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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 e�ects 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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1 Overview

X-ray emission from compact objects was discovered in 1962,1 with the detection

of what we now know as a neutron star in the low mass binary, Sco X-1. In

the past 35 years, the �eld has matured, and satellite based X-ray observations

of neutron star and black hole binaries are conducted by scientists from many

di�erent nations, and with many di�erent instruments. Recently, the increased

collecting area and high time resolution of satellites such as NASA's Rossi X-ray

Timing Explorer have produced data that have broken new ground in allowing

high-energy astrophysicists to make physical measurements of compact binaries.

Unobtainable in earth-bound laboratories, X-ray satellite observations remain the

best way to study the e�ects of strong �eld gravity and to test the predictions of

General Relativity in this regime.

In this paper, I will review the basic physics which produces X-ray emission

from neutron stars and black holes, focusing primarily on accretion, which is

gravitationally-driven mass transfer onto a compact object. I will then review

the major observational categories of accreting neutron star and black hole bina-

ries, and discuss the derivation from the data of important physical parameters

including spin, mass, radius, binary orbital elements and the surface magnetic

�eld strength and equation of state for neutron stars. Finally, I will close with a

brief look at some new evidence and predictions of relativistic e�ects seen in these

systems. A glossary of frequently used astronomical jargon is included, as well as

a short tutorial on the names of X-ray sources.

2 X-ray Emission Mechanisms

In this section, I review the di�erent theoretical mechanisms which are believed to

produce X-ray emission in systems containing either neutron stars or black holes.

Non-gravitationally driven emission mechanisms are reviewed so that they can

be contrasted with accretion, the primary gravitationally-driven mechanism that

produces high-energy photons.



2.1 Rotational Powered Pulsars

Rotational powered pulsars were discovered by Jocelyn Bell and Anthony Hewish

in 1964,2 and recognized as rotating neutron stars in work by Gold.3 They have

been extensively studied at radio wavelengths, where � 1000 such objects are

detected (for a comprehensive review, see Pulsar Astronomy.4) The radio emis-

sions are the result of a pulsar wind of relativistic plasma, powered by the loss of

rotational kinetic energy as the pulsar's spin slows, and beamed along the open

magnetic dipole �eld lines that are o�set from the rotational axis of the star. The

luminosity that is detected is consistent with the loss of rotational kinetic energy,
_E = I! _!, where I is the moment of inertia of the object, and ! is its angular

velocity.

At the highest gamma-ray energies, seven rotationally powered pulsars are

seen. Figure 1 shows the multi-wavelength lightcurves of the seven known gamma-

ray pulsars. Theoretical speculation as to the origin of the high-energy radiation

and its phase relation to the emission at lower energies has settled into two main

types of models: those in which the high-energy radiation is emitted from the

polar caps (i.e., where the open magnetic �eld lines emanate5) or those in which

it arises from the \outer gaps", where the last closed �eld line intersects the speed

of light cylinder6 (see Figure 2).

A very successful recent outer gap model by Romani and Yadigaroglu7 provides

calculations of the rotating neutron star's magnetosphere and accounts for the

origins of the di�erent types of emission and their phase relationships, as a function

of only two important parameters: the angle between the rotation axis and the

magnetic dipole axis, and the angle to our line-of-sight. Figure 3 shows a typical

calculation from their work.

In all cases, the neutron stars which have been carefully studied have masses

consistent with 1.4 M
�
, radii of about 10 km, and therefore moments of inertia

I = 1045 g cm2. Their spin periods vary from milliseconds to tens of seconds.

Changes in the pulse period can be used to derive the pulsar's spin-down age as

well as its magnetic �eld. The spin-down age is de�ned as:

� =
P

2 _P
(1)

while the magnetic �eld can be found from:



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.8



Figure 2: A schematic showing the relationship between the spin and magnetic

�eld axes for a rotating neutron star. The polar caps are the cross hatched regions.

The outer gaps are the portions of the outermost closed �eld lines which extend

from the polar cap to the speed of light cylinder, which is denoted by the dashed

lines.4



Figure 3: Neutron star magnetosphere showing the correlation between emitting

surfaces and wavelength as predicted by the outer gap model calculations of Ro-

mani and Yadigaroglu.7



Figure 4: Derived magnetic �elds for many radio pulsars as a function of pulse

period.9

B = 3:2� 1019 ( _PP )1=2 Gauss: (2)

Figure 4 shows the spin periods for many of the well-studied radio pulsars as

a function of their derived magnetic �eld strengths. The millisecond pulsars are

believed to be \recycled", i.e., spun up via accretion from a companion star, after a

previous evolutionary phase in which they were spinning down as isolated pulsars.

The spin-up line noted on the �gure indicates the minimum period that would

result from accretion at the Eddington limit, while the Hubble line corresponds

to a spin-down age roughly as old as the universe, or � 1010 years. The death

line delimits the region where the polar cap voltage is so low that pulsations are

likely to switch o�, and thus will not be observable.

Although X-ray luminosities in these systems can be quite high, often compa-

rable to those produced by accretion, the steady spindown of the pulse period is

in marked contrast to the much more variable spin rate behavior in the accret-



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

�elds that have decayed to � 108 Gauss.

Binary radio pulsars are seen with di�erent types of non-compact companions.

First to be discovered at high energies were very small systems, where the e�ects

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" pulsar10;11 PSR

1957+20, the companion is only � 0:02M
�
, and is being \eaten" by the � 1035

ergs s�1 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 Johnston12 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.16 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 � 1033�1034 ergs s�1 as the neutron star travels from apastron

to periastron.

2.3 Magnetars (Soft Gamma Repeaters)

The presence of extremely intense magnetic �elds 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 by



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,19 but apastron observations have resulted in only upper limits.16



Thompson and Duncan. Unlike conventional gamma-ray bursts, the SGRs show

repeated bursts of soft gamma-rays over many years from the same location. There

are now20 four SGR: three in our galaxy and one in the Large Magellanic Cloud.

All are associated with young supernova remnants. The key di�erence between

magnetars and rotational powered pulsars is that the energy source powering the

magnetars is derived from the rapidly decaying magnetic �eld, which heats the

core and surface of the star.

As an example, detailed observations21 of SGR1806-20 have shown 7.47 second

hard X-ray pulsations with a spindown rate of 2:6�10�3 yr�1, indicating a pulsar

spindown age of � 1500 � 8000 years, and a magnetic �eld of � 2 � 8 � 1014

Gauss. Peak burst uences seen from SGR1806-20 are� 1041 ergs s�1, � 103 times

the Eddington limit. These super-Eddington luminosities are possible because of

the magnetic suppression of the Thomson cross-section for electron scattering.

Quiescent X-ray luminosities following the bursts are � 1035 � 1036 ergs s�1, and

are modulated at the neutron star spin period. Bursts from SGRs are easily

distinguished from X-ray bursts and other gamma-ray bursts: SGR blackbody

burst temperatures of 9 keV are about three times the highest temperatures seen

in thermonuclear (Type I) X-ray bursts, but they are still much softer than non-

repeating gamma-ray bursts.

In the magnetar models,17;18 the sudden cracking of the neutron star crust

leads to a rapid injection of Alfv�en waves into the magnetosphere, particle accel-

eration and the formation of a optically thick pair plasma. Magnetic con�nement

of this plasma can produce the observed spectral similarities between bursts of

greatly varying uence. The repeated bursts from these objects are indications of

starquakes caused by magnetic stresses in the neutron star crust.

2.4 Accretion In Neutron Star and Black Hole Binaries

In accreting X-ray binaries, the X-ray luminosity originates in �107 � 108 K

plasma near the neutron star's surface or from the inner accretion disk around

the compact object. Accretion is extremely e�cient; it liberates approximately

200 MeV per nucleon, compared to only 7 MeV per nucleon for the process of

fusing Hydrogen into Helium. The accretion luminosity observed is given by:

Laccr =
� G _MM

R
� 1:2� 1038 � ergs s�1 (3)



assuming that M = 1:4 M
�
, R = 10 km, _M = 10�8 M

�
yr�1, and where

� is an e�ciency factor for the conversion of gravitational potential energy into

radiated luminosity. The e�ciency di�ers for neutron stars, black holes, and the

assumed General Relativistic metric. Typical accretion luminosities observed in

these systems vary from 1036 � 1038 ergs s�1. Comprehensive references for this

section can be found in X-ray Binaries22 and Accretion Power in Astrophysics.23

The inner accretion ow occurs in a region of strong �eld gravity. For exam-

ple, the potential well of a neutron star is 0.2 c2 at 10 km for 1.4 M
�
, and the

characteristic velocity of the material in this region, (GM
R
)1=2 �0.5c.

In studying this inner accretion ow, one must take into account the very rapid

dynamical timescales for matter to move through the emitting region:

�dyn = (
r3

G M
)1=2: (4)

This is about 0.1 ms for matter at r = 10 km, and 2 ms at r = 100 km. The

typical orbital period of circulating matter,

Porb = 2��dyn � 1 ms: (5)

The two main accretion mechanisms are Roche lobe overow, which most often

occurs in low-mass binaries, and stellar wind capture, which is common for high-

mass binaries with super-giant companions. A third mechanism for the initiation

of mass transfer is often seen in systems with Be-star companions, as they are

known to spontaneously eject matter in their equatorial regions due to their rapid

rotation (even when they are not in binaries with compact objects).

2.4.1 Roche-lobe Overow

Figure 6 shows the geometry for Roche lobe overow. In this �gure, the Roche

lobe equipotential surface resembles a �gure \8". The companion star completely

�lls its Roche lobe as the star evolves, and material in its expanding envelope is

transferred through the inner Lagrangian (crossover) point to the vicinity of the

compact object.

The compact object does not �ll its Roche lobe; rather the accreted material

swirls around it, interacting viscously to form an accretion disk (with a typical

radius Rdisk � 0:8Rlobe). The intersection point of the incident stream with the



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 �lls

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 (� 108 Gauss) magnetic �eld. 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 �eld of an accreting neutron star is relatively weak (� 108

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 �elds (B � 1012 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 �eld 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 10�6 M
�

yr�1. A small fraction of this wind, typically 1%, can be captured as it passes



Figure 8: Accretion in a strong (� 1012 Gauss) magnetic �eld. Note that the

accretion disk is held o� the neutron star surface by the centrifugal barrier formed

by the rotating magnetosphere.23



Figure 9: Accretion from a stellar wind.23

the compact object. A bow shock forms around the compact object, which can

produce observable X-ray emission.24

2.5 Thermonuclear Reactions

As the matter accretes onto the neutron star surface, it settles into layers in

which di�erent elements undergo thermonuclear burning. Figure 10 illustrates

the typical shell structure for neutron stars with relatively weak magnetic �elds.

In this case, the accretion ow can spread out over the entire neutron star surface,

rather than being con�ned to the polar cap region by a much stronger magnetic

�eld (as in the case for pulsars.)

Following the discovery25 ;26 of X-ray bursts in 1976, considerable theoretical

work was done to account for the luminosity and spectral pro�les of these spo-

radically occurring events. It is now well established that X-ray bursts are due to

unstable thermonuclear burning in the surface layers of neutron stars.27;28

Three nuclear burning regimes have been de�ned, based on the mass ac-

cretion rate onto the neutron star surface.29 For accretion rates in excess of

2:6 � 10�8 M
�

yr�1, both the Hydrogen and Helium shells will burn stably;



Figure 10: Structure of a neutron star, showing the di�erent elemental burning

shells.30



thus 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 � 10�8 M
�
yr�1 and 2 � 10�10 M

�
yr�1, Helium burns unstably, and run-

away reactions cause Helium ashes. Below about 2� 10�10 M
�
yr�1, Hydrogen

burns unstably, resulting in Hydrogen ashes.

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 �eld, typically � 1012 Gauss, which con�nes the bulk of

the X-ray emission to the polar cap region. The o�set magnetic dipole in these

systems produces a unique pulse pro�le as the neutron star rotates on its spin

axis. Typical pulse pro�les are shown in Figure 11. Note that the pulse pro�le

is quite variable as a function of energy. Although not totally understood, dif-

ferences in pulse pro�le shape can be attributed to a combination of di�erences

in viewing angle to the system, magnetic �eld strength, o�set 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.31;32 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 outows by the Be-companion. Typical X-ray luminosities for these systems

range from 1036 � 1038 ergs s�1.

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.



Figure 11: Pulse pro�les as a function of phase and energy for three di�erent

X-ray binary pulsars.33



Figure 12: Orbital period as a function of pulse period for di�erent types of

accreting x-ray binaries. Note the linear relation for the Be-star systems.31

As can be seen in Figure 12, there is little correlation in the low-mass (Roche

lobe overow) or supergiant (stellar wind capture) systems. The roughly linear

correlation in the Be-companion systems (often called the Corbet relation34) is

taken as evidence that these systems have reached a rough equilibrium between

the spin period and the orbital separation.

3.2 X-ray Bursters

Because of the presence of X-ray bursts, the magnetic �eld in these systems is be-

lieved to be � 108 Gauss. Models have shown that higher �eld strengths quench

the bursting behavior, by narrowly focusing the accretion onto the polar cap



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 �elds,

although the uneven channeling of accreted matter by the ow from the accretion

disk can lead to hot spots which trigger the ashes, and to continuous low level

uctuations in the burning rate which can propagate around the star, producing

the so-called \rings of �re".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 �elds

may once have been strong enough to cause pulsation, it is possible that the �elds

have decayed away in the intervening � 1010 years. Typical luminosities for the

persistent, accretion-driven emission in these systems are � 1036 ergs s�1, while

the burst peaks are often about 100 times as luminous.

Orbital periods in these systems have been determined with high con�dence

using X-ray data in the two systems which exhibit X-ray eclipses. In 1981, Comin-

sky and Wood38 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.39 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� 107 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 � 10 km radii more typical of neutron stars. This radius expansion is evidence

that the burst ux has reached the Eddington limit (roughly 1038 ergs s�1), and

that the photosphere of the neutron star has temporarily inated due to excess

radiation pressure. Figure 13 shows a black-body �t 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 discovery43 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 �rst 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 �months out of �years. However, the Rapid Burster also shows Type

I, or thermonuclear ash 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 uence in each burst

is proportional to the waiting time to the next burst.45 This \E��t" relationship

is illustrated in Figure 14.

In 1996, another object (GRO J1744-28) was discovered that displays a rapid

bursting pattern with inter-burst intervals as short as �minutes.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 �eld strength estimates for the pulsar are � 3� 1011 Gauss.48

In 1998, 2.5 ms pulsations were discovered32 from the transient source SAX

J1808.4-3658. This remarkable system, the fastest accreting X-ray pulsar now

known, is in a � 2 hour binary orbit49 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 �eld

estimates51 for the neutron star in this system are � 108 Gauss leading to the

conclusion that this low-mass X-ray binary system is a progenitor to the recycled

millisecond pulsars. GRO1744-28 may be a similar evolutionary \missing link".



Figure 13: Blackbody �t for four X-ray energy channels. Note the jump in ra-

dius at the beginning of the burst as a result of Eddington-driven photospheric

expansion.52



Figure 14: Type II bursts from the Rapid Burster, MXB 1730-335, showing the

E��t relationship, in which the uence in a burst is proportional to the interval

to the next burst.53



Figure 15: Power spectra from the X-ray binary pulsar Cen X-3 on two di�erent

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 QPO.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.59 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

classi�ed 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 �elds of � 109 Gauss. In contrast,

the \atoll" pattern is characteristic of the X-ray bursters, with luminosities of only

about 1% of Eddington, and magnetic �eld 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



Figure 17: A comparison of the color-color diagrams for a Z vs. an atoll QPO

source.61

pairs, known as the \twin peaks". Initial analysis of the frequency spacing of these

peaks indicated that their separation was almost constant, at about 300 Hz. And,

amazingly enough, this seemed to match the frequency (or half that, assuming

that the bursts can emanate from two hot spots) seen in the bursts from the atoll

sources.63

While the original magnetospheric beat frequency model can not be applied

to the kHz QPO, it has been retooled to account for these new observations.43

The frequency of the upper twin peak has now been associated with the Keplerian

orbital frequency of matter in the inner accretion disk, perhaps just outside the

marginally stable orbit or at the sonic point.64 The lower twin peak then is

interpreted as the beat frequency between this Keplerian orbital frequency and

the neutron star's spin frequency. The 300 Hz di�erence frequency, which is often

seen in the X-ray bursts, is that of the neutron star spin.

New data, however, and data from the strongest, and hence best signal-to-

noise source (Sco X-1) have cast some doubt on this tidy interpretation. In Sco

X-1, the value of the di�erence frequency is observed to be anticorrelated with the

luminosity of the source.65 It is not possible for the neutron star's spin to change

on such rapid timescales, which leaves the door open for other possible models,

such as those in which oscillating photon bubbles (PBO) in the accretion stream

produce the QPO.66 In addition, the claim of �constant separation between the



twin peaks in other, less luminous sources, may be an artifact of the statistics.67

This is illustrated in Figure 18.

4 Physical Parameters of X-ray Binaries

In this section, I will review how X-ray data from earth-orbiting satellites are used

to determine the fundamental physical parameters of accreting neutron star and

black hole binaries, and how these parameters change with time. Observations

of compact X-ray sources provide information about the extreme conditions of

temperature, density, magnetic �eld and strong gravity that is not available in

earth-bound laboratory environments.

4.1 Neutron Star Spin

The spin of a neutron star is directly observable in Fourier analysis of the time

series data obtained with su�ciently sensitive X-ray detectors. Extremely high-

Q spikes (> 100; 000) are seen in the power spectra of these objects, for even

short stretches of data. For proportional counter detectors with areas in excess

of about 1000 cm2, individual pulses are easily seen, as pulsed fractions of the

underlying accretion luminosity are typically � 30%. A typical power spectrum,

from only � 30 minutes of data, and less than 500 cm2 of detecting area is shown

in Figure 19. The fundamental, and the �rst two harmonics of the 3.6 second

period are easily seen in this power spectrum for the transient Be-star system,

4U0115+63.

Changes in the spin rate from neutron stars were long believed to be well de-

scribed by accretion torque theory.68;69 Systems with accretion disks were believed

to be prograde, and hence should spin up as they received angular momentum from

the accreted material. In this standard accretion torque theory, the relation be-

tween the observed spin period P , the luminosity L of the X-ray source (which

measures the amount of transferred matter) and the predicted change in the spin

period _P are related by:

_P / P 2 L6=7 (6)

As shown in Figure 20, the theory appears to �t the long term trend towards

spin up found in many systems. In this �gure, the di�erent curves refer to di�erent



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 separation is not

necessarily constant as a function of the upper kHz QPO peak frequency. This

makes it di�cult to associate the peak separation with the neutron star spin.67



Figure 19: Power spectrum of a typical X-ray binary pulsar, 4U0115+63, using

data from SAS-3. The fundamental, at P = 3:6 s is easily seen, as well as the

�rst two harmonics.70



Figure 20: Period vs. luminosity according to standard accretion torque theory.68

values of the assumed magnetic moment � in units of 1030 Gauss cm3. Data for

this �gure were obtained by taking snapshots of the pulse period of the individual

sources at irregular intervals, with separations of months, for up to 10 years for

some sources.

However, recent continuous pulse monitoring by the BATSE experiment on

board the Compton Gamma-ray Observatory (CGRO) has shown that the simple

accretion torque picture must be replaced with something far more complex.71

Long term (�years) spin up trends, based on coarsely sampled data, are the

result of alternating intervals of spin up and spin down. Detailed analysis of the

two di�erent states has shown that the distribution of torques is roughly bimodal,

with the spin up torque slightly larger than the typical spin down torque. In some

systems, the torque changes sign as often as � 10 � 100 days, while in others,

the reversal is every 10 � 20 years. These observations have been interpreted

as evidence that the accretion disks in these system may be alternating between

episodes of prograde and retrograde rotation.72 Although this type of behavior



can be seen in numerical simulations of wind-fed systems, it seems di�cult to

achieve in systems that are accreting via Roche lobe overow.

In transient systems, however, the standard accretion torque theory seems to

hold, at least for the much shorter timescales of the outbursts. During outbursts,

accretion occurs, and the neutron stars spin up in good agreement with accretion

torque theory. Between outbursts, when little or no accretion occurs, the neutron

stars spin down again.

4.2 Neutron Star Magnetic Field

The strength of the magnetic �eld on the surfaces of neutron stars can be directly

inferred from the presence of cyclotron scattering resonance features in the energy

spectra of (at least nine) X-ray pulsars. Figure 21 shows a comparison between the

spectra of three X-ray pulsars with these features and one without. The magnetic

�eld strength can be derived73 as follows:

E =
ehB

2�me

(2n+ 1) +
p2z
2me

(7)

where E is the true cyclotron line energy, B is the magnetic �eld strength at the

neutron star surface, pz is the angular momentum along B, and n is the quantum

number specifying the Landau level. For the �rst cyclotron line, the electrons

transit from n = 1 to the n = 0 level. Neglecting changes in the longitudinal

angular momentum, we therefore �nd that:

E = 2�BB (8)

where �B is the Bohr magneton. However, the observed absorption energy

Eobs is related to the true energy E by the gravitational redshift factor:

Eobs =
E

1 + z
; (9)

where the redshift z is de�ned as:

1 + z = (1�
2GM

Rc2
)�1=2 (10)

and has typical values of z � 0:3. This yields a relation between the true

magnetic �eld strength B and the observed line energy Eobs:



B = 1:12� 1012(
Eobs

10 keV
)(
1 + z

1:3
) Gauss (11)

Cyclotron scattering resonance line features are observed between 7 and 40

keV, which corresponds to a range of surface magnetic �eld strengths between

(0:8� 4:4)� 1012 Gauss.

4.3 Neutron Star Radius

The most direct measurements of the radii of neutron stars are derived from obser-

vations of X-ray bursts in globular cluster sources, to which the distances can be

determined by independent methods. These black-body spectral �ts yield photo-

spheric radii of 10�20 km, consistent with the range expected for likely equations

of state. However, signi�cant uncertainties remain: there may be deviations from

pure black body spectra due to the e�ects of the neutron's star photosphere, the

radius expansion seen in many of the bursts indicates that the observed radiation

may not be emitted directly from the neutron star's surface, and the analysis

technique of subtracting the persistent accretion luminosity prior to �tting the

burst spectrum may introduce additional uncertainties.37

The more recent observations of kHz QPO in many of the accreting X-ray bina-

ries have provided a new method for the radius estimation for neutron stars.74;75;76

The highest observed QPO frequency is � 1100 Hz: this is seen in at least 8 sys-

tems. The ubiquitous nature of this highest frequency argues that it is associated

with the maximum predicted orbital frequency, found at the disk termination

radius. For most systems with weak magnetic �elds, this radius should be ap-

proximately equal to the marginally stable orbit rms, given an assumed General

Relativistic metric:

rms =
� G M

c2
: (12)

In the above equation, � is a factor which varies from 1 for a maximally

prograde Kerr (rotating) system, to 9 for an extreme retrograde Kerr system.

For the non-rotating Schwarzschild metric, � = 6. Therefore, for the canonical

1:4 M
�
neutron star (in a Schwarzschild metric), the assumption that the neutron

star radius must be inside rms sets a �rm limit of 12 km on its radius.



Figure 21: Energy spectra for four binary X-ray pulsars using data from the Ginga

satellite. Three show cyclotron lines: Her X-1 at � 35 keV, 4U0115+63 at 12 and

23 keV, and 4U1538-52 at 21 keV. Vela X-1, in the bottom left hand panel, does

not. The feature near 6.7 keV is the Iron K line.31



Figure 22: The de�nition of the orbital elements. The semi-major axis (a), and

the eccentricity (e) can clearly be seen on the �gure. The longitude of periastron

(!) is the angular distance between the plane normal to the observer's line of sight

and the periastron point along the orbit. The inclination angle (i), is the angular

distance between the plane of the orbit and the plane normal to the observer's

line of sight.77

4.4 Orbital Determination in X-ray Binaries

The �ve observational parameters which uniquely describe a binary orbit are

shown in Figure 22. They are: a, the amplitude of the semi-major axis; T , the

time of periastron passage; !, the longitude of periastron; e the eccentricity; and

i, the inclination angle of the orbit to our line-of-sight. The accuracy to which

these parameters can be determined has considerable dynamic range and depends

on the type of observational data which are available for a given system.



Figure 23: Doppler orbital �t for SMC X-1, a eclipsing, circular binary.78

4.4.1 X-ray Pulsars

Analysis of Doppler shifted pulses in X-ray binaries is used in the most accurate

determination of the �ve orbital elements.79 Fitting either the Doppler delays

or the pulse arrival times to Kepler's equation together with additional pulse

period derivative terms (to account for accretion torques) can yield results that are

extremely accurate (uncertainties are typically less than 10�6). Figure 23 shows

an example of the orbital �t for a high-mass, eclipsing binary with a circular orbit

(SMC X-1), while Figure 24 shows a Be-star transient pulsar in an eccentric orbit

(4U0115+63). In both cases, Doppler delays of the order of 50 -100 seconds are

seen, and residuals from the �ts are �tens of milliseconds. Figure 25 shows a

summary of the orbital �ts for 11 X-ray pulsars. The wide (and often eccentric)

orbits seen in the Be-systems V0332+53, 2S1553-54, and 4U0115+63 contribute

to the transient X-ray outbursts which are often seen in these binaries.



Figure 24: Doppler orbital �t for 4U0115+63, an eccentric, transient Be-star

system. Note the Doppler curve is skewed by the eccentric nature of the orbit.80



Figure 25: Comparison of the orbital dimensions for many of the X-ray binary

pulsars. The �ve smallest systems show eclipses, as does 4U0900-40 (Vela X-1),

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.81



4.4.2 Non-pulsing Low-mass X-ray Binaries

In contrast to the high-mass and/or pulsing X-ray binaries, there are only two low-

mass X-ray binaries which show true X-ray eclipses by the companion star.38;39

The orbital periods in these two systems can be determined to better than 10�8,

but the other four orbital elements cannot be well determined (although some

information is available from optical observations.) The two eclipsing sources and

an additional 10 LMXBs show irregularly spaced modulations or uctuations in

X-ray intensity (\dips") that are attributed to obscuration by the gas stream

from the companion star, as it joins the accretion disk. However, for the great

majority of these sources, no de�ning orbital signatures can be observed in X-

ray data. Optical modulation of the low-mass companion (or perhaps the X-ray

heated accretion disk) has resulted in the majority of the orbital determinations

in these types of systems, with correspondingly greater uncertainties.

The relative paucity of eclipsing low-mass X-ray binaries was explained in a

classic paper by Milgrom.82 Obscuration by the relatively large accretion disk

prevents X-rays from being detected when the inclination of the binary is optimal

for viewing X-ray eclipses by the companion star (i.e., in the orbital plane). When

the viewing angle begins to rise above the orbital plane, the companion star is so

small that there are only a few systems in which eclipses will be seen. And even in

these systems, the eclipses are very short, due to the grazing angle of the line-of-

sight. This observational situation is depicted in Figure 26 and a summary of the

orbits for many LMXBs in shown in Figure 27. Note that Her X-1 and 4U1626-67,

both pulsars, have low-mass companions, as do several of the black hole candidates

(represented in this �gure by A0620-00). One of the two eclipsing38 binaries, MXB

1659-29, is also shown in this �gure.

4.4.3 Orbital Evolution

Changes in the period of the binary orbit have only been detected in a handful of

X-ray binaries. In contrast to the Hulse-Taylor binary radio pulsar system,83 the

decay of X-ray binary orbits is not attributable to the emission of gravitational

radiation. In the high-mass X-ray binary Cen X-3, successive eclipse timings

over more than ten years were used by Kelley et al.84 to show that the fractional

change in the orbital period was decreasing by about 10�6 yr�1 (see Figure 28).

This orbital decay is consistent with a loss of angular momentum from the system



Figure 26: Observational properties of low-mass X-ray binaries as a function of

line-of-sight angle to the orbital plane.81



Figure 27: Comparison of the orbital dimensions for many of the low-mass X-ray

binaries. Note that Her X-1 and 4U1626-67 are pulsars, A0620-00 is a black hole

candidate, and MXB 1659-29 is one of two eclipsing bursters.81



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�10�6 M
�

yr�1. 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 < 10�10 yr�1. However, in the one eclipsing low-mass X-ray

binary for which data span many years (EXO 0748-676), the observed changes

in eclipse timing suggest a rate which is � 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.)



Figure 29: Change in the orbital period of the eclipsing low-mass X-ray binary

EXO 0748-676 as shown by the changes in the arrival time of its eclipses. The

sinusoid dot-dashed model is for a triple system. This, and the constant orbital

period model (straight line) are ruled out by the long term observations. However,

even the best �t, constant orbital period derivative model (dashed line) does not

formally �t the data.85



4.5 Mass Determination in X-ray Binaries

Techniques used to determine the mass of the compact object in an X-ray binary

system di�er for the X-ray pulsars (six of which are in eclipsing systems) and

black hole candidates. In the following sections, I will describe the methods used

in each case.

4.5.1 Neutron Star Masses

For X-ray pulsars in binary systems, the derived orbital elements from Doppler

shift analysis can be combined with Kepler's Third Law to derive the mass function

for the compact object. The mass function is de�ned as:

f(M) =
M3

x sin
3 i

M2
tot

(13)

where Mx is the mass of the compact object, i is the inclination angle to the

orbital plane from our line-of-sight, andMtot is the total mass in the binary system.

Detailed spectroscopic studies of the companion star are then used to determine its

mass (by identifying its spectral type. This process has signi�cant uncertainties,

however, in that the relationship between mass and spectral type is derived from

studies of non-interacting binaries.) And for those (six) systems, which show X-

ray eclipses, the assumed mass-radius relationship for the companion star is then

employed to �nd the inclination angle to the system. Figure 30 shows a summary

of the mass measurements derived in this manner for the six eclipsing systems, as

well as the mass measured for the Hulse-Taylor binary radio pulsar.83 In all cases,

the mass of the neutron star is consistent with 1:4 M
�
.

For the LMXB QPO sources, an equation-of-state independent relation has

been derived74 that yields the mass in terms of the Keplerian orbital frequency

at the marginally stable orbit, rms. Matter at rms can be related to the highest

QPO frequency observed for a given source:

M

M
�

=
2198

�max

(14)

Substituting the typical highest QPO frequency observed (� 1100 Hz) yields

neutron star masses of � 2 M
�
, signi�cantly higher than those found for the

neutron star pulsars. The LMXBs, however, have long been believed to be a

much older population than the pulsars, and this higher mass is consistent with



Figure 30: The masses of the six eclipsing X-ray binary pulsars and the Hulse-

Taylor binary radio pulsar.79



accretion for � 108 y at � 10% of the Eddington limit onto the original 1:4 M
�

object created in the supernova explosion.75;76

4.5.2 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 sin i km s�1, and

orbital period Porb (see Figure 31). These data measure the e�ect 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) =
Porb K

3

2�G
< Mx: (15)

The lower limit to the compact object's mass Mx 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-

Ru�ni 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

Cygni87 the mass function is 6:08� 0:06 M
�
, and the most likely mass is 12M

�
.

It should be noted however, that the Rhoades-Ru�ni neutron star mass limit of

3 M
�
, although independent of assumptions about the speci�c form of the neutron

star equation of state, does make certain assumptions that can be questioned. For



Figure 31: Optical radial velocity curve for the companion to the black hole

candidate Cygnus X-1. Radial velocities are measured in km s�1, and are shown

as a function of phase in the 5.6 d binary orbit.88



Figure 32: Roche lobe schematics for �ve black hole candidates.89



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.90 A0620-00 appears in

both this �gure and in Figure 32.



example, Rhoades and Ru�ni assume that General Relativity provides the correct

description of gravity in the strong �eld 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.91;92

4.5.3 Microquasar Masses

There are two galactic black hole candidate binaries which di�er 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.93 Because the masses of these two

objects are only � 10 M
�
rather than � 106 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 observations94 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 M
�
.

This agrees well with the interpretation of the 300 Hz QPO from this object as

resulting from matter circulating at the marginally stable orbit, rms. Applying

the same argument to the 67 Hz QPO seen from GRS 1915+105 yields a mass

estimate56 of � 33 M
�
.

An alternative origin for the 67 Hz QPO from GRS1915+105 has been ad-

vanced by Nowak and his collaborators.95 They interpret the QPO as diskoseismic

eigenfrequencies of the microquasar's accretion disk, and derive a black hole mass

ranging from 11 to 33 M
�
, for systems containing Schwarzschild to maximally

prograde Kerr black holes, respectively.



Figure 34: A comparison between extragalactic quasars and microquasar X-ray

binaries.96



4.6 Neutron Star Equations of State

In order to use X-ray observations to learn about the neutron star equation of

state, it is necessary to measure both the mass and the radius of the star for a

given object.74 Although observations of X-ray bursts have greatly constrained the

mass-radius relation31 for many of the low-mass X-ray binaries, many uncertainties

remain. The energy spectra from X-ray bursts may not be perfect blackbodies;

models of neutron star atmospheres have shown97 that the color temperature Tc

is greater than the e�ective temperature Te by a factor of � 1:5. However, recent

observations of the \twin-peaks" QPO, combined with X-ray burst observations,

may have given us a new observational handle on the problem.75;76

As an example, Kaaret, Ford and Chen75 show that the mass derived from the

highest frequency QPO is typically � 2M
�
. For the well studied X-ray burster

4U1636-53, they derive a mass of 2:02 � 0:12M
�
, where the uncertainty takes

into account both the observational uncertainty in the QPO measurement, as

well as additional theoretical uncertainties in the location of the emitting region

responsible for the QPO, and in the moment of inertia, which depends on the

equation of state. Interpreting a 4:1� 0:1 keV absorption feature in the spectrum

of an X-ray burst from this same object as redshifted absorption from Fe XXV

ions in matter accreted onto the neutron star surface, one can use Equation 10,

with a mass of 2:0M
�
to determine the radius. The value for the radius, found in

this manner, is 9:6� 0:6 km. QPO have been seen in the bursts from this source,

at a frequency of 581 Hz, which may be twice the neutron star spin frequency.98

These parameters are best suited to a soft or moderately soft equation of state for

a rapidly rotating neutron star, such as EOS-A or -AU, as calculated by Cook,

Shapiro and Teukolsky.99

5 Relativistic E�ects

In this �nal section, I review very recent, sometimes controversial evidence and

ideas regarding the direct observation of relativistic e�ects in systems containing

neutron stars and black holes.



5.1 Evidence For Event Horizons In Black Holes

Narayan and his colleagues100;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 di�erent X-ray spectra than quiescent neutron star transients. Their advec-

tion dominated accretion ow (ADAF) models give good results for �ts 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 e�ciency, as the advected material simply disappears over

the horizon, without radiating much of the thermal energy carried in the infalling

plasma. (The accretion e�ciency, �, 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) � � 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 � 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.101

5.2 Evidence For Black Hole Spin

Zhang, Cui and Chen103 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, rms. They have used this idea to

calculate blackbody spectra for black holes with di�erent rotation rates. Distinct

spectral di�erences are then found in the three di�erent spin classes: maximally

prograde Kerr, Schwarzschild (slowly or non-spinning) and maximally retrograde

Kerr. The accretion e�ciencies � di�er for these three classes of objects from 30%

to 6% to 3%, as rms changes from 1 to 6 to 9 times (GM=c2), respectively.

In this scenario, the microquasar sources contain maximally prograde Kerr

black holes. The extremely high accretion e�ciency (� = 30%) coupled with the

small rms 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 identi�ed 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 ine�cient accretion (� = 3%) coupled with

the relatively large rms 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 E�ect

Stella and Vietri104 were the �rst to suggest that QPO observed in the range 20

- 40 Hz from neutron star binaries could result from the Lense-Thirring e�ect.

If the plane of the accretion disk of material orbiting the neutron star is tilted

with respect to that de�ned 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 �eld approximation is given by:

�LT =
8�2I�2K�s
Mc2

= 13:2 I45 M�

�1 �2K3
�s2:5 Hz (16)

where I45 is the moment of inertia of the neutron star in units of 1045 g cm2,

�K3 is the Kepler frequency of the orbiting material in kHz, and �s2:5 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 di�erence frequency from the twin kHz QPO peaks yields the

neutron star spin period, �s. Some of the evidence in support of this conjecture

is given by the quadratic dependence of �LT on �K. 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 Chen105 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 �eld approximation used by Stella and Vietri was not

appropriate, so Cui et al. modi�ed the equations to apply to strong �eld 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.103 In particular, the microquasar GRO

J1655-40, which has a well-determined94 black hole mass of � 7 M
�
, is found to be



rotating at 95% of maximum, while the more typical black hole candidates, such

as Cyg X-1 are only rotating at � 50% of maximum. Further analysis, however, of

GRO J1655-40 has complicated the picture as three other QPO frequencies have

been found57 in some observations of the source. It is therefore not clear which

QPO frequency, if any, should be attributed to the e�ects of frame-dragging.

5.4 Jet Formation In Black Hole Systems

Perhaps the most dramatic results of observations using the Rossi X-ray Timing

Explorer are those106 of Eikenberry et al., in which ground-based infrared data

are combined with the X-ray data to show the �rst direct evidence for a con-

nection between instabilities in the inner accretion disk around a black hole and

the formation of jets emanating from outside its event horizon. As can be seen

in Figure 35, the X-ray and infrared emissions are correlated at the beginnings

of the ares, although with a � 310 second lag at infrared wavelengths. As the

emissions seen in the two bandpasses decouple, the X-ray luminosity begins to

oscillate wildly (with a quasi-period of about 10 seconds), until it �nally cuts o�.

The infrared emission persists and decays slowly, following the disappearance of

the X-rays. The cycle then repeats about every 30 minutes.

Eikenberry and his colleagues interpret these striking results in the following

manner: the initial linkage between the X-ray and infrared ares indicates that

the emissions in both bandpasses are triggered by the same event. The rapidly

oscillating intense X-ray luminosity is associated with activity in the inner disk.

Some of the disk material is then ejected to form the longer-lasting non-thermal

infrared107 (and radio108) emission. These ares are similar to, but not as large as

the previously observed93 superluminal events from the same object. The subse-

quent disappearance of the X-ray emission may indicate that the material in the

inner disk has left the system: either by falling over the black hole's event horizon

or in the form of the jet material.

5.5 Gravity Wave Generation From Rotating Neutron Stars

The unexpected strength of a gravitational radiation driven instability in hot

young rapidly rotating neutron stars has recently been shown109;110 to quickly

(� 1 year) reduce the initially rapid rotation rate of the star to � 100 Hz. The

instability occurs in the l = 2 r�mode, and the resulting radiation couples to



Figure 35: Coordinated infrared and X-ray observations of GRS 1915+105, a

microquasar.106

this mode through current, rather than mass multipoles. Detectable gravitational

waves may result from this process, which carries away most of the angular mo-

mentum of newly formed neutron stars.

Another mechanism for reducing the neutron star's spin rate by the emission of

potentially observable gravitational radiation has been suggested by Bildsten.111 If

the thermal distribution of the neutron star's interior has a large scale asymmetry

which is not aligned with its spin axis, a time varying quadrupole moment can

be produced, of su�cient strength to spin down accreting neutron stars to the

observed periods near 300 Hz. Unlike the previously discussed r-mode instability,

this thermally driven mechanism will only a�ect accreting neutron stars, as the

outer crust must be heated by the repeated electron captures which occur in the

accreted material.

6 Summary

X-ray observations of compact objects are a powerful tool for studying gravity in

the strong �eld regime. New information about the physical properties of black



holes and neutron stars o�ers the hope that predictions of General Relativity

in this regime will be thoroughly examined. Evidence for relativistic e�ects 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 �rst 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-1 (the �rst 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 �rst all-sky survey.

The subsequent improvement in source positions (to much less than 0.1 square

degrees in most cases) required a di�erent naming system. The Fourth Uhuru

catalog112 lists � 350 X-ray sources, with names like 4U1617-15 (Sco X-1), 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-1

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 pre�xes 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 ow 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 are in those binary systems with orbiting

neutron stars.



Burster or X-ray Burst Source: A neutron star which emits occasional very

intense ashes of X-ray emission. Bursts last for 10-20 seconds, and recur on

timescales of hours to days. They are interpreted as thermonuclear ashes oc-

curring in the surface layers of the neutron star. Thermonuclear bursts are often

referred to as Type I, to distinguish them from the very rapid Type II bursts which

are believed to result from instabilities in the accretion ow.

Eddington limit: The critical luminosity where the outward force from radia-

tion pressure balances the inward gravitational force on the accreting matter, and

hence stops the accretion ow. The Eddington luminosity is given by:

LEdd =
4�GMmpc

�T
= 1:3� 1038 (

M

M
�

) ergs s�1: (17)

In the above equation, M is the mass of the accreting object, mp is the mass

of a proton (assumed Hydrogen plasma accretion), and �T is the Thomson cross-

section for electron scattering.

Equation of State: The equation P = P (�), which determines the relationship

between the mass and radius for compact objects. Equations of state (EOS) vary

from soft to sti�. In a soft EOS, the average system energy is attractive when

nuclear density (�nuc = 2:8 � 1014 g cm�3) is reached. For sti� EOS, energy

from repulsive interactions dominates at densities greater than nuclear. This

extra pressure against gravitational collapse produces neutron stars with higher

maximum masses, larger radii for a given mass, thicker crusts and lower central

densities.

Lense-Thirring e�ect: A prediction of General Relativity, �rst worked out by

physicists W. Lense and H. Thirring in 1918. They realized that a torque-free

gyroscope will precess relative to an inertial frame at in�nity. For X-ray binaries,

this translates into the observational e�ect that particles in accretion disks which

are inclined with respect to the spin axis of the compact object may precess as

they orbit around it. Another way to say this is that rotating bodies have the

ability to drag their inertial frame (i.e., space and time) around with them as they

rotate. Hence this e�ect is often known as frame-dragging.

M
�
: One solar mass, � 2� 1033 grams.

Magnetar: A neutron star with an extremely intense magnetic �eld, B �

1014�1015 Gauss. Starquakes causing magnetic reconnection in the surface layers

of magnetars have recently been suggested as the cause of the bursts seen from



the Soft Gamma-ray Repeaters.

Microquasar: An accreting black hole binary which shows superluminally ex-

panding radio jets. The jets are similar to, but much smaller than those seen in

extragalactic quasars.

Periastron: In an eccentric binary orbit, the distance of closest approach be-

tween the stars.

Prograde: A system in which the accreting material has the same angular

momentum vector direction as does the spin vector for the compact object. In

prograde systems, the accreting object should spin up as it accretes material.

Pulsar: A rotating neutron star that emits strictly periodic pulsations. These

can be found both isolated and in binary systems.

Pulsar Wind: A relativistic positron/electron plasma which is emitted from

isolated, rotating neutron stars. The wind is powered by the loss of rotational

kinetic energy as the pulsar's spin slows.

Quality or Q-factor: This is de�ned in a power spectrum as Q = �
��
. It is

used to characterize the sharpness of the observed spectral peaks.

Retrograde: A system in which the accreting material has the opposite an-

gular momentum vector direction to the spin vector for the compact object. In

retrograde systems, the accreting object should spin down as it accretes material.

Quasi-periodic Oscillations: Regular pulses that occur at slightly changing

frequencies. QPO are seen from both neutron stars and black holes in X-ray

binaries.

Roche lobe: The gravitational equipotential surface in a binary system. Roche

lobe overow is an accretion mechanism where the slowly evolving low-mass com-

panion star's outer layers expand outside of the Roche lobe. Matter can then be

transferred through the inner Lagrangian (L1) point to the vicinity of the compact

object. Typical accretion rates with this mechanism are around 10�10 M
�
yr�1.

Stellar Wind Capture: The mass transfer mechanism typically found in high-

mass X-ray binary systems. The rapidly evolving high-mass companion star sheds

copious material (usually Hydrogen plasma) in an outgoing wind, some of which

can be captured by the compact object. Typical mass loss rates are around 10�6

M
�
yr�1; of this, perhaps 1% is captured by the compact object.

X-ray binary: A white dwarf, neutron star, or black hole with a companion

star that is usually on the main sequence, i.e., burning nuclear fuel in its core.

The conventional way to refer to these systems is to classify them according to the



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 nova: A binary system in which transient, intense

X-ray emission is visible for a duration of �months out of �years. Transient

emission can be seen from both black hole and neutron star X-ray binaries.
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