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~ ABSTRACT

Some of the most unique experimental features of the source SS433 are
outlined as well as some implications of the theoretical models of this
source.

Tne fact that as many as 109 stars in our galaxy may be members of mul-
tipole systems make the theoretical study of binary sources one of the
most important in the entire field of astronomy and astrophysics. More-
over, since all type of stellar population are member of binary systems
the study of such binaries gives as well basic information about the
Hertzsprung Russell diagram and evolution of a single star. In particu
lar the knowledge of the binary parameters, such as the orbital period
and the velocity of each one of the component, allows to infer the
value of the star masses of their radii and their luminosity. Beyond
any doubt the entire study and discovery of white dwarfs can be consi-
dered a clear success, a biproduct of this type of research. In order
to pursue tne theoretical analysis of these binary systems our entire
field of applied mathematics has been developed reaching classical re
sults on the equilibrium configurations of self gravitating fluids in
rOtation_(l’z) All these classical works have become in recent years

of paramount importance for the understanding of an entire new branch
of high energy astrophysics: the binary X-ray sources. Unlike usual
binaries, in this case, one of the star is a gravitationally collapsed
star; either a neutron star or a black hole. The matter falls from the
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normal star into the deep potential well of the collapsed companion
star. Under these circumstances a large emission of X-rays (dE/dt ﬁ1038
erg/sec) can occur.(3) The development of X-ray astronomy by the group
of Riccarde Giacconi has allowed the identification of a large variety
of such binary X-ray sources. It has been possible for the first time
to measure the masses of neutron stars(4) and to meet the necessary
conditions required for the positive identification of a black hole in
Cygnus x1. (5)

A second field of research which has also shown remarkable progress in
recent years thanks to the ample use of radiotelescopes,(6) radars and
satellites(7) and atomic clocks,(g) is that of testing general relativi-
stic effects within the weak gravitational fields of the solar system.
Specifically conceived and directed experiments have tested such effects
as time delay in the propagation of signals in a gravitational field,
light deflection, gravitational redshifts and planetary motions(9) to
such accuracy that general relativity has become the most viable theory
of gravity consistent with experimental tests.

What one would like to have in the future is a mixture of these two
fields of research, namely, clean and precise tests of general relativi-
stic effects like those in the solar system, but in the strong gravita-
tional field of a gravitationally collapsed object. Such a goal more

than likely cannot be achieved with binary X-ray sources since there the
most relativistic region of the gravitational field is occupied by matter
accreting from the normal companion star.

An important step towards this goal has been achieved by the discovery’
of the binary pulsar PSR 1913+16. This system has given the first clear
evidence of the existence of gravitational waves in nature. (10) Progress
is also currently being made in developing suitable experiments for the
detection of gravitational waves on the earth. (11) other important systems
in this context may be the X-ray burst sources in globular clusters or

in tne galactic bulge(12) and possibly S$8433. In the following, we will
limit our attention to the system SS433.

S$S433 was originally observed in the sixties by Stephenson and Sanduleak
in a search for stars with strong hydrogen emission lines and was the
433rd object in their list.(13) In 1978, it was identified(14,15) with a
point-like radio source located at the center of the supernova remnant
W50, initially discovered by Holden and caswell; (16) radio studies done
by several groups(17) have since given a very detailed map of W50 and of
SS433. In 1978, Clark and Murdin (13) haa proposed the identification of
SS433 with the X-ray source A1909+04 discovered in 1975 by the Ariel 5
satellite. (18) The total flux in the optical region was estimated to be
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Lopt = 1037 erg/sec, the one in radio to be Lradio = 1031#32 erg/sec,
and the one in X-rays to be Ly ~1035 erg/sec. Except for the anomalous
abundance and strength of the emission lines, nothing peculiar had been
observed until that time, not even in the energetics of the system, with
the possible exception of a low value of the X-ray flux compared to the
one for binary X-ray sources.

what has made this system unique is the spectroscopic analysis of the
optical spectrum done by Ciatti, Mammano and Vittone (19) of the Asiago
Observatory; they showed the existence of strong anomaloug emission
lines moving from night to night by an amount AX 50 A! These lines
were attributed at that time by Mammano and co-workers to a magnetic
splitting of the H, line by a strong magnetic field (107_8 Gauss) .
Further investigation by various research groups throughout the world
has shown some regular patterns in the shift of the lines as a function
-of time and finally an overall periodicity of P ~ 164 days with a very
specific pattern (Fig. 1).(20'21) Analogous moving emission lines have

been observed around HB ’ HY and in higher series of the hydrogen spec
trum. (22,23)
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Figure 1. The 164 day modulation of the shifted lines
of SS433 during 1978-1979. For details see refs. (18),
(19) and (29).

Before discussing theoretical models for SS433, let us review some of
the points on which everyone agrees.

(1) SS433 is a relativistic system. The widely accepted hypothesis of
kinematical (and possibly gravitational) effects can be clearly inferred
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by the magnitude of the shifts in Fig.l. It is well known that the fre-

quency shift observed by an observer with four-velocity u emitted

obs
by a source with four-velocity usp is simply given by:

v . /v o= (u%k) /(uakoc)e (1)

obs “em O obs m

where k is the wave four-vector propagating from the emitter to the ob-
server. If the shifts are due uniquely to the kinematic effect of two
motions of equal speed in opposite directions, we have:

_1/
- + _2/02
Ared /Ao = (1 ¥ v/c cosy ) (l-v4/c?) (2)

blue

and the fact that (A ,oq +A prue)/2 Xo::1.036 is a direct measure of the
Y factor of the special relativistic Doppler formula. If the shifts are
due to a general relativistic effect (see below), there will be an addi-
tional gravitational redshift. Therefore, for the first time, either in

"bulk"™ is observed to be moving inside our cwn galaxy at a relativistic

speed or matter in "bulk" is observed to be moving around a gravitatio-

nally collapsed object with high regularity.

(2) Tne relativistic effects are modulated in time with a period T
days.

b= 164
(3) S$sS433 has to be a gravitationally collapsed object. Inference of this
comes mainly from its association with W50 and on the general grounds of
the total energetics of the system. The proof of this last point, how-

ever, will be only possible by consistency with a detailed theoretical
model.

M. Milgrom(24) in one of the earliest theoretical papers on this subject
saggested a variety of possible models explaining the shift of the lines
and their time variation in terms of Doppler and possibly gravitational
effects. It is interesting to note that at the time of the Milgrom work,
the 164 day period in the shift of the moving lines had still not been
discovered. Two of the models proposed by Milgrom are still being acti-
vely pursued today: the two jet model in which material is ejected in two
highly collimated relativistic beams (this model has been proposed inde-
pendently by Fabian and Rees (25)) and a ring model of material orbiting
a collapsed object.

The widely publicized two jet model (Fig. 2) has been discussed by Fabian
and Rees 2°) Milgrom, (26) Abell and Margon,<21) Katz,(27) Martin and

Rees,(28)

and Maraschi and Treves. (29) In this model, matter is moving
at an almost relativistic speed v =~ 0.26c in two highly collimated jets
precessing around a fixed axis. This idea has found some support by X-

ray and radio observations(17)but, interesting as it is, it fails to be
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a definite model in more than one respect.

(1) The origin of the acceleration process of matter in these beams and
the mechanism by which the speed of the matter in the beams should be
kept at an almost constant velocity are not yet determined.

(2) The pnysical reasons by which the beams are collimated within an an
gle ~ 2° are again not determined.

(3) The clock mechanism characterizing the 164 day modulation is also
unclear.

(4) The most severe constraint comes, in our opinion, from the overall
energy balance in the jets. Every photon of the shifted lines should be
emitted by an atom of mass, m, moving at a velocity v=0.26c. The kinetic
power of the jets is then given by:

W= G-VeN_ -1/2 mv2.p ! (3)

kin ph

wnere the number Mph of Heg photons emitted in the jets per second is
easily computed by the observed flux in the moving lines (L = 1034
erg/sec), V Ed 1 is given by (number of atoms in the jets)/ (number of
atoms emitting H, ), G > 1 takes into account the geometry of the jets
and the optical depth of the emitting region and P2 1 is the number of
re-emissions in each hydrogen atom. If one assumes v-G-p~1 = 1, then

Wkin = 104! erg/sec. This is an extremely high value for a galactic object.

Let us now consider the other possibility: a ring model. Although the
model is still not unique, there are a variety of points which can be
explicitly explained, some predictions of the model which can be tested
and quantitative estimates and computations which can be done in this
theoretical framework.

In the ring model (12,30) the obsexrved shifts in Hu R HB , «.. lines are
explained in terms of a combination of gravitational and Doppler effects
associated with matter orbiting a black hole. The mechanism of accelera-
tion of matter up to the observed relativistic velocities is simply ac-
cretion through (almost) Keplerian orbits. In order to fit the data the
emission has to occur only from two opposite spots in the precessing
ring(31) (Fig. 3). If we assume, for simplicity, that photons propagate
along straight lines, we can fit the observed data very satisfactorily
(see Fig. 1) and the predicted behavior is virtually identical to the one
obtained in the two jet model. (31) The radius inferred for the orbit is
then r = 50M (wee use ¢ = G = 1) implying that the central object is
either a compact neutron star or a black hole. Since the orbits have to
be almost Keplerian and unperturbed by electromagnetic fields, we are
going to assume in the following that the central object is indeed a

https://doi.org/10.1017/50252921100100727 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100100727

378 R. RUFFINI

black hole. We have proposed some experimental tests to check this (see
below).

Figure 2. Two jets models Figure 3. Ring models for SS433
for Ss433

One of the main ideas in the development of this ring model has been to
include as many relativistic effects as possible in the treatment with
a double purpose: (a) to recognize the self-consistency of the model,
and (b) in case of experimental configuration, to clearly point out the
most unique features of SS433 from the point of view of relativistic
astrophysics.

The 164 day modulation is explained in terms of an additional general
relativistic effect: the Lense-Thirring-wilkins effect. (30) - 1f a black
hole of mass M is endowed with a specific angular momentum a = L/M, this
effect predicts a precession of the angular momentum § of the ring with
respect to the angular momentum K of the black hole by an angle of:

AQ = AT (a/m) (u/r) 2 (4)
per revolution, where r is the radius of the emitting ring previously
determined by the amplitude of the shifts. This interpretation of the
164 day periodicity, if confirmed, would be the first measurement of the
specific angular momentum of the black hole:

a/M = 1.2 x 107" (/Mg ) (5)

Until this point there has been no need to fix the mass of the black
hole, since all the results given above scale with the black hole mass.
Shaham et al. and Terlevich and Pringle(BO) have assumed a black hole
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mass ofmlO6 Mg in order to explain the energetics of the observed opti
cal radiation from the moving lines of 5S433:

L = 0LAGT4 (6)

ml
where A is the surface area of the line emitting regions, O = 1 and T
is a suitable temperature for the emission of Balmer lines (T = 104°K) .
Eg. (©0) has been obtained under the assumption that the emission occurs
by a thermal process: as pointed out in ref. (33), this is not necessari
ly the case. The existence of such a large mass for SS433 can hardly be
explained from an astrophysical point of view. For this reason, we assume
in the following that the mass of SS433 is around 10 Mg , and we over-
come the constraint given by Eg. (6) by choosing a different radiation
mechanism. Two of the points still to be explored are: (a) why the hydro
gen lines are emitted only in a ring, and (b) why only two spots on the
‘ring are observed to emit.

In order to give an answer to these questions, it is necessary to make a
model of the emission process of the shifted lines. Since the thermal
radiation leads to the constraint given by Eq. (6), namely, to a mass of
the gravitationally collapsed objectM 2 3 x 103 Mg , we have explored
the possibility that cooperative or stimulated emission takes place. The
phenomenon of cooperative or stimulated emission, well known from labora
tory physics, can occur only under very restrictive conditions in any
astrophysical setting. The fact that a variety of astrophysical systems
demonstrating this phenomenon have been found(34) clearly shows that
these necessary conditions are fulfilled at least in some cases.

One of the major novelties in an astrophysical setting is that different
oscillators will in general have large relative velocities and find them
selves separated by large differences of gravitational potential. As a
consequence, due both to Doppler shifts (transverse and parallel) and
gravitational red or blue shifts, the frequencies of the individual
oscillators will differ by an amount larger than the intrinsic width
allowed by the cooperative emission process.(33) Some considerations
concerning the conditions of population inversion necessary in order to
have a cooperative or stimulated emission process at work, have been ex
plored in refs. (36) and (37). Here we focus our attention on the neces
sary conditions that the gravitational potential and the velocity field
of matter have to fulfill in order to have such an emission mechanism
working and being observable from infinity.

A first necessary condition in order to have cooperative emission
between an oscillator at a point P and an identical one at a point P' is
that the two oscillator frequencies related by Eq. (1) fulfill the ine-
quality:
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[v_ -v ,|Z8v (7)

where Av is the width of the cooperative or stimulated emission pro-
cess.

The elucidate the meaning of this constraint, we present in Fig. 4 the
case of a disk of matter in circular orbit around a Schwarzschild black
hole of mass M. The dashed region shows the locus of corotating points
P' in "frequency contact" with the corotating point P within the band-
width Av/v < 1072. Details are given in ref. (35). We want to point
out here that, independent of the numerical value of the width of the
cooperative emission process and of the location of the emitting point
P, every atom P can be in "frequency contact" with an entire ring-like
region in the disk, having a mean radius equal to the distance of the
point P from the black hole, and with two almost radially pointing co-
lumns. The lasing or masing process can only occur in these regions of
'frequency contact” and in directions in which a critical size for the
emitting region is reached. This size is dictated by the cooperative
mechanism (radiation flux, density of particles, etc.).

A further necessary condition must be fulfilled in order that cooperati-
ve or stimulated emission generated in the system be observed in the
shape of an emission line by an external observer at point O. All the
emitting points need to have constant shifts, with the balancing of
Doppler and gravitational effects with respect to the observer at the
point O (clearly this equality has to be fulfilled only within the line-
width observed, see Eqg. (7)). We define the "regions of constant shift"
with respect to the observer O at infinity to be the sets of points P
satisfying the following condition:

vp/ v, = (> ku)p/(u.o‘ku)o = constant (8)

For the sake of example, we again consider a Keplerian ring around a
Schwarzschild black hole;(35) the results for the case of an observer
at infinity lying on the disk plane, are shown in Fig. 5.

It is then clear that in order to have the mechanism of cooperative
emission working and observable, both necessary conditions given above
have to be fulfilled. Stimulated or cooperative emission will be obser-
ved only from the intersection of the two sets, namely, regions of
"constant shift" and regions in "frequency contact”. It is likely that
only intersection regions of large enough depth along the line of sight
can lead to observable phenomena of amplified emission. The astrophysi-
cal setting for the simultaneous fulfillment of the two necessary condi
tions given above will only occur along selected directions. It is also
a matter of course that observations of the same astrophysical system
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from different directions of sight will lead to different laser or maser
patterns.

In the simple case of the Keplerian disk seen edge-on shown in Figs. 4
and 5, the intersection of the two conditions with the above condition

of "maximum depth" is found to select two emitting regions in each ring
of matter constituting the disk. (33) Going back to the model of SS433,
this result is expected to play a fundamental role in the characterization
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50 s 2710 -
Figure 4. The dashed region is Figure 5. Lines of constant shift
the set of points in a Keplerian for the Keplerian disk of Fig. 4,
disk in "“frequency contact" with seen edge-on (the line of sight
the point P orbiting the black coincides with the dashed line).
hole at a distance r=50M. This Selected numerical values of (1+z)
region consists of points having are identicated on the redshifted
frequencies within a bandwidth constant shift lines (z > 0) and
Av/v < 10”2 about the frequency on the flueshifted lines (z < 0)
v of the point P. The disk is (ref. (35)).
rotating counter-clockwise (ref.

(35)).
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of the two emitting regions during the precessing of the ring plane.(31)

In orxrder to give an astrophysical meaning to these considerations and
identify the source of energy of the system, we consider the ring as a
part of an accretion disk. The structure of this disk should, however,
be very different from the ones usually described in the literature for
accretion processes in binary X-ray sources. (38) One of the major diffe
rences is that the present disk should be at very low temperature near
the black hole in order to have, at r = 50 M, emission of the Balmer
lines of hydrogen. This is in clear contrast to the traditional models
which assume that the X-rays are emitted by matter accreting near the
surface of the black hole. Traditionally, the accretion occurs from a
companion star overflowing its Roche lobe; the ensuing X-ray luminosity
is typically near the critical value

. =4 cGM/k ~ 1.3 x 1038 M/ Mg erg/sec (9)

crit T

where kq is the opacity due to Thomson scattering. In SS433, the accre-
tion rate implies by the observed fluxes is not necessarily high enough
to require a violent Roche-lobe flow from the possible companion star. (39)

The main assumptions of the model are: (12)

(a) The X-ray flux is not generated near the glack hole but in a shell
at redius ry = (103 + 104) m.

(b) Since L < Lgyjt for r < r, the distribution of matter is assumed to
the disk-like with an angular velocity very near to the Keplerian one.

(c) The structure of the magnetic field is almost toroidal and exerts
minimal viscosity, implying small accretion rates in the inner part of
the disk.

(d) The temperature of the disk is assumed to be monotonically increa-
sing outward starting from zero temperature at the black hole Surface(38)
all the way up to Ty = 108*7 °K at r = rg.

(e) Finally, in a region r >» ro, the accreting material is heated up
(T =~ 1049K); from this region the unshifted optical lines and the opti-
cal and infrared continuum should be emitted.

It is important also to stress that, unlike the traditional models, in
the Fang Li Zhi-Ruffini model, the accretion rate M is not considered
to be constant in the disk, but is a function of the radial coordinate.
The loss of mass will occur from the surface of the disk either as "co-
ronal outflow" or in jets of material of high temperature and low densi
ty.(4o) This material should be responsible for the observed jet struc-
ture in radio emission.
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An attempt to integrate the full equations in order to describe the
structure of the disk has been made by W.Stoeger.(4o) But independently
of the details of the complete treatment, some important and general re
sults can be obtained by the study of some idealized situations in which
analytical treatment can be applied. It has been shown in fact by Rosner,
Ruffini and vaiana (41) and, independently, by Fang Li zhi (42) that the
narrowness of the recombination region in the inner part of the disk can
be explained in a natural way and quantitatively determined both in a
magnetized and an & -viscosity law approach to the disk structure (see
also ref. (36)). The results clearly show a temperature gradient in the
inner part of the disk and the possible existence of a recombination
layer at r = 50 M. This is the reason why mainly a ring of matter should
be visible in the optical region as expected from the kinematical analy-
sis given above. The sharpness of the temperature transition can be also
- an important ingredient in generating both the inversion of population
levels and the pumping mechanism for the cooperative emission process.(36'37)

We would like now to point out some possible general relativistic tests
which can be checked on SS433 and could help in establishing the validi
ty of the ring models. It has been pointed out that both the jet model
and the disk model can explain the observed features of SS433 at least
from a kinematical point of view. The correlation of simultaneous varia
tions in the blue and redshifted lines, especially on short time scaleg,(ZO)
finds a very natural explanation in the disk model as due to small
changes in the position of the emitting zones. Quite apart from these
features, there is a "gedanken" process which, in principle, could give
a very important test of the strong field treatment of general relativi
ty and, at the same time, of the correctness of the ring geometry in
$S433.

In the fit of Fig. 1, the observed photons are supposed to propagate
along straight lines from the emissing regions to the observer. (31) 1f
we generalize this treatment, taking into proper account the light de-
flection by the central object, we have at least two additional paths
to the observer in addition to the direct ones (see Fig. 6). These paths
originate from photons being emitted from the points A and B and arri-
ving at infinity after a strong deflection near the unstable orbit

r = 3 M (paths undergoing a total deflection > 180° have not been consi
dered, since they are expected to give rise to negligible intensity).
The complete relativistic treatment,(43) including the numerical inte-
gration of the null geodesic equation:

d2u

d4>2

= 3u? - u (10)
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(where u = M/r and ¢ is a polar angle in the photon orbital plane),
induces in the predicted behavior of the shifted lines the deformation
given by the solid curves of Fig. 7; of course, this effect should not
occur in the jet model since in that case the shifted lines are supposed
to originate far from the central object (dashed curves of Fig. 7). The
predicted asymmetry between the blueshifted and the redshifted lines
could be checked experimentally.

Figure 6. Selected trajectories of a photon in a Schwarzschild
geometry reaching an asymptotic observer. The solid curves
refer to the trajectories going from the emitting regions A
and B (Fig. 3) directly to the observer. The dashed curves
refer to trajectories being highly deflected by the black hole
near the unstable orbit r = 3 M, represented here by the cir-
cle around the black hole. The dot-dashed straight lines refer
to the rectilinear photon propagation used to obtain the fit
of Fig. 1 (ref. (35)). Clearly the observed shifts of photons
propagating along the direct or the highly deflected paths are
very different (Fig. 7).

The two inner curves, with smaller shifts and complicated modulations,
originate from photons reaching the observer along the two highly deflec
ted paths in Fig. 6. The detection, even if sporadic, of these shifted
lines (they are expected to be much fainter than the other shifted lines)
could constitute a fundamental check of the strong field effects of gene

ral relativity.
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Figure 7. The predicted modification of the sinusoidal
behavior of the shifted lines, in a ring model, due to
general relativistic effects are here plotted as a fun
ction of pnhase. The dashed curves represent the corres
ponding behavior obtained within the jet model. The two
inner curves, with smaller shifts and complicated modu
lations, originate from photons being highly deflected
by the black hole near r 3 M. The opposite modulation
(phase increasing from left to right) can also occur
for the opposite sign of the black hole spin (ref. (43)).

Another relativistic effect is expected in SS433 in the case in which
the precession of the emitting ring has to be ascribed to the Lense-
Thirring coupling between the angular momentum cf the emitting ring and
the spin of the black hole. If matter is accreting into the black hole,
the spin of the black hole is expected to change and, in turn, the pre
cession period due to the Lense-Thirring effect, as given by Eq. (4),

is going to change. Following the above assumption that the dissipation
process in the inner part of the disk are small and that matter moves in
almost Keplerian orbits, we can infer that the infalling mass Mjnwill

carry in the angular momentum corresponding to the last stable orbit: (43)

1/2 -1/2
~ A M M a'(1-3M/x
QLSO in( rLSO) o8 ( / LSO) X (11)

-1
1-3 ! M - 1-
[ cos O'(a/ )(M/rLSO)(l 2M/rLSO)( 3M/rLSO) ]
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where the radius r is given by:
LSO

2y2
r ~ oM |1 - '—‘/— 3) cos oc'] (12)
LSO W3 lm
and the angle 0 j.uqr=rLso) < 0(r=50M) (see Fig. 3), since the effecti-
ve potential in the g-direction tends to constrain the orbital motion

close to the equatorial plane of the black hole. The corresponding change
in the Lense-Thirring period is given by (L is the spin of the black hole)

T L
A b Aa 1 AM A ®Lso

.1 (13)

s a 2 M L L
P

since, for the orbits considered nhere, the second term can be neglected.

Then from any observed change in the precession period Tp, the correspon
ding accretion rate Mj, into the black hole can be inferred:

o a2 {7 | _
10 M P 1

M, = (3.2 + 5.0) x 10 — —_— Moyr (14)
Me —2 "1

10 TPyr

This result could be of great relevance in order to estimate important
parameters in the models of SS433, e.g. the ratio of matter accreting
versus the one ejected in the Fang Li Zhi-Ruffini model.

In all the above considerations, the radius r at which the shifted lines
are emitted is assumed to be constant in time. Viceversa, a change in the
radius r of the emitting regions will also produce a change of the obser
vable precession period. In this case, however, the orbital velocity of
the emitting matter will also change the amplitude of the frequency sepa
ration in the shifted lines.

The recent discovery of a change in the 164 day period clearly agrees
with the picture presented above. From the observed value &P =~ 0.01
days/day, we can directly infer an accretion rate,

Min * (0.7 + 1.1) x 10-9 (M/MO)2 Meyr‘l, implying for masses K10 M

a subcritical accretion regime as in the hypothesis of our model. It
goes witnout saying that confirmation of our explanation and the even-
tual observation of the other predicted relativistic effects would
represent an extremely important test of general relativity and of the
existence of a black hole in SS5433.
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