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BlackholesareactuallyREALLYtiny



Wecan“see”blackholeswiththeradiation

thatcomesfromthesurroundinggas



X-raytelescopescanbeusedtomeasurethe

spectrumorlightcurvesfromblackholes
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RayTracing/HotSpotModel



Weray-tracephotonsbackwardsintimefrom

adistantobserverthroughafixedgrid



Gravitationallensingfocusesthephotons
aroundtheblackhole

SchwarzschildKerr



X-raysemittedfromthediskproducea
relativisticallyredshiftedimage

SchwarzschildKerr



Addingupallthephotonswithdifferent
redshiftsgivestheX-rayspectrum



Addingupallthephotonswithdifferent
redshiftsgivestheX-rayspectrum



Addingupallthephotonswithdifferent
redshiftsgivestheX-rayspectrum



Thebroadenedemissonlinesaresensitiveto
inclinationbutnotspin



Lightcurvesarecalculatedbyintegrating

emissionfromhotspotsorbitingalong

geodesicorbits



BlackHoleSounds



TheX-raylightcurvescanbethoughtofas
soundwaves,withbeatsandharmonic

overtones

M=10M�a/M=0.5r/M=4.887

νφ=285Hzνr=95Hz



GravitationalLensing



Justlikemassivegalaxies,blackholescanwarp

backgroundimages



ElectronScattering



Photonsareray-tracedfromtheemitter’s

referenceframetoadistantobserver





Photon-electronscatteringiscomputedinthe

restframeoftheelectron

coordinatebasisZAMObasiselectronrestframe
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Mostofthescatteringeventsoccurcloseto

thehotspot,wherethecoronaishottest



Thehotspotspectragetsmearedoutintime

andenergy



Wearejustbeginningtocombinespectraland

timingobservationstoprobespacetimearound

blackholes
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ABSTRACT

InX-raybinaries,thefrequenciesrevealedinX-rayquasi-periodicoscillations(QPOs)areofteninterpreted
ascharacteristicfrequenciesintheinneraccretiondisk,thoughtheexactoscillationmechanismisunknownat
present.BroadenedFeKlinesarealsoexcellentdiagnosticsoftheinneraccretionflow,iftheirbroadeningis
indeedduetoinnerdiskreflection.Herein,wepresenttwocaseswherethefluxandequivalentwidthoftheFeK
emissionlineintheGalacticblackholeGRS1915+105varieswiththephaseofstrong1Hzand2HzQPOsin
theX-rayflux.TheseresultsprovidestrongevidencethatbothQPOsandtheFeKlinesoriginateintheinner
disk.Ifthe1HzQPOisonlyaKeplerianorbitalfrequency,theQPOcomesfromadistanceof8426RSchw

fromtheblackhole;the2HzQPOimpliesaradiusof5015RSchw.Attheseradii,relativisticshapingofadisk
lineisinevitable.Moreover,thelinkholdsinradio–brightandradio–faintphases,signalingthatinsystemslike
GRS1915+105,theFeKlineisadisklineandnotajetlineasperSS433.Aparticularlyinterestingpossibility
isthatastablewarpintheinnerdisk,e.g.duetoLense-Thirringprecession,mayproducetheobservedQPOsand
linemodulations.Morebroadly,theFeK–QPOlinkprovidesanunprecedentedmechanismforrevealingtheinner
accretionflowandrelativisticregimeinaccretingsystems,inthatitgivestwomeasuresofradius:foragivendisk
QPOmodel,thefrequencytranslatesintoaspecificradius,andrelativisticlinemodelsyieldradiidirectly.

1.INTRODUCTION

Inaccretion-poweredsources,agreatdealoftheoreticaland
observationaleffortisdevotedtothestudyoftheinneraccre-
tionflow,andtousingtheaccretionflowitselfasatooltostudy
thecentralcompactobject.DiscretefeatureslikeQPOsand
FeKemissionlinesareexpectedtoyieldmorespecificinfor-
mationthanstudiesofbroad-bandnoiseandspectralcontinua.
HighfrequencyQPOsinGalacticblackholesystemsmaybe
relatedtotheKeplerianfrequencyattheinnermoststablecir-
cularorbit(forzero-spinblackholes,=220Hz10MMBH;
e.g.,Strohmayer2001,Milleretal.2001,Remillardetal.2002,
Homanetal.2004),buttheyareonlyobservedinahandfull
ofsources.QPOsatlowerfrequencies,typically1–10Hzare
muchmorecommon.Althoughtheiroriginisunclear,inter-
pretingthemasaKeplerianfrequencyputsthemat100RSchw.
IftheseQPOsareanodalprecessionfrequencyattheinner
disk(e.g.,Stella,Vietri,&Morsink1999),theyproberegions
muchclosertotheblackhole.Broad,asymmetricFeKemis-
sionlinesarefoundinthespectraofbothsupermassiveblack
holesandstellar-massGalacticblackholes(Reynolds&Nowak
2003).Theselinesappeartobeimprintedwiththeextreme
Dopplershiftsandgravitationalred-shiftsexpectedneartoa
blackhole,butthecaseisnotentirelyshut.

Anaturalevolutionofthemeansbywhichinneraccretion
flowsarestudiedistobringspectralandtimingconstraintsto
bearjointly.Ithasbeenshownthatthediskreflectionspectrum
(theFeKlineisthemostprominentpartofthereflectedspec-
trum;seeGeorge&Fabian1991)inGalacticblackholesvaries
withbroad-bandfrequency(Gilfanov,Churazov,&Revnivtsev
2000).Thisisstrongevidencethattimingandspectralproper-
tiesareintimatelyrelated,andsupportsmodelswhereinFeK

emissionlinesariseintheinnerdisk.
Inthiswork,wetakespectralandtimingconnectionsastep

further.Wereportthediscoveryofalinkbetweendiscrete
timingfeatures(QPOs)andspectralfeatures(FeKemis-
sionlines):FeKemissionlinefluxvarieswithQPOphase
inradio–brightandradio–faintstatesofthe“microquasar”
GRS1915+105.Ourresultsprovidethefirstindicationthat
thesediagnosticsoftheinneraccretionflowarerelated.

2.DATASELECTIONANDREDUCTION

WechosetoinvestigateGRS1915+105asstrongQPOs(see,
e.g.,Morgan,Remillard,&Greiner1997)andFeKemis-
sionlines(Munoetal.2001,Martocchiaetal.2002,Milleret
al.2004a)havebeenreportedinthissource.Thehighmass
ofGRS1915+105(MBH=14444M,Harlaftis&Greiner
2004)meansthatforagivenQPOfrequency,theQPOsmay
traceregionsclosertotheblackholeinthissourcethanin
lower-massblackholes.GRS1915+105displaysawideva-
rietyofradiostates;steadyradioemissionisassociatedwith
compactjets(Fender2004),thisfactcanbeexploitedtoex-
aminewhetheranyrelationbetweenFeKlinefluxandQPOs
dependsonthepresenceofajet.

ToextractQPOphase-selectedspectra,QPOsshouldbe
strongenoughtodominatetheX-rayvariabilityandbedirectly
visibleintheX-raylightcurvesarerequired.Morgan,Remil-
lard,&Greiner(1997)foundlargeamplitude,sinusoidalQPOs
inGRS1915+105thatcouldbeseeninthenakedlightcurve.
TheQPOswerefoundtobequasi–periodiclargelyduetoran-
domjumpsinphase(thisfactnecessitatedthepragmaticphase
selectionprocessdescribedbelow).Weselectedtwoobserva-
tionsofGRS1915+105availableintheRXTEpublicarchive:

1Harvard-SmithsonianCenterforAstrophysics,60GardenStreet,Cambridge,MA02138,jmmiller@cfa.harvard.edu
2NSFAstronomyandAstrophysicsFellow
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2TheIronLine–QPOConnection

radio brightradio faint

FIG.1.—Thepowerdensityspectraoftheradio-brightobservation(black)
andradio-faintobservation(red)areshownabove.ThestrongestQPOshave
frequenciesof1.052(3)Hzand2.260(2)Hz,andamplitudesof14.7(3)%rms
and13.6(1)%rms,respectively.

20402-01-15-00(obs.date:9Feb.1997)and20402-01-50-01
(obs.date:16Oct.1997).Thespectralandtimingproper-
tiesoftheseobservations(includinganFeKemissionline)
havepreviouslybeenreportedonbyMunoetal.(2001).Im-
portantly,Munoetal.(2001)alsostudiedtheradioproperties
ofGRS1915+105duringtheseobservations;thefirstoccurred
ina“radio–faint”state(hereafter,“RF”;thesourcewasnotde-
tectedat8.3GHz),andthesecondinaradio-brightorradio-
plateaustate(746mJyat8.3GHz;hereafter“RB”).

ToolswithinLHEASOFTversion5.3andCIAOversion3.1
wereusedtoreduceandanalyzetheseobservations.Standard
RXTEdatascreeningandgoodtimeselectionswereapplied
(e.g.,forSAAavoidance).Wefurtherscreenedthedatatoonly
includetimesduringwhichallfivePCUswereoperated.The
nettotalgoodtimefortheRFobs.(15-00)was10.1ksec,and
thenettotalgoodtimeforRBobs.(50-01)was4.5ksec.All
spectraandlightcurvesweregeneratedusingthetool“saex-
trct”,andallresponsematricesweregeneratedwiththetool
“pcarsp”.AsGRS1915+105isverybrightandweareinter-
estedinrelativevariations,backgroundspectrawerenotsub-
tracted.Wemadetime-averagedbroad-bandPCAspectraby
combiningdatafromalllayersofallPCUstakenin“Standard-
2”mode(129energychannelsbetween2and60keV,taken
every16s).Spectraandlightcurveswerealsomadefromdata
takenin“B_8us_16A_0-35_H”mode(16energychannelsup
tochannel35–roughly13keV–takenevery8ms).Thespec-
trawerenotdeadtimecorrected,butestimatesshowthatthe
differenceindeadtimecorrectionsbetweenhighandlowphase
spectra(seebelow)islessthan1%.

Toaccuratelyestimaterelativefluxdifferencesindataac-
quiredwiththesamedetector,itisonlyimportanttounder-
standthedegreetowhichsystematicerrorsmaychangeover
time.Forthispurpose,wereducedandanalyzedCrabspectra
obtainedbeforeandaftereachobservationofGRS1915+105
(spectraobtainedon31Jan.1997and16Feb.1997,and12
Oct.1997and27Oct.1997).Absorbedpower-lawfitstothese
spectrarevealthatmostchannelsbelow10keV(thosemostim-
portantforFeKlinestudies)differby0.2%orlessoverthese
timescales,whichareobviouslymuchlongerthanthetimescale

FIG.2.—Approximately20cyclesoftheQPOwavefromrandomly
selectedintervalsineachobservationareshownabove.ClearlytheQPOs
stronglydominatethelightcurves.Solidlinesmarkthemeancountrate,and
dashedlinesaboveandbelowmarkthecountratelevelsusedtoselectthehigh
andlowphasesoftheQPOwaves.Theradio-brightdataarebinnedto0.128s,
andtheradio-faintdataarebinnedto0.064s.

ofasingleobservation.Tobeconservative,weadded0.2%
systematicerrorstothespectra.Thisislessthanthe0.5–1.0%
systematicerrorsoftenaddedtoPCAspectrawhenabsolute
fluxesareofinterest.

3.ANALYSISANDRESULTS

Wemadepower-densityspectra(PDS)oftheX-rayflux
fromeachobservationusingallavailabledata,andfitthe0.01–
100HzrangewithLorentzianfunctionsinthe–maxrepre-
sentation(see,e.g.,Homanetal.2004).EachPDSisstrongly
dominatedbyasingleQPO(seeFigure1).ThestrongestQPO
intheRFobs.hasafrequencyof2.273(4)Hz,aQ–valueof
6.0(2),andanamplitudeof11.8(2)%rms(errorsare1).The
strongestQPOintheRBobs.hasafrequencyof1.050(3)Hz,a
Q–valueof7.9(4),andanamplitudeof11.1(2)%rms.Assum-
ingablackholemassofMBH=14444M,ifthesefrequen-
ciesaremerelyKeplerianorbitalfrequencies,theycorrespond
toradiiof8426RSchwand5015RSchwrespectively.

Lightcurvesfromthe“B_8us_16A_0-35_H”modedatafrom
eachobservationwereanalyzed,andthetotalmeancountrate
andmeancountratein100sintervalswerecalculated.The
meanrateintheRFobs.is3532c/s,witharangeof3298–
3727c/swhenmeasuredin100sintervals.Themeanrateinthe
RBobs.is6602c/s,witharangeof6496–6793c/s.

AstheQPOsineachobservationdominatetheX-rayvari-
ability(seeFigure2),andbecausethemeancountrateineach
observationisverysteady,weappliedsimplecount-rateselec-
tionstoisolatethemaximaandminimaoftheQPOwaves.For
theRFobs.selectingperiodswhenthefluxwas15%above
orbelowthemeaneffectivelyisolatedthemaximaandminima.
FortheRBobs.thereislessnoiseapartfromtheQPO,and
periodswhenthefluxwas10%aboveorbelowthemeanwere
foundtoeffectivelyisolatemaximaandminima.TheCIAO
tool“dmgti”wasusedtogenerateadditionalgoodtimefilesof
themaximaandminima.Thesefileswerethanappliedwithin
“saextrct”toproducespectraofthemaximaandminima.

Miller&Homan3

high phase

low phase

FIG.3.—Fitstothehighandlowphasespectrafromtheradio–faintob-
servationofGRS1915+105areshownabove.Thespectrawerefitwiththe
modeldescribedinTable1,usingthefixedlinecentroidandwidth(which
givesasmallerdifferenceinthelinefluxesthaniftheseparametersfloat).The
linefluxwassettozeroontheratioplottoshowthedifferenceinFeKline
intensitybetweenhighandlowQPOphases.

AllspectralanalysiswasdoneusingXSPECversion11.3
(Arnaud1996)andIDLversion5.4.Analysisofthetime–
averagedstandard-2spectrawasperformedinthe3.0–20.0keV
band.ThePCAiscalibratedwellinthisenergyrange,andthis
rangeisnotmuchgreaterthantherangeofthe“B_8us_16A_0-
35_H”modedata.Fitstothespectrawithanumberofcommon
modelsrevealedtheFeKemissionlinepreviouslynotedby
Munoetal.(2001).Ineachcase,theadditionofasimpleGaus-
siancomponenttomodelthelinewassignificantatmorethan
the8levelofconfidence.IncontrasttoMunoetal.(2001),
wedonotfindthataveryhot(kT3keV)diskcomponentis
requiredtofitthespectra;however,ourworkreliesonamore
recentcharacterizationoftheinstrument.Wefindthatdiskre-
flectionmodelsprovidethebestoverallfittothebroad-band
spectrumanddonotrequireadiskthatisprominentinthe
RXTEbandpass.Ourmodeldoesnotincludeadisk,butthis
onlyreflectsthefactthatacooldiskwithmoderatefluxisnot
easilyseenintheRXTEbandpass,especiallywhenNHishigh.

Withtheknowledgethatreflectionmodelsprovidegoodfits,
wefitthetime-averaged,highphase,andlowphasespectra
withabsorbedcut-offpower-law(fortheradio-brightphase)
orbrokenpower-law(fortheradio-faintphase)models,mod-
ifiedbytheadditionofaGaussiancomponent(tomodelthe
FeKemissionline)andsmearededgecomponent(“smedge”
inXSPEC)tomimicareflectedcontinuum.Trudolyubov
(2001)alsofoundthatthesedifferingspectralmodelswerere-
quiredinRFandRBstates.The“phabs”modelwasusedto
accountforabsorptionintheneutralISM.The“smedge”was
notstatisticallyrequiredinallfits,anditsparameterscouldnot
bewellconstrained.However,thesmedgeeffectivelymimics
adiskreflectionspectrumatenergiesabovetheFeKemis-
sionline,sowefixedthemodelparameterstomodestvalues
consistentwiththedata(E=85keV,=03,width=10keV).

Theparametersobtainedfromthespectralfitsareshownin
Table1.FitsweremadebothwithcentroidenergyandFWHM
parametersfrozenattheaveragevalue,andwiththeseparam-
etersallowedtovary.Inallcases,thelinefluxesandequiva-
lentwidthsaresignificantlydifferentinthehighandlowphase
spectra(seeFig.3).Theconfidenceintervalsdonotoverlap
evenwhenthe1errorbarsaremultipliedby5.Thereisevi-
dencethattheFeKemissionlinefluxisbroaderandslightly
shiftedtotheredinthehighphaserelativetothelowphase.

FIG.4.—Theplotaboveshowstherelativeintensityoftheradio-bright
andradio-faintspectraofGRS1915+105(anda“control”observationof
H1743−322)inhighandlowcountratephases.Thelowcountratespectra
weresubtractedfromthehighcountratespectra,andthedifferencewasdi-
videdbythemeancountratefortheentireobservation.Errorbarsareplotted
butareverysmall.Channelbinswereconvertedtoenergyspacebutthedetec-
torresponsehasnotbeenremoved(sotheXeLedgecomplexbetween4–6keV
isseen).UnliketheH1743−322differencespectrum,theFeKlinebinsare
dominantintheGRS1915+105differencespectra.Thismodel–independent
analysisconfirmsthattheFeKlineintensityvarieswithQPOphase.

Thespectrabelow11keVappeartobeharderinthehigh
phasethaninthelowphase.Thismaybeconsistentwith
Dopplershifting,butthedataareoflimitedqualityandthe
modeladoptedisveryphenomenological.Additionalfitsand
moredataareneededtoestablishchangesinthelineshape.

Todemonstratethatthelinefluxvariesinamodel–
independentmanner,wesubtractedthelowcountratespectra
fromthehighcountratespectra,anddividedtheresultbythe
meancountratefortheentiretyofeachobservation.Using
theenergytochannelboundsfoundintheresponsematrixfor
eachobservation,thebinsinthedifferencespectrawerecon-
vertedtoenergybounds;however,thedetectorresponsewas
notremovedandnospectralfittingwasperformed.Inboth
theradio–brightandradio–faintobservations,themostpromi-
nentdifferencebetweenthehighandlowphasesistheFeK
line(seeFig.4).Fora“control”observation,weextracted
highandlowphasespectra(10%above/belowthemean)from
a1.2ksecsliceofanobservationoftheGalacticblackhole
H1743−322obtainedon28May2003.Liketheobserva-
tionsofGRS1915+105,H1743−322washighlyvariableon
timescalesofseconds,buthadasteadymeancountrateon
100sscalesinthiswindow.SpectroscopyofH1743−322in
outburstdidnotrevealanFeKemissionline(Milleretal.
2004b),andtheFeKlinebinsarenotgloballydominantin
thedifferencespectrumshowninFig.4.

4.DISCUSSIONANDCONCLUSIONS

Themainresultsofthisworkmaybesummarizedasfollows:
FeKlineflux(andpossiblyFWHMandcentroidenergy)

dependsonQPOphasein1–2HzQPOsinGRS1915+105,
linkingtwoindependentdiagnosticsoftheinneraccretionflow.

TheQPOfrequenciesatwhichtheFeKlinefluxismodu-
latedcorrespondtoradiiof8426RSchwand5015RSchw,if
theyaremerelyKeplerianorbitalfrequencies.Thislinklikely
tiesFeKlinesinGalacticblackholestotheinnerdiskand
furthersupportsevidencethattheobservedlinebroadeningis
duetodynamicsinthedisk(Dopplershifts,gravitationalred-
shifts)closetotheblackhole.



Thefutureofblackholeexplorationisdefined

byNASA’s“BeyondEinstein”program
Astro−E2(2005)Constellation−X(2011)LISA(2010)

http://universe.nasa.gov


