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RXTEobservationsofblackholesinthesteep

powerlawstateshowavarietyofQPOs

McClintock&Remillard(2004)



ManyofthehighfrequencyQPOsappearat

commensuratefrequencieswithintegerratios
XTEJ1550–564
GROJ1655–40

Milleretal.(2001)
Remillardetal.(2002)

GRS1915+105
Remillardetal.(2003)

H1743–322
Homanetal.(2004)

Remillardetal.(2004)



RayTracing/HotSpotModel



Photonsareray-tracedbackwardsintimefrom

adistantobserverthroughafinite-thickness

computationalgrid.

Schnittman&Bertschinger(2004)



Monochromaticlineemissionfromthedisk
producesarelativisticallyredshiftedimage

a/M=0i=60
o

a/m=0.95i=60
o



Lightcurvesarecalculatedbyintegrating

emissionfromhotspotsorbitingalong

geodesicorbits

a/M=0.5RISCO=4.23Mνφ=3νre≡
rmax−rmin

rmax+rmin
≈0.1



ThepowerspectrumoftheX-raylightcurve
showsthecharacteristiccoordinatefrequencies

ofthehotspotorbit

M=10M�a/M=0.5r/M=4.887

νφ=285Hzνr=95Hz



Higherinclinationsystemsgiverhigher

amplitudeQPOsandstrongerharmonicmodes



PeakBroadening



Wemodelthelightcurveasasuperpositionof

periodicfunctionswithrandomphases

Eachsegmentofthelightcurvecanbewritten

f(t)=
∑

j
Ajsin(2πνjt+φj)

Thehotspotlifetimeshaveanexponentialdistribution

dN(T)=Nspot
Tf

T2
l

e
−T/TldT

EachpeakinthepowerspectrumisaLorentzianofwidth

∆νphase=
1

2πTl

vanderKlis(1989)



Wecanverifytheanalyticresultswitha

simulatedlightcurve

∆νphase=11HzTl=14.5msec≈4orbits

Schnittman(2005)[astro-ph/0407179]



Kerrorbitshavethreedistinctcoordinate

frequencies

M=10M�a/M=0.5

e.g.Bardeen,Press,&Teukolsky(1972)
Merlonietal.(1999)



Afinitedistributioninorbitalradiigivesa

characteristicwidthtothecoordinate

frequencies

WeassumeaLorentziandistributionaroundthe3:1radiusr0,

sothedistributioninfrequencyspaceisalsoaLorentzian

P(νj)dνj=
dνj/(π∆νj)

1+
(

νj−νj0
∆νj

)

2

TheQPOpowerisfocusedaroundtheharmonicsandbeat

modeswithν=nνφ±νr.Eachpeakwillhaveadifferentwidth

givenby

∆νfreq=∆r





n
dνφ

dr
±

dνr

dr





r0



Thenetpowerspectrumismadeupof
convolvedLorentzianpeaksofdifferentwidths

∆νphase=1.5Hz∆νfreq≈4−20Hz



BymeasuringthewidthsofmultipleQPO

peaks,weshouldbeabletomapouttheGR

metricaroundthehotspotorbits

a/M=0.5r=r(νφ=3νr)



HarmonicDamping,ComparisonwithData



Stretchingthehotspotintoanarcdampsout

higherharmonicswhileincreasingthelow

frequencypower

Twindow=∆φ/Ωφ∆φ≈180
◦



Weincludeasimpleelectronscatteringmodel

tostudytheeffectofalow-densitycoronaon

thepowerspectrum

θ

θ

scat

em

e−

hot spot
BH

Rscat

l



Coronalscatteringsmearsoutthelightcurve

intime

Eachscatteringeventaddsatimedelay∆ttoeachphoton,

givinganeffectiveconvolutionintimewithwindowfunction

wscat(∆t)=
1

Tscat
e
−∆t/Tscat

ThecharacteristictimedelayTscatisgivenbythelightcrossing

timeforthecorona

Tscat∼
Dscat

c

ThecorrespondingpowerspectrumisdampedbyaLorentzian

W
2
scat(ν)=

1

1+(2πTscatν)2



Thecompletehotspotmodelcanbeapplied

successfullytotheQPOobservationsof

XTEJ1550–564

type“A”type“B”

Remillardetal.(2002)



ThetwoQPOtypescanbecharacterizedby

differenthotspotlifetimesandarclengths

ModelparametersforQPOsfromXTEJ1550-564

(1σ)confidencesareshowninparentheses

ParameterTypeATypeB

orbitalfrequencyνφ(Hz)280.1(2.4)270.5(12)

lifetimeTl(ms)10(2.0)5(1.5)
(orbits)2.8(0.55)1.4(0.4)

resonancewidth∆r(M)0.02(0.05)0.025(0.12)
scatteringlengthλes(M)5(10)10(20)
arclength∆φ(

◦
)155(30)285(20)

fluxratio
Ihotspot

IB+Ihotspot
0.085(0.025)0.38(0.05)



ElectronScattering



Photonsareray-tracedfromanisotropic

emittertoadistantobserver





Photon-electronscatteringiscomputedinthe

restframeoftheelectron

coordinatebasisZAMObasiselectronrestframe
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WeassumeaThomsonscatteringcrosssectionforunpolarizedphotons:

dσT

dΩ
=

r2
0

2
(1+cos

2
θ)



ForacoronawithanADAF-typedensity

profile,mostofthescatteringeventsoccur

closetothehotspot

ρe(r)∼r
−3/2Te(r)∼r

−1

Narayan&Li(1994)



Athermaldistributionofseedphotonsis

modifiedbyahigh-energypower-lawtail,cut

offathν∼kTe

Nν∝ν
2+m

,m=−
3

2
−

√

9

4
+

4

y

wheretheComptonyparameterfornonrelativisticelectronsis

y=
4kTe

mec2max[τes,τ
2
es]



Thephase-resolvedhotspotspectraget

smearedoutintimeandenergy

Toppanels:Inclinationi=45
◦
,opticaldepthτes=[0,1,2,4]

Bottompanels:Inclinationi=75
◦
,opticaldepthτes=[0,1,2,4]



TheX-raylightcurveshavedecreasingrms

amplitudeandshiftedpeakswithincreasingτes



Thehigherenergyphotonshaveincreased

phaseshifts



Summary/Conclusions

•Thegeodesichotspotmodelsuccessfullymatchesthefre-

quenciesandamplitudesofmultipleQPOpeaks.

•Thesuperpositionofmultiplehotspotswithrandomphases

andadistributionoforbitalradiiexplainstheshapeandwidths

oftheQPOpeaks.

•Higherharmonicmodesaredampedbyarcshearingandcoro-

nalscattering.

•Bymeasuringthepower-lawindexofthecontinuum,wecan

infertheComptonyparameter.AlongwithanADAFmodel

forthecorona,weshouldbeabletoindependentlydetermine

theopticaldepthτesandelectrontemperatureTe.



Summary/Conclusions(con’t)

•Thehigh-energyQPOphotonsaremostlikelynotinverse-

Comptonscatteringevents(duetothehighamplitudefluctu-

ations),butrathercomedirectlyfromthehotspotitself.

•Thissuggeststhatthehotspotiseitheranon-thermalemit-

ter,orisatamuchhighertemperaturethana∼1keVthermal

disk.

•FutureworkwillincludepolarizationandanalysisofRXTE

datawithanattemptatperformingphase-resolvedspectroscopy.

•Additionaldataandincreasedsensitivitywillallowustover-

ify/constrain/ruleoutthehotspotmodelaswellasotherQPO

models.



blank



Photonsprojectedontheplaneofthe
accretiondiskarebenttowardstheblackhole

a/M=0,i=60oa/m=0.95,i=60o



Thebroadenedironemissonlinesaresensitive
toinclinationbutnotspin



ByidentifyinglowfrequencyQPOswith
Lense-Thirringprecession,wecandetermine

BHmassandspin

M=8.9±0.9M�M=5.1±0.5M�

a/M=0.32±0.02a/M=0.28±0.02

cf.Remillardetal.(2002)


