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REFLECTION NEBULA IN THE FAR.ULTRAVIOLET 

2. Sllioata and Graphite Grain. 

G. II. SHAH Bnd K. S. KRISHNA SWAMY' 

ABBTRACT 

Blmpla modal. of the Itfleotlon nabul, In thl form of homoglnlOu. pltnl-plrln,',llb cont.JnJIlI.Jngl • 
• c.lltMlna .IUCIlII Dnd Ollphlla liI,alnellk,n DnB lpeeh •• It. time hi'll be.n aonllderKt In view altha fir-ultl,vlolel 
.IIlIICD b,lg',tn"". oblolv,lIon. obi aiRed Irom lha ANS .8l.IIU.. The colour dlll,""ce bll"n 1M IUIr Ind til. 
n.bula PI. win II tho polarlp.ation of tho nobul.r 110M In the far-ultrnlol,. haYi ,1.0 b .. n gIYiA. 

koV word, I renaolian nebulJl-lnla,.leller g,,Ilnl-l.r-ull,nJohu ooloull end pol.rluUon 

1. Introduction 

As a sequel to tho earlier work (Shah and 
Krishna SWllmy, 1978, h6reoftar rolerrad to oa pBper 
1) on modolB of rollecllon nobula In tho far ultraviolet 
utlno Ico groins. wo hove Investlgotod here Ihe elfacts 
of silicate Gnd grallhlto groins on Ihe surface bright
ness. colour diffsrences snd polarization ospeclslly 
in view of the AN S soloilito observations on surfsce 
brlllhlmtal IIcrOSB Iho Meropa r~lJecllon nobuls. 

In pap~r I, wo .howod Ihatlhe rotlo of Ihe opllcal 
deJlth. for small alld largo (olassloal) componentB of 
thl oralns In Iho nlbula la much smallor than unity 
bInd on Ihe olBumpllon thut tho lotal aur/ace ares 
o'.mllll porlicloB 18 two tlmos Jargar Ihan thai 01 Ihe 
larger pnrlloloB. Howover, If ona considers the small 
gralna to bo producod as 8 reault of Ihattsrlng 01 the 
fargor grain •• It appeals to bo more appropriate to 
gUllu thaI tho tOlal volume 0/ tho. eXlr8ll1ely smali 
grains about lKJuala thai of tha classical grains ruther 
Ihen tha lolal IIlrlacB DrBB. LSi B, and a, be the 
affeCllve radii of Ihe amoll Blld lorgo c,legorlss 01 
gral". Il8pectlvely. We ossume both Iypos o/gralna 
10 be homogBnoou9 Bphsros. If 01 ond 02 ore Ihe 
corresponding oxtlnctlon olilclellolos, we derive 
analytically tho volumo retlo 
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(1 ) 

• TIU In.U1uICI 01 Fundll,",nl.1 RI.olrch. Coillbl. BambiY'. 

where V, - tolsl volume 01 the 1IIl811 grainl, 

V. - tOlel volume of the large gralnl. 

end n." n •• are Ihe corresponding number denlltlol 
of the grains. 

In deriving equation (1), we have BBlumed the 
Oorl-Van de Hul't type of alze dlstrlbullon function 
In the fonn n (a) da~ (n.,/a,) IXP [- 6 (a/D,),] da. 
NOle thai Iha Biz. paramater e, In Ihe IIrat brBcket 
occurB beceuse of propar normallZlltlon. The ratio 
of the optical deplha ~, aoo,., by the two calegorles 
of grains 18 than glvon by 

~ - I. (~) (~) (2) 

Aseumlng fy ~ 1,61 - tOOA, ., - 0.6 I'm, and, Be 
sn lJIu'lrallon, choo,ing Ica with typical !afracllve 
Indlx 10<,'.33-,0.06 end). - 1600~. one oblllina 
T,/T,::. 115 on considering only the Bcallerlng optlcal 
daptha or T'('I ~ 1.3 II bOlh Bcatlering end absorp
tion aro Included. The 10lal opl/oel deplh Ba explelned 
In paper 1 I. expecled 10 be les8 then unity. this 
ImplieB Ihat lingle ecatterlng on ,he cieBaie61 grelr,a 
,Iutlll ellimportsnifeclor In Ihe phenomelll of MeTope 
reflecllon nebula. Furthermore, Inlroducllon of large 
abeorptlvlty In the ler-ultravlolet gOIB egainat Ihe 
multlpllolty of aceulrlng b&Ceuae albedo would ba 
reduoed much below unity. Therelore, we have 
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adopted the lingle Icatterlng In the preaent work 
alao. 

It may be noted that volume equivalence betwlan 
lmall and large grains would apply If tha former are 
formsd only by tha ehalterlng prOClas. Howavar. 
the mechanlam of formation of the grains Is atlll an 
open qUlltlan. The choice of 8urfsce sr88e for 
comparllon of optical depths 88 done In papal I haa 
natursl appeal bacause aurfaca srea of B grlln II 
proportional to tha geomstrlcal cro •• ·secllon, which 
In turn II relat8d to the scattering cron·section, a 
quantity crucial for alLimstlon of the opticsl depth. 
If extremely amall gralnl are thought to form on tha 
surface of tile claulcsl grains, the lurface ar88 aeems 
to be all tile more appropriate quantity. On tna 
other hand, If the smsll grelns lorm from the ga8 
phase, the volume equlvslence no longer holdl. 

2. The Computational Result, from tha Modal. 

FollowIng papar I, wa a .. ume slngla snd Indo· 
pendant .catterlng of light by gralno within ths 
nebula In tlla fgrm of homoganeoua plane·parallal 
.Iab. Tho three geometrical c.s.s for .Iar bshlnd 
the nobuls (SBN), It II within the nabuls (SWN) and 
Itar In front of the nebula (SFN) havo baan tre.tsd 
with tl10 a8ma valuel of goomotric parsmatere given 
In Tablll of papar I, The exception II to be found 
In Figure 3 whare we have plotted a lample calcula· 
tlon for the diltanci of the It,r from tha front lurfaca 
of the nlbula (H) equal to 0.06 -pc, other quantltl81 
ramalnlng the 10m.. Tha neceaa.ry equation., 
notal lon, definition. Bnd procedure are e~actly al 
de.crlb.d In paper t. The only chang a In obtaining 
the prltent re.ulta II the conllderatlon of en.tatite 
.lUeate and graphite grains Instead of lei gra\nl. 
WI have adopted thl w.vslength dependent rafractlve 
Indlce. of graph"a and slllcata materl.11 according 
to Phillip end Taft (1962) and Huffmen and Stapp 
(1871), resplctlv.ly, 

Tha Iboeluae In all the flgurea repreaent the 
offtet .ngla '" In mlnutl' of arc. The obl8lVatlonal 
data (Andrl" .. et a/. 1977) avalleble only for the 
lurfaoe brlghtnen of th. Merope raflactlon nebUla 
ar. denoted by dotl In the Flgur.1 1 to S, It may 
ba recilled thet the f.r·ultravlolet banda desIgnated 
UJ, U •. Ullnd U. have rangea of wlvelengths (A) 
2160·3200, 1560·3150. 13150·230'0 and 1060-2300, 
r •• pectlvely, 
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FIlii. 1. The hr-ullrlvlollt nebulllr lurfea. brlghtne •• lrl .rbltrlry 
urohl but nennlllind lue,," th" log S (>.. I!I' .... ,Ql) ... log 8ob1 
(*= 101) .. 0 for Ih' 01111 af thl ".1 behind the nebul. (SBN) 
and grlphlll ".Inll, Thl IItl (I). (b). (e) lind (d) oorr •• pand ID 

w,v.l.nglhl A= 1160A. 1800'\, 2200A and 2100}., '"" 
peatlvlly. Th' g,pphlta anini hlVI 111.1 pll,mlt" '. -=0. 1 /1m 
to, ___ lind O.4,.m for -----, The dOll 'lpr'H"1 
1IlllIllloburvllllorll. 
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Pig. 2. Thl "mll II Flgur. 1. but for anl.ltlil grain •• 

2.1 SurtllOB brlghtn881 

The oaloulated rasults on wrfaca brlghtnal. for 
the thrse geometrical CBlel SBN, SWN and SFN are 
Ihown In Figures (1,2), (3,4) and (6,6), r8lpeotlvely; 
hera and aubsequenlly ths odd numbered figural lie 
for graphIte and tha evan numbered flgurel are for 
Inltltlte Blllclte, The Burfacs brlghtneaa (S) of l~' 
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nebula Is normallzld In luch a mannsr Ihal log S 
(.t, a., 4> - 10') - 0 for all wBvalengths and size 
panamatere. This scheme facilitstes the comparison 
of model rSlults with the observetione reduced In a 
.Imllar faehlon. The sell (e). (b), (c) end (d) are 
plotted In esch of thess figures for wavelengthl 
). - 1 r:i60.l., 1 BOO.l., 2200A and 2600'\, respectively. 
The solid curves are for the slza parameter a. - 0.1 
pm and the dashsd curvss ere for a. - 0,4 1,m. The 
casa of SWN for graphite as wall as sllicste grelnl, 
Flgurel 3 and 4, show the steepest gr.dlente and 
lerglet epen In the variation of the theoretical log S 
with respect to 4> as compared to other two CBses 
of SBN and SFN. TheSE general trendl are simller 
to tho.e Ihown by Ice greln. in Paper I. For both 
graphite and .IIIcate grains, the larger the elze pare
meier e., the greeter Is the range In log S ae one 
goss from <p - 0 to 20'. The eltact of varying a. 
from O. 1 pm to 0.4,un II not noticeable In Figure 6 
for graphite. The lize effect of graphite gralnl Ii 
mOlt pronounced In the geomltrlc Oasa SBN; SWN 
comea next and In Case of SFN It II almoet 1111. 
Wheraaa for IIIIcete gralnl, the order In whloh the 
Ilze ellect I. Important la seen to be SBN, SWN snd 
SFN for 4> equol to zero to -S', but beyond 4> -10' 
the oa.e of SINN .how. very .mall change In log S 
comparad 10 tha SBN and SFN. The IIIIoate grains 
can provide e close matching batween the celculeted 
and the oblerved eurface brlghlnen as Indicated by 
Figure e for SFN. However, al remarked In Papar T, 
the calB of SWN with the etar vsry nsar to tha front 

III 
III 
.!! 

" 

3 

2 

L, 
i 
~ .. 
Z 0 

(c) (d) 

20 
~ (mln.olarc) 

Pig. I. Th. I''''' II Figure 1. but lor Ihi OIH of tho .I.r In 
hont af thl n.bul. (8PN). Nat. th.t thl ourvll'or ea .... O. 1 pm 
and 0.4 ,.m ar. almOilldlll1llc.l. 
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lurfaca cannot be ruled out for ailiceta and/or Ice 
grain.. The Improvament In matching II axplotod If 
one notlcas In Figure 3 that tha raductlon In H, the 
dl.tsnca between the atar and Ihe front lurface of the 
nebula, from 0.26 pc to 0.06 po .Ignlflcantly bring. 
the CUIVII for a. - 0.4 JIm naar 10 the oboalVational 
run for all the four wavelength •. 

2.2 Colours 

The .Iar-mlnu.-nlbula colour dlffer.ncaa ex
preaaed In magnitude and designated by UI" USI and 
U" Ire deflnad by 

U" - IU, - U,). - IU, - U,). 

where J - 2, 3 or 4 corresponding 10, - I, 2 or 3 
In r8lpactive order and· and N stand for liar end 
nebull, reepectlvely. The calculatad colour dlffar
enca8 are .al out In Flguraa 7, 9 Ind 11 for graphlle 
and In Figural 8, 10 and 12 for eWeeta. The ganaral 
trando of blueing In Ihe vicinity of the elar and redd
ening ralatlvely away from the liar ara noticeable 
fQr UII fn C8881 of SBN and SWN provided ana 
choo.e. O.lpm:;a. :; 0.4 JIm for grlphltesnd a,-0.1 
11m for ellice,a grain.. Tha U" coloull for .1I10ete 
gralnl of alze a. - 0.1 I'm with SFN In Figure 12 
aflo .how polltlve coloull In the neighbourhood cl 
• Iar and negative colours beyond ~ ~1 0'. 

" there all graph Ita gralna In the reflaction 
nabula It .hould be p08llbla to ob.erva 10m I oar
relaUng bahavlour wilh reapeat 10 the hump al 
.t-2200A·ln tha genarallntalltel/ar extinction cUIVa 
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(a8l, for example, Ble81 and Savage, 1972; Nandy, 
Thomp.on, J.mar, Monfil. and Wllaon, 197&) • 
However, alf Ihe bande aulecled In the far-ultraviolet 
obaervallon. have Borne overlap wlth the wavelength 
ran'go .t- I ~4 to II pm"1 where the extlnotlon hump 
ocoura. Th. detailed obealVatlon. In the hr-utln • 
violet with .ncl wlthout Inclu.lon of the hump WIVe' 



Rlfleallon nlbt.dl In thl far·ullrflvlollt 199 

length ranga would allow ona to discriminate for or 
agaln.t graphite gralna among varlou. contending 
greln .pecles. 
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Pia. I, Thl IImll II Ftgure 7. bUR for thl guamltrloll a.u SWN 
.nd Ihl Ilzl plr.mlter '1 alVIn In Figurl B. 
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The .Ize affect II more pronounoed for U., with 
graph It. and for Ull .nd U'J for silicate In all the 
three geometrloal oa.88: Howlver. they do not 
exhibit ona-to-ona corralpondence with the variation 
of the IUrfaee brlghtn.... The gradlenta 01 curve. 
for U'2 with 8111cate grllnl. e8peclally when a. - 0.2. 
0.3 and 0.4 pm. In the oa8e of SFN In Figure 12 are 
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Pig. 12. Thl lime u Flgul'l 8. bUllar Ihl glDm.trto.~ 0"" SFN. 

In 8harp oontra8t with the other geometrical con
figuration. and elsa with the UBV photometric colour 
difference.. The U" coloure eppaer monotonou. 
exoept for graphite with SBN aa well as SWN and 
a. -0.2.0.3 and 0.4 pm In Flguree 7 end 9 and 
with SFN and e. - 0.1 pm and 0.3pm In Figure 
11. The lilicate gralna In the cal9 01 SFN and 
a. -0.3 and 0.411m alao do not show mono
tonou. variation In U" colour. In Figura 12. Note 
that th9 colour dlfferenoes U" for graphlta In Figure 
11 and U4'I for ailicate In Figure 12 both for 0.1 /lm 
::;a.::; 0.4 pm show nsarly IIneer variation with tP 
Irom 0 to 20'. In general. the coloure for varlou. 
el19 peremeterl are more separeted compared to the 
lurfaoe brightness for the 6ame aet of perametere. 

2.3 Pol"lzalion 

Th8 theoretical reaulta on the band Intagrated 
degree of polarlzallil~ of nebular light for three 
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geometrlcel modal$ SBN, SWN and SFN are plaited 
In Figures 13, 16 end 17 for graph Its Ind In Figural 
14,16 and 18for sllicsts grelnl. Tho lotI (a). (b), 
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Fig. '3. Th. '.,-ultrlvlohtl pollliution produced by graphite 
gr.ln.ln thl mod.1 ,slleatton nal:MJla wllh thl .1., In the lI.r 
(SBN). n .... " II), (b), (0) Ind (d) oo" .. pond 10 Ihl .IU'· 
'11011. blind. U .. U], UJ, Ind U", II.peotlVIIly. The alII ~lalTll\.r 

•• -0.2 11m 'or .0.3,..m 'Dr - - - -, 0.4 11m for 
-.-.-.-100 0.8 jim tor ......... " .. .. 

(0) and (d) In aach ol1haaa flguras rafer to far-ultra
viole! banda U" UI, U. and U., raspec!lvaly. 
~Ithough there ell no observatlonl on polarization 
avall.ble In tha far-ultravlollt, ana Dan gat a rough 
,1del of ponlbla polarization on the b8l11 of UBV 
photomatrY by ,ElvIulandHall (1966,11167). Thul 
ralulll la lummarlzad by Shah (1977) Indlcata thet 
tha polarlntlon II positive for all olfilet angl., Irom 
III -0 to I/> -18' end la 01 the ordar of P. "" 12% and 
P. '" 8% both lor offlat angle 4> "" 20'. Thus ana 
may IOlely allume a f.w % polerllatlon In the f,,
ultraviolet U,-band for larga ollsat angle I/> "" 20', 
An Important qUlltion la whather ona can have 
nagatlva polarization In Ihe far-ultravlolal. We would 
like 10 leava thll qU8ltion opan. It may be notad 
that the wavelangth depandence 01 polarization of 
Maropa .. am to be varlabla (Markkanan, 1977). 

On the bella of U,-polarlutlon alona one can 
eliminate the posllbillty 01 gr.phlta gralna 81 Ilgnl
fl oint oomponentln all tha thlle geometric II ca,aa 
of SBN, SWN and SFN becauaa of tho vary larga 
poaltlve polarization for Iha chonn Ilze paremall" 
and rp - 20'. AIIO, for graphite gralnl, PUl, PUI and 
Pol glva abnormlily largl vBlual of polarization 
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which ora lell likely to occur In the far-ultllvlolat 
wavalangth ranga beyond U,• Nota that the ,lUcile 
grlln, In tho call of SFN provide negative polarlZl-
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tlon In the U,-band for a.~0.1 (0.1) 0.4/lm and for 
all offset angles. A small positive polarization In 
U,-band can be satlsflad by lillcats grains with 
B. - 0.1 I'm In combination wllh 8. - 0.2 Jim pro
vided one edopts either SBN or SWN. 

3. Concluelon 

In view of the present resultl and Paper I. It may 
be concluded that the Ice and silicate gralnl ara 
likely to be Important constltuantl of the Interetallar 
grains In the Marope reflection nebulollty •. Regard
Ing the position of thl star ralatlve to the nebula wa 
neld to study further with additional oblarvatlonel 
data to pinpoint tha oorrect geomstrlcal configuration 
of the nebula. As suggestea by Jura (1977) lutura 
oblervatlons of rotationally excited moleouler hydro
gan cln help In detarmlnlng whether the duat that 
producea the refleatlbn nabuloslty Is In front of or 
behind the etar Merope (23 Tau). Tha obaervatlon. 
01 Infrared radiation In coordination with the vlaual 
and ultraviolet obs'arvatlona may be uaad for dlsorl
mlnatlng among the varloua proposed aompoaltlonl 
of the Interstellar grains. This may alao allow Dna to 
choosa approprlata model of the Itar-nebula oon
figuration . 

Elthar multidimensional slza dlltrlbutlons of the 
gralnl .ndfor cora-mantle gralne within the nebula 
are worth conSidering when detailed ob.ervatlonl on 
thl aoloura and polarizations In the Infrared. vl&ual 
and far-ultraviolet wavelength rangel are available. 
Extramaly flnl filamentary structure of the Merope 
nabula (saa, for .exempl e, Elvlus and Ha.II, 1966. 
1967 : Arny. 1977 ; and Markkanln, 1977) hlnta at 
the axlstence of Ilgnlflcant magnatlo fleldl within tha 
nebula. Therefore, the rola of magnetic orientation 
of the non-spherlcel panlolel must be examined In 
future modale of the Meropa rallaotlon nebu la, 
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