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Abstract. The quasar 3C 273 is a well-known superluminal Recently, Abraham & Romero (1999, hereafter Paper|) have
source. More than 10 radio components have been deteaisdd all available VLBI data of superluminal components in
moving away from the nucleus with different superluming8C 273 to determine the kinematic evolution of the inner jet.
speeds and position angles. The pattern of ejection suggestsiey have shown that the different velocities and position angles
existence of a precessing inner jet, whose kinematics has batthe ejection time of the various well-monitored components
discussed by Abraham & Romero (1999). We now presentiee consistent with the existence of a precessing inner jet in the
binary black hole model for the central engine of 3C 273 whegriasar. Fits of the VLBI data suggest a period of precession
the rapid precession is tidally induced in the primary accreti@f ~ 16 years in the observer's frame. For a Hubble constant
disk inner region by a secondary black hole in a non-coplar@arametet. = 0.7 (Hy = 100hkm s~ Mpc~1), the jet would
orbit. Using~- and X-ray data we estimate upper limits for théave a bulk Lorentz factoy ~ 10.8 and precess within a cone
mass of the primary, and then we compute the relevant paramfhalf-opening angle- 3.9°. The Doppler factor should vary
ters of the system for a variety of disk models. We also discusstween 2.8 and 9.4 due to the changing viewing angle. The
some of the implications of the model for the electromagnetimplications of such an oscillation in the value of the Doppler
and gravitational radiation from 3C 273. factor for the observable emission along the electromagnetic
spectrum of 3C 273 were explored in Paper I.
Key words: galaxies: quasars: individual: 3C 273 — gamma In this paper we present and discuss a supermassive bi-
rays: theory — black hole physics nary black hole model which could explain the jet precession
in 3C 273. We shall assume that the inner jet and the innermost
parts of the accretion disk that surrounds the primary black hole
are coupled in such a way that a precession of the disk induces a
precession of the jet, as it is thought to occur in galactic binary
The bright radio source 3C 273 is one of the most extensivedystems like SS433 (e.g. Katz 1980). A secondary black hole
studied active galactic nucleus. It was first identified as a qua#iaa close non-coplanar orbit can exert a tidal perturbation on
at redshift: = 0.158 by Schmidt (1963). Detailed observationghe disk that can result in the near-rigid body precession of its
of this object have been performed during more than 35 yedfg)ermost regions (e.g. Katz 1997). We shall gsand X-ray
including simultaneous measurements of its spectrum from g#ta, along with the information obtained from the VLBI ra-
dio toy-ray energies (Lichti et al. 1995) and multiwavelengthdio observations, to constrain the black hole masses and other
variability studies for equally wide energy ranges (von Morparameters of the system.
tigny et al. 1997). Supermassive black hole binaries (SBHBs) are the natural
3C 273 has been also subject to intense VLBI monitoririgsult of galaxy mergers. Their formation and evolution have
since Cohen et al. (1971) measured its superluminal expandi@en extensively discussed in the literature (e.g. Begelman et
velocity. At least ten superluminal components have been dé-1980, Roos 1981, Valtaoja et al. 1989). The fact that many
tected moving away from the optically thick radio core (e.g. Urfif not most) galaxies contain massive black holes and that galax-
win et al. 1985, Biretta et al. 1985, Cohen et al. 1987; Zensudes often merge implies a relatively high formation rate of SB-
al. 1988, 1990; Krichbaum et al. 1990, Abraham et al. 1996). AtiBs. The current evidence for central engines of active galactic
ditional short-lived components have been almost surely misggttlei formed by massive binary systems includes double nu-
during the gaps between observations. clei (as in the case of NGC4486B), wiggly jets (e.g. Kaastra &
Roos 1992), double emission lines observed in several quasars
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of 0J 287 (Sillanpa et al. 1988, Lehto & Valtonen 1996, Villata 2
etal. 1998). S|
Geodetic precession of relativistic jets in SBHBs has al:

been often discussed in relation to large-scale helical jets (e
Begelman et al. 1980, Roos 1988). This effect is due to t
Lense-Thirring dragging of inertial frames and is much slow:
than the tidal induced precession that will be studied here. T
geodetic precession of the primary in SBHBs occurs with
period of Pyeoq ~ 9 x 1057%/2(M/m) M */* yr, wherer is
the black hole separation in ptfs the mass of the primary in
units of 108 M), andM /m is the primary to secondary mass .
ratio. This kind of precession cannot be applied to stable sourr
with short periods+{ a few years) because gravitational losse L . i
rapidly become catastrophic. e . e
Roos et al. (1993) have studied the small-scale wiggling j..
of 1928+738 in the context of a binary black hole system, usipgy. 1. A sketch (drawn not at scale) of the precessing disk model for
a different approach: they have assumed that the jet compdex273. Jet direction is indicated by.
structure is the result of the velocity modulation produced by

the orbital motion of the hole that accelerates the jet in the ) - .
supermassive binary. wood 1997, 1998; Terquem et al. 1999; Wijers & Pringle 1999).

Inthe case of 3C 273, where the existence of a prominent at2VeVer except by Fhe paper by Katz (1997) on OJ 287, the ap-
cretion disk around the primary can be inferred form the stroRycation of tidally-driven precession to blazars remains mostly
blue bump in the spectrum (e.g. Malkan 1983, Kriss etal. 199 ’exploredﬂ
atidally induced precession of the jet seems to be the more plau-
sible explanation of the jet behaviour at VLBI scales. In the neXi2. Dynamics
sections we will discuss the details of this scenario.

The dynamics of the disk is determined by the equations of
motion and continuity. They can be written as:

2. Disk tidal perturbation ov 1
— +(WV)v=—--VP -V + fi (1)
2.1. Framework ot p

Let us consider a central black hole of madssurrounded by and

an accretion disk with inner radius, and outer radiug.,;. 9p

Self-gravity is assumed to be negligible up to distances of §; +V(pw) =0, (2)

few hundreds of, from the hole, where, = GM/c? is the hereP denotes th the densitva th locity of
gravitational radius (Sakimoto & Coroniti 1981). Two relativisy:] ef:e_d eno is € pres?ur,e, € dens 3;” © V(;gg' yho
tic jets are collimated perpendicularly to the disk near the centFaF ul ’f"isc. t € viscous force per un|t.o mass, s the
. e external gravitational potential given by:

black hole and propagate in opposite directions. A secondary
hole of massn is in a circular non-coplanar orbit of radiug, ¢ = @, + &,
with aninclination anglé to the plane of the disk. Itis expected GM Gm Gm r.roy,
that the tidal interactions between the disk and the secondary= —
result in the precession of the innermost part of the disk, where
the communication among the different fluid elements can be Thefirstterminthe second member of Eg. (3) is the potential
sufficiently fast to allow a near-rigid body behaviour. This disRué to the primary whereas the other two terms are the effect of
precession is transmitted to the jets, which also precess at i perturbing action of the secondary.
same rate within a cone of half-opening angjle The equation of state is assumed to be polytropic:

A sketch of the situation is presented in Fig. 1, where the 015— _ gptl/n ()
bital plane of the binary system is coincident with theplane. = ar ’
Just one of the jets and the precessing part of the disk, Whogere 5 andn are the polytropic constant and index, respec-
outer radius i, are represented here. The disk Keplerian afively. The sound speed is
gular velocity iswq = (GM/r3)'/2. The secondary orbital
period isT, and the associated angular velocity = 27 /T5,. dP

Tidally induced precession of accretion disks in X-ray bfs = % ~ Hwa, ()
naries and young stellar systems have been studied by several
authors in the last 25 years (e.g. Katz 1973, 1980; Katz et al. See also the paper by Papaloizou et al. (1998), where the case of
1982; Papaloizou & Terquem 1995; Larwood et al. 1996; Late moderately active galaxy NGC 4258 is discussed.

3)
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with H the disk half-thickness. The surface mass density timescalet, = Fi.i, (AF/At)~! ~ 10°s. Simultaneous mea-

defined by surements at X-ray energies were made with the ASCA satellite
+H (von Montigny 1997).
Y / pdz. (6) Blazars like 3C 273 are compagtray sources in the sense
-H that they present X-ray radiation fields generated by the inner
accretion disk regions that make the source opaqugertys
2.3. Precession up to distances of the order of a few hundreds of gravitational

o _radii (e.g. Becker & Kafatos 1995). Therays are absorbed
If the perturbation is small then Eqgl (1) arid (2) can be lifs e gisk radiation field to produce electron-positron pairs in
earized. The perturbative potential can be decomposed intg 8,¢.ade process (e.g. Blandford & Levinson 1995). When
linear sum of contributions corresponding to odd and eventerfis ¢ource becomes optically thin theays emerge and a pair

in 2 and written as (see Larwood 1997 for details): dominated jet propagates up to distances of tens of parsecs (see,

D, = &, + D, for instance, Henri & Pelletier 1991). If the jet Doppler factor
3Gm 4, . is known, the observed variability timescales can be used to set
= 43 Teos 0 exp(2i¢) the size of they-ray photospheres. Then, the mass of the central
Sme blac_k hole can b_e inf_erred if_ an emission model is available for
—HET rzsin? 0 exp(ig) (7) theinner accretion disk region (e.g. Fan et al. 19993, Cheng et
"'m al. 1999, Romero et al. 2000).

The termd, is responsible for the disk precession. The pre- We shall use the data forthe 1993.9 burstin 3C 273 published
cession frequenc§, can be calculated following PapaloizolPy von Montigny etal. (1997) and the jet Doppler factor inferred
& Terquem (1995) and Larwood (1997) by: for that epoch in Paper | in order to estimate the mass of the

primary hole in the central engine of this quasar.
i IE%TQ dr

O sing = - =z
p St 2 [ Eriwqdr

8)
3.2. Disk emission
which leads, integrating from = 0 to r = rq and assuming a

constants to: The X-ray field that absorbs through pair creation theays

generated in the vicinity of the black hole is produced by the
3 (7=2n\ Gm r3 0 9 hot inner region of the accretion disk. The state of the plasma
PT T (5_n> 3 (GMrq)2 % ©)  there depends on the strength of the thermal coupling between
S o ) electrons and ions. In two temperature (2T) disks, the viscosity

For a gas with index. = 1.5, this is basically the same y5in|y heats ions that transfer energy to electrons by Coloumb
result obtained by Katz et al. (1982) in the case of a precessiiyiering. The efficient cooling of the electrons through inverse

ring: Compton interactions with UV and optical photons from the
3Gm 1 outer parts of the disk leads to different temperatures for ions
Qp ~ A g 0. (10) and leptonsT; > T3). This kind of models predicts the ob-

) _served power-law X-ray spectrum and a radial variation of the
In the case of 3C 273, the precession freq'uency in thRensity (Shapiro et al. 1976, Eilek & Kafatos 1983). Typical
source frame, inferred from the VLBI radio data, is (see Paparectron temperatures afé 2 10°K Alternatively, models

~ -8 o1 3 i ~ 3.0° . .
) Q5 ~1.44 x 107" 5™, and the half-opening angée~ 3.9 with a single temperature hot corona cooled by soft photons

(throughout the paper we shall adopt a Hubble and deceleratmﬂn an underlying cool disk can also reproduce the observed
parameters of = 0.7 andgy = 1/2, respectively). We shall SPectra (e.g. Liang 1979)

use the result of variability observations of 3C 273 at differen Following Becker & Kafatos (1995) we shall represent the

wavelengths to obtain upper limits to the mass of the primafé(ray intensity of both kind of emission disk models by:

(which is responsible for the high energy emission) and sec-

ondary (which could produce optical periodic signals in thf I < E >a < T )5
] ’

lightcurve) black holes in the system. 2 .

(11)

MeC Tg

where¢ = 0 corresponds to a single temperature model and
3. Mass of the primary ¢ = 3to a 2T-disk. The X-ray emitting region extends from the
inner disk radius;, to a radius-,. The exact value of this latter
radius is not well known due to the uncertainties in the viscosity
Gamma-rays from 3C 273 were first detected by the Cos B safgdrameter, but typically it should lay between-3@nd 100,.
lite in the 1970s (Swanenburg et al. 1978, Bignami et al. 1981).
The EGRET instrument on board the Compton Observatory dgs . .
tected again high energy flux densities from this object in 19 13' Opacity to y-ray propagation
(von Montigny etal. 1993) and 1993 (von Montigny et al. 1997T.he optical depth to pair creation forjaray of energys created
In this latter opportunity the flux changed by a factoB overa at a heightz above the center of the unperturbed disk (small

3.1. High energy emission from 3C 273
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deviations due to precession do not significantly change trable 1. Models.
results) and propagating outward along thaxis is:

- Model BH Type Disk Type Ro (Rg)
Toy (E, 2) = / Qnyny (E, 24) dzy, 12 A Schwarzschild ¢ =3 100
z B Schwarzschild € =0 100
wherec.,, is the photon-photon absorption coefficient. Beck% ggsvv\\l'zzzgﬂ::g 2 B g gg
& Kafatos (1995) have calculated this coefficient for propagg- Kerr ¢ ; 3 100
tion along the disk axis using the X-ray disk intensity given by Kerr £=0 100
Eqg. (I12) with the result: G Kerr £=3 30
H Kerr £E=0 30

—2a—4 a
z E
~A|l— —_— 13
‘o (Tg > <4mec2 ) 7 (13)
These mass estimates are consistent with previous calcula-
where tions based on different methods. Kafatos (1980) estimates a
10 i
rloor¥(a) ro\ 204=¢ re ) 20TAE mass of~ .1(.) M), whereas Dermer & Gehrels (1995) r?otllce
A= —— || — ol . (14) thatthe minimum black hole massimplied by Eddington-limited
2a+4—-¢&)c |\ g Tg
Here,or is the Thomson cross section, the functi®iw) is

accretion estimated from OSSE and EGRET observations in the
Klein-Nishima regime is about® Mg . By other hand, the ul-
plotted in Fig. 1 of Becker & Kafatos’ paper, and the intensit ngol(;a_t Excezs Im th:_ shpectru.m can be f'ttefd Jusi t;y Zc\);)tlcally
Iy can be estimated from the observed X-ray flik,.v, by ICk dISK MO es. which require masses-of 5 X 0 ©
Eq. (5.1) of the same paper (Malkan 1983, Kriss et al. 1999). Laor (1998) estimates a mass
If the height over the disk where the radiation field becom%f%lof Mthrom the mgazﬁ_red_veé%cgt;g qﬁ-bmﬂtmg CI.ZUdS‘.

transparenttg-rays of a given energy is known from variability e fact thaty-ray variability in 1S not S0 rapid as in

; s other~-ray blazars also supports a particularly high mass value
observations, then the condition ;

for the central object (Romero et al. 2000).

Tyy ~ 1 (15)

can be used to obtain the black hole mass. EGRET observatign1ass of the secondary
imposes a constraint to the size of thespheres at/ > 100 |n order to estimate the secondary mass, further constraints on

MeV given by: T, are required. We shall turn to the optical lightcurve in search
for periodic behaviour that could provide information on the

2y < thTz cm, (16) orbital period of the system.

whereé is the Doppler factor. 4.1. Optical lightcurves

A secondary black hole in a non-coplanar close orbit must cross
the outer, non-precessing parts of the accretion disk. These col-
We shall compute the mass of the primary black hole in 3C 218ions should lead to periodic flares at optical wavelengths. The
using Eqs.[(12-16). We shall consider different disk models ch@hysics of the hole-disk interactions depends on many factors,
acterized by the type of black hole (which determing3, the whose influence is not well known. Letho & Valtonen (1996)
X-ray emission structure given by parameten Eq. (I1), and discuss some aspects of the problem in connection with their bi-
the outer radius of the X-ray emitting region. These models arary model for OJ 287. The amplitude of the expected flares is
specified in Table 1 and labeled from A to H. uncertain, and in a very complex lightcurve as the one of 3C 273,
Inour calculations we shall adopt the X-ray flix.y = 9.8 where several different contributions to the overall variability
uJy measured by ASCA simultaneously with the 1993 varére present, the detection of the periodic signals can be difficult.
ations detected by EGRET (von Montigny et al. 1997). The Different periodicities for the lightcurve of 3C 273 have
Doppler factor for this epoch i& ~ 7 (Paper 1) and the&(-ray been claimed in the past. Angione & Smith (1985) presented a
spectral index isx ~ 1.5. Actually, since probably a significantcritical discussion of the controversial evidence. Recently, Fan
part of the emission is originated in the relativistic jet and net al. (2000) have investigated the possible presence of periodic
in the accretion disk, we shall obtain an upper bound to the psignals in the entire historical (1887-1996) B-band lightcurve
mary mass. The results of the calculations, wheray photons using two different, well-proven methods: the Jurkevich method
of 1 GeV were considered, are shown in the second column(déirkevich 1971, see also Fan 1999) and the discrete correlation
Table 2. The values are in the rang¥ — 10'° M,. Amodel function method (e.g. Edelson & Krolik 1988). They have found
for a Kerr black hole with a 2T-disk whose X-ray emitting reevidence for the existence ef 2.0, ~ 13.5, and~ 22.5-year
gion extends up to 106 yields an upper mass ef 7.7 x 10 periods with both methods. The 2-year period is detected at a
M. confidence level of abouo. The same period is also detected

3.4. Mass estimates
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when the analysis is restricted to the last 35yr, where the datéle 2. Results for different models (upper limits).
are more abundant, contrary to what happens with the 13.5-yr
period. Model M m

Tm
If the 2-yr periodicity is real and the result of the disk pene- (10° My) (10° My) (10cm)
tration by the secondary (two per orbit), then the orbital periog, 55.93 32.34 7.05
corrected by redshift, would b&, ~ 3.4yr, and the orbital B 31.96 56.67 7.06
radius given by Kepler’s law: C 143.41 15.34 8.58
9 D 105.78 19.20 7.92
3 Glm+ M)y an E 76.95 24.63 7.39
m 472 F 31.98 56.62 7.06
Since the periodic signal seems to be constant (say wittfin 202.36 12.01 9.48
106.58 19.09 7.94

a~ 10%) throughout the historical lightcurve, additional cont!

straints are introduced by the requirement that losses due to

gravitational radiation do not significantly change the orbit. The

timescale for these losses in a close supermassive binary is givenThe possible values of the secondary masses in the present

by (e.g. Begelman et al. 1980, Shapiro & Teukolsky 1983): family of models are larger than those found for the secondary

. in OJ 287 (Lehto & Valtonen 1996, Valtonen & Lehto 1997). In

T = |r/7| Valtonen & Lehto’s model, however, there is just one disk pene-
- ié " 1 (18) tration per orbit and the precession of the disk is not considered.

256 G2 (m + M)2 i’ Katz (1997) also studied OJ 287 from a similar approach to the

one used in this paper, but he did not compute detailed models

because of the lack of bounds for the many free parameters. He

ly suggested that the primary would be constrained to masses

whereu = mM/(m + M) is the reduced mass of the system
The relative constancy of the period implies that >

1000 yr, which translates into a maximum possible value &HQ 4% 10° M d bl i

the secondary black hole mass. EGI(17) then imposes a max "~ @ undersome reasonable assumptions.

imum value tor,,. For calculation purposes we shall adopt

7o = 1000yr in order to obtain upper limits to the different4.3. Longer periodicities

model parameters. The possible presence of periodicitiesofi3.5 and~ 22.5yr

in the optical lightcurve (also suggested by Babadzhayants &

4.2. Results Belokon’ 1993) might be due to thermal instabilities triggered
The results of our calculations for the different models defin%{ t.he external perturbations n the accretion disk. Th? pe-
aviour of a thermally unstable disk depends on the prescription

in Table 1 are given in Table 2, where, from left to right w or the ViSCosity parameter.... If aw.. is constant. at least
list the model code, the upper limit to the mass of the primar y P vise: 1 Qvise '

. ver relatively large disk regions, the instabilities cannot prop-
the maximum mass of the secondary, and the correspondin . . L
. . . : : agate too far and relatively rapid variability can be produced
maximum orbital radius. The radiutg of the precessing part of

the disk is unknown, but it is constrained by the requirement g*mescales of- tens of years for supermassive holes). On the

not exceeding the size for which efficient communication at tﬁgntrary, varyingis. prescriptions allow that more extended

sound speed fails, because otherwise the disk would not pre (£glons of the disk be affected by the instabilities, leading to

e : : : rge-scale global luminosity changes over timescales of mil-
Z-S z .near>r|g3_;d body. The sound speed in the inner regions of %(%S of years (e.g. Mineshige & Shields 1990).
iskiscs ~ Qprg.

i , . L For slim disks with constant viscosity parameter, the
Additionally, Eq.{I0) is valid only as far as, is signifi- inescales of the local thermal instabilities is (Wallinder et al.

cantly larger thamy. In models where both black hole massegggy).
are similaryq results of the same order of,. In particular, our

family of models for 3C 273 satisfies 7~ 3.9 % 10_40@1‘: [x1/2(x —1)Mg] v, (20)
T o5 M 20 (19) wherez = r/r, is the radius at which the instability occurs and
Tm “\m ' Mj isthe accreting black hole mass in unitg0f M. If we as-

) ._sume that the instabilities ariserat= r4, where the precession
The models presented, then, provide a correct representatloB‘iqr};l

he physical si . h M. Oth A h . urbs the disk structure, then a valugs,. = 0.05 predicts
the physica sfcuatlon whem > . therwise, t_ € approxi- 5 timescale ot~ 13.5 yr for the model mentioned in Sect. 5.2
mations on which our semi-analytical treatment is based are £

: _ _ 18 My = 5andr = rq = 4 x 10'5 cm). Similarly, instabilities
Ionger valid. A quite te_nable model, for mstapcg, oceurs wh the outer disk triggered by the disk penetration could pro-
raISone orderof_magnltude smaIIerthag\, whichimplies thg\t duce quasi-periodic optical signals with larger timescales (e.g.
m = 10M. The lifetime of a model with masses = 5 x 10° 59 5y if o . has larger values in the outer regions.

andM = 5 x 10% M, is about5.7 x 10*yr, and the corre-

sponding precessing disk has a radigs- 4 x 10'° cm.
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4.4. SQuperluminal components Table 3.Gravitational losses and gravitational wave bursts.

The passage of the secondary black hole through the accre%ra |

disk every two years (in the observer’s frame) could produce, (1050{;?9 s g%é:) (erg?il ';I"Wz) (1gf>12)
besides variations in the optical emission, a density wave which

propagates at the local sound velocity from the radiygo- i'gg 8’23 : ﬁ 8';2
wards the central black hole. This perturbation should change 2..68 1‘_47 14 1:38
the accretion rate and consequently the amount of material {- 268 116 ~14 1.08
jected into the relativistic jets, originating a shock wave whigh 2 68 0.94 ~ 14 0.88
would be observed as a superluminal feature through VLBI @it 2.68 0.83 ~ 14 0.77
radio frequencies. In fact, the strongest superluminal compo- 2.68 1.99 ~ 14 1.86
nents in 3C 273 seem to occur with such periodicity (Abrahakh 2.68 1.16 ~ 14 1.09

et al. 1996). Considering that the sound velocity is close to
in the innermost region of the disk, we should expect, from the . o o
parameters given in Table 2, a delay of at least a month betwddieree ~ 0.05 is the efficiency of the gravitational energy
the optical flare and the formation of a new shock in the relgglease. The expected gravitational flux at the Earth is then:
tivistic jet. Abraham & Botti (1990) analyzed the lightcurves of 9
. e(m+ M)c
this quasar atthe V band, 22 GHz, and 43 GHz, for the epoch g .., = 5 ,
tween 1984 and 1989, and found a correlation coefficient of 0.71 A D? Pourst (1 + 2)

and a delay of 8 months between peaks in the V-band and {fi¢re D is the luminosity distance. The gravitational wave

22-GHz lightcurves. Taking into account the time at which thgrst will have a polarization-average dimensionless amplitude
superluminal features were optically thick at radio wavelengt@ghorne & Braginsky 1976) of:

and using VLBI data to identify the formation epoch for the fea-
tures, we find that component C9 in Abraham et al. (1996) was 871G Fiurst P2,a 1/2
formed towards 1988.4, while an optical-infrared flare occurréd) ~ ()

at 1988.17 (Courvoisier et al. 1988). It is important to remark,

however, that an exact periodicity in the appearance of super- In Table 3 we also provide upper limits of all these charac-
luminal features should not be expected, for several reasdgsistic parameters for the final supermassive merger in 3C 273
First, the jet precession changes the timescales in the observgitBin each model. Although remote in the future, the burst
reference frame. Second, the time delay between the crossihgracteristics might be similar within the order of magnitude
of the disk by the secondary and the formation of the shottk events of the same kind that could be occurring in other
in the jets can vary if the density wave is fragmented (e.g. ddgasars and active galaxies. Fukushige at al. (1992) estimate
to local turbulence) or there are drastic changes in the sodhat such episodes could be as frequent as 0.5 per year. Both
speed. Finally, other perturbations (arisen, for instance, frdSO/VIRGO and LISA gravitational detectors will be inef-
orbiting stars) can generate changes in the accretion rate fgwlive for waves of such amplitudes (e.g. Thorne 1998), but
lead to shock formation. Jet interactions with clouds (discusséir detection could be made through Doppler tracking of in-
in Paper 1), also could result in the formation of strong shockerplanetary spacecrafts as originally suggested by Thorne &
moving down the relativistic flow. Braginsky (1976).

(23)

(24)

3

5. Gravitational radiation 6. Pair annihilation radiation

In a close massive black hole binary, gravitational radiatiqine of the most interesting predictions of the precessing jet
shrinks the orbit on a timescale given by Eq](18). The grafodel for 3C 273 is that, if, as it was suggested by several au-
itational luminosity when the binary radiusig, results (e.9. thors (e.g. Wardle et al. 1998), the matter content of the jet is

Shapiro & Teukolsky 1983): formed by electron—positron pairs, then the blueshifted annihi-
32 ,(m+ M)>G* lation line should display an oscillation in the spectrum orig-
Lo= 5 5 o (1) inated in the varying Doppler factor. Such a possibility was

- o ... briefly commented in Paper I.
In Table 3 we list the upper limit to the current grawtauona? efly commented ape

N . ! . . The intensity of the annihilation line will depend on the ini-
luminosity of the binary in the different models considered f%ral jet density. The expected luminosity from electron—positron

3C 273. S ; . g
Atthe end of its evolution, the binary system merges produ%l:[mm”&Itlons 's (e.g. Henri etal. 1993):
ing anintense burst of gravitational waves (Thorne & Braginslgyfynr(l)bs =L (25)
1976, Fukushige et al. 1992). The period of the emerging wave’ .
is given by: with
M ann
Phurst ~ —3\/5“(6? M 14, (22) LV = / (By + B )Ref(E_)f(E,)dE,dE_dV  (26)
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Here, R, is the pair annihilation rate (e.g. Coppi & Blandford Our model provides a dynamic justification of the purely
1990) andf+ (F4) is the energy distribution of the pairs, askinematic interpretation of the VLBI superluminal behaviour of
sumed here to be a power law of indexin the conditions of 3C 273 presented by Abraham & Romero (1999). Future space
the inner jet, the annihilation radiation will dominate the inversmissions as the European INTEGRAL observatory will be able
Compton radiation for pair densities. 2109 cm—3 (Bottcher to test some of the predictions of this model and will contribute
& Schlickeiser 1996). For such a minimum density, a jet rd0 increase our understanding of one of the most interesting and
dius of ~ 10 gravitational radii, and a typical length scale ostudied quasars.

~ 3.6 x 10'% cm (Roland & Hermsen 1995), we get:
x ( ) 9 Acknowledgements. We thank the anonymous referee for helpful com-

A =54 x 10" ergs, (27) ments and Dr. D.F. Torres for a critical reading of the manuscript.
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ing to model E in Table 2. . Fundacbn Antorchas (through funds granted to GER). JHF thanks
In the observer’s frame, using the Doppler factor expect@g financial support from the National Natural Scientific Founda-

for year 2001 in Abraham & Romero’s model ¢~ 3), the tion of China. ZA thanks the Brazilian agencies FAPESP, CNPg, and

luminosity results: FINEP/PROAP.
A =43 x 10" ergs!. (28)
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