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Abstract 

Our understanding of neutron s ta r  physics r e l i e s  heavily on knowing values o f  t h e i r  

mass, radius and magnetic f i e l d  strength, and our only information about these canes 

irom the surface radfation. There are however s t i l l  major uncertainties about haw 

t h i s  arises, concerning the nature o f  the mass exchange and the accretion flcrs, the 

magnetoiialrse structure, the i n f a l l  deceleration, the actual pulsation mechanism and 

the atmosphere geometry. We discuss the alternatives, and point  out several 

possible observatianal tests. 



ORIGINAL PAGE 1s 
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I .  Some Outstanding Cruc ia l  Ambiguit ies 

Out of the  many unsolved questions about X-ray pulsars, there  art? three, 

connected w i t h  the  actual emission mechanism, which are p a r t i c u l a r l y  irksome t o  the  

theoret ic ian,  bu t  which appear t o  be w i t h i n  reasonable reach of observational 

so lu t ion.  These are a) Is t he  mass exchange mechanism due t o  Roche lobe overflow, 

or due t o  (X-ray induced or spontaneous) wind t ransfer ,  and i f  the  l a t t e r ,  w i l l  a 

d isk form o r  not? ( l ,  2, 3 ) .  

beaming a t  the pn la r  caps ( 4 ) ,  or t o  occu l ta t i on  a t  the Al fven surface ( 5 ,  '1, and 

if due t o  bcth, i n  what propor t ions? c)  Is the  decelerat ion o f  the i n i d l l i n g  matter 

b) Is the  pu lsa t ion  mechanism due t o  i n t r i n s i c  

due t o  d c o l l i s i o n l e s s  s+cck (7,8), or t o  binary coulo?b encounters (','I (besides 

rad ia t i on  pressure cont r ibu t io l rs ) ,  t h a t  i s ,  does the  emi t t i ng  po la r  cap atmosphere 

s t i c k  ou t  s i g n i f i c a n t l y ,  e r l i t t ' - q  both across the f i e l d  as we l l  as along it, o r  i s  

i t  mostly a ; a g  it? 

These questions, i t  i s  seen, t i e  i n t o  each other  ra ther  c lose ly ,  and the reason 

why they a r e  importan; i s  t h a t  t h e i r  answer can have a s i g n i f i c a n t  e f f e c t  on the  

determination of a t  l e a s t  two c r u c i a l  n e u t v ~ m  s t a r  parameters, namely, the surface 

g rav i ta t i ona l  r e d s h i f t  and the  mag? - t i c  f i e l d  strength. 

F, leads o f  cows2 : 3 d i f f e r e n t  est imate o f  Lqe accre t ion  e f f i c i e n c y  GM,R,-~C-~, 

depending on the degree o f  beaming, t h a t  i s  eve i  i f  we know M, from doppler delay 

curves and ecl ipses, t h  value of R, deduced depends c r u c i a l l y  on the pu lsa t i on  

mechanism. 

The observed f l t i x  a t  ear th  

TI, i i s  o f  i n t e r e s t  a lso f o r  our understanding o f  the dynamics o f  the 

neutron s t a r  i n t e r i o r ,  v i a  i t s  e f f e c t  on the ca l cu la t i on  o f  the moment o f  i n e r t i a  

(lo). The magnetic f i e l d  strength, f o r  i t c  par t ,  i s  e i t h e r  deduced from i t s  e f f e c t s  

on the r a t e  o f  change o f  the pu lsa t i on  periad, -p/p , fo r  which the Al fven geometry 

and t W  mass exchange mode i s  important, or i s  d i r e c t l y  measured v i a  c;flctron 

1 ines, the frequencj o f  which i s  g r a v i t a t i o n a l l y  redsh i f ted  and therPf,re a f fec ted  

by whether t t m e  i s  a shock which stands of f  above R, or not. Spectroscopic 
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observations with a resolut ion €/A€ CI > 100, as wel l  as studies of the corre la t fon o f  

pulse shapes wi th  the X-ray luminosity i n  d is ferent  bands, may resolve these 

questions. 

11. Mass Exchange Mechanism and Disk Question 

In the X - r a y  domain, t h i s  bo i l s  dawn t o  resolv ing the dynamics of the f l o w  a t  

the AlfvEn surface, located t y p i c a l l y  a t  

RA(sphl = (1 

for spherical i n f a l l ,  and a t  

-16/69 18/69 
3x107 (8/10 l2 G) 40/69(R ns /10 cm) 120/69(~~0)- ’3/69(i/1.3 IO gs a n 18 -1) 

f o r  disk accretion, where a i s  the v iscos i ty  parameter of the disk (a < 1). The 

Keplerian (- f ree fa1 1) and thermal ve loc i t i es  are 

The Fe l l n e  observed I n  many X-ray pulsars very probably ar ises from t h i s  region 

(11, 12), and i t  could be used t o  trace the temperature and f l a w  st.rvcture a t  the 

i n te r face  between tne inf lawing gas and the magnetic f fe id ,  somewhat as the galact ic 



structure i s  studied i n  rad io astronoqy. I f  one could resolve the blue and red 

r o t a t i o n  components o f  the Fe l i ne ,  t h i s  would confirm the existence o f  a 

magnetopause. Analysis o f  the outer shoulders of the pulse p ro f i l es  could reveal 

whether most o f  the emi t t ing matter i s  a t  a p a r t i c u l a r  distance from the axis o f  

rotat ion,  which would argue f o r  a disk, o r  whether i t  i s  spread out  over a range of 

ax ia l  distances smaller than the maximum, which might i nd i ca te  e i the r  a very wel l  

covered Alfven surface, fed from a disk, if the minimum veloc i ty  component i s  

r e l a t i v e l y  very strong, o r  a more o r  less symetrical i n f a l l  from a l l  direct ions, i f  

the emission strength a t  d i f f e r e n t  ve loc i t i es  changes only very gradually. The 

strength and thermal width of the l i n e  might also give some clues as t o  the width o f  

the Alfven shel l ,  providing valuable information about the v iscos i ty  a t  the 

f i e l d - p l  asma interface, and possible i n s t a b i l i t i e s  which might cause penetrat ion o f  

plasma i n t o  the magnetic cavi ty.  The presence o f  several d iscrete ve loc i ty  

components might ind icate e i t h e r  penetrat ion o f  diamagnetic blobs, or  strong 

non-di pol e f i e l  d csmponents. 

the best f o r  t h i s ,  but  E/AE LI > 50 would already be extremely useful.  

I I I .  Pul sat1 on Mechani sm 

Spectroscopic observations w i  t h  E/AE - > 300 waul d be 

In order t o  t e s t  the possible contr ibut ion of the Alfven shel l  as an occul t ing 

scteen, one would wdnt t o  know f i r s t  the geometry and dynamics o f  the fiagnetopause 

f low, as described i n  11 This should be complemented by long term studies o f  the 

corre1at:on o f  the X-ray lum(nos4ty w i th  pulse shape i n  a t  l e a s t  four bands, 

- 2-6 , ET - 8-12 , ET'  - 15-25 keV E, 5 0.5 , €ptl (4 i 

i 

Here E, i s  character is t ic  o f  screen reprocessing, Eph i s  the band where 

photoabsorbtion may dominate; and ET. ET'  are bands where scatter ing dominates. A t  

l e a s t  two 3f the l a t t e r  are helpful,  because the scatter ing opecfty ebove 8 keV 
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should be frequency independent a t  the A l f v t h  shel l  and the pure screen mechanism 

would predict  s imi lar  shapes a t  dif feFent energies. (The in tens i ty  Xu, or ig inat ing 

a t  the surface o f  the star, could o f  course be dif ferent).  If the screen mechanism 

dominates pulse formation, one would expect that  a decreese i n  Lx (i.e. M ) would 

decrease screen opaci t y  and theref ore decrease the modul a r i  on factor ( pul se throughs 

should f i l l  in) ,  while wi th  increasing L,, the pulse throughs should go down towards 

zero, i.e. 

. 

Screen modulation = increasing function o f  (L,) 

On the other hand i f  the i n t r i n s i c  beaming dominates pulse formation, very l i t t l e  

change of  the modulation wi th L, i s  expected f o r  e i ther  pencil o r  fan beams. For 

i n t r i n s i c  fan beams, a change o f  the duty cycle or pulse width i s  expected t o  be 

correlated with L,, whi le for i n t r i n s i c  pencil beams the pulse m u l t i p l i c i t y  i s  

expected t o  vary i n  a def in i te  fashion with frequency, but not wi th luminosity, as 

discussed i n  the next section. 

I V .  Matter Deceleration a7d Geometry o f  the Emission R- 

For luminosities L, 2 erg s-l rad iat ion pressure plays a major ro le  i n  the 

dekeleratian o f  the i n f a l l i n g  matter a t  the polar caps, creating a smoothed-out 

tadiatiot: shock ( 1 3 ) .  

about ds 2 0.1 R, t o  many times Re, increasin? approximately as ds - Lxm, wi th  m - 
2/3. The mi t t i n g  atmosphere i s  the accb et ion funnel below the shock, sticlring out 

above the s t e l l a r  surfice. The i n t r i n s i c  beaming w i l l  be preferent ia l ly  fan type, 

especially a t  the higher L , when the sf :e surface largely exceeds the top surface 

of  the columm. The Tap beam pulse width WI 11 be i n f l b e v o d  by the amount o f  

curvature of  the side surface being savled, t h i s  increasing w i t b  ds and L,. 

f l a t  s,rface emits a narrow in t r ins 'c  barn, one can roughly estimate the angular 

I n  t h i s  case, the shock standoff distance varies from 

I f  a 
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width o f  the actual beam from 
dS'l - d& where we used a = 

a curved surface as A#- channel widthlheight - dS3l2 

'0 [ (R* + ds)/R*]312 for the width o f  a dipole channel 

and took ds >> R*. For ds 5 R, the dependence i s  not as strong, though s t i l l  

noticeable. Since i n  a rad ia t ion  shock ds - L,2I3, we expect 

A+ ( i n t r i n s i c  pulse) N L, 113 , (6)  

f o r  L, 2 erg s-'. Thus, i f  the luminosity o f  the pulsar varies i n  time, so 

should the pulse width. Another quanti ty t h a t  may vary wi th  L, i s  the frequency o f  

the cyclotron l i n e  feature, observed i n  some objects, if t h i s  arises near the 

shock. I f  the f i e l d  i s  a dipole one would expect 

213 1-3 - (1 + const L, -3 
u,, - (R* + dS1 S 

For luminosit ies L, N < erg s-', rad iat ion pressure loses i t s  importance, 

and one o f  the ke j  uncer ta in t ie .  i n  deducing an atmosphere structure i s  whether a 

co l l i s ion less  shock occurs, o r  whether the i n f a l l i n g  protons are decelerated i n  the 

denser pa r t  o f  the stat ionary atmosphere by binary (coulomb or nuclear) 

encounters. 

(if present) 

exchange length. The co l l i s ion less  shock would thus lead (14), by a reasoning 

s imi la r  t o  the high L, case, t o  

I n  the absence o f  rad iat ion pressure, the co l l i s ion less  shock height 

go as ds - ne" - L,-', being given by the cool ing or  the coulomb 

for L, << 103' erg sol. This d i f f e r s  from the high L, case treated before i n  

equation (6 ) .  S i m i l a r l y  if the cyclotron feature arises near the shock, one would 

get 
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-1 )'3 - (1 + const Lx -3 % - (R*  + ds) 9 ( 9 )  

f o r  L, << 1037 erg s-1. 

If no co l l i s i on less  shock occurs (and theoret ica l ly ,  the physics o f  these 

shocks i s  la rge ly  unknown, so t h i s  i s  a d i c t i n c t  p c s s i b i l i t y )  the stopping by binary 

encounters requires yo - 5 - 50 gm/cn?, occurring i n  the dense p a r t  o f  the 

atmosphere. I n  t h i s  case the emi t t ing region does not s t i ck  out s ign i f i can t l y  above 

the surface, and the beaming i s  essent ia l ly  i n  a penci l  pattern. 

f i e l d  B - lo1* gauss point ing perpendicular t o  the surface, the strong angular and 

frequency dependence o f  the cross sections leads t o  a very d i s t i n c t i v e  frequency 

behaviour o f  the pvlse shapes. 

atmospheres ind icate a rough r a l e  o f  thumb f o r  the pulse m u l t i p l i c i t y  i n  d i f f e r e n t  

frequency ranges (q = cylcotron frequency), namely 

I n  a magnetic 

Detai led calculat ions (15) f o r  homogeneous 

single pulse: IO-1 - < 4% 5 1 
-1 t r i p l e  pulse: few x 10" 5 w / y I  5 IO 

doubt e pul se : 2 
w/% 5 few x 10- , 

(10) 

f o r  pencil beam systems i n  which the magnetic axis i s  not too close t o  90° away from 

the l i n e  o f  sight. These ca lcu lat ions also ind icate tha t  the spectrum i s  harder a t  

midpulse, which obserbationally has been known t o  occur i n  some objects. Unl ike i n  

the shock cases, very detai led theoret ical  pl;lse p ro f i les  have been calculated for  

the penci l  beam models (15), which would m i s e  from binary p a r t i c l e  deceleration. A 

refinement i n  progess now (16) consists i n  ca lcu lat ing the temperature and density 

p r o f i l e  o f  the cciul omb decelerating atmosphere, which should provide more rea? i s t i c  

spectra and pulse shapes t o  compare wi th  observations. 
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