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The Case of GX 339-4
Hardness-Intensity Diagram of GX 339-4
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Truncated Disk:  
Rin >> Risco  

ADAF at low Mdot

Rin ~ Risco (Stable) 
Strong Disk Emission

Truncated Disk?  
Rin —> Risco  

But how close?



The Case of GX 339-4
Hardness-Intensity Diagram of GX 339-4

Only hard-state data are considered (i.e. HR > 0.75)
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Reflection Signatures
Reflection Signature

- Model: TBabs*powerlaw
- PCACORR applied ! 0.1% systematics (Garcı́a+14a).
- Clear reflection signatures in all the regions.
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Fe K emission line

Compton Hump

Fe absorption 
K-edge

Ratio to a power-law model shows the signatures of reflection



Disk and Corona Evolution
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Simultaneous fit of the RELXILL model to a 77 million count RXTE 
spectra revealed changes in disk and corona.

a = 0.95 +/- 0.04 (90% conf)
i = 48 +/- 1 deg
Fe abundance 5x Solar García et al. (2015)

6.2. Parameters That Evolve Systematically with Luminosity

Setting aside the Gaussian absorption component (already
discussed in Section 4), for JF-I there are six important
parameters that are fitted separately for Spectra A–F: the
inner-disk radius Rin; the photon index Γ; the ionization
parameter ξ; the high-energy cutoff Ecut; the reflection fraction
Rf; and the normalization of the unblurred reflection component
(xillver). In this section, we show how these parameters
depend on luminosity, and we discuss the causes of these
dependencies.

Figure 10 illustrates our MCMC results for JF-I (Table 3), the
case of fixed spin. The probability distribution for each
parameter is shown plotted versus the floating constant factor,
which can be regarded as a proxy for the luminosity. The
luminosity ranges over somewhat more than an order of
magnitude. Each Spectrum is color-coded (see legend in top-
left panel). The breadth of a distribution is a measure of
uncertainty, while its shape indicates the degree of correlation

of that particular parameter with luminosity. We now discuss in
turn the behavior of each parameter.

6.3. Inner Edge of the Disk

The evolution of the inner-disk radius Rin with luminosity is
shown in the top-left panel of Figure 10. Each spectrum
delivers a good constraint on Rin, allowing us to conclude that
the inner edge of the disk moves outward by a factor of a few
as the luminosity decreases by an order of magnitude, from a
nominal value of 17% of Eddington to 1.6% of Eddington
(Table 1).
This is a principal result of our paper because Rin and its

dependence on luminosity is a matter of central importance for
the study of black hole binaries in the hard state (Section 1.1).
In Table 5 we summarize estimates of Rin in the literature for
GX 339–4 in the hard state, while considering only those
results obtained via reflection spectroscopy. The compilation
includes results obtained using a wide variety of data and over

Figure 10. Variation of key model parameters with X-ray luminosity. The clouds of points in each panel (color-coded to correspond to a particular one of the six
spectra) show the posterior density of the MCMC results for: the inner radius Rin in units of the ISCO radius; the photon index Γ of the power law; the ionization
parameter ξ; the high-energy cutoff Ecut; the reflection fraction Rf; and the normalization Nx of the unblurred reflection component xillver. The Constant Factor on
the x-axis, which is proportional to the Eddington-scaled luminosity, is normalized to unity (corresponding to L/LEdd = 17%) for Spectrum A (Table 1).
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𝟀2 = 1.06

0.1% systematics



Controversy on the Disk Truncation 
Large disagreement with other reflection spectroscpy results!

XMM Epic PN 
(Timing Mode) 

RXTE PCA

Suzaku XIS
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Controversy on the Disk Truncation 

Reflection spectroscopy results: Calibration issues?
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XMM (TM) vs. RXTE
- 2009 Outburst: High count rate
- Very different Fe K line profile: 
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Controversy on the Disk Truncation 
Large disagreement with both spectral (reflection) and timing results!

RXTE PCA

Suzaku XIS

XMM MOS
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Controversy on the Disk Truncation 
Large disagreement with both spectral (reflection) and timing results!

RXTE PCA

Suzaku XIS

XMM MOS
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Comparison with Timing Analysis

Are we measuring the same Physical Quantity?

Instrumental effects: the fact that soft X-ray excess residuals
do not seem to be present in the RGS data indicates that
instrumental effects might be at play. We find the most
plausible explanation to be related to incomplete charge
collection for pn-CCDs, which causes the fraction of collected
charge to decrease when the photon is absorbed close to the
detector surface. This effect is significant for low-energy
photons ( 1E 1 keV), and is responsible for a distortion of the
spectrum: in the case of monochromatic light, it leads to the
formation of a shoulder and a flat-shelf to the low-energy side
of the Gaussian peak (Popp et al. 1999, 2000). In the case of
broad band emission, the net effect is that photons of energy
∼1 keV are transferred to lower energies forming a soft X-ray
flat continuum. As a consequence, given that significant
emission from the disk component (∼30%–40% of the
power-law flux, Table 2) is observed at ∼1 keV, we infer that
the soft X-ray excess should include a significant fraction of
disk photons.

The low-energy response of the detector depends on the
calibration of the intensity of the shoulder and the flat-shelf
relative to the Gaussian peak. This is currently uncertain, in
particular for the Timing mode (F. Haberl 2016, private
communication). Thus, we infer that an overestimate of the
relative intensity of the spectral features produced by the
charge loss process might be the cause of the soft X-ray
residuals seen in H1743-322. Nonetheless this effect does not
have any influence on the measured time lag (the lag amplitude
is, indeed, a factor ∼2000 longer than the frame time in
Timing mode).

Thermal reverberation: we are left with the hypothesis that
the soft lag is intrinsic to the source. Soft lags in the hard state
of BHXRBs can be the signature of reverberation of the hard
X-ray photons, which irradiate the inner radii of the optically
thick disk and are thermalized (Uttley et al. 2011; Scaringi et al.
2013; DM15). According to our best-fit model, the disk
contributes about 30%–40% of the power-law flux at ∼1 keV
(Table 2; see also Figure 2), where the soft lag starts to be
observed. This is in agreement with the values derived for GX
339-4 (DM15). Hereafter we consider the physical implications
of this interpretation.

Reverberation lags measure the light-crossing time of the
distance between the X-ray emitting region (corona) and the
optically thick reprocessing region (disk). In the lag-energy
spectra the reverberation component must be disentangled from
the underlying hard lags, which are ascribed either to
propagation of mass accretion rate fluctuations (e.g., Kotov
et al. 2001; Arévalo & Uttley 2006) or to delays related to the
Comptonization process (Uttley et al. 2014; P. Uttley et al.
2016, in preparation), and show a log-linear trend as a function
of energy. In DM15, as a parametrization of the intrinsic
reverberation lag amplitude, we used the maximum intensity of
the soft band residuals obtained from the extrapolation of the
log-linear model fitting the high-energy hard lags. For
consistency, we use this same parametrization for H1743-
322.3 With this method we found the reverberation lag
amplitude to be τ = 64 ± 18 ms and τ = 60 ± 13 ms for
O2 and O3+O4, and τ = 80 ± 44 ms for O1. Using the
equation of the isodelay surface t q= + d c1 cos( ) (where d

is the distance of the reprocessing site from the driving X-ray
source and θ its angle measured from the line of sight to the
observer, e.g., Peterson 2001) we inferred an order of
magnitude lower limit on the distances involved. We found
that the measured lags (considering also their associated errors)
give lower limits on the light-crossing distances of 250 rg and
500 rg (where we assumed the MBH and distance of the
system reported in Section 1), respectively, for a source of hard
X-rays located above the disc (θ = 0°) and for a central source
of hard X-rays and a truncated-disk geometry (θ = 90°). It is
important to stress that these are back-of-the-envelope
estimates, and that a detailed modeling of both the hard and
the reverberation lags in the lag-energy spectra is needed to
more precisely constrain these distances (see also discussion
below).
The lags show little scatter and within the errors they are all

consistent with each other. The small observed scatter indicates
that the disk–corona geometry is very similar among the different
observations. Note that for an optically thick and geometrically
thin disk the viscous time scale at radii 250 rg is 6 days
(assuming viscosity parameter α = 0.01). This is longer than the
separation among O2, O3, and O4, thus in a truncated-disk
scenario significant variations of the disk inner radius are indeed
not expected on the timespan of the latest observations. Given
that the source is always in the hard state (and at similar X-ray
luminosities) during all the analyzed observations (Section 3.1),
this suggests a similar geometry of the accretion flow associated
with a given luminosity in the hard state, even during different
outbursts. This is in line with spectral studies, that show that the
properties of a transient source appear very similar from outburst
to outburst. However, it is worth noting that these observations all
correspond to hard states in the initial phase of the outburst. It is
yet to be verified whether this is the case also when comparing
the same hard state during the rising and the descending phases of
the outburst.
In Figure 4 we plot the reverberation lag amplitude (in units

of rg/c) as a function of 3–10 keV Eddington-scaled luminosity
for both H1743-322 and GX 339-4 (as measured in DM15) in
the hard state, assuming a source of hard X-ray photons located

Figure 4. The reverberation lag amplitude observed in the hard state of H1743-
322 (this paper) and GX 339-4 (DM15) as a function of Eddington-scaled
3–10 keV X-ray luminosity (red and black dots, respectively). The errors on the
luminosity of H1743-322 account for the uncertainty on the distance and the
BH mass of the source. For GX 339-4 a fixed value of M = 8 Me and d =
8 kpc is assumed.

3 The hard lags of H1743-322 show a double-slope log-linear trend, with a
turnover at about 2 keV, similar to that observed in the low frequency
(0.8 Hz) lag-energy spectra of GX 339-4. To account for this we limit the fit
with a log-linear model to the energy range 1–2 keV.
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Simple “back of the envelope” estimates
More rigorous estimate requires detailed modeling of the lag-
energy spectra with the proper transfer function
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Figure 1. Couples of mass-spin values that give the LT precession fre-
quency. The numbers are the frequencies evaluated in hertz. Each line is
obtained numerically solving equation (1) assuming a frequency range from
3 to 147 Hz.

Figure 2. Couples of mass-spin values that give the periastron precession
frequency. The exactly same plot is obtained considering the orbital fre-
quency at the ISCO. Indeed, at the ISCO, there is no radial oscillation in
the frequency, thus νper = νφ . The numbers are the frequencies evaluated
in hertz. Each line is obtained numerically solving equation (2) assuming a
frequency range from 50 to 350 Hz.

QPOs above 150 Hz. Therefore, for periastron precession frequen-
cies (and orbital frequency, coincident with the periastron preces-
sion frequency at the ISCO), we assume a lower limit of 50 Hz and
an upper limit of 350 Hz since this is the highest observed HFQPO
so far (Strohmayer 2001; Belloni et al. 2012). We stress that accord-
ing to the RPM, it is possible to distinguish type-C QPOs from the
HFQPO associated with either orbital or periastron motion since
there is no mass-spin combination that gives the same frequency for
both motions.

In Fig. 1, we show the LT precession frequency νLT evalu-
ated at rISCO for every mass and spin couple within the ranges
3 M⊙ < M < 20 M⊙ and 0 < a < 1 (i.e. we considered only
prograde orbits). Note that for clarity, we only show LT frequencies
spaced by 9 Hz. For comparison, we also show in Fig. 2 the peri-
astron precession frequencies at rISCO with the same spin and mass
ranges.

In order to place limits on the spin value, we selected the high-
est frequency type-C QPO for each source (considering both the
QPOs we found in this work and the QPOs reported in Motta

et al. 2012, 2014a,b, 2015) and then solved equation (1) for the
spin a after substituting the expression of rISCO. We used either a
known value for M (when available in the literature) or we assumed
the mass to lie in the range given above.

4 R ESULTS

4.1 QPO classification

Plotting the total integrated fractional rms versus the centroid fre-
quency of a QPO is a useful method for distinguishing different
types of QPOs that, which in an rms versus frequency plot, are
known to generally form different, well-defined groups (see e.g.
Casella et al. 2005; Kalamkar et al. 2011; Motta et al. 2012). In
particular, type-C QPOs are known to correlate well with the rms,
forming in a frequency versus rms plane a curved track with rms
decreasing for increasing frequency, breaking at νBreak ∼10 Hz. The
slope is always steeper for the high-frequency half of the correlation
track (see, e.g. Motta et al. 2012 for the case of GRO J1655-40).
HFQPOs, instead, form a different group of points at significantly
higher frequencies and rms comparable to that of type-C QPOs
found in the soft state (Motta et al., in preparation).

In Fig. 3, we plot the integrated fractional rms versus the centroid
frequency of the QPOs for each source of our sample. We see that
for most of the sources, the QPO centroid frequency correlates well
with the rms, forming a curved track. In the plot, we mark with
black dots the QPOs reported in Motta et al. (2012, 2014a,b, 2015)
and with red stars the type-C QPOs found in this work.

4.2 Evidence of QPOs in the soft state

It has been shown that for two sources in our sample, GRO J1655-
40 and XTE J1550−564 (see Saito et al. 2007 for GRO J1655-40
and Kubota & Done 2004 for XTE J1550−564), the accretion disc
inner radius remains constant for most of the HSS, providing a
strong evidence for the accretion disc having reached the ISCO
(see also Steiner et al. 2011; Motta et al. 2014a; Plant, O’Brien &
Fender 2014). It is worth noticing that the QPOs in the HSS of these
two sources stand out in terms of very low rms and high Q factor (see
Table 1). Given the behaviour of the sources of our sample (and of
transient BH X-ray binaries in general) in the HIDs, it is reasonable
to assume that the inner disc radius does indeed reach the ISCO any
time a source is observed in the HSS, which is basically the same
assumption used for the spin measurements based on spectroscopy
(see, e.g. McClintock et al. 2014 and references therein). Since the
type-C QPOs detected in the ULS have frequencies very close to
those observed in the HSS (see e.g. Motta et al. 2012), we extended
this assumption also to the ULS. However, we decided not to place
upper limits using type-C QPOs in the ULS since they might be
underestimated. We describe below in Section 4.3 the uncertainty
in the spin estimate produced by using this assumption.

If the highest type-C QPO is detected in the HSS, we can therefore
assume that it was produced at the ISCO and thus place a lower and
an upper limit on the spin assuming a lower and an upper limit for
the mass. For those sources for which we did not detect a type-C
QPO in the soft state, we can still use the highest frequency type-C
QPO from Motta et al. (2012, 2014a,b, 2015) to place a conservative
lower limit assuming a lower limit for the mass since these QPOs
probably corresponded to radii larger than the ISCO. In these cases,
an upper limit on the spin would be meaningless (and, in fact, not
correct) given our assumptions.

Fig. 4 contains the HIDs of the five sources that showed type-C
QPOs in the HSS. The red dots represent the observations of the
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Franchini et al. (2016)

QPO’s and Lense-Thirring Precession

Mass and distance are unknown for GX 339-4

Is LT precession the correct interpretation of 
QPO’s? 

Are there observational limitations? 

Can we detect the highest frequency QPOs?

Do the amplitude and intensity of the QPO 
depend on the frequency?

Are we measuring the same Physical Quantity?



Future developments

Self-consistent modeling of the 
continuum emission via the lamppost 
geometry (see M. Fink’s Poster J10)

Testing the Kerr metric using X-ray reflection spectroscopy

Spectral Analysis and Contour Results

Observations

Observations presented in RXTE’s Q-diagram
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New faster and more accurate 
reflection models (see T. Dauser’s 
talk on Thursday) 

ToO for bright HS of GX 339-4 
during NuSTAR’s Cycle 3

Systematic exploration of all 
bright BHB in the RXTE archive 

Walton (2013)

Self-consistent Lamppost

Free Lamppost
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Summary

The problem of disk truncation in the bright hard-state of 
BHBs is still an open problem

Reflection Spectroscopy results are in strong disagreement 
only with XMM-Newton data in Timing Mode

Thus, data calibration is likely the source of the discrepancy

Timing studies also predict large disk truncation, in 
disagreement with the reflection spectra. 

Yet, the physical interpretation of time lags or QPOs is less 
clear and might require careful revision


