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Although Galactic X-ray sources were first identified
(Giacconi et al. 1971) in the decade preceding the paper by
Pringle & Rees (1972, hereafter PR72), at the time of its pub-
lication there was a vigorous debate about their explanation.
The models divided into two broad categories, those that drew
analogies with active galactic nuclei and those based on cat-
aclysmic variables. The confusion in this early period was re-
markable. Energetic phenomena have generally been associated
with strong radio emission so most attempts to explain the X-ray
emission were linked to synchrotron emission and the presence
of strong magnetic fields (e.g. Manley 1966); no suggestion was
too extreme, e.g. the pulsar-inspired cocoon model proposed by
Davidson et al. (1971). Classical novae were already understood
to be extremely short-period (<1 day) binary systems contain-
ing a compact object (generally thought to be a white dwarf,
Kraft 1964). Inspired by such observations, Shklovsky (1967)
proposed an “old nova” model, founded on known cataclysmics
in which a stream from a normal, though low-mass, companion
filling its Roche surface supplies the material to a compact ob-
ject, in this case a neutron star (to reach the appropriate tempera-
ture regime for the emission). He did not treat the transport or ac-
cretion process in any detail, focusing instead on the emissivity
and temperature derived from different emission lines observed
in Sco X-1 and citing the conditions in WZ Sge as observational
support for the system parameters. The connection with X-ray
systems was hinted at by Mumford (1967) in his general review
of binary models for cataclysmic variables'.

The discovery of rapid flickering in several sources —
Sco X-1 (Sandage et al. 1966; Lawrence et al. 1967) and
Cyg X-2 (Kristian et al. 1967) — with timescales of only a few
hundred seconds or less suggested gravitational powering on a
compact scale, much smaller than the size of the binary system,
and appeared to rule out any simple comparison with quasars
or other active galactic nuclei. But the fundamental clue came
with the observation of radial velocity variations, although not
periodic motion, for one of the brightest sources, Cyg X-2, by
Burbidge et al. (1967). Prendergast & Burbidge (1968, here-
after PB68), citing Cyg X-2 as their exemplar X-ray binary sys-
tem, proposed that a viscous stress (using an unspecified mixing

! Notably, he states that “The preliminary evidence would seem to sug-
gest that the optical counterparts of Sco X-1 and Cyg X-2, while some-
what similar to novalike variables, may actually represent a new class
of objects”.

length model and explicitly neglecting compressive viscosity) in
a Keplerian disk provides the torque and heating in the midplane
that is then radiatively transferred to the surface of the disk for
which the scale height is determined by local hydrostatic sup-
port with the projection of the gravitational acceleration from
the central star (including both scattering and absorption opaci-
ties)”. They obtained power-law radial dependences for the disk
temperature and the flux emitted but did not compute a spectrum.
The models proposed for Galactic X-ray sources by Shvartzman
(1971) included disk accretion almost as an afterthought; the pic-
ture he discussed was accretion from the interstellar medium,
but the last part of the paper discusses both accretion disks and
possible supply of matter from a companion instead of a diffuse
environment.

Then within a single year — 1972-3 — three complementary
papers proposed the same solution, that the high energy emission
can be explained by a viscous accretion disk around a compact
object, a neutron star or black hole in a close binary system:
PR72 in A&A, Novikov & Thorne (1973, in the Les Houches
proceedings from the previous year and specifically addressing
the relativistic problem in the context of accreting black holes),
and Shakura & Sunyaev (1973, SS73) in A&A3. To place PR72
in context, it is important to note the discussions of binary sys-
tems that had developed during the previous decade. Although
the role of the Roche surface had been cited as early as 1943 by
Kuiper as an explanation for the Algol paradox (that the most
evolved star in the 8 Per system is the least massive), not un-
til the mid-1960s was it possible to start including such effects
in evolutionary codes. But that was for normal stars since the
main cases being considered were those leading to Algol-like
systems in which the evolved star is a Roche lobe-filling giant
with a main sequence companion. Instead, at the stage of white
dwarf evolution, little was known*. Although core collapse su-
pernovae produce neutron stars, arguments had been presented

2 They also noted that such systems can be sources of gravitational
radiation, already suggested for WZ Sge by Kraft et al. (1962), which
is not cited.

3 This paper is mentioned in a note added in proof in PR72 as a preprint
that reaches the same conclusions, see Andrew King’s commentary and
the SS73 paper, this volume.

4 The binary scenarios were outlined in the first comprehensive review
by Paczynski (1971) that included the effects of accretion on compact
objects.
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that binaries would disrupt if more than half the mass were lost
in less than an orbital period and, for low-mass companions or
close systems, this seemed virtually certain. Nonetheless, white
dwarfs might accrete enough mass to undergo accretion-induced
collapse, massive stars might form black holes, and there were
X-ray emitting neutron stars in compact binary systems (see
Schreier et al. (1972) for Cen X-3, especially eclipses).

There are several important simplifying assumptions in the
PR72 model. They used a thin disk approximation with the scale
height b derived assuming Keplerian motion despite possible
viscous and magnetic effects. The radial drift rate was estimated
to be a fraction of the local Keplerian velocity, vk, following
the prescription of Lynden-Bell (1967, LB67), a scenario for the
role of induced magnetic stresses in a differentially rotating, thin,
non-self-gravitating flow to feed Schwartzschild black holes in
AGNs where the material was supplied by the environment via
cloud accretion under rather general conditions>. In contrast, and
this was a particularly important feature of PR72, the flow was a
stream lost from a “normal” companion that fills its Roche sur-
face (although the Roche radius and system parameters are left
unspecified). Classical novae are not treated. Instead, the cen-
tral object is assumed to be either a neutron star or black hole,
and they cite the eclipses in Cen X-3 and the proposed black
hole in Cyg X-1 (e.g. Bolton 1972). Thus the nastiest problem
of the AGN-like scenario was alleviated: the compact object can
be supplied at whatever relevant rate is required with appropri-
ate adjustment of the system masses and orbital parameters. The
viscous stress in the nonmagnetic case is not specified (this re-
mained to be adduced by SS73), the vertical structure is inte-
grated by assuming mean values for the temperature gradient
and flux, the disk is treated in steady state, and for the magnetic
case the ratio By/ B, is kept constant. The rate of accretion is ac-
tually a poorly constrained parameter in the paper; but since the
radial velocity is a constant fraction, y, of the Keplerian velocity,
v, ~ YUk, the energy generation scales as p(r) ~ (M/R)F, where
F is the mass flux, F ~ pyvg and the density, p, comes from
the requirement that the mass transfer through any cross sec-
tion of the disk Fbr, where b is the disk scale height, balances
the mass transfer, M. They stressed, however, the importance of
the Eddington luminosity, which provides the upper limit on the
mass accretion rate depending on the luminosity generated at the
gainer (Shvartzman also mentions this). Because the luminosity
cannot exceed Lgqq, the X-ray emission is necessarily limited,
which provides a test of the model if the distances and luminosi-
ties can be determined.

Interpretations of, for example, the spectra of Sco X-1 and
Cyg X-2 were complicated by the contradictions in the phys-
ical conditions that seemed required for nebular analyses, but
the paradoxes of co-spatial temperatures differing by an order
of magnitude, extreme luminosities, and apparently contradic-
tory structures did not lead to a shift in the picture. Here PR72
made a fundamental contribution, that power-law spectra are

5 The magnetic stresses is produced by shearing of the infalling mass
that distorts a pre-existing field. The tangential stress, B,.B,/4m was
cited as the source of a strong torque that, also allowing for a com-
plex perhaps chaotic topology, would both transfer angular momentum
and possibly accelerate high-energy particles. This is a forerunner of
many of the current pictures of Poynting flux jets and X-ccelerators in
protostellar disks. Similar speculations, far less well developed, were
advanced by Hoyle (1960, QJRAS, 1, 28) for the angular momentum
transfer required in the protosolar disk, attributing the idea of magnetic
torquing to Alfven in his 1954 monograph on the origin of the solar sys-
tem. Thus the idea had been around for some time before being applied
to accretion disks around compact objects.

not necessarily the result of nonthermal processes but of non-
barotropic emitting surfaces. Since the temperature is a power-
law in radius, the disk emits a power-law spectrum. The
viscous energy generation is locally balanced by radiative dif-
fusion, thus determining the radial temperature structure of the
disk self-consistently within the constraints of a model for the
viscosity. The disk emits with a locally Planck source function
such that when integrated over the disk surface, PR72 obtained
a power-law flux distribution S, ~ v!/? form, although they
showed that the exponent depends on the physical processes in-
cluded for the heating. The problem of magnetospheric accre-
tion was also tackled in this paper, possible effects from accre-
tion onto a rotating (Kerr) black hole were also briefly discussed,
and the possibility of an X-ray pulsar (due to channeling of ma-
terial to the poles alone) is proposed (e.g. Cen X-3). At the end
PR72 speculate that the disk may become thermally unstable for
some mass accretion rates, an important insight. The later inno-
vation, by SS73, of introducing turbulent stresses (and at about
the same time the assumption by NT73) results in a parameter-
ization that is more flexible than the prescription for the radial
drift in LB67 and PR72. The time-dependent problem was soon
tackled by Lightman & Eardley (1974) and Sunyaev & Shakura
(1975). Mineshige & Osaki (1983) and others treated thermal
stability and viscous heating, self-gravitation was included in the
a-prescription, and the magnetorotational instability was pro-
posed as a source of disk turbulence (Balbus & Hawley 1991),
all with roots in the results of PR72.
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