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The Black Hole Binary Zoo

Sun Mercury

Courtesy: J. Orosz

o- GRS1915+105
XTE J1650-500

- - g
XTE J1118+480 XTE J1859+226 -
- - SAX J1819.3-2525
GRS 1009-45 GRS 1124-683
-e -e . .
G 200 eh H1705-250 GRO J1655-40
@ L 1
A0620-00 GRO J0422+32 4 @

XTE J1550-564

QY oc@® e 00

V404 Cyg GS 1354-64 GX 339-4 4U 1543-47

Pirsa: 18050030 Page 6/48



The RXTE Road Map
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The RXTE Road Map
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Finding Stellar-Mass Black
Holes

«® New X-ray transient alert from large-area monitor
«r Identify optical counterpart

«r Wait for quiescence

(RXTE era discovery rate ~1-2/yr)
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An Outburst Cycle
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Weighing Black Holes

“Mass function” from radial velocities

- a mass lower limit
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Weighing BHs
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The gravity of spin

“In my entire scientific life, the most shattering
experience has been the realization that an exact solution
of Einstein's equations of general relativity, discovered by
Roy Kerr, provides the absolutely exact representation of
untold numbers of massive black holes that populate the
universe. This shuddering before the beautiful, this
incredible fact that a discovery motivated by a search after the
beautiful in mathematics should find its exact replica in
Nature, persuades me to say that beauty is that to which the
human mind responds at its deepest and most profound.”

- Subrahmanyan Chandrasekhar
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Measuring the Inner Disk Radius
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for M = 10 Mg
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Two Primary X-ray Methods of Measuring Spin

+ Continuum Fitting Method

Fitting the thermal 1-10 keV spectrum of the accretion disk

+ Fe Line (Reflection) Method

Fitting the relativistically-broadened profile of the ~6.4 keV Fe K line
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Two Primary X-ray Methods of Measuring Spin

+ Continuum Fitting Method

Fitting the thermal 1-10 keV spectrum of the accretion disk

+ Fe Line (Reflection) Method

Fitting the relativistically-broadened profile of the ~6.4 keV Fe K line

Other Methods

* Quasi-periodic X-ray oscillations
(100-450 Hz)

= Gravitational Waves

* X-ray Polarimetry
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Continuum Fitting
<
(Zhang, Cui, & Chen 1997)
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Measuring the Radius of a Star

= Measure the flux F received from the star
= Measure the temperature T« (from spectrum)

«z Independent knowledge of distance (i.e., from parallax)
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Measuring R0
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Requirements for the
X-ray Continuum Fitting Method

Zhang, Cui & Chen 1997

. ’ . -
= Spectrum dominated by accretion disk component

» Theoretical profile of disk flux F(R)

Pirsa: 18050030 Page 21/48



Requirements for the
X-ray Continuum Fitting Method

Zhang, Cui & Chen 1997

. ’ . -
= Spectrum dominated by accretion disk component
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A “soft” /thermal state spectrum
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A “soft”/thermal state spectrum
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How Well Does it Work 1n Practice?

—ERe—

«  Extremely well

«r Multiple independent observations of the
same BH
® at different luminosities (up to 30% Lgggington)
«r with different instruments

R separated by many years
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LMC X-3: 1983-2009

Steiner et al. 2010
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LMC X-3: 1983-2009

Steiner et al. 2010
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Steiner et al. 2010

LMC X-3: 1983-2009
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Does R, match Rig-o?
CD%@
Lessons from GRMHD
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Accretion Onto a Non-Spinning BH: Rigoo = 6M

(=0002 M

Penna et al. 2010
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Accretion Onto a Non-Spinning BH: Rigoo = 6M

Penna et al. 2010
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3D GRMHD Simulation Results (for thin disks)
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Final Result: (LMC X-3)
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Coeee

Reflection /
Iron Line Method
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Power-Law Component

Thermal
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Coronal X-ray Spectrum “Reflected” by the Disk
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Pirsa: 18050030 Page 36/48



Pirsa: 18050030

Flux (ph/cm?/s)

KERRDISK or RELLINE model (Brenneman & Reynolds 2006; Dauser+ 2010)
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Fe Ka emission line from different disk annuli
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Fe Ka emission line from different disk annuli
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Fe Ka emission line from different disk annuli
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