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ABSTRACT 

This paper presents a review of the physical parameters of neutron 
stars and black holes that have been derived from X-ray observations. 
I then explain how these physical parameters can be used to learn 
about the extreme conditions occurring in regions of strong gravity, 
and present some recent evidence for relativistic effects seen in these 
systems. A glossary of commonly used terms and a short tutorial on 
the names of X-ray sources are also included. 
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Figure 1: Multi-wavelength lightcurves showing the emission as a function of pulse 
phase for the seven rotational powered neutron star pulsars which are detected by 
the EGRET experiment on board NASA’s Compton Gamma-ray Observatory.* 

Figure 2: A schematic showing the relationship between the spin and magnetic 
field axes for a rotating neutron star. The polar caps are the cross hatched regions. 
The outer gaps are the portions of the outermost closed field lines which extend 
from the polar cap to the speed of light cylinder, which is denoted by the dashed 
lines.4 
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ing binaries. And, for those rotationally powered neutron stars which are not in 
binaries, no companion stars can be detected. 

2.2 Shock Emission From Pulsar Winds 

Recently, several radio pulsars have been found with non-compact companion 
stars. These systems, the “recycled” pulsars, are rotating much more rapidly than 
conventional non-binary radio pulsars, having been spun up by accretion from 
their companions. They are believed to be much older systems, with magnetic 
fields that have decayed to N lo* Gauss. 

Binary radio pulsars are seen with different types of non-compact companions. 
First to be discovered at high energies were very small systems, where the effects 
of the pulsar wind on the companion’s outer layers caused the rapid ablation of 
the small star. For example, in the case of the “Black Widow” pulsar’O~” PSR 
1957f20, the companion is only N 0.02Mo, and is being “eaten” by the N 1O35 
ergs s -’ wind from the 1.6 ms pulsar. Due to the shock-heating of the outer layers 
of the small star, about half of this emission occurs at higher energies (i.e., X- 
and gamma-rays). 

Cominsky, Roberts and Johnston I2 discovered X-ray emission from PSR B1259- 
63, a 69 ms radio pulsar13 that orbits a Be-star (SS 2883). This unusual system 
has a 3.4 year, very eccentric orbit, and has now been observed throughout its 
orbital cycle. The high-energy emission seen from this system is most likely due 
to shock-heating of the Be-star’s wind by that of the pulsar.14,15 Recent work 
has shown that the power-law spectral index of the high-energy emission remains 
almost constant throughout the long orbital cycle; it is only the normalization 
that changes as the two stars separate. I6 Figure 5 compares the energy spectrum 
seen at periastron (closest approach) to that at apastron (furthest separation) in 
the PSR B1259-63 system. The X-ray luminosity seen in this system varies by a 
factor of ten from N 1O33 - 1O34 ergs s-r as the neutron star travels from apastron 
to periastron. 

2.3 Magnetars (Soft Gamma Repeaters) 
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Figure 5: The spectrum of the Be-binary pulsar system PSR B1259-63 showing 
the changes in intensity as a function of the separation between the two stars. 
The two upper curves at low energies are from periastron observations,15 while 
the lower curve is at apastron. X-ray emission up to 100 keV is detectable at 
periastron, lg but apastron observations have resulted in only upper limits.r6 

The presence of extremely intense magnetic fields in a class of isolated neutron 
stars known as magnetars, and their association with an observational class of 
objects known as the Soft Gamma-ray Repeaters (SGR) has been suggested17,18 
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Figure 6: Roche lobe geometry, showing the incident mass stream through the 
inner Lagrangian point and the intersection of the returning stream with the newly 
arriving material, The low mass companion on the left hand side completely fills 
its Roche lobe, while the position of the compact object is denoted by a plus sign 
(+) inside the right hand lobe.24 

Figure 7: Accretion in a weak (- lo8 Gauss) magnetic field. Note that the 
accretion disk extends to the neutron star surface.23 

returning stream is a region of great turbulence, which can have interesting ob- 
servational properties. 

If the magnetic field of an accreting neutron star is relatively weak (- lo8 
Gauss), the accretion disk can extend all the way to its surface. The material 
then shocks to make a boundary layer, which radiates at X-ray wavelengths. This 
is illustrated in Figure 7. 

For the much stronger magnetic fields (B N 1O1* Gauss) which are characteris- 
tic of pulsars, any accretion disk which is present can extend only to the surface of 
the magnetosphere. Matter must then travel along the field lines to the vicinity of 
the polar cap. The infalling material then shocks above the polar cap, producing 
observable high-energy emission (see Figure 8). 

2.4.2 Stellar Wind Capture 

Figure 9 shows a typical scenario for accretion due to the capture of stellar wind 
material by a compact object. Early-type, massive companion stars evolve by 
radiating a wind of mostly hydrogen plasma at a rate of approximately lo-’ M, 
yr-’ A small fraction of this wind, typically l%, can be captured as it passes 
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Figure 10: Structure of a neutron star, showing the different elemental burning 
shells.30 

no bursts are seen. This is supported by considerable observational data in 
which the bursts are seen to grow weaker and then stop as the underlying, 
persistent, accretion-driven luminosity increases. For accretion rates between 
2.6 x lo-’ M. yr-l and 2 x 10-‘” M, yr- I, helium burns unstably, and run- 
away reactions cause helium flashes. Below about 2 x 10-l’ M. yr-‘, hydrogen 
burns unstably, resulting in hydrogen flashes. 

3 Accreting X-ray Binaries 

In this section, I review the common characteristics of the major observational 
groups of neutron star and black hole binaries in which X-rays are produced by 
accretion onto the compact object. 

3.1 X-ray Binary Pulsars 

The primary distinguishing characteristic of X-ray binary pulsars is their ex- 
tremely intense magnetic field, typically N lo’* Gauss, which confines the bulk of 
the X-ray emission to the polar cap region. The offset magnetic dipole in these 
systems produces a unique pulse profile as the neutron star rotates on its spin 
axis. Typical pulse profiles are shown in Figure 11. Note that the pulse profile 
is quite variable as a function of energy. Although not totally understood, dif- 
ferences in pulse profile shape can be attributed to a combination of differences 
in viewing angle to the system, magnetic field strength, offset dipole angle and 
magnetic opacities along the line of sight. 

There are over 30 well studied X-ray binary pulsar systems in our Galaxy. 
Their spin periods range from 0.025 to 840 seconds, and they are in orbits with 
binary periods ranging from 0.029 to 187.5 days.31s32 Companion stars in these 
systems span the widest range of possible types, from stars much less massive than 
our Sun to supergiants. A prominent sub-group among the X-ray binary pulsars 
has Be-star companions. These systems tend to be in wider, often eccentric orbits 
and to show transient episodes of accretion, most probably triggered by sudden 
mass outflows by the Be-companion. Typical X-ray luminosities for these systems 
range from 1O36 - 103* ergs s-l. 

Studies of the relation between the spin and orbital periods in these systems 
have led to a correlation in only one type of sub-group, the Be-companion systems. 
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region, and thus greatly raising the local accretion rate (and the observed lumi- 
nosity) to the range in which nuclear burning is stable.35 Accretion occurs over 
a greater portion of the surface area in neutron stars with relatively weak fields, 
although the uneven channeling of accreted matter by the flow from the accretion 
disk can lead to hot spots which trigger the flashes, and to continuous low level 
fluctuations in the burning rate which can propagate around the star, producing 
the so-called “rings of fire” .36 

There are over 15 well-studied37 bursting systems; all have low-mass compan- 
ions, and most are located either in globular clusters or near the center of our 
Galaxy. These positional associations have led to the belief that X-ray bursters 
are an older population of object than the pulsars. Although their magnetic fields 
may once have been strong enough to cause pulsation, it is possible that the fields 
have decayed away in the intervening N lOi years. Typical luminosities for the 
persistent, accretion-driven emission in these systems are N 1O36 ergs s-l, while 
the burst peaks are often about 100 times as luminous. 

Orbital periods in these systems have been determined with high confidence 
using X-ray data in the two systems which exhibit X-ray eclipses. In 1981, Comin- 
sky and Wood3s discovered 15 minute long eclipses, which recur every 7.1 hours, in 
the transient X-ray burst source MXB 1659-29. Later observations of the source 
EXO 0748-676 showed that it too had X-ray eclipses.3g All of the orbital periods 
for the other bursters, however, have been derived from quasi-regularly occurring 
X-ray dips in intensity due to the turbulent area of the gas stream blocking the 
line of sight, or by optical observations of intensity modulation due to X-ray heat- 
ing of the companion star and/or accretion disk. Known orbital periods in the 
bursting systems vary from 0.19 to 398 hours. 

X-ray bursts are well described by thermal black-body spectra,40 in which the 
radius is roughly constant as the temperature increases to around 3 x lo7 K and 
then cools until the resulting luminosity is undetectable below the background 
(most of which stems from the persistent accretion luminosity). Some bursts are 
accompanied by a sharp jump in radius at the beginning,41 before settling down to 
the N 10 km radii more typical of neutron stars. This radius expansion is evidence 
that the burst flux has reached the Eddington limit (roughly 1O38 ergs s-l), and 
that the photosphere of the neutron star has temporarily inflated due to excess 
radiation pressure. Figure 13 shows a black-body fit to four energy channels of 
X-ray data for a burst from a globular cluster source, in which radius expansion 

is present. The radius expansion at the peaks of some bursts allows one to use 
the Eddington limit to derive distances to the bursters, i.e., they act as “standard 
candles”. Distances derived in this manner are consistent with those derived from 
other means, e.g., by analyzing the constituents of the globular clusters, or by 
noting the distribution of sources around the Galactic center.42 

The recent discovery 43 of quasi-periodic oscillations (QPO) at a period of about 
3 ms (or half that) within X-ray bursts themselves, has greatly intrigued the high- 
energy astrophysical community. Since the burst emission is a direct indication 
of conditions on the surface of the star, these QPO are taken as the first direct 
evidence of the neutron star’s spin, and are perhaps the result of one or two hot 
spots of emission rapidly rotating with the star. 

There is also a second type of X-ray bursting pattern - the so-called “Rapid” 
or Type II bursts, which, until recently, were only seen from one object, the Rapid 
Burster44 (MXB 1730-335). This type of pattern, in which thousands of closely 
spaced, non-thermal bursts are observed daily, is attributed to instabilities in the 
neutron star’s magnetosphere. Episodes of rapid bursting are transient, occurring 
for only wmonths out of Nyears. However, the Rapid Burster also shows Type 
I, or thermonuclear flash bursts on occasion, indicating that the neutron star is 
accreting matter, although very unsteadily. The rapid bursts repeat in a pattern 
that has been likened to that of a Relaxation Oscillator: the fluence in each burst 
is proportional to the waiting time to the next burst.45 This “E-At” relationship 
is illustrated in Figure 14. 

In 1996, another object (GRO 51744-28) was discovered that displays a rapid 
bursting pattern with inter-burst intervals as short as wminutes.46 However, un- 
like the Rapid Burster, GRO 1744-28 also pulses with regular 0.47 second pulsa- 
tions.47 The observed spinup and Doppler shifts of these pulses during its transient 
outburst indicates that it is accreting from a low-mass binary companion. Mag- 
netic field strength estimates for the pulsar are ++ 3 x 1O’l Gauss.48 

In 1998, 2.5 ms pulsations were discovered 32 from the transient source SAX 
J1808.4.3658. This remarkable system, the fastest accreting X-ray pulsar now 
known, is in a N 2 hour binary orbit4g with a companion star that has less mass 
than 0.1 M,. SAX J1808.4-3658 also emits Type I X-ray bursts.50 Magnetic field 
estimates51 for the neutron star in this system are N 10’ Gauss leading to the 
conclusion that this low-mass X-ray binary system is a progenitor to the recycled 
millisecond pulsars. GR01744-28 may be a similar evolutionary “missing link”. 

-65- 



-99- 

SP”O,, 
‘I OS OS 00 02 0 ( 

x 
* 



Figure 15: Power spectra from the X-ray binary pulsar Cen X-3 on two different 
occasions. Note that the spectrum on the right shows both the pulsing and QPO 
behavior, while the one on the left shows only the pulsing.54 

3.3 Quasi-Periodic Oscillators 

Unlike pulsars and bursters, quasi-periodically oscillating X-ray sources can be ei- 
ther neutron stars or black hole candidates. 55 Other QPO sources are the very lu- 
minous sources near the Galactic center, presumably neutron star binaries, which 
do not exhibit X-ray bursts as their mass accretion rate is too high. Both of the 
“microquasar” black hole candidates also show QP0.56,57 Fourier spectra of pul- 
sars often, but not always, exhibit QPO in addition to pulsations, which can be 
distinguished by the much-higher quality factors ( Q  > 100,000 vs. 100 - 1000, 
see Figure 15). 

When originally discovered58 in observations using the EXOSAT observatory, 
the QPO ranged from 6 - 60 Hz. A typical example of QPO from a black hole 
candidate is shown in Figure 16. The most popular interpretation of the phenom- 
ena was the so-called “magnetospheric beat frequency” model.5g In this model, 
the QPO emission arises from the beat between the Keplerian orbital frequency 
of matter circulating at the object’s magnetosphere and the neutron star spin 
period. Many detailed studies were done of the QPO properties compared to the 
properties of the underlying persistent luminosity. Objects exhibiting QPO were 

Figure 16: Time series from the black hole candidate GX 339-4, showing the 6 Hz 
quasi-periodic oscillations.60 

classified as either “Z” or “atoll” sources, 61 depending on the pattern that they 
made in a plot of the normalized count rates in lower energy channels vs. those 
in higher energy channels, for a given intensity state (“color-color” diagram, see 
Figure 17). It is now established that the “Z” pattern is typical among the strong, 
non-bursting, non-pulsing galactic center sources, which have luminosities at ap- 
proximately the Eddington limit, and magnetic fields of N 10’ Gauss. In contrast, 
the “atoll” pattern is characteristic of the X-ray bursters, with luminosities of only 
about 1% of Eddington, and magnetic field strengths about ten times lower. 

With the launch of the Rossi X-ray Timing Explorer (RXTE) at the end of 
1995, a new observational window was opened, with both higher time resolution 
and greater sensitivity. Almost immediately, QPO began to be detected in the 
kHz range. 62 To date, there are at least 13 low-mass X-ray binaries which show 
QPO in the range 300-1200 Hz. Of these 13 sources, 4 are “Z” sources, and 9 
are “atoll” sources. The kHz QPO, unlike the original QPO, typically occur in 
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Figure 18: The frequency of the upper kHz QPO peak vs. the frequency of 
the lower QPO peak for many sources. Note that the peak yt 

necessarily constant as a function of the upper kHz QPO peak trequency. ‘I’his 
makes it difficult to associate the peak separation with the neutron star spin.67 

Figure 19: Power spectrum of a typical X-ray binary pulsar, 4UO115+63, using 
data from SAS-3. The fundamental, at P = 3.6 s is easily seen, as well as the 
first two harmonics7’ 
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Figure 25: Compar ison of the orbital dimensions for many of the X-ray binary 
pulsars. The  five smallest systems show eclipses, as  does  4UO900-40 (Vela X-l), 
which is in a  slightly eccentric, but close orbit, with a  supergiant companion.  The  
wider, often eccentric systems with small companions on  the bottom row contain 
Be-stars.‘r 

Figure 24: Doppler orbital fit for 4UO115+63,  an  eccentric, transient Be-star 
system. Note the Doppler curve is skewed by the eccentric nature of the orbit.” 
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Figure 27: Comparison of the orbital dimensions for many of the low-mass X-ray 
binaries. Note that Her X-l and 4U1626-67 are pulsars, A0620-00 is a black hole 
candidate, and bfXB 1659-29 is one of two eclipsing bursters81 
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Figure 28: Decrease in the orbital period of the X-ray binary pulsar Cen X-3 as 
shown by the quadratic change in the arrival time of its eclipses.84 

due to the loss of matter from the companion star in a stellar wind of 6 x 10m6 M, 
yr-‘. Tidal coupling between the neutron star and its companion can also produce 
the observed decay. In this case, the companion star is rotating asynchronously 
with the orbit, and the resulting tidal distortion will exert a torque which can 
decrease the orbital angular momentum. 

By similar reasoning, orbital decay in low-mass X-ray binaries should occur at 
a fractional rate of < 1O-‘o yr-‘. However, in the one eclipsing low-mass X-ray 
binary for which data span many years (EXO 074%676), the observed changes 
in eclipse timing suggest a rate which is N 700 times greater, and rather than 
decreasing, the orbital period is seen to increase! The sign and magnitude of the 
orbital period derivative indicates that the neutron star may be spinning down, 
and transferring its lost angular momentum to the binary system (see Figure 29). 



-9L- 

q$!~ $ua~s!suoz~ s! SSWLI .Iaq$y s!y$ pus ‘szslnd ac[l u~?ql uoyelndod laplo qxru 
ZI aq 03 paAa!Iaq uaaq Buo[ aAvq ‘IaAaMoq ‘S~XJ,II~ aqL wwlnd IV$S uollnau 
ayl 103 pun03 asoy? ueeql .xaqQ d~~uwy@!s ‘0~ e N 30 sassxu JS~S uollnau 
Sp[a!d (ZH 0011 -) paAlasqo huanbaq o& qsa@u[ Iw!dS+ aq7 %!$n)!$sqns 

‘0~ p.1 911~ luay+uo9 s! JEWS uollnau aqc~ JO SSBUI aql 
‘saw3 11~ UI ,;wqnd o!pw bwu!q JopCeA-aslnH aq? “03 paxweatu sswu aql se IlaM 
se ‘sura~sk Bu!sd!lDa x!s aql.103 ~auuetu s!qt II! panFlap sluaruanwzaru. ssezu aql30 
dJWUUUIS B s~oqs ()g aln%d wa@s aq!J o) a@s uo!~ou!pu~ aql pug 09 paLoIdura 
uaql s! IFJS uo!uedwo3 aql 103 d!qsuoyvlal sruper-sseur pawnsse aqr+ ‘sasd!$a L&X 
-x soys qa!q~ sura@s (xy) asoql 103 puv (sa!lwnq Bu!~zw.ra~u!-uou 30 sa!pnls 
uroq pa@ap s! add1 Iw+3ads pue SSWI uaaM$aq d!qsuo!$vlal aq$ ‘~eql u! ‘laaamoq 
‘sayu!zl~la3nn ~uwy!u@s s+zq ssaaold s!y~,) .addl IvJlsads s$! Bu!.&uap! Lq sswx 
sy auyuxalap o$ pasn uaql an? ~3s uoydwo3 ayl30 sa!pn+s 3!do%or$aads pa[!elaa 
wa$s& hwnq aql u! ss1?u1 pz~o~ aql s! *“lm pue ‘@!s-3o-au!~ .rno u10.13 aweld lvl!qlo 
ayl 0% a@re uoyzu~~x~~ aqq s! z Qa[qo lxeduro3 aql 30 ssxxu aq$ SF z~ alayM 

:se pauyap s! uoFlaun3 sswu aq& .laa[qo peduro3 aql 103 
uo!punj sstxu aql aA!lap 0% MF?T p~!q~ s,laldax ~$JM pau!quIoD aq Ire3 S!SbpXIv $J!qs 
lalddoa 1130~3 sluaurala I*e$!qxo paA!“ap aql ‘suxa)shs Lxwnq u! sxvslnd Lw-x JOA 

‘asw qxa u! 
pasn spoqlaur aql aqysap II!M 1 ‘suoyas Su~~oI~o3 ayl uI 5zalop!puw alog y301q 
pwe (scua!@s Bu!sd!pa u! are q3!q~ 30 xp-) weslnd &I-x aq$ 103 “a&pp uIa@s 
hxuq k-x ue IIF $za[qo $xzdtuo3 ayl30 SSLTII aql auysalap 0% pasn sanb!uqDaA 



accretion for N 10’ y at N 10% of the Eddington limit onto the original 1.4 M, 
object created in the supernova explosion.75,76 

Figure 30: The masses of the six eclipsing X-ray binary pulsars and the Hulse- 
Taylor binary radio pulsar.7g 

4.52 Black Hole Candidate Masses 

The determination of the orbital elements in binary systems with no detectable 
pulsations or no X-ray eclipses requires the use of optical data from the companion 
star. Radial velocity curves are obtained, with amplitude K sini km s-l, and 
orbital period Pab (see Figure 31). These data measure the effect of the unseen 
compact object on its companion star, and can be related through Kepler’s laws 
to the mass function (see Equation 13), establishing a lower limit on the mass of 
the unseen, X-ray emitting companion: 

f(M) = g < A4,. 

The lower limit to the compact object’s mass A4, stems from the fact that 
without eclipses, it is not possible to precisely know the system’s inclination angle. 
The angle can be estimated, however, from studies of the ellipsoidal light variations 
during the binary orbit. However, assuming that the companion star has a mass 
of zero, and that the inclination angle is 90 degrees, yields a mass function equal 
to the mass of the compact object. Since these are extreme values, realistic values 
for the mass of the companion and the inclination angle will result in a black hole 
mass greater than the derived mass function. 

Black hole candidates are those objects for which the best estimates for the 
compact object’s mass (after taking into account the mass of the optical compan- 
ion and the inclination angle to the system) are greater than 3 M,, the Rhoades- 
Ruffini upper limit to the mass of a neutron star. 86 Other common observational 
characteristics shared by some of the black hole candidates include two-component 
energy spectra, in which one component is very soft, and highly variable, transient 
X-ray outbursts. Roche-lobe schematics for some typical black hole candidate bi- 
naries are given in Figure 32 and Figure 33. The best black hole candidates are 
those in which the mass function itself is greater than 3M,. For example, in V404 
CygniB7 the mass function is 6.08 f 0.06 M,, and the most likely mass is 12M,. 

It should be noted however, that the Rhoades-Ruffini neutron star mass limit of 
3 M,, although independent of assumptions about the specific form of the neutron 
star equation of state, does make certain assumptions that can be questioned. For 

-??- 



i e 
t 



BLACK HOLE X-RAY NOVAE 

AOt320-00 

@33 XN Mus 1991 

GRO Jl65S-40 

I 
I l 

Figure 33: Roche lobe schematics for X-ray nova black hole candidates, indicating 
the approximate inclination angle to the line of sight to each binary system, and 
the size of the accretion disk around the compact object.g0 A0620-00 appears in 
both this figure and in Figure 32. 

example, Rhoades and Ruffini assume that General Relativity provides the correct 
description of gravity in the strong field regime, and that gravity provides the 
stabilizing force which overcomes repulsive pressures in the star’s core. If instead 
hadronic forces in the core can stabilize the star, it may be possible to increase 
the mass of a neutron star far above this limit.g1~g2 

4.5.3 Microquasar Masses 

There are two galactic black hole candidate binaries which differ markedly from 
those discussed in the previous section. Known as the microquasars, GRS1915+105 
and GRO J1655-40 exhibit superluminal radio jets (as do extragalactic quasars), 
and transient, highly variable X-ray emission. g3 Because the masses of these two 
objects are only N 10 M, rather than N lo6 M,, the radii of their accretion disks 
and radio lobes are also about one million times smaller. The temperature of the 
radiation from the inner accretion disk is correspondingly higher, with the bulk 
of the observable emission in the X-ray bandpass. And of course, unlike their 
galaxy-gobbling extragalactic counterparts, the microquasars are being fueled by 
accreting matter from a binary companion star. This comparison is illustrated in 
Figure 34. 

Observations of the microquasar sources with the Rossi X-ray Timing Explorer 
have shown QPO from both sources.56,57 Optical observationsg4 and careful anal- 
ysis of ellipsoidal light variations from the eclipsed companion to GRO J1755-40 
have resulted in a mass determination for the compact object of 7.02 & 0.22 Ma. 
This agrees well with the interpretation of the 300 Hz QPO from this object as 
resulting from matter circulating at the marginally stable orbit, r,,. Applying 
the same argument to the 67 Hz QPO seen from GRS 1915+105 yields a mass 
estimate56 of N 33 Ma. 

An alternative origin for the 67 Hz QPO from GRS1915+105 has been ad- 
vanced by Nowak and his collaborators. g5 They interpret the QPO as diskoseismic 
eigenfrequencies of the microquasar’s accretion disk, and derive a black hole mass 
ranging from 11 to 33 MD, for systems containing Schwarzschild to maximally 
prograde Kerr black holes, respectively. 
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5.1 Evidence For Event Horizons In Black Holes 

Narayan and his colleagues 1oo,101,102 have suggested that accreting black hole bi- 
naries, when in quiescence (i.e., not during a transient X-ray outburst) will have 
very different X-ray spectra than quiescent neutron star transients. Their advec- 
tion dominated accretion flow (ADAF) models give good results for fits of the 
energy spectra over a wide bandpass, from optical through X-ray wavelengths. In 
these models, the presence of the event horizon in a black hole binary results in 
much lower accretion efficiency, as the advected material simply disappears over 
the horizon, without radiating much of the thermal energy carried in the infalling 
plasma. (The accretion efficiency, 7, in these systems is estimated at 0.05%.) For 
the neutron star systems in which the infalling material shocks at the surface (or 
the magnetosphere) q M 10%. 

An additional prediction of the ADAF models is that black hole transients 
should have a wider dynamic range of minimum to maximum luminosities, since 
their quiescent states should be N 500 times less luminous. Although hard to 
prove due to limited observations of non-emitting X-ray transients, there is some 
evidence that appears to support this prediction.“’ 

5.2 Evidence For Black Hole Spin 

Zhang, Cui and Chen lo3 have interpreted the often seen soft-component in X-ray 
energy spectra from black hole candidate objects as blackbody emission from the 
inner accretion disk at the marginally stable orbit, T,,. They have used this idea to 
calculate blackbody spectra for black holes with different rotation rates. Distinct 
spectral differences are then found in the three different spin classes: maximally 
prograde Kerr, Schwarzschild (slowly or non-spinning) and maximally retrograde 
Kerr. The accretion efficiencies 17 differ for these three classes of objects from 30% 
to 6% to 3%, as T,, changes from 1 to 6 to 9 times (GM/c*), respectively. 

In this scenario, the microquasar sources contain maximally prograde Kerr 
black holes. The extremely high accretion efficiency (7 = 30%) coupled with the 
small T,, raises the temperature of the inner part of the accretion disk, producing 
a relatively hard spectral component, in agreement with the observations. 

The traditional galactic black hole candidates in binaries with a pronounced 
soft-component, are identified with slowly or non-rotating (Schwarzschild) black 
holes. And the black hole candidates which seem similar to these sources, but are 

lacking the spectrally-soft component are suggested to be maximally retrograde 
Kerr black holes. In this case, the inefficient accretion (7 = 3%) coupled with 
the relatively large r,, combine to lower the temperature of the soft component 
until it falls below the standard X-ray bandpass, and is undetectable by present 
instruments. 

5.3 Lense-Thirring Effect 

Stella and Vietri”* were the first to suggest that QPO observed in the range 20 
- 40 Hz from neutron star binaries could result from the Lense-Thirring effect, 
If the plane of the accretion disk of material orbiting the neutron star is tilted 
with respect to that defined by the binary system (which is assumed aligned with 
the spin axis of the neutron star), then the orbiting material must precess in a 
prograde direction as its inertial frame is dragged along with the rotating object. 
The frequency of this precession in the weak field approximation is given by: 

t37rz1u* Y 
VLT = Ks = 13.2 I& Ma-r u;, ~~2.5 HZ 

MC2 

where 145 is the moment of inertia of the neutron star in units of 1O45 g cm’, 
vK3 is the Kepler frequency of the orbiting material in kHz, and ~~2.5 is the spin 
frequency of the neutron star in units of 300 Hz. Note that this interpretation 
assumes that the kHz QPO observed in these systems result from material orbiting 

at rms, and that the difference frequency from the twin kHz QPO peaks yields the 
neutron star spin period, v,. Some of the evidence in support of this conjecture 
is given by the quadratic dependence of VLT on VK. This quadratic dependence is 
observed in changes in the corresponding QPO frequencies from the X-ray burster 
MXB 1728-334. 

Extending Stella and Vietri’s suggestion to include black holes, Cui, Zhang 
and Chen”’ applied the Lense-Thirring formalism to the QPO seen in the two 
microquasar sources as well as several other candidate systems. For the black 
hole candidates, the weak field approximation used by Stella and Vietri was not 
appropriate, so Cui et al. modified the equations to apply to strong field systems. 
Assuming a mass for the candidate object and interpreting the observed QPO as 
the Lense-Thirring precession frequencies yielded spin rates which were found to be 
consistent with those in their earlier work. lo3 In particular, the microquasar GRO 
J1655-40, which has a well-determined’* black hole mass of N 7 Ma, is found to be 
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holes and neutron stars offers the hope that predictions of General Relativity 
in this regime will be thoroughly examined. Evidence for relativistic effects in 
compact X-ray binaries has been accumulating rapidly in data from NASA’s Rossi 
X-ray Timing Explorer. Observations of rapidly rotating neutron star systems 
may also lead to the first direct detection of gravitational radiation. 
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8 A Short Tutorial on the Names of X-ray Sources 

As in ground-based astronomy, the names of objects in the X-ray sky are a com- 
bination of history and convenience, and may seem mysterious to the uninitiated. 
In the 1960s X-ray observations were done with rocket-borne instrumentation. 
The positional information returned from these types of experiments was often 
crude (a few degrees), resulting in names for the newly discovered sources such as 
Sco X-l (the first X-ray source found in the constellation Scorpius) or Cen X-3 
(the third source found in the constellation Centaurus). As positional informa- 
tion improved, and particularly for sources located near the center of our Galaxy, 
and along the Galactic plane, the names evolved to approximate the positions in 
galactic coordinates. For example, GX 339-4 is located near a galactic longitude 
of 339 degrees and latitude -4 degrees. 

With the launch of the Uhuru satellite in 1970, came the first all-sky survey. 
The subsequent improvement in source positions (to much less than 0.1 square 
degrees in most cases) required a different naming system. The Fourth Uhuru 
catalogi” lists N 350 X-ray sources, with names like 4U1617-15 (Sco X-l), where 
the 4U represents the catalog name, and the source location is now given in right 
ascension and declination (similar to the Earth’s longitude and latitude). Sco X-l 
is located near 16 hours, 17 minutes of right ascension, and near -15 degrees in 

declination. The numbers are truncated, not rounded, and usually don’t change 
in common usage, even when the positions improve. Sometimes, additional digits 
will be added (e.g., MXB1728-334, which is near a declination of -33.4 degrees). 
Many other satellites have discovered sources that are not in the 4U catalog, and 
lend their initials as prefixes to positional numbers. For example, the English Ariel 
satellite (A), European EXOSAT satellite (EXO), the MIT X-ray burst (MXB) 
and persistent (2s) sources discovered with SAS-3, the Vela satellites (V), or the 
Italian BeppoSAX satellite (SAX). 

If not otherwise indicated, positionally derived names are given in 1950 co- 
ordinates (the actual positions of the sources change continually as the earth’s 
coordinate system precesses with respect to its astronomical equivalent). As we 
approach the year 2000, it has become more convenient to name sources according 
to the positions that they will have in that Julian year. This has led to names 
such as GRO J1655-40 or GRO J1744-28 (Compton Gamma-ray Observatory dis- 
covered sources given in J2000 coordinates.) But when referring to radio pulsars, 
it is still common to use Besselian 1950 coordinates, which are designated with the 
letter B (e.g., PSR B1259-63). Some of the other sources referred to in this pa- 
per were discovered by the Russian-French satellite Granat (GRS 1915+105), are 
named after their optical counterparts (V404 Cyg) or are soft gamma repeaters 
(SGR 1806-20). 

9 Glossary 

Accretion: The process of gravity-driven mass transfer. In X-ray binaries, the 
accretion flow leaves the companion star and ends up at the compact object. 

Apastron: In an eccentric binary orbit, the distance of greatest separation 
between the stars. 

Be-star: A main-sequence companion star often associated with neutron star 
pulsars in X-ray binaries. Be-stars are of spectral type B (surface temperatures 
-10,000 K), and also show emission lines. They have a typical mass of 5 - 10 M,, 
and are rotating very rapidly. The rotation rate is near break-up, which often 
causes the outer layers of the star to be spontaneously ejected (even for isolated 
Be-stars), triggering a transient X-ray flare in those binary systems with orbiting 
neutron stars. 
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mass of their companion stars. A high mass X-ray binary has a companion star 
that is more massive than 5 M,, while a low-mass X-ray binary has a companion 
star less massive than 2 M,. 

X-ray transient or X-ray nowz: A binary system in which transient, intense 
X-ray emission is visible for a duration of wmonths out of Nyears. Transient 
emission can be seen from both black hole and neutron star X-ray binaries. 
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