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Not so simple...

Accretion flows in XRB 37

Fig. 20 Left: Extreme very high-state spectrum (a) merging smoothly onto less Comptonized very high (b)
and then into a soft-state spectrum (c). All data taken from XTE J1550-564. Right: A range of geometries
which can smoothly connect between extreme very high and soft states

Fig. 21 Left: hard-state spectrum (a) merging smoothly onto less Comptonized very high state (b) and
then into an extreme very high-state spectrum (c) during the rapid rise to outburst. All data taken from XTE
J1550-564. Right: A range of geometries which can smoothly connect between the hard state and extreme
very high-state spectra

in these extreme very high state (Done and Kubota 2006), though there are substantial
uncertainties in the models of disc spectra at this point. Nonetheless, the range of very
high state geometries shown in Figs. 20 and 21 match all current constraints, and form
a bridge between the hard and soft states.

6 Spectral evolution

The previous sections outlined a physically motivated model in which spectral changes
(particularly the hard–soft spectral transition) are driven by a changing geometry.
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Accretion flows in XRB 21

Fig. 11 The soft component in the hard state. left panel: the disc in XTE J1118+480 at L/LEdd ∼ 10−3

(Chaty et al. 2003). Right panel: the disc in Cyg X-1 at L/LEdd = 0.02 (after Di Salvo et al. 2001). The disc
spectrum (red) is accompanied by a small tail to higher energies (brown), producing a soft excess which is
around 10% of the total soft emission and at somewhat higher temperature. The other components of the
model are thermal Comptonization (dark blue), smeared (green) and narrow (light blue) reflection

X-ray spectrum implies that the source is photon starved, with Lh/Ls≫ 1. However,
these broadband data also show that the soft spectrum is more complex than expected
from simple disc plus Comptonization and its (mainly neutral) reflection. There is
spectral curvature which can be modelled as an additional, higher temperature soft
component or as a slightly steeper power law which contains 5–10% of the total X-ray
power (Ebisawa et al. 1996; Di Salvo et al. 2001; Ibragimov et al. 2005 see Fig. 11;
Makishima et al. 2007). GX 339-4 also shows a similarly complex soft component in
the hard state (Wilms et al. 1999), as does GRO J1655-40 (Takahashi et al. 2007). The
origin of this is not well understood. It could be connected to a warm layer or hot spots
on the disc (Di Salvo et al. 2001), or to uncertainties in reflection modelling (Done and
Nayakshin 2001), or could be an artifact of intrinsic curvature of the Comptonized
continuum (such as can be produced by anisotropic Comptonization from a sphere
rather than planar geometry: Haardt and Maraschi 1993) or to time averaging over a
variable shape Comptonization component (Poutanen and Fabian 1999; Revnivtsev
et al. 1999). Whatever its origin, this component means that extracting the true disc
temperature from limited bandpass data is difficult. In general, a small, hot ‘disc’
spectrum is more likely to be indicating this unknown component than the true disc
spectrum. This may be the origin of the apparently untruncated disc seen in the hard
state in GX 339-4 (Miller et al. 2006, see Sect. 4.3 below).

The hard X-ray continuum is seen together with some reflected emission from the
accretion disc which is generally not highly ionized. Both the solid angle subtended
by this reflecting material and the amount of relativistic smearing increase as the hard
state spectrum steepens (e.g. Gilfanov et al. 1999) although there is some systematic
uncertainty in the amount of reflection which is produced due to the poorly understood
spectral curvature of the complex soft excess (Ibragimov et al. 2005). However, the
trend for an increasing reflected fraction with steeper spectra is plainly qualitatively
consistent with the geometries sketched in Fig. 10 where the increasing penetration
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Figure 4. Sample of PCA (upper panel) and rms (lower panel)
spectra used in this study. Although the PCA spectrum changes
considerably, the spectrum of the rapid variability show much less
alteration.

in Revnivtsev et al 2006). This would be expected if both
originate in a common physical region. There is perhaps a
hint that the variability spectra turn down more sharply
towards lower energies, but our data do not allow us to test
whether this is a real effect. We note that the close similarity
between the spectra ensures that any possible contribution
from the QPO, despite our conservative limit of 10 Hz, does
not affect the shape of the rapid variability spectra.

The rms spectra of the QPO were modelled in detail by
Sobolewska & Zycki (2006). In contrast to the approch here,
they used reflection models to fit the shape of these spectra.
However, our more sophisticated reflection models clearly
show that there is very little reflection in the fast variability
spectra, hence it seems likely that the QPO rms spectra are
similarly from Comptonised emission rather than reflection.

5 DISCUSSION

Putting our results into the general picture of the geometry
of the accretion flow, we find that they point to an inhomo-
geneous geometry. This is particularly evident in the softer
observations where the time averaged spectra both show
strong signs of reflection and require a blackbody compo-
nent. It is thus clear that they contain a strong contribution

from an accretion disc. The absence of a blackbody compo-
nent in the variability spectrum strengthens the case that
the variability arises not in the accretion disc but in the
more stratified regions of the accretion flow (consistent with
results by Revnivtsev et al. 1999). The fact that the Comp-
tonized spectrum of the rms is harder than the continuum
and also contains significantly less reflection further suggests
that the variability arises in a region of this flow not seeing
very much of the accretion disc (i.e. where the accretion disc
subtends a very small effective solid angle as seen from the
variable plasma). This points to its origin being the hot inner
flow close to the black hole rather than e.g. a corona above
the disc. We can thus think of the entire Comptonized con-
tinuum as being a blend of the spectrum from the entire hot
flow/corona that in the very high state is quite complicated.
If we assume that the disc in this state penetrates into the
hot inner flow, we have regions of more or less overlap with
different 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 Fig. 6 we sketch a picture of our preferred ge-
ometry and origin of the fast variability. This framework
also explains the observed hard time lags seen in black hole
binary systems (see, e.g., Miyamoto & Kitamoto 1989). If
the variability arises in the outer (softer) regions and prop-
agates inwards where the hard emission is produced, such
lags are naturally produced (Kotov et al. 2001).

The differences between continuum and rms spectra are
not as great in the harder observations. However, time lags
are present also in these states which leads us to conclude an
inhomogeneous geometry here as well. In the past there have
been several proposed scenarios assuming a homogeneous ge-
ometry. For example, Poutanen & Fabian (1999) present a
model where variability in the Comptonized spectrum is in-
troduced by compact magnetic flares. They are successfully
able to reproduce the observed time lags of Cygnus X-1, yet
while they do not explicitly show an rms spectrum, looking
at the continuum spectral evolution one can see that the
variability would have a dip around 10-15 keV. In contrast
our data show that this is not the case - rather, we see a
peak in this energy band. At frequencies above 10 Hz, the
time lags are typically very small, with the hard energies
lagging the soft by ≤ 2 ms (Nowak et al. 1999). Even such
a small time lag could in principle introduce a small bias
in our fit parameters of the rms spectrum; however, any
model needs also to predict the observed shape of the rms
spectrum. We do not see any way to match both time lags
and the rms spectra within the framework of a homogeneous
geometry, and even further difficulties for such a geometry
were recently presented by Veledina et al. (2012).

In addition to being able to pinpoint the origin of the
fast variability, our analysis also says something important
about the complexity of the continuum X-ray spectrum of
black holes. The absence of blackbody, lower reflection and
less variability aside, our results show that the shape of the
variability does not match the overall continuum Comp-
tonized shape of the continuum. The variable part of the
spectrum thus does not represent the whole Comptonized
region, only a part of it, and thus the Comptonized com-
ponent we see in the continuum spectrum cannot represent
one uniform region but rather a superposition of at least two
(one variable at high frequencies and one not). The differ-
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Figure 2. Example spectra (data and model components) from XTE
J1550−564. The solid black spectrum shows a fit to the total continuum
3–20 keV PCA spectrum. The black dashed lines represent the Comp-
tonized component, the dotted line the reflection and the dot–dashed line
the disc blackbody, only required in the softer states (lower panel). The
lower-normalization red spectrum shows a fit to the spectrum of the fast
variability. This spectrum requires less reflection and does not require any
thermal (blackbody) component.

In Fig. 5 we show a spectral fit to the PCA spectrum (left-hand
column), the PDS from the observation (middle column) and the
energy spectrum of the rapid variability (right-hand column). The
two rows correspond to ObsIDs 30188-06-01-02 (top) and 30188-

06-08-00 (bottom), respectively. The right-hand column also shows
the spectrum of the QPO.

It is clear that the QPO spectrum is quite similar to that of the
rapid variability (see also the neutron star spectra in Revnivtsev
& Gilfanov 2006). This would be expected if both originate in a
common physical region. There is perhaps a hint that the variability
spectra turn down more sharply towards lower energies, but our
data do not allow us to test whether this is a real effect. We note that
the close similarity between the spectra ensures that any possible
contribution from the QPO, despite our conservative limit of 10 Hz
does not affect the shape of the rapid variability spectra.

The rms spectra of the QPO were modelled in detail by
Sobolewska & Życki (2006). In contrast to the approach here, they
used reflection models to fit the shape of these spectra. However,
our more sophisticated reflection models clearly show that there is
very little reflection in the fast variability spectra, hence it seems
likely that the QPO rms spectra are similarly from Comptonized
emission rather than reflection.

5 D ISCUSSION

It has long been clear that the accretion flow is inhomogeneous,
with components from a disc and corona. However, our results
point to inhomogeneity also within the coronal emission itself, with
different Comptonization spectra produced in different regions of
the flow (see also Revnivstev, Gilfanov & Churazov 1999; Veledina,
Poutanen & Vurm 2013).

This is particularly evident in the softer observations. The time-
averaged spectra clearly show strong reflection and a strong disc
component in addition to the Comptonization continuum. The fast
variability spectrum lacks the reflection and direct disc emission,
showing that the variability arises in a region of the corona where
the disc subtends a small solid angle. However, the fast variability
spectrum is not simply that of the time-averaged Comptonization
spectrum, as would be expected if the corona was homogeneous. In-
stead, the fast variability spectrum is harder than the time-averaged
Comptonization continuum. The variable part of the spectrum thus
does not represent the whole Comptonized region, only a part of it,
and the Comptonized component we see in the time-averaged spec-
trum cannot represent one uniform region but rather a superposition
of at least two regions (one variable at high frequencies and one not).
The different hardness and absence of reflection points to the vari-
able part being physically separated from the other Comptonized
region/regions (see also Yamada et al. 2013).

Figure 3. Comparison of disc blackbody (left-hand panel), amount of reflection (middle panel) and spectral index ! (right-hand 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, the left-hand
panel shows upper limits plotted against the strength of the blackbody that would be expected if simply scaling down the continuum spectrum to the level of
the rms spectrum.
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Figure 6.5: Spectral states and accretion geometries of Cygnus X-3. a: Spectral
energy distribution showing unabsorbed (solid lines) and absorbed (dashed lines)
spectral models from Paper VI. b: Proposed accretion geometries for the range of
spectral states including radio behaviour. The non-thermal electron contribution
is shown as blue stars.

warped disc. Such a geometry has to be symmetrical with respect to the
compact object, not to cause any significant spectral changes related to the
orbital phase, which are not observed.

6.5.3 Spectral states in Cyg X-3

Fig. 6.5a shows the best fit spectral models for the range of spectral states
in Cyg X-3 as observed by RXTE and presented in Paper VI. A summary
of the main characteristics of the interpretation of each state is given below.
We use the classification of the spectral states from Paper VI. Fig. 6.5b
shows the proposed accretion geometries in each spectral state, based on
the modelling in Paper VI. The cartoon figure shows the radius of the inner
disc and the relative size and importance of the hot (thermal) inner flow as
well as the non-thermal electron contribution and also the radio behaviour.

The hard state
The hard state of Cyg X-3 differs from the canonical hard state, as seen in
e.g. Cyg X-1, in that it peaks at much lower energies, ∼ 20 keV. Due to
the very strong similarity of the shape of the hard and soft state spectra at
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Figure 1. Top panel shows fits to the time-averaged spectrum (black) and QPO (red). The second panel shows the ratio of the QPO spectrum (red) to the
model fit in the upper panel, showing that the model describes the data well. Further down, the third panel shows the ratio between the QPO spectrum and the
best-fitting model for the rapid variability (blue), showing their similarity. The fourth panel shows the ratio of the QPO spectrum (green) to the time-averaged
continuum. There is a clear drop at low energies when the disc dominates, showing that the QPO does not modulate the disc emission. The bottom panel shows
the ratio when comparing the QPO spectrum to only the Comptonized component from the time-averaged continuum (orange). The QPO is subtly harder than
the time-averaged Comptonized emission, by an increasing amount as the spectrum softens.

are unable to constrain it in the power spectrum above ∼12 Hz.
Interestingly, in the hardest observations it is seen up to somewhat
higher energies (first two spectra in Fig. 2).

The harmonic is well fitted by the same model components (red
points, top and second panel), but with very different parameters
(Table 1). The harmonic is noticeably steeper than the rapid variabil-
ity (blue points), and is not so different to the total spectrum (green
points), although there is still a drop at energies corresponding to the
disc emission, again signalling that the direct disc emission is not be-
ing modulated (see also Table 1). Instead, the ratio of the harmonic
to the Compton spectrum alone (orange, bottom panel) shows that
the harmonic is systematically softer than the Comptonized compo-
nent of the time-averaged spectrum. More subtly, Table 1 also hints
that there could be more reflection in the harmonic than in the QPO.

Thus, it is clear that the harmonic arises in a different envi-
ronment 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 subtends a larger solid
angle.

3.3 Limitations of the spectral fits

While the fit statistics show that the fits are generally good, the
residuals of the fits in the softer states hint that there may still be
details not fully captured by our model. We tied the Comptonization
seed photon temperature to be the same as that of the observed disc

component seen in the average spectrum, yet the suggested geome-
try for the softer states has the inner disc extending underneath the
outer parts of the corona. The corona is translucent, with optical
depth ∼1–2, so photons from the disc underneath the corona are
not observed as they are all Compton scattered. Thus, these form
the predominant source of seed photons, and are higher temper-
ature than the observed disc emission which comes from further
out in the disc (see Done & Kubota 2006 for a detailed discus-
sion of this). We can find better fits by allowing the seed photon
temperature in the corona to be higher than that of the observed
disc emission. However, this seed photon temperature cannot be
easily constrained from the time average spectrum alone as the ob-
served disc overlaps the energy band of the downturn. The lack
of a strong disc component in the QPO spectra means that these
are more sensitive to the seed photon energy of the comptonized
emission than the corresponding time average spectra. However, the
QPO spectra are of limited quality – there are only 13 data points
in each spectrum – and hence they cannot reasonably constrain
the seed photon temperature as well as the amount of reflection,
Compton spectral index and normalization of the disc and Compton
components.

We explore possible consequences of this limitation by stepwise
increasing the seed photon temperature for the time-averaged and
QPO spectra (always using the same value for both data sets).
We find that this indeed allows us to find fits where the residuals
seen in Fig. 1 mostly disappear. The resulting parameters show
very similar trends to those presented above, in that the Compton
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that there could be more reflection in the harmonic than in the QPO.

Thus, it is clear that the harmonic arises in a different envi-
ronment 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 subtends a larger solid
angle.

3.3 Limitations of the spectral fits

While the fit statistics show that the fits are generally good, the
residuals of the fits in the softer states hint that there may still be
details not fully captured by our model. We tied the Comptonization
seed photon temperature to be the same as that of the observed disc

component seen in the average spectrum, yet the suggested geome-
try for the softer states has the inner disc extending underneath the
outer parts of the corona. The corona is translucent, with optical
depth ∼1–2, so photons from the disc underneath the corona are
not observed as they are all Compton scattered. Thus, these form
the predominant source of seed photons, and are higher temper-
ature than the observed disc emission which comes from further
out in the disc (see Done & Kubota 2006 for a detailed discus-
sion of this). We can find better fits by allowing the seed photon
temperature in the corona to be higher than that of the observed
disc emission. However, this seed photon temperature cannot be
easily constrained from the time average spectrum alone as the ob-
served disc overlaps the energy band of the downturn. The lack
of a strong disc component in the QPO spectra means that these
are more sensitive to the seed photon energy of the comptonized
emission than the corresponding time average spectra. However, the
QPO spectra are of limited quality – there are only 13 data points
in each spectrum – and hence they cannot reasonably constrain
the seed photon temperature as well as the amount of reflection,
Compton spectral index and normalization of the disc and Compton
components.

We explore possible consequences of this limitation by stepwise
increasing the seed photon temperature for the time-averaged and
QPO spectra (always using the same value for both data sets).
We find that this indeed allows us to find fits where the residuals
seen in Fig. 1 mostly disappear. The resulting parameters show
very similar trends to those presented above, in that the Compton
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Figure 1. Top panel shows fits to the time-averaged spectrum (black) and QPO (red). The second panel shows the ratio of the QPO spectrum (red) to the
model fit in the upper panel, showing that the model describes the data well. Further down, the third panel shows the ratio between the QPO spectrum and the
best-fitting model for the rapid variability (blue), showing their similarity. The fourth panel shows the ratio of the QPO spectrum (green) to the time-averaged
continuum. There is a clear drop at low energies when the disc dominates, showing that the QPO does not modulate the disc emission. The bottom panel shows
the ratio when comparing the QPO spectrum to only the Comptonized component from the time-averaged continuum (orange). The QPO is subtly harder than
the time-averaged Comptonized emission, by an increasing amount as the spectrum softens.

are unable to constrain it in the power spectrum above ∼12 Hz.
Interestingly, in the hardest observations it is seen up to somewhat
higher energies (first two spectra in Fig. 2).

The harmonic is well fitted by the same model components (red
points, top and second panel), but with very different parameters
(Table 1). The harmonic is noticeably steeper than the rapid variabil-
ity (blue points), and is not so different to the total spectrum (green
points), although there is still a drop at energies corresponding to the
disc emission, again signalling that the direct disc emission is not be-
ing modulated (see also Table 1). Instead, the ratio of the harmonic
to the Compton spectrum alone (orange, bottom panel) shows that
the harmonic is systematically softer than the Comptonized compo-
nent of the time-averaged spectrum. More subtly, Table 1 also hints
that there could be more reflection in the harmonic than in the QPO.

Thus, it is clear that the harmonic arises in a different envi-
ronment 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 subtends a larger solid
angle.

3.3 Limitations of the spectral fits

While the fit statistics show that the fits are generally good, the
residuals of the fits in the softer states hint that there may still be
details not fully captured by our model. We tied the Comptonization
seed photon temperature to be the same as that of the observed disc

component seen in the average spectrum, yet the suggested geome-
try for the softer states has the inner disc extending underneath the
outer parts of the corona. The corona is translucent, with optical
depth ∼1–2, so photons from the disc underneath the corona are
not observed as they are all Compton scattered. Thus, these form
the predominant source of seed photons, and are higher temper-
ature than the observed disc emission which comes from further
out in the disc (see Done & Kubota 2006 for a detailed discus-
sion of this). We can find better fits by allowing the seed photon
temperature in the corona to be higher than that of the observed
disc emission. However, this seed photon temperature cannot be
easily constrained from the time average spectrum alone as the ob-
served disc overlaps the energy band of the downturn. The lack
of a strong disc component in the QPO spectra means that these
are more sensitive to the seed photon energy of the comptonized
emission than the corresponding time average spectra. However, the
QPO spectra are of limited quality – there are only 13 data points
in each spectrum – and hence they cannot reasonably constrain
the seed photon temperature as well as the amount of reflection,
Compton spectral index and normalization of the disc and Compton
components.

We explore possible consequences of this limitation by stepwise
increasing the seed photon temperature for the time-averaged and
QPO spectra (always using the same value for both data sets).
We find that this indeed allows us to find fits where the residuals
seen in Fig. 1 mostly disappear. The resulting parameters show
very similar trends to those presented above, in that the Compton
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Figure 1. Top panel shows fits to the time-averaged spectrum (black) and QPO (red). The second panel shows the ratio of the QPO spectrum (red) to the
model fit in the upper panel, showing that the model describes the data well. Further down, the third panel shows the ratio between the QPO spectrum and the
best-fitting model for the rapid variability (blue), showing their similarity. The fourth panel shows the ratio of the QPO spectrum (green) to the time-averaged
continuum. There is a clear drop at low energies when the disc dominates, showing that the QPO does not modulate the disc emission. The bottom panel shows
the ratio when comparing the QPO spectrum to only the Comptonized component from the time-averaged continuum (orange). The QPO is subtly harder than
the time-averaged Comptonized emission, by an increasing amount as the spectrum softens.

are unable to constrain it in the power spectrum above ∼12 Hz.
Interestingly, in the hardest observations it is seen up to somewhat
higher energies (first two spectra in Fig. 2).

The harmonic is well fitted by the same model components (red
points, top and second panel), but with very different parameters
(Table 1). The harmonic is noticeably steeper than the rapid variabil-
ity (blue points), and is not so different to the total spectrum (green
points), although there is still a drop at energies corresponding to the
disc emission, again signalling that the direct disc emission is not be-
ing modulated (see also Table 1). Instead, the ratio of the harmonic
to the Compton spectrum alone (orange, bottom panel) shows that
the harmonic is systematically softer than the Comptonized compo-
nent of the time-averaged spectrum. More subtly, Table 1 also hints
that there could be more reflection in the harmonic than in the QPO.

Thus, it is clear that the harmonic arises in a different envi-
ronment 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 subtends a larger solid
angle.

3.3 Limitations of the spectral fits

While the fit statistics show that the fits are generally good, the
residuals of the fits in the softer states hint that there may still be
details not fully captured by our model. We tied the Comptonization
seed photon temperature to be the same as that of the observed disc

component seen in the average spectrum, yet the suggested geome-
try for the softer states has the inner disc extending underneath the
outer parts of the corona. The corona is translucent, with optical
depth ∼1–2, so photons from the disc underneath the corona are
not observed as they are all Compton scattered. Thus, these form
the predominant source of seed photons, and are higher temper-
ature than the observed disc emission which comes from further
out in the disc (see Done & Kubota 2006 for a detailed discus-
sion of this). We can find better fits by allowing the seed photon
temperature in the corona to be higher than that of the observed
disc emission. However, this seed photon temperature cannot be
easily constrained from the time average spectrum alone as the ob-
served disc overlaps the energy band of the downturn. The lack
of a strong disc component in the QPO spectra means that these
are more sensitive to the seed photon energy of the comptonized
emission than the corresponding time average spectra. However, the
QPO spectra are of limited quality – there are only 13 data points
in each spectrum – and hence they cannot reasonably constrain
the seed photon temperature as well as the amount of reflection,
Compton spectral index and normalization of the disc and Compton
components.

We explore possible consequences of this limitation by stepwise
increasing the seed photon temperature for the time-averaged and
QPO spectra (always using the same value for both data sets).
We find that this indeed allows us to find fits where the residuals
seen in Fig. 1 mostly disappear. The resulting parameters show
very similar trends to those presented above, in that the Compton
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Figure 1. Top panel shows fits to the time-averaged spectrum (black) and QPO (red). The second panel shows the ratio of the QPO spectrum (red) to the
model fit in the upper panel, showing that the model describes the data well. Further down, the third panel shows the ratio between the QPO spectrum and the
best-fitting model for the rapid variability (blue), showing their similarity. The fourth panel shows the ratio of the QPO spectrum (green) to the time-averaged
continuum. There is a clear drop at low energies when the disc dominates, showing that the QPO does not modulate the disc emission. The bottom panel shows
the ratio when comparing the QPO spectrum to only the Comptonized component from the time-averaged continuum (orange). The QPO is subtly harder than
the time-averaged Comptonized emission, by an increasing amount as the spectrum softens.

are unable to constrain it in the power spectrum above ∼12 Hz.
Interestingly, in the hardest observations it is seen up to somewhat
higher energies (first two spectra in Fig. 2).

The harmonic is well fitted by the same model components (red
points, top and second panel), but with very different parameters
(Table 1). The harmonic is noticeably steeper than the rapid variabil-
ity (blue points), and is not so different to the total spectrum (green
points), although there is still a drop at energies corresponding to the
disc emission, again signalling that the direct disc emission is not be-
ing modulated (see also Table 1). Instead, the ratio of the harmonic
to the Compton spectrum alone (orange, bottom panel) shows that
the harmonic is systematically softer than the Comptonized compo-
nent of the time-averaged spectrum. More subtly, Table 1 also hints
that there could be more reflection in the harmonic than in the QPO.

Thus, it is clear that the harmonic arises in a different envi-
ronment 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 subtends a larger solid
angle.

3.3 Limitations of the spectral fits

While the fit statistics show that the fits are generally good, the
residuals of the fits in the softer states hint that there may still be
details not fully captured by our model. We tied the Comptonization
seed photon temperature to be the same as that of the observed disc

component seen in the average spectrum, yet the suggested geome-
try for the softer states has the inner disc extending underneath the
outer parts of the corona. The corona is translucent, with optical
depth ∼1–2, so photons from the disc underneath the corona are
not observed as they are all Compton scattered. Thus, these form
the predominant source of seed photons, and are higher temper-
ature than the observed disc emission which comes from further
out in the disc (see Done & Kubota 2006 for a detailed discus-
sion of this). We can find better fits by allowing the seed photon
temperature in the corona to be higher than that of the observed
disc emission. However, this seed photon temperature cannot be
easily constrained from the time average spectrum alone as the ob-
served disc overlaps the energy band of the downturn. The lack
of a strong disc component in the QPO spectra means that these
are more sensitive to the seed photon energy of the comptonized
emission than the corresponding time average spectra. However, the
QPO spectra are of limited quality – there are only 13 data points
in each spectrum – and hence they cannot reasonably constrain
the seed photon temperature as well as the amount of reflection,
Compton spectral index and normalization of the disc and Compton
components.

We explore possible consequences of this limitation by stepwise
increasing the seed photon temperature for the time-averaged and
QPO spectra (always using the same value for both data sets).
We find that this indeed allows us to find fits where the residuals
seen in Fig. 1 mostly disappear. The resulting parameters show
very similar trends to those presented above, in that the Compton
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Figure 1. Top panel shows fits to the time-averaged spectrum (black) and QPO (red). The second panel shows the ratio of the QPO spectrum (red) to the
model fit in the upper panel, showing that the model describes the data well. Further down, the third panel shows the ratio between the QPO spectrum and the
best-fitting model for the rapid variability (blue), showing their similarity. The fourth panel shows the ratio of the QPO spectrum (green) to the time-averaged
continuum. There is a clear drop at low energies when the disc dominates, showing that the QPO does not modulate the disc emission. The bottom panel shows
the ratio when comparing the QPO spectrum to only the Comptonized component from the time-averaged continuum (orange). The QPO is subtly harder than
the time-averaged Comptonized emission, by an increasing amount as the spectrum softens.

are unable to constrain it in the power spectrum above ∼12 Hz.
Interestingly, in the hardest observations it is seen up to somewhat
higher energies (first two spectra in Fig. 2).

The harmonic is well fitted by the same model components (red
points, top and second panel), but with very different parameters
(Table 1). The harmonic is noticeably steeper than the rapid variabil-
ity (blue points), and is not so different to the total spectrum (green
points), although there is still a drop at energies corresponding to the
disc emission, again signalling that the direct disc emission is not be-
ing modulated (see also Table 1). Instead, the ratio of the harmonic
to the Compton spectrum alone (orange, bottom panel) shows that
the harmonic is systematically softer than the Comptonized compo-
nent of the time-averaged spectrum. More subtly, Table 1 also hints
that there could be more reflection in the harmonic than in the QPO.

Thus, it is clear that the harmonic arises in a different envi-
ronment 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 subtends a larger solid
angle.

3.3 Limitations of the spectral fits

While the fit statistics show that the fits are generally good, the
residuals of the fits in the softer states hint that there may still be
details not fully captured by our model. We tied the Comptonization
seed photon temperature to be the same as that of the observed disc

component seen in the average spectrum, yet the suggested geome-
try for the softer states has the inner disc extending underneath the
outer parts of the corona. The corona is translucent, with optical
depth ∼1–2, so photons from the disc underneath the corona are
not observed as they are all Compton scattered. Thus, these form
the predominant source of seed photons, and are higher temper-
ature than the observed disc emission which comes from further
out in the disc (see Done & Kubota 2006 for a detailed discus-
sion of this). We can find better fits by allowing the seed photon
temperature in the corona to be higher than that of the observed
disc emission. However, this seed photon temperature cannot be
easily constrained from the time average spectrum alone as the ob-
served disc overlaps the energy band of the downturn. The lack
of a strong disc component in the QPO spectra means that these
are more sensitive to the seed photon energy of the comptonized
emission than the corresponding time average spectra. However, the
QPO spectra are of limited quality – there are only 13 data points
in each spectrum – and hence they cannot reasonably constrain
the seed photon temperature as well as the amount of reflection,
Compton spectral index and normalization of the disc and Compton
components.

We explore possible consequences of this limitation by stepwise
increasing the seed photon temperature for the time-averaged and
QPO spectra (always using the same value for both data sets).
We find that this indeed allows us to find fits where the residuals
seen in Fig. 1 mostly disappear. The resulting parameters show
very similar trends to those presented above, in that the Compton
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The physical origin of the LF QPO in BHBs 661

Figure 2. Fit of continuum spectrum and harmonic (top panel for each fit) along with residuals of the fit (red). Lower panels in each spectrum show the ratio
between the harmonic data and best-fitting models for the QPO (blue) and continuum (green). The harmonic is noticeably softer than the QPO and is not so
different from the total spectrum, although there is still a drop at energies corresponding to the disc emission, signalling that the direct disc emission is not
being modulated. The bottom panel shows the ratio when comparing the spectrum of the harmonic to only the Comptonized component from the continuum
(orange).

spectrum of the QPO is generally harder, and has less reflection
than that of the time average spectrum.

4 D ISCUSSION

Although there have been many proposed mechanisms for QPOs in
black hole binaries, these have focused mainly on how to match the
observed characteristic frequencies rather than the spectrum of
the QPO. Ingram et al. (2009) showed that vertical precession of the
entire hot inner flow, as seen in the numerical simulations of Fragile
et al. (2007), could provide a mechanism for both the frequency
and spectrum of the QPO. Precession of the hot flow imprints the
modulation on to the spectrum of the hot flow, naturally explain-
ing the similarity between the QPO spectrum and the Comptonized
emission in the continuum spectrum, and the lack of disc in the
QPO.

This model can also be extended to encompass the broad-band
variability as well as the QPO (Ingram & Done 2011, 2012), by
propagating fluctuations down through the entire precessing hot
flow. This gives a framework in which to interpret the more subtle
features seen in the QPO spectrum, and in the spectra of the most
rapid variability (Paper I). The most rapid variability is only pro-
duced in the very inner region of the flow, while slower variability is
produced at larger radii, and propagates down to the inner regions.
All the hot flow within the truncated disc can precess vertically, but
the regions furthest 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. In the softest spectra seen here,
the disc probably extends underneath the outer parts of the corona,
preventing these regions from vertically precessing. Only the very
innermost parts of the flow can precess, and these have the fastest
stochastic variability and the hardest spectra.

This picture then explains the similarity of the QPO and rapid
variability. However, it can also explain the difference in spectrum
of the QPO and its harmonic. The harmonic is clearly softer than the
QPO, but again this is mostly a change in the Compton continuum
shape rather than in the amount of disc emission as the harmonic
contains little detectable disc component.

Instead, in the context of a Compton scattering slab viewed
at an angle θ , the observed flux can be well approximated by
(Pozdnyakov, Sobol & Sunyaev 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)

This approximation is fairly good even when I(θ ) is not well de-
scribed by (1 + bcos θ ) (Poutanen, private communication, see also
Pozdnyakov et al. 1983; Poutanen & Gierliński 2003). 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
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Figure 2. Fit of continuum spectrum and harmonic (top panel for each fit) along with residuals of the fit (red). Lower panels in each spectrum show the ratio
between the harmonic data and best-fitting models for the QPO (blue) and continuum (green). The harmonic is noticeably softer than the QPO and is not so
different from the total spectrum, although there is still a drop at energies corresponding to the disc emission, signalling that the direct disc emission is not
being modulated. The bottom panel shows the ratio when comparing the spectrum of the harmonic to only the Comptonized component from the continuum
(orange).

spectrum of the QPO is generally harder, and has less reflection
than that of the time average spectrum.

4 D ISCUSSION

Although there have been many proposed mechanisms for QPOs in
black hole binaries, these have focused mainly on how to match the
observed characteristic frequencies rather than the spectrum of
the QPO. Ingram et al. (2009) showed that vertical precession of the
entire hot inner flow, as seen in the numerical simulations of Fragile
et al. (2007), could provide a mechanism for both the frequency
and spectrum of the QPO. Precession of the hot flow imprints the
modulation on to the spectrum of the hot flow, naturally explain-
ing the similarity between the QPO spectrum and the Comptonized
emission in the continuum spectrum, and the lack of disc in the
QPO.

This model can also be extended to encompass the broad-band
variability as well as the QPO (Ingram & Done 2011, 2012), by
propagating fluctuations down through the entire precessing hot
flow. This gives a framework in which to interpret the more subtle
features seen in the QPO spectrum, and in the spectra of the most
rapid variability (Paper I). The most rapid variability is only pro-
duced in the very inner region of the flow, while slower variability is
produced at larger radii, and propagates down to the inner regions.
All the hot flow within the truncated disc can precess vertically, but
the regions furthest 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. In the softest spectra seen here,
the disc probably extends underneath the outer parts of the corona,
preventing these regions from vertically precessing. Only the very
innermost parts of the flow can precess, and these have the fastest
stochastic variability and the hardest spectra.

This picture then explains the similarity of the QPO and rapid
variability. However, it can also explain the difference in spectrum
of the QPO and its harmonic. The harmonic is clearly softer than the
QPO, but again this is mostly a change in the Compton continuum
shape rather than in the amount of disc emission as the harmonic
contains little detectable disc component.

Instead, in the context of a Compton scattering slab viewed
at an angle θ , the observed flux can be well approximated by
(Pozdnyakov, Sobol & Sunyaev 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)

This approximation is fairly good even when I(θ ) is not well de-
scribed by (1 + bcos θ ) (Poutanen, private communication, see also
Pozdnyakov et al. 1983; Poutanen & Gierliński 2003). 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
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FE(θ) ∝ I(θ)cosθ ≈ (1+bcosθ)cosθ = b/2+cosθ+b/2•cos2θ

b depends on optical depth - strongest harmonic furthest out!

Observed flux from Compton region:

Viironen & Poutanen (2004) 
Veledina et al. (2013)



GX 339-4

In  the  hardest  state,  there  is  no  harmonic.  In  the  softer  states,  it  is  only 
present at low energies.

Time-averaged spectrum (lower panels) in the softer states is not well-fit by 
disc, comptonisation and reflection. Additional component needed at lower 
energies (<15 keV). Parameters cannot be constrained by available data…

Preliminary!
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GX 339-4

Compare  the  QPO  to  the  time-averaged 
spectrum.

QPO spectrum behaviour similar to J1550: no 
disc component, very little spectral evolution.
Can be fit using Comptonisation+reflection

The harmonic behaviour is very different.  In 
the intermediate state it is similar to the QPO, 
but in softer states it is very different! Cannot 
be just a geometrical effect…

QPO

Harmonic

Preliminary!

QPO/Total

QPO/Comp+refl

Harm/QPO



The harmonic  spectrum is  very  similar  to  a  soft  (thermal)  Compton 
component. We can use this to constrain the extra component needed 
for the time-averaged spectra - very good fit!

The electron temperature of ~9 keV suggests that it arises at the edge of 
the hot inner flow. Doubling of frequency because of stabilizing disc?

Conclusion: The Comptonization region is inhomogeneous. 



Are we seeing two different mechanisms for the harmonic?

If so, does inclination play a role in which one we see? 



Conclusions

Fast timing can probe inner regions of the accretion 
flow, and thereby the properties of the black hole

Radiation spectra alone not enough to determine 
emission components.

Comptonization region(s) are inhomogeneous!

QPO spectra support precessing inner flow.

Harmonic could be angular dependence of flux from 
edge of Compton region, or oscillations from of the 
overlap region.



Thank you!


