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B Abstract Blackholesof stellarmassandneutronstarsin binarysystemsarefirst
detectedashardX-ray sourceaisinghigh-enegy spaceelescopesRelatvistic jetsin
someof thesecompactsourcesarefound by meansof multiwavelengthobsenations
with ground-basedelescopesThe X-ray emissionprobesthe inner accretiondisk
andimmediatesurrounding®f thecompacbbject,whereaghe synchrotroremission
from the jetsis obseredin theradio andinfraredbands,andin the future could be
detectedat even shorterwavelengths Black-holeX-ray binarieswith relatiistic jets
mimic, on a much smallerscale,mary of the phenomenaeenin quasarsand are
thus called microquasarsBecauseof their proximity, their study opensthe way for
a betterunderstandingf the relatvistic jets seenelsavherein the Universe.From
the obsenation of two-sidedmoving jetsit is inferredthatthe ejectain microquasars
move with relativistic speedssimilar to thosebelieved to be presentn quasarsThe
simultaneousnultiwavelengthapproachto microquasarsevealsin shorttimescales
thecloseconnectiorbetweerinstabilitiesin theaccretiordisk seenn the X-rays,and
theejectionof relativistic cloudsof plasmaobsenedassynchrotroremissioratlonger
wavelengths Besidescontrikbuting to a deeperunderstandingf accretiondisks and
jets, microquasarsnay sene in the future to determinethe distancef jet sources
using constraintsfrom specialrelatiity, andthe spin of black holesusing general
relatiity.

1. JETSIN ASTROPHYSICS

While thefirst evidenceof jet-like featuresemanatingrom the nucleiof galaxies
goesbackto the discovery by Curtis (1918) of the opticaljet from the elliptical
galaxyM87in theVirgo clusterthefindingthatjetscanalsobeproducedn smaller
scaleby binarystellarsystemss muchmorerecentThedetectiorby Margonetal
(1979) 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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consistingof two precessingetsof collimatedmatterwith velocity of 0.26¢.High
angularradio imaging asa function of time shoved the presencef outflowing
radio jets andfully confirmedthe kinematicmodel (Spencerl979; Gilmore &
Seaquisfi980;Gilmoreetal 1981;Hjellming & Johnstori981).Theearlyhistory
of SS433hasbeenreviewedby Margon (1984).

Since the detectionof Sco X-1 at radio wavelengths(Ables 1969), some
X-ray binarieshadbeenknown to be strong,time-variablenon-thermakmitters.
Ejectionof synchrotron-emittingloudswas suspectedrom thosedays,but the
actualconfirmationof radio jets cameonly with the obsenationsof SS433. At
presentthereareabout200known galacticX-ray binaries(vanParadijs1995),of
which about10 percentareradio-loud(Hjellming & Han 1995).0f theseradio-
emitting X ray binaries, 10 have showvn evidenceof relatiistic jetsof synchrotron
emission,andthis review focuseson this setof objects.After the definition of
Bridle & Perley (1984)for extragalactigets, we usetheterm*“jets” to designate
collimatedejectathathave openingangles<15°.

In thelastyearsit hasbecomeclearthat collimatedejectacanbe producedn
severalstellarervironmentswhenanaccretiondisk is presentJetswith terminal
velocitiesin the orderof afew hundredo afew thousandm s~ arenow known
to emanatdrom objectsasdiverseasveryyoungstars(Reipurth& Bertout1997),
nucleiof planetarynelulae(L6pez1997),andaccretingwhite dwarfsthatappear
as supersoftX-ray sources(Motch 1998, Cowley et a 1998). Thesetypes of
stellarjets have, however, non-relatvistic velocities(~100-1000ckm s™%) and
theirassociateémissioris dominantlythermal(i.e. free-freecontinuumemission
in theradioaswell ascharacteristimearIR, opticalandUV lines).Interestingly
in all known typesof jet sourcesa disk is believed to be present.This review
concentratesn synchrotrorjetswith velocitiesthatcanbeconsideredelatiistic
(v > 0.1e), which areobsenedin X-ray binariesthat containa compactobject,
thatis, a neutronstaror a blackhole.Our emphasiss ontheradiocharacteristics
of thesesourcesFor detailedreviews of the X-ray propertiesof thesesourcesve
refer the readerto the reviews by Tanaka& Shibazaki(1996)and Zhanget al
(1997).

MICROQUASARS

At firstglanceit mayseenparadoxicathatrelatiistic jetswerefirst discoseredin
thenucleiof galaxiesanddistantquasarsandthatfor morethanadecadesS433
wastheonly known objectof its classn our Galaxy(Margon1984).Thereasorfor
thisis thatdisksaroundsupermasse blackholesemit stronglyat opticalandUV
wavelengthsindeedthe moremassve theblackhole,the coolerthe surrounding
accretiordiskis. For ablackholeaccretingattheEddingtonimit, thecharacteristic
black body temperatureat the last stableorbit in the surroundingaccretiondisk
will be given approximatelypby T ~ 2 x 10’M~Y/4 (Rees1984),with T in K
andthe massof the black hole, M, in solarmassesThen, while accretiondisks
in AGNs have strongemissionin the optical and ultraviolet with distinct broad
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emissionlines, black hole andneutronstarbinariesusuallyareidentifiedfor the
first time by their X-ray emission AmongthesesourcesSS433is unusualgiven
its broadoptical emissionlines andits brightnessn the visible. Therefore,it is
understandablthattherewas an impasseén the discovery of new stellarsources
of relatiistic jetsuntil therecentdevelopmentsn X-ray astronomy

Obsenationsin thetwo extremesof the electromagnetispectrumjn the do-
main of the hard X-rays on onehand(Suryaer et a 1991;Paul etal 1991),and
in the domainof radio wavelengthson the otherhand,revealedthe existenceof
new stellarsource®f relatiistic jetsknown asmicroquasas (Mirabel etal 1992;
Mirabel & Rodfiguez1998). Theseare stellarmassblack holesin our Galaxy
thatmimic, on a smallerscale mary of the phenomenaeenin quasarsThe mi-
croquasarsombinetwo relevant aspectf relatiistic astrophysics:accreting
blackholes(of stellarorigin) which area predictionof generalrelatvity andare
identified by the productionof hard X-rays and gamma-raygrom surrounding
accretiondisks, and relatiistic jets of particlesthat are understoodn termsof
specialrelativity andareobsenedby meansof their synchrotroremission.

Multi-w avelengthstudiesof the X-ray andgamma-raysourcesn the galactic
centerregionledin theyear1992to thediscovery of two microquasarsiE1740.7-
2942andGRS 1758-258(Mirabel et al 1992,Rodfiguezet al 1992). The X-ray
luminosity, the photonspectrum,and the time variability of thesetwo sources
are comparableto thoseof the black hole binary CygnusX-1 (Churaze et a
1994; Kuznetseo et a 1997),andit is unlikely that they are extragalacticsince
no suchpersistentard X-ray ultraluminousAGNs are obsered (Mirabel et al
1993).In Figurel we show theradiocounterparbf 1E1740.7-2942As in Cygnus
X-1, thecentimeteradiocounterparbf 1E1740.7-294% aweakcoresourcehat
exhibitsflux variationsof theorderof ~50%whichatepochsappeaanticorrelated
with the X-ray flux (Mirabel et al 1992). At radio wavelengthsthesetwo X-ray
persistensourcedocatednearthe galacticcenterhave a striking morphological
resemblancevith distantradio galaxies;they consistof compactcomponentst
the centerof two-sidedjets thatendin weak, extendediobeswith no significant
radio flux variationsobseredin the last 6 years(Rodiguez& Mirabel 1999b).
1E1740.7-2942ndGRS 1758-258seemto be persistensourcef both X-rays
andrelatiistic jets.Mirabeletal (1993)have arguedwhy it would beunlikely that
theradiosourcesreradiogalaxiesaccidentallysuperposedntheX-rayssources.
For 1E1740.7-2942Z0 counterpartn the optical or nearinfrared wavelengths
hasbeenfound sofar, althoughthereis a reportof a marginal detectionat 1.3.8
um by Djorgovski et al (1992). GRS 1758-258hastwo possiblefaint candidate
counterpartgMarti et al 1998).

In thesebinariesof stellarmassarefoundthethreebasicingredientsf quasars;
ablackhole,anaccretiondisk heatedby viscousdissipationandcollimatedjets
of high enepy particles.But in microquasarshe black hole is only a few solar
masseinsteadf severalmillon solarmassestheaccretiordiskhasmeanthermal
temperaturesf severalmillon degreesnsteacf severalthousandlegreesandthe
particlesejectedatrelatiistic speedsantravel up to distance®f afew light years
only, insteadof several millon light yearsasin giantradio galaxies(Mirabel &
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Figurel Contourmapofthe6-cmemissionfrom theradiocounterparbf 1E1740.7-2942,
asobsened with the Very Large Array (Mirabel et al 1992; Rodiiguez& Mirabel 1999c).
Theerrorcircle of the ROSAT position(Heindl etal 1995),thatincludesthe coresourcejs
alsoshawn. At a distanceof 8 kpc the lengthof the jet structurewould be ~5 pc. The half
power contourof thebeamis shavn in thetop left corner Contoursare—4, 4,5, 6, 8,10,12,
15,and20times28 uJy beant .
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Rodiiguez1998).Indeed simplescalinglaws governthe physicsof flows around
blackholes,with lengthandtime scaleseingproportionako themassof theblack
holes(Samsetal 1996;Reesl998).Theword microquasamwas choserto suggest
that the analogywith quasardgs more than morphological,andthat thereis an
underlyingunity in the physicsof accretingblack holesover an enormousange
of scalesfrom stellarmassblack holesin binary systemsto supermasse black
holesat the centerof distantgalaxies . Strictly speakingandif it hadnot beenfor
thehistoricalcircumstancedescribedbove, theacrorym guasar(“quasi-stellar
radio-source”would have suitedbetterthe stellarmassversionsratherthantheir
supermassve analogsatthe centersof galaxies.

SUPERLUMINAL SOURCES

Expansionsat up to ten or moretimesthe speedof light have beenobseredin
quasardor morethan20 years(Pearsor& Zensusl987;Zensusl997).At first
thesesuperluminalmotionsprovoked concernbecausehey appearedo violate
relatiity, but they weresooninterpretedasillusionsdueto relatwistic aberration
(Reesl966).However, theultimatephysicainterpretatiorhadremainedincertain.
In theextragalacticcase¢hemoving jetsareobseredasone-sidedbecausestrong
Dopplerfavoritism renderghe approachingjectadetectablepandit is not possi-
ble to know if superluminaimotionsrepresenthe propagatiorof waves through
a slowly moving jet, or if they reflectthe actualbulk motion of the sourcesof
radiation.

In thecontet of themicroquasaanalogyonemayaskif superluminamotions
could be obsenred from sourcesknown to be in our own Galaxy Among the
handfulof blackholesof stellarmassknown sofar, threetransientX-ray sources
have indeedbeenidentified at radio waves as sporadicsourcesof superluminal
jets. Thefirst superluminakourceto be discovered(Mirabel & Rodiguez1994)
was GRS 1915+105a recurrenttransientsourceof hard X-rays first found and
studiedwith the satellite GRANAT (Castro-Trado et al 1994; Finoguene et a
1994). The discovery of superluminalmotionsin GRS 1915+105stimulateda
searchfor similar relatiistic ejectain othertransienthard X-ray sourcesSoon
after, the samephenomenonvas obsened by two differentgroups(Tingay et al
1995;Hjellming & Rupen1995)in GRO J1655-40a hardX-ray novafoundwith
the ComptonGammaRay Obsenatory (Zhanget al 1994).A third superluminal
sourcemay be XTE J1748-2889Hjellming et al 1998),a transientsourcewith a
hardX-ray spectrunrecentlyfoundwith XTE (Smithetal 1998).

GRS1915+105s at~12 kpc from the Sun(Rodfiguezetal 1995;Chatyetal
1996)ontheoppositesideof thegalacticplaneandcannotbestudiedn theoptical.
Giventhelargeextinctionby dustalongtheline of sight(Mirabeletal 1994;Chaty
etal 1996),the precisenatureof the binary hasbeenelusive. Castro-Tradoetal
(1996) proposedhat GRS 1915+105is a low massbinary, while Mirabel et al
(1997)proposedhatit is along periodbinarywith acompaniorstarof transitional
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3.1

spectratype.Fromthenatureof theline variability in theinfrared,Eikenberryetal
(1998b)proposethat the emissionlinesin GRS 1915+105arisein an accretion
disk ratherthanin the circumstellardisk of an Oe/Becompanion(Mirabel et al
1997).GRS1915+105hassimilaritiesin the X-raysandgamma-raysvith GRO
J1655-4Gandotherblackholebinaries,andit is alsolik ely to harborablackhole
(Greineret al 1996).The X-ray luminosity of GRS1915+105(reaching2 x 10°
solar luminosities)far exceedsthe Eddingtonlimit (above which the radiation
pressurewill catastrophicallyblow out the externallayersof the source)for a 3
solarmassobject,whichis 10° solarluminosities Furthermoreit shovsthetypical
hard X-ray tail beyond 100keV seenin black hole binaries(Cordieret al 1993;
Finoguene et a 1994; Grove et al 1998).Finally, it is known thatthe absolute
hard X-ray luminositiesin black hole systemsare systematicallyhigherthanin
neutronstarsystemgBalletetal 1994 Barretetal 1996),anotheresultthatpoints
to ablackholein GRS1915+105.

GRO J1655-40s at a distanceof 3.2 kpc andthe apparentransersemotions
of its ejectain the sky arethe largestyet obsened (Tingay et al 1995;Hjellming
& Rupenl1995)until now from anobjectbeyondthe solarsystemIt hasa bright
opticalcounterparandconsistof astarof 1.7—-3.3solarmassegrbitingarounda
collapsedbjectof 4—7solarmasse§Orosz& Bailyn 1997 Phillipsetal 1999).The
compactobjectis certainlya black hole, sinceits massis beyond the theoretical
maximummasslimit of ~3 solar massedor neutronstars(Kalogera& Baym
1996).

King (1998)proposeshatthesuperluminasourcesreblackholebinarieswith
the secondanjn the Hertzsprung-Russetiap, which provides superEddington
accretioninto the black hole. In the Galaxytherewould have been>10® systems
of this classwith alifetime for thejet phaseof <107 yearswhich is the duration
of the spin-davn phaseof the blackhole.

Superluminal Motions in GRS 1915+105

Figure2 shavsapairof brightradiocondensationsmegingin oppositedirections
fromthecompactyariablecoreof GRS1915+105Beforeandaftertheremarkable
ejectioneventshavn in Figure2, the sourceejectedotherpairsof condensations

Figure2 Pair of radiocondensationsoving away from thehardX-ray sourceGRS
1915+109Mirabel & Rodiiguez1994).Theseuniform-weightVLA mapsweremade
at A3.5-cmfor the 1994epochson theright sideof eachmap.The positionof the sta-
tionarycoreis indicatedwith asmallcross Themapshave beerrotatede0” clockwise
for easiedisplay Thecloudto theleft appearso move away from the stationarycore
at125%thespeedf light. Contoursarel, 2,4, 8, 16,32,64,128,256and512times
0.2 mJy/bearm? for all epochsexceptfor March 27 wherethe contourlevels arein
unitsof 0.6 mJy/bearm. Thehalf power beamwidth of the obserations,0.2 arcsec,
is shawvn in thetop right corner
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but with flux densitiesone to two ordersof magnitudewealer. One of these
wealer pairs canbe seenin the first four mapsof Figure 2, asa fainter pair of

condensationmoving aheadof the bright onesat aboutthe samepropermotion

anddirection.

In Figure 3 we shaw the propermotionsof the condensationgetectedrom
four ejectioneventsin 1994.The angulardisplacementfrom the stationarycore
areconsistentvith unacceleratethotions.Thetime separatiorbetweerejections
suggestsa quasi-periodicityat intervals in the rangeof 20-30days. Although
the cloudsin eacheventappeaito move ballistically, awaysin the samegeneral
region of the sky, their positionanglessuggesthangedy ~10 in thedirection
of ejectionin onemonth.

Figures2 and 3 shav two asymmetries:onein apparentrans\ersemotions,
anotheiin brightnessThecloudthatappear$o move fasteralsoappeardrighter
It hasbeenshavn thatbothasymmetriesin propermotionsandin brightnessare
consistentvith the hypothesif ananti-parallelejectionof twin cloudsmoving
at relatiistic velocities(Mirabel & Rodiiguez1994),asdiscussedn Section4.
At adistanceof 12 kpcthepropermotionsmeasureavith the VLA in 19940f the
approaching17.6 + 0.4 masd—!) andreceding(9.0 + 0.1 masd~1) condensa-
tionsshavn in Figure2 imply apparentelocitieson theplaneof thesky of 1.25¢
and0.65c¢, respectiely. From the analysisof relatvistic distorsioneffectsusing
the equationdn the next sectionandthe VLA data,it is inferredthatthe ejecta
move with aspeedf 0.92catanangled = 70° to theline of sight.

Within the errorsof the measurementanda precessiorof <10°, relatwistic
ejectionswith a stablejet axis at scalesof 500-5000AU and larger were later
obsenedfrom GRS1915+10%ver atime spanof four years(Mirabeletal 1996a,
Fenderet al 1999, Dhawan et al 1999).The VLBA imagesof GRS 1915+105
shaw thatthejetsarealreadycollimatedatmilliarcsecscaleDhawan et al 1999),
namely at about10 AU from thecompacisource(Figure4). The coreappearsas
a synchrotronet of length~100AU beforeandduring optically thin flares,and
atthosescalest alreadyexhibits Dopplerboosting Discreteejectahave appeared

Figure 3 Angulardisplacementasa function of time for four ejectioneventsob-
senedin 1994in GRS1915+105(Rodiiguez& Mirabel 1999a).Top: Angular dis-
placementssafunctionof time for four approachingondensationsorrespondingo
ejectionghattookplaceon(fromleft to right) 1994Januar9 (triangles) Februaryl9
(squares)March 19 (circles),andApril 21 (crosses)Bottom: Angulardisplacements
asafunctionof time for threerecedingcondensationsorrespondingo ejectionsthat
took placeon (from left to right) 1994Februaryl9 (squares)March 19 (circles),and
April 21 (crosses)Thecloudsof the1994January®9ejectionwererelatively weakand
therecedingcomponentouldnotbedetectedinambiguouslyThedashedinesarethe
leastsquaredit to theangulardisplacementsf the 1994March 19 event, the brighter
andbetterstudied Notethatthemotionsappeato beballistic (thatis, unaccelerated).
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Figure4 Contourmapof the2-cmemissionfrom thecoreof GRS1915+105asobsened

on April 11, 1997 with the Very Long BaselineArray at milliarcsecondangularresolution
(Dhawan et al 1999).Theangulamresolutioncorrespond$o aboutl0 AU at GRS1915+105.
The half power contourof the beamis shawvn in the bottomleft corner Contoursare —1,

1,2,4,8,16,32,64,and96 times0.26 mJy beanTt. The positionangleof this ejectionat

milliarcsecscaleis the sameasthatseenatthe arcsecscaleghreeyearsbefore.

at about500 AU. Both, the obsenationswith MERLIN (Fenderet al 1999)and
with the VLBA (Dhawan et a 1999)in the years1997 and 1998 have shavn
fasterapparensuperluminalmotionsat 1.3c—1.7cat scalesof hundredsof AU,
and intrinsic expansionsof the expelled cloudsmostly in the direction of their
bulk motions.At presentit is not clearif the fastermotionsmeasuredvith the
higherresolutionobserationsof MERLIN andVLBA in 1997relativetotheVLA
obsenationsin 1994aredueto intrinsic fasterejections changesn the angleto
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3.2

3.3

theline of sight,or to resolutioneffectsbetweerthearraysassuggestetly Fender
etal (1999).

A seculapropermotionof 5.8 & 1.5 masyr ! in the galacticplane,in rough
agreemenwith theHI distancef 12kpc(Rodfiguezetal 1995) hasbeermeasured
with theVLBA (Dhawan et a 1999).

Superluminal Motions in GRO J1655-40

Therelatiistic ejectionsbsenredin theradioin GRO J1655-4thave striking sim-
ilarities aswell asdifferenceswith thosein GRS 1915+105Bright components
moving apartwith propermotionsin therangeof 40to 65 masd—! wereindepen-
dently obsered with the SouthernrHemisphere/LBI Experimentarray (Tingay
etal 1995),andthe VLA andVLBA (Hjellming & Rupen1995).In Figure5is
shavn asequencef seven VLBA radioimagesof GRSJ1655-4Grom Hjellming
& Rupen(1995). At a distanceof 3.2 kpc the motionsof the ejectahave been
fit—usingakinematicmodel—withavelocity of 0.92c,andajet axisinclined85
totheline of sightatapositionangleof 47°, aboutwhichthejetsrotateeverythree
daysatanangleof 2°.

In contrasto whathasbeenobseredin therepeatedjectionsof GRS1915+
105,theflux ratiosof theblobsoneithersideof GRO J1655-4@annotbeascribed
to relativistic Dopplerboosting.In GRO J1655-40the asymmetryin brightness
appeardo flip from side to side (Hjellming & Rupen1995). Not only do the
jets appearto be intrinsically asymmetric but alsothe senseof thatasymmetry
change$romeventto event.Thereforealthouglsimilarintrinsicvelocitiesgreater
than0.9carefoundin bothsuperluminakourcesgdueto theasymmetriein GRO
J1655-40¢the ultimate physicalinterpretationof the superluminakexpansionsn
this sourceremainsuncertain.

We point out thatin SS433 flux asymmetriedbetweenknots ejectedsimul-
taneouslyon both sideshave alsobeenobsenred (Fejes1986). This asymmetry
couldbe dueto intrinsic variations,so perhapsGRO J1655-40s not unusualin
thisrespectHowever, VLB A multiwavelengthmonitoringof SS433(Paragietal
1998)shawsthatit is alwaystherecedingpartof thecore-complg whichis fainter
comparedo theapproachingne,andthatthis effect cannotbe explainedsimply
by Dopplerbeaminglt is possiblethatfree-freeabsorptiorandthedifferentpath-
lengthsthroughan absorbingmediumcould explain someof theseasymmetries
in SS433 andotherjet sourcesFurthermorejn SS433 morethan90% of the
radio emissionis in knotsratherthanin continuousjets, andthe core comple
disappearsfterlarge outhursts,asobseredin GRS1915+105duringthe years
1992and1993(Mirabel & Rodiguez1994).

Superluminal Motions in XTE J1748-288

Two major relativistic ejection sequencesnoving at least20 masday* were
obsenedin Junel998(Hjellming etal 1998)from the hard X-ray transientXTE
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Figure5 A sequencef seven VLBA imagesof GRO J1655-40at 1.6 GHz, eachrotated
anticlockwiseby 43°, andeachhaving anangularesolutionof 3.0 x 0.4arcsedHjellming
& Rupenl1995).Eachimageis labeledwith the dateof the obsenations.The solid lines
betweenmagesidentify motionsof 54 masday ! (left) and45.5masday? (right). The
vertical line marksthe positionof the centralsource,assumedo bethe brightestpoint on

eachimage.
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J1748-288Smithetal 1998).Eachsequencappearedo begin with a one-sided
relatvistic ejection. The ejectaare highly linearly polarized,and at a distance
of 8 kpc, derived from the HI A21cmabsorptionline, their motionswould im-
ply apparenspeedsf 0.9cand1.5¢, andintrinsic velocitiesof morethan0.9¢c
(Hjellming etal 1998).This is thefirst galacticsourceof relativistic jetswhereit
hasbeenobseredin realtime thatthe jets collide with environmentalmaterial,
beingdeceleratedvhile brighteningat theleadingedgeof thejet.

SPECIAL RELATIVITY EFFECTS

Parameters of the Ejection

Themaincharacteristicsf the superluminakjectionscanbeunderstoodn terms
of the simultaneougjectionof a pair of twin condensationsoving at velocity
B (B = v/e), with v beingthe velocity of the condensationande the speedof
light), with the axis of the flow makinganangled (0° < 6 < 90°) with respect
to theline of sightof a distantobsener (Reesl966;seeFigure6). The apparent
propermotionsin thesky of theapproachin@ndrecedingcondensationg;, and
wr, aregiven by:

_ PBsino c

e = 1" Bcoss) D’ @)
_ Bsing c

b = Ty feosd) D' @

whereD is thedistancerom the obsenrer to the source Thesetwo equationsan
betransformedo the equivalentpair of equations:

poosy = L2 KT 3)
Ha + Wr
tano —
D= ctand (a ,U«r)‘ 4)

2 Halty

If only thepropemotionsareknown, aninterestingupperlimit for thedistance
canbeobtainedfrom Equationq3) and(4):

c

D < .
Hallr

(5)

In all equationsve usecgsunitsandthepropemotionsarein radianss . In the
caseof thebright ejectioneventof 1994March19 for GRS1915+105the proper
motionsmeasuredvere u, = 17.6 + 0.4 masday ! and ., = 9.0+ 0.1 mas
day!. Using Equation(5), we derive an upperlimit for the distance,D < 13.7
kpc, confirmingthe galacticnatureof thesource.
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Figure6 Geometryof the two-sidedejection.Theemissionis symmetric,but when

theemittingcloudsmove at relatvistic speedsheapproachingomponenbf the pair
appearso move fasterandto be brighterthantherecedingcomponent.

The distanceto GRS 1915+105is found to be, from HI absorptionstudies,
125+ 1.5 kpc (Rodiiguezetal 1995;Chatyetal 1996).Then,thepropermotions
of the approachingandrecedingcondensationmeasuredvith the VLA in 1994
and 1995imply apparentvelocitieson the planeof the sky of v, = 1.25cand
vr = 0.65cfor theapproachingndrecedingcomponentsespectiely. Theejecta
move with atruespeedf v = 0.92catanangled = 70° with respecto theline
of sight(Mirabel & Rodiiguez1994).Thefasterpropermotionsof 24 masday*
measureavith MERLIN (Fenderetal 1999)andthe VLBA (Dhawan et a 1999)
in 1997would imply atruespeecdf 0.98catanangleof 66° to theline of sight.

A Relativistic Distance Determination

We notethatthedetectiorof aknown line from eitherof thecondensationsould
allow a precisedeterminatiorof the distance.The Dopplerfactors,namely the
ratios of obsenred to emittedfrequeny (v,) for the approachingand receding
condensationaregiven by
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4.3

In theselast two equationsy = (1 — 82)~%? is the Lorentz factor Sincewe
know B cos, a determinatiorof eitherva /ve Or vy /v Will allow the determina-
tion of 8 andthusthe determinatiorof & andof the distancefrom Equation(4).
In thecaseof cosmologicallydistantobjectstheEquationsl, 2, 4, and5 arevalid
replacingthe distanceD by the angularsizedistanceD, (Peebles1993),andthe
restfrequeng v, by v,/(1 + 2), with z beingthe obseredredshiftof the central
sourceTheangularsizedistances givenby D, = (€z/Hp)[1— (1+¢0)Z/2+- - -],
whereHy is Hubbles constantandgy is thedimensionlesscceleratiorfor decel-
eration)parameterThen,theobsenrationsof propermotionsandfrequeny shifts
in extragalacticrelativistic ejectapairscould potentiallybe usedto testbetween
differentcosmologicamodels.

Doppler Boosting

Theratiosof obsenedto emittedflux densityS,, from atwin pairof optically-thin,
isotropicallyemittingjetsare:

Si k—a
— =34 , 8
SJ a ()
S
= = sk, 9
S) r ()

whereq is thespectraindex of theemission(S, o« v*), andk is a parametethat
accountdor thegeometryof theejectawith k = 2 for acontinuougetandk = 3
for discretecondensations hen,theratio of obseredflux densitie{measureét
equalseparationfrom thecore)will begiven by

k—«a
E (1+ﬂcos€> ’ (10)

S - 1— gcosh

Sincefor the1994March19events cost = 0.323ande = —0.8 theflux ratio
in the caseof discretecondensationgvould be 12, whereador a continuouget
it would be 6. For a givenangularseparatiorit was foundthatthe obsered flux
ratiobetweentheapproachingndrecedingcondensations 8+ 1. Similarresults
werefoundusingthe MERLIN obsenationsby Fenderetal (1999).Thereforejr-
respectie of thedistancdo thesourcetheflux ratiosfor equalangularseparations
from the coreareconsistentvith the assumptiorof atwin ejectionat relatiistic
velocities. Atoyan & Aharonian(1997) have consideredhe obsenrable effects
in the flux densityratio of asymmetriebetweenthe jet andcounterjetBodo &
Ghisellini (1995)have proposedhattherecouldbea contribution of wave propa-
gationin thepatternmotions,but thatmostof theobseneddisplacementaretrue
bulk plasmavelocities.
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ACCRETION DISK INSTABILITIES AND JET
FORMATION

Collimatedjets seemto be systematicallyassociatedavith the presencef anac-
cretiondisk arounda staror a collapsedobject.In the caseof black holes,the
characteristidynamicaltimesin the flow of matterareproportionalto the black
hole’s massandthe eventswith intervals of minutesin a microquasacould cor
respondo analogouphenomenavith durationof thousand®f yearsin aquasar
of 10° M, (Samsetal 1996;Rees1998). Therefore the variationswith minutes
of durationobsenedin a microquasain theradio, IR, optical,andX rayscould
samplephenomenghatwe have notbeenableto obsere in quasars.

X-raysprobetheinneraccretiordiskregion, radiowavesthesynchrotroremis-
sionfrom therelatiistic jets. The long term multiwavelengthlight curvesof the
superluminalsourcesshowv that the hard X-ray emissionis a necessaryut not
sufficientconditionfor theformationof collimatedjetsof synchrotrorradioemis-
sion. In GRS 1915+105the relatvistic ejectionof pairs of plasmacloudshave
alwaysbeenprecededy unusuahbctiity in thehardX-rays(Harmonetal 1997),
more specifically the onsetof major ejectioneventsseemsto be simultaneous
to the suddendrop from a luminousstatein the hard X-rays (Fosteret al 1996;
Mirabel et al 1996a).However, not all unusualactvity andsuddendropsin the
hardX-ray flux appearto be associatedavith radioemissionfrom relatiistic jets.
In fact, in GRO J1655-40there have beenseveral hard X-ray outhurstswith-
out following radio flare/ejectionevents.A more detailedsummaryof the long
term multifrequeng studiesof black hole binariescanbe foundin Zhanget al
(1997).

Theepisode®f largeamplitudeX-ray flux variationsin time-scale®f seconds
andminutesandin particular theabruptdipsobsened(Greineretal 1996 ,Belloni
etal 1997,Chenetal 1997)in GRS1915+10%arebelieved to be evidencefor the
presencef ablackhole,asdiscussetbelon. Thesevariationscouldbeexplainedif
theinner(<200km) partof theaccretiordisk goestemporarilyinto anadwection-
dominatednode(Abramawicz etal 1995;Narayanretal 1997).In this mode,the
time for theenepy transferfrom ions (thatgetmostof the enegy from viscosity)
to electrongthatareresponsibléor theradiation)is largerthanthetime of infall to
thecompacbbject.Then,thebulk of theenegy producedy viscoudissipatiorin
thediskis notradiatedashappensn standardlisk models) but insteads stored
in the gasas thermalenepy. This gas,with large amountsof locked enegy, is
adwected(transportedjo thecompacbbiject.If thecompacbbjectis ablackhole,
the enegy quietly disappearshroughthe horizon.In constrastjf the compact
objectis a neutronstar the thermalenepy in the superheatedasis releaseds
radiationwhenit collideswith the surfaceof the neutronstarandheatsit up. The
coolingtime of the neutronstarphotospherés relatively long, andin this casea
slow decayin the X-ray flux is obsened. Thus,onewould expectthe luminosity
of black hole binariesto vary over a muchwider rangethanthatof neutronstar
binaries(Barretet al 1996). The ideaof adwection-dominatedlow hasalsobeen
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proposedHameuryet al 1997)to explain the X-ray delayin an optical outhurst
(Oroszetal 1997)of GRO J1655-40.

Duringlarge-amplitudevariationsin the X-ray flux of GRS1915+105remark-
able flux variationson time-scalesof minuteshave also beenreportedat radio
(Poolgy & Fenderl997,Rodliguez& Mirabel 1997,Mirabeletal 1998)andnear
infraredwavelengthgFenderetal 1997,Fender& Pooley 1998,Eikenberryetal
1998aMirabeletal 1998).Therapidflaresatradioandinfraredwaves arethought
to comefrom expandingmagnetizedtloudsof relatiistic particles.This ideais
supportedy theobsenredtime shift of theemissioratradiowaves asafunctionof
wavelengthandthefinding of infraredsynchrotrorprecursorso thefollow-upra-
dioflares(Mirabeletal 1998).Sometimesheoscillationsatradiowaves appeans
isolatedeventscomposeaf twin flareswith characteristi¢cime shiftsof 70 & 20
minutes(e.g.Pooley & Fenderl997,Dhawvan et a 1999).Thetime shift between
thetwin peaksseemsgo beindependenbf wavelength(Mirabel et al 1998),and
no Dopplerboostings obsened.Thissuggestthatthesequasiperiodidlaresmay
comefrom expandingcloudsmoving in oppositedirectionswith non-relatvistic
bulk motions.

In Figure 7 areshovn simultaneoudight curvesin the X-rays, infrared,and
radiowavelengthsfogethemith the X-ray photonindex duringalargeamplitude
oscillation. Theselight curves can be consistentlyinterpretedto imply that the
relatiistic cloudsof plasmaemepgeatthetime of thedipsandfollow-uprecovery
of the X-ray flux. In adiabaticallyexpandingcloudsthe maximumflux density
at shortwavelengthgi.e. the nearinfrared)shouldbe obseredvery shortly after
the ejection (102 sec),andit is only in the radio wavelengthsthat significant
timedelaysoccur(Mirabeletal 1998).Figure7 shavsthattheonsetbf theinfrared
flareoccured>200secafterthedropof theX-ray flux, duringits recoveryfromthe
dip, probablyatthetime of the appearancef anX-ray spike (t = 13min) which
is associatedio a suddersofteningof the (13—60keV)/(2—13keV) photonindex
dueto the dropin the hard X-ray flux. Similar phenomendave beenobsered
in this sourceby Eikenberryetal (1998a)In the contet of theunstableaccretion
disk model of Belloni et al (1997), theseobsenationssuggesthat the ejection
of plasmacloudstakes placeduring the subsequenteplenishmenbf the inner
accretiondisk, well afterthe disappearancef the soft componentt the sudden
drop.Theejectionof thecloudsseemdo becoincidentwith thesoft X-ray peakat
thedip. Furthermoretheslow rise of theinfraredflux to maximumseenn Figure
7 indicatesthatthe injection of relativistic particlesis notinstantaneouandthat
it couldlastup to tensof minutes.

Mirabel et al (1998)have estimatedhatthe minimum massof the cloudsthat
areejectedevery few tensof minutesis ~10'° g. Ontheotherhand theestimated
total masshatis removed from theinneraccretiondiskin onecycle of afew tens
of minutesis of theorderof ~10?* g (Belloni etal 1997).Given the uncertainties
in the estimationof thesemassesit is still unclearwhatis the fraction of massof
the inner accretiondisk that disappearghroughthe horizon of the black hole.
Anyway, it seemsplausiblethat during accretiondisk instabilitiesconsistingof
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Figure 7 Radio,infrared,andX-ray light curvesfor GRS 1915+105at the time of quasi-
periodicoscillationson1997Septembe® (Mirabeletal 1998).Theinfraredflarestartsduring
therecoveryfrom theX-ray dip, whenasharpjsolatedX-ray spikeisobsered. Theseobser
vationsshow theconnectiorbetweertherapiddisappearancandfollow-upreplenishmenof
theinneraccretiondisk seenn the X-rays(Belloni etal 1997),andtheejectionof relativistic
plasmacloudsobsened as synchrotronemissionat infrared wavelengthsfirst and later at
radiowavelengthsA schemeof therelative positionswherethedifferentemissiongriginate
is shovn in thetop partof the figure. The hardnessatio (13—-60keV)/(2—13keV) is shavn
atthebottomof thefigure.

thesudderdisappearanagf itsinnerpart,mostof it is adwectednto theblackhole,
andonly somefractionis propelledinto synchrotron-emittingloudsof plasma.
Enegy outhurstsin the flat synchrotronspectrumover at leastfour decades
of frequeng have alsobeenobsened in CygnusX-3 (Fenderet al 1996). The
optical polarizationobsered in GRO J1655-40(Scaltriti et al 1997) could also
be relatedto the presenceof synchrotronemissionat optical wavelengths.The
study of GRS 1915+105led to the realizationthat besidesthe enegy invested
in the acceleratiorof the plasmacloudsto their bulk motions, the oscillations
of the type shown in Figure 7 requiresynchrotronluminositiesof at least10%6
erg s~L. This synchrotrorluminosityis not negligible with respecto thethermal
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luminosity radiatedin the X-rays. Theseresultsgive supportto the obseration
of synchrotroninfraredjets reachingdistance®f a few thousandAU from GRS
1915+105Samsetal 1996).

JET FORMATION

Theprocesseby whichthejetsareacceleratedndcollimatedarestill notclearly
understoodhut itisbelieved thatseveralof theconceptproposedor extragalactic
jetscanbeextendedto galacticjets.

Blandford& Znajek(1977)takeadwantageof thefactthat,in principle,it is pos-
sibleto extractenegy andangulamomentunfrom arotatingblackhole(Penrose
1969),to produceelectricand magneticfields and possiblyfastoutflowing jets.
A magnetizedccretiondisk aroundthe Kerr blackholebralkesit electromagneti-
cally. However, Ghosh& Abramawicz (1997)andLivio etal (1997)have called
into questiorthatthe Blandford-Znajekprocessanprovide the primarypowerin
thejets.

A seminaldeathathasbeenfollowedby mary researcherm thefield is thatof
the magnetohydrodynamicatodelof Blandford& Payne(1982).Theseauthors
proposedhatthe angularmomentumof a magnetizedaccretiondisk aroundthe
collapsedbijectis theresponsibléor theacceleratiomf theplasmaThemagnetic
field linesaretakento befrozeninto thedisk andtheplasmais assumedo follow
themlike a“beadon awire”, atleastcloseto thedisk. If thefield line formsan
anglewith the planeof thedisk smallerthan60°, the displacementsf theplasma
from its equilibrium positionbecomeunstableThis happendecausalongthese
field linesthecomponenof thecentrifugalforcewill belargerthanthecomponent
of the gravitational force andthe plasmawill be acceleratedutwards.Then,in
its origin, the outflov motionhasanimportant‘equatorial”componentwhile on
largerscaleghejetsareobsenedto have a motionthatis dominantly“poloidal”.
In otherwords,aftertheacceleratiomcollimatingmechanisnis requiredochange
thewide-anglecentrifugaloutflow into a collimatediet.

This collimationis proposedo be achieved as follows. Insideaninnerregion,
the magneticfield enegy densityis larger thanthe kinetic enegy densityof the
flow but at somedistancefrom the disk (the Alfv &n surface), this situationre-
versesandthe flow stopscorotatingwith the disk. This causes loop of toroidal
(azimuthal)field to be addedto the flow for eachrotationof the footpointof the
field line. Thetensionof thiswound-uptoroidalfield thatis formedexternalto the
Alfv énsurfaceproducesa force directedtoward the axis (the “hoop stress”)that
eventuallycollimatestheflow into ajet. Most modelsfor the productionof jetsin
theastrophysicatontet useelementof MHD acceleratiorandcollimation.

Recently several groups(Spruit et al 1997, Lucek & Bell 1997, Begelman
1998) have pointedout that the toroidal field traditionally held responsibleor
collimatingjetsin the MHD mechanisnis unstableandcannotcollimatethejets
effectively. It hasbeenproposedalternatvely that the collimating agentis the
poloidalcomponenbf themagnetidield.
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Koide et al (1998) have performedfor the first time full generalrelatiistic
MHD numericalsimulationsof the formation of jets neara black hole. Their
resultssuggesthattheejectedet hasatwo-layerstructurewith aninner, fastgas-
pressuredriven componentand an outer slowv magneticallydriven component.
The presencef the inner, fastgas-pressurdriven componenis a resultof the
strongpressurancreaseproducedby shocksin the disk throughfastadvection
flows insidethe last stableorbit arounda black hole. This featureis not seenin
non-relatvistic calculations.

Within the uncertaintief the small sample the velocity of the jets seemgo
shaov a bimodal distribution, with somesourceshaving vjer ~ 0.3c and others
having vjer > 0.9¢. Two explanationshave beenofferedin the literature.On one
hand,Kudoh& Shibata(1995)suggesthatthe terminalvelocity of the jet is of
orderof theKepleriarnvelocityatthefootpointof thejets, thatis, thatthefastesjets
probablycomefrom thedeepesgravitationalwells (Livio 1997).However, recent
obsenationssuggesthat ScoX-1 which is a neutronstarbinary hasvie; ~ 0.5¢
(Fomalont1999), departingfrom the bimodal distribution. On the other hand,
Meier etal (1997)proposethatthevelocity of thejetsis regulatedby a magnetic
“switch”, with highly relatwvistic velocitiesachiared only above a critical valueof
theratio of the Alfv &nvelocity to the escapevelocity. The determinatiorof the
massof thecollapsedobjectin alargernumberof jet sourcesvould discriminate
betweerthesetwo models.

While it seemghata steadystateMHD modelcanaccounfor theformationof
continuougelatuvistic jets, the eventsdiscussedy Mirabel et al (1998),Belloni
etal (1998),andFender& Poolgy (1998)that seemto involve a connectionbe-
tweenthe disappearancef the inner accretiondisk and the suddenejectionof
condensationmay requirea differentmechanismClearly, the time seemdo be
ripe for new theoreticaladvanceson the modelsof formation of relatiistic jets
thattake into accountthe obsenrationalfeaturefoundin stellarjets.

Anothercharacteristithatthe jet modelsmustaccounffor is the productionof
relativistic particlesthatwill producethesynchrotroremissiorthatis obseredin
severalsourcesAs in otherastrophysicatontets, it is believed thattheaccelera-
tion of electrongo relatiistic speedsakesplacein shockgBlandford& Ostriker
1978).0n the otherhand,mostof the X-ray binariesare“radio-quiet”, implying
thatrelativistic electronsand/omagnetidieldsarenotalwayspresentn sufiicient
amounts.

SYNCHROTRON EMISSION

Thehighbrigthnessemperaturerapidvariability, andlinearpolarizatiorobsered
in theradioemissiorfrom X-ray binariesindicatesasynchrotrororigin. Thetime
evolution of the radio emissionhas beenmodeledin termsof conical jets or
expandingcloudsof magnetizeglasma(Hjellming & Johnstor1988,Marti et al
1992,Seaquistl993).
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Inthesimplestaseof anadiabaticallyexpandingsphericatloudin theoptically
thinregime,thevan derLaan(1966)modelis usedwheretheflux densityis given
by 8§ o v1=P/2r=2P andthe relativistic electronshave an enegy distribution
given by N(E) = KE~P, with K beinga constanthatis relatedto the densityof
therelatiistic electronsin thisequatiorr is theradiusof thecloud. Assuminghat
thecloudexpanddinearlywith time, theflux densityis givenby S, oc v4—P)/2t=2p
Assuminga typical valueof p = 2.4, oneobtains$, « v-%7t=*8, This simple
modelfits theflux decreaseeasonablyvell for severalof theradio-emittingX-ray
binaries(Ball 1996).However, in someof the beststudiedjet sourceqSS443,
Hjellming & Johnstonl1988, Vermeulenret al 1993, GRS 1915+105,Rodiiguez
& Mirabel 1999a)muchlesssteepdecreaseareobsered. This situationcanbe
accountedor by makingmaodificationsto the simpleexpandingmodel.Onepos-
sibility is to attribute this shallover drop of flux densitywith time to constrained
expansion(the sourcecannotexpandin 3 dimensionsbut only in 1 or 2 dimen-
sions).In fact,the GRS 1915+105mapswith milliarcsecresolutionby Dhavan
et al (1999)shav that the expansionof the cloudsat hundredsof AU from the
compactsourceis mostly in onedirection.The flux densitycanbe thenapprox-
imately describedas 8, o« v=07t=(?/3Pn \wheren is the numberof dimensions
whereexpansionis allowed. Both in SS 433 (Hjellming & Johnson1988) and
in GRS1915+105(Rodfiguez& Mirabel 1999a),a breakin the power law that
describeghe decreasén flux asa function of time is obsered. Remarkablyin
both sourceghe decreaseloseto the sourcecanbe describedwith §, o t—13,
while after a distanceof ~2 x 107 em, 8, « t~26 is obsered. Hjellming &
Johnston(1988) have proposedhat thesepawer laws canbe explainedasa re-
sultof aninitial slowedexpansiorfollowedby free expansionin two dimensions.
This steepeningf the decreasén flux densitywith angularseparatiorcould be
relatedto the similar tendeng obseredin thejetsof someradiogalaxieswhere
theintensity | declineswith angulardistancep asl, « ¢, with x = 1.2-16
in the innerregionsandx ~ 4 in the outerregions of the jet (Bridle & Perley
1984).

It is alsopossiblethat continuedinjection of relativistic particlesand/ormag-
netic field into the emitting plasmacan produceshallover decreasesvith time
of theflux density(Mirabel et al 1998). The particleinjection could resultfrom
in situ acceleratiorasthe moving gasshocksandentrainsambientgasor could
resultfrom beamsr windsfrom thecentralenegy sourceTheopticallythick rise
occursvery rapidly andhasyet to be obsenedin detailfor a propercomparison
with thetheoreticalexpectations.

It is possibleto estimatethe parametersf the ejectedcondensationasingthe
formulationof Pacholczyk(1970)for minimumenegy, correctingfor relativistic
effectsandintegratingtheradioluminosityover theobsenedrangeof frequencies.
Rodiguez& Mirabel (1999a)stimatdor thebright 1994March19eventin GRS
1915+10%magnetidield of abouts0mGaussindanenegy of aboutd x 10* ergs
in therelatwistic electronsAssumingthatthereis one(non-relatvistic) protonper
(relativistic) electron,onegetsa protonmassestimatein the orderof 10?2 g. To
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estimatehepeakmechanicapowerduringtheejectiorweneedavaluefor thetime
over whichtheacceleratiorandejectiontook place.Mirabel & Rodiguez(1994)
consenratively estimatehattheejectioneventmusthave lasted<3 days,requiring
aminimum power of ~5 x 10° erg s71, avaluecomparablavith the maximum
obsenedsteadyphotonluminosityof GRS1915+105whichis ~3 x 10%8 erg s~
(Harmonetal 1994).

The ejectioneventsthat precedecand followed the 1994 March 19 outhurst
are estimatecdto have massesn the order of 10?*2? g (Rodiiguez& Mirabel
1999a,Gliozzi etal 1999).Finally, if the repetitive eventsobsenedwith periods
oftensof minutesn GRS1915+105Rodliguez& Mirabel1997,Pooley & Fender
1997,Mirabel etal 1998,Eikenberryet al 1998a)areinterpretecasmini-ejection
episodesthe massassociatedvith themis of order10° g. We crudelyestimate
that,ontheaverage GRS1915+105njectsenegy in theorderof 10?2 gyear tin
theform of relatwistic (0.92¢c—0.98c)¢ollimatedoutflowvs. This correspond$o an
averagemechanicaknegy of Lyen ~ 10° L. In contrast SS433asa resultof
its morecontinuouget flow, hasLmes ~ 10° L, (Margon1984)despitehaving a
lowerflow velocitythanGRS1915+105The GRS1915+10%urstsarethusvery
enepeticbut moresporadic.

Recently there hasbeenevidencethat during someeventsthe synchrotron
emissionin GRS1915+105%xtendsfrom theradiointo at leastthe nearinfrared
(Mirabel et al 1998; Fender& Pooley 1997). Thenthe synchrotronluminosity
becomesignificant,reachingvaluesof 10°¢ erg s~2.

As emphasizedby Hjellming & Han (1995), relatvistic plasmasaredifficult
to confineandsynchrotrorradiationsourcesn stellarervironmentswill tendto
be variablein time. Then, one of the behaiors mostdifficult to accountfor is
therelative constang of theradioflux in somesourcespf which Cyg X-1 is the
extremeexample. Thepresencef asteadyoutflow thatis toofaintto befollowed
upin timeassynchrotron-emittingjectacouldbeconsistentvith thelack of large
variability in this type of source.

POSSIBLE LABORATORIES FOR GENERAL
RELATIVITY

The X-ray power of the superluminalsourcesexhibits a large variety of quasi-
periodicoscillations(QPOs)of high frequeng. Of particularinterestis the class
of fastoscillationswith amaximumstablefrequeng of 67 Hz obseredmary times
in GRS1915+105jrrespectve of the X-ray luminosityof thesourcg(Morganet a
1997).A QPOwith maximumfix frequeng of 300Hz hasbeenobseredin GRO
J1655-4QRemillardetal 1999).Thesestablemaximumfrequenciesarenotseen
attimesof strongradioflaresor jet injection. They arebelieved to be a function
of thefundamentapropertief the blackholes,namely their massandspin.
Onepossibldnterpretatioris thatthesdrequenciesorrespondo thelaststable
circularorbit aroundthe black hole. This frequeny dependn the black hole’s
massand spin, as well as on the rotation direction of the accretiondisk, and
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offersthe prospecbf inferring the spinof blackholeswith massesndependently
determinedSincefrom opticalobsenationsthemassf theholein GRO J1655-40
is known to bein therangeof 4-7 solarmassespnecanconcludehatGRO J1655-
40 containsa Kerr black hole rotating at >70% of the maximumspin possible
(Zhangetal 1997).

Alternatively, the maximumQPOstablefrequeng could berelatedto general
relatvity disk seismology more specifically to the maximumradial epicyclic
frequeny (Nowak et al 1997),which alsodepend®nthe spinof theblackhole.

A third interpretatiorhasbeenproposedn termsof therelatiistic draggingof
theinertial framearoundthe spinningblack hole (Cui etal 1998).By comparing
the computeddisk precessiorfrequeng with that of the QPO, the spin canbe
derived if the massis known. The two sourcef sporadicsuperluminajets are
foundto betheblack holesthatspinat ratescloseto maximumlimit. Obviously,
theoreticalork to distinguishbetweerthesethreealternatve interpretationsvill
beimportantto estimatethe spinof the blackholeswith known masses.

X-ray spectroscopof thetwo superluminakource®btainedwith thesatellite
ASCA (Ebisava1996,Uedaetal 1998)hasshavn K, H andHelikeiron absorp-
tion lines,whereagheobsenationswith SAX have only shovn emissiorfeatures
from therelativistic accretiondisk around7 keV, which have beeninterpretedas
iron lines (Matt et al 1998).0One expectsthatwith greatersensitvity theselines
will show a profile reminiscentof that of the asymmetridron lines obseredin
Se/fert galaxies(Tanakaet al 1995). The accretiondisksof GRS1915+105and
GRO J1655-40areviewed obliquely, andthe blueshiftedsideof the lines should
look muchstrongerdueto the Dopplerbeamingeffect. In addition,the centerof
theline shouldbe redshiftedasexpectedfrom generakelativity effectson radia-
tion escapingrom thesurrounding®f a stronglygravitating object.In thefuture,
perhapstheselines could be usedas probesof generalrelativity effectsin the
innermostpartsof theaccretiorflows into blackholes.

Generalrelatvity theoryin weak gravitational fields has beensuccessfully
testedby observingn theradiothe expecteddecayin theorbit of abinarypulsar
aneffect produceddy gravitationalradiationdamping(Taylor & Weisbeg 1982).
Obsenations of binary pulsarshave also beenusedto constrainthe natureof
gravity in the strong-fieldregime (Taylor etal 1992).Althoughtheinterpretation
of themaximumstablefrequeng of theX-ray powerspectrumin thesuperluminal
sourcess still uncertain,thesefrequenciesare known to originatecloseto the
horizonof the blackhole,andperhapghey couldbe usedin thefutureto testthe
physicsof accretiondisksandblackholesin the strongfield limit.

OTHER SOURCES OF RELATIVISTIC JETS
IN THE GALAXY

In X-ray binariesthereis a generalcorrelationbetweerthe X-ray propertiesand
thejet propertiesThetime interval andflux amplitudeof the variationsin radio
waves seemsto correspondo the time and amplitudevariationsin the X-ray
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flux. More specifically persisteniX-ray sourcesarealsopersistentadiosources,
andthetransientX-ray sourcegproduceat radiowaves sporadicouthurst/ejection
events.Persistensource®f hardX-rays(e.g.1E1740.7-29425RS1758-258)re
usuallyassociatedb faint, double-sidedadiostructureghathave sizesof several
arcmin (parsecscales).The radio core of thesetwo persistensourcesare weak
(<1 mJy) anddo not exhibit high amplitudevariability. On the contrary rapidly
variablehardX-ray transientge.g.GRS1915+105GRO J1655-40XTE J1748-
288) may exhibit variationsin the X-rays and radio fluxes of several ordersof
magnitudein shortintervals of time. Becausaheseblack-holeX-ray transients
producesporadicejectionsof discrete pright plasmaclouds,the propermotions
of theejectacanbemeasured.

Probablyall hardX-ray sourceghataccreteat superEddingtonratesproduce
relatiistic jets.However, the obsenationalstudyof thesgetspresentsn practice
severaldifficulties.PersistenhardX-ray sourcesik e CygnusX-1 aresurrounded
by faint non-thermakadio featuresextendingseveral arcmin(Marti et al 1996),
andevenin the casewherethey arewell alignedwith thevariablecompactadio
counterparit is verydifficult to prove conclusvely thatthefaintandextendedadio
featuresreactuallyassociatedith theX-ray sourceThiswasthecaseof ScoX-1,
wherepossiblelarge-scaleradio “lobes” werefound to be extragalacticsources
symmetricallylocatedin the planeof the sky with respecto ScoX-1 (Fomalont
& Geldzahler1991).0nthe otherhand,in transientblack hole binariesonemay
obsene transientsub-arcsegets, but unlessthe interferometricobsenationsare
cornvenientlyscheduledthe evolution is too rapid andit may not be possibleto
follow up the propermotionsof discreteclouds.This may have beenthe casein
theradio obsenationsof the X-ray sourcedNova Oph 93 (Dela Valle etal 1994)
andNova Muscag(Ball etal 1995),amongothers.

We list in Table 1 the sourcesof relatwvistic jetsin the Galaxyknown sofar.
The first six aretransientswhereaghe next four are persistentX-ray sources.
Propermotionsof the relatiistic ejectahave beendeterminedwith accurag in
GRS1915+105GRO J1655-40XTE J1748-288andSS433.Besideghesefour
sourcespropemotionswerealsomeasured—int with lessaccurag—for moving
featuresin CygnusX-3 (Schalinskiet al 1995, Marti et a 1999), ScorpiusX-1
(Fomalont1999),CircinusX-1 (Fendeletal 1998),andCl Cam(XTE J0421+560;
Hjellming & Mioduszavski 1998; Mioduszeavski et al 1998).Jetstructureshave
beenreportedo beassociatedb CygnusX-1, but theseresultsarestill uncertain.

It is interestingthat the ejectafrom the black hole binariesGRS 1915+105,
GRO J1655-40,and probablyalso XTE J1748-288have velocitiesgreaterthan
0.9c,while the ejectafrom the four sourceshelieved to be neutronstarbinaries
have velocities<0.5c. From their modelsof magneticallydriven jets, Kudoh&
Shibata(1995) have proposedhat jet velocitiessuchasthoselisted in Table 1
arecomparableo the Keplerianrotationalvelocitiesexpectedat the baseof the
jets, closeto neutronstarsand black holes, respectrely. Livio (1997) hasalso
stressedhe similarity betweerthe velocity of jets andthe escapevelocity of the
gravitational well from wherethey were ejected.If this notionis confirmed,jet
velocities could then be usedto discriminatebetweenneutronstarsand black
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holes,with jet velocitiescloseto the speedof light beenproducedonly in black
holebinaries.

Anotherpossiblesourceof relatiistic jetsin the Galaxyis, of course SgrA*,
thepresumedlackholeof 2.5million solarmassesitthe galacticcenter(Eckart
& Genzel1997).Theradio sourceis alwayspresentat aboutthe 1 Jy level and
exhibits aflat spectrumwith relative smallvariations,abehaior similarto thatof
thefaintcompacimJyradiosourcesssociatewith Cygnusx-1 (Marti et al 1996)
andGRS1915+105n its plateaustateat timeswhenno strongouthurst/ejection
eventstake place,a statethat in the latter sourcecan last from daysto weeks
(Pooley & Fender1997).This type of radio emissioncould arisefrom a jet in
a coupledjet-disk system(Falcke et al 1993), from electronsin an adwection
dominatedlow (Narayaretal 1998, Mahade&an 1998),or from shocksn massve
winds(Blandford& Begelmanl999).Despiteheavy interstellarscatteringatradio
wavelengthsrecentVLBA obsenationsat 7-mmmayhaveresohed SgrA* in an
elongatedadio sourceof 72 Schwarzschildradii suggestinghe presencef ajet
(Lo etal 1998).

INTERACTION OF RELATIVISTIC JETS WITH
THE ENVIRONMENT

If acompactsource(blackhole or neutronstar)injectscollimatedrelativistic jets
into its cold ervironment,it is expectedthat somefraction of the injectedpower

will be dissipatedby shocksin the circumstellargasand dust. The collision of

relatiistic ejectawith ervironmentalmaterialhasbeenobsenedin realtime in

XTE J1748-288Hjellming etal 1998),wheretheleadingedgeof thejet deceler

ateswhile stronglybrightening.Theinteractionof the mildly relatiistic jetsfrom

Cl Cam(Hjellming & Mioduszevski 1998)with anHIl anddustshellnelulahas
beenreportedby Garda et al (1998).0Othersignaturef the interactionof rela-

tivistic jetswith the ervironmentaretheradiolobesof 1E 1740.7-294ZMirabel

etal 1992)andGRS1758-258 Rodfiguezet al 1992),the twistedarcminjets of

CircinusX-1 (Stevardetal 1993;Fendeetal 1998),andthetwo lateralextensions
of tensof pcin theradioshellW50thathostsatits centerSS433.Theinteraction
of SS433with the netula W50 hasbeenstudiedin the X-rays (Brinkmannet al

1996),infrared (Mirabel et al 1996b),andradio wavelengthgDubneret al 1998
andreferencesherein).

S$S433is ahighmassx-ray binaryatadistanceof ~3 kpcnearthecentreof the
radioshellW50 (Margon 1984).The latter may be eitherthe supernea remnant
from theformationof the compacibbject(Velusamy& Kundul974),or abubble
evacuatedoy the enegy outflow of SS 433 (Begelmanet al 1980). Besidesthe
well-known relativistic jets seenat sub-arcsescalesn theradio, large-scalgets
becomevisiblein the X-raysatdistances-30arcmin(~25 pc) from thecompact
source(Brinkmannet al 1996). In the radio, the lobesreachdistancef up to
1° (~50 pc). Theselarge-scaleX-ray jets andradio lobesare the result of the
interactionof the massoutflow with the interstellarmedium.From optical and
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X-ray emissionlinesit is foundthatthe sub-arcsecelatvistic jets have a kinetic
enegy of ~10%° ey s~ (Margon1984,Spencef984),whichis severalordersof
magnituddargerthanthe enepgy radiatedn the X-raysandin theradio.

In Figure 8 is shavn the 220 cm mapwith 55 arcsecresolutionby Dubner
etal (1998).It shavs the connectionbetweenthe subarcsecelatvistic jets and
the extendednetula over ~10° ordersof magnitudein distancescales Dubner
etal (1998)estimatethatthekinetic enepgy transferrednto the ambientmedium
is ~2 10°! erys, thus confirmingthat the relatuistic jets from SS433 represent
animportantcontribution to the overall enegy budgetof the surroundingnehula
W50. Begelmanet al (1980)characterize®V50 asa “beambad, interpretingthe
elongatedshapeandfilled-in radio structureof W50 asevidencefor continuing
injectionof magnetidield andhigh-enegy particlesfrom SS433.

Evidencedor theinteractionof jetswith theervironmentalmediumhave also
beersearcheth thetwowell-establisheduperluminasourcesln GRS1915+105
Chaty Mirabel & Rodfiguez(1999)searchedt millimeter, infrared,and X-rays
for evidenceof thephysicalassociatiometweertherelatiistic jetsandtwo IRAS
sourcerojectedsymmetricallyon eachsideat ~15 arcminof angulardistance
from the compactsourcethatat first glancecould be lobescausedyy the impact
of thejetsin interstellarmolecularclouds(Rodiiguez& Mirabel 1999b).Besides
the goodalignmentof the IRAS sourceswith the subarcsegetsandthe presence
of anintriguing non-thermaljet-like sourcein the SE IRAS source(Rodiiguez
& Mirabel 1999b), no conclusve physicalevidencefor associatiorwith GRS
1915+105hasbeenfound, with the IRAS sourcesmost probablybeing normal
HII regions.On the otherhand,Hunsteadet al (1999)find regions of extended
low-surface-brightnesemissioralignedwith theradiojetsof GRO J1655-40put
theirrealassociationith thehigh enegy sourcehasnotbeenconfirmed.Thejets
in GRS1915+105and GRO J1655-4Carefasterthanthosein SS433, but much
moresporadicandthis probablyaccountdor thelack of obviouslobesassociated
with them.

It hasbeenproposedhattheinteractionof relativistic jetswith theernvironment
mayinducehighenegyradiation Positronseleasedmpulsively fromthecompact
sourcecould annihilatelocally in the hot plasmaproducinga broad 511 keV
spectrafeature(Suryaer et al 1991,Ramatyetal 1992).Alternatively, afractionof
thepositroncouldstreanuptotheinterstellagaseousrnvironment slowingdown
andannihilatingin suchcoldmedium thusemitting511keV narrowv line emission,
and inducing radio lobe synchrotronemissionand bremsstrahlunggamma-ray
continuumemission(Laurent& Paul 1994).

MICROBLAZARS AND GAMMA-RAY BURSTS

It is interestingthatin all threesourceswheref (the anglebetweenthe line of
sight andthe axis of ejection)hasbeendetermineda large valueis found (that
is, the axis of ejectionis closeto the planeof the sky). Thesevaluesare6 ~ 79
(SS433,Margon1984),0 ~ 66° — 70° (GRS1915+105Mirabel & Rodiiguez
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1994 Fendeetal 1999),6 ~ 85° (GRO J1655-40Hjellming & Rupen1995),and
6 > 70 for theremainingsourcesThisresultis notinconsistentvith thestatistical
expectatiorsincetheprobability of finding a sourcewith agivend is proportional
tosind. Wethenexpectto find asmary objectanthe60” < 6 < 90° rangeasin the
0° < 6 < 60° range However, this agumentsuggestshatwe shouldeventually
detectobjectswith asmall6. For objectswith 6 < 10° we expectthetimescales
to beshortenedy 2y andtheflux densitieso be boostedby 8y with respecto
the valuesin the restframe of the condensationkor instance for motionswith
v = 0.98c(y = 5), thetimescalewill shortenby a factorof ~10 andthe flux
densitieswill be boostedby a factorof ~10%. Then, for a galactic sourcewith
relatiistic jetsandsmall 6 we expectfastandintensevariationsin the obsered
flux. Thesemicroblazarsnay be quite hardto detectin practice both becausef
thelow probability of smallg valuesandbecausef thefastdeclinein theflux.

Gamma-rayourstsareat cosmologicatlistancesndultra-relatvistic bulk mo-
tion andbeamingappearas essentiaingredientsto solve the enormousenegy
requirementge.g. Kulkarni et al 1999, Castro-Trado et al 1999). Beamingre-
ducesthe enepy releaseby the beamingfactor f = AQ/4n, whereAQ is the
solid angle of the beamedemission.Additionally, the photon enepies can be
boostedo highervalues Extremeflows from collapsarswith bulk Lorentzfactors
>100 have beenproposedas sourcesof y-ray bursts(Mésaros& Reesl997).
High collimation (Dar 1998, Puglieseet al 1999) can be testedobsenationally
(Rhoads1997), sincethe statisticalpropertiesof the burstswill dependon the
viewing anglerelative to the jet axis.

Recenstudiesof gamma-rayfteiglows suggesthatthey arehighly collimated
jets. The brightnesf the optical transientassociatedo GRB 990123shaved a
break(Kulkarni et al 1999), and a steepeningrom a power law in time t pro-
portionalto t~12, ultimatelyapproaching slopet 25 (Castro-Tradoetal 1999).
Theachromaticsteepenin@f the opticallight curve andearlyradioflux decayof
GRB 99051 0areinconsistentvith simplesphericalexpansionandwell fit by jet
evolution (Harrisonetal 1999).1t is interestingthatthe power laws thatdescribe
thelight cunesof the ejectain microquasarshav similar breaksandsteepening
of theradioflux density(Section7, Rodiiguez& Mirabel1999a)ln microquasars,
thesebreaksandsteepeningbave beeninterpretedHjellming & Johnstoril988)
asatransitionfrom slow intrinsic expansiorfollowedby freeexpansionn two di-
mensionsBesidesl|inearpolarizationof about2%wererecentlymeasureéh the
opticalaftelglow of GRB 990510(Covino etal 1999),providing strongevidence
thatthe afteiglow radiationfrom gamma-raybursterss, atleastin part,produced
by synchrotrornprocessed.inear polarizationsn the rangeof 2—10%have been
measureih microquasaratradio(Rodiguezetal 1995,Hannikaineretal 1999),
andoptical (Scaltritietal 1997)wavelengths.

In this context, microquasaré our own Galaxyseento belessextremelocal
analogf the supetrrelativistic jetsassociatedo the moredistanty -ray bursters.
However, y-ray burstersaredifferentto themicroquasarfoundsofar in ourown
Galaxy The former do not repeatand seemto be relatedto catastrophievents,
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andhave muchlarger superEddingtonluminosities.Therefore the scalinglaws
in termsof theblackholemasghatarevalid in theanalogybetweermicroquasars
andquasarsio not seemto applyin thecaseof y-ray bursters.

CONCLUSIONS AND PERSPECTIVES

The study of relativistic jets from X-ray binariesin our own galaxy setson a
firmer basistherelatiistic ejectionsseerelsavherein the Universe.Theanalogy
betweenguasarsand microquasarsed to the discovery of superluminakources
in our own galaxy, whereit is possibleto follow the motionsof the two-sided
ejecta.This permitsastronomerso overcometheambiguitieshathaddominated
the physicalinterpretationof one-sidedmaving jets in quasarsand conclude
that the ejectaconsistmainly of mattermoving with relativistic bulk motions,
ratherthanwaves propagatinghrougha slowly moving jet. The Lorentzfactors
of thebulk motionsin thejetsfrom microquasarseemto be similar to thosebe-
lieved to be commonin quasarsFromthe studyof the two-sidedmoving jetsin
onemicroquasaran upperlimit for the distanceto the sourcewas derived, using
constraintdrom specialrelatiity.

Becausef therelative shorttimescale®of the phenomenassociatedvith the
flowsof matteraroundstellarmasslackholes,onecansamplgophenomenthatwe
have notbeenableto obsenein quasarsOf particularimportances to understand
the connectionbetweenaccretionflow instabilitiesobseredin the X-rays, with
the ejectionof relatiistic cloudsof plasmaobsenredin the radio, infrared, and
possiblyin the optical. The detectionof synchrotroninfraredflaresimplies that
the ejectain microquasargontainvery enegetic particleswith particle Lorentz
factorsof atleast10®.

Thediscovery of microquasarspensseveralnew perspectiesthatcouldprove
to beparticularlyproductie:

1. They provide a new methodto determinedistancesisingspecialrelativity
constraintslf the propermotionsof the two-sidedejectaandthe Doppler
factorof a spectraline from oneejectaaremeasuredthe distanceto the
sourcecanbederived. With therapid advanceof technologicatapabilities
in astronomythis relativistic methodto determinedistancesnaybe
appliedfirst to blackholejet sourcesn galacticbinaries,andin the
decadeso come,to quasars.

2. Microquasarsrenearbylaboratorieghatcanbeusedto gainageneral
understandingf the mechanisnof ejectionof relatiistic jets. The
multiwavelengthobsenrationsof GRS1915+105duringlarge-amplitude
oscillationssuggesthatthe cloudsareejectedduringthe replenishmenof
theinneraccretiondisk thatfollows its sudderdisappearancieeyondthe
laststableorbit aroundtheblack hole.In the contet of thesenew data,the
time seemgo beripe for new theoreticaldvanceson the modelsof
formationof relatiistic jets.



RELATIVISTIC JETSIN THE GALAXY 439

3. High sensitvity X-ray spectroscopof jet sourceswith future X-ray space
obsenatoriesmay clarify the phenomenan accretiondisksthatare
associateavith the formationof jets.

4. More microquasarsvill bediscoveredin the future. Amongthem,
microblazarshouldappeamssourceswith fastandlargeamplitude
variationsin the obsenedflux. Dependingon the beamingangleandbulk
Lorentzfactorthey will beobsenedup to very high photonenepies.
Microquasarsn our own Galaxymaybelessextremelocal analog=f the
superrelativistic jetsthatseento be associatedavith distantgamma-ray
bursters.

5. Thespinof stellarmassblackholescould be derived from the obsened
maximumstablefrequeng of the QPOsobsenedin the X-rays, provided
themasshasbeenindependentlyeterminedHowever, theoreticawork is
neededo distinguishbetweerthe alternatve interpretationghatin the
context of generakelativity have beenproposedor the maximumstable
frequeng of QPOs.

6. Finally, microquasarsouldbetestgroundsfor generakelatity theoryin
thestrondfield limit. Generarelatiity theoryin weakgravitationalfields
hasbeensuccessfullytestedby observingn theradiowavelengthghe
expecteddecayin the orbit of a binary pulsar an effect producecby
gravitational radiationdamping We expectthatphenomenabsenredin
microquasarsouldbeusedin the futureto investigatethe physicsof
strongdfield relatvistic gravity nearthe horizonof blackholes.
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