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STATES AND TRANSITIONS
• Hardness ratio

• rms (root mean square deviation)

• Intensity (count rate)

Belloni 2010
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TYPES OF LOW FREQUENCY 
QUASI PERIODIC 

Different shapes, frequency 
ranges, noise level, but ...

Problem:

we do do not know  
what they are...

Type A

Type B

Type C

Casella et al. 2004

see also Wijnands et al. 1999; Homan et al. 2001; Remillard et al. 2002



GX 339-4: PROTOTYPICAL 
BLACK HOLE

• 4 outbursts

• 117 detected 
QPOs (in 1007 
observations)

• full spectral and 
timing analysis

Data from 
RXTE satellite
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CLASSIFYING QPOS: THE ABC 
OF QPOS
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• Classification 
according to ABC 
scheme

• rms calculated for 
the whole power 
density spectrum

(0.1 - 64 Hz)

see also Casella et al. 2005
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PEAK RELATION
• Type-B QPOs always appear on count peaks

• Valid for all the outbursts
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PEAK RELATION
This is valid also on shorter 

timescales
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QPOS GENERAL PROPERTIES
Type-C QPOs:

• WIDE frequency, hardness and rms 
range

• not dependent from powerlaw flux

Type-A QPOs:

• VERY SMALL frequency, hardness, 
rms range

• Same frequency as last type-C 
QPOs

They follow a similar frequency/
powerlaw flux relation

Type-B QPOs:

• WIDE frequency range , but 
TIGHT rms (5-10%) and hardness 
range

• Associated to local increases in 
count rate

• Simultaneous with Type-A QPOs?

• Always lower frequency than last 
type-C QPOs

They follow a different frequency/
powerlaw flux relation



AN ANSWER? THE MODEL!

• spectral evolution: inward-
outward movement of inner-
disk radius

• Low frequency QPOs:   inner 
flow precession 

• broad band noise: 
Magneto-Rotational Instability 
(MRI)

QPOs and Lense-Thirring 3

Figure 2. Schematic diagram of the geometry considered. The inner flow
(grey with blue angular momentum vector) precesses about the black
hole angular momentum vector whilst the outer disc (red/orange) remains
aligned with the binary partner. The flow extends between ri and ro.
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Figure 3. Precession frequency of an inner flow of varying outer radius.
The solid black, red, green, blue and magenta lines represent spin values of
a∗ = 0.3, a∗ = 0.5, a∗ = 0.7, a∗ = 0.9 and a∗ = 0.998 respectively.
The green dashed line represents a point particle for a∗ = 0.7. The mini-
mum radius is the last stable orbit as a function of spin. We see that, as in
the case of point particle Lense-Thirring, the peak frequency is both higher
than observed values and has too strong a spin dependence.

the other prescription for the resultant QPO frequency even at the
largest radii, and that this difference decreases monotonically as ro

decreases.
Figure 3 shows the precession frequency plotted against ro

for a number of spins with ri = rlso. These frequencies are al-
ways higher at a given ro as the effective radius is a surface density
weighted average from ri to ro We still, however, see the same
two problems encountered in section 2.1, namely, that the peak fre-
quency is too high and varies too strongly with spin.

2.3 Inner radius

So far we have considered a flow with its inner radius at the last
stable orbit. Instead, the precession timescale is set by where the
surface density drops significantly, as the region interior to this will
not contribute significantly to the moment of inertia. Full general
relativistic simulations of the magneto-rotational instability (MRI,
the underlying source of the stresses which transport angular mo-
mentum) show that this drops sharply at around 1.5× rlso (e.g. Fig
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Figure 4. Surface density as a function of radius recovered from numerical
simulations of a misaligned flow (Fragile et al 2007) with a∗ = 0.5 (red)
and a∗ = 0.9 (blue). Data points have been fit by a double law which
breaks at ri. We find ri(a∗ = 0.5) ∼ 8 and ri(a∗ = 0.9) ∼ 9.

4. in Krolik, Hawley & Hirose 2005) for thick flows aligned with
the black hole spin.

However, we are considering Lense-Thirring precession so
the key issue is that the flow is misaligned. The extra torques on
the flow give extra contributions to the stresses. Simulations (e.g.
Fragile et al 2007) have shown this to increase the inward veloc-
ity, and therefore decrease the density of the flow. Figure 4 shows
the surface density profile obtained from two simulations, both of
a flow misaligned by 15o but with differing black hole spin. The
blue points are for a∗ = 0.9 (Fragile et al 2007) and the red points
are for a∗ = 0.5 (Fragile et al 2009). We have fit the data with a
smoothly broken power law function Σoxα/(1+xγ)(ζ+α)/γ where
x = r/ri. This gives xα and x−ζ for r << ri and r >> ri,
respectively, while γ controls the sharpness of the break. We fix
ζ = 0 (see Section 2.2) and obtain ri ∼ 9 for a∗ = 0.9 and
ri ∼ 8 for a∗ = 0.5, both of which are significantly larger than
rlso − 1.5 rlso for untilted flows.

Ideally, we would now like to re-plot figure 3 using the inner
radius for a misaligned flow. However, we only have two simula-
tion points for ri which is clearly inadequate for our purposes. We
therefore make an analytical approximation in the next section in
order to address this point.

2.3.1 Solid disc with inner radius set by bending waves

The additional torques will be strongest where the flow is most mis-
aligned, so these should track the shape of the flow. This is set by
bending waves, which communicate the warp and twist in initially
circular and coplanar orbits, against viscous damping. Analytic ap-
proximations to the resulting shape can be calculated assuming lin-
ear perturbations in an initially thin disc (e.g. Ferreira & Ogilvie
2008). The global structure then depends on the ratio of the viscos-
ity parameter, α, relative to the disc semi-thickness, H = hRg . For
α > h/r, warped disturbances via Lense-Thirring precession are
propagated by viscous decay which eventually drags the inner disc
into alignment with the black hole spin, while the outer disc aligns
with the orbital plane of the companion star (Bardeen & Peterson

c© 2009 RAS, MNRAS 000, 1–5

Ingram, Done, Fragile 2009

Truncated disk model 
(explains spectral evolution)

Done, Gierlin ́ski, Kubota 2007

Lense-Thirring precession & MRI 
(explains QPOs and noise)

Stella & Vietri 1998 ,Ingram et al 2009, 
Ingram & Done 2010, Ingram & Done 2011



WHAT ARE QPOS THEN?
According to the precession model:
(Ingram et al. 2009, Ingram & Done 2010, Ingram & Done 2011):

• Type-C QPOs:  results of vertical Lense-Thirring (LT) precession 
(requires misaligned black hole spin and companion star spin)

• Type-A QPOs: Type-C QPO-like features, but broadened and made fainter

•  Type-B QPOs: 3 possibilities

from LT precession at larger radii and same physical conditions?

from LT precession at same radii, but different physical conditions 
(different precession mode)

from other process(es)



• Type-B QPOs are different from other QPOs

• Type-A and -C share some properties

• Lense-Thirring precession model + truncated radius 
model can explain the origin of QPOs...
Quantitatively type-C QPOs (Ingram & Done 2011) 
Qualitatively type-A and B QPOs (Motta et al 2011)

• ... but still type-Bs are tricky

Need to investigate the details of the model 
for quantitative results in progress

CONCLUSIONS
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(117 QPOs, 1007 observations)

Hardness-Intensity Diagram

Rms-Intensity Diagram
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TRANSIENT TYPE-B QPO
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