where the optical condensations are ~1 arc
sec in size (36); their masses are about 107>
Mg or less per clump, and their number may
total 3500. In all probability, their mass loss
is very low, thus allowing a lifetime exceed-
ing that of the PN stage. At present, it is not
known what the fate of these clumps is, if
they survive. If they are gravitationally
bound, they will eventually collapse into
solid bodies, leaving behind a cooling white
dwarf surrounded by thousands of planets;
otherwise, they will expand and dissipate
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Using Neutron Stars and Black
Holes in X-ray Binaries to Probe
Strong Gravitational Fields

Philip Kaaret and Eric C. Ford

Neutron stars and black holes can be studied by observation of the radiation produced
as matter falls into their gravitational fields. X-ray binaries, which are systems consisting
of a neutron star or black hole and a companion gaseous star, produce radiation in this
manner. Recently, oscillations at frequencies near 1000 cycles per second have been
detected from x-ray binaries. These oscillations are likely produced in regions of very
strong gravitational fields within a few tens of kilometers of the compact star. The
oscillations have been interpreted as evidence for the existence of an innermost stable
orbit near a compact star, a key prediction of general relativity theory. The study of x-ray
binaries has also advanced the search for definitive evidence of black holes. Recent
developments in our understanding of accretion flows in x-ray binaries have provided
evidence for the existence of event horizons in x-ray binaries thought to contain black

holes.

Neutron stars and stellar-mass black holes
are born in the deaths of gaseous stars, when
exhaustion of the nuclear energy of a star
causes it to collapse under the pull of grav-
ity. Here we consider x-ray binaries, which
are stellar binary systems composed of a
black hole or neutron star in orbit with a
companion gaseous star, in which the com-
pact star is made visible by matter taken
from the companion and drawn toward the
compact star (I). Matter falling in the grav-
itational field of the compact star gains
kinetic energy that can be released as radi-
ation. In certain x-ray binaries, x-ray emis-
sion can arise from a region only a few tens
of kilometers across near the compact star.
These x-rays are a direct probe of the region
of strong gravitational fields near the com-
pact star.

Perhaps the strongest motivation for the
study of x-ray binaries is to investigate

The authors are at the Columbia Astrophysics Laborato-
ry, Columbia University, New York, NY 10027, USA. E-
mail for P. Kaaret: kaaret@astro.columbia.edu

strong gravitational fields. Because the ra-
dius of a stellar-mass neutron star is only
about 10 km, the gravitational field at the
surface of a neutron star is 10° times stron-
ger than at the surface of the sun. In grav-
itational fields of such strength, qualitative-
ly distinct predictions arise when general
relativity is compared to Newtonian theo-
ries of gravity. One such prediction of gen-
eral relativity is that matter orbiting suffi-
ciently close to a compact star will be un-
able to maintain a stable orbit and will fall
into the star (2). A possible signature of the
boundary between stable and unstable or-
bits has been identified in oscillations de-
tected from neutron star x-ray binaries dur-
ing the past year (3).

Observations of x-ray binaries may also
provide evidence of objects that have suf-
fered complete gravitational collapse: black
holes (4). The most striking difference be-
tween a black hole and a neutron star is
that neutron stars have surfaces whereas

black holes do not. The boundary of a black
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hole—the event horizon—has no distin-
guishing features that would mark the loca-
tion of a “surface” to a local observer. Mat-
ter falling through the event horizon does
not stop and release observable radiation, it
simply falls in. The radiation observed from
black hole x-ray binaries is emitted from
matter before the matter falls into the black
hole. In contrast, matter striking the surface
of a neutron star produces copious radia-
tion. Proving that an object is a black hole
is tantamount to demonstrating that a com-
pact star has no surface. Appropriately, the
proposed evidence is an absence of radia-

tion (5).
Neutron Star X-ray Binaries

Firm evidence that a compact star is not a
black hole can come from the detection of
radiation from a surface. X-ray bursts, which
are intense flashes of x-rays typically lasting
a few seconds, were discovered from a num-
ber of x-ray binaries in the 1970s (6). The
spectrum of radiation of x-ray bursts is a
blackbody spectrum with a temperature of a
few 107 K (7). Extensive observation and
theoretical analysis of x-ray bursts has con-
firmed that they are thermonuclear flashes,
ignited when sufficiently thick layers (1 m)
of hydrogen and helium build up on the
surface of a compact stellar object (1). De-
tection of an x-ray burst establishes that a
compact star has a surface and is thus a
neutron star rather than a black hole.

In the neutron star binaries of interest
here, matter drawn from the companion
star forms an accretion disk around the
neutron star (Fig. 1). Interactions within
the accretion disk cause dissipation of en-
ergy and transport of angular momentum
(8). Transport of angular momentum out-
ward through the disk allows matter in the
disk to gradually spiral inward toward the
neutron star. Dissipation of energy heats the
matter in the disk and leads to the emission
of radiation. Infrared (IR) and optical light
come from the outer and cooler parts of the
disk, whereas x-rays come from the inner
and hotter parts of the disk. If energy is
radiated efficiently (9), matter in the disk
will follow circular orbits. In this case, the
orbital frequency v of an element of the
disk is uniquely related to its distance, 7,
from the neutron star according to Kepler’s
third law, vz = GM/4n?, where M is the
neutron star mass and G is the gravitational
constant. The Keplerian orbital frequency
increases closer to the star, with the highest
orbital frequencies being at the inner
boundary of the accretion disk near the
neutron star. For a typical inner radius of 10
to 20 km, the orbital frequency is near 1000
Hz.

Recently, oscillations near 1000 Hz were
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detected (10—13) from several neutron star
x-ray binaries in x-ray observations made
with NASA’s Rossi X-Ray Timing Explorer
satellite (RXTE) (14). A typical timing
power spectrum (Fig. 2) (11) shows narrow
peaks at high frequencies. The peaks indi-
cate oscillations that are not completely
periodic but still have a well-defined aver-
age frequency, so they are considered quasi-
periodic oscillations (QPOs).

Most of the high-frequency QPOs arise
from a class of neutron-star x-ray binaries
referred to as atoll sources (15). Atoll sourc-
es are thought to have weak magnetic fields
(<10® G), and low luminosities (L < Lg
where L is the Eddington luminosity) (16).
The atoll sources often show two distinct
QPOs that appear simultaneously (Fig. 2).
The QPO frequencies vary and are strongly
correlated with source flux. However, the
frequency difference between the two si-
multaneous QPOs is independent of source
flux. In the atoll source 4U 06144091, the
frequency difference between the two
QPO:s is consistent with a constant value of
323 * 4 Hz in observations covering a time
span of 3 months (Fig. 3) (17). This indi-
cates the presence of a clock in the system
that is stable over time scales of at least 3
months.

Neutron star or black hole

Accretion disk:

Companion star
Fig. 1. An x-ray binary system containing a com-
pact star, the accretion disk surrounding the com-
pact star, and a companion star.
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Fig. 2. Timing power spectrum of x-ray emission
from the neutron star x-ray binary 4U 1728-34
(71). Narrow peaks are present in each power
spectrum at frequencies near 1000 Hz. The peaks
are significantly broader than would be expected
for a coherent periodic oscillation and are referred
to as QPOs.

A simple interpretation of the QPO fre-
quencies from atoll sources involves the
differential rotation of the inner part of the
accretion disk and the neutron star (18). In
this model, there are three relevant fre-
quencies in the system: the frequency of
Keplerian orbits at the inner edge of the
accretion disk vy, the spin frequency of the
neutron star vg, and the difference between
these frequencies: the “beat” frequency vy
= v — vg (Fig. 4). The higher frequency
QPO is identified as vy and the lower fre-
quency QPO is identified as vg. As the rate

1000 4

QPO frequency (Hz)

400

L ! " L 1 1

1 6
Black-body fiux (10-10 erg cm=2 s°1)

Fig. 3. Behavior of the high-frequency QPOs from
the atoll source 4U 0614 +091 as a function of the
flux of a black-body component in the x-ray spec-
trum of the source, adapted from (79). In most
observations, two QPOs are present simulta-
neously. Plus signs indicate observations taken in
April 1996; asterisks indicate observations taken
in August 1996. The errors indicated are 1o for
both frequency and fiux. The frequency difference
between the simultaneously detected QPOs is
consistent with 323 + 4 Hz in all cases.

Accretion disk

| &4 ‘.u\_/{ilnner edge of disk

| *Neutron star
“vg  magnetic field

Fig. 4. Schematic representation of the inner ac-
cretion disk near the neutron star. Only half of the
inner part of the disk is shown for clarity. In the
beat frequency model there are three relevant fre-
quencies. Matter at the inner edge of the disk
orbits at a Keplerian orbital frequency v,. The neu-
tron star spins at a frequency v, Differential rota-
tion of the accretion disk and the neutron star
generates the beat frequency vg = v — vs.

Neutron star
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of the neutron star’s spin changes very slow-
ly, the frequency difference between vy and
vy should remain constant, as is observed
from 4U 0614+091.

A striking confirmation of the beat fre-
quency model comes from observations of
the atoll source 4U 1728-34. Strohmayer et
al. (11) detected two simultaneous high-
frequency QPOs (Fig. 2) with a constant
frequency difference of 360 = 6 Hz . They
also detected single QPOs during x-ray
bursts. The QPO frequency reaches a con-
stant value of 363 Hz and becomes essen-
tially coherent toward the end of the burst.
As x-ray bursts are known to originate at
the surface of the neutron star, the QPO
frequency during the bursts is a direct de-
tection of vg. The spin frequency is equal to
the difference of the two QPOs detected
simultaneously in the persistent emission
(11), as expected in the beat frequency
model.

In 4U 0614+091 and 4U 1728-34, the
QPO frequencies increase as the x-ray count
rate increases (11, 17). The higher frequency
QPO in 4U 0614+091 is well correlated
with the flux of a blackbody component of
the x-ray spectrum (Fig. 3) (19). If the black-
body flux is taken as an indicator of the mass
accretion rate, this implies that the inner
edge of the accretion disk moves inward as
the mass accretion rate increases. This can

103 T
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105 & 3

106 E

Luminosity variation
>

107} .

108 1 |

0.1 1.0 10.0
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Fig. 5. Luminosity variation versus maximum ob-
served luminosity for neutron star and black hole
x-ray transients, adapted from (5). The triangles
are neutron star systems and the squares are
black hole candidate systems. The maximum lu-
minosity is given in units of the L (76) fora 1.4 M,
star. The luminosity variation is the ratio of the
minimum observed luminosity to the maximum
observed luminosity. For two of the black hole
candidate systems (squares with arrows), only up-
per bounds on the minimum luminosity are avail-
able. Transient systems are identified as contain-
ing a neutron star if x-ray bursts have been ob-
served or as black hole candidates if the compact
star mass is in excess of 3 M,
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be explained if the position of the inner edge
of the accretion disk is determined by either
magnetic or radiation forces.

For neutron stars with sufficiently strong
magnetic fields, the inner boundary of the
disk is located at the magnetospheric radius,
the point where the kinetic energy in the
accretion flow equals the magnetic field
energy (20). At the magnetospheric radius,
matter in the disk is channeled along the
magnetic field lines of the neutron star and
the accretion disk is disrupted. Inward of
this point, matter will rotate synchronously
with the neutron star. The magnetospheric
radius shrinks, and therefore vy increases, as
the mass accretion rate increases. The rela-
tion between vy and flux observed for 4U
06144091 (Fig. 3) is consistent with that
expected from a simple magnetospheric
model (18) and observed in x-ray pulsars
(21).

For neutron stars with sufficiently weak
magnetic fields, the position of the inner
edge of the accretion disk may be deter-
mined by radiation produced at the surface
of the star rather than by the magnetic field
of the star (22). Photons from the neutron
star scattering in the accretion disk can
remove angular momentum from the disk
and cause matter in the disk to spiral in
toward the star. The inner boundary of the
disk occurs at the sonic radius, where the
radial speed of the infalling matter exceeds
the local sound speed in the disk. Matter
inward of the sonic radius spirals rapidly
into the neutron star and creates a pattern
frequency at the neutron star surface equal
to v at the sonic radius. The sonic radius
and vy depend on the mass accretion rate in
the disk and the luminosity from the surface
of the neutron star (23). QPOs may be
generated at the sonic radius even if radia-
tion forces are not important in determin-
ing the location of the sonic radius (22).

In contrast to the atoll sources, the
source Sco X-1 exhibits two simultaneous
QPOs with a varying frequency difference
(10). The frequency difference is near 310
Hz at low frequencies and decreases sharply
to 230 Hz as the QPO frequency reaches
the maximum observed value of 1085 Hz.
Sco X-1 is classified as a “Z” source and has
a much higher luminosity (L ~ L;) and a
higher magnetic field (B ~ 108 — 10° G)
than the atoll sources (I15). Theoretical
models other than the beat frequency pic-
ture have been suggested to explain the
high-frequency QPOs in Z sources, most
notably the photon bubble oscillation mod-
el (24). However, recent observations show
none of the additional QPOs predicted by
this model (25).

The QPOs observed in Z and atoll sourc-
es are similar: two simultaneous QPOs with
varying frequency, maximum QPO frequen-

cies near 1100 to 1200 Hz, and a frequency
difference of several 100 Hz. The data from
atoll sources are consistent with a simple
beat frequency model (26), but the varying
frequency difference in Sco X-1 rules out
the simplest beat frequency model for Z
sources. As the properties of Z sources differ
from those of atoll sources, it is not unrea-
sonable to suppose that the high-frequency
QPOs in the two classes of sources have
different origins. However, the similarity of
the QPOs in Sco X-1 to those in the atoll
sources suggests that it should be possible to
describe both classes of sources with a single
model. The change in the frequency differ-
ence in Sco X-1 is relatively small (80 Hz,
or 7% of the maximum frequency of 1085
Hz). Such a model will likely include effects

of both magnetic and radiation forces.

Neutron Star Masses and the
Marginally Stable Orbit

If the frequency of a QPO is identified with
a Keplerian orbital frequency, then the
QPO frequency can be used to estimate the
mass of the neutron star. This is because
there is a maximum vy, for a star of a given
mass. In Einstein’s theory of general relativ-
ity, stable orbits exist only outside a certain
radius from a massive object. Particles or-
biting inside the radius of the marginally
stable orbit (MSQO) invariably spiral into
the central object. For a nonrotating neu-
tron star, the radius of the MSO is r_, =
6GM/c?, which gives a maximum vy =
(GM/4m?2 )V = (2198 Hz) (Mc/M) (22)
(Mg is the mass of the sun).

The MSO has been incorporated in ac-
cretion disk models since the original pa-
pers on the theory of thin accretion disks
around compact stars (27). The MSO is
taken as the inner boundary of disks sur-
rounding black holes or neutron stars with
sufficiently small radii and low magnetic
fields. Above, we discussed models in which
the inner boundary of the disk varies with
mass accretion rate because of the effect of
magnetic or radiation forces. If the disk’s
inner boundary moves inward to the MSO,
then magnetic and radiation forces will no
longer determine its position; the boundary
will remain near the MSO. This places an
upper bound on the orbital frequencies that
can be observed from an accretion disk
around a neutron star of a given mass.

Conversely, observation of a particular
orbital frequency places an upper bound on
the mass and radius of the compact star
(22). The maximum QPO frequencies ob-
served from neutron star x-ray binaries all
lie in a relatively narrow range of 1000 to
1200 Hz (28). If this maximum frequency is
interpreted as the Keplerian frequency at
the MSO, then the inferred neutron star
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masses are near 1.8 to 2.0 Mg (17, 28). If
this interpretation is correct, the neutron
star radii must be smaller than the 17-km
radius of the MSO (17, 22).

If the inner disk is terminated at the
MSQO, then QPOs may be generated at the
sonic radius (29). Muchotrzeb-Czerny
found that the sonic radius lies close to, but
outside, the MSO and moves only slightly
(less than 10%) with varying mass accre-
tion rate (30). The behavior of the QPOs in
certain sources has been interpreted as ev-
idence that the accretion disk actually
reaches the MSO (3). The atoll source 4U
1608-52 exhibits QPOs with nearly con-
stant frequency; the QPO frequency varies
by less than 10% as the total x-ray flux
changes by a factor of 2 (12). In contrast,
the QPO frequencies in 4U 0614+091 (Fig.
3) and in 4U 1728-34 (11) change by a
factor of 2 as the total x-ray flux changes by
a factor of 2. These two qualitatively dis-
tinct QPO behaviors can be explained by a
single mechanism if the position of the
inner edge of the accretion disk varies rel-
ative to the position of the MSO (3). In 4U
0614+091 and 4U 1728-34, the position of
the inner edge of the accretion disk shifts as
the mass accretion rate changes. This leads
to a QPO frequency that is correlated with
x-ray flux. As the mass accretion rate in-
creases, the inner edge of the accretion disk
moves inward. At sufficiently high accre-
tion rates, the inner edge of the disk will
move near the MSO. At this point, mag-
netic and radiation forces no longer play an
important role in determining the position
of the inner edge of the accretion disk.
Instead, the accretion disk is terminated
near the MSQO. This leads to a QPO fre-
quency that is independent of x-ray flux
(3).

The interpretation of the QPOs in 4U
1608-52 as evidence for the existence of the
MSO requires that the QPO frequency be
related to v or vy and that the radius
determining the QPO frequency wander
over a narrow range near the MSO. Moti-
vation for relating the QPO frequency to vy
comes from the success of the beat frequen-
cy model in describing the data from atoll
sources. The inadequacy of this model for
the Z sources raises a caveat. It is also
possible that the nearly constant frequency
QPO in 4U 1608-52 is generated by a pro-
cess unrelated to v or vy (31). However,
the atoll source 4U 1636-536 exhibits a pair
of simultaneous QPOs with frequencies that
correlate with inferred mass accretion rate
and have constant frequency difference in
some observations, and a single QPO with a
frequency that is approximately constant
and not correlated with mass accretion rate
in other observations (32). The frequency
of the single QPO lies near the maximum

www.sciencemag.org * SCIENCE ¢ VOL. 276 ¢ 30 MAY 1997

vy observed during the mass accretion rate—
dependent phase. The near equality of the
frequencies (33) and the fact that the two
QPO behaviors are not seen simultaneously
bolster interpretation of the mass accretion
rate—independent QPO as related to vy at
the MSO.

The question of where the QPO is gen-
erated relative to the MSO should be further
investigated theoretically. Calculations of
the sonic radius should be extended to a fully
relativistic treatment and carried out for a
variety of accretion disk models and viscosity
prescriptions. Independent measurement of
the neutron star mass would allow determi-
nation of the MSO radius. Although optical
mass measurements are notoriously difficult
for neutron star x-ray binaries, recent results
on transient x-ray binaries (34) and IR pho-
tometry of neutron star x-ray binaries (35)
are encouraging, and such measurements
should be given high priority on large tele-
scopes. Confirmation of the relation be-
tween the MSO and QPOs would provide
the first confirmation of this key prediction
of general relativity theory.

Identification of an observed QPO fre-
quency from 4U 1636-536 with vy at the
MSQO provides a measurement of the neu-
tron star mass, rather than merely an upper
limit. The dragging of inertial frames
around a rotating neutron star slightly mod-
ifies the position of the MSO. The neutron
star mass is then M = 2.198 M(v,/1000
Hz)"! (1 — 0.748))", to first order in
dimensionless angular momentum of the
neutron star j = 2mclvg/GM?, where [ is the
moment of inertia of the neutron star and ¢
is the speed of light (3, 36, 37). The QPO
and neutron star spin frequencies measured
for 4U 1636-536 imply a mass of 1.98 =
0.12 Mg. The largest uncertainty in the
mass determination comes from theoretical
uncertainty in the relative locations of the
MSO and the orbit that gives rise to the
observed QPOs (38). This mass is greater
than the masses of neutron stars found in
the relativistic binary radio pulsars, which
are all near 1.4 M, (39) and are thought to
represent the neutron star mass at forma-
tion. The total mass transfer required to
increase the mass to 2 Mg is compatible
with estimates of the total accretion over
the lifetime of an x-ray binary (28) and also
with the inferred mass of the companion
star (0.4 Mg) in the 4U 1636-536 system
(40). The existence of a neutron star of 2
Mg, would have significant implications for
the equation of state of nuclear matter (41,

42).
Black Hole X-ray Transients

Certain x-ray binary systems produce x-rays
only intermittently. During outbursts, soft

x-ray transients (43), also known as x-ray
novae, have reached peak luminosities in
excess of 10° times the luminosity of the
sun, and some have produced collimated
jets moving at speeds up to 0.92c (44). The
compact stars in the brightest x-ray tran-
sients are thought to be black holes. Curi-
ously, the best evidence that the compact
stars are black holes and also the best direct
evidence for the existence of event horizons
comes from observations made when these
transient sources are in their quiescent
states and produce relatively few x-rays.

The traditional method to prove that a
compact star is a black hole is simply to
demonstrate that its mass is in excess of 3.2
Mg An upper bound of 3.2 Mg can be
placed on the mass of a nonrotating neu-
tron star given the assumptions that general
relativity theory is correct, the speed of
sound in nuclear matter does not exceed
the speed of light, and the equation of state
of nuclear matter is known at densities less
than 4.6 X 10" g cm™> (45). If these
assumptions are accepted and the possibility
of exotic compact stars is disallowed, then
measurement of a compact star mass in
excess of 3.2 M, implies the presence of a
black hole.

The mass of the compact star in an x-ray
binary can be determined from spectroscopy
and photometry of optical light from the
companion star in the binary system (46).
As optical emission from the accretion disk
and x-ray heating of the companion can
lead to light curves that are complex and
difficult to interpret, such measurements
are best made when the x-ray flux from the
system is low. The best mass determinations
have been made for transient x-ray binaries
in quiescence. This approach was pioneered
by McClintock and Remillard (47), who
derived a mass lower bound of 3.2 M, and
thus a black hole identification, for the
x-ray transient A0620-00. Subsequent mass
determinations have led to several more

identifications of black holes (46).

Evidence for the Event Horizon

Although lower bounds in excess of 3 Mg, on
the masses of compact stars are generally con-
sidered evidence for the existence of black
holes, this line of reasoning is unsatisfying
because it uses none of the intrinsic properties
of black holes. The most direct proof of the
existence of a black hole would be evidence of
an event horizon, confirmation of the absence
of a surface in a compact star.

In standard thin accretion disk models,
as discussed above for neutron star binaries,
the release of gravitational potential energy
heats the gas in the disk and the gas cools
rapidly by radiating photons (8). It is as-
sumed that the heat input, via viscous dis-
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sipation of released gravitational potential
energy, and the heat output, by radiation,
are balanced at each point in the disk. Such
accretion disks radiate efficiently; typically
nearly 10% of the rest mass energy of the
accreted matter is radiated (27). Because
the disk is so luminous, the release of energy
at the surface of a neutron star increases the
total luminosity by only a factor of 2 to 3
relative to a black hole system where lumi-
nosity comes only from the disk.

Accretion disks are expected to form in
x-ray binaries where the accreting matter
has non-zero net angular momentum. If the
accreting matter has zero net angular mo-
mentum, it can fall toward a compact star
without dissipation of angular momentum
or energy, and the accretion flow is approx-
imately spherical (48). The radiative effi-
ciency—the fraction of rest mass energy of
accreting matter released as radiation—of a
spherical flow is very low (49).

The key new element in the search for
the event horizon is the recognition that a
spherical accretion flow can form in an
x-ray binary if the accreting matter does not
radiate efficiently (50). If the thermal en-
ergy of the dccreting gas is not radiated,
then it will be carried along with the infall-
ing gas or advected. Advection is important
when the time scale for radiation is longer
than the time scale on which gas falls into
the black hole. Radiation occurs mainly
from interactions of electrons, whereas most
of the energy released in viscous dissipation
goes into ions. If the transfer of energy from
ions to electrons is inefficient and the ac-
creting matter is transparent to radiation,
then the ions can become much hotter than
the electrons and store thermal energy (51).
Such conditions can arise if the mass accre-
tion rate is low (52). Advection makes the
differences between neutron star and black
hole x-ray binary systems definitive. With
advection in neutron star systems, the lu-
minosity is dominated by energy released at
the surface of the neutron star and the
radiative efficiency is always about 10%. In
black hole systems, there is no surface at
which to release energy and luminosity aris-
es only from the accretion flow; the radia-
tive efficiency can drop below 0.1% (53).

Broad-band spectra from black hole can-
didate x-ray transients in quiescence have
been interpreted as evidence for advection-
dominated accretion flow (ADAF) (53,
54). The mass accretion rates required in
the outer disk to produce the optical emis-
sion observed would produce an x-ray lumi-
nosity far higher than that observed if the
inner disk is radiatively efficient. In the
ADAF models, the efficiency of the inner
disk is greatly reduced and the optical, ul-
traviolet (UV), and x-ray data can be fit
simultaneously (53) However, this is not
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unambiguous evidence for an event hori-
zon, as neutron star x-ray binaries have
x-ray—to—optical luminosity ratios similar
to those of black hole systems (43). Because
the x-ray efficiency of neutron star systems
cannot be low, the low x-ray luminosities
indicate that the mass accretion rate onto
the neutron star is lower than the accretion
rate in the outer disk. This may indicate
storage of material in the outer disk (55). If
so, the same mechanism could operate in
black hole systems. The low x-ray lumosi-
ties may instead be caused by repulsion of
matter by the magnetosphere of the neu-
tron star (56). This effect does not occur
with black holes; however, accreted matter
may be expelled as a jet or outflow rather
than lost over the event horizon. An inter-
esting test of ADAF models would be to
attempt to fit the spectra of quiescent neu-
tron star x-ray binaries with the use of
ADAF models of black hole systems.
Luminosity variations in x-ray transients
have been interpreted as evidence for the
presence of black holes. Comparison of the
ratio of minimum to maximum luminosity
of neutron star and black hole systems (Fig.
5) shows that the black hole candidates all
have a wider range of luminosity variation
(5, 57). ADAF models predict that black
hole binaries at low accretion rates will
have very low radiative efficiency, as only a
small fraction of the gravitational potential
energy of the infalling matter is radiated
before the matter passes over the event
horizon. In neutron star systems, low radia-
tive efficiencies are not obtained, even at
very low accretion rates, because the ac-
creted matter will radiate after striking the
neutron star surface. At high accretion
rates, both neutron star and black hole sys-
tems have high radiative efficiencies.
Therefore, black hole systems should have
larger luminosity variations than neutron
star systems. In the context of the ADAF
model, the difference in luminosity varia-
tions (Fig. 5) is directly related to the ab-
sence or presence of a surface and thus is
evidence for the existence of event horizons
in the black hole candidates (5).
However, the division between neutron
star and black hole candidate systems (Fig.
5) is quite narrow, especially considering
that the division should represent a quali-
tative change from compact stars with sur-
faces to compact stars without surfaces. The
luminosity variation for the black hole can-
didate V404 Cyg differs from that of the
neutron star system Cen X-4 only by a
factor 2.5. As the radiative efficiency of
V404 Cyg determined by fits of ADAF
models to the quiescent emission spectrum
is near 1072 (53), and the efficiency for
neutron star systems should be near 1071,
the luminosity ratios should differ by a fac-

tor of 100. Part of this discrepancy may be
due to magnetospheric repulsion of matter,
which is possible only in neutron star sys-
tems (56).

The true distinction between black hole
and neutron star systems should be their
differing radiative efficiencies: the ratio of
luminosity to mass accretion rate. Substitu-
tion of a comparison of luminosity varia-
tions makes the implicit assumption that
the range of variation in mass accretion rate
is similar for neutron star and black hole
systems. The smaller luminosity variations
of the neutron star systems may simply re-
flect smaller variations in accretion rates
(58). Optical and IR observations should
allow an estimate of the accretion rate in-
dependent of the properties of the inner
regions of the accretion flow and the prop-
erties of the compact star (59). The x-ray
luminosity could then be used to estimate
the radiative efficiency. We note that the
accretion rates inferred from ADAF models
for V404 Cyg, near 107° M, year !, are an
order of magnitude higher than those in-
ferred for A0620-00, which are near 1071°
Mg vear™! (53). As the luminosity ratio for
the black hole candidate A0620-00 is more
than an order of magnitude below that of
the lowest neutron star system, the high
quiescent luminosity of V404 Cyg may sim-
ply be due to an unusually high quiescent
mass accretion rate.

The presence of an event horizon in
black hole candidate x-ray binaries does
provide a natural interpretation of the data
on luminosity ratios of x-ray binaries and
also of the broad-band spectra from x-ray
transients in quiescence. Additional work
may soon lead to definitive proof of the
absence of surfaces in black hole candidate
x-ray binary systems. It is remarkable that
speculation about the existence of black
holes has been superseded by sharply fo-
cused questions that can be answered di-
rectly by an observational search for the
event horizon.
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Cloud [Hubble Space Telescope (HST) image courtesy of R. Kirshner, P. Challis, and the
Space Telescope Science Institute]. The central bright spot is radioactive debris from the
explosion, and the rings are the remnants of the stellar winds from the progenitor star
(Chevalier, p. 1374). (2) Planetary nebula NGC 7009 taken with HST [courtesy of B.
Ballick] shows the central star, the small pink spot, in a gaseous envelope of dissipating stellar
mass (Weinberger and Kerber, p. 1382). (3) The young star Ori 182-413, within the Orion
Nebula (middle star in the sword of the constellation Orion), is enshrouded in a circum-
stellar cloud [HST image courtesy of J. Bally], a typical situation for very young stars (O'Dell
and Beckwith, p. 1355). (4) The young star HH 30 [HST image courtesy of R. Mundt] has
jets of gas bursting from its disk (O’Dell and Beckwith). (5) The dusty disk around Beta
Pictoris, a main sequence star slightly hotter than our sun, located in the southern
constellation Pictor. The disk was imaged by masking out the star on the University of
Hawaii 2.2-meter telescope. An asymmetry in the disk may be from gravitational perturba-
tion of an orbiting planet [courtesy of P. Kalas and D. Jewitt]. The background is a
synthesized color image of the soft x-ray sky around the constellation Orion (5228 objects,
including Ori 182-413, in an area of ~50° by 75°) derived from Réntgen X-ray Satellite
images [courtesy of K. Dennerl, W. Voges, R. Neuhiuser].

www.sciencemag.org ¢ SCIENCE o VOL. 276 * 30 MAY 1997

1391





