative colour difference) starts at
much larger values of q) compared to othor ceses of
SBN and SWN. The Ui colours in Figures 5 and 6
show only a minimum for each a, After exhiblting
the reddening effect the Ui; colours can bacome
posltive, as for Instance for a8, ~ 0.3um in the case
of SWN. The Uy colours for SFN, (Figure 7) also
show the usus| trends except for a, == 0.3um which
show the nebula bluer relative to the star for ali
$¢20.5",

COLOUR
-

+ lmln.“or ars)

Flg. 7. The sams aa Flgure B oxpoct for the osse ol SFN,

3.3 Polerlzation

Three sets of curves for degree of polarization of the
nebuler light as functlon of offset angle for the three
geometric csses SBN, SWN, and SFN are displayed
In Figures 8, 8 and 10, respactively. The sets (a),
(b), (¢} and (d) In each of thesa figures refer to bands
Uy, U+, Uyand U,, respectlvely, It may be noted that
these results are for band integrated polarization. Al-
though thera ara no observatlons on the far-ultraviolet
polarization,we may noto a few Interesting points from
the calculated models. In Figura 8, U, band polarlza-
tlon Is negative for all offset angles coneidered and a,
= 0.4 t0 0.6 um; only fora, 0.3 zm one has slightly
posltive polarization which reaches upto_hardly 1.6%
at ¢ -20'. For Uz band, the polarization s negative
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Fig. 8. The far-ultravlalet polarizstion from the model reflection
nebuls (SBN), o ua given In Figurs 6. The sats (8). (b}, (o} and
(d} oorrespond to the ultraviolst banda U), Uz, U3, and U4, res-
pedtively,

POLARIZATION (%)
POLARIZATION (%)

# {min, of orc)

Flg. 8. The same as Figure 8 but the geomatrio caes s SWN,

oll the way upto ¢ =20 for a, = 0.3 (0.1) 0.6 um.
For band Us, for each a,, there Is a distinot ¢ at which

N i i L | I —| A 1 M |
L] 8 [} » 0 L] ] ]
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the polarization changes sign. For U; band (in Fig.
8), the polarization is positive for ell ¢ and s, = 0.3
(0.1) 0.6 um. The absclute value of the dagras of
polarfzation I8 in general much smailer a8 compared
to that In the UBV case. The cases of SWN and SEN
also show certain indlvidual characterlstics fa) various
bands and sizes. It Is important to note that the
curves for varlous sizes but for flxod band are well

separated and carry Imprint of geometric configuration
of the nebula,

POLARIZATION 0%
® 8
1
ry

$ (mln.lgf are)

Flg. 10. Tl seme a# Flgure B but the geomatrio cass |s SFN,

4, Discussion

The geomatrlcal model of the reflection nebula In
the form of the plane-perallel alab with the star In the
front has shown some results on surface brightness
which mimlc the corresponding far-ultraviolet ob~
sarvations. This has bean demonstrated hers by uzing
lce grains. Plcking out the exact size parameter of the
grains became difficult because of the crowding of the
computed suiface brightness curves for small and
large values of the size parameter &. In the size die-
tributlon function. The case of SWN with star very
close to the front surface needs further conslderatlon.
The dlelsctrio gralns such as los can satlsfy the albedo
requirement suggested by satellite observatlons
{Andriesse e¢ &, 1977). These authors have besn
gble to explein qualitatively certain observational
features of the surface brightness by using models of
plane-parallel slab and consldering multiple acattering
with Monte Carlo technique. They concluded that the
phase function of the scattering particles changes
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from a strongly forwaid scattering form at visual
wavelength (6620 \) to a more nearly isotropic form
at far-ultraviolet wavelength (1660 %). Such a trend
in phasa function muat be understood from the view-
point of the basic physics of electromagnetic scatter-
Ing. Normally isotroplc scattering i1s charactaeristic of
Reylelgh scatlering reglon which for moderate Index

of refractlon occurs when X %'Ea-c <1; 8 slze of

the particle, 2 the wavelength of light, As one
proceads towards geometrlc optles limit (X> >1, /.a.
larger particles and/or smaller wavelength as In the
ceae of far-ultraviolet), the phase function at firet is
expectad to attain more and more forward seattering
form. Asthe paiametsr X becomes sufficiently large,
the forward lobe fans out; here, back and side lobes
may also show up. Ultimately 1n the extreme gaometric
optice llmit when the paiticle pressnts |tself as a
mirror or wall, only the back scattering would prevall.
One may 1efar to Born and Wolf (1870) for eppropil-
ate illustratlon of this statemant. In fact, as one goes
from visual to far-ultraviolet, that 15 in tha diroction of
Increasing X, the phese funclion would become
increasingly anlsotropic. This Interprelation is
consaistent with the work of Greenberg and Hanner
{(1970) but not with the above-mentlonad conclusiona
of Andriesse st a/. (1977)}.

Polarization by spheres ia not the anly posgsible
reprasentallon. Howover, they cortalnly raproduce
adeciuately the degres of polarization, in the UBV
and perhaps In the tar-ultraviolet as well. Randomly
oriented nonsapherical particlos cannot drastically
change at least 1tha ganaeral trends In the varlation of
polarization. Howevel, In fllaments In southern re-
glons of Merope nebula, thare {s some evidenca of
magnetically oriented nonspherical graina.  This
addltlonal sophistication, not considered in the litara-
tura so far, neads 1o be studied in future models. Hare
we may note 8 few remarks by Greenberg (1877):
(a) the case SFN Is suspact because the back
scattering (0= 160°) by nonspheres is suhstantlally
lags than that from spheres, (b) the polarization
and radialion scattered off of randomly allgnad
elongated particles |s substantlally greater than that
from spheres,

The silicate and graphite have alao been thought
to be constltuent materlals of the gralns In Interstellar
snd clroumstellar anvironments. Therefore, they
need to be examined for thelr possible role In the
phenomena of the reflaction nebula,

In order to sort out the appropriate slze and
compasitlon of the grains, it would be of great help
to have additional date on polarlzation becausa the
pressent results show this quantity to be very
sensitive at least to thoe slze paramseter. Therefore,
it Is worthwhile to measure the polarkzation of the
nebular light In a future space mission.

Agcknowledgements

One of us (G.A.S.) wishas to thank Dr. M.K.V,
Bappu for hls encouragement. Wa are also grateful
to Dr. J.M, Greenbeig for his suggestions,

Rafsrances

Aannoatnd, P. A, Purcell, E. M , 1873, A. Hav, Asir. Astrophys.,
11. 308,

Andriesss, C. D., Piorsma, Th, R., Witt, AL N., 1877, Astr Asiro-
phys,, B4, BA1,

Bloss, R, C, Savege, B, D, 1072, Axtropiwr. J., 11, 283

Born, M, Wolf, E, 1870, Pmnciples of Optics, Pargamon Prasa,
Oxford

Davis, R, J., Deutachman, W.A., Harmandanig, K L., 1873, Celes-
cope Catalog of Ultiovioist Stellar Obsarvations, Smithaonian
insutution, Washington.

Elvius, A, Hell, ), 5, 1880, Lowsll Oba, Buji, 8, 287,

Field, Q. B, Partrldga, R. B., 8obel, H., 1887, /nterstellar Graine,
p 207, oda. J. M. Greenberg and T. P, Raark, NASA, SP-140.

Qroonharg, J. M., 1088, Nabufae and Intorstellar Maitar, ede
B, M. Middichural and L. H. Allor, Unlv of Chicago Pr.

Qrasnberg, J. M., 1877, Privato communication,

Gresnborg, J. M, Hapner, M. 8., 1870, Astrophys. J., 1681, 847,

Qresnborg, J. M., llong, 8 8, 1874, Gelagtic Radiw Astronomy
p 168, ode. F. J, Kerr and 8. C, Swmonson, lli, D. Raldal,
Dordraahy.

Qroonberg, J, M., Hulst, H, C, van de, sda. 1973, |IAU SBymp,, 82.

Graonbesg, J M, Ronek, T, P, 1887, Astrophys. J., 147, B17.

Hulst, H.C., van de, 1987, Light saattarng by smali partiofes, John
Wiley, Now York.

tsche, 8., 1971, Ann. Tokyo sstr. Obs., Socond Sarfes, 12, 263,

lsabe, 8., 1873, Ann. Tokyo astr. Qbs,, Secand Serles, 14, 141,

Jonkins, E B,, Savage, B D,, 1974, Astroplys, J., 107, 243,

Jurn, M., 1BTT, Aatrophys. J , 218, 748,

Kaplan, 8. A., Plkeinor, §. B., 1870, The I/mterstaifsr Medivm,
1arvard Univ. Prass, Cambrkdge,

Krnshna Swamy, K. 8., 0*Dall, C. R, 1987, Astrophys.J., 147, 629,

Lillie, €. F., Witt., A, N., 1878, Astropfiys. J. 208, B4,

Liiley, A E., 19BB, Arirophys. J., 121, GEB.

Nendy, K,, Thompson, @. 1., Jamar, C., Monflls, A, Wilson, A,
1076, Arir Astrophys., Ad, 195,

0O'Deil, € R., Hubbard, W. D., 1888, Asrmphys. J,, 142, 681.

O°Dall, G. R., Hubbard, W. B, Polmbert, M., 1888, Astrophys. J.,
143, 743,

Peytramenn, E., Davis, R.J,, 1974, Astrophys. J, Suppl,, 28, 211,

Shah, Q. A., 19887, Ph. D.Thetis, Renssalaer Polylechma Instituta:
Troy, New York,



104 G. A. Shah sand K 8. Krishna Swamy

Shah, G, A,, 1974, Pramana, 3, 338 Vanyssk, V. Solg, M,, 1873, | A.U Symposium No, 52

Shah, G. A,, 1877a, Astr Nachr, 288, 319 Wataon, W, D, 1876, Atomic and Maolacula: Phyaics and Inter-
Shah, G. A, 1977b, Pramana, 8, 481 gtellar Mattor, ods R Bahan, P. Encreanas, and J, Laquoux,
Shah, @, A,, 18770, Kodeihanal Obs Bull Ser A, 2, 42 North Holland, Amsterdam,



