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X-ray binaries

regions. Cygnus X-1 is one of only a small num-
ber of high-mass BHXRB systems.

Most BHXRBs are, however, low-mass x-ray
binaries, which are almost certainly much older
than the high-mass systems and as a result have a
larger scale-height distribution in the galaxy and
are hard to associate with their birth sites. In these
systems, the companion donor star is of lowermass
(typically less than 1 M⊙) than the black hole.
We now know of a sufficiently high number of
accreting x-ray binaries to be able to study their
galactic population, which we will not cover here.
Most of these low-mass BHXRBs undergo tran-
sient outbursts, in that they typically
spend most of their time in faint qui-
escent states before going into bright
outbursts that approach theEddington
(6) limit and last from months to
years. It is the detailed study of these
outbursts, when the mass accretion
rate onto the central black hole can
change by orders ofmagnitude in just
days, that has allowed us to make
dramatic strides in our overall under-
standing of black hole accretion.

The outbursts of low-mass sys-
tems are likely to be triggered by a
hydrogen ionization instability in the
accretion disc while the mass trans-
fer rate from the donor star remains
steady. Initially, the mass transfer rate
is greater than the rate of accretion
onto the central black hole. The disc,
initiallyneutral, slowly rises in temper-
ature as the mass accumulates, until
at some point it reaches ~4000K and
the hydrogen starts to become ion-
ized. At this point, the viscosity in-
creases substantially, allowing much
more efficient outwards transfer of
angularmomentumand inwards trans-
fer of mass. The higher central mass
accretion rate results in a luminous
central x-ray source, and—because this accretion
rate now exceeds the binary mass transfer rate—
themass of the disc begins to drop.At some point,
the disc cools again, the viscosity drops, along with
the luminosity, and the process starts again. The
intervals between these cycles can last frommonths
to centuries, depending on the mass transfer rate
and binary parameters, implying that we have as
yet only seen the tip of the iceberg of the transient
XRB population.

Although the detailed patterns of individual
outbursts (including in some cases multiple out-
bursts from the same source) differ, one of the
major steps of the past decade was the realization
that the overall evolution of an outburst outlined
below is applicable to essentially all BHXRB
outbursts (Fig. 2). Much of this global understand-
ing arose from studies of one particularly bright
and variable BHXRB, GRS 1915+105 (7), and
our realization that what we had learned from it

could be applied to other systems (8, 9). In the
following sections, we describe the evolution of
the outburst through Fig. 2, top; a sketch of likely
geometries in the soft, intermediate/flaring, and
hard states is presented in Fig. 2, bottom. An ani-
mation of an outburst in the hardness-intensity
diagram (HID) is presented in the supplementary
materials (movie S1).

The rising phase of the outburst (A → B).
Sources in quiescence are rarely regularly moni-
tored, and so usually the first thing we know about
an outburst is an x-ray source rising rapidly in
luminosity, as detected by x-ray all-sky monitors.

It is by now well established that BHXRBs below
~1% of their Eddington luminosity are always in a
hard x-ray state, and so the first, rising phase of an
outburst takes place in this state. In the hard state,
the x-ray spectrum is characterized by a spectral
component that peaks in power at ~100 keV, prob-
ably as a result of inverse Compton scattering of
lower-energy seed photons in a hot corona close to
the black hole. The exact geometry of this corona
is not clear but may correspond to a vertically ex-
tended but optically thin flow. This state shows
strong and rapid variability in x-rays,with up to 50%
variability on time scales between 10ms and 100 s.

In the brightest hard states, a more blackbody-
like spectral component can also be seen in very
soft (<1keV) x-rays and—sometimes—the ultravi-
olet, probably corresponding to a geometrically
thin, optically thick accretion disc (the converse of
the hot coronal component, and a good candidate
to be the origin of the soft photons that are inverse

Compton scattered by the corona). X-ray spec-
troscopy also often reveals strong iron emission
lines (which can be fluorescence lines from neutral
or ionized iron) in this phase. This iron line can
often be fit by a relativistically broadened model,
implying an origin very close to the black hole, and
can in turn be used to estimate the spin of the black
hole. This is because of the innermost stable cir-
cular orbit (ISCO): Within this radius, matter can
no longer follow a circular orbit andwill cross the
black hole event horizon on very short time scales
(milliseconds for a black hole of a few solarmasses).
The size of the ISCO depends on the spin of the

black hole, ranging from 6 RG (10)
for a nonrotating (Schwarzschild)
black hole to 1 RG for a maximally
rotating (maximal Kerr) black hole.
Accurate measurements of the de-
gree of gravitational redshift affect-
ing the line can be used to infer how
close the line is to the black hole, and
from this the spin of the black hole
itself, although both observation and
modeling are complex. During the
hard state, characteristic time scales of
variability, calledquasi-periodic oscilla-
tions (QPOs), are also seen to decrease,
which may correspond to changing
viscosity or decreasing characteristic
radii in an evolving accretion disc.

In this state, sources are always ob-
served to also show relatively steady
radio emission at gigahertz radio fre-
quencies (11). This radio emission
(LR) correlates in strength with the
x-ray emission (LX) in a nonlinear
way: LXº LR

b, where 0.6 < b < 0.7.
In recent years, it has become appar-
ent that a less radio-loud branch also
exists in thehard state,whichmayhave
a steeper correlation (12), and yet
which to date has revealed no other
difference with the more radio-loud

majority. The flat-spectrum synchrotron emission
from the jet also appears to extend to the near-
infrared (~2 mm) band.

The hard-to-soft spectral transition (B →
C → D). At luminosities in the range of 10 to
50% of the Eddington luminosity, the x-ray spec-
tra of BHXRBs in outburst begin to change (13).
The hard x-ray component steepens and drops in
luminosity as the blackbody-like component at-
tributed to the accretion disc brightens and comes
to dominate, resulting in a softening of the x-ray
spectrum. Even more striking than the spectral evo-
lution is the change in the x-ray variability prop-
erties of the BHXRB. The characteristic frequencies
of variability continue to rise during the initial
phases of the state transition, but at a certain point,
much of the broadband noise drops away to be
replaced by a single QPO, indicating strong oscil-
lations in a relatively narrow range of frequencies
(a few hertz).
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Fig. 1. An artist’s impression of a low-mass BHXRB. The major components
of the binary, accretion flow, and outflows are indicated. The inclination and
relative masses of the binary components are based on estimates for the
system GX 339-4, a key source in our understanding of black hole accretion
and the source of the data presented in Fig. 2. [Image produced with BinSim
by Rob Hynes]
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Figure 4. Top: the HLD for all observations of all the objects. Each object
has a different symbol. Bottom: legend for the different symbols used for
the plots showing different objects.

The two objects which have observations at higher X-ray colours
(!1) than most others in the sample are 4U 1630−47 and SAX
J1819.3−2525. SAX J1819.3−2525 is known to be a peculiar
source with strong and rapid variability with a possible shroud-
ing of the black hole (Maitra & Bailyn 2006). 4U 1630−47 has
a high NH, which is a possible cause for its ‘shift’ of the canon-
ical track through the HLD to harder values. In Appendix A, the
individual HLDs and curves show that almost all of the individual
outbursts are shifted towards harder X-ray colours. However, both
GRS J1737−31 and XTE J1748−288 also have high NH values
but neither has the equivalent extreme shift in X-ray colours. XTE
J1748−288 shows a slight hardening compared to the rest of the
binaries on its return to the hard state. There are only a few observa-
tions of GRS J1737−37, but these are also fractionally harder than
the norm. This effect of the values of NH is discussed below.

There are two main problems with the HLD as it has been used
in Fig. 4. One problem is that as the distances of the BHXRBs are
uncertain to probably a factor of 2, the relative luminosities are
not that well constrained. Secondly, as we are using the 3–10 keV
luminosities in the construction of the HLD, the effects of Galactic
absorption are different for each object and affect the values of the
measured luminosities.

The HLD does well when studying outbursts of individual ob-
jects, especially when in combination with X-ray timing and vari-
ability information, to determine the state of the XRB. However,
with the use of the X-ray colour, the inability to accurately deter-
mine both the disc emission and the effect of any absorption from the
spectrum alone limits the usability of the HLD to compare quickly
and easily between sources. We therefore turn to another diagnostic
diagram for the study of the evolution of the outbursts of XRBs.

We do note, however, that when using a wide band luminosity
(e.g. 0.1–100 keV) rather than just 3–10 keV, there is better agree-
ment between the soft states of the binaries as this is a more accurate
measure of the total luminosity of the source. However, this cannot
account for the effects of absorption on the X-ray colour.

5.2 Disc fraction luminosity diagram

The HLD compares the soft X-ray luminosity to the hard X-ray
luminosity to give a rough characteristic of the spectral state. The
soft X-ray band is dominated by the disc when in the soft state,
and the hard X-ray band comes mainly from the non-thermal X-ray
emission which has been suggested to come from a corona. The
X-ray colour is therefore a proxy for the extent to which the
thermal component is dominating the X-ray emission from the
binary.

We therefore construct a diagram to compare the relative
strengths of the disc and the power-law components. Previous stud-
ies which have used the relative strengths of the disc and power-
law components to study the outburst properties include Kalemci
(2002), Kalemci et al. (2004, 2006), Tomsick et al. (2005), Körding
et al. (2006) and Dunn et al. (2008). Körding et al. (2006) for-
mulated the ‘disc fraction luminosity diagram’ (DFLD) for AGN,
as an HLD from the X-ray spectrum alone does not work as the
disc emission peaks in the UV. The soft X-rays give information
on warm absorbers rather than the accretion disc. They therefore
calculated the disc and power-law luminosities and combined them
in such a way as to emulate the HLD:

Power-law fraction = PLF = L1−100 keV, PL

L0.001−100 keV, Disc + L1−100 keV, PL

Disc fraction = DF = L0.001−100 keV, Disc

L0.001−100 keV, Disc + L1−100 keV, PL
.

We use the unabsorbed power-law luminosity, but only determine
the flux down to 1 keV to prevent the low-energy end from being
overly dominant. We are unable to determine both the absorption
and the low-energy cut-off of the power law from the RXTE data,
and so use a fixed value of NH for the fitting and a standard low-
energy bound to the power-law flux for all objects. Although this
may introduce excess power-law luminosity into our calculations,
it is standard across all objects, as the true low-energy behaviour of
the power law cannot be determined from the RXTE spectra. The
disc luminosity is also the unabsorbed luminosity to fully capture
the radiative output of the disc. The energy range used is purpose-
fully large to ensure that we cover as much of the disc emission
as possible. This diagnostic diagram is therefore less sensitive to
the effects of NH, as in the outbursts, the low-energy emission is
dominated by the unabsorbed disc emission.

We show in Fig. 5 the relation between the disc fraction and the
X-ray colour of the observation. The arrangement of the points
shows that the calculated disc fractions are well determined. In fact,
for many objects there is a constant relation between the two diag-
nostic values when the disc fraction is not zero. The approximate
relation is quadratic, where the power-law fraction is proportional
to the square of the hardness ratio. There are some which do not
appear to lie on the relation. The clearest are 4U 1630−47 and
LMC X3. 4U 1630−47 has a large value for NH, which hardens
the spectrum, thus moving the soft state to harder X-ray colours.
The same can be said, to varying degrees, of H1743−322 and XTE
J1748−288. In LMC X3, there is very little variation in the X-ray
colour for a large range in disc fraction. In this source, the power
law is not always well determined underneath a very dominant disc,
likely to result from the distance of the source.

GRO J1655−40 and XTE J1550−564 also appear at harder
X-ray colours than the majority of the other sources at the same disc
fractions. The NHs for these two sources are not particularly high,
so this is unlikely to be the reason for their offset. They do both have
atypical outbursts, with XTE J1550−564 performing a complete
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Figure 4. Top: the HLD for all observations of all the objects. Each object
has a different symbol. Bottom: legend for the different symbols used for
the plots showing different objects.

The two objects which have observations at higher X-ray colours
(!1) than most others in the sample are 4U 1630−47 and SAX
J1819.3−2525. SAX J1819.3−2525 is known to be a peculiar
source with strong and rapid variability with a possible shroud-
ing of the black hole (Maitra & Bailyn 2006). 4U 1630−47 has
a high NH, which is a possible cause for its ‘shift’ of the canon-
ical track through the HLD to harder values. In Appendix A, the
individual HLDs and curves show that almost all of the individual
outbursts are shifted towards harder X-ray colours. However, both
GRS J1737−31 and XTE J1748−288 also have high NH values
but neither has the equivalent extreme shift in X-ray colours. XTE
J1748−288 shows a slight hardening compared to the rest of the
binaries on its return to the hard state. There are only a few observa-
tions of GRS J1737−37, but these are also fractionally harder than
the norm. This effect of the values of NH is discussed below.

There are two main problems with the HLD as it has been used
in Fig. 4. One problem is that as the distances of the BHXRBs are
uncertain to probably a factor of 2, the relative luminosities are
not that well constrained. Secondly, as we are using the 3–10 keV
luminosities in the construction of the HLD, the effects of Galactic
absorption are different for each object and affect the values of the
measured luminosities.

The HLD does well when studying outbursts of individual ob-
jects, especially when in combination with X-ray timing and vari-
ability information, to determine the state of the XRB. However,
with the use of the X-ray colour, the inability to accurately deter-
mine both the disc emission and the effect of any absorption from the
spectrum alone limits the usability of the HLD to compare quickly
and easily between sources. We therefore turn to another diagnostic
diagram for the study of the evolution of the outbursts of XRBs.

We do note, however, that when using a wide band luminosity
(e.g. 0.1–100 keV) rather than just 3–10 keV, there is better agree-
ment between the soft states of the binaries as this is a more accurate
measure of the total luminosity of the source. However, this cannot
account for the effects of absorption on the X-ray colour.

5.2 Disc fraction luminosity diagram

The HLD compares the soft X-ray luminosity to the hard X-ray
luminosity to give a rough characteristic of the spectral state. The
soft X-ray band is dominated by the disc when in the soft state,
and the hard X-ray band comes mainly from the non-thermal X-ray
emission which has been suggested to come from a corona. The
X-ray colour is therefore a proxy for the extent to which the
thermal component is dominating the X-ray emission from the
binary.

We therefore construct a diagram to compare the relative
strengths of the disc and the power-law components. Previous stud-
ies which have used the relative strengths of the disc and power-
law components to study the outburst properties include Kalemci
(2002), Kalemci et al. (2004, 2006), Tomsick et al. (2005), Körding
et al. (2006) and Dunn et al. (2008). Körding et al. (2006) for-
mulated the ‘disc fraction luminosity diagram’ (DFLD) for AGN,
as an HLD from the X-ray spectrum alone does not work as the
disc emission peaks in the UV. The soft X-rays give information
on warm absorbers rather than the accretion disc. They therefore
calculated the disc and power-law luminosities and combined them
in such a way as to emulate the HLD:

Power-law fraction = PLF = L1−100 keV, PL

L0.001−100 keV, Disc + L1−100 keV, PL

Disc fraction = DF = L0.001−100 keV, Disc

L0.001−100 keV, Disc + L1−100 keV, PL
.

We use the unabsorbed power-law luminosity, but only determine
the flux down to 1 keV to prevent the low-energy end from being
overly dominant. We are unable to determine both the absorption
and the low-energy cut-off of the power law from the RXTE data,
and so use a fixed value of NH for the fitting and a standard low-
energy bound to the power-law flux for all objects. Although this
may introduce excess power-law luminosity into our calculations,
it is standard across all objects, as the true low-energy behaviour of
the power law cannot be determined from the RXTE spectra. The
disc luminosity is also the unabsorbed luminosity to fully capture
the radiative output of the disc. The energy range used is purpose-
fully large to ensure that we cover as much of the disc emission
as possible. This diagnostic diagram is therefore less sensitive to
the effects of NH, as in the outbursts, the low-energy emission is
dominated by the unabsorbed disc emission.

We show in Fig. 5 the relation between the disc fraction and the
X-ray colour of the observation. The arrangement of the points
shows that the calculated disc fractions are well determined. In fact,
for many objects there is a constant relation between the two diag-
nostic values when the disc fraction is not zero. The approximate
relation is quadratic, where the power-law fraction is proportional
to the square of the hardness ratio. There are some which do not
appear to lie on the relation. The clearest are 4U 1630−47 and
LMC X3. 4U 1630−47 has a large value for NH, which hardens
the spectrum, thus moving the soft state to harder X-ray colours.
The same can be said, to varying degrees, of H1743−322 and XTE
J1748−288. In LMC X3, there is very little variation in the X-ray
colour for a large range in disc fraction. In this source, the power
law is not always well determined underneath a very dominant disc,
likely to result from the distance of the source.

GRO J1655−40 and XTE J1550−564 also appear at harder
X-ray colours than the majority of the other sources at the same disc
fractions. The NHs for these two sources are not particularly high,
so this is unlikely to be the reason for their offset. They do both have
atypical outbursts, with XTE J1550−564 performing a complete
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…on several timescales
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What is a QPO? 
Quasi-Periodic Oscillation

• Quasi periodic signal in 
the flux  
(CVs, BHs, NSs, ULXs, even AGN) 

• Becomes apparent in a 
power density spectrum 

• They come in different 
flavours 

• Associated to noise 
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Why should we care?

• They are useful!  
Common and easy to study, 
they help identifying source 
states 

• Produced close to the 
central compact object 

• Geometry constraints and 
strong gravity tests.



Low frequency QPOs  
in Black Hole binaries

• Discovered in the 80s in NS (EXOSAT, 
GX 5-1) and BHs (Ariel 6, GX 339-4) 

• First “types” from Ginga data 

• Very common 

• Seen in NSs as well (HBOs, NBOs, 
FBOs…) 
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Figure 11. Upper panel: Light curve for Obs. #4/#36-#37 (second orbit).

The red line marks the light curve interval where a type-A QPO was de-

tected. The black line marks the interval where a type-B QPO was visible.

Lower panel: PDS for the two intervals.

A B C

ν 6.5-8 Hz 0.8-6.4 Hz 0.2-9 Hz

Q 1-3 ! 6(! 2)∗ ! 6(! 2)∗

rms " 5% 5− 10% ! 10%

noise weak red weak red strong flat-top

Table 2. Summary of type-A, -B and -C QPOs properties in GX 339-4. (*)

The bracket values correspond to the hardening phases.

4 DISCUSSION

We analyzed RXTE/PCA and HEXTE data collected over eight

years of observations of the transient BHB GX 339-4 to study the

properties and the behavior of LFQPOs. 115 out of 117 oscilla-

tions could be classified into the three main types (A, B, C). The

coherent scenario we constructed can be compared to that of other

systems (such as XTE 1859+226 and XTE J1550-564) for which

the ABC classification has been performed. Different properties

and relations emerge from the analysis, allowing a better charac-

terization of the different types of QPOs. Our results confirm that

the ABC classification can be extended to include spectral depen-

dencies. The main parameters of the different types of LFQPOs

observed in GX 339-4 are summarized in Table 3.

Type-C QPO: this oscillation is found in LHS and HIMS (see

A B C

ν ∼6 Hz ∼6 Hz 0.1-30 Hz

Q 1-3 ! 6(! 2) ! 6(! 2)

rms ∼ 1− 5% ∼ 1− 10% ∼ 1− 25%

noise weak red weak red strong flat-top

Table 3. Summary of type-A, -B and -C QPOs properties in GX 339-4. (*)

The bracket values correspond to the hardening phases.

Belloni 2010 and Homan et al 2011 in prep.). It is observed in

both the softening and hardening outburst intervals, even though

during the hardening it results weaker. It appears at hardness

values in the 0.2 - 0.8 range and over a large frequency range (0.2

- 9 Hz). Its centroid frequency rises as function of the time as the

source undergoes the softening phase and decreases as the source

hardens during the decay phase. All type-C QPOs are spread

above a variability level below which only type-B and type-A

QPOs are observed (see Casella et al. 2004 and Muñoz-Darias

et al. 2011). The observed 0.1-64 Hz rms has values between 10

and 35%. Those are positively correlated with the hardness ratio

(see e.g. Belloni 2010) and negatively correlated to the frequency

(see Fig. 4). Type-C QPOs form a clear but complex pattern in

a frequency versus power-law-flux plane. The frequency type-C

QPOs correlates with the disk flux and form different branches in

a frequency versus disk-flux plane, corresponding to the softening

and hardening phases. Type-C QPO frequencies correlates well

with the hardness, stressing a clear dependence on the spectral

shape.

Type-A QPO: this QPO is usually observed in the SIMS, which

is indeed defined on the basis of the appearance of type-A and -B

QPOs. It is found in a narrow hardness (0.20 - 0.22), frequency

(6.5 - 8.0 Hz) and rms (∼ 2 - 3%) range. The frequency at which

they are found is always very close to the frequency of the last

type-C QPOs observed before the transition to the SIMS. We

observed type-A QPO only during the softening phase (i.e. along

the upper horizontal branch in HID). The lack of this type of QPO

during the hardening phase can however be ascribed to the lower

statistics, as the feature is weak and broad. This is the QPO type

that is found to be associated to the lowest total fractional rms

in our sample. In a frequency versus power-law-flux plot, type-A

QPOs appear to be grouped close to the high-frequency end of the

tracks defined by the type-C QPOs and are found around the same

frequency of the type-C QPOs observed close to the transition to

the SIMS.

Type-B QPO: its presence defines the SIMS. The frequency

range where it is observed is 0.8 - 6.4 Hz. In addition, all type-B

QPOs are observed at lower frequencies with respect to the type-C

QPOs observed just before the transition to the SIMS. As for type-

C QPOs, these oscillations are seen in both the softening and hard-

ening outburst phase. Total fractional rms and hardness values are

lower than in the case of type-C, but higher than for type-A QPOs,

ranging in the intervals 5 - 10% and 0.2 - 0.3 respectively. It is no-

ticeable that between 5 and 10% broad band total fractional rms

only type-B QPOs are observed (see Muñoz-Darias et al. 2011).

This type of QPO follows a sharp frequency-flux correlation for

both disk and powerlaw flux (Fig. 5 and 8).

From Fig. 5 one can see that type-B QPOs follow a clearly different

path compared to the other classes, suggesting the presence of an

intrinsic difference.

It is interesting to compare some of the properties reported

here for GX 339-4 with those observed in other sources. McClin-

tock et al. 2009 performed a detailed spectral analysis and a sup-

porting timing analysis on the BHC H1743-322 and compared their

results with the BHC XTE J1550-564, while Sobczak et al. (2000)

compared the properties of XTE J1550-564 with GRO J1655-40.

These three sources showed a behavior similar to GX 339-4 in the

frequency-disk flux plane, spanning a larger flux range. Sobczak

et al. (2000) also investigated the relations between frequency and

c⃝ 0000 RAS, MNRAS 000, 000–000

see e.g. Van der Klis et al. 1985 and Motch et al. (1983), Miyamoto et al. 1991,  
Wijnands et al. 1999; Homan et al. 2001; Remillard et al. 2002; Casella et al. 2005, …
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Type-A QPOs

• Very few detections (~10 in the 
RXTE archive) 

• Observed in soft states, close to type-
B QPOs 

• broad and faint 

• Origin: Disk instabilities? Possibly 
related to type-B QPOs.
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Type-B QPOs

• Fairly common QPO 

• Observed in intermediate states 

• Strong peak(s) and weak red noise 

• Origin: probably associated to jets. Disk 
instabilities? (e.g. Varnière et al. 2002,2012)
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Type-C QPOs

• The most common QPO of  all, they 
vary a lot in frequency 

• Observed in hard and soft states 

• Strong peak(s) and strong flat-top noise 

• Origin: instabilities or geometrical 
effects (i.e. precession)
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Type-C QPOs

• Oscillations of  boundary layers/
coronae 
(e.g. Titarchuk & Fiorito 2004 and Cabanac et al. 2010) 

• Accretion-ejection instability  
(Tagger & Pellat 1999 and Varnière et al. 2002,2012)In
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s • Relativistic precession  
(Stella & Vietri 1998, Schnittman et al. 2006,  
Ingram et al. 2009…16) 
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QPO spectrum: it is hard!
QPO X-ray spectra 5

Figure 1. A comparison of the QPO and mean energy spectra in the soft spectral state of XTE J1859+226. Upper panels: time averaged and QPO energy
spectra, unfolded using models described in Sec. 2 and Sec. 4.3, respectively. Solid curves show the total spectra, the dotted curve (magenta online) is the
disc blackbody component, while the dot-dashed curve (blue online) is the Comptonized component. Lower panels show ratios of the QPO data to various
model components: the total time averaged continuum (but without the reprocessed component), and to the time averaged Comptonization continuum only
(i.e. the disc and reprocessed components removed). The QPO spectra are harder than the time averaged spectra in this soft state, and they are closer to pure
Comptonization continua than to the total continua (i.e. the disc component does not seem to contribute to QPO). The reprocessed component is present in
two QPO spectra (I and III; see Table 4).

spectra, when the model normalization was adjusted to give small-
est possible χ2. These will be useful when we discuss the data in
the context of theoretical models in the next Section. We will also
perform formal model fits to some of the QPO spectra in order to
more quantitatively determine their shape relative to the time aver-
aged spectra.

Our sample contain 14 observations of four objects. Of these
11 observations were performed in soft spectral states while 3 in
the hard state.

4.1 Soft state spectra

In the soft state of XTE J1859+226 (Fig 1) the QPO spectra are
more similar to the Comptonized component than to the total spec-
tra. This means that the disc blackbody component is not present
in the QPO spectra, i.e. it does not participate in the oscillations.
The QPO spectra are harder than the Comptonized component in
the corresponding time averaged spectrum. Ratios for dataset (III)
clearly indicate the presence of the reprocessed component in the
QPO spectrum, which will be discussed in more details below.

Similarly, no disc blackbody component in the QPO spectra is
observed for GRS 1915+105 (Fig. 2). In all three spectra the QPO
data show larger deviations from the total model than from the (to-
tal) Comptonized component. In datasets (II) and (III), where the
time averaged spectrum requires two Comptonized components,
the QPO are most similar to the sum of the two Comptonizations,

rather than to either single one of them. In particular, the QPO spec-
tra seem to be much harder than the soft Comptonization.

We attempt to fit the QPO data with a modified time averaged
Comptonization continuum. We first tie all the parameters of the
QPOmodel, except for normalization, to the parameters of the time
averaged spectrum. Fitting the GRS 1915+105 (I) dataset we also
set the disc blackbody normalization to 0, so the only free param-
eter is the normalization of the Comptonized component. The fit is
very bad, χ2

ν = 267/18 dof. It improves dramatically, when seed
photon temperature, T0, is free to adjust, χ2

ν = 42.3/17 dof. The fit
improves further if the continuum slope is left free, χ2

ν = 35.8/16.
The resulting model has higher T0 ≈ 0.95 keV compared to the
≈ 0.65 keV in the mean spectrum, and it is harder than the latter,
Γ ≈ 2.18 compared to ≈ 2.25. The fit can be further improved if
the reflection amplitude is free to adjust, which will be discussed
below.

For GRS 1915+105 datasets (II) and (III) there is a number
of ways the time averaged Comptonized components can be mod-
ified to fit the QPO spectrum, since there are two Comptonized
components in each spectrum (in addition to the disc blackbody).
Letting T0 (common to the two components) to be free does pro-
vide a good fit, with the best fit value again higher than that in
the mean spectrum. When the seed photon temperature is fixed,
T0, QPO = T0,mean, obtaining a fit of similarly good quality re-
quires freeing at least three parameters: the two spectral slopes and
electron temperature of the soft Comptonization.

In the “anomalous” VHS of XTE J1550-564 the QPO spectra

c⃝ 2005 RAS, MNRAS 000, 1–10
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Figure 3. A comparison of the QPO and mean energy spectra in the “anomalous” very high state of XTE J1550-564. Panels are described in details in Fig. 1.
Ratios of the QPO data to: total Comptonized continuum, soft Comptonized component and hard Comptonized component are plotted as labelled.

(Γ and T0 fixed) to the QPO data, the fits have χ2
ν = 27.5/19

and χ2
ν = 25.4/19 for datasets (I) and (II), respectively. Allow-

ing Γ and T0 to adjust we obtain best fits with χ2
ν = 11.0/17 and

χ2
ν = 17.5/17, and the confidence contours are plotted in Fig. 5.
The contours suggest that the QPO spectra are again somewhat
softer and indeed have higher T0 than the time averaged spectra,
however the difference between the spectral slopes in not highly
significant. We note then that for 4U 1630-47 the QPO spectra are
closer to the time averged spectra than those of XTE J1550-564
(V). Since the time averaged spectra 4U 1630-47 are softer than
the spectra of XTE J1550-564 (V), we might be observing here a
transition from the hard state behaviour (as in XTE J1550-564) to
the soft state behaviour, where the QPO spectra are harder than the
time averaged spectra.

4.3 The reprocessed component in the QPO spectra

We have checked if the reprocessed component is present in the
QPO spectra. Firstly, we assume the time averaged continuum as
a model for the QPO, and let the reflection parameters, R, ξ and
Rin to be free. Such models do not provide good fits, with only
two cases when χ2

ν < 1.5 (Table 4; columns a and b). Therefore,
although the reprocessed component is present in the model, it is
difficult to assess its statistical significance. In the two cases where

the fits are acceptable (XTE J1859+226, datasets I and IV), the
reflection is significant.

Secondly, we fit the QPO data with the THCOMP model al-
lowing all its parameters, Γ, kTe and T0 to adjust. The continuum
is thus described correctly, which allows for meaningful determina-
tion of the presence and parameters of the reprocessed component.
We then add the reprocessed component, assuming first a cold mat-
ter (ξ = 0), and then allowing ξ to adjust as well. In Table 4 we
present the quality of the initial model (i.e. no reflection) fits, and
the∆χ2 values when the reprocessed components are added.

Adding the reprocessed component improves the fits in most
of the datasets, with ionized reprocessing giving better fits than cold
reprocessing. Reduction of χ2 values by 10–60 means that the re-
processed component is highly significant.

Reflection amplitudes in the QPO spectra are generally rather
poorly constrained. In the three anomalous very high state spectra
of XTE J1550-564 the best fits are obtained for a pure reflected
component. However, the ionization parameter in the pure reflec-
tion models is rather high, ξ ∼ 105, which means that the Fe re-
processing features are not very prominent. The 90 per cent lower
limits to R are rather low, nevertheless, reduction of χ2 by 11-22
means that the component is highly significant in at least two of
those spectra.

c⃝ 2005 RAS, MNRAS 000, 1–10
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Fig. 16. Fractional rms amplitude of the fundamental
QPO peak as a function of energy for QPO types A (stars,
obs: 40124-01-12-00), B (40122-01-01-03) and C (40124-
01-21-00).

ing caused by a non-variable soft component - can-
not be ruled out. If this hypothesis were true, the
QPOs could then be interpreted as bare flux oscilla-
tions of the high energy component only, without pho-
ton index changes. Nevertheless, in GRS 1915+105 a
similar energy dependence for the type-C QPO was
observed, but the analysis of higher-energy HEXTE
data showed that the QPO rms decreases above 20
keV (Tomsick & Kaaret 2001). Rodriguez et al. (2004)
found however that this cut-off was not always present,
and proposed an explaination in terms of a contribu-
tion from the jets to the hard X-ray component. If
this contribution is significant, and the QPOs are un-
related to the jet, its presence would thus produce the
observed cut-off in the energy dependence of the QPO
rms.

– Time lags: In Figure 17, we show the behaviour of the
time lags of the fundamental QPO peak as a function
of the total rms of the PDS. A separation among the
three different QPO types is evident: type-C QPOs
show a strong and well defined trend, with smaller soft
lags for larger rms, while type-B QPOs have hard lags
and are clustered around rms of a few percent. The
latter show also evidence for a dependence of the time-
lags on the rms. Finally, type-A lags are negative and
show large scatter. The separation of the three types
is evident also in Figure 18 (left panel), where we plot
the time lags of the fundamental and of the second
harmonic. Type-B and type-C QPOs show a similar
behaviour: the lags of the fundamental and those of the
second harmonic, with the exeption of a few cases with

C-Type

B-Type

A-Type

Fig. 17. Total fractional rms (0.03-64 Hz) vs. time-lags of
the fundamental QPO peak.

large error bars, always have opposite signs, resulting
in a clustering of the points in the second and fourth
quadrant. This analysis could not be extended to type-
A QPOs, since they don’t show any harmonic peak.
This peculiar pattern in the time lags of the dif-
ferent harmonic components was already noticed by
Remillard et al. (2002b) in the PDS of XTE J1550–
564. Different lags in these components are difficult to
interpret. It is of course possible that the oscillations
at different harmonics have a different physical ori-
gin, while connected to the same underlying ‘clock’, in
which case the difference in sign of time lags would be
naturally associated to these different physical mecha-
nisms. However, if one assumes the more natural sce-
nario in which the harmonic content of the QPO is
simply the result of the non-sinuoidal shape of the os-
cillation, the higher harmonics do no have a physical
meaning by themselves (for a discussion of the sub-
harmonic see below). Such strong differences in time
lags would then indicate that the shape of the oscilla-
tion is different at different energies, in a way which is
highly reproducible. In order to understand this phe-
nomenon in detail, a theoretical model for the shape
of the oscillation is needed.

– Subharmonic peaks: The right panel of Figure 18, giv-
ing the time lags of the subharmonic versus those of the
fundamental, shows that subharmonic lags are always
negative. This behaviour is independent of the QPO
type and thus of the sign of time lags at the fundamen-
tal and second harmonic peak frequencies. This some-
how makes the subharmonic oscillations stand out, and
suggests a common origin for it in both B and C QPO
types.
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in a clustering of the points in the second and fourth
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A QPOs, since they don’t show any harmonic peak.
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at different harmonics have a different physical ori-
gin, while connected to the same underlying ‘clock’, in
which case the difference in sign of time lags would be
naturally associated to these different physical mecha-
nisms. However, if one assumes the more natural sce-
nario in which the harmonic content of the QPO is
simply the result of the non-sinuoidal shape of the os-
cillation, the higher harmonics do no have a physical
meaning by themselves (for a discussion of the sub-
harmonic see below). Such strong differences in time
lags would then indicate that the shape of the oscilla-
tion is different at different energies, in a way which is
highly reproducible. In order to understand this phe-
nomenon in detail, a theoretical model for the shape
of the oscillation is needed.

– Subharmonic peaks: The right panel of Figure 18, giv-
ing the time lags of the subharmonic versus those of the
fundamental, shows that subharmonic lags are always
negative. This behaviour is independent of the QPO
type and thus of the sign of time lags at the fundamen-
tal and second harmonic peak frequencies. This some-
how makes the subharmonic oscillations stand out, and
suggests a common origin for it in both B and C QPO
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Flux vs Frequency: different 
dependencies
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Inclination effects
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“different” objects at different inclinations

winds only in high-inclination sources

hotter disks in high-inclination sources
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QPOs (and noise) amplitude 
depend on inclination
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Simultaneous Type-B and -C QPOs

This happens also for: 
XTE J1550-564 (Motta et al 2014b) 
4U1630-472 (Motta et al 2015) 
H1743-322 (Motta et al 2015) 

Always in or very close to the 
Ultra Luminous state
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Type-A and Type-B

The case of  Z-sources
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Comparison with NS might help
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BH and NS binaries can 
be described in the same 
way through variability

QPOs in BH and NS 
binaries are the same? 

* type-C = HBOs 
* type-B = NBOs 
*  type-A =(?) FBOs

Proposed by Casella et al. 2005, 
based on a few sources

HBO

NBO

FBO



Take home message n.1

• All low frequency QPOs have an hard spectrum 

• They behave differently w.r.t. flux 

• They depend on inclination: Type-C stronger edge on, Type-B 
stronger face on 

• Type-C are most likely related to the inner hot flow and come 
from geometrical effects (precession)  

• Type-B are probably related to the jet-launching mechanism 

• no clue on type-A QPOs, more data needed (or a clever use of  
BH data, and possibly NS data)



High frequencies QPOs 
in Black Holes
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• Discovered with RXTE in the 90s 
in GRS1915+105  

• Quite rare, and difficult to detect, 
especially in pairs 

• Exist in neutron stars as well (as 
kHz QPOs)

See e.g. Morgan et al. 1997, Remillard et al. 1999, Strohmayer et al 2001,  
Belloni et al. 2012 , Altamirano et al. 2012

lower HFQPO

upper HFQPO

100 - 500 Hz
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High frequencies QPOs 
in Black Holes

• 11 significant detections from 
2 sources in the RXTE archive 
(or 42 detections from 7 sources) 

• Observed only at high luminosity 

• Frequencies close to Keplerian 
values
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HFQPO in black hole binaries 1705

Figure 1. PDS of the seven good detections of HFQPO for XTE J1550−564
with the corresponding best-fitting models.

Figure 2. HID for XTE J1550−564. Each point corresponds to a PCA
observation. Grey circles correspond to HFQPO detections with final chance
probability larger than 1 per cent, and black stars correspond to those with
smaller chance probability.

(hard band). Notice that the two last observations belong to a dif-
ferent outburst than the first five, but the QPO centroid frequency is
remarkably similar to the others.

There are 20 detections reported in Remillard et al. (2002a) from
the 1998 outburst of XTE J1550−564. Ten of them appear also in
our sample, whereas 10 were not detected by our procedure. We
checked them all visually and found that many of them resulted

Figure 3. PDS of the four good detections of HFQPO for GRO J1655−40
with the corresponding best-fitting models.

in very broad weak excesses superimposed to the tail of a noise
component, which led to non-significant detections in our analysis.
Remillard et al. (2002a) do not report any parameter other than the
centroid frequency and Q values (from 1 to 15 from their fig. 7), and
it is therefore difficult to make a deeper comparison. Remillard et al.
(2002a) claim detections at 4σ level, but they give no indication as
to how they estimated the significance.

Miller et al. (2001) report six detections of HFQPO from the
2000 outburst of XTE J1550−564. After taking into account a
1-day shift in their table 1, the first four of them correspond to our
last four detections. The last two, at slightly lower frequency, are
not in our final sample. An inspection of the PDS from those obser-
vations show that there is a feature, which our program detected at
a significance slightly lower than 3σ .

3.2 GRO J1655−40

This is the only other source of our sample with multiple overall
detections: four out of 11 single-trial detections (see Fig. 3). The
frequency of the QPO is also bimodal: between 273 and 313 Hz for
the low-frequency peak (Q between 3 and 4, rms slightly above 1
per cent) and 446 Hz for the high-frequency peak (Q = 12 and 6 per
cent rms). From Fig. 4 it is evident that all detections correspond
to the ‘anomalous state’ at very high fluxes (see Belloni 2010). The
PDS is also typical of that state. As in the case of XTE J1550−564,
the HID points are distributed along a diagonal line. Overall, the
four detections with high significance after correction for number of
trials show quite a range of frequencies: 274, 290, 313 and 446 Hz.

Detections of HFQPO in the 1996 outburst of GRO J1655−40
were reported by Remillard et al. (1999). They detect six fea-
tures in single observations, in addition to the analysis of sets of
combined observations, obviously not comparable with our results.

C⃝ 2012 The Authors, MNRAS 426, 1701–1709
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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centroid frequency and Q values (from 1 to 15 from their fig. 7), and
it is therefore difficult to make a deeper comparison. Remillard et al.
(2002a) claim detections at 4σ level, but they give no indication as
to how they estimated the significance.

Miller et al. (2001) report six detections of HFQPO from the
2000 outburst of XTE J1550−564. After taking into account a
1-day shift in their table 1, the first four of them correspond to our
last four detections. The last two, at slightly lower frequency, are
not in our final sample. An inspection of the PDS from those obser-
vations show that there is a feature, which our program detected at
a significance slightly lower than 3σ .

3.2 GRO J1655−40

This is the only other source of our sample with multiple overall
detections: four out of 11 single-trial detections (see Fig. 3). The
frequency of the QPO is also bimodal: between 273 and 313 Hz for
the low-frequency peak (Q between 3 and 4, rms slightly above 1
per cent) and 446 Hz for the high-frequency peak (Q = 12 and 6 per
cent rms). From Fig. 4 it is evident that all detections correspond
to the ‘anomalous state’ at very high fluxes (see Belloni 2010). The
PDS is also typical of that state. As in the case of XTE J1550−564,
the HID points are distributed along a diagonal line. Overall, the
four detections with high significance after correction for number of
trials show quite a range of frequencies: 274, 290, 313 and 446 Hz.

Detections of HFQPO in the 1996 outburst of GRO J1655−40
were reported by Remillard et al. (1999). They detect six fea-
tures in single observations, in addition to the analysis of sets of
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in very broad weak excesses superimposed to the tail of a noise
component, which led to non-significant detections in our analysis.
Remillard et al. (2002a) do not report any parameter other than the
centroid frequency and Q values (from 1 to 15 from their fig. 7), and
it is therefore difficult to make a deeper comparison. Remillard et al.
(2002a) claim detections at 4σ level, but they give no indication as
to how they estimated the significance.

Miller et al. (2001) report six detections of HFQPO from the
2000 outburst of XTE J1550−564. After taking into account a
1-day shift in their table 1, the first four of them correspond to our
last four detections. The last two, at slightly lower frequency, are
not in our final sample. An inspection of the PDS from those obser-
vations show that there is a feature, which our program detected at
a significance slightly lower than 3σ .

3.2 GRO J1655−40

This is the only other source of our sample with multiple overall
detections: four out of 11 single-trial detections (see Fig. 3). The
frequency of the QPO is also bimodal: between 273 and 313 Hz for
the low-frequency peak (Q between 3 and 4, rms slightly above 1
per cent) and 446 Hz for the high-frequency peak (Q = 12 and 6 per
cent rms). From Fig. 4 it is evident that all detections correspond
to the ‘anomalous state’ at very high fluxes (see Belloni 2010). The
PDS is also typical of that state. As in the case of XTE J1550−564,
the HID points are distributed along a diagonal line. Overall, the
four detections with high significance after correction for number of
trials show quite a range of frequencies: 274, 290, 313 and 446 Hz.

Detections of HFQPO in the 1996 outburst of GRO J1655−40
were reported by Remillard et al. (1999). They detect six fea-
tures in single observations, in addition to the analysis of sets of
combined observations, obviously not comparable with our results.
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• Two main mechanism: 
relativistic motions and 
resonances models 

• Several models, but only seldom 
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centroid frequency and Q values (from 1 to 15 from their fig. 7), and
it is therefore difficult to make a deeper comparison. Remillard et al.
(2002a) claim detections at 4σ level, but they give no indication as
to how they estimated the significance.

Miller et al. (2001) report six detections of HFQPO from the
2000 outburst of XTE J1550−564. After taking into account a
1-day shift in their table 1, the first four of them correspond to our
last four detections. The last two, at slightly lower frequency, are
not in our final sample. An inspection of the PDS from those obser-
vations show that there is a feature, which our program detected at
a significance slightly lower than 3σ .

3.2 GRO J1655−40

This is the only other source of our sample with multiple overall
detections: four out of 11 single-trial detections (see Fig. 3). The
frequency of the QPO is also bimodal: between 273 and 313 Hz for
the low-frequency peak (Q between 3 and 4, rms slightly above 1
per cent) and 446 Hz for the high-frequency peak (Q = 12 and 6 per
cent rms). From Fig. 4 it is evident that all detections correspond
to the ‘anomalous state’ at very high fluxes (see Belloni 2010). The
PDS is also typical of that state. As in the case of XTE J1550−564,
the HID points are distributed along a diagonal line. Overall, the
four detections with high significance after correction for number of
trials show quite a range of frequencies: 274, 290, 313 and 446 Hz.

Detections of HFQPO in the 1996 outburst of GRO J1655−40
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it is therefore difficult to make a deeper comparison. Remillard et al.
(2002a) claim detections at 4σ level, but they give no indication as
to how they estimated the significance.
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2000 outburst of XTE J1550−564. After taking into account a
1-day shift in their table 1, the first four of them correspond to our
last four detections. The last two, at slightly lower frequency, are
not in our final sample. An inspection of the PDS from those obser-
vations show that there is a feature, which our program detected at
a significance slightly lower than 3σ .

3.2 GRO J1655−40

This is the only other source of our sample with multiple overall
detections: four out of 11 single-trial detections (see Fig. 3). The
frequency of the QPO is also bimodal: between 273 and 313 Hz for
the low-frequency peak (Q between 3 and 4, rms slightly above 1
per cent) and 446 Hz for the high-frequency peak (Q = 12 and 6 per
cent rms). From Fig. 4 it is evident that all detections correspond
to the ‘anomalous state’ at very high fluxes (see Belloni 2010). The
PDS is also typical of that state. As in the case of XTE J1550−564,
the HID points are distributed along a diagonal line. Overall, the
four detections with high significance after correction for number of
trials show quite a range of frequencies: 274, 290, 313 and 446 Hz.

Detections of HFQPO in the 1996 outburst of GRO J1655−40
were reported by Remillard et al. (1999). They detect six fea-
tures in single observations, in addition to the analysis of sets of
combined observations, obviously not comparable with our results.
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centroid frequency and Q values (from 1 to 15 from their fig. 7), and
it is therefore difficult to make a deeper comparison. Remillard et al.
(2002a) claim detections at 4σ level, but they give no indication as
to how they estimated the significance.
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2000 outburst of XTE J1550−564. After taking into account a
1-day shift in their table 1, the first four of them correspond to our
last four detections. The last two, at slightly lower frequency, are
not in our final sample. An inspection of the PDS from those obser-
vations show that there is a feature, which our program detected at
a significance slightly lower than 3σ .

3.2 GRO J1655−40

This is the only other source of our sample with multiple overall
detections: four out of 11 single-trial detections (see Fig. 3). The
frequency of the QPO is also bimodal: between 273 and 313 Hz for
the low-frequency peak (Q between 3 and 4, rms slightly above 1
per cent) and 446 Hz for the high-frequency peak (Q = 12 and 6 per
cent rms). From Fig. 4 it is evident that all detections correspond
to the ‘anomalous state’ at very high fluxes (see Belloni 2010). The
PDS is also typical of that state. As in the case of XTE J1550−564,
the HID points are distributed along a diagonal line. Overall, the
four detections with high significance after correction for number of
trials show quite a range of frequencies: 274, 290, 313 and 446 Hz.

Detections of HFQPO in the 1996 outburst of GRO J1655−40
were reported by Remillard et al. (1999). They detect six fea-
tures in single observations, in addition to the analysis of sets of
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E.g. 

Relativistic precession model (Stella & Vietri 1999); 
modified relativistic precession model (Bursa 2006);  

Non-linear resonance model (Aliev & Gal’tsov 1981); 
keplerian non-linear resonance model (Abramowicz & 
Kluzniak 2004), warped-disk model (Kato 2004)



Models can be tested:  
the Relativistic Precession Model

• The RPM associates three frequencies - 
orbital, periastron precession and 
nodal precession - to three QPOs.

Stella & Vietri 1998, Stella et al. 1999

upper 
HFQPO

lower 
HFQPO

type-C 
QPO

Motta et al. 2014a,b; Ingram & Motta 2014



RPM Field testing

• GRO J1655-40:  
3 simultaneous QPOs 
and a dynamical 
measurement of  the mass 

• XTE J1550-564:  
2 simultaneous QPOs 
and a dynamical 
measurement of  the mass
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 Oscillating, Precessing torus model 
Field Testing
QPOs from Oscillating, Precessing Hot, Thick Flow 5

radial epicyclic and plus modes), νL = ν2,0 and νU = ν5,0 (i.e.
m = 0 vertical epicyclic and breathing modes), or νL = ν1,−1 and
νU = νK (i.e. the m = −1 radial epicyclic mode and Keplerian fre-
quency). The observation of three simultaneous QPOs then allows
us to constrain three of the model parameters. Formally, the model
has five free parameters: the black hole mass and spin, the inner
and outer radius of the hot, thick flow, and the polytropic index of
the gas. This means the model is under-constrained. To proceed, we
would like to fix the mass of the black hole in GRO J1655-40. We
choose to use 5.4±0.3M⊙ (Beer & Podsiadlowski 2002), consistent
with the value used in Motta et al. (2014a). However, our model
can also be made to fit with other values, such as the 6.3 ± 0.5M⊙
of Greene, Bailyn & Orosz (2001). We also find that our model is
rather insensitive to the polytropic index, except that the breathing
and vertical epicyclic modes only have a frequency ratio close to
3:2 for a relativistic gas (n = 3), so we restrict ourselves to this
value.

We saw in Section 2.4 that the plus and radial epicyclic modes
have a frequency ratio close to 1.5 for a fairly broad range of values
of rout, so we start by considering those two modes (i.e. νU = ν4,0
and νL = ν1,0), along with the precession frequency (νC = ν2,−1).
However, in doing so, we are unable to fit the three simultaneous
QPOs (νC = 17.3 ± 0.1 Hz, νL = 298 ± 4 Hz, and νU = 441 ± 2 Hz)
for any choices of a∗, rin, rout, and n. The trouble is that the plus and
radial epicyclic modes produce too low frequencies to match νU and
νL, unless the torus is quite slender and the spin is quite high (see
Fig. 9 of Blaes, Arras & Fragile 2006). However, under these con-
ditions, the precession frequency greatly exceeds that of the type-C
QPO (see Fig. 3 of Ingram, Done & Fragile 2009). Some sign of
this can be seen in our own Figure 2, where the plus mode only
reaches ν4,0 ≈ 300 Hz, while the radial epicyclic mode never rises
above ν1,0 ≈ 200 Hz. It is worth noting that these limits only ap-
ply for axisymmetric models (m = 0). Non-axisymmetric modes
(m > 0) behave qualitatively similar as the axisymmetric modes
but are able to reach much higher frequencies and will be studied
further in future work.

For the breathing and vertical epicyclic modes (i.e. νU = ν5,0
and νL = ν2,0), we are able to find a satisfactory fit for the three
simultaneous QPOs using the following model parameters (with
n = 3): a∗ = 0.63 ± 0.12, rin = 6.5 ± 0.6rg, and rin + 0.2 !
rout/rg ! rin + 2.9. Those are roughly the 1σ uncertainties, ob-
tained by varying one model parameter at a time. The breathing
and vertical epicyclic modes are critical for constraining the size
and location of the torus (note, for example, their strong depen-
dence on rout in Fig. 2), while the precession mode carries most
of the dependence on spin. Our value for the dimensionless spin is
consistent with the value obtained from X-ray spectral fitting of the
thermally-dominant state [a∗ = 0.65-0.75 (Shafee et al. 2006)], but
not with the higher values obtained from Fe-line reflection fitting
[a∗ = 0.94-0.98 (Miller et al. 2009); a∗ = 0.9 (Reis et al. 2009)].
Our value for rin places the inner edge of the torus outside of rISCO.
This may be consistent, if the flow is tilted, as simulations of tilted,
hot, thick flows exhibit a disk truncation radius of rin ≈ 6rg, regard-
less of black hole spin (Fragile 2009; Dexter & Fragile 2011).

We can also fit the GRO J1655-40 data using the Keplerian
and m = −1, radial epicyclic modes (i.e. νU = νK and νL = ν1,−1).
In this case, the model requires a much lower black hole spin:
a∗ = 0.29 ± 0.03. It also requires the torus to lie closer to the black
hole: rin = 5.3 ± 0.3; with rin + 0.3 ! rout/rg ! rin + 1.5. Thus,
although this set of modes can fit the simultaneous observations of
the three QPOs, it does so with a very different torus configuration
than the breathing/vertical epicyclic mode combination and a black

Figure 4. Breathing mode (top, red), vertical epicyclic mode (middle,
green), and precession frequency (bottom, blue) plotted against the preces-
sion frequency for a model with MBH = 5.4M⊙ , a∗ = 0.63, rin = 6.5rg,
and n = 3. The outer radius, rout, is allowed to vary, thus producing the
range of frequencies. The torus modes can only be accurately estimated for
slightly non-slender tori (solid lines). We extrapolate the vertical epicyclic,
ν2, and precession frequencies to lower frequencies (dotted line) for illus-
tration. QPO data from Motta et al. (2014a) are included, with the QPO
frequencies plotted against the type-C QPO.

hole spin that is inconsistent with most other estimates. Future ob-
servations may be able to use these distinctions to favor one set of
modes over the other.

3.2 Extending the Model to Lower Frequencies

In the simplest implementation of our model, we assume that all of
its parameters remain fixed for a given source, except for the trun-
cation radius, rout, between the cold, thin disk and the hot, thick
flow. As a given outburst proceeds, all of the evolution in the QPO
frequencies is then controlled directly by the change of rout. To ex-
plore how this works, we now fix all of the parameters for GRO
J1655-40, except rout, using the results of Section 3.1 for the breath-
ing/vertical epicyclic mode pair (i.e. MBH = 5.4M⊙, a∗ = 0.63,
rin = 6.5rg, and n = 3). As a reminder, because Equation 1 is based
on Taylor expansions about the slender torus solution, we can not
extend our model to arbitrarily large tori. For this reason, we are
unable to directly apply our model to the broad Lorentzian compo-
nents seen at ν < 40 Hz. This would require a more general solu-
tion of (non-slender) torus oscillation modes or else direct numer-
ical simulations. Nevertheless, we show in Figure 4 that a simple
extrapolation of the vertical epicyclic mode (ν2) to lower frequen-
cies passes through or quite close to most of the broad Lorentzian
features. We note that a similar extrapolation of the m = −1, ra-
dial epicyclic mode does not pass through the broad Lorentzian
features. Since the type-C QPO (νC) and precession frequencies
(νprec) are plotted against themselves in Figure 4, they, of course,
lie exactly on one another. It is important to emphasize that only a
single model parameter is varied to produce the full range of QPO
frequencies seen in this figure. It is remarkable that such a simple
model may be able to explain QPO observations spanning more
than two decades in total range. Only two of the broad Lorentzians,
the ones at ν = 155 and 166 Hz, are left unexplained by our model.
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Take home message n.2

• HFQPOs are very rare in black hole binaries  
(but very common in neutron star binaries) 

• They appear only at very high luminosities 

• Their frequencies are close enough to the 
keplerian values.  

• We need to test the models! 

• You can do amazing things with  
X-ray timing and QPOs! …if you understand 

them…



Thank you!


