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Abstract

The geometry of the inner accretion flow of X-ray binaries is complex, with multiple regions contributing
to the observed emission. Here we show that frequency-resolved spectroscopy is a powerful tool in breaking
this spectral degeneracy. We have extracted the spectra of both the strong low-frequency quasi-periodic
oscillation (QPO) and its harmonic in XTE J1550-564. We compare these to the time-averaged spectrum
and the spectrum of the rapid (< 0.1 s) variability, and interpret the results in the context of the truncated
disc model, where the inner disc is replaced by a hot flow. Our results support the picture where the
QPO arises from vertical (Lense-Thirring) precession of the entire hot inner flow, and its harmonic can
be produced by the angular dependence of Compton scattering within the hot flow. The different optical
depth with radius of the hot flow gives rise to different angular dependence of the Comptonised emission,
weighting the fundamental to the inner parts of the hot flow, and the harmonic to the outer. This is
the first model which can explain both the spectrum of the QPO, and its harmonic, in a self consistent
geometry.
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1. Introduction

It is clear that the accretion flow around black holes con-
sists of several different regions and geometries. The gen-
eral picture is a radially stratified flow, where a thin disc
at large radii is replaced by a more complex geometry
near the black hole (see Done et al. 2007 for a review).
The configuration of the flow is primarily a function of
accretion rate (scaled for the mass of the black hole), and
significant changes can be observed on timescales from
days to years. Spectral studies reveal the presence of
a hot plasma component, where energetic electrons can
Compton up-scatter the lower energy photons from the
disc. Some of the high-energy radiation is then reflected
into our line of sight by the accretion disc (Figure 1).

Information about the inner accretion flow can also
be obtained through studies of how the X-ray emission
varies in time. Each region of the accretion flow acts
as a low-pass filter, damping all variability faster than
the local viscous timescale. Of particular interest are
the low-frequency (0.1 to 10 Hz) quasi-periodic oscilla-
tions (QPOs) seen primarily at lower accretion rates.
Multiple potential models have been proposed for the
QPOs, falling mainly into two categories: those associ-
ated with geometrical misalignment of the accretion flow
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Fig. 1. Cartoon picture of the accretion flow. Near the black hole,
the accretion disc is truncated and replaced by a more complex
geometry. The different components can be seen in the spectrum.
Rapid variability is coupled to the region closest to the black hole.
Adapted from Axelsson et al. (2013).

and black hole spin (Stella & Vietri 1998, Fragile et al.
2001, Schnittman 2005, Ingram et al. 2009), and those
associated with wave models in the accretion flow (Wag-
oner et al. 2001, Titarchuk & Oscherovich 1999). Stud-
ies of energy-dependent variability have shown that both
the rapid variability and QPOs are tied predominantly
to the Comptonised emission rather than the disc (e.g.,
Churazov et al. 2001, Gilfanov et al. 2003, Sobolewska
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& Życki 2006). Yet the picture is likely complex, with
Comptonisation occurring in several different regions of
an inhomogeneous flow (e.g., Axelsson et al. 2013).

1.1. XTE J1550-564

The transient black hole binary XTE J1550-564 was dis-
covered on 1998 September 7 by the RXTE All-Sky Mon-
itor (ASM; Smith et al. 1998) and the CGRO Burst
and Transient Source Experiment (BATSE; Wilson et
al. 1998). This source has showed four subsequent out-
bursts since its discovery, but the first outburst remains
the brightest and best covered by RXTE pointing obser-
vations. The source displays the full range of canonical
states typically associated with black hole binaries.

The variability of XTE J1550-564 is similar to that of
other black hole binaries, and changes with the accretion
rate. The power density spectrum in the low/hard state
is characterized by strong aperiodic noise. The contin-
uum of the power spectrum can usually be approximated
as a broken power law with a flat power spectrum be-
low ∼ 1 Hz and a power spectrum that decreases with
frequency above the break. During the rising part of
an outburst, the PDS evolves with the break moving to
higher frequencies while the overall shape of the spec-
trum remains the same. XTE J1550-564 also exhibits a
strong low-frequency QPO (Cui et al. 1999, Remillard
et al. 2002). It is seen to vary in frequency in response
to changes in the radiation spectrum, coupled to varia-
tions in the accretion rate. The observations analyzed
here also show a strong harmonic of the QPO, with rms
ranging from 0.3-0.5 times that of the fundamental (Cui
et al. 1999).

2. The spectrum of rapid variability

To compare the total spectrum to that of the rapid
variability, Axelsson et al. (2013) performed frequency-
resolved spectroscopy (Revnivtsev et al. 1999, 2002). In
order to avoid contamination from either the QPO or
the harmonic, we chose the frequency range 10–50 Hz.
The spectral components studied were a disc blackbody,
thermal Comptonisation and Compton reflection.

The most obvious difference between the continuum
and the spectrum of the fast variability is in the strength
of the blackbody and the reflection component. While
the continuum spectra in all but the hardest states re-
quire a rather strong blackbody component, the major-
ity of the observations require that the normalization of
this component is set to zero in the variability spectrum.
The same is true for Compton reflection, which varies
between 0.4 and 0.7 for the continuum, but is lower than
0.2 for all the spectra of the fast variability and in the
cases with harder spectra consistent with zero reflection.
There are thus no signs of a disc in the spectrum of the
fast variability. Further, we note that the spectral index

Γ in all cases is significantly harder in the rms spectrum
than in the corresponding continuum spectrum. This
shows that the fast variability has its origin in a sep-
arate Comptonisation region where the plasma is more
photon starved than for the overall Comptonisation in
the source.

The differences between the rms and continuum spec-
tra are highlighted in Fig. 2. The figure contrasts the
behaviour of the disc blackbody, reflection and spectral
index of the two spectra. As the rms spectra do not
require any blackbody component, the upper limits are
plotted against the strength of the blackbody as would
be expected if simply scaling down the continuum spec-
trum (left panel of Fig. 2). When the continuum spec-
trum is hard, the contribution from the disc blackbody
is weak and the upper limits of the rms spectrum lie
above this level, indicating that such a weak component
could be present. However, in the softer states when
the disc component becomes more dominant, the upper
limits from the rms spectra clearly rule out any corre-
spondingly strong blackbody in the rms spectra. The two
other panels in Fig. 2 directly compare the strength of
reflection (middle panel) and spectral index (right panel)
derived from the fits.

3. The QPO and harmonic

Frequency-resolved spectroscopy has also been used to
study the energy spectrum of the QPO and its har-
monic (Axelsson et al. 2014). The results here show
that the QPO spectrum is always similar to that of the
rapid variability. The QPO spectrum is thus well de-
scribed by thermal Comptonisation with only a small
amount of reflection. Again similar to the rapid vari-
ability, there is no strong disc component in the QPO
spectrum. The fact that there is less disc and less reflec-
tion in the QPO spectrum means that to zeroth order
it is well described by the thermal Compton emission
alone. However, more careful comparison shows that this
changes during the outburst (Axelsson et al. 2014). The
QPO spectrum evolves from being consistent with the
Comptonised emission of the time averaged spectrum in
the hardest states, to being increasingly harder than the
time averaged spectrum as the source makes the transi-
tion. This again matches the behaviour seen in the rapid
variability spectrum, making it very likely that the QPO
and rapid variability arise in the same region of the ac-
cretion flow.

The same model components can be used to fit the
harmonic, but in a different configuration from that of
the QPO. The spectrum of the harmonic is more similar
to that of the continuum, although there is still no sign
of a disc component. This supports the signs from the
QPO spectrum that the disc emission is not being modu-
lated. Also different from the behaviour of the QPO, the
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Fig. 2. Comparison of disc blackbody (left panel), amount of reflection (middle panel) and spectral index Γ (right panel) between the
continuum and variability spectra. In all panels, the dashed line shows where the two are equal. As the rms spectra do not require any
blackbody component, left panel shows upper limits plotted against the strength of the blackbody that would be expected if simply scaling
down the continuum spectrum the level of the rms spectrum. From Axelsson et al. (2013).

harmonic is systematically softer than the Comptonised
component in the total spectrum. It is thus clear that
the harmonic arises in a different environment than the
QPO. The fact that the harmonic spectrum is softer than
the QPO and shows stronger signs of reflection points to
the harmonic arising further out in the flow, in a region
seeing more soft seed photons and where the disc sub-
tends a larger solid angle.

4. Origin of variability

The results can be combined into a general picture of the
geometry of the accretion flow. The time averaged spec-
tra show strong signs of reflection and require a black-
body component. It is thus clear that they contain a
strong contribution from an accretion disc. On the con-
trary, the absence of a blackbody component in the vari-
ability spectrum clearly indicates that the rapid variabil-
ity does not arise in the disc. The fact that the Comp-
tonised spectrum of the rms is harder than the contin-
uum and also contains significantly less reflection further
points to its origin being the hot inner flow close to the
black hole rather than a corona above the disc. We can
thus think of the entire Comptonised continuum as being
a blend of the spectrum from the entire hot flow/corona.
If we assume that the disc penetrates into the hot inner
flow, we have regions of more or less overlap with differ-
ent thickness etc. The rms spectrum, however, should
then represent only the region closest to the black hole,
that is far away from the disc and not strongly affected
by its presence. In Figure 3 we sketch a picture of our
preferred geometry and origin of the fast variability.

This picture is also consistent with the observed spec-
tral evolution. As the luminosity (and accretion rate)
increases, the spectra get softer and the blackbody and
reflection component stronger, a sign of the inner radius
of the disc moving in towards the black hole (lower pan-
els in Fig. 3). The variability spectra also show some
spectral evolution, but much less than the PCA data. In

particular, the spectrum of the rapid variability is con-
sistently harder than the corresponding PCA continuum
spectrum even if it also softens somewhat with increased
luminosity. The part of the emission that is variable is
thus less sensitive to the overall luminosity and whatever
gives rise to the variability less dependent on the accre-
tion rate and not very sensitive to a change in the amount
of seed photons. In our geometrical picture, this corre-
sponds to the region closest to the black hole (dashed
circle in Fig. 3).

A physical model for creating broad band variability
and QPOs in the framework of the disc truncation sce-
nario was presented by Ingram et al. (2009). They
showed that propagating mass accretion rate fluctua-
tions in the hot flow can match the broad band power
spectral properties seen. In this scenario, rapid vari-
ability is only produced in the inner regions of the flow,
while slower variability is produced at larger radii, and
propagates down to the inner regions. When the disc is
truncated, the flow inside can vertically precess due to
misalignment between the black hole spin and accretion
flow (Lense-Thirring precession). This global precession
is therefore a strong candidate to explain the QPO. The
picture hereby explains the similarity of the QPO and
rapid variability as they both arise from the same re-
gion.

The same picture can also explain the difference in
spectrum of the QPO and its harmonic. While the har-
monic is clearly softer than the QPO, this is mostly a
change in the Compton continuum shape rather than in
the amount of disc emission as the harmonic contains lit-
tle detectable disc component. In the simple picture of
seeing the precessing inner flow as a Compton scattering
slab viewed at an angle θ, the observed flux can be well
approximated by (Pozdnyakov et al. 1983, Viironen &
Poutanen 2004)

FE(θ) ∝ I(θ) cos θ ≈ (1 + b cos θ) cos θ =

= b/2 + cos θ + b/2 cos 2θ . (1)
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Fig. 3. Sketch of the emission regions around an accreting black
hole as the source evolves from a hard to very high state. As
the accretion rate increases, the inner edge of the disc moves
closer to the black hole (lower panels). The increased soft photon
input strongly affects the continuum spectrum, which becomes
significantly softer and shows increased reflection. The area of
rapid variability (dashed circle) is much less affected, and therefore
shows less variation.

This means that the relative strength of the harmonic
to QPO is set by |b|, which is dependent on the optical
depth (Pozdnyakov et al. 1983, Poutanen & Gierliński
2003). Lower optical depths give rise to larger |b|, so
produce stronger harmonics. All the hot flow within the
truncated disc can precess vertically, but the regions fur-
thest from the disc (i.e., closer to the centre) have harder
spectra and produce less reflection as they subtend a
smaller solid angle to the disc and are shielded from the
disc by the radial optical depth of the rest of the flow.
These regions have larger optical depth, so will domi-
nate the QPO. The harmonic will on the other hand be
strongest in the outer regions, so is expected to have a
softer spectrum and stronger reflection, in line with ob-
servations.

5. Conclusions

Using frequency-resolved spectroscopy we can isolate the
regions of rapid variability in black hole binaries. Com-
paring to the spectrum of rapid variability shows that

this corresponds to the innermost regions of the accre-
tion flow: the spectrum of the rapid variability requires
no thermal disc component, is significantly harder and
shows much less or no Compton reflection as compared
to the time-averaged spectrum. It also shows less evolu-
tion of its spectral shape with increasing accretion rate,
indicating less sensitivity to variations in the soft photon
input. The same technique can also be used to study the
QPO, and supports a physical origin in Lense-Thirring
precession of the entire hot inner flow. The difference in
spectra between the QPO and its harmonic can be ad-
ditionally explained if the flow is radially stratified, with
optical depth increasing towards the inner regions of the
flow as this weights the harmonic towards the outer re-
gions of the flow, where the spectrum is softer and pro-
duces more reflection.
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