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Low mass black hole X-ray 
binary

Central object is a 
stellar mass (3-20 M⊙) 
black hole!

Accretes matter from its 
low mass companion star 
(Ms ≲ 1 M⊙, type A,F,G,K,M) 
through a disc (Roche-
lobe overflow)!

X-ray emitting region 
close to event horizon RS
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Gilfanov 2010, X-ray emission from BH binaries
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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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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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30 Black Hole Binaries

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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Covariance ratios
Covariance spectrum: rms spectrum between a 
narrow energy band (X) and a broad reference 
band (Y; 1–4 keV; Wilkinson & Uttley 2009, MNRAS 397, 
666)!

!
!

Error bars are smaller compared to normal 
rms spectrum!
Covariance ratio: model independent way to 
compare variability on different time scales!
Ratio of cov. spectra on long (segments of 
270s with 2.7s time bins) and short time 
scales (segments of 4s with 0.1s time bins)!
Increase of covariance ratio at lower energies 
has been interpreted as sign of additional disc 
variability on long time scales (Wilkinson & Uttley 
2009, MNRAS 397, 666)!

Stiele & Yu 2015, M
NRAS 452, 3666

3676 H. Stiele and W. Yu

Table 5. Behaviour of photon index and inner disc temperature comparing parameters obtained from covariance spectra on both timescales
and of parameters obtained from covariance spectra to those of mean energy spectra.

Parameter GX 339/04 GX 339/09 Sw1753/06 Sw1753/12/1 Sw1753/12/2 H 1743

Covariance to mean energy spectra
! Smaller Agree Agree (s) Agree (s) a Agree

Smaller (l) Bigger (l)
Tin Smaller Agree (s) Agree Smaller Smaller Smaller

Smaller (l)
Short-term to long-term covariance spectra
! Agree Agree Agree Agree Do not agree Agree
Tin Do not Agree Agree Agree Agree Agree Agree
aFor the October 2012 observation of Swift J1753.5−0127, the photon index obtained from the mean energy spectrum lies between
the values obtained from the covariance spectra and agrees within error bars with the one obtained from the long-scale covariance
spectrum. Notes: (s), (l): short-, long-timescale covariance spectra, respectively; ‘Agree’ is short for ‘agree within error bars’. The table
should be read like this: for the 2004 observation of GX 339−4, the photon indices obtained from the long- and short-term covariance
spectra are smaller than the one obtained from the mean energy spectrum.

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

MNRAS 452, 3666–3678 (2015)
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Some remain hard

H 1743–322 showed a so-called 
“failed” outburst in 2008 and 2014 !
XMM-Newton observed H 1743–
322 during these two “failed” 
outbursts!
GS 1354–64 showed a hard-state 
only outburst in 2015

Some outbursts do not make it to the soft state2 H. Stiele, W. Yu

the high soft state (HSS), before they return at a substantial lower
luminosity passing again the intermediate states (Stiele et al. 2011)
back to the LHS. Some BHTs stay in the LHS during the entire out-
burst (see Capitanio et al. 2009, for a list of BHTs that show LHS-
only outbursts). Individual states have distinct timing properties.
Power density spectra (PDS) obtained in the LHS are dominated
by band-limited noise (BLN) and can show quasi-periodic oscil-
lations (QPOs). When the BHT goes from the LHS to the HIMS
the PDS obtained in the energy range covered by the RXTE/PCA
detector (i. e. >2 keV) show an increasing amplitude and centroid
frequency of the (type-C) QPO (see Wijnands et al. 1999; Casella
et al. 2005; Belloni et al. 2011, for a classification of the di↵erent
QPO types). Investigations of PDS in di↵erent energy bands, in-
cluding softer energies, revealed the existence of two distinct power
spectral shapes at soft and hard X-rays at the onset of the HIMS (Yu
& Zhang 2013; Stiele & Yu 2014).

In 2008 H 1743-322 showed an outburst in which it went to
the HIMS, but then returned to the LHS without ever reaching the
soft states. Compared to previous outbursts, where the source went
to the HSS, the inner disc temperature did not vary substantially
during outburst evolution and remained rather high for a HIMS
(Tin ⇡ 0.8keV), while the inner disc radius decreased and the flux
of the blackbody component increased (Capitanio et al. 2009). Cap-
itanio et al. (2009) supposed that the returning to the LHS without
entering into the soft states was connected to a premature decrease
of the mass accretion rate. This kind of outburst that does not make
it to the soft state was dubbed “failed” outburst by Capitanio et al.
(2009). This naming is somewhat misleading since an outburst has
taken place and as no outburst is bound to reach the soft state.

1.1 The 2014 outburst

To get an impression of the behaviour of H 1743-322 during its
outburst in 2014, we derived a hardness intensity diagram (HID;
Homan et al. 2001; Belloni et al. 2005; Homan & Belloni 2005;
Gierliński & Newton 2006; McClintock & Remillard 2006; Fender
et al. 2009; Belloni 2010) using Swift/XRT (The X-ray Telescope;
Burrows et al. 2000; Hill et al. 2000) data. Swift/XRT window tim-
ing mode data were taken between September 16 and October 10.
The hardness ratio was obtained by dividing the count rate in the 3.0
– 10.0 keV band by the count rate in the 0.8 – 3.0 keV band. From
the HID (Fig. 1) it is obvious that the source showed very little
spectral evolution and that its spectrum remained rather hard during
the entire outburst. In the observation that is softest the source still
shows a fractional rms value above 30 per cent. Such high variabil-
ity is only seen when a BHT is in the LHS, while in the soft states
rms values below 5 per cent are observed (see e. g. Muñoz-Darias
et al. 2011). The energy spectrum obtained during this observation
can be described well (�2/dof=949.1/817) by an absorbed power
law with a photon index of 1.73+0.06

�0.05. The spectral and timing prop-
erties indicate that the source remained hard and that H 1743-322
did not reach the soft states during its 2014 outburst.

2 XMM-Newton OBSERVATION AND DATA ANALYSIS

In this paper, we present a comprehensive spectral and variability
study of H 1743-322 based on an XMM-Newton (Jansen et al. 2001)
observation obtained on September 24th 2014 (PI: Stiele; exposure
time 51.436 ks). This observation was taken during outburst rise,
about ten days after the detection of renewed activity of H 1743-322

Figure 1. Hardness intensity diagram derived using Swift/XRT window tim-
ing mode data, obtained between September 16 (red triangle) and October
10. For comparison the HIDs of the 2013 (blue X) and 2009 (green squares)
outbursts are shown.

by INTEGRAL (Ducci et al. 2014). A series of Swift ToO observa-
tions were proposed to trace the low frequency QPO and spectral
evolution in H 1743-322, which helped us to trigger an observa-
tion with XMM-Newton of its brightest hard state usually expected
just before a hard-to-soft transition. H 1743-322 was observed with
the EPIC/pn camera (Strüder et al. 2001) in timing mode. We fil-
tered and extracted the pn event file, using standard SAS (version
14.0.0) tools, paying particular attention to extract the list of pho-
tons not randomized in time. As the SAS task epatplot showed
no significant deviations of the observed pattern distribution from
the theoretical prediction in the 0.8 – 8 keV range, the observa-
tion was not a↵ected by pile-up and we extracted source photons
from a 15 column wide strip centred on the column with the highest
count rate (316RAWX645). We selected single and double events
(PATTERN64) for our study.

2.1 Timing analysis

We extracted light curves and produced power density spectra
(PDS) in di↵erent energy bands (individual bands are specified
in Sect. 3) for the longest continuous exposure available (a seg-
ment of 31.8 ks). After verifying that the noise level at frequen-
cies above 30 Hz is consistent with the one expected for Pois-
sonian noise (Zhang et al. 1995), we subtracted the contribution
due to Poissonian noise, normalised the PDS according to Leahy
et al. (1983) and converted to square fractional rms (Belloni &
Hasinger 1990). The PDS were fitted with models composed of
zero-centered Lorentzians for BLN components, and Lorentzians
for QPOs following Belloni et al. (2002).

Furthermore, we derived covariance spectra following the ap-
proach described in Wilkinson & Uttley (2009). As reference band
we used the energy range between 1 and 4 keV, taking care to ex-
clude energies from the reference band that are in the channel of
interest.

2.2 Spectral analysis

We also extracted the averaged energy spectrum. As for the timing
study we used the EPIC/pn data and selected source photons from
a 15 column wide strip in RAWX centred on the column with the
highest count rate, including single and double events. No energy
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Figure 1. Hardness-intensity diagram, derived using Swift/XRT count rates.
Each data point represents one observation. Observations in which a type-C
QPO has been detected are marked by (green) triangles, and the (red) star
indicates the first observation.

zero-centered Lorentzians for band-limited noise (BLN) compo-
nents, and Lorentzians for quasi-periodic oscillations (QPOs).

2.2 XMM-Newton

An XMM-Newton ToO observation of GS 1354–64 was taken on
August 6th 2015 (Obs. id.: 0727961501) with the EPIC/pn camera
in timing mode. The exposure was 11.1 ks. We filtered and ex-
tracted the pn event file, using standard SAS (version 14.0.0) tools,
paying particular attention to extract the list of photons not ran-
domized in time. After using the SAS task epatplot to investigate
whether the observation is a↵ected by pile-up, we selected source
photons from two stripes (306RAWX635 and 396RAWX644)
centred on the column with the highest count rate to minimize the
e↵ect of pile-up. This selection results in an observed pattern dis-
tribution that follows the theoretical prediction quite nicely. We se-
lected single and double events (PATTERN64) for our study.

We produced PDS in di↵erent energy bands for the whole ob-
servation. As for the Swift data, the contribution due to Poissonian
noise was subtracted and the normalised PDS were converted to
square fractional rms.

3 RESULTS

3.1 Swift data

3.1.1 Spectral properties

Using the Swift/XRT data we determined the source count rates in
the total (0.8 – 10 keV), soft (0.8 – 3 keV), and hard (3 – 10 keV)
energy band, and derived a hardness ratio by dividing the count
rate observed in the hard band by the one obtained in the soft band.
The HID of the 2015 outburst of GS 1354–64 is shown in Fig. 1
and the light curve in Fig. 2. After the detection of the outburst the
source shows an increase in count rate and the HR softens. This is
the “classical” behaviour of a BHB observed at the beginning of
an outburst. After about 23 days the HR falls below 0.54. In the
then following 18 days the count rate increases until the maximum
count rate is reached on day 41; then follows a decrease in count
rate. During all this time the HR stays around 0.5 (0.47 – 0.54).
After day 94 the HR starts to harden. This shows that GS 1354–64

Figure 2. Light curve of the 2015 outburst, based on Swift/XRT count rates.
Each data point represents one observation. Observations in which a type-C
QPO has been detected are marked by (green) triangles. The arrow makes
the date of the XMM-Newton ToO observation. T=0 corresponds to June
10th 2015 00:00:00.000 UTC.

remains in the hard state during its entire outburst never making it
into the soft state. This type of outburst, which is a. k. a. “failed”
outburst, has also been observed in the previous (1997) outburst
of GS 1354–64, and in other sources like H 1743-322 (Capitanio
et al. 2009; Stiele & Yu 2016), XTE 1550–564 (Sturner & Shrader
2005), Aql X–1 (Rodriguez et al. 2006), Swift J174510.8–262411
(Del Santo et al. 2015), and V404 Cyg, A 1542–62, 4U 1543–475,
GRO J0422+32, GRO J1719–24, GRS1737–21 (Brocksopp et al.
2004).

We used Xspec (V. 12.8.2; Arnaud 1996) to fit the energy spec-
tra in the 0.8 – 10 keV range. Softer energies (below 0.8 keV) are
omitted as the spectra are a↵ected by a turn-up in this energy range,
which is due to RMF redistribution modelling issues2. Spectra were
grouped to contain at least 20 counts in each bin. Grouping data al-
lows us to use �2 minimisation to obtain the best fit. The observed
spectra can be well described by an absorbed (tbabs; Wilms et al.
2000) power law model, using the abundances of Wilms et al.
(2000) and the cross sections given in Verner et al. (1996). Indi-
vidual spectral parameters and reduced �2 values are given in Ta-
ble 3. The temporal evolution of the foreground absorption, photon
index, and power law normalisation are shown in Fig. 3. While
the photon index shows an increase followed by a decrease dur-
ing the outburst, it remains hard during the whole outburst. At the
beginning of the outburst photon indices in the range of 1.3 – 1.4
are observed, while at the end photon indices are in the range of
1.4 – 1.5. Photon indices below 1.6 are unusually low for a BHB.
The highest photon indices of about 1.6 are observed during out-
burst decay about 30 – 35 days after the maximum luminosity has
been reached. The obtained photon indices depend on the ob-
served foreground absorption as both parameters are corre-
lated (e. g. a higher foreground absorption will lead to a smaller
photon index). Using the averaged foreground absorption of
nH = 8.6 ⇥ 1021 cm�2, the highest photon indices are reached
during outburst rise, about 6 – 12 days before the maximum lu-
minosity has been reached, and during the remaining outburst
the photon indices decrease slowly. Although the evolution of
the photon index depends on the assumed foreground absorp-

2 http://www.swift.ac.uk/analysis/xrt/digest cal.php
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Figure 2. Hardness–intensity diagram from RXTE/PCA data for the complete 2009 outburst (blue line) and 2008 outburst (red line). The two paths start from
the upper right corner and proceed in a counter-clockwise direction. Different symbols indicate different timing properties: type-A QPOs (diamonds), type-B
QPOs (squares), type-C QPOs (filled triangles), strong band-limited noise components in the PDS (stars), weak band-limited noise components in the PDS
(empty triangles), weak power-law noise in the PDS (crosses). The solid line marks the transition from the HIMS to the SIMS and the dot–dashed line separates
the SIMS from the HSS.

In Table 2, we outline the main conclusions extracted from the PDS
analysis.

(i) Observations 1–6 and 35–39 show a high level of aperiodic
variability in the form of strong band-limited noise component (flat
top noise shape), with total integrated fractional rms in the range 17–
30 per cent. The rms is positively correlated with hardness. The PDS
can be decomposed in a number of Lorentzian components, one of
which takes the form of a type-C QPO peak (see Casella et al. 2004,
for a complete QPO classification). The observations correspond
to the first part of the horizontal branch (Fig. 2, triangles). These
observations belong to the HIMS.

(ii) Observation 7 shows a weak variability level and a power-
law shape noise, associated to a low fractional rms value (∼5 per
cent). These values and the hardness are consistent with the values
observed in observations 12, 13 and 14, where the systems are in the
SIMS (see below). No QPOs are observed here. However we note
that Type-A QPOs are not always detected in PDS associated to the
SIMS due to their faintness. We tentatively classify this observation
as SIMS.

(iii) Observations 8–11 and 15–34 show weak power-law noise
with an rms of a few per cent. They correspond to the softest
observations. All these observations are marked with crosses in
the HID in Fig. 2 and belong to the HSS.

(iv) Observations 12 and 13 correspond to a low variability (∼5–
6 per cent fractional rms). A type-B QPO is prominent in the PDS,

significantly different from the ones observed in the LHS and in the
HIMS (see Belloni 2005; Belloni et al. 2008; Motta et al. 2009).
These observations are marked in the HID (Fig. 2) with diamonds
and are classified as SIMS.

(v) Observation 14 shows a Type-A QPO and has an integrated
fractional rms of ∼3.4 per cent. This observation is also softer than
the two showing a Type-B QPO. This observations also belongs to
the SIMS (in the middle of the HID, Fig. 2) and is marked in the
HID with a square.

(vi) Observation from 40 to 44 show a quite high level of ape-
riodic variability in the form of strong band-limited noise compo-
nents, with fractional rms in the range 13–18 per cent. The PDS are
similar to those observed during the HIMS and can be decomposed
in a number of Lorentzian components. These observations corre-
spond to the vertical branch of the HID in Fig. 2 (stars), when the
source undergoes the final hardening before the quiescence phase.
These observations belong to the LHS.

On the basis of the state classification, we can identify three main
transitions and one backward transition during the softening of the
source. Hereby, we will call main transitions to the ones that take
place in the HIMS–SIMS–HSS direction for the first time and sec-
ondary the following transitions in the same directions. Backward
transitions take place in the inverse direction.

(i) Main transition from HIMS to SIMS, taking place between
observations 6 and 7 at hardness ∼0.4.
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Figure 3. Evolution of spectral parameters.

Table 1. Parameters of the PDS

Parameter 1 – 2 keV 2 – 10 keV

rmsBLN [%] 14.3+0.8
�0.9 16.5 ± 0.7

⌫BLN [Hz] 2.85+0.85
�0.66 3.20+0.58

�0.52

⌫QPO [Hz] 0.191 ± 0.002 0.190+0.001
�0.002

�⌫QPO [Hz] 0.022 ± 0.004 0.016 ± 0.003

rmsQPO [%] 11.8+0.8
�0.9 13.9 ± 0.8

⌫PN1 [Hz] 0.43+0.01
�0.02 0.40 ± 0.02

�⌫PN1 [Hz] 0.18+0.03
�0.02 0.26 ± 0.03

rmsPN1 [%] 13.7+0.9
�1.0 18.2+1.0

�1.1

⌫PN2 [Hz] 0.074+0.007
�0.006 0.082+0.006

�0.005

�⌫PN2 [Hz] 0.084+0.017
�0.013 0.077+0.013

�0.010

rmsPN2 [%] 15.5+1.2
�0.9 17.5+1.2

�0.9

tion (variable versus constant), the range of observed photon
indices is the same in both cases.

From spectral fits of RXTE data of the 1997 outburst of
GS 1354–64 a photon index of about 1.4 to 1.5 has been obtained
(Revnivtsev et al. 2000). The hard photon index indicates that the
source remained in the hard state during the entire outburst. Using
the obtained spectral parameters we converted the highest observed
Swift/XRT count rate into an RXTE/PCA count rate using PIMMS.
Comparing the count rate to the ones presented in Brocksopp et al.
(2001) for the 1997 outburst, we found that a similar maximum
brightness was reached in both outbursts. The evolution of the (un-
)absorbed flux during the 2015 outburst obtained from the spectral
fits is shown in Fig. 3.

3.1.2 Timing properties

In general the PDS show a BLN component. For observations taken
during outburst rise a peaked noise component with a characteris-
tic frequency (⌫max =

p
⌫2 + �2, where ⌫ is the centroid frequency,

and � is the half width at half maximum Belloni et al. 2002) in
the range of 0.03 – 0.15 Hz is present. The overall evolution of the
characteristic frequency of this feature is an increase with ongoing
outburst. During the entire outburst the observed fractional rms was
higher than 10 per cent, which confirms that the source stayed in the
hard state, as the transition to the soft intermediate state happens at
fractional rms below 10 per cent (Muñoz-Darias et al. 2011). For
observations taken on day 54, 55, 56, 58, 60, 63, and 78 of the
outburst a type-C QPO (Wijnands et al. 1999; Casella et al. 2005)
is present (parameters can be found in Table 4). All these observa-
tions are taken after the outburst reached its maximum (Fig. 2). The
characteristic frequency of the QPO is in the range of 0.17 – 0.25
Hz, and the highest frequency is observed in the observation that
shows the first peak in the light curve after the outburst maximum.
The obtained Q values (Q = ⌫/(2�)) of these QPOs are > 4.5. For
the observations taken on day 55 and 58 an upper harmonic (day
55: Quh=5.4, ⌫c;uh = 0.42 ± 0.02; ⌫c;qpo = 0.18 ± 0.01; day 58:
Quh >47.5, ⌫c;uh = 0.399+0.002

�0.001; ⌫c;qpo = 0.193+0.006
�0.007) is present, while

the observation taken on day 63 shows a lower harmonic (Qlh=5.2,
⌫c;lh = 0.087+0.005

�0.006; ⌫c;qpo = 0.195 ± 0.007).
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Figure 3. Evolution of spectral parameters.

Table 1. Parameters of the PDS

Parameter 1 – 2 keV 2 – 10 keV

rmsBLN [%] 14.3+0.8
�0.9 16.5 ± 0.7

⌫BLN [Hz] 2.85+0.85
�0.66 3.20+0.58

�0.52

⌫QPO [Hz] 0.191 ± 0.002 0.190+0.001
�0.002

�⌫QPO [Hz] 0.022 ± 0.004 0.016 ± 0.003

rmsQPO [%] 11.8+0.8
�0.9 13.9 ± 0.8

⌫PN1 [Hz] 0.43+0.01
�0.02 0.40 ± 0.02

�⌫PN1 [Hz] 0.18+0.03
�0.02 0.26 ± 0.03

rmsPN1 [%] 13.7+0.9
�1.0 18.2+1.0
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⌫PN2 [Hz] 0.074+0.007
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�0.005

�⌫PN2 [Hz] 0.084+0.017
�0.013 0.077+0.013

�0.010
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tion (variable versus constant), the range of observed photon
indices is the same in both cases.

From spectral fits of RXTE data of the 1997 outburst of
GS 1354–64 a photon index of about 1.4 to 1.5 has been obtained
(Revnivtsev et al. 2000). The hard photon index indicates that the
source remained in the hard state during the entire outburst. Using
the obtained spectral parameters we converted the highest observed
Swift/XRT count rate into an RXTE/PCA count rate using PIMMS.
Comparing the count rate to the ones presented in Brocksopp et al.
(2001) for the 1997 outburst, we found that a similar maximum
brightness was reached in both outbursts. The evolution of the (un-
)absorbed flux during the 2015 outburst obtained from the spectral
fits is shown in Fig. 3.

3.1.2 Timing properties

In general the PDS show a BLN component. For observations taken
during outburst rise a peaked noise component with a characteris-
tic frequency (⌫max =

p
⌫2 + �2, where ⌫ is the centroid frequency,

and � is the half width at half maximum Belloni et al. 2002) in
the range of 0.03 – 0.15 Hz is present. The overall evolution of the
characteristic frequency of this feature is an increase with ongoing
outburst. During the entire outburst the observed fractional rms was
higher than 10 per cent, which confirms that the source stayed in the
hard state, as the transition to the soft intermediate state happens at
fractional rms below 10 per cent (Muñoz-Darias et al. 2011). For
observations taken on day 54, 55, 56, 58, 60, 63, and 78 of the
outburst a type-C QPO (Wijnands et al. 1999; Casella et al. 2005)
is present (parameters can be found in Table 4). All these observa-
tions are taken after the outburst reached its maximum (Fig. 2). The
characteristic frequency of the QPO is in the range of 0.17 – 0.25
Hz, and the highest frequency is observed in the observation that
shows the first peak in the light curve after the outburst maximum.
The obtained Q values (Q = ⌫/(2�)) of these QPOs are > 4.5. For
the observations taken on day 55 and 58 an upper harmonic (day
55: Quh=5.4, ⌫c;uh = 0.42 ± 0.02; ⌫c;qpo = 0.18 ± 0.01; day 58:
Quh >47.5, ⌫c;uh = 0.399+0.002

�0.001; ⌫c;qpo = 0.193+0.006
�0.007) is present, while

the observation taken on day 63 shows a lower harmonic (Qlh=5.2,
⌫c;lh = 0.087+0.005

�0.006; ⌫c;qpo = 0.195 ± 0.007).
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observations, are used for a more complete description of the dif-
ferent states and transitions. In this paper, we present a new tool,
the rms–intensity diagram (RID), which allows one to map BHT
states by looking only at the evolution of the count rate and rms (i.e.
without spectral information). As a first step we have studied the
case of the BHT GX 339−4, in which detailed observing campaigns
have been performed during the multiple outbursts observed with
the Rossi X-ray Timing Explorer (RXTE).

GX 339−4 is a low-mass X-ray binary harbouring a >6 M⊙
accreting black hole (Hynes et al. 2003; Muñoz-Darias, Casares
& Martı́nez-Pais 2008). Since its discovery (Markert et al. 1973),
the system has undergone several outbursts, becoming one of the
most-studied X-ray transient. The intense monitoring carried out
by the RXTE during the 2002, 2004 and 2007 outbursts has yielded
detailed information on the evolution of black hole states along the
outbursts (see e.g. B05). Here, we use this rich data set to study the
evolution of the flux and variability along the outbursts.

2 O B S E RVAT I O N S

We have used all the RXTE public archival observations from the
2002 (206), 2004 (295) and 2007 (239) outbursts of GX 339−4. For
the analysis, we have considered only the data from the Proportional
Counter Array (PCA). ‘Goodxenon’, ‘event’ and ‘single-bit’ data

modes are used for the variability. Count rates have been computed
using PCA Standard 2 mode data corresponding to the PCU unit #2.
The analysis has been performed using HEASOFT v6.7 and a custom
timing software running under IDL.

3 TH E R M S – I N T E N S I T Y D I AG R A M
F O R T H E 2 0 0 7 O U T BU R S T

The RID for the 2007 outburst of GX 339−4 is presented in Fig. 1
as filled dots. For each observation, the net count rate corresponds to
PCA channels 0–35 (2–15 keV). Only entire RXTE observations are
initially considered, i.e. every dot corresponds to one observation.
PDS for each observation have been also computed using the pro-
cedure outlined in Belloni et al. (2006). We have used stretches 16
s long and the same energy selection as for the count rate. The total
power was computed within the frequency band 0.1–64 Hz and the
fractional rms was calculated following Belloni & Hasinger (1990).
The absolute rms displayed in the diagram (Fig. 1) is obtained by
multiplying fractional rms by net count rate (PCU #2) for each ob-
servation. The black solid line joins observations contiguous in time
starting from the observation marked with a cross (i.e. observation
#1). We find that the source describes a continuous hysteresis pat-
tern in the anticlockwise direction. Four different regions can be
distinguished in this diagram.

Figure 1. rms–intensity diagram for the 2002, 2004 and 2007 outbursts of GX 339−4. The dotted lines represent the 1, 5, 10, 20, 30 and 40 per cent fractional
rms levels. The grey area marks the part of the diagram where solely type-B QPOs (Casella et al. 2004) are seen. The dashed line joins two consecutive
observations separated by 33 d due to observability constraints. The cross corresponds to the first observation of the 2007 outburst.
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ratios are observed

Energy dependent variability of H 1743-322 in 2014 3

Figure 2. Power density specta obtained in the 0.8 – 2 keV (upper panel)
and 2 – 8 keV (lower panel) energy ranges. The best fit model (red line) and
the four individual components (orange dashed lines) are indicated.

selection has been applied here. Background spectra have been ex-
tracted from columns 3 to 5. Using standard SAS tools (rmfgen and
arfgen) and the latest calibration files the corresponding redistri-
bution matrix and ancillary response file have been determined.

Since energy spectra obtained from EPIC/pn fast-readout
mode data are known to be a↵ected by gain shift due to Charge-
transfer ine�ciency (see Dı́az Trigo et al. 2014) and show excess
emission below ⇠1 keV (see e. g. Martocchia et al. 2006), we also
produced calibrated RGS (Reflection Grating Spectrometers; den
Herder et al. 2001) event lists, energy spectra, and response matri-
ces using the SAS task rgsproc. Due to the presence of this soft
excess emission we limited our spectral studies to energies above
0.8 keV, the limit suggested in the EPIC calibration status report1.
We included lower energies in the case of spectral ratios, as the
division should remove the contribution of the excess emission, as-
suming that it is constant on the time scales considered.

3 RESULTS

3.1 Timing properties

The broadband PDS (2 – 8 keV) can be well fitted by two zero
centered Lorentzians describing the BLN components and two
peaked Lorentzians for the QPO and its upper harmonic located
at 0.2513 ± 0.0005 and 0.515 ± 0.003 Hz (Fig. 2). In the soft band
(0.8 – 2 keV) PDS the same components are present and we do not
see any hint of additional disc variability at low frequencies. In the

1 version 3.7, edited by M. J. S. Smith (ESAC) on behalf of the EPIC
Consortium; available at http://xmm2.esac.esa.int/docs/documents/CAL-
TN-0018.pdf

Figure 3. Energy dependence of the measured characteristic frequency (up-
per panel) and amplitude (lower panel). The BLN component is indicated
by (red) crosses, the QPO and its harmonic are indicated by (blue) stars and
(green) diamonds, respectively. The observed behaviour corresponds to the
one normally seen during the LHS.

Table 1. PDS parameters

component rms [%] ⌫a [Hz] �b [Hz]

0.8 – 2 keV

BLN 1 25.28+0.55
�0.73 0c 0.48+0.02

�0.03

BLN 2 12.16+1.59
�1.65 0c 6.9+3.1

�3.0

QPO 12.69 ± 0.32 0.2524+0.0009
�0.0008 0.0134+0.0013

�0.0012

QPO uh 5.90+0.60
�0.57 0.515 ± 0.006 0.025+0.009

�0.008

2 – 8 keV

BLN 1 25.82+0.21
�0.22 0c 0.48 ± 0.01

BLN 2 14.96+0.34
�0.35 0c 5.8 ± 0.4

QPO 14.63 ± 0.23 0.2513 ± 0.0005 0.0124 ± 0.0007

QPO uh 6.12+0.27
�0.28 0.514 ± 0.003 0.021 ± 0.004

Notes:
a: centroid frequency
b: half width at half maximum (HWHM)
c: zero centered Lorentzian
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Table 2. Spectral parameters obtained by fitting the EPIC/pn spectrum.

component model A model B model C model D

NH [1021 cm�2] 8.36+0.05
�0.04 6.76 ± 0.07 7.04+0.07

�0.05 8.77+0.20
�0.19

Rin[km/
p

cos(✓)]‡ 55.6+5.2
�3.6 55.1+5.6

�3.7 105.3+19.4
�30.5

Tin [keV] 0.62+0.03
�0.04 0.50+0.01

�0.02 0.33 ± 0.02

� 1.577+0.004
�0.003 1.44+0.06

�0.05 1.51+0.05
�0.03 1.52 ± 0.01

kTe [keV] 2.4 ± 0.1 10.2+5.0
�3.7

Ncompton 0.602 ± 0.003 0.10+0.03
�0.01 0.40 ± 0.01 0.41+0.01

�0.03

rel. reflection 0.64+0.18
�0.15 0.39+0.07

�0.04

Ecuto↵ 6.82 ± 0.08

Efold 9.4 ± 0.5

a �0.998 � �0.930

log⇠ 3.30+0.02
�0.04

ZFe [ZFe,�] 5.0 ± 0.5

�2/dof 2219.0/1701 1682.1/1697 1638.4/1696 1595.7/1695

Notes:
‡: assuming a distance of 25 kpc (Casares et al. 2009)

model A: TBabs ⇥ powerlaw
model B: TBabs ⇥ (diskbb + reflect(nthcomp))

model C: TBabs ⇥ (diskbb + highecut ⇥ nthcomp)
model D: TBabs ⇥ (diskbb + relxill)

Figure 4. Power density spectra in the 1 – 2 (upper panel) and 2 – 10 keV
range (lower panel) fitted with Lorentzians.

3.2 XMM-Newton data

3.2.1 Timing properties

The soft band PDS (1 – 2 keV) can be well fitted by one zero
centered Lorentzian describing the BLN component, one peaked

Figure 5. Energy dependence of the characteristic frequency (upper panel)
and rms spectra of the BLN (red cross), QPO (blue X), upper peaked noise
(green circle), and lower peaked noise (magenta diamond).
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Figure 6. Covariance ratio, derived by dividing the long timescale covari-
ance spectrum by the short timescale one.

Figure 7. Energy spectrum of the XMM-Newton observation based on
EPIC/pn data in the range of 0.8 – 10 keV, ignoring energies between 1.7
and 2.4 keV. Data points, best fit model (model B; see Table 2) and individ-
ual model components are given (disc blackbody: dotted line; Comptoniza-
tion component: dashed line).

Lorentzian for the QPO at 0.192 ± 0.002 Hz and two peaked
Lorentzians for two noise components that peak at 0.11+0.02

�0.01 and
0.47+0.02

�0.03 Hz (Fig. 4). The broadband PDS (2 – 10 keV) can be fitted
with the same components (see Table 1). To study the energy de-
pendence of the rms amplitude and of the characteristic frequency
we fit PDS obtained in energy bands with a width of 2 keV, namely:
1 – 3, 3 – 5, 5 –7, and 7 – 9 keV. The characteristic frequency of
the BLN component (red crosses in upper panel of Fig. 5) shows a
slight increase with increasing energy. This energy dependence of
the characteristic frequency has already been observed during LHS
observations of other BHBs (Stiele & Yu 2015).

We also derive covariance ratios by dividing the long
timescale covariance spectrum by the short timescale one. The co-
variance spectra are derived following Wilkinson & Uttley (2009)
and Stiele & Yu (2015). Taking a look at the PDS (Fig. 4) we use
bins of 8 times the frame time measured in segments of 30 bins
for the short timescale range and bins of 646 times the frame time
measured in segments of 70 bins for the long timescale range. With
this selection we compare variability measured in the flat part of the
PDS to the one measured in the decaying part, excluding contribu-
tion from the QPO. The obtained covariance ratios are shown in
Fig. 6. At energies above 1 keV the covariance ratios are flat, while

at lower energies the covariance ratio decreases with decreasing en-
ergy. This behaviour clearly di↵ers from the increase of the covari-
ance ratio towards lower energies, which has been found in later
phases of the LHS in GX 339-4 and Swift J1753.5-0125 and has
been interpreted as the sign of additional disc variability on longer
timescales (Wilkinson & Uttley 2009). It is more consistent with
the flat covariance ratio observed in the 2008 and 2014 outbursts of
H 1743-322 (Stiele & Yu 2016).

3.2.2 Spectral properties

We fit the averaged EPIC/pn spectrum within isis V. 1.6.2 (Houck
& Denicola 2000) in the 0.8 – 10 keV range, grouping the data to
ensure that we have at least 20 source counts in each bin. We ex-
clude the energy range between 1.7 and 2.4 keV from the EPIC/pn
spectrum, as this energy range is a↵ected by features caused by gain
shift due to Charge-transfer ine�ciency around 1.8 and 2.2 keV. We
include a systematic uncertainty of 1 per cent. Using an absorbed
power law model, as we did for the Swift data, and including an ad-
ditional Gaussian component to model the excess emission below
1.3 keV (Hiemstra et al. 2011; Dı́az Trigo et al. 2014), we obtain a
foreground absorption of 8.36+0.05

�0.04 ⇥ 1021 cm�2 and a photon index
of 1.577+0.004

�0.003, which are lower than the values obtained from the
Swift observation taken on the same day (nH = 10.17 ± 0.26 ⇥ 1021

cm�2; � = 1.612± 0.023). With a reduced �2 of 2219.0/1701 the fit
is unacceptable, indicating that additional components are needed
to describe the EPIC/pn spectrum properly.

Using an absorbed (tbabs) disc blackbody (diskbb; Mitsuda
et al. 1984) plus a thermal Comptonisation component (nthcomp;
Zdziarski et al. 1996; Życki et al. 1999) including reflection
(reflect; Magdziarz & Zdziarski 1995) we got an acceptable fit
with �2

red = 1682.1/1697 (Fig. 7). The individual spectral parame-
ters are given in Table 2. Including a disc blackbody and reflection,
the photon index gets even lower (� = 1.44+0.06

�0.05). The obtained in-
ner disc temperature of 0.62+0.03

�0.04 keV is lower than what has been
observed with RXTE for a hard state (kTin ⇠ 0.8 � 0.9 keV; see
e. g. Motta et al. 2010, 2011; Muñoz-Darias et al. 2011). The inner
disc radius is at least 55.6+5.2

�3.6 km/
p

cos(✓) (assuming a distance of
more than 25 kpc), which is bigger than what has been observed
with RXTE in other BHBs (Rin ⇠ 40 km; see e. g. Motta et al.
2010, 2011; Muñoz-Darias et al. 2011). This can be related to the
fact that RXTE allowed only to get energy spectra above 3 keV, in
the energy range that is dominated by non-thermal emission in the
LHS, and therefore no disc component was need to fit these spectra.

To compare the energy spectrum to those obtained in Stiele &
Yu (2015) we also fit the model used in this paper, which includes
a high-energy cuto↵ component (highecut) instead of a reflection
component. We got an acceptable fit with �2

red =1638.4/1696. The
photon index (� = 1.51+0.05

�0.03) and inner disc radius (Rin = 55.1+5.6
�3.7

km/
p

cos(✓)) are in agreement with the values obtained with the
model including a reflection component, while the inner disc tem-
perature (Tin = 0.50+0.01

�0.02 keV) is slightly lower.
In addition, we substitute the reflected non-thermal compo-

nent by the relativistic reflection model relxill (Dauser et al.
2014; Garcı́a et al. 2014) and obtain a fit with �2

red of 1595.7/1695.
With this model we obtain a photon index of 1.52 ± 0.01, an inner
disc temperature of 0.33 ± 0.02 keV, and an inner disc radius of
105.3+19.4

�30.5 km/
p

cos(✓). The relxill model gives a spin between
�0.930 and �0.998.
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G S 1 3 5 4 : d e c r e a s e 
towards lower energies

In contrast to increase seen in e.g. GX 339-4, Swift 
J1753.5-0127, which has been interpreted as additional disc 
variability on long scales (Wilkinson & Uttley 2009, MNRAS 397, 666)

Stiele & Kong 2016, 
MNRAS, 459, 4038

Stiele & Yu 2016, 
MNRAS, 460, 1946
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Energy spectra

TBabs × (diskbb + highecut × nthcomp)!
GS 1354–64: smaller inner disc radius; higher inner disc 
temperature!

➜ Decrease in covariance ratio cannot be explained with faint 
disc component !

Intrinsic variability of disc?!
Driven by changes in the Comptonizing component?!
Indicate changes in the accretion geometry?

Stiele & Kong 2016, MNRAS, 459, 4038Stiele & Yu 2015, MNRAS 452, 3666 

Table 1: Spectral parameters

param. GX339/04 GX339/09 Sw1753/06 Sw1753/12/1 Sw1753/12/2 GS1354

N

dbb

40922

+15215

�13085

10825

+5996

�3448

1526

+676

�771

3434

+972

�1102

5526

+1511

�1630

486

+104

�63

T

in

[keV] 0.202+0.013
�0.009 0.223+0.014

�0.012 0.213+0.033
�0.040 0.270+0.010

�0.006 0.257+0.014
�0.009 0.50+0.01

�0.02

� 1.65± 0.01 1.53+0.03
�0.05 1.73± 0.03 1.57+0.03

�0.07 1.60+0.01
�0.06 1.51+0.05

�0.03

E

cuto↵

[keV] 7.6± 0.2 7.4± 0.2 > 9.3 7.2± 0.2 7.3+0.1
�0.2 6.82± 0.08

E

fold

[keV] 17.8+6.5
�3.8 19.8+5.6

�2.4 � 15.1+3.9
�3.4 15.4± 2.2 9.4± 0.5

H (f) =
Z 1

�1
h (t) e�2⇡iftdt

Corr (g, h) =
Z 1

�1
g (t+ ⌧)h (⌧) d⌧ () G (f)H⇤ (f)
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Covariance ratio
2 possible explanations:!

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

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

2015) ➜ see H1743 more edge-on ➜ additional disc 
contribution on longer time scales does not show up!
Inclination of GS 1354–64 unknown!
Presence/absence of add. disc variability ➜ normal/“hard 
state only” outburst   

Hardness
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Soft-to-Hard transition

GX 339–4!
Swift/XRT monitoring of the 
2014/15 outburst!
XMM-Newton & NuSTAR 
observed source during soft-
to-hard state transition

Stiele & Kong 2017, ApJ, arXiv:1706.08980

Swift/XRT

Stiele & Kong 2017, ApJ, arXiv:1706.08980



H. Stiele

Covariance ratio

Averaged covariance ratio increases during outburst decay!
Long time scale variability contributes more to overall 
variability than short time scale one!
Increase towards lower energies steepens ➜ long time scale 
variability at soft energies becomes more and more important 
as source hardens!

➜ Accretion disc instabilities (invoked by damped mass accretion rate 
variations or oscillations in the disc truncation radius (Lyubarskii 1997; Meyer-

Hofmeister & Meyer 2003)) get stronger when source hardens 

GX 339–4

Stiele & Kong 2017, ApJ, arXiv:1706.08980
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Stiele & Kong 2017, ApJ, arXiv:1706.08980
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Summary
Covariance ratio!
GX 339-4, Swift J1753.5-0127 LHS outburst rise: ratio 
increases towards lower energies ➜ additional disc 
variability!
H 1743-322, GS 1354–64: ratio remains flat or decreases!
➜ Observed during “failed” outburst; disc variability 
⬌ type of outburst?!
➜ Inclination?!
Soft-to-hard transition: ratio increases; increase 
steepens !
➜ Accretion disc instabilities get stronger when 
source hardens


