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Abstract
�

Black
�

holesof stellarmassandneutronstarsin binarysystemsarefirst
detected



ashardX-ray sourcesusinghigh-energy spacetelescopes.Relativistic jetsin
some� of thesecompactsourcesarefoundby meansof multiwavelengthobservations
with� ground-basedtelescopes.The X-ray emissionprobesthe inner accretiondisk
and� immediatesurroundingsof thecompactobject,whereasthesynchrotronemission
from
�

the jets is observed in the radio andinfraredbands,andin the future could be
detected



at evenshorterwavelengths.Black-holeX-ray binarieswith relativistic jets
mimic, on a much smallerscale,many of the phenomenaseenin quasarsand are
thus
�

calledmicroquasars.Becauseof their proximity, their studyopensthe way for
a� betterunderstandingof the relativistic jets seenelsewherein the Universe.From
the
�

observationof two-sidedmoving jets it is inferredthattheejectain microquasars
move with relativistic speedssimilar to thosebelieved to be presentin quasars.The
simultaneous� multiwavelengthapproachto microquasarsrevealsin short timescales
the
�

closeconnectionbetweeninstabilitiesin theaccretiondiskseenin theX-rays,and
the
�

ejectionof relativistic cloudsof plasmaobservedassynchrotronemissionatlonger
w� avelengths.Besidescontributing to a deeperunderstandingof accretiondisksand
jets,
�

microquasarsmay serve in the future to determinethe distancesof jet sources
using� constraintsfrom specialrelativity, and the spin of black holesusing general
relati� vity.

��� �������! #"%$&����')(+*-,/.0�1 #23�

While
4

thefirst evidenceof jet-like featuresemanatingfrom thenucleiof galaxies
goes5 backto thediscovery by Curtis (1918)of theoptical jet from theelliptical
galaxy5 M87in theVirgocluster, thefindingthatjetscanalsobeproducedin smaller
scale6 by binarystellarsystemsis muchmorerecent.Thedetectionby Margonetal
(1979)
7

of large, periodic Doppler drifts in the optical lines of SS 433 resulted
in the propositionof a kinematicmodel (Fabian& Rees1979; Milgrom 1979)
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consisting: of two precessingjetsof collimatedmatterwith velocityof 0.26c.High
angular; radio imagingasa function of time showed the presenceof outflowing
radio jets and fully confirmedthe kinematicmodel (Spencer1979; Gilmore &
Seaquist
�

1980;Gilmoreetal 1981;Hjellming& Johnston1981).Theearlyhistory
of< SS433hasbeenreviewedby Margon(1984).

Since
�

the detectionof Sco X-1 at radio wavelengths(Ables 1969), some
X-ray
=

binarieshadbeenknown to bestrong,time-variablenon-thermalemitters.
Ejectionof synchrotron-emittingcloudswas suspectedfrom thosedays,but the
actual; confirmationof radio jets cameonly with the observationsof SS433.At
present,> thereareabout200known galacticX-ray binaries(vanParadijs1995),of
which? about10 percentareradio-loud(Hjellming & Han1995).Of theseradio-
emitting@ X raybinaries,10haveshown evidenceof relativistic jetsof synchrotron
emission,@ andthis review focuseson this setof objects.After the definition of
Bridle & Perley (1984)for extragalacticjets,we usetheterm“jets” to designate
collimatedA ejectathathaveopeninganglesB 15C .

In
D

thelastyearsit hasbecomeclearthatcollimatedejectacanbeproducedin
se6 veralstellarenvironmentswhenanaccretiondisk is present.Jetswith terminal
vE elocitiesin theorderof a few hundredto a few thousandkm sF 1 are; now known
to
G

emanatefrom objectsasdiverseasveryyoungstars(Reipurth& Bertout1997),
nucleiH of planetarynebulae(López< 1997),andaccretingwhitedwarfsthatappear
as; supersoftX-ray sources(Motch 1998, Cowley et al 1998). Thesetypesof
stellar6 jets have, however, non-relativistic velocities(I 100–10000km sJ 1)

K
and

their
G

associatedemissionis dominantlythermal(i.e.free-freecontinuumemission
in
L

theradioaswell ascharacteristicnear-IR, opticalandUV lines).Interestingly,
in
L

all known typesof jet sourcesa disk is believed to be present.This review
concentratesA onsynchrotronjetswith velocitiesthatcanbeconsideredrelativistic
(
7NMPO

0
Q1R

1cS ),K which areobserved in X-ray binariesthatcontaina compactobject,
that
G

is, aneutronstaror ablackhole.Ouremphasisis on theradiocharacteristics
of< thesesources.For detailedreviewsof theX-ray propertiesof thesesourceswe
refer the readerto the reviews by Tanaka& Shibazaki(1996)andZhanget al
(1997).
7

T�U VXW#Y3Z)[]\+^3_&`�_&Za`

At
b

first glanceit mayseemparadoxicalthatrelativistic jetswerefirst discoveredin
the
G

nucleiof galaxiesanddistantquasars,andthatfor morethanadecadeSS433
w? astheonlyknownobjectof itsclassin ourGalaxy(Margon1984).Thereasonfor
this
G

is thatdisksaroundsupermassiveblackholesemitstronglyatopticalandUV
w? avelengths.Indeed,themoremassive theblackhole,thecoolerthesurrounding
accretion; diskis.For ablackholeaccretingattheEddingtonlimit, thecharacteristic
black
c

body temperatureat the last stableorbit in the surroundingaccretiondisk
will? be given approximatelyby T d 2 e 107

f
M g 1h 4 (Rees

7
1984),with T in K

and; the massof the black hole,M
i

,j in solarmasses.Then,while accretiondisks
in
L

AGNs have strongemissionin the optical andultraviolet with distinct broad
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emission@ lines,blackholeandneutronstarbinariesusuallyareidentifiedfor the
first
l

timeby theirX-ray emission.Amongthesesources,SS433is unusualgiven
its broadoptical emissionlines andits brightnessin the visible. Therefore,it is
understandablem that therewas an impassein thediscovery of new stellarsources
of< relativistic jetsuntil therecentdevelopmentsin X-ray astronomy.

Observ
n

ationsin the two extremesof theelectromagneticspectrum,in thedo-
maino of thehardX-rayson onehand(Sunyaev et al 1991;Paul et al 1991),and
in thedomainof radiowavelengthson theotherhand,revealedtheexistenceof
neH w stellarsourcesof relativistic jetsknown asmicrp oquasars (Mirabel

7
etal 1992;

Mirabel & Rodŕıguez1998).Theseare stellar-massblack holesin our Galaxy
that
G

mimic, on a smallerscale,many of thephenomenaseenin quasars.Themi-
croquasarsA combinetwo relevant aspectsof relativistic astrophysics:accreting
black
c

holes(of stellarorigin) which area predictionof generalrelativity andare
identifiedby the productionof hardX-rays andgamma-raysfrom surrounding
accretion; disks,andrelativistic jets of particlesthat areunderstoodin termsof
special6 relativity andareobservedby meansof their synchrotronemission.

Multi-wavelengthstudiesof theX-ray andgamma-raysourcesin thegalactic
centerA regionledin theyear1992to thediscoveryof twomicroquasars:1E1740.7-
2942andGRS1758-258(Mirabel et al 1992,Rodŕıguezet al 1992).TheX-ray
luminosity
q

, the photonspectrum,and the time variability of thesetwo sources
are; comparableto thoseof the black hole binary CygnusX-1 (Churazov et al
1994; Kuznetsov et al 1997),andit is unlikely that they areextragalacticsince
no suchpersistenthardX-ray ultraluminousAGNs areobserved (Mirabel et al
1993).In Figure1 weshow theradiocounterpartof 1E1740.7-2942.As in Cygnus
X-1,
=

thecentimeterradiocounterpartof 1E1740.7-2942is aweakcoresourcethat
e@ xhibitsflux variationsof theorderof r 50%

s
whichatepochsappearanticorrelated

with? the X-ray flux (Mirabel et al 1992).At radio wavelengthsthesetwo X-ray
persistent> sourceslocatednearthegalacticcenterhave a striking morphological
resemblancet with distantradiogalaxies;they consistof compactcomponentsat
the
G

centerof two-sidedjets thatendin weak,extendedlobeswith no significant
radiot flux variationsobserved in the last 6 years(Rodŕıguezu & Mirabel 1999b).
1E1740.7-2942andGRS1758-258seemto bepersistentsourcesof bothX-rays
and; relativistic jets.Mirabeletal (1993)havearguedwhy it wouldbeunlikely that
the
G

radiosourcesareradiogalaxiesaccidentallysuperposedontheX-rayssources.
For 1E1740.7-2942no counterpartin the optical or near infrared wavelengths
has
v

beenfound so far, althoughthereis a reportof a marginal detectionat w 3.8
x

y m by Djorgovski et al (1992).GRS1758-258hastwo possiblefaint candidate
counterpartsA (Mart́ıu et al 1998).

In thesebinariesof stellar-massarefoundthethreebasicingredientsof quasars;
a; blackhole,anaccretiondisk heatedby viscousdissipation,andcollimatedjets
of< high energy particles.But in microquasarsthe black hole is only a few solar
massesinsteadof severalmillon solarmasses;theaccretiondiskhasmeanthermal
temperatures
G

of severalmillon degreesinsteadof severalthousanddegrees;andthe
particles> ejectedatrelativistic speedscantravel up to distancesof afew light years
only< , insteadof several millon light yearsasin giant radio galaxies(Mirabel &
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Figure 1 Contour
z

mapof the6-cmemissionfrom theradiocounterpartof 1E1740.7-2942,
asobserved with the Very Large Array (Mirabel et al 1992;Rodŕıguez& Mirabel 1999c).
Theerrorcircle of theROSAT position(Heindl et al 1995),that includesthecoresource,is
alsoshown. At a distanceof 8 kpc the lengthof the jet structurewould be { 5 pc. Thehalf
po| wercontourof thebeamis shown in thetopleft corner. Contoursare } 4,

~
4, 5, 6, 8, 10,12,

15,and20 times28 � Jy beam� 1.
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Rodŕıguez1998).Indeed,simplescalinglawsgovernthephysicsof flowsaround
black
c

holes,with lengthandtimescalesbeingproportionalto themassof theblack
holes(Samsetal 1996;Rees1998).Thewordmicrp oquasarw? aschosento suggest
that
G

the analogywith quasarsis more thanmorphological,and that thereis an
underlyingm unity in thephysicsof accretingblackholesover an enormousrange
of< scales,from stellar-massblackholesin binarysystems,to supermassive black
holes
v

at thecenterof distantgalaxies.Strictly speakingandif it hadnot beenfor
the
G

historicalcircumstancesdescribedabove, theacronym quasar� (“quasi-stellar
7

-
radio-source”)t wouldhavesuitedbetterthestellarmassversionsratherthantheir
super6 -massiveanalogsat thecentersof galaxies.

��� �����-���a�1���X���!�&�]���]�����3���

Expansionsat up to ten or moretimesthe speedof light have beenobserved in
quasars� for morethan20 years(Pearson& Zensus1987;Zensus1997).At first
these
G

superluminalmotionsprovoked concernbecausethey appearedto violate
relatit vity, but they weresooninterpretedasillusionsdueto relativistic aberration
(Rees
7

1966).However, theultimatephysicalinterpretationhadremaineduncertain.
In
D

theextragalacticcasethemoving jetsareobservedasone-sided(becausestrong
Dopplerfavoritism renderstheapproachingejectadetectable)andit is not possi-
ble
c

to know if superluminalmotionsrepresentthepropagationof waves through
a; slowly moving jet, or if they reflect the actualbulk motion of the sourcesof
radiation.t

In
D

thecontext of themicroquasaranalogy, onemayaskif superluminalmotions
couldA be observed from sourcesknown to be in our own Galaxy. Among the
handful
v

of blackholesof stellarmassknown sofar, threetransientX-ray sources
have indeedbeenidentifiedat radio waves as sporadicsourcesof superluminal
jets.
�

Thefirst superluminalsourceto bediscovered(Mirabel & Rodŕıguezu 1994)
w? as GRS1915+105,a recurrenttransientsourceof hardX-rays first found and
studied6 with the satelliteGRANAT (Castro-Tirado et al 1994;Finoguenov et al
1994).The discovery of superluminalmotionsin GRS 1915+105stimulateda
search6 for similar relativistic ejectain other transienthardX-ray sources.Soon
after; , thesamephenomenonwas observedby two differentgroups(Tingayet al
1995;Hjellming & Rupen1995)in GRO J1655-40,ahardX-ray novafoundwith
the
G

ComptonGammaRayObservatory(Zhanget al 1994).A third superluminal
source6 maybeXTE J1748-288(Hjellming et al 1998),a transientsourcewith a
hard
v

X-ray spectrumrecentlyfoundwith XTE (Smithetal 1998).
GRS
�

1915+105is at � 12 kpc from theSun(Rodŕıguezet al 1995;Chatyet al
1996)ontheoppositesideof thegalacticplaneandcannotbestudiedin theoptical.
Gi
�

ven thelargeextinctionbydustalongthelineof sight(Mirabeletal1994;Chaty
et@ al 1996),theprecisenatureof thebinaryhasbeenelusive. Castro-Tiradoet al
(1996)
7

proposedthat GRS1915+105is a low massbinary, while Mirabel et al
(1997)
7

proposedthatit isalongperiodbinarywith acompanionstarof transitional
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spectral6 type.Fromthenatureof thelinevariability in theinfrared,Eikenberryetal
(1998b)
7

proposethat the emissionlines in GRS1915+105arisein an accretion
disk
�

ratherthanin the circumstellardisk of an Oe/Becompanion(Mirabel et al
1997).GRS1915+105hassimilaritiesin theX-raysandgamma-rayswith GRO
J1655-40
�

andotherblackholebinaries,andit is alsolikely to harborablackhole
(Greiner
7

et al 1996).TheX-ray luminosityof GRS1915+105(reaching2 � 106
�

solar6 luminosities)far exceedsthe Eddingtonlimit (above which the radiation
pressure> will catastrophicallyblow out the externallayersof the source)for a 3
solar6 massobject,whichis105

�
solar6 luminosities.Furthermore,it showsthetypical

hardX-ray tail beyond100keV seenin blackholebinaries(Cordieret al 1993;
Finogueno
�

v et al 1994;Grove et al 1998).Finally, it is known that the absolute
hardX-ray luminositiesin black hole systemsaresystematicallyhigherthanin
neutronH starsystems(Balletetal1994,Barretetal1996),anotherresultthatpoints
to
G

ablackholein GRS1915+105.
GR
�

O J1655-40is at a distanceof 3.2kpc andtheapparenttransversemotions
of< its ejectain thesky arethelargestyet observed(Tingayet al 1995;Hjellming
&
�

Rupen1995)until now from anobjectbeyondthesolarsystem.It hasa bright
optical< counterpartandconsistsof astarof 1.7–3.3solarmassesorbitingarounda
collapsedA objectof 4–7solarmasses(Orosz& Bailyn1997,Phillipsetal1999).The
compactA objectis certainlya blackhole,sinceits massis beyondthe theoretical
maximummasslimit of � 3

x
solarmassesfor neutronstars(Kalogera& Baym

1996).
King (1998)proposesthatthesuperluminalsourcesareblackholebinarieswith

the
G

secondaryin the Hertzsprung-Russellgap,which providessuper-Eddington
accretion; into theblackhole.In theGalaxytherewould have been� 103

 
systems6

of< this classwith a lifetime for thejet phaseof ¡ 107
f

years,¢ which is theduration
of< thespin-down phaseof theblackhole.

£�¤¦¥¨§ª©¬«®­°¯²±³©µ´·¶¹¸¬º»±�¼¾½À¿Á¶¹½À¸¬Â0¶¹¸/ÃÅÄa§/¥�Æ�¥�Ç�ÈÉ¥�ÊµÇ

Figure2showsapairof brightradiocondensationsemergingin oppositedirections
from
Ë

thecompact,variablecoreof GRS1915+105.Beforeandaftertheremarkable
ejection@ eventshown in Figure2, thesourceejectedotherpairsof condensations

ÌÍÌÎÌÏÌÎÌÎÌÎÌÏÌÎÌÎÌÏÌÎÌÎÌÏÌÎÌÎÌÏÌÎÌÎÌÎÌÏÌÎÌÎÌÏÌÎÌÎÌÏÌÎÌÎÌÎÌÏÌÎÌÎÌÏÌÎÌÎÌÏÌÎÌÎÌÏÌÎÌÎÌÎÌÏÌÎÌÎÌÏÌÎÌÎÌÏÌÎÌÎÌÏÌÎÌÎÌÎÌÏÌ Ð
Figure 2 Pair of radiocondensationsmoving awayfrom thehardX-ray sourceGRS
1915+105(Mirabel& Rodŕıguez1994).Theseuniform-weightVLA mapsweremade
at�/Ñ 3.5-cm

Ò
for the1994epochson theright sideof eachmap.Thepositionof thesta-

tionary
�

coreis indicatedwith asmallcross.Themapshavebeenrotated60Ó clockwise
for easierdisplay. Thecloudto theleft appearsto moveawayfrom thestationarycore
at125%thespeedof light. Contoursare1, 2, 4, 8, 16,32,64,128,256and512times
0.2 mJy/beamÔ 1 for

�
all epochsexceptfor March 27 wherethe contourlevels arein

units� of 0.6mJy/beamÕ 1. Thehalf powerbeamwidth of theobservations,0.2arcsec,
is
Ö

shown in thetop right corner.
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b
c
ut with flux densitiesone to two ordersof magnitudeweaker. One of these

weak? er pairscanbe seenin the first four mapsof Figure2, asa fainterpair of
condensationsA moving aheadof thebright onesat aboutthesamepropermotion
and; direction.

In Figure3 we show the propermotionsof the condensationsdetectedfrom
four ejectioneventsin 1994.Theangulardisplacementsfrom thestationarycore
are; consistentwith unacceleratedmotions.Thetimeseparationbetweenejections
suggests6 a quasi-periodicityat intervals in the rangeof 20–30days.Although
the
G

cloudsin eacheventappearto move ballistically, alwaysin thesamegeneral
region of thesky, their positionanglessuggestchangesby × 10Ø in thedirection
of< ejectionin onemonth.

Figures2 and3 show two asymmetries:onein apparenttransversemotions,
another; in brightness.Thecloudthatappearsto movefasteralsoappearsbrighter.
It hasbeenshown thatbothasymmetries,in propermotionsandin brightness,are
consistentA with thehypothesisof ananti-parallelejectionof twin cloudsmoving
at; relativistic velocities(Mirabel & Rodŕıguezu 1994),asdiscussedin Section4.
At adistanceof 12kpcthepropermotionsmeasuredwith theVLA in 1994of the
approaching; (17Ù 6ÚÜÛ 0

Q1Ý
4
Þ

masdß 1)
K

andreceding(9 à 0Qâá 0
Q1ã

1 masdä 1)
K

condensa-
tions
G

shown in Figure2 imply apparentvelocitieson theplaneof thesky of 1.25c
and; 0.65c,respectively. From the analysisof relativistic distorsioneffectsusing
the
G

equationsin the next sectionandthe VLA data,it is inferredthat the ejecta
moo vewith aspeedof 0.92catanangleåçæ 70

èêé
to
G

theline of sight.
W
ë

ithin the errorsof the measurementsanda precessionof ì 10í ,j relativistic
ejections@ with a stablejet axis at scalesof 500–5000AU and larger were later
observ< edfrom GRS1915+105over atimespanof four years(Mirabeletal 1996a,
Fenderet al 1999,Dhawan et al 1999).The VLBA imagesof GRS1915+105
sho6 w thatthejetsarealreadycollimatedatmilliarcsecscales(Dhawan et al 1999),
namely, at about10 AU from thecompactsource(Figure4). Thecoreappearsas
a; synchrotronjet of length î 100AU beforeandduringoptically thin flares,and
at; thosescalesit alreadyexhibitsDopplerboosting.Discreteejectahaveappeared

ïÍïÎïÏïÎïÎïÏïÎïÎïÎïÏïÎïÎïÏïÎïÎïÏïÎïÎïÏïÎïÎïÎïÏïÎïÎïÏïÎïÎïÏïÎïÎïÏïÎïÎïÎïÏïÎïÎïÏïÎïÎïÏïÎïÎïÎïÏïÎïÎïÏïÎïÎïÏïÎïÎïÏïÎï ð
Figure 3 Angular displacementsasa function of time for four ejectioneventsob-
serv� ed in 1994in GRS1915+105(Rodŕıguez& Mirabel 1999a).Top: Angular dis-
placements| asafunctionof timefor four approachingcondensationscorrespondingto
ejectionsñ thattookplaceon(fromleft to right)1994January29(triangles),February19
(squares),
ò

March19(circles),andApril 21(crosses).Bottom: Angulardisplacements
as� a functionof time for threerecedingcondensationscorrespondingto ejectionsthat
took
�

placeon (from left to right) 1994February19 (squares),March19 (circles),and
April 21(crosses).Thecloudsof the1994January29ejectionwererelativelyweakand
the
�

recedingcomponentcouldnotbedetectedunambiguously. Thedashedlinesarethe
leastsquaresfit to theangulardisplacementsof the1994March19event,thebrighter
and� betterstudied.Notethatthemotionsappearto beballistic (thatis, unaccelerated).
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9

Figure 4 Contourmapof the2-cmemissionfrom thecoreof GRS1915+105,asobserved
on April 11, 1997with the Very Long BaselineArray at milliarcsecondangularresolution
(Dhawan et al 1999).Theangularresolutioncorrespondsto about10AU atGRS1915+105.
The half power contourof the beamis shown in the bottomleft corner. Contoursare ó 1,
1, 2, 4, 8, 16, 32, 64, and96 times0.26mJybeamô 1. Thepositionangleof this ejectionat
milliarcsecõ scaleis thesameasthatseenat thearcsecscalesthreeyearsbefore.

at; about500AU. Both, theobservationswith MERLIN (Fenderet al 1999)and
with? the VLBA (Dhawan et al 1999) in the years1997 and 1998 have shown
fasterapparentsuperluminalmotionsat 1.3c–1.7cat scalesof hundredsof AU,
and; intrinsic expansionsof the expelledcloudsmostly in the directionof their
b
c
ulk motions.At presentit is not clear if the fastermotionsmeasuredwith the

higher
v

resolutionobservationsof MERLIN andVLBA in1997relativeto theVLA
observ< ationsin 1994aredueto intrinsic fasterejections,changesin theangleto
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the
G

line of sight,or to resolutioneffectsbetweenthearraysassuggestedby Fender
et@ al (1999).

A secularpropermotionof 5 ö 8÷âø 1 ù 5s masyr ú 1 in thegalacticplane,in rough
agreement; with theHI distanceof 12kpc(Rodŕıguezu etal1995),hasbeenmeasured
with? theVLBA (Dhawan et al 1999).

û�ü¦ý¨þªÿ��������³ÿ	��

������������

������

������� ��!#"	$�$�%'&�(
The
)

relativisticejectionsobservedin theradioin GROJ1655-40havestrikingsim-
ilarities aswell asdifferenceswith thosein GRS1915+105.Bright components
moving apartwith propermotionsin therangeof 40to 65masd* 1 were? indepen-
dently
�

observedwith theSouthernHemisphereVLBI Experimentarray(Tingay
et@ al 1995),andtheVLA andVLBA (Hjellming & Rupen1995).In Figure5 is
sho6 wn asequenceof seven VLBA radioimagesof GRSJ1655-40from Hjellming
&
�

Rupen(1995).At a distanceof 3.2 kpc the motionsof the ejectahave been
fit—using
l

akinematicmodel—withavelocityof 0.92c,andajet axisinclined85+
to
G

theline of sightatapositionangleof 47, ,j aboutwhichthejetsrotateeverythree
days
�

atanangleof 2- .
In contrastto whathasbeenobservedin therepeatedejectionsof GRS1915+

105,theflux ratiosof theblobsoneithersideof GRO J1655-40cannotbeascribed
to
G

relativistic Dopplerboosting.In GRO J1655-40the asymmetryin brightness
appears; to flip from side to side (Hjellming & Rupen1995).Not only do the
jets
�

appearto be intrinsically asymmetric,but alsothe senseof that asymmetry
changesA fromeventtoevent.Therefore,althoughsimilarintrinsicvelocitiesgreater
than
G

0.9carefoundin bothsuperluminalsources,dueto theasymmetriesin GRO
J1655-40,
�

theultimatephysicalinterpretationof thesuperluminalexpansionsin
this
G

sourceremainsuncertain.
W
ë

e point out that in SS433 flux asymmetriesbetweenknotsejectedsimul-
taneously
G

on both sideshave alsobeenobserved (Fejes1986).This asymmetry
couldA bedueto intrinsic variations,soperhapsGRO J1655-40is not unusualin
this
G

respect.However, VLBA multiwavelengthmonitoringof SS433(Paragietal
1998)showsthatit isalwaystherecedingpartof thecore-complex whichis fainter
comparedA to theapproachingone,andthatthiseffect cannotbeexplainedsimply
by
c

Dopplerbeaming.It is possiblethatfree-freeabsorptionandthedifferentpath-
lengthsthroughanabsorbingmediumcouldexplain someof theseasymmetries
in
L

SS433 andother jet sources.Furthermore,in SS433 morethan90% of the
radio emissionis in knots ratherthan in continuousjets, andthe corecomplex
disappears
�

after largeoutbursts,asobserved in GRS1915+105during theyears
1992and1993(Mirabel& Rodŕıguezu 1994).

.�/0.2143�5�6�7�893	:�;
<�=�8�>�?�@�;
?�<�A�;
<�BDC�EGF�H�I#J�KML�N#K�K
T
)
wo major relativistic ejectionsequencesmoving at least20 masdayO 1 were?

observ< edin June1998(Hjellming etal 1998)from thehardX-ray transientXTE
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Figure 5 A sequenceof seven VLBA imagesof GRO J1655-40at 1.6GHz,eachrotated
anticlockwiseby 43P ,Q andeachhaving anangularresolutionof 3.0 R 0.4

S
arcsec(Hjellming

&
T

Rupen1995).Eachimageis labeledwith the dateof the observations.The solid lines
between
U

imagesidentify motionsof 54 masdayV 1 (left)
ò

and45.5masdayW 1 (right).
ò

The
vX ertical line marksthepositionof thecentralsource,assumedto bethebrightestpoint on
eachñ image.
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J1748-288
�

(Smithet al 1998).Eachsequenceappearedto begin with a one-sided
relatit vistic ejection.The ejectaare highly linearly polarized,and at a distance
of< 8 kpc, derived from the HI Y 21cmabsorptionline, their motionswould im-
ply> apparentspeedsof 0.9cand1.5c,andintrinsic velocitiesof morethan0.9c
(Hjellming
7

et al 1998).This is thefirst galacticsourceof relativistic jetswhereit
hasbeenobserved in real time that the jetscollide with environmentalmaterial,
being
c

deceleratedwhile brighteningat theleadingedgeof thejet.

Z	[ \�]_^M`Dacbedgfh^Md�bMi�akjlaki�mn^Mo�o�^	`Dip\
Z	[0q2]�rtsur�v�w�xyw�s{z�|�}~x���w�^���w#�#x��
|��

The
)

maincharacteristicsof thesuperluminalejectionscanbeunderstoodin terms
of< the simultaneousejectionof a pair of twin condensationsmoving at velocity�

(
7��������

cS ),K with � being
c

the velocity of the condensationsandcS the
G

speedof
light), with theaxisof theflow makinganangle � (0

7��������
90
���

)
K

with respect
to
G

the line of sightof a distantobserver (Rees1966;seeFigure6). Theapparent
proper> motionsin thesky of theapproachingandrecedingcondensations,� a� and;�

r ,j aregiven by:

�
a� � ¡ sin6£¢¤

1 ¥g¦ cosA §t¨ cS
D
©«ª (1)

7

¬
r ­

®
sin6°¯±

1 ²´³ cosA µ�¶ cS
D
©«· (2)

7

where? D
©

is
L

thedistancefrom theobserver to thesource.Thesetwo equationscan
be
c

transformedto theequivalentpair of equations:

¸
cosAº¹¼»¾½ a��¿�À rÁ

a�_Â´Ã rÄ~Å (3)
7

D
©ÇÆ cS tan

GÉÈ
2
Ê
ËÍÌ

a��Î�Ï rÄkÐÑ
a�uÒ rÄ Ó (4)

7

If
D

only thepropermotionsareknown,aninterestingupperlimit for thedistance
canA beobtainedfrom Equations(3) and(4):

D
©ÕÔ cSÖ ×

a�uØ r Ù (5)
7

In
D

all equationsweusecgsunitsandthepropermotionsarein radianssÚ 1. In the
caseA of thebrightejectioneventof 1994March19for GRS1915+105,theproper
motionso measuredwere Û a�ÝÜ 17Þ 6ÚDß 0

Qáà
4
Þ

masdayâ 1 and; ã
rÄGä 9
�áå

0
Qeæ

0
Qáç

1 mas
day
�éè 1. UsingEquation(5), we derive anupperlimit for thedistance,D ê 13ë 7è
kpc,
ì

confirmingthegalacticnatureof thesource.
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Figur
í

e 6 Geometryof thetwo-sidedejection.Theemissionis symmetric,but when
the
�

emittingcloudsmoveat relativistic speedstheapproachingcomponentof thepair
appears� to move fasterandto bebrighterthantherecedingcomponent.

The
)

distanceto GRS 1915+105is found to be, from HI absorptionstudies,
12î 5s	ï 1 ð 5s kpc(Rodŕıguezetal 1995;Chatyetal 1996).Then,thepropermotions
of< theapproachingandrecedingcondensationsmeasuredwith theVLA in 1994
and; 1995 imply apparentvelocitieson the planeof the sky of ñ a�gò 1 ó 25c andô

rÄ�õ 0
Qáö

65c
Ú

for theapproachingandrecedingcomponentsrespectively. Theejecta
moo ve with a truespeedof ÷¼ø 0

Qáù
92c
�

at anangleú�û 70
è´ü

with? respectto theline
of< sight(Mirabel& Rodŕıguez1994).Thefasterpropermotionsof 24masdayý 1

measuredo with MERLIN (Fenderet al 1999)andtheVLBA (Dhawan et al 1999)
in 1997would imply a truespeedof 0.98catanangleof 66þ to

G
theline of sight.

ÿ��������	��

�����
���������
����������������������� ��!#"$����������%&�
W
ë

enotethatthedetectionof aknown line from eitherof thecondensationswould
allo; w a precisedeterminationof the distance.The Doppler factors,namely, the
ratiost of observed to emittedfrequency ( ' o( )

K
for the approachingand receding

condensationsA aregiven by

)
a�+*-, a�.

o(0/21 3 1 4 1 576 cosA98;:=< 1 > (6)
7

?
rÄA@-B rÄC

o(ED2F G 1 H 1 IKJ cosA9L;M=N 1 O (7)
7
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In
D

theselast two equationsPRQTS 1 UKV 2 W=X 1Y 2 is
L

the Lorentz factor. Sincewe
know Z cosA9[ ,j a determinationof either \ a�#]#^ o_ or<a`

r b#c o_ will? allow thedetermina-
tion
G

of d and; thusthedeterminationof e and; of thedistancefrom Equation(4).
In thecaseof cosmologicallydistantobjects,theEquations1, 2, 4, and5 arevalid
replacingt thedistanceD

©
by
c

theangularsizedistanceD
©

a� (Peebles
7

1993),andthe
restfrequency f o_ by

chg
o_jilk 1 m znjo ,j with zn being

c
theobservedredshiftof thecentral

source.6 Theangularsizedistanceisgivenby D
©

a�+prq czS7s H
t

0
u�v [1 wyx 1 z q� 0

u|{ znj} 2
Ê�~������

],
�

where? H0
u is Hubble’sconstantandq� 0

u is thedimensionlessacceleration(or decel-
eration)@ parameter. Then,theobservationsof propermotionsandfrequency shifts
in
L

extragalacticrelativistic ejectapairscouldpotentiallybeusedto testbetween
dif
�

ferentcosmologicalmodels.

���������&�����
���A���&�&�j�������
The
)

ratiosof observedtoemittedflux densityS
�

o_ ,j fromatwin pairof optically-thin,
isotropicallyemittingjetsare:

S
�

a�
S
�

o_y�
� k
���l�
a� � (8)

7

S
�

rÄ
S
�

o_0�
� k
���;�
r   (9)

7

where? ¡ is thespectralindex of theemission(S
��¢¤£�¥�¦¨§

,j andk
©

is a parameterthat
accounts; for thegeometryof theejecta,with k

©«ª
2 for acontinuousjet andk

©«¬
3
x

for
Ë

discretecondensations.Then,theratioof observedflux densities(measuredat
equal@ separationsfrom thecore)will begiven by

S
�

a�
S
�

rÄy­
1 ®K¯ cosA9°
1 ±7² cosA9³

k
��´lµ

¶ (10)
7

Since
�

for the1994March19event · cosA9¸º¹ 0
Q�»

323
x

and¼�½r¾ 0
Q�¿

8
÷

theflux ratio
in
L

the caseof discretecondensationswould be 12, whereasfor a continuousjet
it would be6. For a givenangularseparationit was foundthat theobservedflux
ratiobetweentheapproachingandrecedingcondensationsis 8 À 1.Similarresults
were? foundusingtheMERLIN observationsby Fenderetal (1999).Therefore,ir-
respectiveof thedistanceto thesource,theflux ratiosfor equalangularseparations
from
Ë

thecoreareconsistentwith theassumptionof a twin ejectionat relativistic
vE elocities.Atoyan & Aharonian(1997) have consideredthe observable effects
in
L

the flux densityratio of asymmetriesbetweenthe jet andcounterjet.Bodo &
Ghisellini
�

(1995)haveproposedthattherecouldbeacontributionof wavepropa-
gation5 in thepatternmotions,but thatmostof theobserveddisplacementsaretrue
b
c
ulk plasmavelocities.
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Collimated
Û

jetsseemto besystematicallyassociatedwith thepresenceof anac-
cretionA disk arounda staror a collapsedobject. In the caseof black holes,the
characteristicA dynamicaltimesin theflow of matterareproportionalto theblack
hole’
v

s mass,andtheeventswith intervalsof minutesin a microquasarcouldcor-
respondto analogousphenomenawith durationof thousandsof yearsin a quasar
of< 109

Ü
M
ÝÙÞ

(Sams
7

et al 1996;Rees1998).Therefore,thevariationswith minutes
of< durationobservedin a microquasarin theradio,IR, optical,andX rayscould
sample6 phenomenathatwehavenotbeenableto observe in quasars.

X-raysprobetheinneraccretiondiskregion,radiowavesthesynchrotronemis-
sion6 from therelativistic jets.The long termmultiwavelengthlight curvesof the
superluminal6 sourcesshow that the hardX-ray emissionis a necessarybut not
suf6 ficientconditionfor theformationof collimatedjetsof synchrotronradioemis-
sion.6 In GRS1915+105the relativistic ejectionof pairsof plasmacloudshave
al; waysbeenprecededby unusualactivity in thehardX-rays(Harmonetal 1997),
moreo specifically, the onsetof major ejectioneventsseemsto be simultaneous
to
G

the suddendrop from a luminousstatein the hardX-rays (Fosteret al 1996;
Mirabel
Ý

et al 1996a).However, not all unusualactivity andsuddendropsin the
hardX-ray flux appearto beassociatedwith radioemissionfrom relativistic jets.
In
D

fact, in GRO J1655-40therehave beenseveral hard X-ray outburstswith-
out< following radio flare/ejectionevents.A moredetailedsummaryof the long
term
G

multifrequency studiesof black hole binariescanbe found in Zhanget al
(1997).
7

Theepisodesof largeamplitudeX-ray flux variationsin time-scalesof seconds
and; minutes,andin particular, theabruptdipsobserved(Greineretal1996,Belloni
et@ al 1997,Chenetal 1997)in GRS1915+105arebelieved to beevidencefor the
presence> of ablackhole,asdiscussedbelow. Thesevariationscouldbeexplainedif
the
G

inner( ß 200km) partof theaccretiondiskgoestemporarilyinto anadvection-
dominated
�

mode(Abramowicz et al 1995;Narayanet al 1997).In this mode,the
time
G

for theenergy transferfrom ions(thatgetmostof theenergy from viscosity)
to
G

electrons(thatareresponsiblefor theradiation)is largerthanthetimeof infall to
the
G

compactobject.Then,thebulk of theenergyproducedbyviscousdissipationin
the
G

disk is not radiated(ashappensin standarddiskmodels),but insteadis stored
in
L

the gasas thermalenergy. This gas,with large amountsof locked energy, is
adv; ected(transported)to thecompactobject.If thecompactobjectis ablackhole,
the
G

energy quietly disappearsthroughthe horizon. In constrast,if the compact
object< is a neutronstar, the thermalenergy in thesuperheatedgasis releasedas
radiationt whenit collideswith thesurfaceof theneutronstarandheatsit up.The
coolingA time of theneutronstarphotosphereis relatively long, andin this casea
slo6 w decayin theX-ray flux is observed.Thus,onewould expecttheluminosity
of< blackholebinariesto vary over a muchwider rangethanthatof neutronstar
binaries
c

(Barretet al 1996).Theideaof advection-dominatedflow hasalsobeen
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proposed> (Hameuryet al 1997)to explain theX-ray delayin anopticaloutburst
(Orosz
7

etal 1997)of GRO J1655-40.
Duringlarge-amplitudevariationsin theX-ray flux of GRS1915+105,remark-

able; flux variationson time-scalesof minuteshave alsobeenreportedat radio
(Poole
7

y & Fender1997,Rodŕıguez& Mirabel1997,Mirabeletal 1998)andnear-
infraredwavelengths(Fenderet al 1997,Fender& Pooley 1998,Eikenberryet al
1998a,Mirabeletal1998).Therapidflaresatradioandinfraredwavesarethought
to
G

comefrom expandingmagnetizedcloudsof relativistic particles.This ideais
supported6 by theobservedtimeshift of theemissionatradiowavesasafunctionof
w? avelengthandthefindingof infraredsynchrotronprecursorsto thefollow-upra-
dio
�

flares(Mirabeletal1998).Sometimestheoscillationsatradiowavesappearas
isolatedeventscomposedof twin flareswith characteristictimeshiftsof 70 à 20
minuteso (e.g.Pooley & Fender1997,Dhawan et al 1999).Thetimeshift between
the
G

twin peaksseemsto be independentof wavelength(Mirabel et al 1998),and
noDopplerboostingis observed.Thissuggeststhatthesequasiperiodicflaresmay
comeA from expandingcloudsmoving in oppositedirectionswith non-relativistic
b
c
ulk motions.

In
D

Figure7 areshown simultaneouslight curvesin the X-rays, infrared,and
radiowavelengths,togetherwith theX-ray photonindex duringa largeamplitude
oscillation.< Theselight curvescanbe consistentlyinterpretedto imply that the
relativistic cloudsof plasmaemergeatthetimeof thedipsandfollow-uprecovery
of< the X-ray flux. In adiabaticallyexpandingcloudsthe maximumflux density
at; shortwavelengths(i.e. thenearinfrared)shouldbeobservedvery shortlyafter
the
G

ejection(10á 3
 

sec),6 and it is only in the radio wavelengthsthat significant
time
G

delaysoccur(Mirabeletal1998).Figure7showsthattheonsetof theinfrared
flareoccuredâ 200secafterthedropof theX-rayflux, duringits recoveryfromthe
dip,
�

probablyat thetime of theappearanceof anX-ray spike (tã�ä 13min) which
is associatedto a suddensofteningof the(13–60keV)/(2–13keV) photonindex
due
�

to the drop in the hardX-ray flux. Similar phenomenahave beenobserved
in thissourceby Eikenberryetal (1998a).In thecontext of theunstableaccretion
disk
�

modelof Belloni et al (1997), theseobservationssuggestthat the ejection
of< plasmacloudstakesplaceduring the subsequentreplenishmentof the inner
accretion; disk, well after thedisappearanceof thesoft componentat thesudden
drop.
�

Theejectionof thecloudsseemsto becoincidentwith thesoftX-ray peakat
the
G

dip.Furthermore,theslow riseof theinfraredflux to maximumseenin Figure
7
è

indicatesthat the injectionof relativistic particlesis not instantaneousandthat
it couldlastup to tensof minutes.

Mirabel
Ý

et al (1998)have estimatedthattheminimummassof thecloudsthat
are; ejectedevery few tensof minutesis å 1019 g.5 Ontheotherhand,theestimated
total
G

massthatis removed from theinneraccretiondisk in onecycleof a few tens
of< minutesis of theorderof æ 1021 g5 (Belloni etal 1997).Given theuncertainties
in
L

theestimationof thesemasses,it is still unclearwhatis thefractionof massof
the
G

inner accretiondisk that disappearsthroughthe horizon of the black hole.
Anyway, it seemsplausiblethat during accretiondisk instabilitiesconsistingof
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Figure 7 Radio,infrared,andX-ray light curvesfor GRS1915+105at the time of quasi-
periodicoscillationson1997September9(Mirabeletal1998).Theinfraredflarestartsduring
therecoveryfrom theX-ray dip,whenasharp,isolatedX-ray spikeisobserved.Theseobser-
vationsshow theconnectionbetweentherapiddisappearanceandfollow-upreplenishmentof
theinneraccretiondiskseenin theX-rays(Belloni etal 1997),andtheejectionof relativistic
plasmacloudsobserved assynchrotronemissionat infraredwavelengthsfirst and later at
radiowavelengths.A schemeof therelativepositionswherethedifferentemissionsoriginate
is shown in thetop partof thefigure.Thehardnessratio (13–60keV)/(2–13keV) is shown
at thebottomof thefigure.

the
G

suddendisappearanceof its innerpart,mostof it isadvectedinto theblackhole,
and; only somefractionis propelledinto synchrotron-emittingcloudsof plasma.

Ener
ç

gy outburstsin the flat synchrotronspectrumover at leastfour decades
of< frequency have alsobeenobserved in CygnusX-3 (Fenderet al 1996).The
optical< polarizationobserved in GRO J1655-40(Scaltriti et al 1997)could also
be
c

relatedto the presenceof synchrotronemissionat optical wavelengths.The
study6 of GRS1915+105led to the realizationthat besidesthe energy invested
in the accelerationof the plasmacloudsto their bulk motions,the oscillations
of< the type shown in Figure7 requiresynchrotronluminositiesof at least1036

 
er@ g sè 1. This synchrotronluminosityis not negligible with respectto thethermal
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luminosity radiatedin the X-rays.Theseresultsgive supportto the observation
of< synchrotroninfraredjets reachingdistancesof a few thousandAU from GRS
1915+105(Samsetal 1996).

é�ê ë×ìÉíKî�ï�ð�ñ2òÉí	óÌï�ô

Theprocessesby whichthejetsareacceleratedandcollimatedarestill notclearly
understood,m but it isbelievedthatseveralof theconceptsproposedfor extragalactic
jets
�

canbeextendedto galacticjets.
Blandford
õ

& Znajek(1977)takeadvantageof thefactthat,in principle,it ispos-
sible6 to extractenergy andangularmomentumfrom arotatingblackhole(Penrose
1969),to produceelectricandmagneticfields andpossiblyfastoutflowing jets.
A magnetizedaccretiondiskaroundtheKerrblackholebrakesit electromagneti-
callyA . However, Ghosh& Abramowicz (1997)andLivio et al (1997)have called
into
L

questionthattheBlandford-Znajekprocesscanprovidetheprimarypower in
the
G

jets.
A
b

seminalideathathasbeenfollowedby many researchersin thefield is thatof
the
G

magnetohydrodynamicalmodelof Blandford& Payne(1982).Theseauthors
proposed> that theangularmomentumof a magnetizedaccretiondisk aroundthe
collapsedA objectis theresponsiblefor theaccelerationof theplasma.Themagnetic
field
l

linesaretakento befrozeninto thediskandtheplasmais assumedto follow
them
G

like a “beadon a wire”, at leastcloseto thedisk. If thefield line formsan
angle; with theplaneof thedisksmallerthan60ö ,j thedisplacementsof theplasma
from
Ë

its equilibriumpositionbecomeunstable.Thishappensbecausealongthese
field linesthecomponentof thecentrifugalforcewill belargerthanthecomponent
of< the gravitational force andthe plasmawill be acceleratedoutwards.Then,in
its origin, theoutflow motionhasanimportant“equatorial”component,while on
lar
q

gerscalesthejetsareobservedto haveamotionthatis dominantly“poloidal”.
In otherwords,aftertheaccelerationacollimatingmechanismisrequiredtochange
the
G

wide-anglecentrifugaloutflow into acollimatedjet.
This collimationis proposedto beachieved as follows. Insideaninnerregion,

the
G

magneticfield energy densityis larger thanthekinetic energy densityof the
flo
÷

w but at somedistancefrom the disk (the Alfv én@ surface),this situationre-
vE ersesandtheflow stopscorotatingwith thedisk. This causesa loop of toroidal
(azimuthal)
7

field to beaddedto theflow for eachrotationof thefootpointof the
field line.Thetensionof thiswound-uptoroidalfield thatis formedexternalto the
Alfv
b

én@ surfaceproducesa forcedirectedtowardtheaxis(the“hoop stress”)that
e@ ventuallycollimatestheflow into a jet. Mostmodelsfor theproductionof jetsin
the
G

astrophysicalcontext useelementsof MHD accelerationandcollimation.
Recently, several groups(Spruit et al 1997, Lucek & Bell 1997, Begelman

1998)have pointedout that the toroidal field traditionally held responsiblefor
collimatingA jetsin theMHD mechanismis unstableandcannotcollimatethejets
ef@ fectively. It hasbeenproposedalternatively that the collimating agentis the
poloidal> componentof themagneticfield.
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Koide et al (1998) have performedfor the first time full generalrelativistic
MHD
Ý

numericalsimulationsof the formation of jets neara black hole. Their
resultssuggestthattheejectedjet hasatwo-layerstructurewith aninner, fastgas-
pressure> driven componentandan outer, slow magneticallydriven component.
The presenceof the inner, fastgas-pressuredriven componentis a resultof the
strong6 pressureincreaseproducedby shocksin the disk throughfastadvection
flo
÷

ws insidethe last stableorbit arounda black hole.This featureis not seenin
non-relativistic calculations.

W
ë

ithin theuncertaintiesof thesmallsample,thevelocity of the jetsseemsto
sho6 w a bimodaldistribution, with somesourceshaving ø jet

ùûú 0
Q�ü

3c
x

andothers
ha
v

ving ý jet
ùÿþ 0

Q��
9c.
�

Two explanationshave beenofferedin the literature.On one
hand,Kudoh& Shibata(1995)suggestthat the terminalvelocity of the jet is of
order< of theKeplerianvelocityatthefootpointof thejets,thatis, thatthefastestjets
probably> comefrom thedeepestgravitationalwells(Livio 1997).However, recent
observ< ationssuggestthatScoX-1 which is a neutronstarbinaryhas � jet

ù�� 0
Q��

5c
s

(F
7

omalont1999), departingfrom the bimodal distribution. On the other hand,
Meier et al (1997)proposethatthevelocity of thejetsis regulatedby a magnetic
“switch”, with highly relativistic velocitiesachieved only aboveacritical valueof
the
G

ratio of the Alfv én@ velocity to the escapevelocity. The determinationof the
masso of thecollapsedobjectin a largernumberof jet sourceswoulddiscriminate
between
c

thesetwo models.
While
ë

it seemsthatasteadystateMHD modelcanaccountfor theformationof
continuousA relativistic jets, theeventsdiscussedby Mirabel et al (1998),Belloni
et@ al (1998),andFender& Pooley (1998)that seemto involve a connectionbe-
tween
G

the disappearanceof the inner accretiondisk and the suddenejectionof
condensationsA mayrequirea differentmechanism.Clearly, the time seemsto be
ripet for new theoreticaladvanceson the modelsof formationof relativistic jets
that
G

take into accounttheobservationalfeaturesfoundin stellarjets.
Another
b

characteristicthatthejet modelsmustaccountfor is theproductionof
relativistic particlesthatwill producethesynchrotronemissionthatis observedin
se6 veralsources.As in otherastrophysicalcontexts, it is believed thattheaccelera-
tion
G

of electronsto relativistic speedstakesplacein shocks(Blandford& Ostriker
1978).On theotherhand,mostof theX-ray binariesare“radio-quiet”, implying
that
G

relativisticelectronsand/ormagneticfieldsarenotalwayspresentin sufficient
amounts.;

��� 	�
���
���������������������	�	������

The
�

highbrigthnesstemperature,rapidvariability, andlinearpolarizationobserved
in theradioemissionfrom X-ray binariesindicatesasynchrotronorigin.Thetime
e@ volution of the radio emissionhasbeenmodeledin termsof conical jets or
e@ xpandingcloudsof magnetizedplasma(Hjellming & Johnston1988,Mart́ı et al
1992,Seaquist1993).
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In thesimplestcaseof anadiabaticallyexpandingsphericalcloudin theoptically
thin
G

regime,thevan derLaan(1966)modelis used,wheretheflux densityis given
by
c

S
�! #"%$'& 1( p)!*,+ 2r - 2p) ,j andthe relativistic electronshave an energy distribution

gi. ven by N
/10

E
24365

K E
7 8 p) ,j with K

7
being
c

a constantthat is relatedto thedensityof
the
G

relativisticelectrons.In thisequationr is theradiusof thecloud.Assumingthat
the
G

cloudexpandslinearlywith time,theflux densityisgivenby S
�!9;:=<'> 1? p)!@BA 2C tãED 2

C
p) .

Assuming
b

a typical valueof pFHG 2
Ê�I

4,
J

oneobtainsS
�LKNMPO'Q 0

uER
7
f
tãTS 4U 8. This simple

modelfits theflux decreasereasonablywell for severalof theradio-emittingX-ray
binaries
c

(Ball 1996).However, in someof the beststudiedjet sources(SS443,
Hjellming & Johnston1988,Vermeulenet al 1993,GRS1915+105,Rodŕıguez
&
V

Mirabel 1999a),muchlesssteepdecreasesareobserved.This situationcanbe
accounted; for by makingmodificationsto thesimpleexpandingmodel.Onepos-
sibility6 is to attributethis shallower dropof flux densitywith time to constrained
e@ xpansion(the sourcecannotexpandin 3 dimensionsbut only in 1 or 2 dimen-
sions).6 In fact, theGRS1915+105mapswith milliarcsecresolutionby Dhawan
et@ al (1999)show that the expansionof the cloudsat hundredsof AU from the
compactA sourceis mostly in onedirection.Theflux densitycanbe thenapprox-
imately
L

describedas S
�!WYX[Z'\ 0

u^]
7
f
tãE_6` 2a 3 Eb pn) ,j wherenc is

L
the numberof dimensions

where? expansionis allowed. Both in SS433 (Hjellming & Johnson1988)and
in
L

GRS1915+105(Rodŕıguezu & Mirabel 1999a),a breakin the power law that
describes
�

the decreasein flux asa function of time is observed.Remarkably, in
both
c

sourcesthe decreasecloseto the sourcecanbe describedwith S
�LdNe

tãEf 1g 3  ,j
while? after a distanceof h 2 i 1017 cm,A S

�!j�k
tãEl 2m 6� is observed. Hjellming &

Johnston
�

(1988)have proposedthat thesepower laws canbe explainedasa re-
sult6 of aninitial slowedexpansionfollowedby freeexpansionin two dimensions.
This steepeningof thedecreasein flux densitywith angularseparationcouldbe
relatedt to thesimilar tendency observedin thejetsof someradiogalaxies,where
the
G

intensity I declines
�

with angulardistancen as; I o�prqts xu ,j with xvxw 1 y 2–1z 6Ú
in
L

the inner regionsand xv|{ 4
J

in the outer regionsof the jet (Bridle & Perley
1984).

It
D

is alsopossiblethatcontinuedinjectionof relativistic particlesand/ormag-
netic field into the emitting plasmacanproduceshallower decreaseswith time
of< theflux density(Mirabel et al 1998).Theparticleinjectioncould resultfrom
in situ accelerationasthemoving gasshocksandentrainsambientgasor could
resultfrombeamsorwindsfromthecentralenergysource.Theopticallythick rise
occurs< very rapidly andhasyet to beobserved in detail for a propercomparison
with? thetheoreticalexpectations.

It
D

is possibleto estimatetheparametersof theejectedcondensationsusingthe
formulationof Pacholczyk(1970)for minimumenergy, correctingfor relativistic
ef@ fectsandintegratingtheradioluminosityover theobservedrangeof frequencies.
Rodŕıguez& Mirabel(1999a)estimatefor thebright1994March19eventin GRS
1915+105amagneticfieldof about50mGaussandanenergyof about4 } 1043

~
er@ gs

in therelativisticelectrons.Assumingthatthereisone(non-relativistic)protonper
(relati
�

vistic) electron,onegetsa protonmassestimatein theorderof 1023
C

g.� To
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estimate@ thepeakmechanicalpowerduringtheejectionweneedavaluefor thetime
o< ver which theaccelerationandejectiontookplace.Mirabel& Rodŕıguezu (1994)
conservA ativelyestimatethattheejectioneventmusthavelasted� 3

�
days,requiring

a; minimumpower of � 5
sY�

1038
 

er@ g s� 1,j a valuecomparablewith themaximum
observ< edsteadyphotonluminosityof GRS1915+105,whichis � 3

���
1038
 

er@ g s� 1

(Harmon
�

etal 1994).
The
�

ejectioneventsthat precededandfollowed the 1994March 19 outburst
are; estimatedto have massesin the order of 1021

C��
22
C

g� (Rodŕıguez& Mirabel
1999a,Gliozzi et al 1999).Finally, if therepetitive eventsobservedwith periods
of< tensof minutesin GRS1915+105(Rodŕıguez& Mirabel1997,Pooley & Fender
1997,Mirabeletal 1998,Eikenberryetal 1998a)areinterpretedasmini-ejection
episodes,@ themassassociatedwith themis of order1019 g.� We crudelyestimate
that,
G

ontheaverage,GRS1915+105injectsenergy in theorderof 1023
C

g� year� 1 in
L

the
G

form of relativistic (0.92c–0.98c),collimatedoutflows.Thiscorrespondsto an
a; veragemechanicalenergy of L

�
mec� h � 103

 
L � . In contrast,SS433asa resultof

its
L

morecontinuousjet flow, hasL
�

mec� h � 105
�

L
���

(Mar
�

gon1984)despitehaving a
lowerflow velocity thanGRS1915+105.TheGRS1915+105burstsarethusvery
ener@ geticbut moresporadic.

Recently, therehasbeenevidencethat during someevents the synchrotron
emission@ in GRS1915+105extendsfrom theradio into at leastthenear-infrared
(Mirabel
�

et al 1998; Fender& Pooley 1997).Then the synchrotronluminosity
becomes
c

significant,reachingvaluesof 1036
 

er@ g s� 1.
As emphasizedby Hjellming & Han (1995),relativistic plasmasaredifficult

to
G

confineandsynchrotronradiationsourcesin stellarenvironmentswill tendto
be
c

variablein time. Then,oneof the behaviors mostdifficult to accountfor is
the
G

relative constancy of theradioflux in somesources,of which Cyg X-1 is the
e@ xtremeexample.Thepresenceof asteadyoutflow thatis toofaint to befollowed
upm in timeassynchrotron-emittingejectacouldbeconsistentwith thelackof large
vE ariability in this typeof source.

��� ������������ �¡¢ �£�����¤¥£�¦;��¤¥�§¡��#¨���¤ª©#¡�«¬¡�¤¥£� 
¤¥¡� �£�¦���­®��¦�¯

The X-ray power of the superluminalsourcesexhibits a large variety of quasi-
periodic> oscillations(QPOs)of high frequency. Of particularinterestis theclass
of< fastoscillationswith amaximumstablefrequency of 67Hzobservedmany times
in
L

GRS1915+105,irrespectiveof theX-ray luminosityof thesource(Morganet al
1997).A QPOwith maximumfix frequency of 300Hz hasbeenobservedin GRO
J1655-40
�

(Remillardetal 1999).Thesestablemaximumfrequenciesarenotseen
at; timesof strongradioflaresor jet injection.They arebelieved to be a function
of< thefundamentalpropertiesof theblackholes,namely, theirmassandspin.

One
n

possibleinterpretationis thatthesefrequenciescorrespondtothelaststable
circularA orbit aroundtheblackhole.This frequency dependson theblackhole’s
masso and spin, as well as on the rotation direction of the accretiondisk, and
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of< ferstheprospectof inferring thespinof blackholeswith massesindependently
determined.
�

Sincefromopticalobservationsthemassof theholein GROJ1655-40
is known to bein therangeof 4-7solarmasses,onecanconcludethatGRO J1655-
40
°

containsa Kerr black hole rotatingat ± 70%
²

of the maximumspin possible
(Zhang
�

etal 1997).
Alternatively, themaximumQPOstablefrequency couldberelatedto general

relatit vity disk seismology, more specifically, to the maximumradial epicyclic
frequency (Nowak et al 1997),whichalsodependson thespinof theblackhole.

A
b

third interpretationhasbeenproposedin termsof therelativistic draggingof
the
G

inertial framearoundthespinningblackhole(Cui et al 1998).By comparing
the
G

computeddisk precessionfrequency with that of the QPO,the spin canbe
deri
�

ved if themassis known. The two sourcesof sporadicsuperluminaljetsare
found
Ë

to betheblackholesthatspinat ratescloseto maximumlimit. Obviously,
theoretical
G

work to distinguishbetweenthesethreealternative interpretationswill
be
c

importantto estimatethespinof theblackholeswith known masses.
X-ray
=

spectroscopy of thetwo superluminalsourcesobtainedwith thesatellite
ASCA (Ebisawa1996,Uedaetal 1998)hasshown K ³ H andHelike iron absorp-
tion
G

lines,whereastheobservationswith SAX haveonly shown emissionfeatures
from therelativistic accretiondisk around7 keV, which have beeninterpretedas
iron
L

lines (Matt et al 1998).Oneexpectsthatwith greatersensitivity theselines
will? show a profile reminiscentof that of the asymmetriciron lines observed in
Se
�

yfert galaxies(Tanakaet al 1995).Theaccretiondisksof GRS1915+105and
GR
�

O J1655-40areviewedobliquely, andtheblueshiftedsideof thelinesshould
look
q

muchstrongerdueto theDopplerbeamingeffect. In addition,thecenterof
the
G

line shouldberedshiftedasexpectedfrom generalrelativity effectson radia-
tion
G

escapingfrom thesurroundingsof astronglygravitatingobject.In thefuture,
perhaps> theselines could be usedas probesof generalrelativity effects in the
innermostpartsof theaccretionflows into blackholes.

General
�

relativity theory in weak gravitational fields hasbeensuccessfully
tested
G

by observingin theradiotheexpecteddecayin theorbit of abinarypulsar,
an; effectproducedby gravitationalradiationdamping(Taylor& Weisberg 1982).
Observ
n

ationsof binary pulsarshave also beenusedto constrainthe natureof
gra´ vity in thestrong-fieldregime(Taylor et al 1992).Althoughtheinterpretation
of< themaximumstablefrequency of theX-raypowerspectrumin thesuperluminal
sources6 is still uncertain,thesefrequenciesareknown to originatecloseto the
horizon
v

of theblackhole,andperhapsthey couldbeusedin thefutureto testthe
physics> of accretiondisksandblackholesin thestrongfield limit.

µ�¶ ·�¸�¹»º�¼=½�·�¾�¼�¿Àº�½Á·�ÂÃ¼¥º�Ä�Å�¸�Æ§ÇNÆ§½�¸�Æ§¿ÉÈLº�¸�½
Æ�ÊË¸�¹»º¢ÌYÅ�ÄÍÅÏÎÀÐ

In X-ray binariesthereis a generalcorrelationbetweentheX-ray propertiesand
the
G

jet properties.Thetime interval andflux amplitudeof thevariationsin radio
w? aves seemsto correspondto the time and amplitudevariationsin the X-ray
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flux. More specifically, persistentX-ray sourcesarealsopersistentradiosources,
and; thetransientX-ray sourcesproduceat radiowavessporadicoutburst/ejection
e@ vents.Persistentsourcesof hardX-rays(e.g.1E1740.7-2942,GRS1758-258)are
usuallym associatedto faint,double-sidedradiostructuresthathavesizesof several
arcmin; (parsecscales).The radio coreof thesetwo persistentsourcesareweak
(
��Ñ

1 mJy)anddo not exhibit high amplitudevariability. On thecontrary, rapidly
vE ariablehardX-ray transients(e.g.GRS1915+105,GRO J1655-40,XTE J1748-
288) may exhibit variationsin the X-rays andradio fluxesof several ordersof
magnitudeo in short intervals of time. Becausetheseblack-holeX-ray transients
produce> sporadicejectionsof discrete,bright plasmaclouds,thepropermotions
of< theejectacanbemeasured.

Probablyall hardX-ray sourcesthataccreteat super-Eddingtonratesproduce
relatit vistic jets.However, theobservationalstudyof thesejetspresentsin practice
se6 veraldifficulties.PersistenthardX-ray sourceslikeCygnusX-1 aresurrounded
by
c

faint non-thermalradio featuresextendingseveral arcmin(Mart́ı et al 1996),
and; evenin thecaseswherethey arewell alignedwith thevariablecompactradio
counterpartA it isverydifficult toproveconclusivelythatthefaintandextendedradio
features
Ë

areactuallyassociatedwith theX-raysource.Thiswasthecaseof ScoX-1,
where? possiblelarge-scaleradio “lobes” werefound to be extragalacticsources
symmetrically6 locatedin theplaneof thesky with respectto ScoX-1 (Fomalont
&
Ò

Geldzahler1991).On theotherhand,in transientblackholebinariesonemay
observ< e transientsub-arcsecjets,but unlessthe interferometricobservationsare
conA venientlyscheduled,the evolution is too rapid andit may not be possibleto
follow up thepropermotionsof discreteclouds.This mayhave beenthecasein
the
G

radioobservationsof theX-ray sourcesNova Oph93 (DelaValle et al 1994)
and; NovaMuscae(Ball et al 1995),amongothers.

W
ë

e list in Table1 the sourcesof relativistic jets in the Galaxyknown so far.
The first six are transients,whereasthe next four arepersistentX-ray sources.
Proper
Ó

motionsof the relativistic ejectahave beendeterminedwith accuracy in
GRS
�

1915+105,GRO J1655-40,XTE J1748-288,andSS433.Besidesthesefour
sources,6 propermotionswerealsomeasured—butwith lessaccuracy—for moving
featuresin CygnusX-3 (Schalinskiet al 1995,Mart́ı et al 1999),ScorpiusX-1
(F
�

omalont1999),CircinusX-1 (Fenderetal1998),andCI Cam(XTE J0421+560;
Hjellming
Ô

& Mioduszewski 1998;Mioduszewski et al 1998).Jetstructureshave
been
c

reportedto beassociatedto CygnusX-1, but theseresultsarestill uncertain.
It
D

is interestingthat the ejectafrom the black hole binariesGRS1915+105,
GR
�

O J1655-40,andprobablyalsoXTE J1748-288have velocitiesgreaterthan
0.9c,
Q

while the ejectafrom the four sourcesbelieved to be neutronstarbinaries
have velocities Õ 0

Q�Ö
5c.
s

From their modelsof magneticallydriven jets,Kudoh&
Shibata
�

(1995)have proposedthat jet velocitiessuchas thoselisted in Table1
are; comparableto theKeplerianrotationalvelocitiesexpectedat thebaseof the
jets,
�

closeto neutronstarsandblack holes,respectively. Livio (1997)hasalso
stressed6 thesimilarity betweenthevelocity of jetsandtheescapevelocity of the
gra´ vitational well from wherethey wereejected.If this notion is confirmed,jet
vE elocitiescould then be usedto discriminatebetweenneutronstarsand black



P1:
�

FKP/fgk P2:FhN/fgp QC: FhN

September
�

9, 1999 19:19 AnnualReviews AR88-10

?
RELA
k

TIVISTIC JETSIN THE GALAXY 433
�

T
A

B
L

E
1

S
ou

rc
es

of
R

el
at

ivi
st

ic
Je

ts
in

th
e

G
al

ax
y(1

)

So
ur

ce
C

om
pa

ct
ob

je
ct

V
ap

p×(2
)

V
in

tØ(3
)

Ù (4)
R

ef
er

en
ce

s

G
R

S
19

15
+

10
5

bl
ac

k
ho

le
1.

2c
–1

.7
c

0.
92

c–
0.

98
c6

6

Ú –7
0

Û

M
ira

be
l&

R
od
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holes,with jet velocitiescloseto thespeedof light beenproducedonly in black
hole
ò

binaries.
Anotherpossiblesourceof relativistic jetsin theGalaxyis, of course,SgrA ó ,ô

the
õ

presumedblackholeof 2.5million solarmassesat thegalacticcenter(Eckart
&
Ò

Genzel1997).The radio sourceis alwayspresentat aboutthe 1 Jy level and
eö xhibitsaflat spectrumwith relativesmallvariations,abehavior similar to thatof
the
õ

faintcompactmJyradiosourcesassociatedwith CygnusX-1 (Mart́ı÷ et al 1996)
andø GRS1915+105in its plateaustateat timeswhenno strongoutburst/ejection
eö ventstake place,a statethat in the latter sourcecan last from daysto weeks
(Poole
�

y & Fender1997).This type of radio emissioncould arisefrom a jet in
aø coupledjet-disk system(Falcke et al 1993), from electronsin an advection
dominated
ù

flow (Narayanetal 1998,Mahadevan1998),or fromshocksin massive
windsú (Blandford& Begelman1999).Despiteheavy interstellarscatteringatradio
wú avelengths,recentVLBA observationsat7-mmmayhaveresolvedSgrA û in an
elongatedö radiosourceof 72 Schwarzschildradii suggestingthepresenceof a jet
(Lo
�

etal 1998).

üLý�þËÿ��������	��
���ÿ����
�����	��������ÿ��Nÿ�����ÿ�
�����������ÿ����
�����������®ÿ���� ��!"�����

If
#

acompactsource(blackholeor neutronstar)injectscollimatedrelativistic jets
into its cold environment,it is expectedthatsomefractionof the injectedpower
willú be dissipatedby shocksin the circumstellargasanddust.The collision of
relati$ vistic ejectawith environmentalmaterialhasbeenobserved in real time in
XTE J1748-288(Hjellming etal 1998),wheretheleadingedgeof thejet deceler-
atesø while stronglybrightening.Theinteractionof themildly relativistic jetsfrom
CI
%

Cam(Hjellming & Mioduszewski 1998)with anHII anddustshellnebulahas
been
&

reportedby Garćıa÷ et al (1998).Othersignaturesof the interactionof rela-
ti
õ
vistic jetswith theenvironmentaretheradiolobesof 1E 1740.7-2942(Mirabel

etö al 1992)andGRS1758-258(Rodŕıguez÷ et al 1992),thetwistedarcminjetsof
Circinus
%

X-1 (Stewardetal1993;Fenderetal1998),andthetwo lateralextensions
of' tensof pc in theradioshellW50thathostsat its centerSS433.Theinteraction
of' SS433with thenebula W50 hasbeenstudiedin theX-rays(Brinkmannet al
1996),infrared(Mirabel et al 1996b),andradiowavelengths(Dubneret al 1998
andø referencestherein).

SS
ð

433isahighmassX-raybinaryatadistanceof ( 3
)

kpcnearthecentreof the
radio$ shellW50 (Margon1984).Thelattermaybeeitherthesupernova remnant
from theformationof thecompactobject(Velusamy& Kundu1974),or abubble
eö vacuatedby the energy outflow of SS 433 (Begelmanet al 1980).Besidesthe
well-knoú wn relativistic jetsseenat sub-arcsecscalesin theradio,large-scalejets
become
&

visible in theX-raysatdistances* 30
)

arcmin(+ 25
,

pc) from thecompact
source- (Brinkmannet al 1996).In the radio, the lobesreachdistancesof up to
1. (
�0/

50
1

pc). Theselarge-scaleX-ray jets and radio lobesare the result of the
interaction
2

of the massoutflow with the interstellarmedium.From optical and
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X-ray emissionlinesit is foundthat thesub-arcsecrelativistic jetshave a kinetic
enerö gy of 4 1039

5
erö g s6 1 (Mar

�
gon1984,Spencer1984),which is severalordersof

magnitudelargerthantheenergy radiatedin theX-raysandin theradio.
In
#

Figure8 is shown the 7 20
,

cm mapwith 55 arcsecresolutionby Dubner
etö al (1998).It shows the connectionbetweenthe subarcsecrelativistic jets and
the
õ

extendednebula over 8 105
9

orders' of magnitudein distancescales.Dubner
etö al (1998)estimatethatthekinetic energy transferredinto theambientmedium
is : 2 1051

9
erö gs, thusconfirmingthat the relativistic jets from SS433 represent

anø importantcontribution to theoverall energy budgetof thesurroundingnebula
W50.
;

Begelmanet al (1980)characterizedW50 asa “beambag,” interpretingthe
elongatedö shapeandfilled-in radio structureof W50 asevidencefor continuing
injectionof magneticfield andhigh-energy particlesfrom SS433.

Evidences
<

for theinteractionof jetswith theenvironmentalmediumhavealso
been
&

searchedin thetwowell-establishedsuperluminalsources.In GRS1915+105
Chaty
%

, Mirabel & Rodŕıguez(1999)searchedat millimeter, infrared,andX-rays
for
=

evidencesof thephysicalassociationbetweentherelativistic jetsandtwoIRAS
sources- projectedsymmetricallyon eachsideat > 15 arcminof angulardistance
from
=

thecompactsourcethatat first glancecouldbelobescausedby theimpact
of' thejetsin interstellarmolecularclouds(Rodŕıguez& Mirabel1999b).Besides
the
õ

goodalignmentof theIRAS sourceswith thesubarcsecjetsandthepresence
of' an intriguing non-thermaljet-like sourcein the SE IRAS source(Rodŕıguez
&
Ò

Mirabel 1999b),no conclusive physicalevidencefor associationwith GRS
1915+105hasbeenfound, with the IRAS sourcesmostprobablybeingnormal
HII regions.On the otherhand,Hunsteadet al (1999)find regionsof extended
lo
?

w-surface-brightnessemissionalignedwith theradiojetsof GRO J1655-40,but
their
õ

realassociationwith thehighenergy sourcehasnotbeenconfirmed.Thejets
in
2

GRS1915+105andGRO J1655-40arefasterthanthosein SS433,but much
moresporadic,andthisprobablyaccountsfor thelackof obviouslobesassociated
withú them.

It hasbeenproposedthattheinteractionof relativistic jetswith theenvironment
may@ inducehighenergyradiation.Positronsreleasedimpulsivelyfromthecompact
source- could annihilatelocally in the hot plasmaproducinga broad511 keV
spectral- feature(Sunyaev et al 1991,Ramatyetal1992).Alternatively, afractionof
the
õ

positronscouldstreamuptotheinterstellargaseousenvironment,slowingdown
andø annihilatingin suchcoldmedium,thusemitting511keV narrow lineemission,
andø inducing radio lobe synchrotronemissionand bremsstrahlunggamma-ray
continuumA emission(Laurent& Paul1994).

B�B�C
D"E�F�G�H�IKJ�LNMKLNG	OPLNQ�RTSPLND"D"LVUWG	LYXZI\[]G	O�^�O

It
#

is interestingthat in all threesourceswhere _ (the
�

anglebetweenthe line of
sight- andthe axis of ejection)hasbeendetermined,a large valueis found (that
is, theaxisof ejectionis closeto theplaneof thesky). Thesevaluesare `Pa 79

²cb
(SS
�

433,Margon1984), d�e 66
fcg�h

70
²ci

(GRS
�

1915+105,Mirabel & Rodŕıguez÷
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1994,Fenderetal1999),oqp 85
rcs

(GR
�

OJ1655-40,Hjellming& Rupen1995),andt u
70
²wv

for
=

theremainingsources.Thisresultisnotinconsistentwith thestatistical
eö xpectationsincetheprobabilityof findingasourcewith agiven x is proportional
to
õ

sin y .Wethenexpecttofindasmany objectsin the60z	{}|�~ 90
�w�

range$ asin the
0
�����Z���

60
fw�

range.However, this argumentsuggeststhatwe shouldeventually
detect
ù

objectswith a small � . For objectswith ��� 10� weú expectthetimescales
to
õ

beshortenedby 2� andø theflux densitiesto beboostedby 8� 3
5

withú respectto
the
õ

valuesin the rest frameof the condensation.For instance,for motionswith��� 0
���

98c
�

(��� 5),
1

the timescalewill shortenby a factorof � 10 andthe flux
densities
ù

will be boostedby a factorof � 103
5
. Then, for a galacticsourcewith

relati$ vistic jetsandsmall � weú expectfastandintensevariationsin theobserved
flux. Thesemicroblazarsmaybequitehardto detectin practice,bothbecauseof
the
õ

low probabilityof small � v� aluesandbecauseof thefastdeclinein theflux.
Gamma-ray
�

burstsareatcosmologicaldistancesandultra-relativistic bulk mo-
tion
õ

andbeamingappearasessentialingredientsto solve the enormousenergy
requirements$ (e.g.Kulkarni et al 1999,Castro-Tirado et al 1999).Beamingre-
duces
ù

the energy releaseby the beamingfactor f
�����K ¢¡

4£ ,ô where ¤K¥ is the
solid- angleof the beamedemission.Additionally, the photonenergies can be
boosted
&

to highervalues.Extremeflowsfrom collapsarswith bulk Lorentzfactors¦ 100 have beenproposedassourcesof § -ray bursts(Mészö árosø & Rees1997).
High collimation (Dar 1998,Puglieseet al 1999)canbe testedobservationally
(Rhoads
�

1997), sincethe statisticalpropertiesof the burstswill dependon the
vie� wing anglerelative to thejet axis.

Recentstudiesof gamma-rayafterglowssuggestthatthey arehighlycollimated
jets.
¨

Thebrightnessof theoptical transientassociatedto GRB 990123showeda
break
&

(Kulkarni et al 1999),anda steepeningfrom a power law in time t pro-
portional© to t ª 1« 2,ô ultimatelyapproachingaslopetã­¬ 2® 59 (Castro-T

�
iradoetal 1999).

Theachromaticsteepeningof theopticallight curveandearlyradioflux decayof
GRB
�

990510areinconsistentwith simplesphericalexpansion,andwell fit by jet
eö volution (Harrisonet al 1999).It is interestingthatthepower laws thatdescribe
the
õ

light curvesof theejectain microquasarsshow similar breaksandsteepening
of' theradioflux density(Section7,Rodŕıguez& Mirabel1999a).In microquasars,
these
õ

breaksandsteepeningshavebeeninterpreted(Hjellming & Johnston1988)
asø atransitionfrom slow intrinsicexpansionfollowedby freeexpansionin two di-
mensions.Besides,linearpolarizationsof about2%wererecentlymeasuredin the
optical' afterglow of GRB 990510(Covino et al 1999),providing strongevidence
that
õ

theafterglow radiationfrom gamma-rayburstersis, at leastin part,produced
by
&

synchrotronprocesses.Linearpolarizationsin therangeof 2–10%have been
measuredin microquasarsatradio(Rodŕıguezetal 1995,Hannikainenetal 1999),
andø optical(Scaltriti et al 1997)wavelengths.

In this context, microquasarsin our own Galaxyseemto belessextremelocal
analogsø of thesuper-relativistic jetsassociatedto themoredistant̄ -raybursters.
However, ° -rayburstersaredifferentto themicroquasarsfoundsofar in ourown
Galaxy
�

. The former do not repeatandseemto be relatedto catastrophicevents,
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andø have muchlargersuper-Eddingtonluminosities.Therefore,thescalinglaws
in
2

termsof theblackholemassthatarevalid in theanalogybetweenmicroquasars
andø quasarsdonot seemto applyin thecaseof ± -raybursters.

²�³�´
µ�¶�·�µ�¸�¹»º�¼�¶�·�ºP½N·�¾
¿ÁÀ�Â	º�¿ÁÀ�µNÃ�¼�ÄqÀ�º

The study of relativistic jets from X-ray binariesin our own galaxy setson a
firmer
Å

basistherelativistic ejectionsseenelsewherein theUniverse.Theanalogy
between
&

quasarsandmicroquasarsled to the discovery of superluminalsources
in
2

our own galaxy, whereit is possibleto follow the motionsof the two-sided
ejecta.ö Thispermitsastronomersto overcometheambiguitiesthathaddominated
the
õ

physical interpretationof one-sidedmoving jets in quasars,and conclude
that
õ

the ejectaconsistmainly of mattermoving with relativistic bulk motions,
ratherthanwaves propagatingthrougha slowly moving jet. TheLorentzfactors
of' thebulk motionsin thejetsfrom microquasarsseemto besimilar to thosebe-
lieved to be commonin quasars.Fromthestudyof thetwo-sidedmoving jets in
one' microquasar, an upperlimit for thedistanceto thesourcewas derived,using
constraintsA from specialrelativity.

Because
Æ

of therelative shorttimescalesof thephenomenaassociatedwith the
flowsof matteraroundstellarmassblackholes,onecansamplephenomenathatwe
ha
ò

venotbeenableto observein quasars.Of particularimportanceis to understand
the
õ

connectionbetweenaccretionflow instabilitiesobserved in theX-rays,with
the
õ

ejectionof relativistic cloudsof plasmaobserved in the radio, infrared,and
possibly© in the optical.The detectionof synchrotroninfraredflaresimplies that
the
õ

ejectain microquasarscontainvery energetic particleswith particleLorentz
f
=
actorsof at least103

5
.

Thediscoveryof microquasarsopensseveralnew perspectivesthatcouldprove
to
õ

beparticularlyproductive:

1. They provideanew methodto determinedistancesusingspecialrelativity
constraints.A If thepropermotionsof thetwo-sidedejectaandtheDoppler
factorof aspectralline from oneejectaaremeasured,thedistanceto the
source- canbederived.With therapidadvanceof technologicalcapabilities
in astronomy, this relativistic methodto determinedistancesmaybe
appliedø first to blackholejet sourcesin galacticbinaries,andin the
decades
ù

to come,to quasars.

2.
,

Microquasarsarenearbylaboratoriesthatcanbeusedto gainageneral
understandingÇ of themechanismof ejectionof relativistic jets.The
multiw@ avelengthobservationsof GRS1915+105duringlarge-amplitude
oscillations' suggestthatthecloudsareejectedduringthereplenishmentof
the
õ

inneraccretiondisk thatfollows its suddendisappearancebeyondthe
last
?

stableorbit aroundtheblackhole.In thecontext of thesenew data,the
time
õ

seemsto beripe for new theoreticaladvanceson themodelsof
formation
=

of relativistic jets.
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3.
)

High sensitivity X-ray spectroscopy of jet sourceswith futureX-ray space
observ' atoriesmayclarify thephenomenain accretiondisksthatare
associatedø with theformationof jets.

4.
°

Moremicroquasarswill bediscoveredin thefuture.Amongthem,
microblazarsshouldappearassourceswith fastandlargeamplitude
v� ariationsin theobservedflux. Dependingon thebeamingangleandbulk
Lorentzfactorthey will beobservedup to veryhighphotonenergies.
Microquasarsin ourown Galaxymaybelessextremelocalanalogsof the
super- -relativistic jetsthatseemto beassociatedwith distantgamma-ray
b
&
ursters.

5.
1

Thespinof stellarmassblackholescouldbederived from theobserved
maximumstablefrequency of theQPOsobservedin theX-rays,provided
the
õ

masshasbeenindependentlydetermined.However, theoreticalwork is
neededto distinguishbetweenthealternative interpretationsthatin the
conteA xt of generalrelativity havebeenproposedfor themaximumstable
frequency of QPOs.

6.
f

Finally, microquasarscouldbetestgroundsfor generalrelativity theoryin
the
õ

strongfield limit. Generalrelativity theoryin weakgravitationalfields
has
ò

beensuccessfullytestedby observingin theradiowavelengthsthe
eö xpecteddecayin theorbit of abinarypulsar, an effectproducedby
gra´ vitationalradiationdamping.Weexpectthatphenomenaobservedin
microquasars@ couldbeusedin thefutureto investigatethephysicsof
strong- field relativistic gravity nearthehorizonof blackholes.
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