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Outline
 Observed variability on short timescales

− Systematic study of PDS

− Support for disc truncation?

 The short term hardness flux correlation in 
the hard state – “mini-hysteresis” (work in 
progress!)

 Conclusions
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Variability on different timescales
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ASM (1.3-12 keV) – days to years

PCA – submillisecond to ~1hr 
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Temporal behavior of Cyg X-1
 Big differences 

between states

 QPO/break features 
in the hard state but 
not in the soft state.

 Power spectrum is 
variable on short 
timescales.
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Study of Cyg X-1
 Analyzed all available RXTE archival data, 

creating ~2000 PDS in the 0.01-25 Hz range 
(2-9 keV).

 Previous studies (Nowak 2000, Pottschmidt et 
al. 2004) used Lorentzians to fit the PDS – 
does not work in soft state, so we added a cut-
off power-law. 

 These three components enough to fit the 
PDS in our frequency range for ALL states.

5



10 M. Axelsson et al.: Evolution of the 0.01–25 Hz power spectral components in Cygnus X-1

Fig. 16. Montage showing the evolution of the PDS of Cyg X-1
from hard state (panel a)) to canonical soft state (panel f)). The top
three panels (a)–c)) are from observations made within a few hours
during MJD 52 330, and clearly illustrate the changes that can occur
on this timescale. Panels d) and e) are from MJD 52 324, and are
also no more than a few hours apart. The bottom panel f) is from
an observation on MJD 52 358. Note the weakening and narrowing
of the upper frequency Lorentzian (dashed line) as it shifts to higher
frequencies.

Fig. 17. Relation between peak frequencies (black points) together
with the fit to the relation predicted in the relativistic precession model
of Stella & Vietri (1998, 1999). Also plotted are the points from
Fig. 2a in Wijnands & van der Klis (1999) (open boxes), with data
from both neutron star (atoll sources) and BHC sources. The arrows
mark different inner radii of the accretion disk, in units of gravitational
radii. The solid line is the fit to the 1230 hard state points in the case
of prograde rotation, when ν1 = 2νnod. The best-fit power-law has an
index of 1.20 ± 0.01. As the source enters the transitional state, the
relation clearly breaks away from that predicted by the RPM model.
The dashed line corresponds to a power-law of index 1.20 shifted to
approximately follow the points from the soft state.

Recently, van Straaten (2004) has argued that the identi-
fication of P03 leads to significant deviations during “failed
state transitions”. For canonical hard state PDS, the first
two Lorentzians dominate and follow the relation of Fig. 17,
but van Straaten (2004) points out that if the second and
third components dominate in transitions and large flares, the
peak frequencies of the first two components deviate signif-
icantly from the correlation in the normal hard state. If in-
stead the dominating components are still identified as the first
two Lorentzians, the peak frequencies will follow the trend
seen in Fig. 17. Although the points do not lie along the exten-
sion of the power-law described at lower frequencies, their be-
havior matches that of the other sources, as seen in Wijnands &
van der Klis (1999). To support the identification, van Straaten
(2004) adds data from a flaring episode in November 2000, but
a gap between the canonical hard state PDS and these flares
still remains.

Since the study reported here allows for shorter timescales
to be monitored, we are able to follow changes in the
Lorentzians in great detail. From Fig. 16 it is clear that our
model can explain the evolution of the PDS, and provide exten-
sive coverage of all states of the source. As seen in Fig. 11 our
results show a continuous distribution between the hard state
and transitions, and we are able to fill in the gap in the data of
van Straaten (2004). The results here therefore favor this iden-
tification over that of P03.

4.2. Comparisons with models

The temporal features observed here have been detected both
in NS and BHC systems. The origin of these characteristic
frequencies has been long debated in the literature, and vari-
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Fig. 14. Relation between hardness and ν1. The symbols are the same
as in Fig. 10. There is no apparent change in behavior as the source
enters the transitional or soft states.

increase with decreasing hardness. This movement follows ap-
proximately the same pattern in all states while the components
are detectable, which we take as another indication that we are
following the same two components in all cases. We note that
this gradual increase in peak frequency would be expected if
the Lorentzian components are assumed to arise in a region
that is closer to the central object in the soft state than in the
hard state (e.g. the inner edge of a truncated accretion disk or a
transition region between disk and corona). Such models have
been presented by e.g. Poutanen et al. (1997), Churazov et al.
(2001), and Zdziarski et al. (2002).

Beyond the necessity to include the power-law component
in our models below a hardness of ∼0.4, Figs. 14 and 15 show
no change in behavior around the transition phase hardness,
HR ∼ 0.3 seen in Fig. 7. We therefore conclude that the
changes responsible for altering the flux-hardness correlation
do not affect the movement of the peak frequencies. The other
parameters do not show any evolution with hardness, beyond a
trend for the power-law to extend to higher frequencies as the
hardness decreases. This is a natural effect of the model as the
Lorentzian components move away from the lower frequen-
cies. The behavior is however consistent with the f −1 power-
law gradually extending higher in frequency as the source goes
from hard state to soft state (Zdziarski et al. 2004).

When determining the state of the source, we have done so
from the point of view of the PDS, as they are the base of our
analysis. Figures 14 and 15 show that there is a unique relation
between a point in the PDS parameter space and the hardness.
We are therefore able to compare the “PDS states” with defini-
tions based on the spectral index of the source. We see that our
transitional state PDS roughly fall in the range 0.3 <∼ HR <∼ 0.5.
Below this range is the soft state and above the hard state. From
the relation in Eq. (3), the corresponding range in spectral in-
dex is 2.1 <∼ Γ <∼ 2.4, with the hard state having a lower and the
soft state a higher index. We note however, that these bound-
aries are not strict, and that there is some overlap between the
different states. This range matches well with previous results,
e.g. Zdziarski et al. (2002); Zdziarski & Gierliński (2004).

Fig. 15. Relation between hardness and ν2. The symbols are the same
as in Fig. 11. Note the tendency for the hardness to “flatten out”
at ∼1.1.

To illustrate the complete evolution of the PDS, Fig. 16
presents a series of fittings showing the gradual change from
normal hard state to canonical soft state PDS. Unfortunately,
the observations made did not capture the complete evolution
in a chronological series, so Fig. 16 is a montage of PDS from
observations made during a brief transition to the hard state in
the extended soft state of 2001/2002. The top three panels are
from observations made on MJD 52 330 and panels d and e
are from an observation made on MJD 52 324. The last PDS
(panel f) is made on MJD 52 358, when the source had once
again returned to the soft state. Figure 16 illustrates the shift
in the peak frequencies of the Lorentzians, and the gradual in-
crease of the power-law as the source goes from hard state to
soft state.

4. Discussion

The results of our analysis show that the PDS of Cyg X-1 can
be successfully modeled in all the spectral states using only
a few components. The observed behavior of the Lorentzian
components lends weight to the argument that they indeed rep-
resent the temporal characteristics of the physical processes
giving rise to the PDS.

4.1. Identification of components

As noted in Sect. 3.2, the identification of components in the
PDS is not trivial. P03 in their study use four Lorentzians to fit
the power spectrum. While their fourth component, L4, is above
our upper frequency limit, our model will fit the two dominat-
ing components at a given time. According to the identification
of P03 this means that in the canonical hard state we fit their
first two Lorentzians, but in the larger flares and transitions
we fit their second and third Lorentzians. The first Lorentzian
is then quite weak and will be “absorbed” in our power-law
component. Supporting this identification is the change in the
correlation of the peak frequencies during transitions and large
flares.
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Fig. 10. Relation between W1 and ν1. Symbols are the same as in
Fig. 9, with open circles being points from the single Lorentzian in
model 3. The width is generally constant throughout the frequency
range.

Fig. 11. Relation between W2 and ν2. Symbols are the same as in
Fig. 9, with open triangles being points from the hard state where
the relation between ν1 and ν2 was fixed. The negative correlation be-
tween W2 and ν2 is clear, and can approximately be described by a
power-law with index ∼−1.5.

crease rapidly with frequency at higher νi. This change in be-
havior for L2 occurs as Cyg X-1 enters the transitional state,
suggesting that the mechanism behind L2 starts to weaken as
the transition begins, perhaps due to a change in the accretion
geometry. We surmise that the behavior of H1 at lower frequen-
cies is most likely explained by the effect first noted by Belloni
& Hasinger (1990) in their analysis of the PDS in terms of a
doubly broken power-law model. They found a negative corre-
lation between the frequency of the first break and the power at
that frequency. Transforming this correlation into the f P f rep-
resentation leads to approximately constant H1 as a function
of ν1. Our results are also consistent with the relation between
normalization and peak frequencies of the Lorentzian compo-
nents seen in Fig. 6 of P03, but note the difference in parameters
used and identification of components.

Fig. 12. Power at the peak frequency versus peak frequency for L1.
Symbols are the same as in Fig. 10. The change in behavior during
and after the transition (open squares) is rather gradual.

Fig. 13. Power at the peak frequency versus peak frequency for L2.
Symbols are the same as in Fig. 11. Note the sudden change in behav-
ior as the source enters the transitions (open squares). This suggests
the underlying physical mechanism reacts sharply to changes, e.g. in
the accretion geometry, occurring at these periods.

Combining the behavior of Hi and Wi once again shows the
difference between the two components. Since both H1 and W1

stay roughly constant at low ν1, the contribution from L1 to
the total rms variability remains the same, weakening only
above ∼5 Hz, when the source is in the soft state. In con-
trast, the rms contribution from L2 falls with ν2 over the whole
frequency range. As H2 starts to decrease, L2 weakens very
rapidly. Interesting is also that the rapid decrease in height
starts at Hi ∼ 5 Hz for both L1 and L2. A possible explanation
for the similarities and differences in behavior of the compo-
nents will be presented in Sect. 4.3.

3.4. Evolution of the PDS

As described above in Sect. 3.1, there are systematic changes
in the PDS tied to the changes in hardness. Figures 14 and 15
show the evolution of νi with hardness. Both peak frequencies
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Fig. 10. Relation between W1 and ν1. Symbols are the same as in
Fig. 9, with open circles being points from the single Lorentzian in
model 3. The width is generally constant throughout the frequency
range.

Fig. 11. Relation between W2 and ν2. Symbols are the same as in
Fig. 9, with open triangles being points from the hard state where
the relation between ν1 and ν2 was fixed. The negative correlation be-
tween W2 and ν2 is clear, and can approximately be described by a
power-law with index ∼−1.5.

crease rapidly with frequency at higher νi. This change in be-
havior for L2 occurs as Cyg X-1 enters the transitional state,
suggesting that the mechanism behind L2 starts to weaken as
the transition begins, perhaps due to a change in the accretion
geometry. We surmise that the behavior of H1 at lower frequen-
cies is most likely explained by the effect first noted by Belloni
& Hasinger (1990) in their analysis of the PDS in terms of a
doubly broken power-law model. They found a negative corre-
lation between the frequency of the first break and the power at
that frequency. Transforming this correlation into the f P f rep-
resentation leads to approximately constant H1 as a function
of ν1. Our results are also consistent with the relation between
normalization and peak frequencies of the Lorentzian compo-
nents seen in Fig. 6 of P03, but note the difference in parameters
used and identification of components.

Fig. 12. Power at the peak frequency versus peak frequency for L1.
Symbols are the same as in Fig. 10. The change in behavior during
and after the transition (open squares) is rather gradual.

Fig. 13. Power at the peak frequency versus peak frequency for L2.
Symbols are the same as in Fig. 11. Note the sudden change in behav-
ior as the source enters the transitions (open squares). This suggests
the underlying physical mechanism reacts sharply to changes, e.g. in
the accretion geometry, occurring at these periods.

Combining the behavior of Hi and Wi once again shows the
difference between the two components. Since both H1 and W1

stay roughly constant at low ν1, the contribution from L1 to
the total rms variability remains the same, weakening only
above ∼5 Hz, when the source is in the soft state. In con-
trast, the rms contribution from L2 falls with ν2 over the whole
frequency range. As H2 starts to decrease, L2 weakens very
rapidly. Interesting is also that the rapid decrease in height
starts at Hi ∼ 5 Hz for both L1 and L2. A possible explanation
for the similarities and differences in behavior of the compo-
nents will be presented in Sect. 4.3.

3.4. Evolution of the PDS

As described above in Sect. 3.1, there are systematic changes
in the PDS tied to the changes in hardness. Figures 14 and 15
show the evolution of νi with hardness. Both peak frequencies
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allowed us to better constrain L2 in those cases and the results

of these latter fits were therefore kept. Table 1 lists the results of

all fits used in this paper, including the ones from Paper I, and

is available at the CDS in electronic form only. The first four

columns give the proposal number and sub-ID (e.g., “60090-

01-39-00”), the start and stop times in MJD of the lightcurve

used to calculate the PDS, and the average flux in the 2–9 keV

range during that time. This is followed by 18 columns giving

the parameter value and error for the three parameters of the

power-law (A, α, fc) and the parameters of each of the two

Lorentzians L1 and L2 (νi, Hi, and Wi).

The model used is not aimed at giving the fullest possible

description of the PDS of Cyg X-1. For example, we do not

attempt to model very small features of the PDS, and indeed

the signal-to-noise ratio is insufficient for us to accurately do

so. The strength of the model lies rather in its simplicity, al-

lowing us to accurately fit the main characteristics of the PDS

in all states, and track changes occuring on short timescales.

Including a cut-off to the power-law proved essential in allow-

ing the same model to fit all states, thereby giving a more com-

plete picture of the power spectral evolution.

2.4. Definitions of state

When determining the state of Cyg X-1, it is possible to look at

characteristics of either radiation spectra or temporal analysis.

Current definitions of state, derived from either of these char-

acteristics, are mainly phenomenological. These definitions all

agree on the ‘classical’ hard and soft states. However, difficul-

ties arise when attempting to define the extent of these states,

and the boundaries of the transitional (or intermediate) state.

Until the physical processes behind the state transitions are un-

derstood, these definitions will retain some of their arbitrary

nature.

In an extensive study of the radiation spectra of Cyg X-1 in

all states, Wilms et al. (2005) showed that there is a continuous

spectral evolution between the states of the source. While tim-

ing spectra are generally able to provide sharper criteria, it was

shown in Paper I that there is a continuum of PDS between the

hard and soft states, with examples covering all stages of the

evolution. Therefore, criteria of state such as the temporal fea-

tures crossing certain frequency boundaries, or the appearance

of a power-law component, do not by themselves provide good

indicators of state. However, our previous study also revealed

that several parameter correlations change behavior at the same

stage of the evolution, and we therefore regard these changes

to be a natural marker of the source entering the transitional

state. Studies have also shown decreased coherence and en-

hanced time lags between the hard and soft lightcurves during

transitions, both in Cyg X-1 (Cui et al. 1997b; Pottschmidt et

al. 2000) and other sources (such as GX 339-4 and XTE J1650-

500, see Nowak et al. 2002; Kalemci et al. 2003, respectively).

Benlloch et al. (2004) use a combination of photon index Γ and

time lags between the 2 − 4 keV and 8 − 13 keV channels to

define the state of Cyg X-1. In their long term study of the hard

state, Pottschmidt et al. (2003) showed that the state is not uni-

form, and a distinction is made between ‘quiet’ and ‘flaring’
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Fig. 1. Relation between the two peak frequencies of the Lorentzian

components. The grey points are 1414 hard state and transition points

from Paper I, while the black points are 143 soft state points resulting

from the analysis in this paper.

hard states, where flares and ‘failed state transitions’ are more

frequent in the latter. The classification of state is thus not rig-

orously defined, and remains an area of active research (for a

recent review, see Zdziarski & Gierliński 2004).

For consistency with Paper I, we have used the same criteria

when defining state, based on the changes seen in the temporal

components. With this definition, the PDS in the hard state only

show L1 and L2. As the source enters the transition, the power-

law component enters the frequency window, and several pa-

rameter relations change behavior. In the soft state, L2 is not

seen or significantly weaker than L1, or the PDS is completely

dominated by the cut-off power-law component. For compara-

tive purposes, we note that our definition is consistent with a

criterion of the effective spectral index (3−12 keV) Γ >∼ 2.4 for

the soft state used elsewhere (e.g., Zdziarski et al. 2002).

During the ‘quiet’ hard state, there are periods when a third

component appears at the higher frequencies of the PDS and

the hardness increases. We refer to these episodes as the ‘hard

edge of the hard state’, and while we do not model them in

this paper, they are part of the data from Paper I presented in

Sect. 3.3.

3. Results

We now turn to the results of our analysis, starting with the

study of the soft state data. Following this analysis, we show

that a decomposition of the PDS is now possible, and present

the evolution of each temporal component.

3.1. The two Lorentzians

While the peak frequencies of the two Lorentzian components

follow a power-law correlation in the hard state, the relation in

the soft state is still uncertain (Paper I, Fig. 9). As this deeper

study is partly aimed at resolving this behavior, we begin by

showing the frequency relation in Fig. 1. As can be seen in the

figure, the spread of points is quite large in the soft state (black

points). To determine whether there is a significant trend also in

the soft state we will attempt to bin the data points. The prob-
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One suggestion is the relativistic precession model 
(RPM, Stella, Vietri & Morsink 1999). Frequencies are 
then the nodal and periastron precession frequencies:
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ous models have been proposed in each physical scenario (for
an extensive review, see van der Klis 2004). However, recent
comparative studies between these two types of sources have
shown that they present very similar frequency correlations,
over a frequency range of many decades (Psaltis et al. 1999;
Belloni et al. 2002). The similarities suggest the same underly-
ing physical mechanism, which cannot be dependent on either a
magnetosphere, a solid surface, or an event horizon (Wijnands
2001). Beat-frequency models, which have been extensively
used in the context of NS, can not easily be extended to black
holes as these are unable to provide an anchor to the magnetic
field, a condition that is needed to generate a beating with the
Keplerian frequency.

Several classes of models have been proposed to explain
the observed QPOs and their correlations (see Psaltis et al.
1999 and references therein). They commonly ascribe the vari-
ations to processes in the accretion disk. This can be done
by identifying observed frequencies with orbital, epicyclic and
precessional frequencies at certain radii (such as the inner edge
of the disk). Another approach is to study disk oscillation
modes. For example, in the region close to the compact object,
global disk oscillation modes can become trapped in particu-
lar disk annuli. For comprehensive summaries on this topic,
see e.g. Wagoner (1999) and Kato (2001). As demonstrated in
Wagoner et al. (2001), disk mode frequencies are mainly de-
termined by the mass and angular momentum of the compact
object, and depend only weakly on the disk parameters. While
this property makes the models good candidates in explain-
ing the high coherence seen in higher frequency QPO’s (Barret
et al. 2004), it also makes it difficult to explain the large (over
one order of magnitude) shifts in peak frequency observed in
our study. In addition, the features we model with Lorentzians
have low coherence. Our parametrization does not directly give
a value for the more generally quoted quality factor Q = ν/∆ν,
but for L1 this value is <∼1 in all states. For L2, Q varies with
the spectral state. It is low (Q < 1) in the hard state and while
higher in the soft state, Q < 5 in all observations.

In the following, we will consider the somewhat idealized
case of the relativistic precession model (RPM, Stella & Vietri
1998, 1999). It states that the timing features are the observ-
able effect of the relativistic nodal and periastron precessions
of a disk element or a “blob” in a slightly tilted and eccentric
orbit, respectively. Equally possible is the interpretation of the
features arising in a narrow band or annulus in the inner region
of the accretion disk (see e.g. van der Klis 2004). Although the
predicted frequencies are those for free particle orbits, these
can still often be recognized in the models of disk modes (e.g.
Wagoner 1999). Psaltis & Norman (2000) showed that a sharp
transition region in the accretion disk acts as a low-band pass
filter with strong resonances near the frequencies predicted by
the RPM, motivating a closer look at this model. Stella et al.
(1999, hereafter SVM) have shown good agreement between
the predicted frequency correlations in the RPM model and
a small number of BHC and NS observations. Although the
model currently requires NS spin rates and masses higher than
measured, these problems are dependent on the chosen equa-
tion of state, and the RPM model successfully predicts the ob-
served quadratic dependencies between lower and higher fre-

quency features seen in many sources (see van der Klis 2004,
and references therein). Based on previous calculations (by
Bardeen et al. 1972; Okazaki et al. 1987; Kato 1990) of the
Keplerian νφ, epicyclic νr, and vertical νθ frequencies for a Kerr
black hole, SVM derived that in the weak field approximation
for a slowly rotating black hole

νnod ∝ a∗M1/5ν6/5per , (4)

where νnod = νφ − νθ is the nodal precession frequency, νper =

νφ − νr is the periastron precession frequency, M is the mass,
and a∗ = a/Rg is the dimensionless specific angular momen-
tum (with a = J/Mc, Rg = GM/c2 being the gravitational
radius, J the angular momentum, c the speed of light in vac-
uum, and G the universal gravitational constant). We used a
power-law model to fit the correlation between frequencies for
the hard state data (see Fig. 17), up to the break observed in the
transitional state at ν2 % 5 Hz. The best-fit parameters did not
change significantly selecting a somewhat smaller, more con-
servative upper limit, nor was the fit affected by ignoring the
points at the lowest frequencies. We obtained a power-law in-
dex 1.20 ± 0.01 in remarkably close agreement with Eq. (4).

In SVM it is argued that due to the geometry of a tilted inner
disk, the second harmonic of the nodal precession frequency
gives the strongest modulation, and that this assumption pro-
vides the best match for their observations. We also found that
a good fit of our data using the ν1 = νnod identification would
only be possible for an unrealistically large black hole mass.
Adopting the SVM identification, i.e. in our case ν1 = 2νnod

and ν2 = νper, and using the full relativistic expressions for the
precessional frequencies, it is possible to derive some of the
physical parameters of the system. For this purpose we used
the M = 8 M& mass estimate (see Nowak et al. 1999 and refer-
ences therein). Although this M value is somewhat uncertain,
the frequency relation depends weakly on the black hole mass
as shown by Eq. (4). At this frequency range, there are two pos-
sible solutions for the specific angular momentum a∗, depend-
ing on whether the orbital motion is prograde or retrograde.
We obtained a∗ = +0.49 ± 0.01 and a∗ = −0.57 ± 0.01 re-
spectively, comparable to previous results based on modeling
of energy spectra (see e.g. Shapiro & Lightman 1976; Zhang
et al. 1997). In Fig. 17 the best fit for the prograde case is shown
(solid line), and some derived orbital radii are indicated. During
the hard state, within the assumptions of the RPM, the inner ra-
dius Rin of the disk ranges from 50 to 22 Rg when reaching
the transitional zone. If the retrograde case is instead assumed
the corresponding values change very little, with the inner disk
ranging from 55 to 25 Rg. These ranges are in very good agree-
ment with coronal model estimates for Cyg X-1 (see di Matteo
& Psaltis 1999 and references therein).

The behavior during the transitional and soft states seems
to be more complex, in part because of the spread of the data
points at the highest frequencies. If all the data above the
break is modeled with a second power-law (thus given an index
1.7± 0.03) the fit residuals clearly do not appear randomly dis-
tributed. Another possible interpretation of the data is that after
the transition, the points corresponding to the soft state follow a
power-law with an index identical to that of the hard state. This
picture is reinforced when comparing our Cyg X-1 RXTE data

Are there any models predicting this index?

Frequencies vary with radius, so which one do we choose?
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 Is the change during the transition due to a 
shift to a harmonic, i.e., ν1,soft=2ν1,hard?

− A gradual shift will not 
be detectable in the PDS
but can explain the results
observed in the frequency 
relation. 
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quency Lorentzian L2 and a cut-off power-law. The solid line is the

sum of the noise free components, the points indicate the result after

the addition of noise. The panels on the right show the results of fit-

ting the simulated PDS with our model, using only two Lorentzians

and a cut-off power-law (dashed lines). The solid line is the sum of

the components. Note that even when L1 and L
+
1
are of nearly equal

strength (e.g., third row from top), they are not resolved in the noise

free PDS (solid line in left panel), and the sum is well fit by one wider

Lorentzian component.

also in our simulations, the scatter of the soft state points is

significantly increased.

It should be noted that the results do not change signifi-

cantly if the amount of noise introduced is changed, nor does

it depend to any large extent on the exact expression used to

approximate the parameter relations. Perhaps not surprisingly,

the results are most sensitive to the modulation function used

to vary the strengths of L1 and L
+
1
. This is evident in the H1−ν1

relation (panel a in Fig. 3). If L1 starts to decline while L
+
1
is

still very weak, the fitted H1 values will show a dip at the corre-

sponding frequency, and there is no such feature present in the

data. We have tested expressions with both asymptotic expo-

nential behavior and behavior of power-laws of varying index.

The conclusion is that the rise of L+
1
and the decay of L1 must
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used for the data. The simulated PDS is shown in the top panel,

with the power-law component as the long-dashed line, L1 dotted, L
+
1

dashed and L2 dot-dot-dashed. The middle panel shows the result of

the fit using only two Lorentzian components, L1 (dot-dash) and L2
(dot-dot-dash). The bottom panel shows the residuals of the fit. Note

that there is no trace of the third component. Trying to add a third

Lorentzian to the fit is not feasible, as the data do not allow it to be

constrained.
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monic is introduced, successfully reproducing the behavior in the data.

Note that the general trends of Fig. 1 are also reproduced: increased

relative spread towards the lowest frequencies, low relative dispersion

during the transition and increased relative spread in the soft state.
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Figure 3. Power density spectrum of Cyg X-1 from the hard
edge. A third component is clearly visible at high frequencies
(dot-dashed line).

Following the identification of the hard state Lorentzian
components with relativistic precession frequencies (Axels-
son, Borgonovo & Larsson 2005), we can calculate a value
for the inner radius of the accretion disc. This value is for
all cases ! 50 gravitational radii, indicating that the disc is
truncated relatively far from the innermost stable orbit. We
note that this is in agreement with previous results by Gil-
fanov, Churazov, & Revnivtsev (1999) and Ibragimov et al.
(2005), who find a correlations between reflection, spectral
index and temporal characteristics; as the frequencies be-
come lower, the spectrum hardens and reflection is reduced.

3.2 Energy spectra

The energy spectrum of Cyg X-1 in its hard state was de-
scribed by Gierliński et al. (1997). It is characterized by a
dominating component arising from thermal Comptoniza-
tion in a plasma with electron temperature of ∼ 100 keV
and optical depth τ ∼ 1 with only a weak blackbody com-
ponent visible, corresponding to an inner disc temperature
of ∼ 200 eV in a geometry with a truncated disc. In Fig. 4,
a model spectrum of a typical hard state as seen by the
RXTE (MJD 51 490) is plotted together with a model spec-
trum from one of the hard edge observations (MJD 52 677).
The hard edge spectrum is significantly harder, reflecting a
higher ratio of luminosity in the hot plasma electrons to that
of the irradiating soft disc photons and a slightly lower disc
temperature, in agreement with the larger inner radius sug-
gested by temporal analysis in Sect. 3.1 above. The absolute
values of disc temperature and inner radius from spectral
modelling of data from the RXTE is however not well con-
strained when the peak of the disc blackbody, as here, lies
well below the lower boundary of the instrument (∼ 3 keV).

3.3 Hardness-flux correlation

We have also studied the correlation between hardness and
flux within each observation in the cases where a third
Lorentzian is present. As shown by several authors (see for
example Zhang et al. 1997; Wen et al. 1999; Zdziarski et al.
2002), the hardness-flux correlation in the hard state is neg-

Figure 4. Model spectrum of Cyg X-1 in the hard edge (solid
line) in comparison with a model spectrum from a “normal” hard
state (dashed line).
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Figure 5. Spearman rank correlation index between hardness
and flux as a function of flux. This plot illustrates the evolution
of the correlation within an observation (on timescales of ∼30
minutes). The hardness is calculated for the 9–20 keV over 2–
4 keV bands, and the flux is the sum of these two bands.

ative. This overall trend can also be seen in Fig. 2, although
there is a large spread.

In order to establish how the hardness-flux relation be-
haves in the hard edge cases, we calculate the Spearman
rank correlation coefficient between hardness (9–20 keV over
2–4 keV) and flux for all our individual observations. The
result is shown in Fig. 5. We find that as Cyg X-1 enters
the hard edge, the short term (∼0.5–1 hr) negative corre-
lation between hardness and flux disappears. We note that
the count rate remains above 100 counts/s in both channels,
indicating that the effect is not artificially introduced.

If we instead combine the observations to study the
correlation on longer timescales, between observations (from
several hours to days), we find an overall hardness-flux cor-
relation index of −0.51 ± 0.06 check value!. This shows
that the correlation on longer timescales remains negative,
even as it disappears within the individual observations.

As can be seen in Fig. 5, there are a few observa-
tions where the hardness-flux correlation is actually posi-
tive. Looking closer at these observations, we find that they
are all made within a 24-hour period of MJD 50 481–50 482.

c© 0000 RAS, MNRAS 000, 000–000

Not quite done yet...
Some of our hard state PDS show signs 
of an additional Lorentzian component.

Previous studies (e.g., Pottschmidt et al. 2004; Nowak 2000) have reported 
several Lorentzian components. We see it in only a small fraction of our hard 
state cases. This is probably due to our frequency window (0.01-25 Hz). 

13



The hard edge of Cygnus X-1: signs of the disc moving out 5

0.1 0.2 0.3 0.5 0.7 1

ν     [Hz]per

ν
  
   

[H
z]

3
 

1 

2 

3 

5 

10 

20 

Figure 7. Correlation between frequencies of the second and
third Lorentzians. The solid line indicates the orbital frequency
(νφ) for a 10 M! black hole as a function of periastron frequency
(νper). The dashed line is the best-fit power-law to the data, yield-
ing an index of 0.29 ± 0.05, whereas the orbital frequency is pre-
dicted to follow the relation νφ ∝ ν0.6

per.

data, giving an index of 0.29 ± 0.05. As can be seen, this
is less steep than the prediction for the orbital frequency,
νφ ∝ ν0.6

per. The observed frequency thus appears to scale as
ν0.5

φ . In the framework of relativistic precession, the observed
frequencies are expected to vary with νφ. However, there is
no natural candidate for a frequency proportional to ν0.5

φ .
Pottschmidt et al. (2003) report a frequency component

even higher than the one discussed here. We speculate that
this component may be more directly related to the orbital
frequency. It is also noteworthy that there has been no re-
port of kHz variability in Cyg X-1; if the identification here
is correct, this absence is naturally explained, as such fre-
quency ranges are far above what can be expected from the
inner edge of the disc.

4.2 The vanishing hardness-flux correlation - a

case of mini-hysteresis?

Zdziarski et al. (2002) found that the spectral variability
of Cyg X-1 within the hard state on long timescales could
be described by a combination of two distinct variability
patterns. In one of the patterns, the spectrum pivots at an
energy around ∼50 keV, creating the observed flux-hardness
anticorrelation. In the other, the spectrum varies in normal-
ization without changes in the spectral shape. Theoretically,
these variability patterns could be described in the frame-
work of the general model described in Sect. 1: a variable
input of soft seed photons to the Comptonizing flow as a re-
sponse to a change in inner radius of the disc for the pivoting
pattern, and a variable bolometric luminosity as a result of
changes in the local accretion rate for the varying strength
of the spectrum with constant shape. Malzac et al. (2006)
found that the same two patterns could describe the variabil-
ity on shorter timescales, from hours for the normalization
pattern to days for the pivoting pattern, in an intermediate
state of the source.

Our data show that the observed pivoting behaviour
continues on long timescales into the highest hardness lev-
els of Cyg X-1, and suggest that our hard edge corresponds
to extremely low soft photon influx and a maximally trun-
cated disc. The hardness-flux correlation within each ob-
servation shows that the pivoting behaviour is observable

on timescales as short as 0.5–1 hour in the normal hard
state. The vanishing hardness-flux correlation in the hard
edge suggests that in this extreme, this variability pattern
is not observed on such short timescales, even if it is still
present on long timescales, between different observations.

A possible interpretation of this behaviour is that when
the disc is far away, !50 Rg, there is not enough time for
the inner disc radius to adjust to a changing accretion rate
within the time for a single RXTE observation. A change in
the configuration of the accretion flow and the inner radius
of the accretion disc is believed to take place on the viscous
timescale (Frank, King & Raine 2003),

tvisc ∼ α−1
(

H
R

)−2

tdyn , (2)

where α is the viscosity parameter, H/R the ratio be-
tween disc scaleheight and radius, and tdyn the dynamical
timescale. The frequency analysis suggests that the short
term variability both in the normal hard state and in the
hard edge is consistent with a variability of the inner radius
on the order of a few Rg. If we assume that the pivoting
behaviour is caused by the variability of the inner radius of
the accretion disc we can calculate the expected timescale for
this variability pattern. Assuming the dynamical timescale
to be the orbital timescale in Fig. 7 and inserting typical
values (α = 0.1, H/R = 0.01; Mayer & Pringle 2007), we
can estimate the timescale of these variations of the inner
disc radius to be of the order of 0.5–1 hour when the disc is
truncated at ∼30 Rg, consistent with the observed timescale
for the pivoting pattern in the (normal) hard state.

From Eq. (2) it is evident that the viscous timescale
scales directly with the dynamical timescale. Identifying the
dynamical timescale with the orbital one gives: tvisc ∝ tφ ∝

R3/2 (for a thin disc with constant α; Frank et al. 2003). A
change in inner radius from ∼30 to !50 Rg in the hard edge
would then result in a more than doubled timescale for the
same fluctuations in the hard edge, compared to the normal
hard state. This could then explain why we observe the piv-
oting variability pattern with associated hardness-flux cor-
relation within the time frame for a single RXTE/PCA ob-
servation in the normal hard state but not in the hard edge.
Note that the existence of the anticorrelation between flux
and hardness between different observations, separated by
several hours to days, in the hard edge proves that the same
mechanism is present – an increase/decrease of the accretion
rate is accompanied by a reconfiguration of the accretion disc
with a change of the inner radius. However, the response at
these large radii is too slow to be observed within the obser-
vation window of an RXTE/PCA observation. As a result,
we may observe a change in flux within an observation, but
the corresponding change in hardness only between different
observations.

The effect could be seen as a kind of “mini-hysteresis”
and compared to that observed in state transitions of certain
X-ray transients. In e.g. GX 339-4 (Zdziarski et al. 2004),
especially the hard-to-soft transition is observed at a wide
range of luminosities, seemingly in contradiction with a di-
rect relationship between spectral state, luminosity and ac-
cretion rate. In some cases a luminosity as high as 30 per
cent of the Eddington luminosity has been observed in the
hard state before a transition takes place to the soft. It seems
as if the local accretion rate increases much faster than the

c© 0000 RAS, MNRAS 000, 000–000
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No obvious candidate for this frequency in the RPM (any ideas?).

Appears to scale as square root of Keplerian frequency.
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The observations where three Lorentzian components are seen 
in our window are also the ones with the highest hardness ratio 
and the lowest flux – the “hard edge”.

The hard edge of Cygnus X-1: signs of the disc moving out 3
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Figure 3. Power density spectrum of Cyg X-1 in a period of low
flux and high hardness. A third component is clearly visible at
high frequencies (dot-dashed line).

Following the identification of the hard state Lorentzian
components with relativistic precession frequencies (Axels-
son, Borgonovo, & Larsson 2005), we can calculate a value
for the inner radius of the accretion disc. This value is for
all cases ! 50 gravitational radii, indicating that the disc is
truncated relatively far from the innermost stable orbit. We
note that this is in agreement with previous results by Gil-
fanov, Churazov, & Revnivtsev (1999) and Ibragimov et al.
(2005), who find a correlations between reflection, spectral
index and temporal characteristics; as the frequencies be-
come lower, the spectrum hardens and reflection is reduced.

3.2 Energy spectra

The energy spectrum of Cyg X-1 in its hard state was de-
scribed by Gierliński et al. (1997). It is characterized by a
dominating component arising from thermal Comptoniza-
tion in a plasma with electron temperature of ∼ 100 keV
and optical depth τ ∼ 1 with only a weak blackbody com-
ponent visible, corresponding to an inner disc temperature
of ∼ 200 eV in a geometry with a truncated disc. In Fig. 4,
a model spectrum of a typical hard state as seen by the
RXTE (MJD 51 490) is plotted together with a model spec-
trum from one of the hard edge observations (MJD 52 677).
The hard edge spectrum is significantly harder, reflecting a
higher ratio of luminosity in the hot plasma electrons to that
of the irradiating soft disc photons and a slightly lower disc
temperature, in agreement with the larger inner radius sug-
gested by temporal analysis in Sect. 3.1 above. The absolute
values of disc temperature and inner radius from spectral
modelling of data from the RXTE is however not well con-
strained when the peak of the disc blackbody, as here, lies
well below the lower boundary of the instrument (∼ 3 keV).

3.3 Hardness-flux correlation

We have also studied the correlation between hardness and
flux within each observation in the cases where a third
Lorentzian is present. As shown by several authors (see for
example Zhang et al. 1997; Wen et al. 1999; Zdziarski et al.
2002), the hardness-flux correlation in the hard state is neg-

Figure 4. Model spectrum of Cyg X-1 in the hard edge (solid
line) in comparison with a model spectrum from a “normal” hard
state (dashed line).
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Figure 5. Spearman rank correlation index between hardness
and flux as a function of flux. This plot illustrates the evolution
of the correlation within an observation (on timescales of ∼30
minutes). The hardness is calculated for the 9–20 keV over 2–
4 keV bands, and the flux is the sum of these two bands.

ative. This overall trend can also be seen in Fig. 2, although
there is a large spread.

In order to establish how the hardness-flux relation be-
haves in the hard edge cases, we calculate the Spearman
rank correlation coefficient between hardness (9–20 keV over
2–4 keV) and flux for all our individual observations. The re-
sult is shown in Fig. 5.

We find that as Cyg X-1 enters the hard edge, the short
term (∼0.5–1 hr) negative correlation between hardness and
flux disappears. We note that the count rate remains above
100 counts/s in both channels, indicating that the effect is
not artificially introduced. If the individual observations are
combined, we find an overall hardness-flux correlation in-
dex of −0.51 ± 0.06, showing that the correlation on longer
timescales is still negative check value!.

3.3.1 A special case

As can be seen in Fig. 5, there are a few observations where
the hardness-flux correlation is actually positive. Looking
closer at these observations, we find that they are all made

c© 0000 RAS, MNRAS 000, 000–000
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As Cyg X-1 goes to the hard edge, 
this correlation weakens on short 
timescales (<1 hr)

On longer timescales, the 
correlation remains negative.

(Axelsson et al., submitted)

We also looked at the hardness flux correlation within these 
observations. In the hard state there is an overall negative 
correlation (e.g. Zdziarski et al 2002), but...

Each point corresponds to an observation of ~30 mins.
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If we believe that changes in hardness (spectral 
shape) are a result of the inner disc radius responding 
to changes in the accretion rate, and that these 
changes occur on the viscous timescale at this radius, 
then the vanishing correlation on short timescales may 
be a sign that the disc does not have time to 
reconfigure at these large radii (50 Rg).
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Conclusions
 Few components enough to model the evolution 

of the PDS of Cyg X-1 in both hard and soft 
states. 

 Frequencies shift in a way consistent with the 
truncated disc scenario.

 Disappearance of short-term hardness-flux 
correlation in hard edge may give information 
about viscous timescale in disc.
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Thank you!
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