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We present  a  d e t a i l e d  program o f  t r a n s f e r  o f  i o n i z i n g  r a d i a t i o n  i n  a 

d i l u t e d medium, i n  which the  equat ions o f  thermal balance and i o n i z a-  

t i o n  e q u i l i b r i u r n  a r e  solved. T h i s  program a l lows  t o  b u i l d  models o f  va-

r i o u s  types o f  ob jec ts ,  l i k e  n u c l e i  o f  ga lax ies ,  supernova remnants, 

H l l reg ions  o r  p l a n e t a r y  nebulae, and t o  c a l c u l a t e  t h e i r  emiss ion li- 

ne spectra.  When a p p l y i n g  t h i s  program t o  the  Crab Nebula, a  superno-

va remnant w i t h  a w e l l  observed f i l a m e n t a r y  s t r u c t u r e ,  we were lead  t o  

the  f o l l o w i n g  conclus ions:  a  d e t a i l e d  model o f  t h i s  should t r y  

t o  depic t  i n d i v i d u a l  f i  laments (which have d i f f e r e n t  d e n s i t i e s  and l i e

a t  d i f f e r e n t  d is tances f rom the  i o n i z i n g  source), and n o t  o n l y  a "mean"

f i l a m e n t .  lrhe He l l X 4686 l i n e  which was p r e d i c t e d  much weaker than 

observed in all prev ious  models seems t o  come n o t  o n l y  from the f i l a -

ments b u t  a l s o f rom the  d i l u t e d  medium i n  which the f i l a m e n t s  a r e  ba-

t h i n g .  

Apresentamos nes te  t r a b a l h o  um programa deta lhado de t r a n s p o r t e  da ra-  

d iação i o n i z a n t e  em um meio d i l u í d o para o qual as equações de ion iza-  
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ção e  de balanceamento térmico são resolv idas.  Esse programa permite a  

construção de modelos para vár ios  t i pos  de objetos t a i s  comonúcleosde 

galáxias, restos de supernovas, regiões H I I e  nebulosas p lanetár ias ,  

calculando o  espectro de l inhas em emissão. Aplicando t a l  programa ã 

Nebulosa de Caranguejo, um res to  de supernova com est ru tura  . f i lamentar 

bem conheci da, chegamos 5s segui ntes concl usões : um modelo detalhado do 

ob je to  deve ten tar  descrever cada f i lamento individualmente e  não um 

fi lamento "médio", pois cada um tem uma densidade d i f e ren te  e  se loca- 

l i z a  a  uma d is tanc ia  d i f e ren te  da fon te  ionizante; a  l inha do He II 

h4686, cuja intensidade calculada em modelos precedentes era mui to me- 

nor que a  intensidade observada, parece ser emit ida em par te  por um 

meio d i l u i d o  no qual estariam mergulhados os f i lamentos. 

The Crab Nebula i s  a  supernova remnant presenting a we l l  observed f i -  

lamentary s t ruc ture  and a  strong continuum o f  non-thermai rad ia t ionex-  

tending from the rad io  region up t o  the X-rays. I t s  emission l inespec- 

trum has been the subject  o f  several t heo re t i ca l  s t ~ d i e s l * ~ , ~ * ~ .  I t s  

chemical composition has been on ly  roughly determined, because, as has 

been shown by ~ a v i d s o n ~ ,  the in tens i  t i e s  o f  the observed l ines depend 

only s l i g h t l y  on the elemental abundances. A de ta i l ed  model should t r y  

t o  dep ic t  ind iv idua l  f i laments, and not on ly  an 'Iaverage" f i lament,  

s ince the l i n e  i n t e n s i t y  r a t i o s  vary by la rge fac to rs  from one f i l a -  

ment t o  another (see ~ o l t j e r s  and ~ r i m b l e ~ ) .  An e f f o r t  i n  t h i s  d i rec -  

t i o n  has been done recent ly  by Cont in i ,  Kozlovçky and shaviv4. I n  a1 1 

the models constructed so far ,  the la rge i n t e n s i t y  observed f o r  the He 

I I  recombination l i n e  a t  h  4686 8 remained unexplained. 

I n  t h i s  paper we wish t o  draw a t ten t i on  on several po in ts  which should 

be taken i n t o  account, wh i le  construct ing more de ta i l ed  models o f  the 

Crab Nebula, when f u r t h e r  observations become ava i lab le .  

I n  Section 2 we describe the numerical program t rea t i ng  the t rans fer  

of the rad ia t i on  and g i ve  the referentes t o  the atomic data which have 

been used. I n  Section 3, we summarize the re levant  .observationa1 re- 



su l t s .  I r i  Section 4, we b u i l d  a simple model f o r  the "mean" f i lamentas  

described by Wolt jer5,  and b r i e f l y  discuss the r e l a t i v e  importance o f  

severa1 assumptions i n  the numerical treatment o f  t h i s  p a r t i c u l a r  pro-  
blem. WE: a l so  examine the importance o f  vary ing the gas dens i ty  and 

the distance t o  the i on i za t i on  source when bu i l d i ng  models o f  i n d i v i -  

dual fi laiments. I n  sect ion 5 we show the possib le inf luence on the ne- 

bu lar  emission spectrum o f  a d i l u t e d  gas which could bepresent between 

the f i  lanients. F ina l l y ,  we present our concluding remarks i n  Section 6. 

2. THE NIJMERICAL PROGRAM AND ATOMIC DATA 

The program ca lcu la tes  the i on i za t i on  and temperature s t ruc tu re  o f  a 

gas submitted t o  a f l u x  o f  i on i z i ng  photons and provides the i n tens i -  

t i e s  o f  the emission l i nes .  I t  can be appl ied t o  a la rge va r i e t y  o f  ob- 

j ec t s  (quasars o r  nucle i  o f  galaxies as we l l  as g a l a c t i c  objects)  , and 

has a1 ready been used i n  a study o f  the planetary nebula NGC 7027' and 

i n  studies on H I I regions899. The method o f  computation i s  s i m i l a r  t o  

t ha t  o f  ~ a r t e r l ~  o r  Mac ~ l p i n e l l .  

A model i s  obtained a f t e r  choosing the fo l lowing input  parameters: the 

spectrum and power o f  the source o f  ion iza t ion ,  the densi ty d i s t r i b u -  

t ions  o f  the gas and i t s  chemical composition. The elements considered 

sofar  are H, He, C, N, O, Ne, Mg and S.  I t  i s  possib le t o  inc ludepure- 

l y  absorbing dust provided tha t  one assumes i t s  absorpt ion proper t ies .  

The ca lcu la t ions  begin a t  the inner boundary o f  the gas or  a t  a d i s-  

tance R from the source where the o p t i c a l  depth t o  i on i z i ng  rad ia t i on  
o 

i s  small and the emission by the volume s i tua ted between the source 

and R,, neg l i g i b le .  The physical condi t ions a t  R. are obtained by so l -  

v ing the coupled equations o f  i on i za t i on  and thermal balance. Then the 

rad ia t i on  f i e l d  i s  ca lcu la ted and the physical condi t ions are determi- 

ned a t  a distance R. + AR. This process i s  repeated u n t i  l a given re- 

quirement i s  f u l f i l l e d  (e.g. the outer  boundary o f  the ob jec t  has been 

reached o r  hydrogen has become essen t i a l l y  neutra1 and the temperature 

has dropped below 100 K ) .  

I n  the fo l lowing,  we g ive  a complete descr ip t ion  o f  the numerical pro- 



gram, I n  prac t ice ,  depending on the problem treated, severa1 processes, 

i f  neg l i g i b le ,  can be omit ted i n  the ca lcu la t ions .  

a) The Radiation Field 

Let  J (3 be the t o t a l  mean i n t e n s i t y  between energies E and E + dE a t  
E-+ 

po in t  R i n  the nebula. We have: 

where G(W i s  the mean in tens i  t y  due t o  the source o f  ion iza t ion ,  and 

{(% i i  t ha t  due t o  the d i f f u s e  rad ia t i on .  

1) Spherical Symmetry 

I f  spher ical  symmetry i s  assumed around a cent ra l  source, then t h e p r i -  

maiy rad ia t i on  i s  g iven by: 

L being the number o f  photons emi t t e d  by the primary source between E 
E 

and E + a, per u n i t  time, and r') a func t ion  o f  the absorpt ion 

o p t i c a l  depth T', and of the o p t i c a l  depth due t o  e lec t ron  sca t te r i ng  

r', given by Tar ter  and Salpeter12. The o p t i c a l  depths are ca lcu la ted 

by the fo l l ow ing  expressions: 

and 

where n .(r) i s  the numerical densi t y  o f  ion  j o f  element i a t  the d is -  
i J  

tance r from the source, oii(~) i s  the t o t a l  photo ion iza t ion  cross-sec- 

t i o n  o f  the ion  ( i , j ) ,  i .e. the sum o f  the cross sect ions f o r  valence 
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and interna1 she l ls ;  n,(r) i s  the e lec t ron i c  density, os the Thomson 

cross sect ion.  

The cross sections concerning valence she l l s  were taken from referen- 

ces summerized by 0sterbrock13 f o r  H, He, C, N, O, Ne and by Aldrovandi 

and pêquignot l4 f o r  Mg and S .  The K-shell  i on i za t i on  cross sect ions 

o f  the heavy elements were calculated according t o  Bergeron and C o l l i n  

-souf f r in15.  Owing t o  the lack o f  good data, i on i za t i on  o f  the 2s sub- 

she l l s  i n  heavy elements has been ignored. This was considered permis- 

s i b le ,  considering the uncer ta in t ies  i n  the adopted cross sect ions a t  

h igh frecluencies. A rev i s i on  o f  photo ion iza t ion  cross sections i s  i n  

progress, tak ing  i n t o  account recent ly  obtained resu l t s .  

~ h e o r e t i c a l l ~ ,  the d i f f u s e  rad ia t i on  i s  g iven by: 

whe~e V i s  the volume o f  the whole nebula, jE(;) i s  the gas em iss i v i t y  

a t  po in t  r between energies E and E + dE and ri(2,;) is the o p t i c a l  depth 

correspondi ng t o  the segment 13-f 1 ( sca t te r i  ng o f  the secondary photons 

i s  neglected f o r  the sake o f  s i m p l i c i t y ;  i t  happens tha t  t h i s  i s  a rea- 

sonable a s ~ u m ~ t i o n ~ ~ ~  To minimize computing time and storage,the t rans- 

f e r  o f  the d i f f u s e  ion iz ing  rad ia t i on  i s  solved using thel 'outwardonly" 

approximation o f  ~ a r t e r l ~ ,  i n  which the emission a t  any po in t  i s d i s t r i -  

buted i s o t r o p i c a l l y  i n  the outward d i rec t i ons .  This approximation i s  

p a r t l y  j ua j t i f i ed  by the o p t i c a l  condi t i ons  i n  the gas; i f  the gas i s o p -  

t i c a l l y  t h i n  a t  a given frequency ou t  t o  a c e r t a i n  distance R of the 

source, then an inward moving photon o f  t h i s  frequency, emitted a t  a 

distance R, would not be reabsorbed u n t i l  reaching t h i s  d istance R on 

the other s ide o f  the nebula. I n  the other extreme, i f  the gas i s o p t i -  

ca l  l y  t h i ck  near 3, then an inward moving photon would be reabsorbed ve- 

r y  c lose t o  the po in t  where i t  has been emitted. I n  the "outward only" 

approximation', the volume o f  i n teg ra t i on  i n  Equation (5) i s  then repla-  

ced by a sphere o f  diameter equal t o  R, passing by the centre o f  thene- 

bula (see Fig.  1) and the po in t  R. Thomson sca t te r i ng  o f  the secondary 

photons i 5  neglected. 



Fig.1 - Hodtl wi th  spherical symmetry. The dotted c i r c l e  represents the 

volume V over which i s  performed the i n t e g r a t i o n  t o  c a l c u l a t e  t h e d i f f u -  

se r a d i a t i o n  f i e l d  a t  point  M (see Eq. 5). 

2) Plane Parallel Symmetry 

I f  the thickness o f  the ionized gas layer i s  much smaller than the d is-  

tance t o  the ion iz ing  source, o r  i f  the source i s  located outs ide the 

gas cloud, then plane p a r a l e l l  symmetry may be b e t t e r  su i ted  f o r  t rea-  

t i n g  the problem. Our program i s  adaptable t o  t h i s  case, wi t h  the p r i -  

mary rad ia t i on  normally inc ident  on the gas layer .  The same considera- 

t i ons  as above lead t o  t r e a t  the i on i z i ng  d i f f u s e  rad ia t i on  f i e l d  i n t h e  

fo l l ow ing  manner: i n  the case o f  a gas cloud i l luminated from outs ide,  

the i on i z i ng  photons emitted towards the source are neglected, s ince 

they are supposed t o  be l o s t  f o r  the cloud; i n  the case o f  a sheet o f  

gas surrounding the source, the emission i s  supposed t o  be concentra- 

ted i s o t r o p i c a l l y  outwards, l i k e  i n  the spher ical  case. I n  any p r a c t i -  

ca l  case, a more s o ~ h i s t i c a t e d  treatment can be used when the geometry 

and the physical  condi t ions requ i re  i t .  

The d i f f u s e  - o r  secondary - i on i z i ng  rad ia t i on  f i e l d  includes con t i -  

nuous and l i n e  rad ia t i on  produced by f ree- f ree t rans i t ions ,  recombina- 

t i ons  t o  the ground s ta te  o f  a11 ions, recombinations t o  exc i ted  sta- 

tes and subsequent cascades which produce photons w i t h  energies grea- 

t e r  than 13.6 eV, and by the 1s - 2s two-photon emission ofheliumions. 



The f r e e - f r e e  e m i s s i v i t y  i s  taken from seaton16. The e m i s s i v i t y  due t o  

recombinat ion i s :  

where n i s  the  p r i n c i p a l  quantum number o f  t h e  ground s t a t e  o f  i o n  
V 

( i ,$, and 

i n  un i ' ts  of cm3 s - I  e v - l ,  g j  be ing t h e  s t a t i s t i c a l  we igh t  o f  i o n  (i,j) , 
n o ( E )  the  p h o t o i o n i z a t i o n  c ross- sec t ion  o f  the  n - s h e l l ,  I the  i o n i -  i j n 

z a t i o n  p o t e n t i a l  o f  t h e  n- s h e l l  and T t h e  e l e c t r o n i c  temperature. For 
n e 

n = nu, the  u i j ( E )  a r e  t h e  p h o t o i o n i z a t i o n  c ross- sec t ion  o f  the  va lence 

s h e l l s  meritioned before; f o r  n > nu, t h e  hydrogenic  approx imat ion i s  t a -  

ken17. The! i o n i z i n g  l i n e  r a d i a t i o n  f i e l d  was c a l c u l a t e d  i n  the  s i m p l i -  

f i e d  f o l l o w i n g  manner: we considered f o r  each i o n  t h e  p e r m i t t e d  t r a n s i -  

t i o n s  a r i s i n g  from the  lowest e x c i t e d  s t a t e  w h i t h  change o f  the p r i n c i -  

p a l  quantum number n, and e v e n t u a l l y  those a r i s i n g  f rom t h e  lowest  ex- 

c i t e d  s t a t e  w i  t h  t h e  s a n e  n. The f i r s t  w e r e  assumed t o  be 

produced by recombinat ions t o  t h e  e x c i  ted  l e v e l s  ( d i  r e c t l y  o r  a f t e r  cas- 

cade), and by c o l l i s i o n a l  e x c i t a t i o n s ,  the  second o n l y  by c o l l i s i o n a l  
1 e x c i t a t i o n s .  For He I I ,  i t  was assumed t h a t  a  c e r t a i n  f r a c t i o n  (-  3 o f  

the  recombi n a t  ions  lead  t o  popul a t e  t h e  2 2S l e v e l  , produc i  ng two-quan- 

tum emission18. Col l i s i o n a l  l y  induced t r a n s i t i o n s  2 2 ~  + 22P were ne- 

g lec ted ,  which i s  a  good approx imat ion as long as n i s  less  than 4 x e 

Concerning He I, i t  was assumed t h a t  a11 recombinat ions lead t o  popula- 

t e  the  2 l ~  l e v e l  o r  the  2% l e v e l ,  producing a  photon o f  = 20 eV. The 

tyo-photon emiss ion was neg lec ted  s o f a r ,  b u t  i t  becomes impor tant  r e l a -  

t i v e l y  t o  one photon emiss ion a t  d e n s i t i e s  l a r g e r  than 5 x 103 ~ m - ~ w h e n  

c01 l i s i o n s  induce the  z3s + 2's t r a n s i  t i o n .  Resonance s c a t t e r i  ng was ne- 

g lec ted ,  as i t  was assumed t h a t  the  resonance photons s c a t t e r  immedia- 



t e l y  o u t  o f  the  l i n e ,  so t h a t  t h e i r  p a t h  l e n g t h  i s  determined o n l y  by 

absorp t ion .  Th is  p o i n t  however i s  open t o  d iscuss ion .  

A more d e t a i l e d  t reatment  o f  the d i f f u s e  r a d i a t i o n  f i e l d  o f  He I and He 

I I  i s  under study, which i n  p a r t i c u l a r  w i l l  take i n t o  accbunt the des- 

t r u c t i o n  o f  the 2 lP  + l ls  photons o f  He I by r a d i a t i v e  2 l ~  -t 2 l s  decay, 

the 2lS + lls two photon emiss ion o f  He I ,  and the  d e s t r u c t i o n  o f  the  

2 2 ~ 0  + I 2 S  photons o f  He I I by the  Bowen resonance f luorescence mecha- 

n isml3.  

b) lonization and Thermal Balance 

The mechanisms considered i n  t h e  i o n i z a t i o n  e q u i l i b r i u m  a r e  the f o l l o -  

wing: 

i )  pho to ion i  z a t  i o n  due t o  p r imary  and secondary r a d i a t i o n ,  removi ng a 

va lence e l e c t r o n ;  

i i )  p h o t o i o n i z a t i o n  removing an e l e c t r o n  from an in te rna1  s h e l l  ( f o r  

ions wi t h  more than two e l e c t r o n s )  f o l  lowed by the  removal o f  a  second 

e l e c t r o n  by Auger e f f e c t  f o r  ions w i t h  more than t h r e e  e l e c t r o n s l g ;  

i i i )  c o l l i s i o n a l  i o n i z a t i o n  by thermal e l e c t r o n s ;  

i v )  r a d i a t i v e  and d i e l e c t r o n i c  recombinat ion;  

v) charge exchange r e a c t i o n s  between hydrogen and heavy elements , when 

the  corresponding data a re  a v a i l a b l e ;  

v i )  c o l l i s i o n a l  i o n i z a t i o n  o f  hydrogen and hel iun i  by the  e l e c t r o n s  p r o -  

v ided  by p h o t o i o n i z a t i o n s .  

References f o r  the p h o t o i o n i z a t i o n  c ross- sec t ionç  which were used have . 

been g i v e n  above. The c o l l i s i o n a l  i o n i z a t i o n  c o e f f i c i e n t s  w e r e  taken 

f rom Tucker and ~ o u l d ~ O  w i t h  the  screen f a c t o r  c o r r e c t i o n  proposed by 

~ o u s e ~ l .  
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The mean number o f  c o l l i s i o n a l  ion iza t ions  by the photoelectrons was ta-  

ken f rom Bergeron and Col l i n - ~ o u f f  r i n Z 2 .  The recombi na t ion  coef f  i c i e n t s  

were taken f  rom Aldrovandi and ~ é ~ u i ~ n o t l , ~ ' ~ ~ .  

The heatir ig o f  the gas i s  due t o  the i n te rac t i on  between the thermal 

e lectrons and electrons supplied by photo ion iza t ion  due t o  primary and 

d i f f u s e  rad ia t ion ,  and by the Auger e f f e c t .  

The cool i ng mechanisms cons idered are the f o l  lowing: 

i )  c o l l i s i o n a l  e x c i t a t i o n  o f  ions by thermal e lectrons and by hydrogen 

atoms, w i t h  a subsequent emission o f  an allowed, semi- forbidden o r  f o r -  

bidden l i n e .  I n  the two l a t t e r  cases, the equations o f  s t a t i s t i c a l  equi- 

l ibr ium were solved f o r  the energy leve ls  (up t o  f ive)  concerned by the 

t r a n s i t i o n .  I n  the case o f  permit tqd l i nes ,  each c o l l i s i o n  was assumed 

t o  be d i r e c t l y  fo l lowed by a photon emission. 

i i )  r a d i a t i v e  and d ie lec t ron i c  recombination. 

. . . 
i i i )  c011 i s i ona l  i on i za t i on  by thermal e lectrons.  

i v )  f ree- f ree t rans i t i ons  by thermal e lectrons.  

The atomic data concerning f ree- f ree rad ia t ion ,  and thermal i on i za t i on  

and e x c i t a t i o n  o f  permit ted l i nes  were taken from works mentioned by 

Aldrovandi and péquignotZ4. The Lyman a exci  t a t i o n  ra te  o f  hydrogen was 

& lcu la ted according t o  ~ o h n s o n ~ ~ .  T rans i t i on  p r o b a b i l i t i e s  o f  fo rb id -  

den l ines were taken from Wiese e t  a2.26927, except those concerning the 

C I  i soe lec t ron ic  sequence which were taken f rom ~ u s s b a u m e r ~ ~ .  Those of 

the semi-forbidden l i nes  o f  the C I I I  i soe lec t ron ic  sequence were taken 

from Garstang and S h a m e ~ ~ ~ .  The references f o r  the c01 1 i s i o n  strengths 

of forbidden and semi-forbidden l ines  are given i n  more convenient form 

i n  Table 1.  



Table I 

i on trans i t i o n  reference 



Table I ( s u i t e )  

- -- 
i on t r a n s i  t i o n  re fe rence  

2p2 - 2p2 ('D - 's; 3~ - 's; 3~ - 'D) ' d  

2p2 - 2p2 (3P1 - 3P2 ; 3P - 3P ; 3P0 - 3p1) 
2 

d 
o 

2s22p - 2s2p2 ( 2 ~  - 4P) C 

2p - 2p ( 2 ~ 1 / 2  - 2 ~ 3 / 2 )  d 

2s2 - 2s2p ( l s  - 3P) 9 

2p5 : 2p5 ( 2 ~ 3 / 2  - 2 ~ 1 / 2 )  d 

2p4 - 2p4 (10 - 1s; 3~ - 1s; 'P - 'D) d 

2p4 - 2p4 (3p1 - 3p0; 3p2 - 3 ~ 0 ;  3 ~ 2  - 3p1) d 

2p2 - zp3 ( * D  - 2 ~ ;  4s - 2 ~ ;  4s - 20) d 

2p2 - 2p2(3p1 - 3~;; 3P0 - 3p2; 3p0 - 3~ 1 ) ex t rapo la ted f rcmd 

3p3 - 3p3 ( 2 ~  - 2 ~ ;  4S - 2 ~ ;  4~ - 2 ~ )  I 

3p2 - 3p2 ('D - 's; 3~ - 's; 3~ - 'D) 1 

3p2 - 3!,2. (3p1 - 3p0; 3P2 - 3P0; jP2 - 3p1) 1 

3p - 3~ ( 2 ~ 3 / 2  - 2 ~ 1 / 2 )  m 

Aldrovandi ,  S.M.V., ~ G q u f g n o t ,  D., Astron.Astrophys. 50,141 (1976), 

a f t e r  c ross- sec t ions  c a l c u l a t e d  by Le Dourneuf, M. 1976, t h e s i s .  

Penston, M.V., Astr0phys.J. 162, 771 (1970). ( c o l l  i s i o n s  wi t h  H I ) .  

Osterbrock, D.E. i n  NucZei of GaZmies (Vatican') p. 151 (1971). 

Saraph, H.E., Seaton, M.J., Shemming, J., Phil.Trans.Roy.Soc. Lon. 

A 264, 77 (1969). 

Flower, D.R., Launay, J.M., Ast ron.  Astrophys. 29, 321 (1973). 

Seaton, M.J., M.N.R.A.S. 170, 475 (1975). 

Osterbrock,  D.E., Journ. Phys. B., 3, 149 (1970). 
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Pradhan, A.K., M.N.R.A.S. 177, 31 (1976). 
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m Brock lehurs t ,  M. M.N.R.A.S. 160, 19 P.  (1972). 

C) The Observable Emission Line Spectrum 

The e m i s s i v i t i e s  o f  the  v i s i b l e  recornbinat ion l i n e s  o f  H  I ,  He I and He 

i l were c a l c u l a t e d  a t  each s t e p  'accord ing t o  ~ r o c k l e h u r s t ~ ~  >31. For the  

heavy elements, we c a l c u l a t e d  o n l y  the  e m i s s i v i t i e s  o f  the  l i n e s  produ- 

ced by c o l l i s i o n a l  e x c i t a t i o n .  For these l i n e s ,  the  c o n t r i b u t i o n  o f r e -  

combinat ions i s  n e g l i g i b l e .  The observable l i n e  spectrurn emi t ted b y t h e  

nebula i s  ob ta ined  by i n t e g r a t i n g  the e m i s s i v i t i e s  over  the  whole vo lu-  

me o f  the  gas c loud  o r  by i n t e g r a t i n g  the  e m i s s i v i t i e s  a long the l i n e o f  

s i g h t  a t  d i f f e r e n t  p r o j e c t e d  d is tances  frorn the  c e n t r e .  A l l  p o s s i b l e  re -  

absorp t ion  e f f e c t s  were neglected, except  i n  t h e  case o f  H  I and He I I  

f o r  which Baker and Menzel 's case B i s  taken. 

d) Numericai Methods 

I n  o rder '  t o  c a l c u l a t e  the  i o n i z i n g  and h e a t i n g  ra tes ,  the  i n t e g r a l s o v e r  

energy were performed w i t h  the  t r a p e z o i d a l  r u l e  u s i n g  126 p o i n t s  care-  

f u l  l y  d i s t r i  buted between 10 eV and 1360 eV, and up t o  40 p o i n t s  when 

necessary i n .  the h igher  energy range. A t  the  point:; o f  d i s c o n t i n u i  t y  i n  

the  pr irnary o r  i n  the  d i f f u s e  r a d i a t i o n ,  the  f u n c t i o n  t o  imtegra te  was 

eva lua ted  on b o t h  s ides  o f  t h e  d i s c o n t i n u i t y .  The c o n t r i b u t i o n  o f  the  

l i n e s  was t r e a t e d  Separate ly .  

s 
Concerning the opaci t y ,  the  o p t i c a l  depths T~ and r d e f  ined by Equa- 

E 
t i o n s ' ( 3 )  and (4) have t o  be c a l c u l a t e d  w i t h  as much accuracy as poss i -  

b l e .  Indeed, an underest irnate o f  the  o p t i  c a l  d e p t h  a t  a  g i v e n  p o i n t  

wou!d produce an overest i rnate i n  t h e  i o n i z i n g  f l u x  a t  t h i s  p o i n t ,  when- 

- c e  an overest i rnate o f  the i o n i z a t i o n  degree o f  the  gas., so t h a t  the  

é r r o r  i s  se l fLp ropaga t ing .  We c a l c u l a t e d  the  q u a n t i t i e s  . 



appearing i n  Equations (3)  and (4) ,  where nij and n are func t iona ls  o f  e 
a1 1 the y and y , w i  t h  a computer program cons t ruc ted ~ r o ~ h ~ ~  usi  ng i j e 
a pred ic tor- cor rec tor  method w i th  var iab le  i n teg ra t i on  step. The t o t a l  

number o f  steps f o r  one model i s  general l y  comprised between 60 and 100. 

To compute the d i f f u s e  rad ia t ion ,  the angular i n te rva l  ( O  6 < $ , see 

Fig. 1) wa's d iv ided i n t o  f i v e  bands and the angular i n tegra t ion  was per- .- 
formed using the t rapezoidal  ru le .  

The i on i c  abundances and e lec t ron i c  temperature were obtained by so l -  

v ing the ooupled equations o f  i on i za t i on  and thermal equ i l i b r i um using 

appropr iate i t e r a t i v e  methods. 

I t i s  extremely ' d i f f  i c u l  t t o  account f o r  the accuracy o f  such models. 

Severa1 k inds o f  e r ro rs  have t o  be dist inguished: those due t o  the ne- 

g lec t  o f  some important physical  process, those a r i s i n g  from inaccura- 

cies i n  the atomic data, and those coming from the numerical methods. 

Among the l a tes t ,  the e r ro rs  on the i n teg ra l s  over energy and those on 

the temperature and i o n i c  popuJations a t  a g iven point are probably less 

than a few percent; the e r ro rs  on the d i f f u s e  rad ia t i on  f i e l d  o r  on the 

o p t i c a l  depth are much more d i f f i c u l t  t o  estimate. However, we be l ieve 

tha t  the e r ro rs  due t o  inaccuracies i n  the atomic data and t o  the omis- 

s ion  o f  sòme physical processes are dominant i n  most cases. 

3. OBSERVATIONAL DATA 

The Crab Nsebula appears l i k e  an e l l i p s e  w i t h  axes o f  about 4' and 6 m i -  
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nutes o f  a rc .  I t  l i e s  a t  a d istance o f  about 2 kpc, and the f i laments 

are d i s t r i b u t e d  throughout i t s  volume (as demonstrated by ~ r i m b l e ~ ~ )  . 

The nebula emits a strong continuum rad ia t i on  which has been observed 

from the rad io  frequency range up t o  the X-ray domain. The continuum 

spectrum may be represented by a power-law w i t h  increasing spectra l  in -  

dex towards higher f requencies34. S i  nce the ex t rapo la t ion  o f  the X-rays 

in tersec ts  the o p t i c a l  continuum j u s t  beyond the observed wavelength 

range, i t  i s  reasonable t o  assume tha t  the u l t r a v i o l e t  continuum i s t h e  

extrapolated X-ray c ~ n t i n u u m ~ ~ .  To compute the i on i za t i on  s t ruc tu re  o f  

the nebula, we therefore adopt f o r  the UV 2nd X-ray f l u x  densi ty a t  the 

Earth: . 

where E i s the photon energy i n keV. 

The H f3 f l u x  of the e n t i  re  nebula i s  7.5 10-l1 ergs/cm2/s ( ~ e f  .34), as- 

suming a v isua l  e x t i n c t i o n  A = 1.6 mag/kpc (as determined by M i  1 l e r35 ) .  
v 

The f i laments o f  the  Crab Nebula have been observed by ~ o l  t j e r 5  and 

~ r i m b l e ~ .  ' I n  spi t e  of the d i f fe rences i n  the emission spectra from one 

f i lament  t o  another, a f i r s t  approach can j u s t i f y  a model based on the 

spectrum o f  an average f i lament,  as def ined by ~ o i t j e r  I n  the f i r s t  

l i n e  o f  Table 2 ,  we g ive  the l i n e  i n t e n s i t i e s  o f  a mean f i lament,  r e la-  

t i v e l y  t o  H$,  fo l lowing Wo l t j e r ' s  data, except f o r  @ I] which i s  taken 

from ~ r i r n b l e ~ ~ .  Wo l t j e r ' s  l i n e  i n t e n s i t i e s  were obtained assuming tha t  

the continuum var ies  as v - I  '15. However, recent measurements o f  the con- 

t i  n u u ~ n ~ ~ '  3 5  corrected f rom reddeni ng35 reveal a much less steep v i  s i  b l e  

continuum. Therefore, we g i ve  i n  the second l i n e  o f  Table 2 the l i n e  

i n t e n s i t i e s  which are obtained when considering a v a r i a t i o n  o f  the con- 

tinuum represented by v  -Oq41, according t o  ~ i r s h n e r ~ "  I t should a l so  

be noted tha t  actual  l y ,  the @ I I] A X  6584, 6548 1 ine  was not observed 

by Wol t je r ,  but  on ly  estimated from a comparison between Ha and thewea- 

ker $ I I] 1 i ne b y - ~ i  nkowsky36, Ha bei ng deduced f rom H@ us i  ng a theo- 

r e t i c a l  Balmer decrement. Trimble6 suggests t ha t  the & 4 I] i n tens i  t y  

should be decreased somewhat; the f i gu re  appeari ng f o r  I I] i n the se- 



cond l i n e  of Table 2 would then be - 8. These correct ions,  kowever, are 

not  o f  mucti consequence when deal ing w i t h  an "average" f i lament.  

As f o r  the He I I  X 4686 l i n e ,  i t  seems i n  f a c t  t o  be blended w i t h  a E e  

lll] l i n e  a t  X 4658 8 (Ref.6), bu t  i t  i s  d i f f i c u l t  t o  estimate the con- 

t r i b u t i o n  of the E e  1 1  I] l i n e .  

The e lec t ron i c  densi ty i n  the f i laments has been determined by Oster- 

brock37, from the @ li] X 3 7 2 9 /  @ Il] 13726  l i n e  r a t i o .  I t s  value 

ranges froni v 500 cm-3 up t o  3700 cmm3. 

4. MODELS OF FILAMENTS 

a) Model 1: The Average Filament 

Since the mean distance o f  the f i lament t o  the nebular centre i s  much 

la rger  than t h e i r  thickness, we adopt the plane-paral le l  approximation; 

we assume that  the i on i z i ng  rad ia t i on  described by Equation (8) reaches 

normal l y  the plane boundary o f  the f i lament located a t  a d istance o f  4 
x 1018 cm from the source. The i on i z i ng  d i f f u s e  rad ia t i on reemi t t ed  

backwards i 5  ignored. This approximation i s  shown t o  be j u s t i f i e d  by 

Conti n i  e t  a2.  4. Charge exchange react  ions have been cons idered onl  y 
+ 

between O and H O  (Ref .38) . The hydrogen densi t y  i s  taken constant and 

equal t o  103 ~ r n - ~ .  As we do not  pre'tend t o  b u i l d  a proper model o f  the 

nebula, we considered on ly  6 elements: H, He, C ,  N, O, Ne. 

W i  t h  the fo l lowing r e l a t i v e  abundances: 1; 0.45; 3 x ]om4;  1 x I r4 ;  7 
x 2 lr4, we found tha t  except f o r  He I I h 4686 which was found 

weaker than observed by a f a c t o r  about 5 ,  we could s a t i s f a c t o r i  ly repro- 

duce the observed spectrum considering the observational e r ro rs  and the 

not very meaningful d e f i n i t i o n  o f  an average f i lament .  The problem o f  

the He I1 l i n e  i s  postposed t o  the next sect ion.  

The t h i r d  l i n e  o f  Table 2 gives the l i n e  i n t e n s i t i e s  r e l a t i v e l y  t o  H0 

a t  a depth i n  the f i lament o f  z = 1 x 1016 cm. The fou r th  l i n e  corres- 





ponds 

ve r a  l 

w e l l .  

t iona 

i l l u m  

t o  a depth o f  2 = 2 x 1016 cm. The c a l c u l a t e d  i n t e n s i t i e s  o f  se- 

l i n e s  o f  i n t e r e s t  which have n o t  y e t  been observed a r e  repor tedas  

F igures 2 and 3 d i s p l a y  t h e  temperature d i s t r i b u t i o n  and the  f r a c -  

abundances o f  t h e  ions r e s p e c t i v e l y ,  versus the  d i s t a n c e z  t o t h e  

nated boundary. 

F i g .  2 - Electronic  temperature versus distance z t o  the il luminated 

boundary i n  the model of the "mean" f i lament .  

From these f i g u r e s ,  we see t n a t  the re  i s  a l a r g e  zone where hydrogen i s  

weakly i o n i z e d  b u t  t h e  temperature s t i l l  h i g h  ( -  l o 4  K ) .  The heavy e l e -  

ments remain i o n i z e d  a t  l a r g e r  z than hydrogen, except oxygen which be- 
+ 

comes n e u t r a l  toge ther  w i t h  hydrogen owing t o  charge exchange between0 

and H', aiid carbon which i o n i z a t i o n  p o t e n t i a l  i s  l e s s  than 13.6 eV. The- 

r e f o r e ,  c e r t a i n  1 ines o f  heavy elements l i k e  E 1 I ] ,  D e  I I I] and espe- 

c i a l  l y  @ I] and I] .are s t i  1 1  produced w h i l e  HB i s  no more emi t ted,  

and t h e i  r i n t e n s i t i e s  r e l a t i v e l y  t o  H$  va ry  w i t h  2 as seen by comparing 

l i n e s  3 aiid 4 i n  Table 2 .  But the  r a t i o  b I I ] / @  I I l ]  rema inscons tan t  

as soonas the I] I i ne appears, r e f  l e c t i n g  t h a t  n e u t r a l  hydrogen i s  pre- 

sent .  Thrs i n t e n s i  t y  o f  the observed 13 I] l i n e  g ives  an in fo rmat ion  

about the  q u a n t i t y  o f  n e u t r a l  mat te r ,  and there f rom on  t h e  p r o p o r t i o n o f  

the  - 1111 l i n e  e m i t t e d  i n  the  neutra1 reg ion .  



F i g .  3 - Fractional aoundance oF rhe ions versus z i n  t h e  model of the 

"mean" fi lament. 



I t  i s  worthwhile no t ing  tha t  i n  t h i s  model, the absorpt ion by heavyele- 

ments.(Z 2 6) i s  completely neg l i g i b le ,  as we l l  as the energy gains due 

t o  t h e i r  photoionizat ion.  But the heavy elements produce a  d i f f u s e  ra- 

d i a t i o n  w h i c h -s l i g h t l y  influentes t h e  i on i za t i on  s t r u c t u r e ( a  model 

where t h i s  was ignored gave l i n e  

from those o f  the model presented 

The ionizat : ion o f  K- shells becomes 

n tens i t i es  d i f f e r e n t  by abou 

n  Table 2) .  

important f o r  p o s i t i v e  ions o f  

t 20% 

car-  

bon and n i t rogen when most o f  low frequency rad ia t i on  has been absorbed. 

The i on i za t i on  o f  K-shells may then be more e f f i c i e n t  than the ion iza-  

t i o n  o f  valence she l l s  by fac tors  as la rge as - 6. A simple considera- 

t i o n  o f  the: i on i za t i on  equ i l i b r i um equations demonstrates tha t  modi f i -  

ca t i on  o f  the i on i za t i on  ra te  o f  a  g iven ion  changes the abundances o f  

the t race ions involved i n  the equ i l ib r ium,  but  keeps the abundance o f  

the other ions constant. Since ion iza t ions  o f  K- shells are fo l lowed by 

Auger e f f e c t  which general ly  removes one add i t iona l  e lec t ron ,  K - s h e l l  

i on i za t i on  s t rong ly  in f luence the abundances o f  the C II, C V, NIV, N V  

and N VI ions. Among these, none i s  l i k e l y  t o  be observed, except maybe 

C IV. A  moclel where i o n i z a t i o n o f  K- shells was ignored gave C IV A 1549 

/ H6 = 2.7 x 1om2, 3 times lower than i n  the i n i t i a l  model, the in ten-  

s i t i e s  o f  the other l i nes  remaining unchanged, because C IV cont r ibu tes  

very l i t t l e  t o  the cool ing.  Therefore, neglect  o f  K-shel1 i o n i z a t i o n s i n  

the f i lamerits o f  the Crab Nebula (as has been done by Cont in i  e t  al!+ f o r  

example), i s  q u i t e  permissib le i f  one i s  not in teres ted i n  the C I V  ;\ 

1549 l i n e .  

We ver i f iec l  t ha t  f o r  the f i laments o f  the Crab Nebula, secondary elec-  

t rons have no inf luence on the i on i za t i on  s t ruc tu re  and l i n e  spectrum. 

Indeed, i on i za t i on  due t o  secondary electrons becomes e f f i c i e n t  w i t h  

respect t o  photo ion iza t ion  by the primary rad ia t i on  (mu l t i p l y i ng  the i o -  

n i za t i on  rates due t o  primary rad ia t i on  by - 4 fo r  H0 and 1 .5 f o r  HeO) 

on ly  i n  thé: region where H and He are a-lready completely neut ra l .  Besi- 

des, the i on i za t i on  o f  H0 i s  dominated by the photons due t o  the recom- 
+ 

b ina t i on  o f  He , owing t o  t h e i r  la rge abundance. 



b) The Influente of Density and Position Upon the Spectrurn Emitted by a ~iiament. 

The f a c t  t h a t  the  gas d e n s i t y  i n  a  f i l a m e n t  and the  l u m i n o s i t y  o f  the  

source o f  i o n i z a t i o n  would i n f l u e n c e  the  spectrum e m i t t e d  by the  f i l a -  

ment has a l r e a d y  been shown by ~ a v i d s o n ~ .  T h i s  au thor  d e f i n e d  a  parame- 

t e r  U ( i n c i d e n t  energy f l u x  per  photon energy i n t e r v a l  a t  13.6 eV, d i -  
1 

v ided  by the e l e c t r o n i c  d e n s i t y ) ,  though a l lowed i t  t o  va ry  o n l y  between 

1.5 x 106 cm/s and 8.5 x 106 cm/s. But ~ s t e r b r o c k ' s ~ ~  es t imates  o f  the  

e l e c t r o n i c  d e n s i t y  v a r i e d  by f a c t o r s  up t o  7 f rom one f i l a m e n t  t o  ano- 

t h e r .  ~ e s i d e s ,  t h e  f i  larnents observed by w o l t j e r 5  o r  ~ r i m b l e ~  a r e  loca- 

t e d  ?t var ious  d i  stances t o  t h e  source. Cont i  n i  e t  a2.4 t r i e d  t o  account 

f o r  the  spec t ra  o f  i n d i v i d u a l  f i l aments  by v a r y i n g  o n l y  t h e  d i s t a n c e  t o  

the i o n i z i n g  source. However, they had t o  assume t h a t  elementalabundan- 

ces may vary by f a c t o r s  as l a r g e  as 2  f rom one f i l a m e n t  t o  another, i n  

o r d e r  t o  reproduce t h e  observed spectra.  Th is  hypothesis  seems unrea- 

l i s t i c .  Instead, the  v a r i a t i o n  o f  e l e c t r o n i c  d e n s i t y  should be taken 

i n t o  account,  toge ther  w i t h . v a r i a t i o n  o f  d i s tance .  

Models 2 and 3 were computed i n  o r d e r  t o  g i v e  an idea o f  t h e  s c a t t e r  i n  

l i n e  i n t e n s i t i e s  t h a t  one t h e o r e t i c a l l y  m igh t  expect  f rom one f i l a m e n t  

t o  another .  

I n  Model.2, n i s  4 x 103 cme3, and t h e  d i s t a n c e  t o  t h e  source i s  2 x H 
1018 cm; i n  Model 3, nH i s  5 x 102 cm-3 and the  d i s t a n c e  t o  the source 

i s  8 x t o l a  cm. By comparing t h e  l i n e  i n t e n s i t i e s  r e l a t i v e l y  t o H B g i v e n  

i n  l i n e s  5 and 6  o f  Table 2, w& see t h a t  1111 A 5007/HB v a r i e s  f rom 

- 2  t o  - 35.  WOI t j e r s  does n o t  r e p o r t  va lues o f  t h i s  r a t i o  m a l  l e r  than 

- 10. Th is  may be due t o  observat ' ional  s e l e c t i o n ,  s i n c e  such low r a t i o s  

as 2 should be found i n  f i l a m e n t  which a r e  r a t h e r  d i s t a n t  f romthe  sour- 

ce, and t h e r e f o r e  p resen t ing  a  sma l le r  su r face  b r igh tness .  S t i l l ,  h i s  

spec t ra  show I I  I] A 5007/H r a t i o s  v a r y i n g  between - 10 and -34. The 

s c a t t e r  i n  the  1 1 )  A j727/H r a t i o s  ob ta ined  i n  Models 1 ,  2 and 3 i s  

o n l  y  between - 15 ( ~ o d e l  1 ) and - 9 ( ~ o d e  1 s  2  and 3) . I ndeed, the re  i s  
+ 

a  non n e g l i g i b l e  p a r t  o f  O i n  form o f  O i n  a11 t h r e e  models; bes ides,  

models o f  h i g h  e x c i t a t i o n  have a  h i g h e r  temperature (Te 9300 'K f o r  Mo- 

de1 21, t h e r e f o r e  the I I] 1 i n e e r n i s s i v i t y  i s  enhanced i n  models where 



+ 
the O i o n  i s  l e s s  abundant. However, I I] A 3727 / HB r a t i o s  up t o  30 

a r e  observed by Wol t j e r 5  suggest i  ng t h a t  an add i t i o n a l  mechani sm recom- 
++ 

b i n i n g  O++ i s  a t  work. Charge t r a n s f e r  r e a c t i o n s  between O and H O  as 

proposed by Péquignot e t  aZ. a r e  a  good candidate.  

5. THE INFLUENCE OF A DILUTED MEDIUM ON THE EMISSION LINE 
SPECTRUIYI 

A1 1 models o f  f i laments c o n s t r u c t e d ' s o f a r  p r e d i c t  a  va lue  f o r .  the  He l I 

X 4686 l i n e  i n t e n s i t y  which i s  much weaker than obseyved. I t  i s p r o b a b l e  

t h a t  p a r t  o f  the  excess i n  t h e  He I I  l i n e  may be exp la ined  by b lend ing  

wi t h  the  r e  - I I I] X 4658 l ine4. However, i t i s  no t  unreasonable t o  t h i n k  

t h a t  p a r t  o f  the  He I I  X 4686 l i n e  may be e m i t t e d  n o t  by the  f i l a m e n t s ,  

b u t  by a  d i l u t e d  medium i n  which they a r e  ba th ing .  T h i s  has beensugges- 

t e d  a l ready  by ~ a v i d s o n ~ ,  y e t  the  importahce o f  t h i s  phenomenon has n o t  

been est imated.  

To t e s t  t h i s  p o s s i b i l i t y ,  we b u i l t  a  s p h e r i c a l  model w i t h  n,, = 10 ~ m - ~ ,  

represen t ing  the  d i l u t e d  medium a.round t h e  i o n i z a t i o n  source ( w i t h  the  

same elementgl abundances and source c h a r a c t e r i s t i c s  as p rev ious ly ) .  The 

tempkrature and i o n i z a t i o n  s t r u c t u r e  a r e  d isp layed  i n  F igures 4 and 5 

o. 5. !O. 

R ~ I c ? ~ )  
F i g .  4 - Electronic  ternperature o f  the d i f f u s e  mediurn versus distance R 

t o  the centre .  



F i g .  5 - Fract ional  abundance of the ions i n  the d i f f u s e  medium versusR. 



r e s p e c t i v e l y .  The 1 i n e  i n t e n s i  t i e s  r e l a t i v e l y  t8 H 6  e m i t t e d  w i  t h i n  a r a-  

d i u s  4.9 x 1018 cm (corresponding approx imate ly  t o  the  dimensions o f  the  

f i lamentsry s t r u c t u r e  o f  t h e  Crab Nebula) a r e  repor ted  i n 1 i n e  7 o f  Ta- 

b l e  2. 

The luminosi  t y  i n  HB corresponding t o  the  same r a d i u s  i s  4.8 x 1 0 ~ ~  ergs  

/ S .  

The i n t e n s i t y  o f  a l i n e  X r e l a t i v e l y  t o  HB, i n t e g r a t e d  over  the  whole 

nebula ( f i  laments and d i  f f u s e  medium) i s  g i v e n  by: 

where I and I,, a r e  t h e  i n t e n s i  t i e s  o f  t h e  l ines A and H@ respec t i ve -  A B 
l y ,  the  s u b s c r i p t s  f and d r e f e r r i n g  t o  f i l a m e n t s  and d i f f u s e  medium 

r e s p e c t i v e l y .  Then, remembering t h a t  the  t o t a l  l u m i n o s i t y  i n  HB i s  3.39 

x er13;/s 34, we o b t a i n  the  values repor ted  i n  l i n e  8 o f  Table 2, i f  

we assume t h a t  a l l  f i l a m e n t s  can be represented by Model 1. We see t h a t  

He I I  X 4686 / HB i s  l a r g e r  than i n  Model 1 ( t h e  average f i l a m e n t )  by a 

f a c t o r  5 .  The o n l y  o t h e r  l i n e  r a t i o s  which a r e  s i g n i f i c a n t l y  d i f f e r e n t  

(and l a r g e r )  f rom those of Model 1 a r e  those concern ing C IV A 1549, C 

I I I X 1909 and t o  a l e s s e r  e x t e n t  I I I] A 4363 ,  which i s  enhanced by 

the  highei- temperature i n  the  d i  l u t e d  medium. U n f o r t u n a t e l y ,  n o n e  o f  

these l i n e s  have been observed. But our  r e s u l t  t h a t  the  o t h e r  l i n e  ra-  

t i o s  a r e  n o t  d i f f e r e n t  from those o f  Model 1 i s  i n  agreement w i t h  the 

f a c t  t h a t  t h e  l i n e  i n t e n s i t i e s  i n t e g r a t e d  over  the  whole nebula, which 

have been measured by K i  r ~ h n e r ~ ~  f o r  @ I I], @ I I I] and - I I] a r e  s i -  

m i l a r ,  when d i v i d e d  by I t o  the  values found by w o l t j e r 5  and ~ r i m b l e ~  
H B 

f o r  the  f i laments. 

When one observes a f i l ament ,  e s p e c i a l l y  when t h e  s l j t  o f  the  spec t ro -  

graph i s  l a r g e r  than the  f i l a m e n t ' s  apparent dimensions the  spectrum i s  

contaminated by t h e  l i g h t  e m i t t e d  by the  d i f f u s e  gas which l i e s  nearby 

the  f i l a m e n t  and on the  l i n e  o f  s i g h t ,  and the  IHe ll/IHg l i n e  ' r a t i o  

ob ta ined  i n  the  spectrum i s  l a r g e r  than the  r a t i o  o f  the  He I I  andHBlu-  



m i n o s i t i e s  o f  the f i l a m e n t  i t s e l f ,  a l though  the  e f f e c t s  i s  much weaker 

than i n  the case o f  o v e r a l l  observa t ions  o f  the nebula. As a  q u a n t i t a -  

t i v e  example, consider  a  f i l ament  which H$ sur face  b r igh tness  averaged 

over  the  s l i t  w i d t h  i s  2 x 1 0 - ~  ergs/cm2/s, a  typhcal  r e s u l t  o f W o l t j e r 8 s  

observa t ion 5 (The r e a l  su r face  b r igh tness  o f  the  f i lament i t s e l f  i s  l a r -  

ger)  . A t  a  p r o j e c t e d  d is tance  o f  the  c e n t r e  o f  4 x 1018 cm, the  H6 emis- 

s i v i t y  o f  , the d i f f u s e  medium i n t e g r a t e d  on the  l i n e  o f  s i g h t  ascomputed 

i n  our  model i ç  4.5 x 1 0 - ~  ergs/cm2/s and He I  I  A 4686 /H6 = 4.2.  From d d  
t h e  He I l +,/H$< r a t i o  of Model 1  (equal t o  0.17) , and u s i  ng Equat ion (9) , 

J J  

we f i n d  t h a t  the  observed He I1 A 4686 / H @  r a t i o  would be equal t00.26. 

A t  a  p r o j e c t e d  d i s t a n c e  t o  t h e  c e n t r e  o f  1  x 1018 cm, we o b t a i n  He I  I h 

4686 / HB = 4 .7  f o r  the  d i f f u s e  medium, and an i n t e g r a t e d  H6 e m i s s i v i t y  

o f  7.3 x 1 0 - ~  ergs/cm2/s; the  obserYeCI He I I  A 4686 / H6 r a t  i O would 

then be equal t o  0.33. 

These r e s u l t s  show t h a t  i t  i s  q u i t e . p o s s i b l e  t h a t  the  He 1 1  ~ ' 4 6 8 6  l i n e  

i n t e n s i t i e s  repor ted  by w o j t j e r 5  do n o t  r e f e r  t o  the f i l a m e n t s  themsel- 

ves, b u t  inc lude  a  non n e g l i g i b l e  c o n t r i b u t i o n  o f  a  d i l u t e d  gas, i n  ad- 

d i t i o n  t o  the  b lend ing  w i t h  the E e  I I I ]  X 4658 l i n e .  

6. FINAL REMARKS 

We do n o t  pretend having b u i l t  a  proper  model o f  the  Crab Nebula. We 

o n l y  emphasized t h a t  a  d e t a i l e d  model should t r y  t o  account' f o r  i n d i v i -  

dual  f i l aments ,  by v a r y i n g  t h e i r  d i s tance  t o  the  i o n i z i n g  source and 

t h e i r  gas d e n s i t y .  Besides, we showed t h a t  the  d iscrepancy between t h e  

h i g h  He 1 1  h 4686 / HB l i n e  r a t i o  claimed t o  be observed i n  the f i l a -  

ments, and the  much lower va lue  found i n  a11 models o f  f i l a m e n t s  which 

were computed s o f a r  can be p a r t l y  exp la ined  by a c o n t r i b u t i o n  t o  t h e  He 

I I  l i n e  o f  a  d i l u t e d  medium i n  which t h e  f i l a m e n t s  a r e  bath ing,  a p a r t  

f rom a  contaminat ion by a  [ ~ e  1111 l i n e  a t  h 4658 8 .  I n  o rder  t o  v e r i f y  

t h i s  poin' t ,  more d e t a i l e d  observa t ions  w i t h  h i g h  angular  r e s o l u t i o n  a r e  

needed, espec ia l  1  y  concern i  ng the  He I I h 4686 and I I I] A 4363 1  i nes. 

The u l t r a - v i o l e t  l i n e  i n t e n s i t i e s  o f  C I V  h 1549 and C I I I ]  h 1909 would 

a l s o  be h e l p f u l .  



On the  t h e o r e t i c a l  s ide ,  a more complete s tudy should determine theden- 

s i t y  o f  the  d i l u t e d  medium and i n v e s t i g a t e  the  consequences o n t h e s p e c -  

t r a  emi t ted  by the f i l a m e n t s  o f  a s o f t e n i n g  o f  the i n c i d e n t  r a d i a t i o n  

due t o  the  f a c t  t h a t  the d i l u t e d  gas conver ts  photons w i t h  energ iesgre -  

a t e r  than about 100 eV i n t o  photons o f  energ ies 54.4 eV, and t h e  photo- 

i o n i z a t i o n  o f  2s subshe l l s ,  which has been neglected here, m igh t  a f f e c t  

the i o n i z a t i o n  e q u i l i b r i u m .  Besides, charge t r a n s f e r  reac t ions ,  as p ro-  

posed by Péquignot e t  a ~ . ~ ,  i f  they a r e  confirrned, should be taken i n t o  

account i n  f u t u r e  models, s i n c e  they may be the  d o m i n a n t p r o c e s s f o r  re -  

combining c le r ta in  ions.  

Note 

I n  an a r t i c l e  concerning the o p t i c a l  emiss ion o f  Cygnus A ( ~ s t e r b r o c k ,  

D.E. and M i l l e r ,  J.S. Ap. J. 197, 535 (1975) the  authors g i v e  some i n -  

fo rmat ion  on scanner measurements performed by M i l l e r  on the  Crab Nebu- 

I a .  I n  the  l a s t  l i n e  o f  Table 2, we reproduce t h e i r  f i g u r e s  which a r e  

averages between t h e  l i n e s  i n t e n s i t i e s  c o r r e c t e d  f o r  i n t e r s t e l l a r  ex- 

t i n c t i o n  o f  a "red" f i lament and those o f  a "green" f i lament. Thei r va- 

lues a re  q u i t e  s imi  l a r  t o  those which we adopted f o r  the  "mean" f i l a -  

ment. They measured the 1: I I I] A 4363 1 i n e  i n t e n s i  t y  and t h e i  r obser- 

ved [IO I I I] A 4363 / @ I I I] X 5007 r a t i o  i s  somewhat l a r g e r  than the 

one found i n  our  models, i n d i c a t i n g  a h igher  temperatures, which w i l l  

have t o  be accounted f o r  i n  f u t u r e  s t u d i e s .  
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