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Main result

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

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

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

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

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

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

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

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

While it seems clear that the blackbody radiation appears truncated at a large
radius (∼100 Rg) in the hard state, the physical state of the hot material within this
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Additional PDS features
peaked noise component high frequency QPOs 

centroid frequency at a 
few hundred Hz  
mainly observed during 
intermediate states

HFQPO in black-hole binaries 3

Table 1. Statistics of available data and obtained detections. Columns are: source name, total number of observations, number
of observations analyzed in each band, total exposure considered in each band, number of observations with single try probability
>3� in each band, number of detections after manual analysis in each band and final number of detections.

Source name N. obs. Valid T. Valid H. Exp. T (ks) Exp. H (ks) > 3� T > 3� H Good T Good H Final

GX 339-4 1353 893 517 2190 1657 31 34 4 11 4
4U 1630-47 1002 846 701 1934 1672 31 27 11 7 4
GRO J1655-40 596 516 491 2295 2214 18 24 7 8 11
H 1743-322 504 386 300 1153 941 19 20 6 8 4
XTE J1550-564 409 319 280 860 790 46 31 15 14 16
Swift J1753.5-0127 278 240 172 671 527 14 8 3 3 0
XTE J1752-223 208 138 79 343 250 6 6 0 4 2
XTE J1650-500 182 101 69 219 155 17 5 4 2 0
Swift J1539.2-6227 156 61 42 153 122 1 3 1 1 0
XTE J1817-330 155 112 79 372 256 3 2 1 1 0
XTE J1859+226 131 115 102 314 281 6 4 2 2 1
4U 1543-47 104 53 38 161 125 6 3 0 1 0
XTE J1720-318 100 75 19 233 101 1 1 0 1 0
4U 1957+115 100 97 46 529 334 1 0 0 0 0
XTE J1118+480 94 62 50 174 154 0 3 0 1 0
MAXI J1659-152 66 63 54 148 135 1 1 0 1 0
SLX J1746-331 65 47 23 125 72 2 2 0 0 0
XTE J1652-453 57 30 1 67 2 1 0 0 0 0
XTE J1748-288 24 23 21 103 99 0 1 0 0 0
SAX J1711.6-3808 17 17 12 43 30 0 0 0 0 0
GS 1354-644 8 7 7 52 52 0 1 0 0 0
GRS 1737-31 5 4 3 40 28 0 0 0 0 0

Total 7108 4205 3106 12177 9996 204 176 54 65 42

the same model described above and we re-established the
significance of the fit in the same way. In case we found a
peak at a consistent frequency, both in the hard and total
PDS, we retained the one with the highest significance.
The final numbers of detections from this procedure are
shown in the last column of Tab. 1. The total number was
42. For all fits, the reduced chi square was close to unity.

(iv) The resulting HFQPOs have a significance (esti-
mated in the way described above) larger than 3� for a single
trial. We searched them in a number of PDS for each source
and we considered a broad range of frequencies. Both these
procedures translate in a number of trials. For each source,
we considered how many PDS were searched (for the to-
tal plus hard band) and how many independent frequencies
were considered: for each detection we divided the 900 Hz
interval used for the search by the FWHM of the detected
QPO. Keeping these two e↵ects in mind of course lowers the
significance.

We did this under the assumption that any frequency
within the considered range would be accepted. If one wants
to limit to certain frequencies, for instance considering only
peaks around 180 Hz and 280 Hz for XTE J1550-564 as
previously detected (Homan et al. 2001; Miller et al. 2001;
Remillard et al. 2002a), the number of trials will change
and so will the significance of the detections. For this rea-
son, in Tab. 2 we show all 42 detections. In the following, we
will restrict the discussion only to those with a high signifi-
cance.We marked in boldface in the table the HFQPOs with
a final chance probability less than 10�2. Notice that a num-
ber of detections have a (rounded) final chance probability
of 1, making them unlikely to be real. One has a rounded

probability of 0, as it was so low that the spreadsheet we
used could not approximate it.

(v) Notice that our procedure can only detect one peak
per PDS. In principle, two di↵erent features can be detected
in the total and hard PDS, but this did not happen. No clear
additional peaks were seen visually in the PDS containing a
detection.

In addition, we produced a Hardness-Intensity Diagram
(HID) for each source, one point per observation, by accu-
mulating net energy spectra from PCU2 (the best calibrated
of the five units of the PCA) using standard procedures 1.
The count rates were corrected for gain changes by divid-
ing the spectra by a Crab spectrum (power law with photon
index 2 and normalization 10 ph/cm�2s�1keV�1 at 1 keV)
simulated with the detector response at the day of the ob-
servation. Intensity is accumulated over PCA channels 8-49,
corresponding to 3.2-19 keV at the end of the mission. Hard-
ness is defined asH/S where S andH are the corrected rates
in the channel bands 8-14 (3.2-6 keV) and 15-24 (6-10 keV)
respectively.

3 RESULTS

In this section we examine the results for each source for
which HFQPOs have been detected. We study in detail only
detections at more than 3� significance after keeping number
of trials into account.

1 http://heasarc.nasa.gov/docs/xte/data analysis.html

c� 2012 RAS, MNRAS 000, 1–??

Belloni et al. 2012, MNRAS, 426, 1701

Belloni et al. 2012, 
MNRAS, 426, 17012560 S. E. Motta et al.

Figure 2. PDS obtained averaging the observations of Sample B1. The
figure shows the three simultaneous QPOs detected in the PDS. In the large
panel, we show the type-C QPO, while in the two insets we show the lower
(top panel) and upper (bottom panel) HFQPOs.

(b) Sub-sample B2: two observations show a low-frequency type-
C QPO at ∼18 Hz and an HFQPO at ∼450 Hz.

Lists of the HFQPOs detected in GRO J1655−40 are reported in
Remillard et al. (1999), Strohmayer (2001) and Belloni et al. (2012).
Our sample B coincides with the sample obtained crossing the sam-
ples of these works. In all the five observations residuals in the form
of a QPO are visible at ∼300 Hz and/or ∼450 Hz in the PDS pro-
duced in the total energy band. However, the HFQPOs at ∼300 Hz
are detected in the soft band in three observations, while the HFQPO
at ∼450 Hz are detected in the hard energy band of the five observa-
tions. The type-C QPO is always clearly observable in the soft, hard
and total energy bands. Since observations of sub-sample B1 show
QPOs with consistent frequencies and since the source was in the
same state (this can be inferred from the hardness ratio value and
rms, see Table 2), in order to improve the quality of the PDS, follow-
ing Strohmayer (2001) we computed an average PDS by combining
the three different observations. The resulting PDS is shown in
Fig. 2. We analysed separately the two observations of sub-sample
B2 showing the type-C QPO and the upper HFQPO. The properties
of all the sample B observations are reported in Table 2.

3 THE RELATIVISTIC PRECESSION MODEL

In this work, we apply the RPM (Stella & Vietri 1998; Stella, Vietri
& Morsink 1999), where certain combinations of the fundamental
frequencies of motion in the strong field regime are associated
with the frequency of certain QPOs observed in accreting compact
objects. We adopt the convention G = c = 1.

When the motion occurs in the equatorial plane (Bardeen, Press &
Teukolsky 1972), from the geodesic equation we obtain the orbital
frequency measured by a static observer at infinity:

νφ = ± 1
2π

(
M

r3

)1/2 1

1 ± a
(

M
r

)3/2 , (1)

for a particle orbiting at a distance r from a BH of mass M and
dimensionless spin parameter a = J/M2 (with J angular momentum
and J/M specific angular momentum).

Here ± 1
2π

( M
r3 )1/2 is the classical Keplerian frequency. The upper

sign always refers to the prograde orbits, while the lower sign refers
to retrograde orbits. The off-equatorial (epicyclic) motion can be
described applying a small perturbation in the circular (cyclic) orbit

on the equatorial plane introducing velocity components in the r and
θ directions (Wilkins 1972). The resulting coordinate frequencies of
the small amplitude radial oscillations within the plane (the epicyclic
frequency νr) and in the vertical direction (the vertical epicyclic
frequency νθ ) are given by

νr = νφ

(
1 − 6 M

r
− 3a2

(
M

r

)2

± 8a

(
M

r

)3/2
)1/2

(2)

and

νθ = νφ

(
1 + 3a2

(
M

r

)2

∓ 4a

(
M

r

)3/2
)1/2

. (3)

These three coordinate frequencies lead to two additional frequen-
cies, the periastron precession frequency

νper = νφ − νr (4)

and the nodal precession frequency

νnod = νφ − νθ . (5)

The nodal precession frequency νnod is identically zero in the
Swarzschild limit (a = 0), where the vertical epicyclic frequency νθ

equals νφ (Merloni et al. 1999). The periastron precession frequency
νper coincides with the orbital frequency νφ at the radius of the in-
nermost stable circular orbit, where the radial epicyclic frequency
equals zero. The innermost stable circular orbit is given by

rISCO = M
(
3 + Z2 ∓ ((3 − Z1) (3 + Z1 + 2Z2))1/2)

Z1 = 1 +
(

1 − a2

rg

)1/3
((

1 + a

rg

)1/3

+
(

1 − a

rg

)1/3
)

Z2 =
(

3a2

rg

+ Z2
1

)1/2

. (6)

Equations (6) are obtained requiring that the radial component of
the gravitational potential and its derivative are identically zero
(Bardeen et al. 1972).

In the RPM, the upper HFQPO is identified with the orbital fre-
quency νφ while the lower HFQPO is associated with the periastron
precession frequency νper. In the originally proposed version of the
RPM (applied to the case of NSs, Stella et al. 1999), the LFQPO
was associated with the second harmonic of the nodal precession
frequency, 2νnod, under the assumption that the inner accretion disc
could be tilted in a way that a stronger signal could be produced at
even harmonics of the nodal precession frequency (Psaltis, Belloni
& van der Klis 1999). Here, we use a simpler assumption and we
associate the LFQPO frequency to the fundamental of the nodal
precession frequency νnod.

Hence, under the assumption that the nodal precession frequency,
the periastron precession frequency and the orbital frequency arise
from the same radius, the system of equations that expresses the
RPM is the following:

νφ = ± 1
2π

(
M

r3

)1/2 1

1 ± a
(

M
r

)3/2

νper = vφ



1 −
(

1 − 6; ,M
r

− 3a2
(

M

r

)2

± 8a

(
M

r

)3/2
)1/2





νnod = vφ



1 −
(

1 + 3a2
(

M

r

)2

∓ 4a

(
M

r

)3/2
)1/2



 . (7)

 at Shanghai A
stronom

ical O
bservatory on June 4, 2014

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

Motta et al. 2014, MNRAS, 437, 25542562 S. E. Motta et al.

Figure 5. Nodal precession frequency (dotted line), periastron precession frequency (dashed line) and orbital frequency (dot–dashed line) as a function of the
nodal precession frequency around a Kerr BH as predicted by the RPM. The lines are drawn for the mass and spin values (M = 5.31 M! and a = 0.29) that
provide the best fit to the three simultaneous QPO frequencies observed from GRO J1655−40 (blue points in the plot). The corresponding radii are given in the
top x-axis. The black circles represent the characteristic frequencies of the broad components in the PDS of GRO 1655−40, which follow the PBK correlation.
It is noteworthy that all points lie close to the low-frequency extrapolation of the frequencies predicted by the RPM, based on the three simultaneous points
only. The squares represent the frequency of type-C QPOs plotted against itself; this is to illustrate the frequency range over which these QPOs are detected,
therefore their ‘correlation’ is an artefact. All the points are plotted together with their 1σ error. When the error is not visible, it is smaller than the symbol.
The vertical dotted red line marks the nodal frequency produced at the innermost stable circular orbit and the red vertical band indicates its corresponding 3σ

uncertainty. A colour version of the figure is available online.

correlation found by Psaltis et al. (1999). They showed that the
dependence of the Ll frequency on twice the Llf frequency matches
the dependence of the periastron precession frequency on twice the
nodal precession frequency.

Following Stella & Vietri (1999), we inspected the observations
of GRO J1655−40 in sample A to identify the power-spectral com-
ponent following the PBK correlation (Llf , Ll and Lu according to
the nomenclature given above, based on Belloni et al. 2002).

We considered the characteristic frequency νmax [defined as
ν2

max = ν2 + (#/2)2, where # is the width of the Lorentzian com-
ponent describing a given power-spectral feature, see Belloni et al.
2002] of the components Ll and Lu and the peak frequency of the
Llf component.6 Following the prescriptions of the RPM (see Sec-
tion 3), we plotted the characteristic frequencies Ll and Lu as a
function of the Llf frequency. We also plotted the frequencies pre-
dicted by the RPM assuming the mass and spin obtained solving

6 The characteristic frequency νmax constitute a measure for the break fre-
quency of a broad Lorentzian and around this frequency the component
contributes most of its power per logarithmic frequency interval. For the
description of broad components, νmax is to be preferred to the Lorentzian
peak frequency, since broad components are often centred at zero and the
peaks frequency loses its meaning. Also, νmax approaches the value of
the peak frequency for decreasing widths of a Lorentzian component and it
is practically coincident with the centroid frequency in the case of QPOs.

the system as a function of the nodal frequency. The result is shown
in Fig. 5.

(i) All the characteristic frequencies of the Ll and Lu components
match well the frequencies predicted by the RPM. In particular, the
dependence of the Ll frequencies on the type-C QPO frequency (Llf )
follows the dependence of the periastron precession frequency on
the nodal precession frequency, whereas the dependence of the Lu

frequencies on the type-C QPO frequencies matches the dependence
of the orbital frequency on the nodal precession frequency (see
Fig. 5).

(ii) Most of the type-C QPOs in Sample A (Llf components,
associated with the nodal precession motion) show characteristic
frequencies that are consistent with being produced at radii larger
than rISCO. About 6 per cent of the detections are consistent with
being produced at a radius which is slightly smaller than rISCO, on
an artificial extrapolation of the nodal precession frequency slightly
inside rISCO. The highest frequency type-C QPO observed in the
PDS of GRO J1655−40 is centred at 28.32 Hz would correspond to
a radius equal to 4.8 gravitational radii (∼4.5 per cent smaller than
rISCO).

4.3 On the width of the QPOs

QPOs normally observed in BH X-ray binaries are typically nar-
row, with very small fractional widths (#ν/ν ∼ 10−1, van der Klis
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neously in di†erent ways, whereas in other models all QPOs
correspond to di†erent modes of the same fundamental
mechanism (e.g., Titarchuk & Muslimov 1997). When
several types of QPO are observed in the X-ray brightness
of a system simultaneously, their frequencies, which com-
monly increase with mass accretion rate, are often tightly
correlated (see, e.g., van der Klis et al. 1996 ; Ford & van der
Klis 1998 ; Psaltis et al. 1998, 1999). In some cases, these
correlations appear to depend only weakly on the other
properties of the sources. For example, the frequencies of
the upper and lower kilohertz QPOs (hereafter kHz QPOs),
as well as the frequencies of the upper kHz QPO and the
HBO, are consistent with following very similar relations in
all Z sources (Psaltis et al. 1998, 1999).

Here we study the systematics of QPOs and peaked
broad noise components observed in nonpulsing neutron
star and black hole low-mass X-ray binaries. We Ðnd tight
correlations among them. In particular, we Ðnd an indica-
tion that two types of variability, showing up in some
systems as an HBO and a kHz QPO, may occur, at widely
di†erent coherences and over a wide range of frequencies, in
both neutron star and black hole systems. We caution,
however, that the striking correlations we report here might
be an artifact produced by the accidental line-up of multi-
ple, independent correlations. If future observation conÐrm
our results, this will strongly constrain theoretical models of
QPOs in neutron star and black hole systems.

2. IDENTIFICATION OF QPOs IN NEUTRON STAR AND

BLACK HOLE SYSTEMS

Quasi-periodic oscillations and peaked broad noise com-
ponents have been detected in both neutron star and black
hole systems. In this section we discuss observations of such
systems in which at least one QPO has been detected
together with one more peaked variability component and
attempt to identify the various power-spectral components
with QPOs and noise components in other sources, pri-
marily on the basis of their frequencies. We restrict our
study to phenomena with frequencies Hz to avoid theZ0.1
very complicated timing behavior of the microquasars at
these low frequencies (see, e.g., Remillard et al. 1999b). We
do not consider in our study the peculiar ^1 Hz QPO in
the dipper 4U 1323[62 (Jonker et al. 1999), which has
properties very di†erent from all other QPOs in nonpulsing
neutron star sources. We will also exclude from our study
QPOs observed in accretion-powered pulsars, most of
which are thought to be strongly magnetic (D1012 G) and
hence to have di†erent inner accretion Ñow properties than
the nonpulsing neutron star sources. The QPO and noise
properties in the only known millisecond accretion powered
pulsar, SAX J1808.4[3658, have been compared to those of
the nonpulsing sources by Wijnands & van der Klis (1999)
and are also excluded in the present study.

2.1. Neutron Star Sources
Z sources.ÈIn the power spectra of Z sources, the identi-

Ðcation of QPOs and noise components is unambiguous.
For example, four distinct QPO peaks that are not harmo-
nically related are often observed simultaneously in Sco X-1
(van der Klis et al. 1996). In this as well as the other Z
sources, these QPO peaks are identiÐed as NBOs, HBOs, or
kHz QPOs, based on their frequencies and occurrence in
di†erent spectral branches. Figure 1 shows a power-density

FIG. 1.ÈExamples of power spectra of low-mass X-ray binaries, in
which more than one QPO or broadband noise components are detected.
The individual power spectra were shifted along the vertical axis for clarity
and along the horizontal axis, by the amounts displayed, for the low-
frequency QPOs to be aligned (dotted line). The sample of sources includes
a black hole candidate (GX 339[4 ; et al. 1998), an X-ray bursterMe" ndez
(1E 1724[3045 ; Olive et al. 1998), a luminous neutron star (Cir X-1 ;
Shirey 1998), and a Z source (Sco X-1). The continuum in the power
spectrum of Sco X-1 at high frequencies is a†ected by instrumental e†ects.

spectrum of Sco X-1 (based on the data described in van der
Klis et al. 1997) in which an HBO and its harmonic as well
as a lower and an upper kHz QPO are evident (notice that
frequency shifts were applied to the power spectra shown in
Fig. 1). In the Ðve Z sources in which HBOs have been
observed simultaneously with two kHz QPOs, the fre-
quency of the HBO is tightly correlated to the frequency of
the upper kHz QPO (Wijnands et al. 1998a, 1998b ; Homan
et al. 1998 ; see also Stella & Vietri 1998a ; Psaltis et al.
1999). At the same time, the frequencies of the lower and
upper kHz QPOs are also tightly correlated in a way that is
well described by a simple empirical power-law relation
(Psaltis et al. 1998). Both correlations are consistent with
their being very similar in all Z sources. In Sco X-1, which is
the only Z source that simultaneously shows NBOs and
kHz QPOs, the frequencies of these QPOs are also tightly
correlated (van der Klis et al. 1997). Here in discussing the
QPOs detected in Z sources, we shall use RXT E data that
have been previously published (see Table 1).

The upper kHz QPO, HBO, and NBO frequencies
detected in the above Z sources are plotted in Figure 2
against the lower kHz QPO frequency (red symbols). The
HBO frequency appears to be well correlated to thelHBOfrequency of the lower kHz QPO, as expected given theirl1previously known common dependence on the frequency of
the upper kHz QPO. When Hz, the data points forl1 [ 550

FIG. 2.ÈTop Panel : Correlations between frequencies of QPO and noise components in low-mass X-ray binaries, including several Z sources (red
symbols), atoll sources (blue symbols), and other neutron star sources (cyan symbols) and black hole candidates (green symbols). The dashed line represents the
correlation between the HBO and lower kHz QPO frequencies in Z sources, when the latter are between 200È550 Hz, extrapolated by orders ofZ2
magnitude toward lower frequencies. When not shown, the error bars are typically similar to the size of the symbols. The Cir X-1 point with the error bar is
the EXOSAT detection reported in Tennant (1987). For some data points of 4U 1728[34, the frequency of the lower kHz QPO, which was not always
detected, has been estimated by subtracting the assumed constant peak separation of 363 Hz from the frequency of the upper kHz QPO that has been
detected (see Ford & van der Klis 1998). Bottom Panel : Detail of the top panel showing the correlation of the HBO and NBO frequencies with the lower kHz
QPO frequency at high frequencies.

Rao et al. 2010, ApJ 
714, 1065

GRO J1655-40

Psaltis et al. 1999, ApJ, 520, 262
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XMM-Newton black hole X-
ray binary sample
12 black hole XRBs
60 archival observations in 
fast modes

 

has higher energy resolution
covers softer energies

Holger Stiele

Compared to RXTE XMM-Newton
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PDS in low hard state
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decay

rise

At least one component where f1-2keV < 
f4-8keV

BLN in low hard state

Stiele & Yu, in prep Stiele & Yu, in prep
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GRS 1915+105
detected 1992 with the 
WATCH instrument on-board 
GRANAT

MBH ∼14±4 M⊙; D ∼12 kpc; 
orbital period ∼33 d 

requires its own 
classification scheme ➜ 
shows 12 variability classes

χvariability class ≈ 

conventional “hard” state

5 Aug 2004 22:21 AR AR222-AA42-08.tex AR222-AA42-08.sgm LaTeX2e(2002/01/18) P1: IKH

GRS 1915+105 AND DISC-JET COUPLING 325

Figure 7 Sample RXTE/PCA 1-s light curves for six of the 12 classes defined in
Belloni et al. (2000).

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

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

A full spectral analysis on a timescale of 16 s of the instability oscillations in
class-β observations showed that indeed the inner-disc radius estimated from the
disc blackbody component is larger during state A than during state B (Migliari &
Belloni 2003). Moreover, there is evidence for changes in the local accretion rate
through the disc during states C and B but not during state A, where inner-disc
temperature and radius change in a way that reflects a constant disc accretion rate
(see Figure 9).
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Belloni et al. 2000, A&A, 355, 271

Fender & Belloni 2004, ARA&A, 42, 317

Reig et al. 2003, A&A, 412, 229; van Oers et al. 
2010, MNRAS, 409, 763

5 archival XMM-Newton observations of GRS 1915+105 during its 
χvariability class from 2003 and 2004

source highly absorbed below 1.5 keV Martocchia et al. (2006, A&A, 448, 677)
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PDS of GRS 1915+105
χvariability 

class

4.5 - 8 keV

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

Stiele & Yu, 2014, MNRAS, 441, 1177

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

components are given as dashed lines.

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

columns 3 to 5.

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

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

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

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

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

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

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

to an over-correction at higher energies. This leads to a striking dif-

c© 2014 RAS, MNRAS 000, 1–9

XMM
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Figure 3. Power density spectra of the three RXTE observations in the 4.9

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

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

right corner indicates the corresponding XMM-Newton observation.

c© 2014 RAS, MNRAS 000, 1–9

(4.9 - 14.8 keV)

RXTE

overall shape 
agrees 
between XMM 
and RXTE
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PDS: Zoom in Low Energies
1.5 - 2.5 keV

decent fit with power 
law 

QPO upper limit of 7.2% rms, 
slightly below the soft band 
rms given in Rodriguez et al. (2004, ApJ, 615, 

416) for a similar centroid 
frequency; QPO rms of ∼11.5% 
in 1.5 - 8 keV

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

Stiele & Yu (2014, MNRAS 441, 1177)

1.5 - 2.5 keV
1.5 - 8 keV

Soft state 
type power 
spectrum

hard/IM 
state type 

power 
spectrum
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MAXI J1659-152
similar result found for MAXI 
J 1659-152 based on Swift and 
RXTE data

in the HIMS, when the disc 
fraction exceeds ∼30%:

above 2 keV: BLN and QPO

below 2 keV: power law noise 

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

Yu & Zhang 2013, ApJ, 770, 135

hard/IM state 
type power 
spectrum

Soft state 
type power 
spectrum
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Energy Spectra
re-analysis of quasi-
simultaneous archival XMM-
Newton and RXTE spectra 
using same spectral model as 
in Martocchia et al. (2006, A&A, 448, 677) 

added multicolour disc 
component

vabs*(diskbb+refsch+Lines) + 
excess emission

disc component needed to 
obtain decent fits

contributes ∼20-30% in the 1.5 
- 2.5 keV band and only a few 
% in the 2.5 - 3.5 keV band  

Distinct soft and hard band PDS in GRS 1915+105 7

Figure 5. Energy spectra and residuals of all five XMM-Newton observations. For Obs. B, C, and E the simultaneous RXTE/PCA data are included in the fit.

The best fit model as well as the contribution of the disc blackbody emission and of the power law with reflection component are indicated by solid lines.

J1659-152 at a disc fraction exceeding ∼ 30 % in the 0.3 – 2 keV

band (Yu & Zhang 2013).

We used Obs. E, that has the longest exposure of all three

XMM-Newton observations with simultaneous RXTE data, to

verify that in all three cases – unmodified XMM-Newton spec-

trum plus RXTE/PCA spectrum, epfast-corrected XMM-Newton

spectrum plus RXTE/PCA spectrum, and epfast-corrected XMM-

Newton spectrum below 6 keV plus RXTE/PCA spectrum above 5

keV – the addition of a multicolor disc blackbody component leads

to a significant improvement of the fit.

c© 2014 RAS, MNRAS 000, 1–9

Stiele & Yu, 2014, MNRAS, 441, 1177
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Schematic picture of the possible 
accretion geometry

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

Low luminosity hard state

BLN + QPO

PLN

High luminosity hard/intermediate state

BLN + QPO PLN

1.5 - 2.5 keV
1.5 - 8 keV
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soft band dominated by Comptonized photons

HARD comptonized 
photons

SOFT photons directly 
form visible disk

HARD comptonized 
photons

SOFT photons directly 
form visible disk

H. Stiele H. Stiele 

Stiele & Yu (2014, MNRAS 441, 1177)
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Summary
energy dependence of power density spectra

in low hard state:

break frequency of band-limited noise evolves with 
energy   

in (hard) intermediate state:

two different PDS states coexist simultaneously in 
the hard and soft band

observed PDS state depends on which spectral 
component we are looking at
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