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ABSTRACT 

Compact binary X-ray sources include white dwarfs, neutron stars, and black holes 
that are accreting matter from a companion star. The X-ray emission from these sys­
tems is produced by the accreting matter as i t flows through an accretion disk and 
strikes the surface of the compact object. The emitting regions have opacities 
dominated by electron scattering, and radiation pressure is l ikely to play an im­
portant role in the hydrodynamics. Strong magnetic f ields greatly modify the hydro­
dynamics and radiation transfer in the pulsating neutron star sources. Accretion 
disks have complex structure, including an electron scattering corona, a cool outer 
region, and possibly a thick torus in their inner region. The structure and sta­
b i l i t y properties of accretion disks are only part ia l ly understood. Major problems 
exist with the interpretation of the spectra and luminosities of the X-ray burst 
sources. The pulsed X-ray emission from the pulsating binary X-ray sources probably 
comes from "mounds" of accreting gas at the magnetic poles of neutron stars, in 
which the accreting matter is decelerated by radiation pressure. The physics of 
these systems is reviewed, with an emphasis on problems for which hydrodynamical 
simulations may be especially useful. 

I. INTRODUCTION 

The study of compact binary X-ray sources became a major enterprise in astrophysics 
only after the 1969 launch of the UHURU sa te l l i t e , which quickly yielded the dis­
covery of the pulsating binary X-ray sources Cen X-3 and Her X - l , which we now know 
to be accreting neutron stars, and Cyg X- l , which we believe to be a black hole. 
These insiyhts became possible by virtue of the UHURU capability for observing the 
remarkable var iabi l i ty of the X-ray emissions from these sources. Before UHURU, our 
best clue to the nature of the sources was the b r i l l i an t conjecture by SHKLOVSKY [1] 
that Sco X-l was an accreting neutron star. Although we s t i l l lack clear evidence 
that Sco X-l is a neutron star, most astronomers now recognize that Shklovsky was 
probably r ight . 

Now we have observed a dazzling array of phenomena in these sources and we are 
blessed (or cursed!) with many detailed theoretical models for them. I think that 
we probably have gained some good general ideas about the nature of the X-ray emit­
t ing regions, but we have not been very successful in quantitatively describing the 
time var iabi l i ty and spectra of the sources. Perhaps one of the main problems is 
the lack of tools to deal with time-dependent multi-dimensional flows, which forces 
theorists to model the emitting regions with stationary flows, perhaps quite inap­
propriately. At any rate, i t is clear that compact X-ray sources provide fascinat­
ing challenges in radiation hydrodynamics for those who dare to construct numerical 
models of the sources. 

In this review, I shall begin with a brief overview of the observed properties 
of the various types of compact X-ray sources. Then I shall discuss some character­
is t ics of the interactions of X rays with matter that are l ikely to be important 
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in these environments. F i n a l l y , I shal l discuss a number of spec i f i c problems in 
modeling compact X-ray sources, s t ress ing those in which ( I hope) deta i led hydro-
dynamic studies may provide much needed i n s i g h t s . 

Because my top ic i s so broad, I shal l re fer to review a r t i c l e s whenever possible 
and to primary references only for more recent work. For more extensive references, 
see [ 2 , 3 ] . 

I I . PHENOMENOLOGY OF COMPACT BINARY X-RAY SOURCES 

A l l of the luminous 1031* < L < 1039 ergs s - 1 compact ga lac t ic X-ray sources may 
consist of a more-or-less~normal s tar which is t r ans fe r r i ng matter onto a white 
dwarf, a neutron s t a r , or a black hole. There may be other types of systems lu rk ing 
in the few hundred known sources, but we have no clear evidence that t h i s is so. 
Within each of these three broad categor ies, there are d i s t i n c t l y d i f f e ren t types of 
sources. Schematic X-ray spectra of some prototypes are i l l u s t r a t e d in F ig . 1 . 

The accret ing white dwarf systems [4 -6 ] w i th 1031* < Lx < 1035 ergs s - 1 can be 
div ided in to two types, depending on magnetic f i e l d s t reng th . The cataclysmic 
var iab les , represented by SS Cygni, seem to have low (B < 105 G) surface magnetic 
f i e l d s . We believe that mass flows onto the white dwarf through an accret ion disk 
tha t may ac tua l ly contact the white dwarf surface in an unstable boundary layer . 
The nova- l ike outbursts of these systems may resu l t from a thermal-viscous i n s t a ­
b i l i t y that causes the disk to f lush i t s accumulated gas [ 7 - 1 0 ] . Cataclysmic v a r i ­
ables also display quasi -per iodic o s c i l l a t i o n s during outburst wi th periods ~10 s . 

The second class of accret ing white dwarf systems, represented by AM Her, have 
magnetic f i e l d s strong enough (>107 G) to lock the white dwarf in to corotat ion wi th 
i t s o r b i t . We bel ieve that these systems have no accret ion disk and that the mass 
flows from the primary star onto a magnetic pole of the white dwarf along magnetic 
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Figure 1 : Energy spectra of prototype binary X-ray systems. 
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f l u x l ines connecting the two s t a r s . The spectrum of AM Her (F ig . 1) consists of 
two components wi th roughly comparable luminos i t i es , one wi th a color temperature 
kT ~ 40 eV and the other resembling thermal bremsstrahlung from an o p t i c a l l y t h i n 
gas wi th temperature kT ~ 30 keV. 

The neutron star binary systems [ 3 ] can also be divided i n to two main classes. 
The Population I systems have massive companion s t a r s . With only one possible ex­
ception (40 1700-37), the X rays pulsate (with periods ranging from 0.7 s to 14 m) 
and have r e l a t i v e l y hard (kT ~ 10-40 keV) and complex spect ra. The spectrum of 
Her X-1 (the least massive system of t h i s class) i s representat ive. We bel ieve that 
the X-ray emission from such a system comes from the magnetic poles of a ro ta t i ng 
neutron star wi th a strong (101 0 < B < 1013 G) surface magnetic f i e l d . Indeed, the 
spectrum of Her X-1 shows s t ructure at ~50 keV that may be due to e lect ron cyclotron 
resonance in a magnetic f i e l d B « 5 x 1012 G. 

The X-ray sources associated wi th low mass Population I I stars found in the galac 
t i c bulge and in globular c lus ters do not pulse (with the exception of 4U 1626-67). 
Their spectra, represented in F i y . 1 by Sco X - 1 , are dominated by a r e l a t i v e l y sof t 
(kT ~ 2-4 keV) component resembling a blackbody, and possibly a t a i l of harder X 
rays. The X-ray emission from a few of these sources, inc lud ing Sco X - 1 , exh ib i t 
remarkable 10-50 Hz quasi-per iodic o s c i l l a t i o n s [11] in which the o s c i l l a t i o n f r e ­
quency is corre lated wi th source luminos i ty . We believe that the Pop. I I X-ray 
binary systems contain neutron stars wi th r e l a t i v e l y low magnetic f i e l d s . Their 
spectra are sof t because the X-ray emission i s spread out over the neutron star 
surface and i s not confined to the magnetic poles, or because i t i s reprocessed by 
op t i ca l l y th ick gas near the neutron s t a r . 

A substant ial f r a c t i o n , say 30%, of the Pop. I I systems display "bu rs t s , " i n 
which the luminosity increases suddenly by factors ~100 fo r timescales ranging from 
a few seconds to minutes [ 3 , 1 2 ] . The spectrum of the bursts resembles that of the 
non-bursting sources. We believe that the bursts are thermonuclear explosions of 
hydrogen/helium-rich matter that has accumulated on the neutron star sur face. In 
one source (X1636-53) the TENMA s a t e l l i t e has detected a remarkable absorption fea ­
ture at 4 .1 keV; i t has been t e n t a t i v e l y i d e n t i f i e d as a g r a v i t a t i o n a l l y redshi f ted 
6.7 keV Fe K absorption l i ne from the neutron star surface [ 1 3 ] . 

F i n a l l y , we know a few binary X-ray systems, inc lud ing Cyg X - 1 , LMC X-3, LMC X - 1 , 
and A 0620-00, which we bel ieve to contain black holes. Cyg X-1 i s the best known. 
I t s X-ray emission f luc tuates randomly wi th large amplitude on timescales ranging 
from 10"3 s to months, and i t s spectrum (F ig . 1) i s d is t inguished from the spectra 
of the neutron star and white dwarf sources by i t s concave shape at low energy and 
i t s hard (-100 keV) t a i l . 

U i . BASIC PHYSICS OF ACCRETION FLOWS 

(a) The Eddington Limit 

Radiation pressure plays a fundamental ro le in l i m i t i n g the luminosity of accret ing 
X-ray sources. The net a t t r a c t i v e force per un i t mass due to a compact object of 
mass M* on an o p t i c a l l y t h in gas stream i l luminated by an X-ray f l ux Lx/4nr2 i s 
given by F = G M * ( l - l x / l J / r 2 , where 

L* = « r G M , m H / K = LE [£] [JS-] (1) 

and 

M 
Lg = 2.5 x 1038 ergs s " 1 [ ^ ] [ 1 + X ^ - 1 . (2) 

The factor £2^/4* accounts for beaming of the emitted rad ia t ion and the fac tor </<e 
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allows for the possibility that the'opacity, <, may be different from the Thomson 
scattering opacity, <e. The factor [l+X^]-1. where X^ is the fractional abundance 
of hydrogen atoms, results from the fact that there are approximately two electrons 
per nucleon in all elements except hydrogen. 

(b) Energy Generation 

The time-averaged bolometric luminosity may be related to the time-averaged accre­
t i o n rate ft by 

Lx = £ C' * - W r f [ i n - 8 * - l l 4 • <3> 
10 Mg y r 

where the factor e ~ 0.05 t o 0.4 fo r neutron stars and e ~ 10"*• to 10"3 for white 
dwarf s t a r s . There is also a con t r ibu t ion t o e from thermonuclear burning of ac­
creted matter which ranges from ~10"3 to 10~2, depending on the mix of hydrogen and 
helium in the accret ing matter . Note that although the thermonuclear energy release 
makes a r e l a t i v e l y small con t r ibu t ion to the time-averaged X-ray emission from neu­
t ron s ta r s , i t may c lear l y dominate dur ing X-ray burs ts . 

(c) Opacity 

The emi t t ing regions of the br ight compact X-ray sources are l i k e l y to be op t i ca l l y 
t h i ck to e lect ron s c a t t e r i n g . Assuming tha t the accret ion flow is confined to a 
cone of so l i d angle «„, and is f lowing inward wi th a ve loc i ty v r less than the f ree -
f a l l v e l o c i t y , V f f , we estimate the sca t te r ing opt ica l depth to be 

(d) Characteristic Temperatures 

There are two obvious cha rac te r i s t i c temperatures that may be relevant to accret ion 
f l ows . The f i r s t is the black body temperature, estimated by applying the Stefan-
Boltzmann law at the rad ia t ing sur face, which may be wr i t t en 

- 1/4 L 1/4 
kTBB " k Tl f ] [ £ ] • (5) 

m t 
where kT, » 1.8 keV fo r a neutron star or stel lar-mass black hole and kTx - 60 eV 
for a white dwarf s t a r . The second cha rac te r i s t i c temperature is the one that would 
resu l t i f f ree l y f a l l i n g gas were shocked ad iaba t i ca l l y at the surface of the com­
pact ob jec t . I t is kTf f « 40 MeV fo r a neutron star and k T f f » 10-100 keV for a 
white dwarf s t a r . One would expect the cha rac te r i s t i c spectral temperature to be 
bounded by TBB and T f f unless the observed X rays are absorbed and re-radiated by 
surrounding matter , but t h i s does not constra in the spectrum very t i g h t l y . Remark­
ab ly , there is evidence for both temperatures in the spectrum of AM Her (F ig . 1 ) . 
I t s spectrum can be in terpre ted roughly as the resu l t of emission from a shocked 
region where the accret ion flow s t r i kes the white dwarf sur face. The hard X rays 
come from o p t i c a l l y t h i n emission of the shocked gas, and the sof t X rays come 
from that emission that is d i rected downward and re-radiated by the white dwarf 
atmosphere. 

I V . INTERACTION OF X RAYS AND NATTER 

Here I l i s t a few propert ies of the i n te rac t i on of X rays wi th matter that are 
l i k e l y to be important in the physics of compact X-ray sources. 
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(a) X-ray Heating of Optically Thin Gas - Thermal Instabi l i ty 

Detailed studies [14,15] show that an optically thin gas of typical cosmic composi­
tion that is heated by X rays and cooled by emission of radiation w i l l reach a sta­
tionary temperature that is i l lustrated schematically in Figure 2, where kTx is 
roughly the average X-ray photon energy and the abscissa is given by the ratio of 
the radiation pressure to gas pressure: 

[" 
4* r e p 

I (6) 

The most important qualitative feature of this curve is the thermal ins tab i l i ty that 
occurs for s » 1-10. This ins tab i l i ty has significant consequences for the gas 
flows in the v ic in i ty of X-ray sources. F i rs t , X-ray heating can suppress or modify 
accretion flows even when radiation pressure is unimportant, for optically thin gas 
at distance from the source r > 1011 cm [1 keV/kTx][M^/M0] i f L £ 10"2 LE [16] . 
Second, an X-ray source can heat and drive a thermal wind from any cool atmosphere 
that i t il luminates, for example, the atmosphere of a companion star or the surface 
of an accretion disk [17] . 

(b) Radiation Pressure 

Radiation pressure is l ikely to dominate the hydrodynamics of the emitting regions 
of compact X-ray sources i f they are optically thick. For example, i f the radia­
tion f ie ld is in LTE, the ratio of radiation pressure to gas pressure in the flow 
is given approximately by 

R " prad/pgas " ° ' 0 2 5 ^ ^ W 1 k e V ^ » <7> 

* 
P 

Figure 2: Stationary temperature, T, of an optically thin gas exposed to X rays as a 
function of the ionization parameter, ~. The gas must be cool ("lO1* K) for 3 < Emin 
and hot (~1Q8 K) for E > S ^ . (Courtesy of Dr. T. Kallman.) 
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where p i s the gas density in g cm"3 . Typ i ca l l y , R « 1 fo r the photosphere of 
compact X-ray sources, even at the surface of a neutron s t a r . 

(c) Electron Scat ter ing 

The r a t i o of (Rosseland mean) e lect ron sca t te r ing opacity to f ree- f ree opacity is 
given approximately by 

•ce/Kf f - 30 p"1 [ k T e f f / l k e V ] 3 , 5 . (8) 

For t yp i ca l condit ions at X-ray photospheres, t h i s r a t i o i s » 1 . As a r e s u l t , 
sca t te r ing opacity suppresses the emission from X-ray photospheres by a fac to r 
- [ i c e / i c f f ] " 1 / 2 . The fact that t h i s fac tor is small fo r t yp i ca l X-ray photospheres 
has two important imp l i ca t ions . F i r s t , i t implies that the rad ia t ion f i e l d i s 
photon-starved, so that the color temperature w i l l t y p i c a l l y be subs tan t ia l l y 
greater than the e f f ec t i ve temperature and the rad ia t ion pressure w i l l be less 
than that indicated by equation ( 7 ) . Second, i t impl ies that LTE is l i k e l y to be 
a bad assumption for the hydrodynamics of X-ray emi t t ing regions; photon k ine t ics 
( rad ia t ion t r ans fe r ) w i l l be requ i red. 

Another consequence of the dominance of e lectron scat ter ing opacity is that the 
main energy t rans fe r between the gas and the photons may resu l t from electron recoi l 
during Compton scat ter iny ~ "Comptonizat ion." The importance of Comptonization in 
es tab l ish ing the X-ray spectrum can be measured by the parameter 

y = 4[kTg/mec2 ] x* , (9) 

where xe is the electron sca t te r ing op t ica l depth. For example, Comptonization w i l l 
up-scat ter so f t photons that propagate i n to a slab of hot gas. As a r e s u l t , the 
spectrum that is re f lec ted from a s e m i - i n f i n i t e slab w i l l resemble that from o p t i ­
ca l l y t h i n bremsstrahlung emission, and the spectrum that is t ransmit ted through a 
slab w i l l resemble a power law for y < 1 and a wien spectrum for y > 1 . Comptoniza­
t i o n w i l l subs tan t ia l l y amplify the luminosity of the t ransmit ted X rays i f y > 1 . 
Because t yp i ca l X-ray emi t t ing regions are photon-starved and Comptonization may be 
the dominant energy loss mechanism, sof t photon sources can play a major ro le in the 
hydrodynamics of hot gas in X-ray sources, enhancing the energy emiss iv i ty and coo l ­
ing the gas. 

(d) Magnetic Suppression of Opacit ies 

The strong (B > 1011 G) magnetic f i e l d s of the Pop. I neutron star sources can have 
profound e f fec ts on the electron sca t te r ing opaci t ies for X-ray photon energies 
[ 1 8 ] . Below and at the cyc lot ron resonance frequency, 

Hio = 11.6 keV [ B / 1 0 1 2 G] , (10) 

the magnetic f i e l d introduces strong frequency and angular dependence of the elec­
t ron scat ter ing and bremsstrahlung cross sec t ions , d is t ingu ish ing among the ordinary 
and extraordinary modes, respect ive ly polar ized with e l e c t r i c vectors w i th in and 
perpendicular to the plane defined by the B and k vectors. Below resonance the 
sca t te r iny and absorption cross sections fo r the ordinary mode are reduced (compared 
to the corresponding cross sections for B = 0) by the fac tor s i n z e , where e is the 
anyle between B and k, and the cross sections for the extraordinary mode are reduced 
by the fac tor (u/a>g)2. Both modes have resonances in t h e i r scat ter ing and absorp­
t i o n cross sect ions, increasing by a few orders of magnitude w i th in a few Doppler 
widths of (oB. Above ug the cross sections approach t h e i r B = 0 values. 

This modi f icat ion of the opaci t ies by strong magnetic f i e l d s must be par t l y re ­
sponsible fo r the beaming of the X-ray emission from the pulsat ing Pop. I sources, 
but the de ta i l s of how t h i s works are s t i l l not c lea r , because we s t i l l do not have 
a good understanding of the hydrodynamics of the emi t t ing regions ( c f . § V I I ) . 
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V. ACCRETION DISKS 

Now I shal l discuss some basic s t ructures that are believed to be important in ac­
cret ion f lows, emphasizing outstanding observational puzzles and unsolved or par­
t i a l l y solved theore t i ca l problems where I bel ieve tha t numerical experiments in 
rad ia t ion hydrodynamics may cont r ibute substant ia l i n s i g h t . 

In most binary X-ray sources the accret ing gas flows in to a compact object 
through a cen t r i f uga l l y supported accret ion disk [ 1 9 ] . (The exceptions are the 
AM Her stars and, poss ib ly , some Pop. I neutron star b inar ies in which the strong 
s t e l l a r wind of the companion star might have too l i t t l e angular momentum to form a 
d i sk . ) Despite the elegant theor ies for t h e i r s t ruc tu res , I th ink tha t accret ion 
disks are not very well understood. I t is c lear , however, that they are complex 
structures with d i f f e ren t physical e f fec ts p reva i l ing in d i f f e r e n t regions. 

(a) Accretion Disk Coronae 

A few years ago, observers noticed spec t ra l l y independent p a r t i a l X-ray ecl ipses in 
the Pop. I I binary sources 4U 1822-37 and 4U 2129+47 [ 2 0 ] . These observations imply 
that these sources must be extended, with dimensions >1010 cm, even though the X 
rays must be produced near the surface of a neutron s t a r . We i n fe r that the X rays 
have been scattered by electrons in a highly ionized corona above the accret ion 
disk [21 -23 ] . These accret ion disk coronae are believed to be manifestat ions of the 
thermal i n s t a b i l i t y described above in § 11 l a . The corona i s maintained at a tem­
perature ~10 keV by the X-rays from the compact source. The X rays are scattered by 
the corona, which has a t yp i ca l op t ica l depth xe ~ 0.3, and t h i s sca t te r ing causes 
the r e l a t i v e l y cool disk photosphere to be i l luminated i n d i r e c t l y by the primary X-
rays. The scale he ight , z, of the corona increases with increasing radia l d is tance, 
r, from the source, roughly as z > r3 / 2 , but i t collapses at a radia l distance where 
the scat ter ing op t ica l depth along the l i n e - o f - s i g h t to the central source becomes 
substant ial and the hot phase cannot be maintained by the X-ray heat ing. The o p t i ­
cal depth of the corona depends on the primary X-ray luminos i ty , L„ ; L̂  <• 0.03 LE 

is required to explain the observat ions. With such a dimension and kT » 10 keV, the 
outer part of the accret ion disk corona is l i k e l y to be the source of substant ia l 
mass loss in a hot wind, perhaps even enough to burn away the disk before i t can be 
replenished. 

The accret ion disk corona is an excel lent candidate for a numerical s imu la t ion . 
The hydrodynamics is dominated by gas pressure, but the temperature is con t ro l led by 
the rad ia t ion f i e l d , which depends on the global f low. The t r i c k is to f i nd an e f ­
f i c i e n t way to combine the two-dimensional hydrodynamical ca lcu la t ion wi th a ca lcu­
l a t i on of the rad ia t ion t r a n s f e r . The problem is wel l -posed, the basic physics i s 
s t ra igh t fo rward , and clever ana ly t i c studies have provided a good basic understand­
ing of the s t ructure of the hydrostat ic part of the corona. However, i t is d i f f i ­
cu l t to model a n a l y t i c a l l y the t ransonic part of the corona, and numerical models 
might reveal some in te res t i ng surpr ises , such as poloidal c i r c u l a t i o n f lows . 

(b) The Inner Disk 

The accretion disk is probably disrupted within a "magnetopause" radius, R^, that 
may be estimated roughly by equating the dynamic pressure of the accretion flow to 
the magnetic stresses: 

KM » 2 x 1U
8 cm [ L V ^ ] " 2 7 7 [B0/10

12 G ] 4 / 7 , (11) 

where Bg is the dipole field strength at the surface of the neutron star [24]. 
Thus, the Pop. I sources, with Bg >, 1011 G, may have only a relatively cool outer 
disk and no inner disk. However, black holes will have a "disk" that extends into 
the innermost stable orbit, and a Pop. I neutron star source with B < 108 G will 
have an inner "disk" that extends to the neutron star surface. ~ 
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I w r i t e "d isk" in quotes here because we know so l i t t l e about the s t ructure of 
the inner regions of accret ion d i sks . We do know that the inner , o p t i c a l l y t h i n , 
regions of c lass ica l model accret ion disks are subject to a var ie ty of thermal and 
viscous i n s t a b i l i t i e s when the rad ia t ion pressure becomes comparable to the gas 
pressure. Furthermore, t h i s inner region may have a thickness comparable to i t s 
rad ius , so that i t is bet ter ca l led a torus than a d i sk . A disk can thicken i n to 
a torus for two reasons. F i r s t , in r e l a t i v e l y low luminosity sources, the density 
of the inner disk may be low enough that the ions (which do not radiate) do not 
e f f e c t i v e l y t rans fe r t h e i r thermal energy to the electrons (which do) . Then an 
" ion to rus" develops, in which the ion thermal ve loc i ty is comparable to the Kepler 
v e l o c i t y , whi le the electron temperature may be much less than the ion temperature 
[ 2 5 , 2 6 ] . Second, a disk can become th ick because i t s in terna l rad ia t ion pressure 
becomes comparable to or greater i t s gas pressure [27 ,28 ] . This s i t ua t i on w i l l ob­
t a i n when the disk luminosity becomes comparable to Lg. Moreover, a torus is sub­
j ec t to non-local i n s t a b i l i t i e s that grow on dynamical t imescales [29 ,30 ] , so the 
s ign i f i cance of s tat ionary models fo r t o r i ( in which t h i s i n s t a b i l i t y is not per­
mi t ted) is not c l ea r . 

There are plenty of observations whose i n te rp re ta t i on begs for a bet ter under­
standing of the nature of these inner regions of accret ion d i s k / t o r i . F i r s t , i t 
seems l i k e l y that the w i ld i n t ens i t y f l uc tua t ions of black hole sources such as 
Cyg X- l are a manifestat ion of non- l inear i n s t a b i l i t i e s in the inner disk f low. 
Second, the quasi -per iodic outbursts of the cataclysmic var iables and of the " rapid 
burster" may be due to the non- l inear development of a thermal-viscous i n s t a b i l i t y 
i n the disk [ 7 -10 ,31 ] . Th i rd , the newly-discovered quasi-per iodic o s c i l l a t i o n s in 
some of the Pop. I I neutron star sources may require an i n s t a b i l i t y to make the 
inner disk break up in to "blobs" tha t o r b i t wi th the Kepler period [ 3 2 ] . 

Another general considerat ion to bear i n mind when i n t e rp re t i ng observations of 
compact X-ray sources is that these t o r i , i f they e x i s t , w i l l l i k e l y co l l imate most 
of the X-ray luminosity in to a r e l a t i v e l y small so l i d angle, so that we cannot con­
f i d e n t l y i n f e r the X-ray luminosity of a source from i t s observed i n tens i t y and a 
known distance by assuming an i so t rop i c source. Thus, i t is possible that many of 
the sources whose luminosi t ies appear to be less than Lg ac tua l l y have primary 
accret ion luminos i t ies close to l-£. 

V I . X-RAY BURST SOURCES 

I t would seem that the X-ray burst sources present one of the most s t ra ight forward 
problems in rad ia t ion hydrodynamics. According to the standard model [ 3 ] , the 
bursts are a mani festat ion of thermonuclear f lashes of hydrogen and helium gas that 
has accreted onto the surface of a weakly magnetized neutron s t a r . Thus, i t is rea­
sonable to attempt to describe the bursts wi th a spher ica l ly symmetric hydrodynamic 
model. Since X-ray burst sources have been discussed in these proceedings by Dr. 
MELIA [ 1 2 ] , I shal l only remark on a few outstanding problems related to the i n t e r ­
pre ta t ion of t h e i r spectra. 

F i r s t , i t is c lear that the X-ray bursters do not radiate as blackbodies. One 
can estimate that even i f the neutron s tar atmosphere i s in hydrostat ic equ i l i b r i um, 
a t yp i ca l observed X-ray photon suf fers several e lectron scat ter ings before i t es­
capes the atmosphere. Thus, although the emergent spectrum may resemble a b lack-
body, i t is ac tua l ly a Comptonized d i l u t e blackbody spectrum wi th color temperature 
Tc > [ 1 .5 -2 ] Te1=f [ 3 3 , 3 4 ] . The observations support t h i s conclusion. Indeed, i f 
i t i s assumed tha t a neutron s ta r surface radiates as a blackbody at i t s Eddington 
l i m i t , general r e l a t i v i s t i c e f fec ts ( l i g h t bending and g rav i ta t iona l redsh i f t ) ru le 
out a color temperature kTc > 2 keV fo r any known neutron star model. Yet some 
bursters have kTc > 3 keV. 

Second, the spectra of some events, the so-cal led " f l a t - t o p " burs ts , strongly 
suggest expansion of the neutron star photosphere — perhaps in a neutron star wind. 
In these events, the burst luminosi ty appears to r i se rapid ly to ~Lg, then level o f f 
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fo r some 10 - 100 s before dec l in ing again. During the r ise phase, T. drops below 
2 keV whi le l ^ ~ Lg. I f the photosphere radiated as a blackbody, a pnotospheric 
radius Rp > 30 km would be required to explain such a low T c . Al lowing for the fac t 
that Tc > T e f f requires an even larger Rp to explain the low T c . 

Th i rd , i t seems to be impossible to construct a model fo r a thermonuclear f l ash 
on a neutron star that w i l l radiate X rays wi th a luminosity subs tan t ia l l y greater 
than L£. The problem is that such a luminosi ty must be generated by thermonuclear 
burning far below the photosphere, and i f the nuclear luminosity exceeds L̂  i t w i l l 
l i f t the atmosphere on a dynamical time of less than a m i l l i second , convert ing the 
excess luminosity to k ine t i c eneryy of the expanding atmosphere. Detai led models 
[ c f . 12] show that the maximum possible luminosity that can be sustained i s only a 
few percent greater than Lg. 

Fourth, t h i s theore t i ca l resu l t lends strong support to the use of X-ray bursters 
as standard candles. Then, a remarkable resu l t emerges. I f i t is assumed that the 
X-ray bursters that are concentrated in the d i rec t ion of the ga lac t ic center have 
luminos i t ies < l £ , the distance to the ga lac t ic center must be less than 6 kpc E35]. 
This conclusion i s hard to avo id , even though i t has dramatic impl icat ions for ga­
l a c t i c s t r uc tu re . 

F i f t h , the i n te rp re ta t i on of the 4.1 keV absorption feature in the spectrum of 
the X-ray burster XB 1636-53 as a g r a v i t a t i o n a l l y redshi f ted i ron l i n e [13] i s very 
problemat ica l . The maximum possible g rav i ta t i ona l redsh i f t from the surface of 
any published stable neutron star model is about zg « 0.60, and t h i s i s the value of 
zg that is required to redsh i f t the 6.7 keV Fe+21» Ra l i ne to the observed 4.1 keV. 
However, a simple estimate shows t h a t , during a burs t , any Fe in the atmosphere of 
the neutron star would be almost f u l l y ion ized , with perhaps a l i t t l e Fe+ 2 5 but 
neg l ig ib le Fe+21*. There is no stable neutron star model w i th s u f f i c i e n t g r a v i t a ­
t i ona l redsh i f t (zg = 0.7) t o s h i f t the 6.97 keV F e + " Ka l i ne to 4 .1 keV. 

V I I . NEUTRON STAR POLAR CAPS 

The pulsed emission from the Pop. I binary sources must come from hot spots on ro ­
t a t i n g neutron s ta r s , presumably magnetic poles to which the accret ion flows are 
funneled by the strong magnetic f i e l d s . For some sources, e . g . , Her X - l , the X-ray 
pulse p ro f i l es are rather simple, characterized by a broad non-symmetric double 
pulse wi th a p r o f i l e that depends weakly on spectral energy. For o thers , e . g . , 
4U 0900-40, the pulse p ro f i l e s are qui te complex and energy-dependent [ 3 6 ] . Per­
haps in sources of the l a t t e r type the dipole component of the neutron s tar does 
not dominate, so that the X-ray emission comes from accret ion onto several magnetic 
poles of d i f f e ren t s t rengths. But even in the simpler sources, i t i s a major cha l ­
lenge to produce a p lausib le model that accounts fo r the pulse p r o f i l e and i t s spec­
trum. Despite in tensive theore t i ca l work spanning more than a decade, we are s t i l l 
not sure, fo r example, whether the emission from one of these polar caps i s produced 
in a fan beam or a penci l beam, or how the beam is co l l imated . The problem remains 
a major challenge of theore t i ca l ast rophys ics. 

The pioneering papers by DAVIDSON [37] and BASKO and SUNYAEV [38-40] are s t i l l 
probably the best in t roduct ion to the physics involved in t h i s problem. 

We can gain some ins igh t by making dimensional est imates, tak ing Her X- l as a 
prototype. I t has a time-averaged luminosi ty L̂  « 2 x 1037 ergs s " 1 and a surface 
magnetic f i e l d Bu ~ 5 x 101 2 G ( i n t e r p r e t i n g the 50 keV spectral feature as a g r a v i -
t a t i o n a l l y redshi f ted cyclotron l i n e ) . Assuming that the accret ion flow does not 
attach to dipole f i e l d l ines that close ins ide of RM [ eq . ( 1 1 ) ] , we may estimate 
that when i t reaches the neutron s tar surface i t is confined to a polar angle 

L 1/7 B -2/7 

«0 " °-l CLO [-12 ] ' ( 1 2 ) 

T 10 G 

https://doi.org/10.1017/S0252921100086085 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100086085


194 

Then, assuming that the flow uniformly f i l l s the accret ion column, we may estimate 
the density of f ree l y f a l l i n g gas above the polar cap and the e lect ron sca t te r ing 
op t i ca l depth (ordinary mode) pa ra l l e l and perpendicular to the accret ion column. 
They are , respec t i ve ly , p - 10~3 g cm"3 , T ( » 103, and t . « 20 [ the opaci t ies in the 
extraordinary mode are less by fac tors ~(hV50 keV) 2 ] . the e f fec t i ve Eddington l i m i t 
fo r the polar cap [eq . ( 1 ) ] i s approximately L* « LE(eg/4)(Ke/ie) « 5 x 1035 ergs s - 1 . 
Since the observed luminosity of the beam appears to be many times t h i s value, we 
i n f e r that rad ia t ion pressure st rongly a f fec ts the flow in t h i s reg ion. We may also 
estimate the blackbody temperature [ e q . ( 5 ) ] of the polar caps of Her X - l to be 
kTjju ~ 8 keV, subs tan t ia l l y less than the observed color temperature (F ig . 1) of 
kTc ~ 2U keV. 

In order to construct models fo r the beamed X-ray emission, we must solve the 
coupled problem of the rad ia t ion hydrodynamics of the flow and the t rans fe r of ra ­
d ia t i on in the strongly an isot rop ic and b i re f r i ngen t medium. Not s u r p r i s i n g l y , t h i s 
has not yet been done. Most theore t i ca l ca lcu la t ions to date have addressed model 
problems in which only hal f of the actual problem is solved whi le the other ha l f 
is replaced by an a r t i f i c i a l assumption. For example, i f the rad ia t i ve t rans fe r i s 
solved in d e t a i l , the hydrodynamics problem is replaced by the assumption of an i so ­
thermal p lane-para l le l slab or a uniform density cy l i nde r ; or , i f the hydrodynamics 
i s solved, the rad ia t i ve t rans fe r problem is approximated by LTE and i so t rop ic d i f ­
f u s i o n . 

I f the accret ion rate i s low, such that L < L*, i t would be reasonable to neglect 
the e f fec t of the rad ia t ion on the hydrodynamics. In that case, the accret ion f low 
is stopped and thermalized by c o l l i s i o n s of the i n f a l l i n g protons in a t h i n (~1 m) 
slab of f a i r l y dense (p ~ 1 g cm-3) gas at the neutron star surface, wi th Thomson 
sca t te r ing op t ica l depth t e ~ 20. Adopting such a "slab model" great ly s imp l i f i es 
the theore t i ca l problem; but , un fo r tunate ly , i t is not va l i d to neglect rad ia t ion 
pressure fo r most of the known pu lsat ing X-ray b ina r ies . 

Detai led ca lcu la t ions have been made for the t rans fe r of X rays through iso ther ­
mal slabs and f i l l e d cy l inders in very strong magnetic f i e l d s , inc lud ing a l l the 
nasty de ta i l s of p o l a r i z a t i o n , angular dependence, resonances, and non-coherent 
sca t te r ing [ 1 8 , 4 1 ] . The main q u a l i t a t i v e theore t i ca l resu l ts are : (1) the cyc lot ron 
resonance generally appears as an absorption fea tu re ; and (2) the emitted rad ia t ion 
i s beamed perpendicular to the sur face, i . e . , a slab produces a penci l beam and a 
cy l inder produces a fan beam. Some of the calculated pulse p ro f i l e s agree remark­
ably well w i th the observed ones, but I do not take t h i s agreement too ser ious ly , 
given the number of adjustable parameters and the a r t i f i c i a l i t y of the assumptions 
in the theory . Even so, these ca lcu la t ions provide v i t a l ins ight i n to the physics 
of the spectral format ion, and i t would be very i n te res t i ng to see how the t h e o r e t i ­
cal resu l ts would change i f strong temperature gradients were assumed in the X-ray 
photospheres. 

. The known Pop. I binary X-ray pulsars have observed luminos i t ies L > L», so 
that the accret ion flow onto the magnetic pole of the neutron s tar i s probably de­
celerated by rad ia t ion pressure. Thus, a r e a l i s t i c theore t i ca l model fo r such a 
source must include a ca lcu la t ion of the hydrodynamic s t ruc ture of such an accret ion 
"mound." This problem has been addressed most recently by ARONS, KLEIN and LEA [42] 
fo l lowing e a r l i e r work by DAVIDSON [ 3 7 ] , WANG and FRANK [ 4 3 ] , and KIRK [ 4 4 ] . 

The model embodies the fo l lowing assumptions: (1) the accret ing gas flows along 
r i g i d magnetic f i e l d l i nes {a safe assumption); and (2) the accret ion column is 
uniformly f i l l e d ( fo r s i m p l i c i t y ) . In the hydrodynamic ca l cu l a t i on , the rad ia t i ve 
t rans fe r i s solved in d i f f us ion approximation, a l lowing for d i f f e ren t d i f f us i on 
coe f f i c i en ts along and perpendicular to the magnetic f i e l d . 

With these assumptions, the model can be described by four coupled equations: the 
equations of c o n t i n u i t y , Euler 's equat ion, an energy equat ion, and a d i f f us ion equa­
t i o n . Terms accounting fo r the enthalpy f l u x of rad ia t ion advected wi th the gas 
f low appear in the Euler equation and the d i f f us i on equat ion. The strategy i s f i r s t 

https://doi.org/10.1017/S0252921100086085 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100086085


195 

to solve these equations with a two-dimensional hydrodynamics code, then to use the 
solution for the gas structure as a basis for a more detailed radiative transfer 
calculation which does not rely on the diffusion approximation. One hopes that this 
strategy will provide a more realistic model for the X-ray beam-

One can construct an analytical model that provides valuable insiqht into the 
structure of the accretion mound [42,44]. To do this, one makes the further ap­
proximations that the perpendicular and parallel diffusion coefficients are constant 
(but not necessarily equal), that the gas is decelerated suddenly by radiation at a 
sharp front, and that the gas is supported by radiation pressure in approximate hy­
drostatic equilibrium in the mound beneath this front. Then the equations become 
separable; in the resulting solution the height of the mound boundary has a para­
bolic shape: 

h » K ["£] tl " (f^) ] • (13) 

where R* i s the neutron star rad ius , ec i s the co - la t i t ude of the polar cap, l ^ i s 
the actual accret ion luminosity of the polar cap and Lc is the c lass ica l Eddington 
luminosity [ eq . ( 2 ) , not eg . ( 1 ) ] . Numerical ca lcu la t ions [42] ve r i f y the q u a l i ­
t a t i v e features of t h i s model and i n d i c a t e , as expected, that the rad ia t ion emerges 
from the side of the mound in a fan beam. 

While I bel ieve that these ca lcu la t ions are the most promising approach so fa r to 
understanding the emi t t ing regions of the pulsat ing X-ray sources, I feel obl iged to 
mention major obstacles that confound the quest for even a q u a l i t a t i v e understanding 
of the actual beaming mechanism. F i r s t , the observations t e l l us that the X-rays 
are not emitted in an axisymmetric fan beam; otherwise the pulse p r o f i l e s would have 
a mir ror symmetry. Second, the approximation that the f ree ly f a l l i n g qas i s d i s ­
t r i bu ted uniformly over the polar magnetic f i e l d l ines may be grossly i nco r rec t . 
This d i s t r i b u t i o n may well control whether the beam is a pencil or a f a n ; fo r exam­
p le , i f most of the i n f a l l i n g gas is confined to a hollow cone rather than a f i l l e d 
cy l inder much of the rad ia t ion may emerge from the i n t e r i o r of the cone i n a penci l 
beam [ 4 0 ] . Unfor tunately, i t may be very d i f f i c u l t to guess t h i s d i s t r i b u t i o n , 
since i t is establ ished by MHD i n s t a b i l i t i e s that occur in the magnetosphere, f a r 
from the polar cap; understanding t h i s region i s another major theore t i ca l problem 
[24 ,45 ] . 

I conclude t h i s section with a speculat ion addressed to the fo l lowing quest ion: 
why do the pulsat ing X-ray sources tend to have f l a t spectra wi th rather sharp cu t ­
of fs? We might f i nd a clue to t h i s in the putat ive cyclotron resonance s t ruc ture at 
~50 keV in the spectrum of Her X - l . My idea, unsupported by any deta i led ca l cu la ­
t i o n , is t h i s : perhaps the 50 keV feature i s not the cyclotron resonance frequency, 
but the f i r s t harmonic. Then the fundamental is at ~25 keV, roughly at the knee of 
the X-ray spectrum where most of the X-ray power i s emi t ted. The advantage of t h i s 
model is that the 25 keV spectral temperature of Her X- l can be explained na tu ra l l y 
as the resul t of a thermostat ic contro l by copious cyclotron rad ia t ion that sets in 
when kT ~ tta^, much as atomic l i ne cool ing provides a thermostat se t t i ng the tem­
perature of d i f fuse i n t e r s t e l l a r gas at ~10l» K. The problem wi th the model i s to 
explain why the spectrum should f i l l i n and become f l a t below the resonance at 
25 keV. 

V I I I . SUMMARY AND CONCLUSIONS 

I have been very much impressed at t h i s conference to learn of the enormous poten­
t i a l of supercomputers to simulate problems in radiatioW hydrodynamics. In t h i s 
review I have t r i e d to show that compact X-ray sources provide ideal t u r f fo r super­
computer jocks to display t h e i r prowess. 

I was also much impressed by a conversation I had several months ago wi th K a r l -
Heinz Winkler, in which he said that he planned to make his adaptive mesh code 
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work l i k e a "video game," whereby one could put his f avo r i t e physics and boundary 
condi t ions i n t o any one-dimensional problem and watch the so lu t ion develop in l u r i d 
f a l s e - c o l o r . This is a very exc i t i ng prospect to me (with my PC men ta l i t y ) , and I 
very much look forward to the time when I can go i n to the neighborhood supercomputer 
arcade to play video games wi th binary X-ray sources. Here are the ones that I 
would l i k e to play f i r s t : 

1 . "Shining Crown" — warm up wi th an adventure game, and see the beaut i fu l 
corona of an accret ion disk gently merge i n to a wind. Probably a f a i r l y easy and 
peaceful game, but watch out for surpr ises . 

2. "Splash" — i f you have a tas te for more v io len t ac t i on , play wi th a to r ren t 
of gas f a l l i n g at 20% of the speed of l i g h t onto the magnetic pole of a neutron 
s t a r . See how the X-ray beam changes as you change the d i s t r i b u t i o n of the i n -
f a l l i n g gas on the magnetic f i e l d l i n e s . 

3. "Torus" — fo r experts on ly . Be prepared to respond on mi l l isecond t ime-
scales to the fur ious i n s t a b i l i t i e s of the ion torus and the rad ia t ion t o r u s . Be 
c a r e f u l : i f you s ta r t playing t h i s one, you may never escape! 

This work was supported by the NASA Astrophysical Theory Program under grant 
NAGW-766. I am grate fu l to D im i t r i Mihalas for i n v i t i n g me to t h i s meeting, which I 
enjoyed very much, and fo r his encouragement and forbearance. 
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