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The observed power spectral shape 
depends on the energy band, and 
hence spectral component, we are 
looking at.
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through a disc (Roche-
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4.3 Emission states of black hole binaries 29

Fig. 4.8. Sample X–ray spectra of BHBs in the X–ray state for which the dominant
component is thermal emission from the accretion disk. The energy spectra (left)
are decomposed into a thermal component, which dominates below ∼10 keV (solid
line), and a faint power–law component (dashed line); GRS 1915+105 is modeled
with a cutoff power–law (see text). For two of the BHBs, an Fe line component is
included in the model (dotted line). The corresponding power spectra are shown
in the panels on the right.

(§4.2.2). This effect is reported in a study of LMC X–3 (Kubota et al. 2001) and
is illustrated in Figure 4.10. The measured disk flux and apparent temperature
successfully track the relation L ∝ T 4 (solid line) expected for a constant inner disk
radius. The figure also shows gross deviations from this relation associated with the
VH state of GRO J1655–40, a topic that is addressed below in §4.3.7.

Because of the successes of the simple MCD model, the inner disk radius has
been used to provide a type of spectroscopic parallax. In principle, the inner disk
radius can be deduced for those sources for which the distance and disk inclination
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Fig. 4.9. Left panels: Sample X–ray spectra of BHCs in the TD X–ray state. In the
panels on the left, the energy spectra are shown deconvolved into a thermal com-
ponent due to the accretion disk (solid line) and a power–law component (dashed
line). The corresponding power spectra are shown in the right half of the figure.

are well constrained from the disk normalization parameter, (Rin/D)2 cosθ, where
Rin is the inner disk radius in kilometers, D is the distance to the source in units
of 10 kpc, and θ is the inclination angle of the system (e.g., Arnaud & Dorman
2002). However, the MCD model is Newtonian, and the effects of GR and radiative
transfer need to be considered. GR predicts a transition from azimuthal to radial
accretion flow near RISCO, which depends only on mass and spin and ranges from
1− 6Rg for a prograde disk (§4.1.5). Therefore, for a system with a known distance
and inclination, in principle it may be possible to estimate the spin parameter via
an X–ray measurement of the inner radius and an optical determination of the mass.
In lieu of a fully relativistic MHD model for the accretion disk, one could attempt
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4.3 Emission states of black hole binaries 33

Fig. 4.11. Sample spectra of BHBs in the hard state. The energy spectra are char-
acterized by a relatively flat power–law component that dominates the spectrum
above 1 keV. A second characteristic of the hard state is the elevated continuum
power in the PDS. This state is associated with the presence of a steady type of
radio jet (see text). The selected X–ray sources are the same BHBs shown in Fig-
ure 4.8. The individual spectral components include the power–law (dashed line)
and, if detected, the accretion disk (dotted line) and a reflection component (long
dashes).

it was determined that the inner disk radius and temperature for the MCD model
were >

∼100 Rg and ≈ 0.024 keV, respectively (McClintock et al. 2001b). Somewhat
higher temperatures (≈ 0.035–0.052 keV) have been inferred from observations using
BeppoSAX (Frontera et al. 2003).

While it seems clear that the blackbody radiation appears truncated at a large
radius (∼100 Rg) in the hard state, the physical state of the hot material within this
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Figure 7 Sample RXTE/PCA 1-s light curves for six of the 12 classes defined in
Belloni et al. (2000).

events that cannot be interpreted in a thermal-viscous instability framework was
already pointed out by Taam et al. (1997), who analyzed a RXTE/PCA observation
of class ν. They showed that the difference between state A and state B can be
associated to a variation in the inner edge of the accretion disc, although of smaller
amplitude than that observed during state C. This picture is confirmed by a more
complete analysis by Migliari & Belloni (2003).

An analysis of time-resolved spectra from a large number of RXTE/PCA ob-
servations, together with timing analysis, was made by Muno et al. (1999), who
presented a number of correlations between spectral parameters and timing param-
eters. Vilhu & Nevalainen (1998) analyzed observations of class ρ and interpreted
through spectral fitting that the regular “ring” in the color-color diagram is due to
out-of-phase oscillations of different spectral parameters.

A full spectral analysis on a timescale of 16 s of the instability oscillations in
class-β observations showed that indeed the inner-disc radius estimated from the
disc blackbody component is larger during state A than during state B (Migliari &
Belloni 2003). Moreover, there is evidence for changes in the local accretion rate
through the disc during states C and B but not during state A, where inner-disc
temperature and radius change in a way that reflects a constant disc accretion rate
(see Figure 9).
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PDS of GRS 1915+105
requires its own 
classification scheme ➜ 
shows 12 variability 
classes 


XMM-Newton observations 
(2003 & 2004) during  
 χvariability class ≈ 
conventional “hard” state


!

band limited noise and 
quasi-periodic oscillation 
(+ upper harmonics)

Stiele & Yu, 2014, MNRAS, 441, 1177

Distinct soft and hard band PDS in GRS 1915+105 3
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Figure 1. Power density spectra of all five XMM-Newton observations in the 4.5 – 8 keV band. The best fit model is indicated by a solid line and the individual

components are given as dashed lines.

Kirsch et al. (2006). Background spectra have been extracted from

columns 3 to 5.

Energy spectra obtained form XMM-Newton EPIC-pn fast-

readout modes are known to be affected by gain shift due to Charge-

transfer inefficiency (CTI) which leads to an apparent shift of the

instrumental edges visible at low energies. This shift can be cor-

rected by applying the SAS task epfast to the data. However, ep-

fast is likely unsuited to do CTI corrections at higher energies at

present, as it applies an energy-independent correction, which leads

to an over-correction at higher energies. This leads to a striking dif-
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Figure 3. Power density spectra of the three RXTE observations in the 4.9

– 14.8 keV band. The best fit model is indicated by a solid line and the

individual components are given as dashed lines. The letter in the upper

right corner indicates the corresponding XMM-Newton observation.
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(4.9 - 14.8 keV)

RXTE

overall shape agrees 
between XMM and RXTE

4.5 - 8 keV  

Belloni et al. 2000, A&A, 355, 271

!
Reig et al. 2003, A&A, 412, 229; van Oers et al. 

2010, MNRAS, 409, 763

source highly absorbed 
below 1.5 keV Martocchia et al. 
(2006, A&A, 448, 677)

Fender & Belloni 2004, ARA&A, 42, 317
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PDS: Zoom in Low Energies
1.5 - 2.5 keV

decent fit with power law 

Stiele & Yu (2014, MNRAS 441, 1177)

1.5 - 2.5 keV

1.5 - 8 keV

Soft state 
type power 
spectrum

hard/IM 
state type 

power 
spectrum

using a ZC-Lorentzian break 
frequency at ∼0.45 Hz, while 
at ∼3.35 Hz in the 1.5 - 8 
keV band 

same observations; 
same state

similar result found for MAXI  
J 1659-152 based on Swift and 
RXTE data


!

!

!

!

fits into the picture of a  
relation between State C and 
the hard intermediate state

hard/IM 
state type 

power 
spectrum

Soft state 
type power 
spectrum

Yu & Zhang 2013, ApJ, 770, 135
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PDS in low hard state
4 H. Stiele, W. Yu

Figure 1. PDS of all eight observations in the soft (1 – 2 keV) and hard (4 – 8 keV) band. In observations where the characteristic frequency is at higher
frequencies, the power in the hard band is systematically higher than the power in the soft band in the overall frequency range.

tion. This showed that the added Lorentzian is not significant at all
(0.7 – 1.4 �).

In Fig. 4 we show the di↵erence in the characteristic fre-
quency between the hard and soft band, determined by �⌫max =

⌫max;4�8keV � ⌫max;1�2keV, versus the characteristic frequency in hard
band. As can be seen from Fig. 4 there is no clear correlation be-
tween the change of the characteristic frequency and the charac-
teristic frequency itself. Using the characteristic frequency in the
softer band instead of the one from the hard band on the x-axis leads
to a shift to lower frequencies by �⌫max for points with �⌫max > 0
and to higher frequencies for those with �⌫max < 0. In addition,
Fig. 4 also shows the relative changes of the characteristic fre-
quency, defined as �⌫/⌫max;4�8keV versus the characteristic frequency

in hard band. Again no clear correlation between the parameters
shown can be seen.

In addition to the energy dependence of the character-
istic frequency, we investigate the energy dependence of the
variability amplitude of the BLN. The rms spectra of all PDS
components are shown in Fig. 5. The BLN component with
the highest characteristic frequency (Ll) is indicated by (red)
crosses. In the observations of GX 339–4, H 1743–322, and the
September 2012 observation of Swift J1753.5–0127 this compo-
nent does not show a strong energy dependence and it is either
rather flat or slowly decreasing with increasing energy. This be-
haviour of the rms spectra has been observed in the hard state
observations presented in Gierliński & Zdziarski (2005). The

c� 2014 RAS, MNRAS 000, 1–11

sample of eight observations 
of 5 different BH XRBs 


two energy bands 1-2 keV 
and 4-8 keV

Energy dependence of BLN break frequency in BHXRBs 7

Figure 2. PDS of the 2004 (upper panel) and 2009 (lower panel) observa-
tions of GX 339-4 in the hard (4 – 8 keV) band to visualise the individual
components (dashed orange lines). They are named following the nomen-
clature used in Belloni et al. (2002) and Belloni & Stella (2014). The com-
ponent named Lq can be peaked (like in the upper panel) or broad (lower
panel). For observations that only require two components to obtain decent
fits the component Lq is not needed (which is the case for all observations
of Swift J1753.5-0127; see Tab. 2).

need to obtain an acceptable fit for this source. For the three obser-
vations of Swift J1753.5-0127 a slide increase in the disc normal-
ization with increasing �⌫max is visible. This behaviour is not ob-
served in the two observations of GX 339–4, which span a smaller
range in �⌫max than the ones of Swift J1753.5-0127. Taken into ac-
count all observations again no clear correlation is evident.

Having a look at the ratio of the flux contributed by the disc
blackbody component to the one coming for the Componized com-
ponent in the soft (1 – 2 keV) band (the values are given in the
last row of Table 3), we find that this ratio is below ⇠7% for the
two observations for which the characteristic frequencies are con-
sistent within errors (observation of H 1743–322 and 2006 observa-
tion of Swift J1753.5�0127), while it is above 20% for those obser-
vations where we found �⌫max;1�2keV < �⌫max;4�8keV. In the case of
XTE J1650–500 and XTE J1752–223, the ratio exceeds one hun-
dred per cent, which means that the flux of the disc component
contributes more than 50% of the total flux in the soft band. For
XTE J1752–223 this high value might be attributed to the fact that
the source is observed during outburst decay, but this is not true for
XTE J1650–500 which was observed during outburst rise. In Fig.8
we show the flux ratio versus the absolute and relative di↵erence
in the characteristic frequency of the component with the highest
characteristic frequency. Even ignoring the two data points with a
flux ratio larger than one, there no clear correlation that a larger ab-
solute or relative change of the characteristic frequency would be
related to a larger flux ratio.

Figure 3. Characteristic frequency of the PDS components in the soft (1 –
2 keV) versus hard (4 – 8 keV) band, on double-logarithmic (upper panel)
and linear scale (lower panel). The dashed line indicates equal frequencies.
For almost all observations we find at least one data point which lies below
the dashed line, i. e. that we find one component for which the character-
istic frequency obtained in the soft band is lower than the one obtained in
the hard band. For the remaining noise components, the characteristic fre-
quencies in both bands are equal within errors. Di↵erent symbols indicate
individual sources.

4 DISCUSSION

At the beginning of this section we would like to summarise the
main results:

• In Obs. 1, 2, 5, 6, 7, 8 the band limited noise component
with the highest characteristic frequency shows a lower char-
acteristic frequency in the soft band compared to the one ob-
served in the hard band.
• In all these observations the ratio of the disc blackbody

flux to the flux of the Comptonized component in the soft band
exceeded ⇠10%. In Obs. 7 and 8 it even exceeds 100 per cent.
In Obs. 3 and 4 the ratio is below 10 per cent.
• In Obs. 1, 2, 3, 5 the rms spectrum is either flat or slowly

decreasing with energy. Obs. 4 and 6 show a jump in variability
around 4 – 5 keV, while variability remains rather constant at
lower and higher energies. Obs. 7 and 8 show much lower vari-
ability in the 1 – 2 keV band compared to the rather constant
variability above 2 keV.
• The covariance ratios of Obs. 1, 2, 4, 6, 8 show a clear in-

crease at lower enegies.

Our investigations of the characteristic frequency of the band

c� 2014 RAS, MNRAS 000, 1–11

Stiele & Yu 2015, MNRAS 452, 3666

Stiele & Yu 2015, MNRAS 452, 3666



H. Stiele

decay

rise

Characteristic frequency of 
the BLNEnergy dependence of BLN break frequency in BHXRBs 7

Figure 2. PDS of the 2004 (upper panel) and 2009 (lower panel) observa-
tions of GX 339-4 in the hard (4 – 8 keV) band to visualise the individual
components (dashed orange lines). They are named following the nomen-
clature used in Belloni et al. (2002) and Belloni & Stella (2014). The com-
ponent named Lq can be peaked (like in the upper panel) or broad (lower
panel). For observations that only require two components to obtain decent
fits the component Lq is not needed (which is the case for all observations
of Swift J1753.5-0127; see Tab. 2).

need to obtain an acceptable fit for this source. For the three obser-
vations of Swift J1753.5-0127 a slide increase in the disc normal-
ization with increasing �⌫max is visible. This behaviour is not ob-
served in the two observations of GX 339–4, which span a smaller
range in �⌫max than the ones of Swift J1753.5-0127. Taken into ac-
count all observations again no clear correlation is evident.

Having a look at the ratio of the flux contributed by the disc
blackbody component to the one coming for the Componized com-
ponent in the soft (1 – 2 keV) band (the values are given in the
last row of Table 3), we find that this ratio is below ⇠7% for the
two observations for which the characteristic frequencies are con-
sistent within errors (observation of H 1743–322 and 2006 observa-
tion of Swift J1753.5�0127), while it is above 20% for those obser-
vations where we found �⌫max;1�2keV < �⌫max;4�8keV. In the case of
XTE J1650–500 and XTE J1752–223, the ratio exceeds one hun-
dred per cent, which means that the flux of the disc component
contributes more than 50% of the total flux in the soft band. For
XTE J1752–223 this high value might be attributed to the fact that
the source is observed during outburst decay, but this is not true for
XTE J1650–500 which was observed during outburst rise. In Fig.8
we show the flux ratio versus the absolute and relative di↵erence
in the characteristic frequency of the component with the highest
characteristic frequency. Even ignoring the two data points with a
flux ratio larger than one, there no clear correlation that a larger ab-
solute or relative change of the characteristic frequency would be
related to a larger flux ratio.

Figure 3. Characteristic frequency of the PDS components in the soft (1 –
2 keV) versus hard (4 – 8 keV) band, on double-logarithmic (upper panel)
and linear scale (lower panel). The dashed line indicates equal frequencies.
For almost all observations we find at least one data point which lies below
the dashed line, i. e. that we find one component for which the character-
istic frequency obtained in the soft band is lower than the one obtained in
the hard band. For the remaining noise components, the characteristic fre-
quencies in both bands are equal within errors. Di↵erent symbols indicate
individual sources.

4 DISCUSSION

At the beginning of this section we would like to summarise the
main results:

• In Obs. 1, 2, 5, 6, 7, 8 the band limited noise component
with the highest characteristic frequency shows a lower char-
acteristic frequency in the soft band compared to the one ob-
served in the hard band.
• In all these observations the ratio of the disc blackbody

flux to the flux of the Comptonized component in the soft band
exceeded ⇠10%. In Obs. 7 and 8 it even exceeds 100 per cent.
In Obs. 3 and 4 the ratio is below 10 per cent.
• In Obs. 1, 2, 3, 5 the rms spectrum is either flat or slowly

decreasing with energy. Obs. 4 and 6 show a jump in variability
around 4 – 5 keV, while variability remains rather constant at
lower and higher energies. Obs. 7 and 8 show much lower vari-
ability in the 1 – 2 keV band compared to the rather constant
variability above 2 keV.
• The covariance ratios of Obs. 1, 2, 4, 6, 8 show a clear in-

crease at lower enegies.

Our investigations of the characteristic frequency of the band

c� 2014 RAS, MNRAS 000, 1–11

 determine characteristic frequency                        
in a soft (1−2 keV) and hard (4−8 
keV) band, where                    is 
the centroid frequency and Δ  is the 
half width at half maximum (Belloni et 
al. 2002, ApJ, 572, 392) , fo r each 
component present in the power 
density spectra 


 for most observations we find that 
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Covariance ratios
covariance spectrum: rms spectrum 
between a narrow energy band and a 
broad reference band (Wilkinson & Uttley 
2009, MNRAS 397, 666)


!
!

error bars are smaller compared to 
normal rms spectrum

model independent way to compare 
variability on different time scales

ratio of rms spectra on short 
(segments of 4s with 0.1s time bins) 
and long time scales (segments of 
270s with 2.7s time bins)

increase of covariance ratio at lower 
energies has been interpreted as sign 
of additional disc variability (Wilkinson 
& Uttley 2009, MNRAS 397, 666)
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8 H. Stiele, W. Yu

Figure 9. Covariance ratio of all eight observations.The ratios are obtained by dividing the covariance spectra obtained on longer time scales by those obtained
on shorter time scales.

observations of Swift J1753.5-0127. For the September 2012
observations of Swift J1753.5-0127 the photon indices obtained
from covariance spectra are bigger than the one obtained from
the mean energy spectrum, although they agree within error
bars for the short scale covariance spectrum. For the October
2012 observation of Swift J1753.5-0127 the photon index
obtained from the mean energy spectrum lies between the
values obtained from the covariance spectra and agrees within
error bars with the one obtained from long scale covariance
spectrum. The consistency of photon indices of short and
long time scale covariance spectra of the 2004 observation
of GX 339–4 and the 2006 observation of Swift J1753.5-0127
agrees with the results presented by Wilkinson & Uttley (2009).
They also obtained a bigger photon index from the mean en-

ergy spectrum compared to the one obtained from covariance
spectra for the 2006 observation of Swift J1753.5-0127. In the
case of the 2004 observation of GX 339–4 Wilkinson & Uttley
(2009) found a smaller photon index from the mean energy
spectrum compared to the one obtained from covariance
spectra, contrary to what we found. This di↵erence can be
related to the inclusion of a reflection component in the study
of Wilkinson & Uttley (2009) that becomes obvious at higher
energies covered by RXTE but inaccessible with XMM-Newton.
Apart form the observation of XTE J1650-500 and the October
2012 observation of Swift J1753.5-0127 the disc normalisation
obtained from the long time scale covariance spectra are larger
than the one obtained from the short time scale covariance
spectra, although they all agree within their rather big error
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the rms spectrum.5 By selecting the time bin size and the segment
size, we can isolate different time-scales of variability, effectively
replicating the Fourier-resolved approach for the two time-scale
ranges that we are interested in. For this purpose, we choose two
combinations of bin size and segment size. To look at variations on
shorter time-scales we choose 0.1 s time bins measured in segments
of 4 s (i.e. 40 bins long), i.e. covering the frequency range 0.25–
5 Hz.6 For longer time-scale regions we use 2.7-s bins in segments
of 270 s, i.e. covering the range 0.0037–0.185 Hz. Note that these
two frequency ranges do not overlap and also cover the two parts of
both source PSDs which show distinct behaviour in soft and hard
bands.

There is, however, a problem with the rms spectrum when signal-
to-noise ratio is low, e.g. at higher energies. It is possible for the
expectation value of the Poisson variance term to be larger than the
measured average variance term, producing negative average excess
variances. If this is the case, it is not possible to calculate the rms
at these energies and this introduces a bias towards the statistically
higher-than-average realizations of rms values, which can still be
recorded. In order to overcome these problems we have developed
a technique called the ‘covariance spectrum’. The covariance is
calculated according to the formula:

σ 2
cov = 1

N − 1

N!

i=1

(Xi − X̄)(Yi − Ȳ ), (2)

where Yi now refers to the light curve for a ‘reference band’ running
over some energy range where the variability signal-to-noise ratio
is large. In this work, we use reference bands of 1–4 keV for EPIC-
pn data and 3–5 keV for PCA data. In other words, the covariance
spectrum is to the rms spectrum what the cross-correlation function
of a time series is to its autocorrelation function. The covariance
spectrum therefore does not suffer from the same problems as the
rms spectrum, as no Poisson error term has to be subtracted, since
uncorrelated noise tends to cancel out and any negative residuals do
not affect the calculation. To remove the reference band component
of the covariance, and produce a spectrum in count-rate units, we
obtain the normalized covariance for each channel using

σcov,norm = σ 2
cov"
σ 2

xs,y

, (3)

where σ 2
xs,y is the excess variance of the reference band. Therefore,

the only requirement for there being a valid, unbiased value of co-
variance at a given energy is that the reference excess variance is not
negative. This is usually the case, since the reference band is chosen
to include those energies with the largest absolute variability. When
the covariance is being calculated for an energy channel inside the
reference band, the channel of interest is removed from the refer-
ence band. The reasoning behind this is that if the channel of interest
is duplicated in the reference band, the Poisson error contribution
for that channel will not cancel and will contaminate the covariance.
One can think of the covariance technique as applying a matched
filter to the data, where the variations in the good signal-to-noise
ratio reference band pick out much weaker correlated variations in
the energy channel of interest that are buried in noise. In this way
the covariance spectrum picks out the components of the energy

5 This is absolute rms, since we are not normalizing by the mean count rate.
6 The upper frequency limit is set by the Nyquist frequency, νNyq =
1/(2#t), where #t is the time bin size.

Figure 2. Overlaid covariance and rms spectra for EPIC-pn and PCA data
for SWIFT J1753.5−0127. The large error bars in the EPIC-pn data indicate
negative excess variances where no rms value could be determined.

channel of interest that are correlated with those in the reference
band.

It is important to note that the covariance spectrum only picks
out the correlated variability component and is therefore a more
appropriate measure than the rms spectrum in constraining the re-
processing of hard photons to soft photons, which will result in cor-
related variations. When the raw counts rms and covariance spectra
are overlaid, as in Fig. 2, they match closely indicating that the ref-
erence band is well correlated with all other energies (the spectral
‘coherence’ is high; e.g. see Vaughan & Nowak 1997). Another
advantage of the matched filter aspect of the covariance spectrum
is that it leads to smaller statistical errors than the rms spectrum.
Specifically, the errors are given by

Err
#
σcov,norm

$
=

%&&' σ 2
xs,xσ

2
err,y + σ 2

xs,yσ
2
err,x + σ 2

err,x σ 2
err,y

NMσ 2
xs,y

,

where M denotes the number of segments and subscripts x and y
identify excess variances and Poisson variance terms for the channel
of interest and reference band, respectively. This error equation can
be derived simply from the Bartlett formula for the error on the
zero-lag cross-correlation function, assuming that the source light
curves have unity intrinsic coherence (Bartlett 1955; Box & Jenkins
1976). By comparison with equation (B2) of Vaughan et al. (2003),
using the relation

σ 2
err,y

σ 2
xs,y

≪
σ 2

err,x

σ 2
xs,x

(which is true because the reference band has good signal-to-noise
ratio), it can be shown that the errors on the covariance are smaller
than corresponding errors on the rms values.

Finally, we note that, since the covariance is analogous to the
zero-lag cross-correlation function, it could be affected by intrinsic
time lags in the data. Using measurements of the cross-spectral
phase-lags between various energy bands, we have confirmed that
the lags between hard and soft band variations are smaller than the
time bin sizes used to make the long and short time-scale covariance
spectra. Thus, intrinsic time lags will have no effect on our results.
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the rms spectrum.5 By selecting the time bin size and the segment
size, we can isolate different time-scales of variability, effectively
replicating the Fourier-resolved approach for the two time-scale
ranges that we are interested in. For this purpose, we choose two
combinations of bin size and segment size. To look at variations on
shorter time-scales we choose 0.1 s time bins measured in segments
of 4 s (i.e. 40 bins long), i.e. covering the frequency range 0.25–
5 Hz.6 For longer time-scale regions we use 2.7-s bins in segments
of 270 s, i.e. covering the range 0.0037–0.185 Hz. Note that these
two frequency ranges do not overlap and also cover the two parts of
both source PSDs which show distinct behaviour in soft and hard
bands.

There is, however, a problem with the rms spectrum when signal-
to-noise ratio is low, e.g. at higher energies. It is possible for the
expectation value of the Poisson variance term to be larger than the
measured average variance term, producing negative average excess
variances. If this is the case, it is not possible to calculate the rms
at these energies and this introduces a bias towards the statistically
higher-than-average realizations of rms values, which can still be
recorded. In order to overcome these problems we have developed
a technique called the ‘covariance spectrum’. The covariance is
calculated according to the formula:

σ 2
cov = 1

N − 1
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(Xi − X̄)(Yi − Ȳ ), (2)

where Yi now refers to the light curve for a ‘reference band’ running
over some energy range where the variability signal-to-noise ratio
is large. In this work, we use reference bands of 1–4 keV for EPIC-
pn data and 3–5 keV for PCA data. In other words, the covariance
spectrum is to the rms spectrum what the cross-correlation function
of a time series is to its autocorrelation function. The covariance
spectrum therefore does not suffer from the same problems as the
rms spectrum, as no Poisson error term has to be subtracted, since
uncorrelated noise tends to cancel out and any negative residuals do
not affect the calculation. To remove the reference band component
of the covariance, and produce a spectrum in count-rate units, we
obtain the normalized covariance for each channel using

σcov,norm = σ 2
cov"
σ 2

xs,y

, (3)

where σ 2
xs,y is the excess variance of the reference band. Therefore,

the only requirement for there being a valid, unbiased value of co-
variance at a given energy is that the reference excess variance is not
negative. This is usually the case, since the reference band is chosen
to include those energies with the largest absolute variability. When
the covariance is being calculated for an energy channel inside the
reference band, the channel of interest is removed from the refer-
ence band. The reasoning behind this is that if the channel of interest
is duplicated in the reference band, the Poisson error contribution
for that channel will not cancel and will contaminate the covariance.
One can think of the covariance technique as applying a matched
filter to the data, where the variations in the good signal-to-noise
ratio reference band pick out much weaker correlated variations in
the energy channel of interest that are buried in noise. In this way
the covariance spectrum picks out the components of the energy

5 This is absolute rms, since we are not normalizing by the mean count rate.
6 The upper frequency limit is set by the Nyquist frequency, νNyq =
1/(2#t), where #t is the time bin size.

Figure 2. Overlaid covariance and rms spectra for EPIC-pn and PCA data
for SWIFT J1753.5−0127. The large error bars in the EPIC-pn data indicate
negative excess variances where no rms value could be determined.

channel of interest that are correlated with those in the reference
band.

It is important to note that the covariance spectrum only picks
out the correlated variability component and is therefore a more
appropriate measure than the rms spectrum in constraining the re-
processing of hard photons to soft photons, which will result in cor-
related variations. When the raw counts rms and covariance spectra
are overlaid, as in Fig. 2, they match closely indicating that the ref-
erence band is well correlated with all other energies (the spectral
‘coherence’ is high; e.g. see Vaughan & Nowak 1997). Another
advantage of the matched filter aspect of the covariance spectrum
is that it leads to smaller statistical errors than the rms spectrum.
Specifically, the errors are given by
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where M denotes the number of segments and subscripts x and y
identify excess variances and Poisson variance terms for the channel
of interest and reference band, respectively. This error equation can
be derived simply from the Bartlett formula for the error on the
zero-lag cross-correlation function, assuming that the source light
curves have unity intrinsic coherence (Bartlett 1955; Box & Jenkins
1976). By comparison with equation (B2) of Vaughan et al. (2003),
using the relation

σ 2
err,y

σ 2
xs,y

≪
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err,x
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xs,x

(which is true because the reference band has good signal-to-noise
ratio), it can be shown that the errors on the covariance are smaller
than corresponding errors on the rms values.

Finally, we note that, since the covariance is analogous to the
zero-lag cross-correlation function, it could be affected by intrinsic
time lags in the data. Using measurements of the cross-spectral
phase-lags between various energy bands, we have confirmed that
the lags between hard and soft band variations are smaller than the
time bin sizes used to make the long and short time-scale covariance
spectra. Thus, intrinsic time lags will have no effect on our results.
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Covariance ratio of H 1743
XMM observed H 1743 in 2008 
and 2014 during a so-called 
“failed” outburst


flat cov. ratio are observed


in contrast to increase seen in 
e . g . G X 3 3 9 - 4 , S w i f t 
J1753.5-0127, which has been

2 possible explanations:

higher inclination of H 1743-322 (around 80˚; Homan et al. 2005; 

Miller et al. 2006) compared to other BH LMXRBs (< 70˚; Motta et al. 

2015) ➜ see H1743 more edge-on ➜ additional disc 
contribution on longer time scales does not show up


presence/absence of add. disc variability ➜ normal/“hard 
state only” outburst   

interpreted as additional disc 
variability on long scales (Wilkinson & Uttley 2009, MNRAS 397, 666)

Stiele & Yu 2015, MNRAS subm.
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Schematic picture of the possible 
accretion geometry

Power spectral state depends on which spectral component we are looking at !

Energy dependence of BLN break frequency in BHXRBs 9

Figure 8. Absolute (upper panel) and relative (lower panel) change of the
characteristic frequency between the hard and soft band of the component
with the highest characteristic frequency versus the ratio of the flux con-
tributed by the disc emission to the one of the Comptonized emission in the
1 – 2 keV band. Di↵erent symbols indicate individual sources.

Figure 9. Schematic picture of the accretion geometry and the observed
power spectral components obtained from our recent studies of black hole
X-ray binaries during low hard state (upper panel) and around transition to
the (hard) intermediate state (lower panel), see also Yu & Zhang (2013) and
Stiele & Yu (2014).

to the power-law component at low frequencies (<1 Hz), while
the soft band blackbody variations at frequencies above 1 Hz are
probably mostly produced by X-ray heating caused by the repro-
cessing of Comptonized photons in the accretion disc.

In a study of XTE J165-500 and XTE J1550-564, based on
RXTE/PCA data, Gierliński & Zdziarski (2005) showed PDS in
the ⇠2 – ⇠13 and ⇠13 – ⇠ 25 keV bands for di↵erent states. It is
interesting to notice that for their LHS PDS of XTE J1650-500
the PDS of their hard band lies below the PDS of their soft band
(i. e. the power in the hard band is smaller than the power in the
soft band at the same frequency), while for the energy bands
used here the soft band PDS lies below the hard band PDS (see
Fig. 1). In addition to the PDS Gierliński & Zdziarski (2005)
also showed rms spectra for di↵erent states. In their study of
XTE J165-500 and XTE J1550-564 they observed flat rms spec-
tra and an rms slightly decreasing with increasing energy in
the LHS. We found a similar behaviour in the observations of
GX 339–4, H 1743–322, and the September 2012 observation of
Swift J1753.5-0127. The behaviour of the rms observed in the
remaining observations of Swift J1753.5-0127 corresponds to
the one of the HIMS in the Gierliński & Zdziarski (2005) study.

The observed energy dependence of the characteristic fre-
quency which is more obvious at characteristic frequencies
above 1 Hz in the hard band can be either explained by variable
seed photon input for the Comptonized photons in di↵erent en-
ergy bands (Gierliński & Zdziarski 2005) or by X-ray heating
of the accretion disc caused by the reprocessing of Comptonized
photons (Wilkinson & Uttley 2009). The variability properties ob-
served in our study show characteristics of variability associated
with Comptonized photons down to the lowest observed energies,
i. e. that the PDS can be described by BLN and QPOs in all en-
ergy bands and that a power-law shape observed in the HSS
when disc variability dominates in not needed. The energy de-
pendence of the characteristic frequency suggests that the seed pho-
ton input for the Comptonized photons varies between di↵erent en-
ergy bands, as has been discussed in Gierliński & Zdziarski (2005)
based on RXTE data. It is therefore expected that such an e↵ect
would become more obvious when the corona is cooled down and
the electron temperature is getting lower. Thus the energy depen-
dence becomes more obvious in narrower energy bands.

The presence of the energy dependence of the characteristic
frequency can be interpreted within the picture where the photons
in the soft and hard energy bands come from di↵erent locations
in the system. A schematic sketch of this picture, which was also
used in our recent studies (Yu & Zhang 2013; Stiele & Yu 2014),
is given in Fig. 9. When the thermal disc component emerges in
the soft band of XMM-Newton but does not dominate, a significant
number of photons in the soft energy band will still come from the
Comptonization component (originating either from an optically
thin hot corona (see e. g. Esin et al. 1997) or from a jet flow (see
e. g. Marko↵ et al. 2005)). However, the soft band photons should
origin further away from the black hole than the hard band ones
and thus su↵er less up-scattering. This brings lower characteristic
frequencies and softer energies together. The change of the char-
acteristic frequency can be interpreted as a hint of a temperature
gradient in the Comptonization component.

The observation that the energy dependence of the character-
istic frequency is mainly observed at higher frequencies (>1 Hz)
can be interpreted as a moving in of the inner disc radius during
outburst evolution. In early outburst stages the disc ends far away
from the black hole and the characteristic frequency, which is be-
low 1 Hz, is consistent between both bands, since the photons in

c� 2014 RAS, MNRAS 000, 1–11

from energy spectra: ratio of disc 
blackbody flux to flux of the 
Comptonized component > 10 % in 
observations where 

!
energy dependence of νmax ➜ seed 
photon input for Comptonized 
photons varies between different 
energy bands (Gierlinski & Zdziarski 2005; 
MNRAS 363, 1349)

energy dependence of νmax mainly 
observed at ν> 1 Hz  ➜ inner disc 
ra d iu s mo ve s inward dur ing 
outburst evolution (Ingram & Done 2011, 
MNRAS 415, 2323)

⌫
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Stiele & Yu 2015, MNRAS 452, 3666
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Summary
energy dependence of power density spectra


in low hard state:


break frequency of band-limited noise evolves with 
energy (Stiele & Yu 2015, MNRAS 452, 3666)  


in (hard) intermediate state:


two different PDS states coexist simultaneously in the 
hard and soft band (Stiele & Yu 2014, MNRAS 441, 
1177)


observed PDS state depends on which spectral 
component we are looking at
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On the energy dependence of the 
persistent and bursting emission in 

GX 17+2 
 GX 17+2 is a bursting, radio loud Z source

 low inclination (15º – 40º; Kuulkers et al. 1997, MNRAS, 

287, 495)

 Distance: 8 kpc (Kuulkers et al. 2002) 

backgr spec

October 17 2010 type-I burst

XMM-Newton observations of GX 17+2
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Light curves – energy 
dependence

bin width: 9.997s 

different burst duration in different 
energy bands:

2 – 4 keV: light curve peaks about 20 – 
30 s after peak in other energy bands

1 – 2 keV: burst not (really) visible


➡  persistent soft emission

Evolution of spectral 
parameters during burst

parameter type-I super

absorption [10

22

cm

2

] 1.33± 0.03 1.38± 0.02
T

bbody

[keV] 1.079± 0.003 0.982± 0.002
A

bbody

[km

2

] 269± 4 139± 3

nthcomp norm 0.113± 0.002 0.260± 0.002
� 1.57± 0.05 2.56± 0.03

1

 Abbody: background > burst


 Tbbody: background < burst

 decrease of Abb

T=2.17 keV
Tbb constant within error bars

The background spectrum is modelled 
using an absorbed blackbody plus non-
thermal Comptonisation model with the 
parameters given in the table 
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 light curves show that the persistent emission contains a 
soft component (below 2 – 3 keV) that is also present during 
the burst and that remains unchanged during the (type-I) 
burst


 spectral analysis of the persistent and of the bursting 
emission shows that the soft component of the persistent 
emission is emitted in a larger area and at lower temperature 
than the bursting emission


 ➜ the soft persistent emission origins in the boundary 
layer, while the bursting emission origins in unstable nuclear 
burning on the neutron star surface

Results


