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ABSTRACT

A mode] is described in which radio jet forimation in accreting objects is suppressed hy
processes which occur when the acerction rate approaches the liddington limit. This was
motivated by GRO J1655-40 and other objects which show an anticorrelation between
high luminosity and the onset of a radio jct.

The jet-production mechanisin employed is the 1 3landford- Payne M] 11) acceleration
process, sceded by ane? ¢ pair wind. Obsci vations indicate thal all key ingredients of
this mecchanismare, or should be, present in these sources. Observed jel velocities and
total powers arc consistent with theoretical and numerical predictions of this model.

The primary jet-su})])ression mechanism proposed is the Papaloizou-Pringle com-
pressible shear instability, which should disrupt the jet--~mxJucillg region of the disk
when the aceretion rate approaches about one-thit d Kddington. The turn-on of the
jet in GRO J31655-40 is consistent with this estimate. When super-Yddinglon, the disk
should also drive an optically- thick, sub-relativistic wind, whichmay be a secondary
jet-su])])ressioll mechanism. The presence of such a wind possibly is scen in the early
spectral evolution of GRO J 1 655:40and in the broad absorptionlines of certain QSOs.
Important trots of the model would be independent incasurements of the compact object
masses in these sources, a comparison of normaland B AL QSO X-ray spectra to scc if

thelatter objects arc significantly cooler,and alow frequency scarch around BAL QSOs
to sce if a leasl soine have fossil radio sources.

Subject h cadings  accretion, aceretion disks X-rays: stars quasars



1. Introduction

On 28 July, 1994 GRO J1655-40 underwent a
strong hard X-ray outburst, reaching a luminosity of
6-12 x 1037 ergs] (d/4kpc)?in 0.1-430 keV X-rays
and remained at. roughly that luminosity for about
two weeks (Greiner 1994; Inoucet a. 1994; Sazonov
& Sunyacv 1994; Harmon et a. 199538). During this
time the object was radio quiet. The subsequent drop
in hare] X-ray intensity beginning on ~8 August was
accompanied on 13 August by a dramatic rise in ra-
dio flux density in the entire centimeter wavelength
spectrum (Campbell-Wilson & Hunstead 1994) and
the devclopment of an expanding radio source with
superluminal motion a an apparent Sof 1.5 4 0.4
and minimmun actua frin of 0.84 0.1 (Tingay ct al.
1995), and a fcos 0 value of ~0.33 (11jellming & Ru-
pen ] 995a), where g is the jet, component velocity in
units of thespeed of light and ¢ is the line-of-sight
angle.

GRO J1655-40 outburst again in hard X-rays on 6
September 1994, but at only half theintensity of the
first outburst. Again it was accompanied by a bright-
ening of the central radio component as the X-rays de-
creased i intensity with ashorter delay between the
beginning of the X-ray outburst and the radio out-
burst (1jellming & Rupen 1 994; Campbell-Wilson,
McKay, & Lovell1 994).

The apparent arlti-correlation between the periods
of high X-ray luminosity and the radio jet ejection
events, coupled with the general belief that X-rays arc
produced by accretion, indicates that the production
(and suppression) of the radio jet is probably accre-
tion related. ‘This prompted Tingay et al. 1995 to
suggest thal accretion at greater than the Fddington
limit,
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destroyed the conditions necessary for jet produc-
tion by the accretion disk. llere m = (M/Mg)
is the dimensionless compact object ass, Ljidd =
1.2 x10*® erg s~ Tan is the Iiddington lumninosity limit
(above which radiation pressure duc to electron scat-
tering exceeds the force of gravity), and ¢is the accre-
tion cfliciency. This paper examines the processes at
work inhigh-luminosity accretion disks which might
cnable, as well as suppress, MIID jet mechanisins,
and compares predictions with recent observations of
GRQO J 165540 and other objects.

2. Jet Production in Acerction Disks

2.1. MHD Jet Production

One of the moresuccessful classes of inodel for pro-
ducing jets from accretion disks is that of magneto-
hydrodynamic (MI] | Y) acceleration and collimation,
first outlined for central objects without magneto
spheres (i. e, uncharged Mack holes and barencutron
stars) by Blandford & I'sync 1982. If poloidal inag-
netic field lines, threading vertically through a geo-
metrically thin disk and its corona, make an angle
greater than 30 degrees with the rotation axis, then
material trappedint he field wilt be accelerated cen-
trifugally outward along those lines. Eventually, when
the velocity of the plasma relative to the differentially-
rotating ficld lines cxcecds the Alfvén velocity, the
fieldis wound helically around the axis, collimating
the plasma. If the material irr the field lines is continu-
ously replenished from below, a continuous jet results.

Recently Mcier, Payne, & Lind 1995 (sce al so
Ustyu gova et al. 1995) have performed a paramcter
study of the Illandforcl-1'sync mechanisin using de-
tailed two dirnensional MHD st ulations. They find
that well-co]l nnated outflows occur over a large re-
gion of parameter space, and that at least mildly-
relativistic flow (bulk1';~ 3) is possible (see Figure
1). Unlike the semi- analytic inodel of Blandford and
I'sync, however, the sinlulations show that jet ejec-
tion is far from self-drilllar. Rather, the jet emanates
froma small region tin < R < R;, where Iin is the
disk inner radius and It ~ few X Ry,

The means by whiich the disk achieves the proper
magnelic field configuration is still unknown (sce, eg.,
Begeliman1 993). We will not address that issue here.
Instead, wc point out that necessary conditions for
the MHD disk mechanisinto work arc

1. astable inner disk in which to anchor the field
lines

2. apoloidalmagnetic field extending into the disk
corona

3. asupply of in d tria from below to replace the
jet ¢jecta  i.e, a “seed” wind




2.2. Ml 11) Jet Production in High Luminos-
ity Accretion 1 )isks

221  ?fir? Jet Power

To study the behavior of the Blandford-Pay ne
mechanism in more detail, wc treat it inthe context
of the “a” accretion disk model, where thic viscous
stresses, presumed tO be magnetic and/or turbulent
processes, scale with the disk pressure. A general ex-
pression for the magnectic ficld is obtained from con-
servation of angular momentum (Shakura & Sunyacv
1973)
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where «aisthe viscous stress scaling parameter, 2 is
the angular velocity (assumed to be Keplerian), and
F(#) is of order unity except very near I, The disk
half- thickness H contains al the physics of heating
and cooling balance and varies greatly from model

to model. We restrict our models to nigh lTuminosity
disks only

o>y 1.6 x10°(af0.1) d, % (3)

where 1h = M /Mpaq is the dimensionless accretion
rate and g is the rate above which the most mod-
cls predict radiation pressure effects to be nnportant
in the inner disk region. (This is essentialy cqua-
tion 2. | 8 of Shakura & Sunyaev 1973 after correct-
ing for a factor of 2 error. ) Recent models show
that a lecast a portion of this region should be opti-
caly thin, witheclectrons at relativistic teimnperatures
(> 1091{) and pressure dominated by the even hot-
ter ions (Shapiro, Lightman, & Eardley 1 976; Liang
1979; Misra & Mclia 1995).

In spitc of more than 20 years of effort, 11 (M, It)
i s still a poorly-known function in this regime. We
therefore have paramecterize our modelin terms of the
disk thickness at the radius ¢, = Ity €] wherc most
of the luminosity is produced

h= HfR, = HecfRy (1)
which is generally a function of m only, and
H(M,R) = 1 (B/R)* (5)

where Ity = GM ¢2 IS the gravitational radius. ¥or
most disk models which do not include the effccts of
advective cooling. h~n, with s= O for the origina
{Shakura & Sunyacv 1973) optically thick disk models

and s~ 1 for the oplically thin models {(Misra &
Meclia 1995). For transonic accretion models which do
not include other forms of advective energy transport
(convex lion, turbulence, wind) h -3 1 for 1 —) oo and
Sas 1 {Abramowicz ct a. 1988).

Using equation (2) and the expression for MHD
jet power from Blandford& 1I’sync 1982, wc derive an
tnstantancous jel power and a non-luminous accretion
rate induced by the jet acceleration process of
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Py _ twr

cMe2
That is, in the Blandford- Payne mechanisin the jet-
produc ing region of the disk gencrates more power
than is available in the accretion itself and a higher
accretion rate than the steady-state value. There-
fore,in the absence of additional matter and energy
sources, jet ejectionnust be very unsteady, depleting
the central disk region on a time scale of

= k1 > (6)

Thpdrift = hTaift=a ' bl rZTayn  (7)

where re= Jo/Ry= ¢! and Tayn == 5 x 107%s 1}:% m
is the orbital timescale a .. Afterward, the jet
shuts off until accretion from the outer disk replen-
ishes the central region and the jet begins again. For
compact objects of 1 - 10Mg,a~1m~ 0.1, arid
re ~ 10, these t ime scales are quite short compared
to the hours it t akes for radio obscrvations of the
jet: Tayn ~ 104- 10- °s; Tupdrift~1 -- 10s; and
Tarift ~ 10- 10%s. T'herefore, V1.1 31 observations
measure the tiine- averaged jet power over the duty
cycle h, or

< H s EiecmcsL @)

which is of order the accretion luminosity. This is
astraightforward result: if the jet is to be powered
by the disk, then its {ime-averaged power (Over a few
hours for stellar systeins)is limited to the time aver-
age of the accretion power itself.

222 The Seed Wind

A variety of winds have been studied in the context
of accretion disks, but most arc not good candidates
for the seed wind. One which may be relevant for
1 > 1y is the hot pair wind. Misra & Melia 1995
show that for moderately high accretion rates,

> i 4 x 107 (/0) (@/0.)°%(9)

1'This {it to their num erical results is accurate inthe range @ ‘-

0.04- 0.5.




the disk becornes so hot that e?e” pair-production
and escape becomes an important cooling mecha-
nistr, With up to half the energy cimitted by the
disk in the form of pairs. The pair wind there-
fore is present for accretion rates dightly abovemy.
The wind should be driven by radiation pressure on
the electrons and positrons since the disk is already
greatly super- Iiddinglon for ¢? ¢ pairs by a factor of
m(my, -{ m)/2m, > 40.

Even for a relativistic pair wind (I'yw ~ 2), the
ram pressure of this wind of light particles is usualy
much less than 2 m, c? o7.! R; ' (Misra & Mclia 1995),
which is far smaller than the expected magnetic field
pressure just above the disk (equation 2)

2
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Because the pair wind is such a copious source of
escaping particles, hut not disruptive to the mag-
netic field, it is an ideal candidate for seeding the
Blandford- I'sync jet mechanism.

2.3. Suppression of MHD Jets for Accretion
Rates Approaching the Eddington Limit

2.3.1. By Papaloizou-Pringle 1nshbili’lies

Accretion disks with 1n > 1y are subject toa urn-
ber of known instabilities. In particular, the com-
pressible Papaloizou-1’ringle instability (Papaloizou
& Pringle 1984; Papaloizou & Pringle 1985) is ex-
pected to induce strong turbulent inotions on a dy-
namical time scale in differentially-rotating ‘(accretion
tori” when the radial shear in a region AR~ 211
exceeds the sound speed. The length scale of mo-
tions generated arc expected to be > e, /S0~ H. |If
Il << R, an overall disk structure shouldneverthe-
less obtain. Also the eaistence of a coronal magnetic
field should not be aflected by this process, although
the field will be perturled by Alfvén waves gencrated
by eddies occurring where the ficld lines arc anchored.

H owever, as 1 —> 1 (L — Lpad), H << Risno
longer valid. Compressible Papaloizou-Pringle insta-
bilities, then, have the potential for completely dis-
rupting the central region between R;,, andR; when
the induced motions are of order /8¢ = (It,-,,lij)%.
To investigate this we replace ¢, in the compress-
ible Papaloizou-Pringle instability criterion with the
orbital velocily of the Jet-ljroduclrlg region vgj =
R;c Q(Rje), which is greater than the sound speed by
a far-tot of order ' !. Disruption then occurs when

(Q(Rin) - Q(185))? > Q?(Rje), which, for angular ve-
locity laws with Q oc 79, gives a condition on h

H(R;e) (0t -~ Ttin)

hoeo I, N Ut 4 T > 02-03 (11)
for values of qranging from 2 (uniforin angular mo-
mentum) to g(]((-p]crian rotation), respectively. For
accretion disks where b ~ iz, this corresponds to
a critical accretion rate aud luminosity of mpp =
0.2- 0.3. Abovethis accretion rate the central
portion of the disk canmnot produce a jet because
Papaloizou-Pringle instabilitics destroy the disk in-
terior to Rpp = mRy/cmpp. Furthermore, if H o R
(s & 1), the instability could engulf much of the hot
pair-producin g region outside Rpp as well.

.2.3.2. By a Stroug Supcr-Iiddington Wind

Ma ny models of accretion disks with super-Edding-
ton accretion (s> 1) have been constructed in which
no radiation-pressure-driven outflow of electrons and
protons occurs. ‘Yo do so, these models maintain a
delicate balance between the local surface radiation
pressure and eflective gravity and/or they maintain
a transonic radiation- trapped advective flow toward
the black hole in the disk intcrior (Maraschi, Reina,
& Treves 1976; Paczynski & Wiita 1980; Begelman &
Meier 1982; Abramowicz et a. 1988). In the advec-
tive case photons generated above Lrdd arc carried
into the black hole before they have a chance to radi-
ate.

In light of the disruptive compressible Papaloizou-
Pringlcinstability, itis unclear if such delicate radia-
tion pressure balance or laminar trapped flow can be
maintained. ‘The region interior to Rpp is likely to
be characterized by violent sonic or supersonic turbu-
lent motions, shocks (pushing @ to unity or shove),
and gross inhomogencitics. Under such circurnstances
photous generated i the torus interior are more likely
to be exposed to low optical depth regions, either in
between the inhomogeneit ies themselves or by being
carried to the disk surface by the violent turbulent
convection. Therclease of a fraction of these pho-
tonsin excess of the Eddington limit will drastically
change the character of the inflow, driving a signifi-
cant portion of it out in a strong, optical ly thick wind
(Shakura & Sunyacv 1973; Meier 1982a,¢). Indeed, in
the case of anaccreting neutron star, outflow is the
only possibility, as there exists no horizon into which
photons can belost.



Models of this wind with m~ 1 anda ~ 1 (more
appropriate here than a ~ 0.1) arc as hot as the thin
accretion disk models (6 x 10° I{) with s~ 1, but for
super-ltddirlgton accretion rates, e.g., m~10, the
disk is enshrouded in a cooler optically thick wind of
only 10K (Mecicr 1982b,c). Its ram pressure is far
higher than that of the pair wind:

2
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where f(m) is of order unity for m > 2 and ;=
e is the radius a which the wind is ejected. This
expression is of order unity and possibly larger if the
field dropsofl as Bocr~! or faster in the corona
(s >1). A supcer-Yddingtor 1 wind, therefore, has the
potential for disrupting the ficld in the disk corona.

3. Applicationto GRO J 1655-40

Our model for GRO J 1655-40 characterizes the
source as going through all the previously-discussed
stages in reverse order. The first outburst undergoces
accretion fromn a finite reservoir at a value above the
Iddington rate. MIID jet-producticm mechanisms re-
main SUPPr essed until the accretion rate declines to
the point where Papaloizou-Pringle instabilitics no
longer disrupt the central disk region. M mech-
anisims then “kick in”, considcrably after the initial
rise it hard X-ray intensity, arid eject an unsteady jet
until the reservoir is completely depleted.

3.1. The First Outburst
9.1.1. The Super-FEddington Phase

The clearest indication that during the first out-
burst (28 July - 16 August 1994) GRO J1655-40
may have undergone a super-Eddington event  with
a strong wind is the evolution of its spectrum
(Harmon 1995b), which is quite different from that
expected of normal sub Yddinglon accrction disks.
Shortly after the initial (< 1 day) rise to its peak
40--430 keV luminosity, the source’'s X-ray spectruin
softened sharply over a ~ 1-day period from a pho-
on spectral index of -3.0 to -3.5. During that time
the X-ray luminosity remained steady. Thespectrum
then began to slowly harden to -2.5 over a ~9-day pe-
riod, again while the hard X-ray luminosity remained
within ~15% of the peak.

This behavior can be explained by a super-Edding-
ton event with a steadily deccreasing accretion rate.

The initid softening of the spectrum during a period
of constant lumminosily signalled the initial increase
of the accretion rate to super-Eddington values and
the formationof a large, cooler, opticaly thick super-
Yddington wi r,d. Once i exceeded unity the steady
hard X-ray Juminosity (dominated by the photons at
the lower encrgies of the band) rernained roughly fixed
a a fraction

Tux = LEX /kda (13)

of the Kddington limit with the rcrnainder coming out
in lower energy X-rays. The subsequent hardening of
the spectrum was due to the shrinkage of the wind
photosphere as the accretion rate slowly dropped.
However, becausc 1 Was stjll above unity, the bolo-
metric luminosity remained at Lrad, and Lnx re-
mained a fux ledd-

With detailed radiative transfer models of the
wind, onc should be able to deduce the run of temper-
ature and density with spherical radius and, therefore,
the variation of the mass loss and accretion rates with
time. In lieu of those models, as an ad hoc example,
we shall assumnc alincarly-falling accretion rate of the
form

o= 1o -- g (1 -- 1o) (14)

where the O subscript refers to the the beginning of the
outburst. Taking 8 August as the time whenm=— 1
and16 August whenn = O, wc fit the data to an
initial accretion rate of Mo &~ 2.9. For a~1,sim-
ple thermal modecls of super-Fddington winds (Meier
1982¢) predict teinperatures of 1.7 x 109 K (150 keV)
during the first few days of the outburst (after the
initial softening) and about 5.9 x 109 K (500 kcV)
on 8 August, when i~ 1. While GRO J1655-40
has an excess above the power law spectrum near
~ 500 keV, the spectral resolution of the observa-
tions is too low to distinguish any possible annihi-
lation line (Harmon et d. 1995a). The model wind
velocity of . .. 2 - 3 x 10°km s Tapplics mainly to
the hard X-ray emitting gas.('I'his velocity is much
grealer than the optical liuc widths seen during the
outbursts [Deifa Valle 1994; Wagner & Bertram 1994]
which wc attribute to material rotating in the disk at
~ 10" Schwarzschild radii, where the effective temper-
aturc is ~ few x 10°K.)

M’hilt the 40-430 keV luminosity is about 2.2 x
10%7 crgs- ! (d/4 kpe)? during outburst (armon et a.
1995a), there is asubstantial atnount of flux at lower
encrgies as well. in between the outbursts, there is



a sitnilar arnount of luminosity in the ROSAT 0.1 -
2.4 keV band (Greiner1994) and in the ASCA 2-
10 keV band (Inoucct al. 1994), the latter with an
F~ 23 spectrum, but there is not yet information on
these values during the first outburst. Depending on
whether ornot the 2 — 20 keV X-rays during outburst
had their inter-outl)urst value or increascd along with
the 40--430 keV band (and had an 5~ 2! spectrum),
we estimate a bolometric luminosity Of Lyo~ 6- 12 x
10% ergs™!. Thisimplies a compact object mass of
m =Ly /1.2 x10%erg s~ or

Miess-40 ~ 0.5- 1Mgy (1%)

3.1.2. Sub-Fddington Accretion Phase

After 8 August I'nx began to decrease steadily.
This was accompanied by another softening for the
first 4 days, but on 13 August the radio flux increased
dramatically (Campbell-Wilson & 1 Tunstead 1994), a
jet was gjected (T'ingay et al. 1995), and the 40 — 430
keV spectrum once again hardened (to -2.2; Harmon
1995b).

‘1 *his behavior can be explained by a continuation
of the decreasing accretion rate postulated above, but
now to values below = 1, where the spectra] hard-
ness is directly related to accretion rate. The fina
hardening, however, is not explainable by standard
accretion theory. It is probably related to the jet it-
sdf, eg., Comptonization of disk and jet photons by
the relativistic radio plasma

The fact that the jet waits another four days to
fern), whenthe accretion rate and hard X-ray lumi-
nosity arc of order

Jva Inx e 00y (16)

m = ~ v
I'1da nx

indicates that the mechanisin for suppressing jet pro
duction operates cven when the accretion is sub
Eddington. If this is due to Papaloizou-Pringle in-
stabilities disru pting the centra disk region, then our
rough estimate for when this occurs (1hy:p) IS consis-
tent with the numbers above. Better theoretical esti-
mates must await very detailed near-1';ddington disk
models, but the observations indicate that it should
be well below the ¥ddington value (unity).

3.1.3. The Jet Fjcction Phasc

Wec estimate GRO J 1655-40's total jet power in two
different ways. The first is similar to that used by

Mirabel & Rodriguez 1994 for GRS1915+4105. How-
cver, here wWe assume that the ejected radio plasma
is composed of ¢ ¢* pairs rather than ions and elce-
trons, usC minimumn radio source energy arguments
(Pacholczyk 1970) to determinethelobe internal en-
crgy and mass, and assume that both electrons and
positrons radiate and that the low frequency cutoff for
this compact source is 1 GHz. For the 23 August lobe
flux values of Sy sghz= 0.42 Jy, source dimensions
of 130 mas x 320 mas, a distance of 4 kpc (Tingay et
al. 1995), and a mmaximum Doppler factor of 0.89, wc
find that in the rest frame

Fiope 2 5.0 x 102 crg 17)

If the pair plasmais relativistic (ye+~7.- >> 1), the
lobe miass is just Fiope'c? and for a bulk I'j min~ 1.7,
the minimum tota lobe energy (including kinetic and
internal) is U'jmin M ¢? > 8.3 x 10”erg. If formed
during, the initial 2-day rise in radio flux, the jet power
must | e at least

< Pleae 40> > 48 x 103 erg 71 (18)

Note that this valuc is three orders of magnitude
smaller than that found by Mirabel & Rodrigucz
1994, chiefly becausc their assumption of a mono-
energetic electron distribution i plicitly assumes a
particular ratio of particle to field energy in the
plastna which is scveral orders of magnitude out of
equipartition.

The second method assumnes that the observed
lobes arc not moving blobsbut rather radiating co-
coons surrounding the working surface of a muchnar-
rower jet as it drills through the interstellar mediuin
(Norman et a. 1982; Lind, ]'sync, Meier, & Bland-
ford 1989). This assumption is more accurate if
the lobe is low indensity compared to the interstel-
lar medium, since moving low density blobs will be
quickly halted by ahigher density medium (Meicr,
Sadun, & Lind1991). Indced, in the limit of only rel-
ativistic particles in the lobe, its mass density should
be just the relativistic inertia of the encrgy density, or
6 x 10" 2" gcm~3, which is well below even intercloud
densities (3 x 107*gcrrl 3 Allen 1973). We there-
forc estimnate the instantancous jet power by equating
it to the energy loss rate in the lobe. Thesc losscs
arc kinetic (essentially that calculated in equation
18), radiative (only ~ 1032 ergs=!), and adiabatic.
Note that equation17 yields a lobe pressure of ~ 2 x
108 dynes cm™?, orders of magnitude above the typ-

ical interstellar pressure of 107 *3-- 1072 dynescin™2,




so adiabatic expansion should occur in a sound travel
time or so, by which time the jet working surface
has travelled further away fromn the sour-cc. Since
the lobe length dots not shrink or lengthen appre-
ciably with timne, we assume that al lobe internal en-
ergy islost. adiabatically within the timecit takes the
jet to expand ouc lobe length (~ 4.9days), with an
estimated instantancous internal energy loss rate of
~ 1.2 x 1037 erg 5=}, Presumably this energy loss oc-
curs during much of the jet propagation phase, which
we take to be 2-3 c-folding decay times for the radio
flux (Harmon et a. 1995a) or ~ 13- 19 days. In-
tegrating over this time period, dividing as wc did
above by the estimated jet gection time of ~ 2 days,
and adding the kinetic power derived above, we get
an initial power in the jet ejection phase of

< Piits-10>2 (12— 18) x 107

erg g1 (19

Wc conclude that either estimate of the jet power is
of the same order as the bolometric X-ray luminosity
when the jet was dected (4 - 6 x 1037 crg s'), in
agrecment with the average power predicted by the
Blandford- I’sync process (cquation 8).

3.2.  Subsequent Outbursts

Since the first hard X-ray outburst of GRO J1 655-
40, there have been several others occurring at in-
tervals of a fcw months. Near the end of each the
radio luminosity increases bricfly, in qualitative agree-
ment with the nature of the anticorrelation between
jet gjection and nigh X-ray lumninosity discussed here
(Harmon et al. 1995a).

However, a surmising and unexpected bchavior
also has occurred during this tiine: the strength of
each radio outburst has decreased approximately ex-
ponentially with time (Iarinon et a. 1995a) until it
became undetectable, while the strength of the X-ray
outbursts rcmained approximately the same. GRO
J 1655-40 has evolved fromn a radio loud to a radio
quiet “mini- quasar” !

in light of this behavior wc note the following
points. As discussed herein, the suppression of jet
formation by Papaloizou-Pringle instabilities and/or
supcer-Eddington winds may be responsible for short-
term delays and anticorrelations between high accre-
tion luminosity and radio emission. However, this
mechanism cannot bethe long-sought.after explana-
tion for the difference between radio loud and radio
quiet objects. If it were, cachsubsequent radio out-

burst would havchad about the same radio luminos-
ity and GRO J1655-10 aways would have become a
radio loud object after the accretion becornes sub-
Eddington. The exponential decrease in radio out.
burst strength indicates that the overall ability of the
object to prod uce any jet, even when accretion is sub
Eddington, has been decaying slowly with time.

Candidate mechanisins which could cause GRO
J1655-40 to evolve into a radio quiet object could
beint rinsic (e.g., evolution in a black hole property
such as angular momentum) or extrinsic (e. g., evo
lution in propertics of the accrcting matter, such as
its magnetic properties) without affecting our conclu-
sions about short-term.anticorrelations. A full un-
derstanding of GRO J] 655-40's long-term evolution
is beyond the scope of this paper, but may be very
important for unifying radio loud and radio quiet ob-
jects, particularly quasars.

4. Application to Other Objects
4.1. GRS 19154105

GRS 1915 {105 is aliard X-ray transient sitnilar to
GRO J1655-10 but lying, @ a somewhat greater dis-
tance of 12.54. 1.5 kpc(Mirabel & Rodriguez 1994)
with a sornewhat higher outburst X-ray luminosity of
3 x 10% crgs- 1. It also ejected (on 19 March, 1994)
relativistically-moving radio components with appar-
cut Ss up to1.254 0.15. Recently it was reported
that, like GRO J1655-40, there was a delay between
the beginning of the X-ray and radio outbursts, with
the radio occurring near or during .the X-ray decline
(Deal et a. 1995).

We therefore propose amodel for this source which
is ncarly identical to that for GRO J1655-40, ex-
cept that the central object mass (m == Lot /1.2 x
1038 crgs™!) must be larger

Migisy105 2 2.4Mg (20)

Again wc identify the jet ¢jecta as a pair plasma, usc
minimuin energy arguinents to estimate the internal
lobe energy, and contpute jet power values troth with
and without taking cocoon adiabatic losses into ac-
count. With the Mirabel& Rodriguez 1994 lobe pa
ramet crs 15 days after the initia radio outburst (simn
ilar to the 10 day age used for GRO J 1655-40 above)
and the < 3 day acceleration time used by thesc au-
thors, wc derive jet powers of
et

< ]19154105>Z(] - 5) X ]0380rgs-1 (21)



which again is comparable to the photon luminos-
ity at the time. Thiese estimates arc three orders
of magnitude smaller than that obtained by Mirabel
& Rodriguez 1994, chiefly because of the assumption
of minimum energy rather than an arbitrary mono-
cnergetic bean energy.

4.2. 1E1740.7-2942 andCygnus X-1

We only briefly inention 11, 1740.7-2942, because it
dso is a hard X-ray source with aradio jet, and Cyg
X-1 because of itssimilar X-ray continumn. Since
independent, information indicates a mass for Cyg X-
1 of ~10Mg,, and thercfore asimilar mass for 1 B
1740.7-2942 by analogy, the 5 x 1 @7erg St X-ray lu-
minositics for these objects yields a dimensionless ac-
cretion rate of only m~ 0.04. This is far below the
Eddington limit, well below the threshold s ~mpp
for jet, suppression try Papaloizou- Pringle instabilities,
and only barely at the Misra & Melia 1995 threshold
for pair-wind production] (equation 9). As suggested
by these authors) the lack of a strong radio jet in Cyg
X-1 undoubtedly has more to do with the lack of large
numbers Of pairs than with disruption of a thick cen-
tral torus. 110 1740.7-2942, howcever, seems to be in
a state very similar to that in which GRO J1655-40
and GRS19154 105 form their jets, but on a more
perinancnt basis. The accretion rate is in the range
0.04 <1 0.35, where the disk is thin, relatively sta-
blc, and hot. The copious quantities of pairs available
(Misra & Mclia 1993) and the hospitable environment
for M 1D mechanisms make an ¢t €jet very likely.
W favor M111 ) jet acccleration over the“hotplate”
mechanisim (Misra & Mclia 1993) because of the for-
mer’s ability to accelerate jets to relativistic velocities
near the black hole and its poten tial for a high degree
of collimation,

4.3. DBroad Absorption Line and other QSOs

Broad absorption line quasi-stellar objects (BAI
QSOs) arc quasars which show outflow with velocities
up to 0.1c. Models of these objects (Weymann et al.
1991 ; Goodrich & Miller1995) usualy depict themn as
normal quasars but viewed approximately edge-onto
a flared accretion disk surface (not in the equatorial
planc). Material stripped from the disk surface by
an ever-I>rescnt quasar wind, and blown toward the
observer, form the broad absorption lines.

However, these objects arc rather peculiar in that
all arc radio quiet (Stockcet al. 1992), while10 -

156% of normal quasars arc radio loud (Kellerman
el a. 1989; Miller, Pecacock, & Mcad 1990). Wc
therefore suggest that these objects arc in a high-
luminosity state sirnilar to that in GRO J1655-40 or
GRS 19154105 where radio jet production is sup-
pressed. in this scenario BAL QSOS arc those few
quasars which have beenundergoing accretion near
or above the Eddin gtonlimit (m > 0.35?). The pres-
ence of P-Cygni profiles with v~ 0.1 C may indicate
asuper-Eddington accretion event in progress, while
dectached broad lines may indicate a recent event in
the past withthe current rate still large but sub-
Eddington. Although high polarization 1] Al, QSOS
may i ndced be those viewed when the accretion disk
is nearly edge-on(Goodrich & Miller 1995), low po-
larization ones could be those viewed when it is more
face-on.

Such models for BAI, QSOS with large covering
factors have been discouunted in the past, not because
of the small numnbers of QSOs compared with the to-
tal QSO population, but because of a discrepancy be-
tween absorbed and emitied resonance ]inc photons
(e.g., Lyman a;Hamann, Korista, & Morris 1993).
While the broad and deep absorption troughs imply
that resonance photons h ave been absorbed, because
resonance scatlering preserves photon number; these
should eventually be re-cinitted from the BAIL cloud
surfaces in a bright emission line centered near zero
rest velocity. If the B AL cloud covering factor is large,
the nuinber of photons seen in emission should be
closc to that seen absorbed. However,in B AL QSOs
the number of resonance photons seen in emission is
sinall compared to th at absorbed, leading onc to con-
clude that the covering factor is small, with only a
portion of the I] Al, cloud surfaces facing the observer.

There is, however,.arlotlicr explanation for the lack
of rescmance yrhoton re-cmission ¢l ust absorpt ion
within the B AL clouds themselves (Voit, Weymann,
& Korista 1993; Turnshek 1995). 1t has been shown
(Mcier & Terlevich 1981) that even asmall amount
of dust in an ionized region can reduce the numn-
ber of cmitted resonance line photons by factors of
several, and normal amounts of dust can dest roy re-
emission entirely. B Al, clouds tend to be overabun-
dant in metals (Turnshek 1995) and, therefore, may
be quilt dusty. If so, it is possible that they have lit-
tle or noresonance line rc-emission anti that the ob-
served emission line comes only from the broad ]inc
region (BELR) interior to the BAl, region. Since in
this case the covering factor cannot be determined by




counting photons, its value is unconstrained by the
obsecrvations.

Inthe super-Eddington model for 11A], QSOs. the
small number of these objects comnpared to normal
QSOs is interpreted as being duc to the scarcity of
very high accretion rates rather than to viewing angle.
As the wind photosphere only covers the X-ray emit-
ting region of the disk, one would not expect normal
and B AL QSO optical properties to differ apprecia-
bly. However, these objects may differ dramatically
in their X-ray propertics, with the BAL QSOs be-
ing significantly cooler. While the super-I(;ddingtorl
model seems somewhat unsatisfactory in that it re-
quires two separate explanations for the resonance
line emission/absorption discrepancy and the small
numbers of }] Al, QSOs, it offers the distinct advan-
tage of explaining the lack of radio loud BAL objects
as a GRO J1655-40-ty pe anticorrel ation between high
luminosity, windy objects and strong radio emission.

For massive compact objects (m > 10°) the onset
of a hot inner region should occur a a much lower ac-
cretion rate than for stellar objects (mmy ~ 1.6 x 10-3).
If jets arc suppressed only near "eh ~ 0.35 in these
objects also, thenthere is a broad range of accre-
tion rate in which el ¢ jets canform by the pair-fed
Blandford- ’ayne mcchanism. The fact that only a
small percentage of QSOs arc radio sources indicates
that either all objectsidentificd as quasars are accret-
ing near Mpqaq (Which wc consider unlikely) or there is
an additional process at work in determining whether
or not a QSO is a radio source.

We therefore conclude, as we did with GRO J1655-
40, that while super-];dciingtorl accretion can explain
the anticorrelation between high lumninosity, windy
objects and strong radio source emission, it is not a
good candidate for explaining why most (non-BAL)
QSOs arc radio quicet. In our super-Iiddington model
BAL QSOs should be considered as being drawn from
boththeradio quiet anti radio loud populations, hut in
thelatter case jet gection is temporarily arrested hy
super- OF near-super-14ddington accretion. When the
rapid accretion subsides, some BA1L objects should
then return to being radio loud. High resolution, low
frequency radio scarches around 1] Al, QSOS should
reveal at least some of them (up to ] O-1 5%) to have
fossilrad io sources.

5. Conclusions

Wc have outlined a model in which production
of relativistic radio jets by accreting objects is sup-
presscd by processes which occur when tile accretion
rate approaches the Fddington linit. This was mo-
tivated by the obscrvation that GRO J 165540 and
other objects show an anticorrelation between high
luminosity andonsct of a radio jet. From the ob-
scrvat ions our best estirnate for the jet-suppression
accret ion rate threshold is about one-third of the Jd-
dington value.

Our jet-production model invokes the Blandford-
Paync Ml 11) acceleration process, seeded by an ete™
pair wind. All the key ingredients of this mechanism
should be present in accretion disks with m within
2-3 orders of magnitude of the Eddington limit (thin,
relatively stable disk; magnetic field; hot, 6 x 100 K
corona). Numerical simulations of this mechanism
indicate that for a wide range of the input parame-
ters, at lead mildly relativistic jets with a high degree
of coi 1 imation arc ejected from a small region of the
disk near the compact object. Total jet powers de
rived from the obsct vations arc consistent with those
predicied theoretically.

Wec suggest the Papaloizou-Pringle instability as
the primary jet-supr,rcssior[ mechanism. This is ex-
pected to be especiall y destructive to the jet,-prc)ciucing
region When the accretion rate is near the Fddington
limit and the inner disk is thick. Because of the insta-
bilities, the onset of anoptically thick, sub- relativistic
(v 0.1 ¢), super-Eddington wind, which carries off
powerinexcess of 11144, scems inevitable, even when
the compact object is a black ho]c with the poten-
tial for swallowing a portion of the power through
transonic advective accretion. The presence of such
a wind can be inferred indirectly from the spectral
evolut ion of GRQ J1655 40 a high luminosity and
directly from the absorption lines in BAL QSOs -
another class of objec ts known to beradio quiet. The
wind xlso may be asccondary jet-suppressirlg mnech-
anism.

The main weakness of the model lies in the still
very poor theoretical understanding of the details of
the accretion processes when m > mj. The varia-
tion of coronalmagnctic field strength with disk ra
dius is still poorly known) let alone the details of ex-
actly how the field configuration required for MIID jet
acceleration is maintained. Wc also have only poor
estimates Of the accretion rate at which |’ apaioizoll-




Pringleinstabilities in thick disks have a destructive
effect on the conditions for MI 1l) jet acceleration.
Lcast known arc the structure of the inner regions of
super-Fddington disks, the dominant process which
carries off 1ost of the excess power (wind or advec-
tive accretion) in the black hole case, and the effect
the disk instabilitics have on this situation.

Independent measurements of compact object mass-

cs, and therefore L1544, in these objects would be a
first step toward testing this model. Very high spatial
resolution Space VLI observations during jet pro-
duction may constrain some collimation mechanisms.
High spectral resolution observations of X-ray lines
during the high luminosity phase would help identify
a super-ltddingtorl wind. X-ray continuuin observa-
tions of normal and BA1, QSOS could test for a cooler
optically thick wind in the latter class of objects. High
resolution, low frequency radio observations of BA L
objects should reved at least some (up to 1 O-15Y0)
to have fossil radio sources and therefore have been
radio loud in the past.

While we believe the mechanism proposed herein
to be responsible for the short-terin anticorrclations
between high luminosity /windy phenomena and ra-
dio jet eection seen in some objects, wc do not be-
lieve it to be the explanation for radio quietness in al
objects. Somec more fund dament a, long-terin mecha-
nism must be at work which would, for example, allow
G RO J 1655-40 to evolve over several months from a
radio loud to a radio quiet “mini-quasar”. Under-
standing this latter mechanism may help unify virtu-
aly al QSOs into a single model.

The author is grateful to Harmonet a. 1995a and
Mcier, I'sync, & Lind 1995, for alowing usc of their
results prior to publication, and to R. Blandford, A.
Harmon, D. Jones, A. Levinson, J. Ling, ). Murphy,
and W. Pacicsas for uscful discussions or comnments
on the manuscript. This rescarch was carried out at
the Jet Propulsion Laboratory, California Institute of
Technology, under contract to the National Aeronau-
tiC?, <\dministration.
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