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BH states: the beginning

We need something to work 
with.
Some properties appear 
discontinuous
Time evolution is crucial
Only now we can see the most 
important things

Tananbaum et al. (1971)



The curious case of Cyg X-1

Everyone finds a period

Someone has an idea.. noise



Learn from history

Be careful with periods 

(Real) Number of trials 

Presence of noise 

Errors



Things got a lot better

Nolan et al. (1981)
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RXTE: Observation in 1996



Broken power laws 

Shot noise does not work 

Multiple shot noise does 

Spectra are already too good

Flat-top noise
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Soft state 

Tananbaum et al. (1991)
Belloni et al. (1999)

GX 339-4

Different energy spectrum 

Different origin?



State transitions

Before RXTE, they simply were 
not available
We had isolated observations of 
a few objects
Some fast ones were seen, but 
not considered too much

Ebisawa et al. (1994)



Only broad-band noise?

QPOs! 

A new state: VHS 

Intermediate spectrum 

Two flavors of timing

Miyamoto et al. (1994)

Miyamoto et al. (1993)



Intermediate/Very High

At high flux: VHS 

At lower flux: Intermediate

Ebisawa et al. (1994)Méndez & van der Klis (1997) 
[Belloni et al. 1997]



The canonical states

Low state: strong flat-top noise, dominant PL in energy 
spectrum

High state: weak power-law noise, dominant DBB in 
spectrum

Very-High state: very-high flux, different PDS, presence 
of QPO, fast switches (“flip-flops”)

Intermediate state: same as VHS, but at lower 
luminosity

Ginga



Hard & soft states

We have seen these 
What states were actually sampled?

Grove et al. (1998)



Enter RossiXTE (1995-2012)

All-Sky monitor
Great time coverage and flexibility
Large area PCA instrument (3-30 keV)
High-Energy coverage (20-200 keV)

Good for timing analysis



Timing analysis

Main tool: Power Spectrum P =
2

Nphot
|a|2



Timing analysis

Coherent peaks
Noise components
QPOs
Peaked noise



Timing quantities

Centroid frequency
Width (FWHM)
Q = quality factor

Fractional rms
Integrated % rms Q=10, 5, 2.5, 1.25 0.625



Color analysis

X-ray colors
Hardness Ratio (HR)

General spectral behavior

Energy

C/s

A B

HR = B/A 
I = B+A 



Transients
Very different time evolutions
Large spectral variations (remember hard and soft)
Correlated variability properties

Dunn et al. (2009)



The basic diagrams

HID: Hardness-Intensity Diagram
HRD: Hardness-rms Diagram
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The fast variability (I)

A few classes of Power Density Spectra
Plus an additional odd class
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The fast variability (II)

A couple more classes
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The fast variability (III)

Three types of QPO

Casella et al. (2005)



The fast transitions
GX 339-4

Nespoli et al. (2003)
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The time evolution

Three outbursts of GX 
339-4
Different in time 
evolution
Similar in HID/HRD
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The movie
Fender & Belloni (20012)



Hysteresis

Not in HRD
“Return effect”
What is the reason?
Second parameter needed for outbursts
Possible correlation with previous outbursts



Other sources (I)

XTE J1655-500 XTE J1859+226 H 1743-322 GRO J1655-40

H 1743-322 (2008)



Other sources (II)

XTE J1550-564 4U 1543-475 XTE J1817-330 4U 1630-47



A new paradigm
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The fast variability
QPO! 
HF! 
Drop

       Weaker 
noise. 
LF QPOs 
Higher 

frequencies

Very weak 
noise. 

Some LF QPO
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Belloni (2010)

Belloni et al.(2005)



The jet connection

Very weak 
noise. 

Some LF QPO
No jet 
emission
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Jet 
accelerates

Jet re-forms

Homan & Belloni (2009)

Fender, Belloni 
& Gallo(2004)
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(High-)Energy 

Non-
thermal?
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Comptonized 
70 keV? 
Hybrid? 

Receding disk?

Homan & Belloni (2009)

Nespoli et al. (2003)

???



Complications...

Additional PDS
A different state?
Anomalous - ultraluminous
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Complications...

Hard & soft...
... are connected!

Hard

SoftHIMS

Soft



The transition

Now full states
Still very complex

Motta, Belloni & Homan (2009)
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rms-intensity diagram

rms-flux

Uttley, McHardy & Vaughan (2005)
Gleissner et al. (2004)

Muñoz-Darias et al. (2010)



Only two states??

All happens 
there!
Continum of 
properties
But: high-energy 
spectra?
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Without RXTE
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Summarizing

States are defined by spectral 
(hardness) an timing 
parameters
Time evolution
Transitions are crucial
Jet connection (later)

Belloni (2010)



Grove et al. (1998)

Middleton et al. (2006)

Motta, TMB, Homan (2009)

Stiele et al. (2011)

Jet line

SPECTRA



TIMING

Jet line



Alternative views
Classification is not unique
Nor can be right or wrong

Remillard & McClintock (2006)
McClintock et al. (2009)

Motta, Belloni & Homan (2009)



Other sources: Cyg X-1

No hysteresis
It just makes it to the jet 
line
Radio ejections
PDS shapes?
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Other sources: Cyg X-1
Pottschmidt et al. (2003)



Other: GRS 1915+105

Plateau Obs.
Hardest and not crazy
HIMS PDS



Other: GRS 1915+105
Reig et al. (2000)

Morgan et al. (1997)



Other sources: AGN

Disk Fraction 
Luminosity Diagram 
(DFLD)
Similar behavior?
Different time scales

Körding et al. (2006)



The book of binaries
HID of all systems
L/LEdd 
Low L: hard only
Transitions at all Ls

Dunn et al. (2009)
DFLD

HID



Inclination effects

Ponti et al. (2012)
Muñoz-Darias et al. (in prep.)



Other sources: AGN

Same analysis
No soft disk
Different time scales

Belloni et al. (2008)
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Long-term periods
✤ Difficult techniques
✤ Important for AGN studies
✤ Analysis then timing



Others: Neutron Stars

Same evolution for transients and persistent?

Belloni (2010) Homan et al. (2011)

Radio flare

Aql X-1

4U 1636-53



Others: Neutron Stars

Muñoz-Darias et al. (2014)



Others: Dwarf Novae?

SS Cyg
A radio flare
Comparison

Körding et al. (2008)WHAT DOES IT MEAN?



Some more timing
Low/Hard State: (lots of) variability (Comptonization?)
High/Soft State: little variability (S&S)
Energy dependence?

LHSHSS



Again transitions

TMB et al. (2011; in prep.)



Time/phase lags
Cross-spectrum 
Phases of sinusoidal components
Phase difference

Hard delay
Comptonization?
Size issue

∆φ



Low-frequency QPOs

Casella et al. (2005)



Low-frequency QPOs
Very clear oscillations
Type-C: large range in ν
Correlation with spectra
.. and disk luminosity

QPO ν

ΓTitarchuk & Fiorito (2006)

Vignarca et al. (2003)

Rao et al. 
(2009)



Low-frequency QPOs
Type-AB: small range in ν
Correlation with PL luminosity

Motta et al. (2011)



Energy dependence
Hard, hard, hard
No Disk!

Casella et al. 2006



Which modulation?
AM / FM

No phase modulation
Difference if harmonics

Rao et al. (2010)



Which modulation?

Pawar et al. (2015)



Complex lags
Reig et al. (2000)



PDS decomposition

νBreak νQPO νL νU

Belloni, Psaltis & van der Klis (2002)



Frequency correlations
Correlation 1: Belloni-Hasinger

Belloni & Hasinger (1990)



Frequency correlations
Correlation 2: Wijands & van der Klis

Wijnands & van der Klis (1999)

νBreak νQPO νL νU νBreak

νQPO



Frequency correlations
Correlation 3: Psaltis, Belloni & van der Klis

Psaltis, Belloni & van der Klis (1999)

νBreak νQPO νL νU

Cir 
X-1

Broad Narrow

νL

νQPO



High-frequency QPOs
✤ Frequencies 30-450 Hz
✤ Weak and rare
✤ Fixed frequencies
✤ Some (4/7) come in pairs
✤ Different from NS kHz QPO

4U 1630-47XTE J1650-500 XTE J1859+226



HFQPO

• In BH


• Very few weak cases


• 30-450 Hz


• Even fewer pairs


• Frequencies change little


• Usually not with LFQPO


• One object has many        around 80 Hz

Belloni & Altamirano (2013)



High-Frequency QPOs
• Complete reanalysis of the full RXTE archive


• 12 Ms of data


• 11 detections from two sources only


• 5.2 Ms of data on GRS 1915+105


• 46 detections

Belloni, Sanna & Méndez (2012)

Belloni & Altamirano (2012)



XTE J1550+564
Belloni, Sanna & Méndez (2012)



GRO J1655-40
Belloni, Sanna & Méndez (2012)



GRS 1915+105
Belloni & Altamirano (2012)



IGR J17091-3624
Altamirano & Belloni (2011)

Same as GRS 1915+105 

Lower LX 
Lower mass? 

Exactly 67 Hz



I have a question..
“What does it all mean?”
Not minor disturbances
Frequencies and processes
General Relativity
Direct measurements

The key to physics

Dirty systems (no pulsar)
Fifth lecture


