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Spectral and timing properties of X-ray binaries

(Done 2010)
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Propagating fluctuations models 9

• Lyubarskii 1997

• Kotov et al. 2001 phenomenological model
• Arevalo & Uttley 2006 computational model
• Ingram & Done 2012

PROPFLUC

• Ingram & van der Klis 2013 analytical solutions

• Rapisarda et al. 2014 
• Rapisarda et al. 2016

Model implementations 
First systematic 

applications

first analytical model



 0.001

 0.01

 0.1

 1

 10

 100

 0 50 100 150
10-6

10-4

0.01

1

10
ν v

 [H
z]

rm
s [

%
]

r 

Hot flow

BH

ro ri

rbw

PROPFLUC: the main assumptions

(Rapisarda et al. 2016)

10



PROPFLUC single hump power spectrum 11
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Figure courtesy of A. Ingram (*) 
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Propagating fluctuations: the main assumptions

 0.001

 0.01

 0.1

 1

 10

 100

 0 50 100 150
10-6

10-4

0.01

1

10
ν v

 [H
z]

rm
s [

%
]

r 

Hot flowVarying disc

BHrd

ro ri

rbw

✧

✧

✧
✧

(Rapisarda et al. 2016)

13



Propagating fluctuations: the main assumptions

 0.001

 0.01

 0.1

 1

 10

 100

 0 50 100 150
10-6

10-4

0.01

1

10
ν v

 [H
z]

rm
s [

%
]

r 

Hot flowVarying disc

BHrd

ro ri

rbw

✧

✧

✧
✧

(Rapisarda et al. 2016)

14



Propagating fluctuations: three hump power spectrum
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Propagating fluctuations: three hump power spectrum
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Propagating fluctuations 19

• Lyubarskii 1997

• Kotov et al. 2001 phenomenological model
• Arevalo & Uttley 2006 computational model
• Ingram & Done 2011/12

• Ingram & van der Klis 2013 analytical solutions

• Rapisarda et al. 2014 
• Rapisarda et al. 2016 MAXI J1659-152 

Swift data

PROPFLUC



Results: XTE J1550-564, 1998 LHS, obs. 1

L-M
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Results: XTE J1550-564, 1998 LHS, obs. 1

L-M
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L-M

Results: XTE J1550-564, 1998 LHS, obs 2 22



L-M

Results: XTE J1550-564, 1998 LHS, obs 2 23



L-M

Results: XTE J1550-564, 1998 LHS, obs 2 24
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Results: XTE J1550-564, 1998 LHS, obs 2 25



However…
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Results: Cygnus X-1, 1997, LHS

L-M
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Summary 28

• We jointly fitted the power spectrum in a soft and hard 
band, and the cross-spectrum between these two bands, 
with a propagating fluctuations model for the first time;

• We found quantitative and qualitative discrepancies 
between model predictions and data;

• We need to implement the code and to extend our 
sample to the largest variety of sources, states, and 
energy bands; 

• eXTP would give us the opportunity to work on high  
s/n data (fundamental for our joint fit) and to use the 
additional polarization information to investigate the 
origin of the variability.



Thanks



Summary 30

jointly fitting  
the power spectrum in a soft and hard band, and the 

cross-spectrum between these two bands,  
with a propagating fluctuations model  

for the first time.

What we are doing:

What we found:
propagating fluctuations not always reproduce the 

characteristics of the rapid variability in BHBs

What we need:
implementing the code  

extending our sample (high quality observations) 
constraining the model parameters with additional 

information (polarization)
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Summary

LT Precession 
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hot flow

Propagating 
mass accretion rate  

fluctuations

PROPFLUC
Power spectrum, cross spectrum (phase lags)

Outburst description 
using model  

physical parameters

Direct link between 
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system physical 
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Testing propagating 
fluctuations 
hypothesis
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Results: MAXI J1659-152

 0

 2

 4

 6

 8

Σ
0

a

❍1 ❍2 ❍3 ❍4
❍5

❍6 ❍7 ❍8
❍9
❍10 ❍11

 20

 30

 40

 50

 60

r 0

b

 10

 15

 20

 25

 30

 35

 40

 0  0.5  1  1.5  2  2.5  3  3.5

F v
ar

 [%
]

MJD [55464.4]

c

❍1 ❍2 ❍3 ❍4
❍5

❍6 ❍7 ❍8
❍9
❍10 ❍11

 0

 0.25

 0.5

 0.75

 1

 1.25

 1.5

N v
ar

d

10-3

0.01

0.1

1

 0  0.5  1  1.5  2  2.5  3  3.5

ν d
,m
ax

 [H
z]

MJD [55464.4]

e

❍1 ❍2 ❍3 ❍4
❍5

❍6 ❍7 ❍8
❍9
❍10 ❍11

Hot flow

Disc

0.5-10 keV 
Swift

34



Results: MAXI J1659-152 35



Double “hump” power spectrum



Double “hump” power spectrum
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MAXI J1659-152, timing Vs spectral fitting
Modelling the cross-spectral variability of the black hole binary MAXI J1653-152 with propagating accretion rate fluctuations
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Figure 10. PROPFLUC best fit parameters versus time (black points). All

the points were plotted with 1σ error bars. Grey points correspond to single

hump best fit parameters (fit results excluding the disc propagating region).

The filtered GTIs are indicated with integers from 1 to 11 (symbols in panels

a, c, and e). Panel f indicates the F probability related to single and double

hump fit.

2). We used this model to study 5 observations of the BH MAXI

J1659-152 during its 2010 outburst using Swift data. We obtained

the spectral parameters required by the model performing spectral

fitting and we fitted simultaneously power spectra and cross spec-
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Figure 11. Truncation radius ro (a) and mass accretion rate (b) computed

using timing (black dashed line) and spectral fit (yellow solid line) results.

tra using both the single and the double hump PROPFLUC version.

In a single hump power spectrum, mass accretion rate fluctuations

generated and propagating in the hot flow are the only variability

source. In a double hump power spectrum, variability is generated

both in the hot flow and in the varying disc, so that the way the to-

tal variability power is distributed between low frequency and main

hump depends both on flow and disc characteristics. If a low fre-

quency component is present in the power spectrum, we expect the

peak of the main hump in the two-hump model to be more shifted to

higher frequency than in the single hump model (i.e., when the low

frequency component is not taken into account). The grey points

in Fig. 10a and c are the best fit parameter values obtained using a

single hump power spectrum. In this case we notice that both Σ0

and Fvar values are systematically larger than double hump fit re-

sults, GTIs 10 and 11 in particular show not negligible differences

between the two fits. Fig. 10f shows the F probability for every

fit, with a low value indicating that the double hump model gives a

significantly better fit than the single hump model. PF exceed 25%
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between GTI 1 and 4, and in GTI 8, for all the other GTIs the use of

the additional hump originating in the varying disc is statistically

justified.

In our study of MAXI J1659-152 we excluded time intervals char-

acterized by absorption dips (see Sec. 4.1). Power spectra com-

puted including dip-regions show strong low frequency noise (≈

0.01 Hz), this additional noise component was identified as “lfn” in

Kalamkar et al. (2015) timing analysis of the source. In their study,

the characteristics of the “lfn” component during the outburst were

explained considering the hypothesis of variability arising in the

disc and propagating in the hot flow. Here, we exclude this conclu-

sion mainly because the “lfn” component is strongly coupled with

the periodic absorption dips in the light curve (Sec. 4.1). Looking

at the rms amplitude in the 0.1 - 10 Hz frequency band (Fig. 8, top

and middle panel), it is always larger in the hard band. For this rea-

son the components identified as “break” and “hump” in Kalamkar

et al. (2015) (with characteristic frequency between ≈ 0.1 and ≈ 5

Hz in our observation sample), are unlikely to be produced by vary-

ing absorption. In our fit with PROPFLUC, the ”break” and ”hump”

components are associated to the disc and the hot flow, respectively.

The fractional variability shows in general a decreasing trend, how-

ever previous applications of the model (ID12, RIK14) showed a

different behavior (Fvar increasing with mass accretion rate).

The surface density profile normalization constant Σ0 increases

from ≈ 4.4 to 8.1. For a fixed ring, Σ0 is proportional to the surface

density profile divided by mass accretion rate (RIK14). Because in

the observation sample we analyzed the flux (so the mass accretion

rate) always increases (Fig. 12a), the increasing Σ0 trend implies

that the surface density increases faster than mass accretion rate,

this is consistent with the results of RIK14 and ID12 on MAXI

J1543-564 and XTE J1550-564 respectively.

Looking at the phase lags between soft and hard band in all the ob-

servations we analyzed, we did not detect a significant lag associ-

ated with the low frequency component. This may seem surprising
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Figure 12. Spectral properties of the source for all the analyzed observa-

tions. a) Count rate in the soft and hard energy band; b) Maximum disc

temperature in the disc; c) Fraction of total photons detected in the soft

band.

if we assume that the process generating the broad band noise is

mass accretion rate fluctuations propagating through the accreting

flow. In Sec. 2.2 we show that, depending on the spectral properties

of the source, we expect to observe a hard lag associated with the

low frequency hump. The amplitude of the phase lags depends on

the spectral properties of the source, in particular on how disc and
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between GTI 1 and 4, and in GTI 8, for all the other GTIs the use of

the additional hump originating in the varying disc is statistically

justified.

In our study of MAXI J1659-152 we excluded time intervals char-

acterized by absorption dips (see Sec. 4.1). Power spectra com-

puted including dip-regions show strong low frequency noise (≈

0.01 Hz), this additional noise component was identified as “lfn” in
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the characteristics of the “lfn” component during the outburst were

explained considering the hypothesis of variability arising in the

disc and propagating in the hot flow. Here, we exclude this conclu-

sion mainly because the “lfn” component is strongly coupled with

the periodic absorption dips in the light curve (Sec. 4.1). Looking

at the rms amplitude in the 0.1 - 10 Hz frequency band (Fig. 8, top

and middle panel), it is always larger in the hard band. For this rea-

son the components identified as “break” and “hump” in Kalamkar

et al. (2015) (with characteristic frequency between ≈ 0.1 and ≈ 5

Hz in our observation sample), are unlikely to be produced by vary-

ing absorption. In our fit with PROPFLUC, the ”break” and ”hump”

components are associated to the disc and the hot flow, respectively.

The fractional variability shows in general a decreasing trend, how-

ever previous applications of the model (ID12, RIK14) showed a

different behavior (Fvar increasing with mass accretion rate).

The surface density profile normalization constant Σ0 increases

from ≈ 4.4 to 8.1. For a fixed ring, Σ0 is proportional to the surface

density profile divided by mass accretion rate (RIK14). Because in

the observation sample we analyzed the flux (so the mass accretion

rate) always increases (Fig. 12a), the increasing Σ0 trend implies

that the surface density increases faster than mass accretion rate,

this is consistent with the results of RIK14 and ID12 on MAXI
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Looking at the phase lags between soft and hard band in all the ob-
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if we assume that the process generating the broad band noise is

mass accretion rate fluctuations propagating through the accreting

flow. In Sec. 2.2 we show that, depending on the spectral properties

of the source, we expect to observe a hard lag associated with the

low frequency hump. The amplitude of the phase lags depends on

the spectral properties of the source, in particular on how disc and
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PROPFLUC fitting on MAXI J1543-564

• 2-20 keV  

• Power spectra in 
the rising phase 
the outburst 

• Inner flow surface 
density profile and 
BH parameters 
fixed
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Timing analysis: introducing power spectrum features
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Figure 3. Multi-Lorentzian fit of the fifth power spectrum. Four main com-

ponents were identified: a main QPO LLF, its harmonic LLF
+, a broad band

noise component Lb, and another broad component at lower frequency Lb
−
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Figure 4. Lorentzian fit of observation #7 showing a type-B QPO.

Figs. 5(g) and (h) show the frequencies of the fitted QPOs (triangles

for LLF, diamonds for LLF
+), broad-band components (squares for

Lb, circles for Lb
−), and unidentified narrow (Q > 2) components

(pentagons), and their rms versus time in band 0, respectively. Solid

symbols indicate significant components and open symbols com-

ponents with significance between 2σ and 3σ. The 2–3σ unidenti-

fied component of observation #6 (see Table 1, bottom) is included

in our plot because its characteristic frequency matches with the

subharmonic frequency of the identified component LLF. Similarly,

two 2–3σ unidentified components fitted in observation #7 (Fig.

4) were reported, as one matches with the subharmonic frequency

of LLF , and the other with Lb. Squares and circles were slightly

shifted to the right for clarity.

Always referring to band 0, in the first five observations one signif-

icant low-frequency QPO (LLF) was fitted for each spectrum and

only the third observation shows a significant harmonic (LLF
+).

The LLF frequency increases with time from ∼ 1.1 to ∼ 5.8 Hz

while its rms decreases from ∼ 17% to ∼ 10% (see Table 1). Ob-

servation #7 shows a significant QPO with νmax = 4.7 Hz (Fig. 4).

The peak characteristics (νmax = 4.7 Hz, Q = 9, rms ∼ 4.8) of and

the low 1/128–10 Hz rms (∼ 7.2%) associated with this QPO, are

characteristics of type-B QPOs (e.g. Casella et al. 2005). Consid-

ering also the 2–3σ QPO fitted in observation #6 (νmax = 5.7 Hz,

σ ∼ 2.5), in observations #6 and #7 LLF frequency and rms are not

anti-correlated anymore. The characteristic frequency of LLF de-

creases from ∼ 5.8 to ∼ 4.7 Hz while the rms still decreases from

∼ 6% to ∼ 5%.

One significant broad-band component (Lb) with νmax in the in-

terval ∼ 2–4 Hz was fitted in observations #1–6. The rms of this

component decreases with time (from 20% to 9%), with a clear de-

creasing trend observable only in observations #5 and #6, while its

νmax remains almost in the same frequency range (around 3 Hz). In

observations #5–7, we fitted another broad-band component (Lb
−)

characterized by an increasing νmax (from observation #5 to #7) in

the interval ∼ 0.06–0.66 Hz and rms between 2% and 4%.

The timing features in the other energy bands are reported in Figs.

5(a)–(f). Similarly to panels (g) and (h), plots (a)–(b), (c)–(d), and

(e)–(f) show frequency and rms evolution for power spectral com-

ponents fitted in bands 1, 2, and 3, respectively. No significant char-

acteristic frequency shift was detected between energy bands in any

power spectral component, while the rms values are systematically

higher for higher energies (Table 1). In band 1, LLF frequency in-

creases with time (from ∼ 1.1 to ∼ 6.5 Hz) in the first six observa-

tions while no significant QPO was fitted in observation #7. The be-

haviour of LLF characteristic frequency in bands 2 and 3 is mostly

identical to band 1 for observations #1–5, but we observe some dif-

ferences in observations #6 and #7. The 2–3σ QPO (σ ∼ 2.2) fitted

in observation #6 (band 2) seems to break the anti-correlation be-

tween frequency and rms shown in observations #1–5, but in band 3

the QPO frequency error bar is too big to infer any trend. However,

the anticorrelation is evident in observation #7, where a significant

QPO was fitted in bands 2 and 3 with lower characteristic frequency

compared to observation #5. The rms of LLF in band 1 decreases as

the QPO frequency increases, but in bands 2–3 this trend is pro-

gressively weaker. Indeed, in band 3 the LLF rms slightly oscillates

around ∼ 17% and ∼ 11% in the first five observations and de-

creases to ∼ 11% only in the last two observations.

The broad-band component (Lb) frequency slightly varies around

∼ 5 Hz in observations #3–5 (band 1), while no significant broad-

band components were fitted in observations #6 and #7. In band 2

Lb frequency shows a clear decreasing trend only in the last three

observations (ν ∼ 4.4–1.6 Hz), while does not show any clear trend

in band 3. L

4 MODEL FITTING

We fit the power spectra of the first five observations using

PROPFLUC (ID11; ID12; IK13). Whereas original explorations of

the model (ID11; ID12) used computationally intensive Monte

Carlo simulations, IK13 developed an exact analytic version of

the model, allowing us for the first time to explore its capabilities

systematically. We also investigate the relation between the values

we obtained from the previously described phenomenological

c⃝ 2013 RAS, MNRAS 000, 1–10
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Figs. 5(g) and (h) show the frequencies of the fitted QPOs (triangles

for LLF, diamonds for LLF
+), broad-band components (squares for

Lb, circles for Lb
−), and unidentified narrow (Q > 2) components

(pentagons), and their rms versus time in band 0, respectively. Solid

symbols indicate significant components and open symbols com-

ponents with significance between 2σ and 3σ. The 2–3σ unidenti-

fied component of observation #6 (see Table 1, bottom) is included

in our plot because its characteristic frequency matches with the

subharmonic frequency of the identified component LLF. Similarly,

two 2–3σ unidentified components fitted in observation #7 (Fig.

4) were reported, as one matches with the subharmonic frequency

of LLF , and the other with Lb. Squares and circles were slightly

shifted to the right for clarity.

Always referring to band 0, in the first five observations one signif-

icant low-frequency QPO (LLF) was fitted for each spectrum and

only the third observation shows a significant harmonic (LLF
+).

The LLF frequency increases with time from ∼ 1.1 to ∼ 5.8 Hz

while its rms decreases from ∼ 17% to ∼ 10% (see Table 1). Ob-

servation #7 shows a significant QPO with νmax = 4.7 Hz (Fig. 4).

The peak characteristics (νmax = 4.7 Hz, Q = 9, rms ∼ 4.8) of and

the low 1/128–10 Hz rms (∼ 7.2%) associated with this QPO, are

characteristics of type-B QPOs (e.g. Casella et al. 2005). Consid-

ering also the 2–3σ QPO fitted in observation #6 (νmax = 5.7 Hz,

σ ∼ 2.5), in observations #6 and #7 LLF frequency and rms are not

anti-correlated anymore. The characteristic frequency of LLF de-

creases from ∼ 5.8 to ∼ 4.7 Hz while the rms still decreases from

∼ 6% to ∼ 5%.

One significant broad-band component (Lb) with νmax in the in-

terval ∼ 2–4 Hz was fitted in observations #1–6. The rms of this

component decreases with time (from 20% to 9%), with a clear de-

creasing trend observable only in observations #5 and #6, while its

νmax remains almost in the same frequency range (around 3 Hz). In

observations #5–7, we fitted another broad-band component (Lb
−)

characterized by an increasing νmax (from observation #5 to #7) in

the interval ∼ 0.06–0.66 Hz and rms between 2% and 4%.

The timing features in the other energy bands are reported in Figs.

5(a)–(f). Similarly to panels (g) and (h), plots (a)–(b), (c)–(d), and

(e)–(f) show frequency and rms evolution for power spectral com-

ponents fitted in bands 1, 2, and 3, respectively. No significant char-

acteristic frequency shift was detected between energy bands in any

power spectral component, while the rms values are systematically

higher for higher energies (Table 1). In band 1, LLF frequency in-

creases with time (from ∼ 1.1 to ∼ 6.5 Hz) in the first six observa-

tions while no significant QPO was fitted in observation #7. The be-

haviour of LLF characteristic frequency in bands 2 and 3 is mostly

identical to band 1 for observations #1–5, but we observe some dif-

ferences in observations #6 and #7. The 2–3σ QPO (σ ∼ 2.2) fitted

in observation #6 (band 2) seems to break the anti-correlation be-

tween frequency and rms shown in observations #1–5, but in band 3

the QPO frequency error bar is too big to infer any trend. However,

the anticorrelation is evident in observation #7, where a significant

QPO was fitted in bands 2 and 3 with lower characteristic frequency

compared to observation #5. The rms of LLF in band 1 decreases as

the QPO frequency increases, but in bands 2–3 this trend is pro-

gressively weaker. Indeed, in band 3 the LLF rms slightly oscillates

around ∼ 17% and ∼ 11% in the first five observations and de-

creases to ∼ 11% only in the last two observations.

The broad-band component (Lb) frequency slightly varies around

∼ 5 Hz in observations #3–5 (band 1), while no significant broad-

band components were fitted in observations #6 and #7. In band 2

Lb frequency shows a clear decreasing trend only in the last three

observations (ν ∼ 4.4–1.6 Hz), while does not show any clear trend

in band 3. L

4 MODEL FITTING

We fit the power spectra of the first five observations using

PROPFLUC (ID11; ID12; IK13). Whereas original explorations of

the model (ID11; ID12) used computationally intensive Monte

Carlo simulations, IK13 developed an exact analytic version of

the model, allowing us for the first time to explore its capabilities

systematically. We also investigate the relation between the values

we obtained from the previously described phenomenological
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Figs. 5(g) and (h) show the frequencies of the fitted QPOs (triangles

for LLF, diamonds for LLF
+), broad-band components (squares for

Lb, circles for Lb
−), and unidentified narrow (Q > 2) components

(pentagons), and their rms versus time in band 0, respectively. Solid

symbols indicate significant components and open symbols com-

ponents with significance between 2σ and 3σ. The 2–3σ unidenti-

fied component of observation #6 (see Table 1, bottom) is included

in our plot because its characteristic frequency matches with the

subharmonic frequency of the identified component LLF. Similarly,

two 2–3σ unidentified components fitted in observation #7 (Fig.

4) were reported, as one matches with the subharmonic frequency

of LLF , and the other with Lb. Squares and circles were slightly

shifted to the right for clarity.

Always referring to band 0, in the first five observations one signif-

icant low-frequency QPO (LLF) was fitted for each spectrum and

only the third observation shows a significant harmonic (LLF
+).

The LLF frequency increases with time from ∼ 1.1 to ∼ 5.8 Hz

while its rms decreases from ∼ 17% to ∼ 10% (see Table 1). Ob-

servation #7 shows a significant QPO with νmax = 4.7 Hz (Fig. 4).

The peak characteristics (νmax = 4.7 Hz, Q = 9, rms ∼ 4.8) of and

the low 1/128–10 Hz rms (∼ 7.2%) associated with this QPO, are

characteristics of type-B QPOs (e.g. Casella et al. 2005). Consid-

ering also the 2–3σ QPO fitted in observation #6 (νmax = 5.7 Hz,

σ ∼ 2.5), in observations #6 and #7 LLF frequency and rms are not

anti-correlated anymore. The characteristic frequency of LLF de-

creases from ∼ 5.8 to ∼ 4.7 Hz while the rms still decreases from

∼ 6% to ∼ 5%.

One significant broad-band component (Lb) with νmax in the in-

terval ∼ 2–4 Hz was fitted in observations #1–6. The rms of this

component decreases with time (from 20% to 9%), with a clear de-

creasing trend observable only in observations #5 and #6, while its

νmax remains almost in the same frequency range (around 3 Hz). In

observations #5–7, we fitted another broad-band component (Lb
−)

characterized by an increasing νmax (from observation #5 to #7) in

the interval ∼ 0.06–0.66 Hz and rms between 2% and 4%.

The timing features in the other energy bands are reported in Figs.

5(a)–(f). Similarly to panels (g) and (h), plots (a)–(b), (c)–(d), and

(e)–(f) show frequency and rms evolution for power spectral com-

ponents fitted in bands 1, 2, and 3, respectively. No significant char-

acteristic frequency shift was detected between energy bands in any

power spectral component, while the rms values are systematically

higher for higher energies (Table 1). In band 1, LLF frequency in-

creases with time (from ∼ 1.1 to ∼ 6.5 Hz) in the first six observa-

tions while no significant QPO was fitted in observation #7. The be-

haviour of LLF characteristic frequency in bands 2 and 3 is mostly

identical to band 1 for observations #1–5, but we observe some dif-

ferences in observations #6 and #7. The 2–3σ QPO (σ ∼ 2.2) fitted

in observation #6 (band 2) seems to break the anti-correlation be-

tween frequency and rms shown in observations #1–5, but in band 3

the QPO frequency error bar is too big to infer any trend. However,

the anticorrelation is evident in observation #7, where a significant

QPO was fitted in bands 2 and 3 with lower characteristic frequency

compared to observation #5. The rms of LLF in band 1 decreases as

the QPO frequency increases, but in bands 2–3 this trend is pro-

gressively weaker. Indeed, in band 3 the LLF rms slightly oscillates

around ∼ 17% and ∼ 11% in the first five observations and de-

creases to ∼ 11% only in the last two observations.

The broad-band component (Lb) frequency slightly varies around

∼ 5 Hz in observations #3–5 (band 1), while no significant broad-

band components were fitted in observations #6 and #7. In band 2

Lb frequency shows a clear decreasing trend only in the last three

observations (ν ∼ 4.4–1.6 Hz), while does not show any clear trend

in band 3. L

4 MODEL FITTING

We fit the power spectra of the first five observations using

PROPFLUC (ID11; ID12; IK13). Whereas original explorations of

the model (ID11; ID12) used computationally intensive Monte

Carlo simulations, IK13 developed an exact analytic version of

the model, allowing us for the first time to explore its capabilities

systematically. We also investigate the relation between the values

we obtained from the previously described phenomenological
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Figs. 5(g) and (h) show the frequencies of the fitted QPOs (triangles

for LLF, diamonds for LLF
+), broad-band components (squares for

Lb, circles for Lb
−), and unidentified narrow (Q > 2) components

(pentagons), and their rms versus time in band 0, respectively. Solid

symbols indicate significant components and open symbols com-

ponents with significance between 2σ and 3σ. The 2–3σ unidenti-

fied component of observation #6 (see Table 1, bottom) is included

in our plot because its characteristic frequency matches with the

subharmonic frequency of the identified component LLF. Similarly,

two 2–3σ unidentified components fitted in observation #7 (Fig.

4) were reported, as one matches with the subharmonic frequency

of LLF , and the other with Lb. Squares and circles were slightly

shifted to the right for clarity.

Always referring to band 0, in the first five observations one signif-

icant low-frequency QPO (LLF) was fitted for each spectrum and

only the third observation shows a significant harmonic (LLF
+).

The LLF frequency increases with time from ∼ 1.1 to ∼ 5.8 Hz

while its rms decreases from ∼ 17% to ∼ 10% (see Table 1). Ob-

servation #7 shows a significant QPO with νmax = 4.7 Hz (Fig. 4).

The peak characteristics (νmax = 4.7 Hz, Q = 9, rms ∼ 4.8) of and

the low 1/128–10 Hz rms (∼ 7.2%) associated with this QPO, are

characteristics of type-B QPOs (e.g. Casella et al. 2005). Consid-

ering also the 2–3σ QPO fitted in observation #6 (νmax = 5.7 Hz,

σ ∼ 2.5), in observations #6 and #7 LLF frequency and rms are not

anti-correlated anymore. The characteristic frequency of LLF de-

creases from ∼ 5.8 to ∼ 4.7 Hz while the rms still decreases from

∼ 6% to ∼ 5%.

One significant broad-band component (Lb) with νmax in the in-

terval ∼ 2–4 Hz was fitted in observations #1–6. The rms of this

component decreases with time (from 20% to 9%), with a clear de-

creasing trend observable only in observations #5 and #6, while its

νmax remains almost in the same frequency range (around 3 Hz). In

observations #5–7, we fitted another broad-band component (Lb
−)

characterized by an increasing νmax (from observation #5 to #7) in

the interval ∼ 0.06–0.66 Hz and rms between 2% and 4%.

The timing features in the other energy bands are reported in Figs.

5(a)–(f). Similarly to panels (g) and (h), plots (a)–(b), (c)–(d), and

(e)–(f) show frequency and rms evolution for power spectral com-

ponents fitted in bands 1, 2, and 3, respectively. No significant char-

acteristic frequency shift was detected between energy bands in any

power spectral component, while the rms values are systematically

higher for higher energies (Table 1). In band 1, LLF frequency in-

creases with time (from ∼ 1.1 to ∼ 6.5 Hz) in the first six observa-

tions while no significant QPO was fitted in observation #7. The be-

haviour of LLF characteristic frequency in bands 2 and 3 is mostly

identical to band 1 for observations #1–5, but we observe some dif-

ferences in observations #6 and #7. The 2–3σ QPO (σ ∼ 2.2) fitted

in observation #6 (band 2) seems to break the anti-correlation be-

tween frequency and rms shown in observations #1–5, but in band 3

the QPO frequency error bar is too big to infer any trend. However,

the anticorrelation is evident in observation #7, where a significant

QPO was fitted in bands 2 and 3 with lower characteristic frequency

compared to observation #5. The rms of LLF in band 1 decreases as

the QPO frequency increases, but in bands 2–3 this trend is pro-

gressively weaker. Indeed, in band 3 the LLF rms slightly oscillates

around ∼ 17% and ∼ 11% in the first five observations and de-

creases to ∼ 11% only in the last two observations.

The broad-band component (Lb) frequency slightly varies around

∼ 5 Hz in observations #3–5 (band 1), while no significant broad-

band components were fitted in observations #6 and #7. In band 2

Lb frequency shows a clear decreasing trend only in the last three

observations (ν ∼ 4.4–1.6 Hz), while does not show any clear trend

in band 3. L

4 MODEL FITTING

We fit the power spectra of the first five observations using

PROPFLUC (ID11; ID12; IK13). Whereas original explorations of

the model (ID11; ID12) used computationally intensive Monte

Carlo simulations, IK13 developed an exact analytic version of

the model, allowing us for the first time to explore its capabilities

systematically. We also investigate the relation between the values

we obtained from the previously described phenomenological
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Figure 4. Lorentzian fit of observation #7 showing a type-B QPO.

Figs. 5(g) and (h) show the frequencies of the fitted QPOs (triangles

for LLF, diamonds for LLF
+), broad-band components (squares for

Lb, circles for Lb
−), and unidentified narrow (Q > 2) components

(pentagons), and their rms versus time in band 0, respectively. Solid

symbols indicate significant components and open symbols com-

ponents with significance between 2σ and 3σ. The 2–3σ unidenti-

fied component of observation #6 (see Table 1, bottom) is included

in our plot because its characteristic frequency matches with the

subharmonic frequency of the identified component LLF. Similarly,

two 2–3σ unidentified components fitted in observation #7 (Fig.

4) were reported, as one matches with the subharmonic frequency

of LLF , and the other with Lb. Squares and circles were slightly

shifted to the right for clarity.

Always referring to band 0, in the first five observations one signif-

icant low-frequency QPO (LLF) was fitted for each spectrum and

only the third observation shows a significant harmonic (LLF
+).

The LLF frequency increases with time from ∼ 1.1 to ∼ 5.8 Hz

while its rms decreases from ∼ 17% to ∼ 10% (see Table 1). Ob-

servation #7 shows a significant QPO with νmax = 4.7 Hz (Fig. 4).

The peak characteristics (νmax = 4.7 Hz, Q = 9, rms ∼ 4.8) of and

the low 1/128–10 Hz rms (∼ 7.2%) associated with this QPO, are

characteristics of type-B QPOs (e.g. Casella et al. 2005). Consid-

ering also the 2–3σ QPO fitted in observation #6 (νmax = 5.7 Hz,

σ ∼ 2.5), in observations #6 and #7 LLF frequency and rms are not

anti-correlated anymore. The characteristic frequency of LLF de-

creases from ∼ 5.8 to ∼ 4.7 Hz while the rms still decreases from

∼ 6% to ∼ 5%.

One significant broad-band component (Lb) with νmax in the in-

terval ∼ 2–4 Hz was fitted in observations #1–6. The rms of this

component decreases with time (from 20% to 9%), with a clear de-

creasing trend observable only in observations #5 and #6, while its

νmax remains almost in the same frequency range (around 3 Hz). In

observations #5–7, we fitted another broad-band component (Lb
−)

characterized by an increasing νmax (from observation #5 to #7) in

the interval ∼ 0.06–0.66 Hz and rms between 2% and 4%.

The timing features in the other energy bands are reported in Figs.

5(a)–(f). Similarly to panels (g) and (h), plots (a)–(b), (c)–(d), and

(e)–(f) show frequency and rms evolution for power spectral com-

ponents fitted in bands 1, 2, and 3, respectively. No significant char-

acteristic frequency shift was detected between energy bands in any

power spectral component, while the rms values are systematically

higher for higher energies (Table 1). In band 1, LLF frequency in-

creases with time (from ∼ 1.1 to ∼ 6.5 Hz) in the first six observa-

tions while no significant QPO was fitted in observation #7. The be-

haviour of LLF characteristic frequency in bands 2 and 3 is mostly

identical to band 1 for observations #1–5, but we observe some dif-

ferences in observations #6 and #7. The 2–3σ QPO (σ ∼ 2.2) fitted

in observation #6 (band 2) seems to break the anti-correlation be-

tween frequency and rms shown in observations #1–5, but in band 3

the QPO frequency error bar is too big to infer any trend. However,

the anticorrelation is evident in observation #7, where a significant

QPO was fitted in bands 2 and 3 with lower characteristic frequency

compared to observation #5. The rms of LLF in band 1 decreases as

the QPO frequency increases, but in bands 2–3 this trend is pro-

gressively weaker. Indeed, in band 3 the LLF rms slightly oscillates

around ∼ 17% and ∼ 11% in the first five observations and de-

creases to ∼ 11% only in the last two observations.

The broad-band component (Lb) frequency slightly varies around

∼ 5 Hz in observations #3–5 (band 1), while no significant broad-

band components were fitted in observations #6 and #7. In band 2

Lb frequency shows a clear decreasing trend only in the last three

observations (ν ∼ 4.4–1.6 Hz), while does not show any clear trend

in band 3. L

4 MODEL FITTING

We fit the power spectra of the first five observations using

PROPFLUC (ID11; ID12; IK13). Whereas original explorations of

the model (ID11; ID12) used computationally intensive Monte

Carlo simulations, IK13 developed an exact analytic version of

the model, allowing us for the first time to explore its capabilities

systematically. We also investigate the relation between the values

we obtained from the previously described phenomenological
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Figure 4. Lorentzian fit of observation #7 showing a type-B QPO.

Figs. 5(g) and (h) show the frequencies of the fitted QPOs (triangles

for LLF, diamonds for LLF
+), broad-band components (squares for

Lb, circles for Lb
−), and unidentified narrow (Q > 2) components

(pentagons), and their rms versus time in band 0, respectively. Solid

symbols indicate significant components and open symbols com-

ponents with significance between 2σ and 3σ. The 2–3σ unidenti-

fied component of observation #6 (see Table 1, bottom) is included

in our plot because its characteristic frequency matches with the

subharmonic frequency of the identified component LLF. Similarly,

two 2–3σ unidentified components fitted in observation #7 (Fig.

4) were reported, as one matches with the subharmonic frequency

of LLF , and the other with Lb. Squares and circles were slightly

shifted to the right for clarity.

Always referring to band 0, in the first five observations one signif-

icant low-frequency QPO (LLF) was fitted for each spectrum and

only the third observation shows a significant harmonic (LLF
+).

The LLF frequency increases with time from ∼ 1.1 to ∼ 5.8 Hz

while its rms decreases from ∼ 17% to ∼ 10% (see Table 1). Ob-

servation #7 shows a significant QPO with νmax = 4.7 Hz (Fig. 4).

The peak characteristics (νmax = 4.7 Hz, Q = 9, rms ∼ 4.8) of and

the low 1/128–10 Hz rms (∼ 7.2%) associated with this QPO, are

characteristics of type-B QPOs (e.g. Casella et al. 2005). Consid-

ering also the 2–3σ QPO fitted in observation #6 (νmax = 5.7 Hz,

σ ∼ 2.5), in observations #6 and #7 LLF frequency and rms are not

anti-correlated anymore. The characteristic frequency of LLF de-

creases from ∼ 5.8 to ∼ 4.7 Hz while the rms still decreases from

∼ 6% to ∼ 5%.

One significant broad-band component (Lb) with νmax in the in-

terval ∼ 2–4 Hz was fitted in observations #1–6. The rms of this

component decreases with time (from 20% to 9%), with a clear de-

creasing trend observable only in observations #5 and #6, while its

νmax remains almost in the same frequency range (around 3 Hz). In

observations #5–7, we fitted another broad-band component (Lb
−)

characterized by an increasing νmax (from observation #5 to #7) in

the interval ∼ 0.06–0.66 Hz and rms between 2% and 4%.

The timing features in the other energy bands are reported in Figs.

5(a)–(f). Similarly to panels (g) and (h), plots (a)–(b), (c)–(d), and

(e)–(f) show frequency and rms evolution for power spectral com-

ponents fitted in bands 1, 2, and 3, respectively. No significant char-

acteristic frequency shift was detected between energy bands in any

power spectral component, while the rms values are systematically

higher for higher energies (Table 1). In band 1, LLF frequency in-

creases with time (from ∼ 1.1 to ∼ 6.5 Hz) in the first six observa-

tions while no significant QPO was fitted in observation #7. The be-

haviour of LLF characteristic frequency in bands 2 and 3 is mostly

identical to band 1 for observations #1–5, but we observe some dif-

ferences in observations #6 and #7. The 2–3σ QPO (σ ∼ 2.2) fitted

in observation #6 (band 2) seems to break the anti-correlation be-

tween frequency and rms shown in observations #1–5, but in band 3

the QPO frequency error bar is too big to infer any trend. However,

the anticorrelation is evident in observation #7, where a significant

QPO was fitted in bands 2 and 3 with lower characteristic frequency

compared to observation #5. The rms of LLF in band 1 decreases as

the QPO frequency increases, but in bands 2–3 this trend is pro-

gressively weaker. Indeed, in band 3 the LLF rms slightly oscillates

around ∼ 17% and ∼ 11% in the first five observations and de-

creases to ∼ 11% only in the last two observations.

The broad-band component (Lb) frequency slightly varies around

∼ 5 Hz in observations #3–5 (band 1), while no significant broad-

band components were fitted in observations #6 and #7. In band 2

Lb frequency shows a clear decreasing trend only in the last three

observations (ν ∼ 4.4–1.6 Hz), while does not show any clear trend

in band 3. L

4 MODEL FITTING

We fit the power spectra of the first five observations using

PROPFLUC (ID11; ID12; IK13). Whereas original explorations of

the model (ID11; ID12) used computationally intensive Monte

Carlo simulations, IK13 developed an exact analytic version of

the model, allowing us for the first time to explore its capabilities

systematically. We also investigate the relation between the values

we obtained from the previously described phenomenological
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Figure 4. Lorentzian fit of observation #7 showing a type-B QPO.

Figs. 5(g) and (h) show the frequencies of the fitted QPOs (triangles

for LLF, diamonds for LLF
+), broad-band components (squares for

Lb, circles for Lb
−), and unidentified narrow (Q > 2) components

(pentagons), and their rms versus time in band 0, respectively. Solid

symbols indicate significant components and open symbols com-

ponents with significance between 2σ and 3σ. The 2–3σ unidenti-

fied component of observation #6 (see Table 1, bottom) is included

in our plot because its characteristic frequency matches with the

subharmonic frequency of the identified component LLF. Similarly,

two 2–3σ unidentified components fitted in observation #7 (Fig.

4) were reported, as one matches with the subharmonic frequency

of LLF , and the other with Lb. Squares and circles were slightly

shifted to the right for clarity.

Always referring to band 0, in the first five observations one signif-

icant low-frequency QPO (LLF) was fitted for each spectrum and

only the third observation shows a significant harmonic (LLF
+).

The LLF frequency increases with time from ∼ 1.1 to ∼ 5.8 Hz

while its rms decreases from ∼ 17% to ∼ 10% (see Table 1). Ob-

servation #7 shows a significant QPO with νmax = 4.7 Hz (Fig. 4).

The peak characteristics (νmax = 4.7 Hz, Q = 9, rms ∼ 4.8) of and

the low 1/128–10 Hz rms (∼ 7.2%) associated with this QPO, are

characteristics of type-B QPOs (e.g. Casella et al. 2005). Consid-

ering also the 2–3σ QPO fitted in observation #6 (νmax = 5.7 Hz,

σ ∼ 2.5), in observations #6 and #7 LLF frequency and rms are not

anti-correlated anymore. The characteristic frequency of LLF de-

creases from ∼ 5.8 to ∼ 4.7 Hz while the rms still decreases from

∼ 6% to ∼ 5%.

One significant broad-band component (Lb) with νmax in the in-

terval ∼ 2–4 Hz was fitted in observations #1–6. The rms of this

component decreases with time (from 20% to 9%), with a clear de-

creasing trend observable only in observations #5 and #6, while its

νmax remains almost in the same frequency range (around 3 Hz). In

observations #5–7, we fitted another broad-band component (Lb
−)

characterized by an increasing νmax (from observation #5 to #7) in

the interval ∼ 0.06–0.66 Hz and rms between 2% and 4%.

The timing features in the other energy bands are reported in Figs.

5(a)–(f). Similarly to panels (g) and (h), plots (a)–(b), (c)–(d), and

(e)–(f) show frequency and rms evolution for power spectral com-

ponents fitted in bands 1, 2, and 3, respectively. No significant char-

acteristic frequency shift was detected between energy bands in any

power spectral component, while the rms values are systematically

higher for higher energies (Table 1). In band 1, LLF frequency in-

creases with time (from ∼ 1.1 to ∼ 6.5 Hz) in the first six observa-

tions while no significant QPO was fitted in observation #7. The be-

haviour of LLF characteristic frequency in bands 2 and 3 is mostly

identical to band 1 for observations #1–5, but we observe some dif-

ferences in observations #6 and #7. The 2–3σ QPO (σ ∼ 2.2) fitted

in observation #6 (band 2) seems to break the anti-correlation be-

tween frequency and rms shown in observations #1–5, but in band 3

the QPO frequency error bar is too big to infer any trend. However,

the anticorrelation is evident in observation #7, where a significant

QPO was fitted in bands 2 and 3 with lower characteristic frequency

compared to observation #5. The rms of LLF in band 1 decreases as

the QPO frequency increases, but in bands 2–3 this trend is pro-

gressively weaker. Indeed, in band 3 the LLF rms slightly oscillates

around ∼ 17% and ∼ 11% in the first five observations and de-

creases to ∼ 11% only in the last two observations.

The broad-band component (Lb) frequency slightly varies around

∼ 5 Hz in observations #3–5 (band 1), while no significant broad-

band components were fitted in observations #6 and #7. In band 2

Lb frequency shows a clear decreasing trend only in the last three

observations (ν ∼ 4.4–1.6 Hz), while does not show any clear trend

in band 3. L

4 MODEL FITTING

We fit the power spectra of the first five observations using

PROPFLUC (ID11; ID12; IK13). Whereas original explorations of

the model (ID11; ID12) used computationally intensive Monte

Carlo simulations, IK13 developed an exact analytic version of

the model, allowing us for the first time to explore its capabilities

systematically. We also investigate the relation between the values

we obtained from the previously described phenomenological
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values are plotted with 1σ error bars.

fitting of several Lorentzians (§2 and 3) and the model physical

parameters (see Table 2 in ID12 for a summary and description of

all the physical parameters).

4.1 The model

PROPFLUC (§1) parametrizes the flow surface density profile, which

is required to calculate both the precession frequency and local vis-

cous frequency, as a bending power law1:

1 ID12 showed that this surface density profile describes that measured

from Fragile et al. (2007)’s simulations.

Σ(r) =
Σ0Ṁ0

cRg

xλ

(1 + xκ)(ζ+λ)/κ
(1)

where x = r/rbw and rbw is a break radius such that Σ(r) ∼ r−ζ

for r ≫ rbw and Σ(r) ∼ r−λ for r ≪ rbw, with the sharpness

of the break controlled by the parameter κ (Fig. 7b shows Σ(r)
examples for different rbw values). Here, Ṁ0 is the average mass

accretion rate over the course of a single observation and Σ0 is a

dimensionless normalization constant. Throughout this paper, we

employ the convention that r ≡ R/Rg is radius expressed in units

of Rg . The surface density drop off at the bending wave radius,

rbw, is due to the torque created by the radial dependence of LT

precession (νLT ∝ ∼ r−3); i.e. essentially the inner regions try to

precess quicker than the outer regions. Outside rbw, bending waves
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fitting of several Lorentzians (§2 and 3) and the model physical

parameters (see Table 2 in ID12 for a summary and description of

all the physical parameters).

4.1 The model

PROPFLUC (§1) parametrizes the flow surface density profile, which

is required to calculate both the precession frequency and local vis-

cous frequency, as a bending power law1:

1 ID12 showed that this surface density profile describes that measured

from Fragile et al. (2007)’s simulations.

Σ(r) =
Σ0Ṁ0

cRg

xλ

(1 + xκ)(ζ+λ)/κ
(1)

where x = r/rbw and rbw is a break radius such that Σ(r) ∼ r−ζ

for r ≫ rbw and Σ(r) ∼ r−λ for r ≪ rbw, with the sharpness

of the break controlled by the parameter κ (Fig. 7b shows Σ(r)
examples for different rbw values). Here, Ṁ0 is the average mass

accretion rate over the course of a single observation and Σ0 is a

dimensionless normalization constant. Throughout this paper, we

employ the convention that r ≡ R/Rg is radius expressed in units

of Rg . The surface density drop off at the bending wave radius,

rbw, is due to the torque created by the radial dependence of LT

precession (νLT ∝ ∼ r−3); i.e. essentially the inner regions try to

precess quicker than the outer regions. Outside rbw, bending waves
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Figure 4. Lorentzian fit of observation #7 showing a type-B QPO.

Figs. 5(g) and (h) show the frequencies of the fitted QPOs (triangles

for LLF, diamonds for LLF
+), broad-band components (squares for

Lb, circles for Lb
−), and unidentified narrow (Q > 2) components

(pentagons), and their rms versus time in band 0, respectively. Solid

symbols indicate significant components and open symbols com-

ponents with significance between 2σ and 3σ. The 2–3σ unidenti-

fied component of observation #6 (see Table 1, bottom) is included

in our plot because its characteristic frequency matches with the

subharmonic frequency of the identified component LLF. Similarly,

two 2–3σ unidentified components fitted in observation #7 (Fig.

4) were reported, as one matches with the subharmonic frequency

of LLF , and the other with Lb. Squares and circles were slightly

shifted to the right for clarity.

Always referring to band 0, in the first five observations one signif-

icant low-frequency QPO (LLF) was fitted for each spectrum and

only the third observation shows a significant harmonic (LLF
+).

The LLF frequency increases with time from ∼ 1.1 to ∼ 5.8 Hz

while its rms decreases from ∼ 17% to ∼ 10% (see Table 1). Ob-

servation #7 shows a significant QPO with νmax = 4.7 Hz (Fig. 4).

The peak characteristics (νmax = 4.7 Hz, Q = 9, rms ∼ 4.8) of and

the low 1/128–10 Hz rms (∼ 7.2%) associated with this QPO, are

characteristics of type-B QPOs (e.g. Casella et al. 2005). Consid-

ering also the 2–3σ QPO fitted in observation #6 (νmax = 5.7 Hz,

σ ∼ 2.5), in observations #6 and #7 LLF frequency and rms are not

anti-correlated anymore. The characteristic frequency of LLF de-

creases from ∼ 5.8 to ∼ 4.7 Hz while the rms still decreases from

∼ 6% to ∼ 5%.

One significant broad-band component (Lb) with νmax in the in-

terval ∼ 2–4 Hz was fitted in observations #1–6. The rms of this

component decreases with time (from 20% to 9%), with a clear de-

creasing trend observable only in observations #5 and #6, while its

νmax remains almost in the same frequency range (around 3 Hz). In

observations #5–7, we fitted another broad-band component (Lb
−)

characterized by an increasing νmax (from observation #5 to #7) in

the interval ∼ 0.06–0.66 Hz and rms between 2% and 4%.

The timing features in the other energy bands are reported in Figs.

5(a)–(f). Similarly to panels (g) and (h), plots (a)–(b), (c)–(d), and

(e)–(f) show frequency and rms evolution for power spectral com-

ponents fitted in bands 1, 2, and 3, respectively. No significant char-

acteristic frequency shift was detected between energy bands in any

power spectral component, while the rms values are systematically

higher for higher energies (Table 1). In band 1, LLF frequency in-

creases with time (from ∼ 1.1 to ∼ 6.5 Hz) in the first six observa-

tions while no significant QPO was fitted in observation #7. The be-

haviour of LLF characteristic frequency in bands 2 and 3 is mostly

identical to band 1 for observations #1–5, but we observe some dif-

ferences in observations #6 and #7. The 2–3σ QPO (σ ∼ 2.2) fitted

in observation #6 (band 2) seems to break the anti-correlation be-

tween frequency and rms shown in observations #1–5, but in band 3

the QPO frequency error bar is too big to infer any trend. However,

the anticorrelation is evident in observation #7, where a significant

QPO was fitted in bands 2 and 3 with lower characteristic frequency

compared to observation #5. The rms of LLF in band 1 decreases as

the QPO frequency increases, but in bands 2–3 this trend is pro-

gressively weaker. Indeed, in band 3 the LLF rms slightly oscillates

around ∼ 17% and ∼ 11% in the first five observations and de-

creases to ∼ 11% only in the last two observations.

The broad-band component (Lb) frequency slightly varies around

∼ 5 Hz in observations #3–5 (band 1), while no significant broad-

band components were fitted in observations #6 and #7. In band 2

Lb frequency shows a clear decreasing trend only in the last three

observations (ν ∼ 4.4–1.6 Hz), while does not show any clear trend

in band 3. L

4 MODEL FITTING

We fit the power spectra of the first five observations using

PROPFLUC (ID11; ID12; IK13). Whereas original explorations of

the model (ID11; ID12) used computationally intensive Monte

Carlo simulations, IK13 developed an exact analytic version of

the model, allowing us for the first time to explore its capabilities

systematically. We also investigate the relation between the values

we obtained from the previously described phenomenological
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Figs. 5(g) and (h) show the frequencies of the fitted QPOs (triangles

for LLF, diamonds for LLF
+), broad-band components (squares for

Lb, circles for Lb
−), and unidentified narrow (Q > 2) components

(pentagons), and their rms versus time in band 0, respectively. Solid

symbols indicate significant components and open symbols com-

ponents with significance between 2σ and 3σ. The 2–3σ unidenti-

fied component of observation #6 (see Table 1, bottom) is included

in our plot because its characteristic frequency matches with the

subharmonic frequency of the identified component LLF. Similarly,

two 2–3σ unidentified components fitted in observation #7 (Fig.

4) were reported, as one matches with the subharmonic frequency

of LLF , and the other with Lb. Squares and circles were slightly

shifted to the right for clarity.

Always referring to band 0, in the first five observations one signif-

icant low-frequency QPO (LLF) was fitted for each spectrum and

only the third observation shows a significant harmonic (LLF
+).

The LLF frequency increases with time from ∼ 1.1 to ∼ 5.8 Hz

while its rms decreases from ∼ 17% to ∼ 10% (see Table 1). Ob-

servation #7 shows a significant QPO with νmax = 4.7 Hz (Fig. 4).

The peak characteristics (νmax = 4.7 Hz, Q = 9, rms ∼ 4.8) of and

the low 1/128–10 Hz rms (∼ 7.2%) associated with this QPO, are

characteristics of type-B QPOs (e.g. Casella et al. 2005). Consid-

ering also the 2–3σ QPO fitted in observation #6 (νmax = 5.7 Hz,

σ ∼ 2.5), in observations #6 and #7 LLF frequency and rms are not

anti-correlated anymore. The characteristic frequency of LLF de-

creases from ∼ 5.8 to ∼ 4.7 Hz while the rms still decreases from

∼ 6% to ∼ 5%.

One significant broad-band component (Lb) with νmax in the in-

terval ∼ 2–4 Hz was fitted in observations #1–6. The rms of this

component decreases with time (from 20% to 9%), with a clear de-

creasing trend observable only in observations #5 and #6, while its

νmax remains almost in the same frequency range (around 3 Hz). In

observations #5–7, we fitted another broad-band component (Lb
−)

characterized by an increasing νmax (from observation #5 to #7) in

the interval ∼ 0.06–0.66 Hz and rms between 2% and 4%.

The timing features in the other energy bands are reported in Figs.

5(a)–(f). Similarly to panels (g) and (h), plots (a)–(b), (c)–(d), and

(e)–(f) show frequency and rms evolution for power spectral com-

ponents fitted in bands 1, 2, and 3, respectively. No significant char-

acteristic frequency shift was detected between energy bands in any

power spectral component, while the rms values are systematically

higher for higher energies (Table 1). In band 1, LLF frequency in-

creases with time (from ∼ 1.1 to ∼ 6.5 Hz) in the first six observa-

tions while no significant QPO was fitted in observation #7. The be-

haviour of LLF characteristic frequency in bands 2 and 3 is mostly

identical to band 1 for observations #1–5, but we observe some dif-

ferences in observations #6 and #7. The 2–3σ QPO (σ ∼ 2.2) fitted

in observation #6 (band 2) seems to break the anti-correlation be-

tween frequency and rms shown in observations #1–5, but in band 3

the QPO frequency error bar is too big to infer any trend. However,

the anticorrelation is evident in observation #7, where a significant

QPO was fitted in bands 2 and 3 with lower characteristic frequency

compared to observation #5. The rms of LLF in band 1 decreases as

the QPO frequency increases, but in bands 2–3 this trend is pro-

gressively weaker. Indeed, in band 3 the LLF rms slightly oscillates

around ∼ 17% and ∼ 11% in the first five observations and de-

creases to ∼ 11% only in the last two observations.

The broad-band component (Lb) frequency slightly varies around

∼ 5 Hz in observations #3–5 (band 1), while no significant broad-

band components were fitted in observations #6 and #7. In band 2

Lb frequency shows a clear decreasing trend only in the last three

observations (ν ∼ 4.4–1.6 Hz), while does not show any clear trend

in band 3. L

4 MODEL FITTING

We fit the power spectra of the first five observations using

PROPFLUC (ID11; ID12; IK13). Whereas original explorations of

the model (ID11; ID12) used computationally intensive Monte

Carlo simulations, IK13 developed an exact analytic version of

the model, allowing us for the first time to explore its capabilities

systematically. We also investigate the relation between the values

we obtained from the previously described phenomenological
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fitting of several Lorentzians (§2 and 3) and the model physical

parameters (see Table 2 in ID12 for a summary and description of

all the physical parameters).

4.1 The model

PROPFLUC (§1) parametrizes the flow surface density profile, which

is required to calculate both the precession frequency and local vis-

cous frequency, as a bending power law1:

1 ID12 showed that this surface density profile describes that measured

from Fragile et al. (2007)’s simulations.

Σ(r) =
Σ0Ṁ0

cRg

xλ

(1 + xκ)(ζ+λ)/κ
(1)

where x = r/rbw and rbw is a break radius such that Σ(r) ∼ r−ζ

for r ≫ rbw and Σ(r) ∼ r−λ for r ≪ rbw, with the sharpness

of the break controlled by the parameter κ (Fig. 7b shows Σ(r)
examples for different rbw values). Here, Ṁ0 is the average mass

accretion rate over the course of a single observation and Σ0 is a

dimensionless normalization constant. Throughout this paper, we

employ the convention that r ≡ R/Rg is radius expressed in units

of Rg . The surface density drop off at the bending wave radius,

rbw, is due to the torque created by the radial dependence of LT

precession (νLT ∝ ∼ r−3); i.e. essentially the inner regions try to

precess quicker than the outer regions. Outside rbw, bending waves
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fitting of several Lorentzians (§2 and 3) and the model physical

parameters (see Table 2 in ID12 for a summary and description of

all the physical parameters).

4.1 The model

PROPFLUC (§1) parametrizes the flow surface density profile, which

is required to calculate both the precession frequency and local vis-

cous frequency, as a bending power law1:

1 ID12 showed that this surface density profile describes that measured

from Fragile et al. (2007)’s simulations.

Σ(r) =
Σ0Ṁ0

cRg

xλ

(1 + xκ)(ζ+λ)/κ
(1)

where x = r/rbw and rbw is a break radius such that Σ(r) ∼ r−ζ

for r ≫ rbw and Σ(r) ∼ r−λ for r ≪ rbw, with the sharpness

of the break controlled by the parameter κ (Fig. 7b shows Σ(r)
examples for different rbw values). Here, Ṁ0 is the average mass

accretion rate over the course of a single observation and Σ0 is a

dimensionless normalization constant. Throughout this paper, we

employ the convention that r ≡ R/Rg is radius expressed in units

of Rg . The surface density drop off at the bending wave radius,

rbw, is due to the torque created by the radial dependence of LT

precession (νLT ∝ ∼ r−3); i.e. essentially the inner regions try to

precess quicker than the outer regions. Outside rbw, bending waves

c⃝ 2013 RAS, MNRAS 000, 1–10
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MAXI J1659-152
• Transient black hole binary 

• Discovered on 25 September 2010 by 
Negoro et al. (2011) 

• Shortest orbital period BHB (2.41 h)  

• Observations collected between 25 
September and 22 October 2010 by Swift

MAXI J1659-152 ID
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