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BHBs in Outburst— GX 339-4

Archival data from the Rossi X-ray Timing Explorer (RXTE) 
(Animation courtesy of Navin Sridhar)
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(a) 2002-03 Outburst (b) 2004-05 Outburst

Figure 8. The extrapolated and unfolded RXTE/PCA energy spectra of GX 339–4 across the bright intermediate states of
the (a) 2002-03 outburst (left segment) and (b) 2004-05 outburst (right segment). The spectra are ordered according to their
spectral hardness within an outburst, from the hardest spectrum at the top to the softest spectrum at the bottom. The top panel
of the plot corresponding to each Hardness Ratio shows the RXTE/PCA data (brown circles) and the individual components
(dashed lines) of the total fitted model (solid black line). The coronal emission is modelled with nthComp (red), disk emission is
modelled with diskbb (pink), relativistic reflection component is modelled with relxillCp (green) and the distant (unblurred)
reflection is modelled with xillverCp (blue). The total model also includes a Galactic absorption component, modelled with
TBabs - not shown here. The residuals from the fit (��) are plotted in the bottom panel.
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(a) 2002-03 Outburst (b) 2004-05 Outburst

Figure 8. The extrapolated and unfolded RXTE/PCA energy spectra of GX 339–4 across the bright intermediate states of
the (a) 2002-03 outburst (left segment) and (b) 2004-05 outburst (right segment). The spectra are ordered according to their
spectral hardness within an outburst, from the hardest spectrum at the top to the softest spectrum at the bottom. The top panel
of the plot corresponding to each Hardness Ratio shows the RXTE/PCA data (brown circles) and the individual components
(dashed lines) of the total fitted model (solid black line). The coronal emission is modelled with nthComp (red), disk emission is
modelled with diskbb (pink), relativistic reflection component is modelled with relxillCp (green) and the distant (unblurred)
reflection is modelled with xillverCp (blue). The total model also includes a Galactic absorption component, modelled with
TBabs - not shown here. The residuals from the fit (��) are plotted in the bottom panel.
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The RXTE Archive of BHBs
NASA ADAP16: ~15,000 RXTE spectra with PCA (3-45 keV) and  

HEXTE (20-250 keV) for ~30 BHB with ~1 ks exposures



The Hard State of GX 339-4

García et al. (2015)



Disk and Corona Evolution
Relativistic reflection fits of the black hole binary system GX 339—4

RXTE PCA spectra

a = 0.95 +/- 0.04
i = 48 +/- 1 deg
Fe abundance 5x Solar 

García et al. (2015)

Total of 77 million 
counts in 6—spectra 

(3–45 keV)



Disk and Corona Evolution
Detecting Geometrical Changes

For increasing luminosity, the
disk’s inner edge moves inward
and the corona cools down

For a 10M� black hole, these
changes in inner-radius corre-
spond to changing from Rin =
75 km to Rin = 30 km

(Garcı́a+15)

Javier Garćıa (Harvard-Smithsonian CfA) Reflection Spectroscopy of BHB FERO 8, Sep 14, 2016 8 / 21

Luminosity increases by ~20x 
Rin decreases from a few to ISCO 
Coronal Temp decreases by 10x 
Yet, continuum slope remains the same 
(𝝘~1.6)… why?

For a 10 Solar-mass BH: 
Delta Rin ~45 km



García et al. (2015)

RXTE PCA
Suzaku XIS

XMM MOS

XMM Epic PN 
(Timing Mode) 

Controversy on the Disk Truncation

Large discrepancies in the 
truncation of the accretion disk



Wang-Ji et al. (2018)

the latter is only associated with the geometry of the
system. We find that fsc increases when the luminosity
decreases (see Table 3). This could be explained by
changes in the corona structure. Figure 4 (right) shows
how the model components change through observations.
We calculated the reflection strength as defined in Dauser
et al. (2016), and find that except for observation1, the other
five observations show a decreasing trend from ∼4 to ∼0.2,
which is in line with the increasing inner radius of the
accretion disk.

3.2. The 2013 Data Set: Rise and Decay in a Failed Outburst

The absorbed power-law fit on the 2013 data do not show
any strong indication of the existence of a soft disk component,
thus we started the fit by fixing the disk temperature to
0.05keV. However, with free disk temperatures, the fit goes
down in C-stat by 725 with 10 less d.o.f., which is a significant
improvement. The flux ratio in the 2–20 keV range between the
intrinsic disk emission and the unabsorbed total one is around
3%, which matches the expected faint disk in the low-hard
state, but the determined disk temperatures are above 0.8keV
for the last three observations. In addition, the inner edge of the
disk does not follow a one-way trend with luminosity. The
best-fit parameters for this model (2013-M1) are shown in
Table 4.
We then try the model taking the Comptonization of

reflection into account in this data set (2013-M2), following
the same procedures as in Section 3.1.2. Compared to 2013-
M1, C-stat increases by 224 with the same dof, which is
statistically worse; but we also notice that M2 reduced χ2 by 7.
Additionally, this model provides a more reasonable combina-
tion of disk and power-law components. As shown in Table 5,
the disk temperatures fall into a range of values closer to the
expectation for this source ( 1kT 0.2in keV). In Figure 6 (right),
the intrinsic disk flux becomes much smaller which is more
typical for the low-hard state.

4. Discussion

The parameters that are global to all observations are the
Galactic hydrogen column density NH, the spin parameter a*, the
inclination angle i and the iron abundance AFe. Table 6 shows a
summary of these intrinsic parameter values found in different
simultaneous fits performed in this paper. The inclination is
consistent with i= 40°± 2° through all fits except for 2015-M1-
AFe1. Assuming that the inclination of the inner disk is equal to
the binary orbit inclination, with the latest measurement of the

Figure 4. Model components for individual observations in 2015 for M1 (left) and M2 (right). The component each color represents is indicated in the figure. The
spectrum becomes harder with the photon index dropping from 1.72 to 1.62 when the luminosity decreases. Although the statistical precision for the last three
observations is relatively poor, a tentative decreasing trend in the disk temperature and the flux ratio between 2 and 20 keV of the disk component and the unabsorbed
total one are shown, except for the last observation.

Figure 5. Model components nthcomp+relxillCp for the two cases: (1)
AFe= 8.2 and = -

+R R4.3 ;gin 1.1
1.7 (2) AFe= 1.0 and Rin= 900Rg . The lower

panel shows the ratio between the model component nthcomp
+relxillCp in case (1) and case (2). It might be difficult to distinguish
these two cases when good quality data covering the oxygen emission
line below 0.7keV and the Compton hump above 20keV are not
both available.

6

The Astrophysical Journal, 855:61 (12pp), 2018 March 1 Wang-Ji et al.
RXTE PCA

Suzaku XIS

XMM MOS

XMM Epic PN 
(Timing Mode) 

Swift XRT + 
NuSTAR

Controversy on the Disk Truncation

Recent (2013, 2015) Swift XRT and NuSTAR 
observations consistent with mild truncation  

(i.e., Rin ~ 10’s Rg, not 100’s Rg)



The 2017 Failed Outburst of GX 339-4

García et al.,(2019)

• Signatures of reflection detected 
in all the NuSTAR exposures 

• Broad (relativistic) reflection 
required in the brightest spectra 

• Inner-radius consistent with small 
truncation (Rin ~ 2.4 Rg)



Current Inner-Radius vs. Luminosity

12 Garćıa & et al.

observations are in fact identical, the di↵erence can only
be attributed to a change in the density of the disk’s at-
mosphere by a factor of ⇠ 5. This di↵erence does not
seem implausible, given the intrinsic turbulent nature
of accretion disks (e.g., Kadowaki et al. 2018), and how
strongly magnetic fields can a↵ect the surface density in
the accretion disk (e.g., Jiang et al. 2019b).
In the case of Epoch 3, we found that when using

Model A the thermal disk component (diskbb) is not
statistically required, as it produces virtually no change
in the goodness of the fit, and the model parameters
are unconstrained. The situation is di↵erent when us-
ing Model B, in which case we found an improvement
of ��2 = 8 when adding the thermal disk component.
This is likely due to the smaller reflection fraction, which
lowers the reflected continuum and makes the disk emis-
sion more obvious in the fit. Nevertheless, we notice that
this spectral feature is not very prominent, and its origin
cannot be fully determined. For example, Garćıa et al.
(2016) showed that when the density in the reflector is
over ⇠ 1017 cm�3 there is an enhancement of reflected
flux at soft energies. As mentioned above, the relatively
large ionization parameter indicates the possibility of an
also large density in the accretion disk, which could then
explain the soft excess observed in the spectra. As we
discuss next, these high-density e↵ects can also have im-
portant consequences in the abundance of iron derived
form reflection spectroscopy.
The iron abundance for Model A is constrained at

more than 6 times its Solar value, while for Model B
(dual lamppost) it is found to be ⇠ 4 times solar. Both
of these results are consistent with our previous analysis
of RXTE PCA (Garćıa et al. 2015) and NuSTAR data
(Wang-Ji et al. 2018). However, Jiang et al. (2019a) has
recently demonstrated that by implementing new reflec-
tion models calculated at high densities the requirement
for the disk thermal emission vanishes, and the recov-
ered iron abundance is more consistent with the Solar
value. Since these high density models are still under
development, and given that all the other parameters
remain unchanged in the analysis of Jiang et al. (2019a),
we deferred their application to these data for a future
publication.
It is important to notice that both of these mod-

els constrain the inner radius to be very close to the
ISCO radius, specifically Rin< 1.2RISCO for Model A
(distant reflector), and Rin= 2 � 5RISCO for Model B
(dual lamppost). Figure 6 shows a comparison our re-
sults with several other inner radius measurements of
GX 339�4 with reflection spectroscopy. The values of
Rin (in units of gravitational radius Rg = GM/c2) are
plotted as a function of the Eddington scaled luminos-

ity LEdd= 1.25 ⇥ 1039 erg s�1 (assuming a distance of
D = 8kpc and a black hole mass of M = 10M�;
Zdziarski et al. 2004). The results from our analysis
of the 2017 failed outburst data are in good agreement
with the overall trend of a decreasing inner radius with
increasing luminosity in the hard state. Furthermore,
the trend observed in Figure 6 indicates that the in-
ner accretion disk appears to be relatively close to the
ISCO radius early on in the outburst, reaching few times
RISCO at ⇠ 1% LEdd. Interestingly, this trend appears
to be independent of whether the source was observed
during the rise or the decay of the outburst, and on
whether the outburst itself was full (i.e., the source went
through state transitions), or a failed one (such as the
one analyzed here).

100

101

102

103

0.1 1 10

R
in
(R

g)

L/LEdd (%)

Miller+06
Reis+08

Tomsick+08
Petrucci+14
Garcia+15

Wang-Ji+18
This Work

Figure 6. Comparison of the inner radius values derived
from reflection spectroscopy as a function of the Eddington-
scaled luminosity for the hard state of GX 339�4. Reported
values include those from analysis of XMM-Newton MOS
(Miller et al. 2006; Reis et al. 2008), Suzaku (Tomsick et al.
2008; Petrucci et al. 2014), RXTE PCA (Garćıa et al. 2015),
and Swift+NuSTAR (Wang-Ji et al. 2018). Our values de-
rived from the 2017 Swift+NuSTAR data are in good agree-
ment with the observed correlation between Rin and the
source luminosity.

5. CONCLUSIONS

The black hole binary system GX 339�4 goes into out-
burst regularly, with a full outburst typically observed
every 2–3 years (Tetarenko et al. 2016). In this paper
we have presented a reflection spectroscopy analysis of
the X-ray spectrum of GX 339�4 as observed by NuS-

TAR and Swift during the 2017 failed outburst. We
triggered 3 observations on the rise in the hard state.
The source reached ⇠ 50mCrab (2–10 keV), before ob-
servations were restricted due to Sun constraint during

García et al.,(2019)

No XMM-Newton 
Timing Mode Data!



The RXTE Archive of BHBs
NASA ADAP16: ~15,000 RXTE spectra with PCA (3-45 keV) and  

HEXTE (20-250 keV) for ~30 BHB with ~1 ks exposures



Controversy on the Disk Truncation

Timing signatures 
provide 

independent 
constraints  

—> But require 
careful 

interpretation!

~10x
Spectral-Timing

(Mahmoud et al. 2018)



The Fe K line Profile across States

Same Fe K profile 
for different 

accretion states

This suggest that the 
disk has reach the 

ISCO before it 
makes the transition

GX 339—4

Sridhar et al. (2020)



Fits with Relativistic Reflection
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Figure 4. The extrapolated and unfolded RXTE/PCA energy spectra of GX 339–4 across the bright intermediate states of the
(a) 2002–2003 outburst (left segment) and (b) 2004–2005 outburst (right segment). The spectra are ordered according to their
spectral hardness within an outburst, from the hardest spectrum at the top to the softest spectrum at the bottom. The top
panel of the plot corresponding to each HR shows the RXTE/PCA data (golden-brown circles) and the individual components
(dashed lines) of the total fitted model (solid black line). The coronal emission is modeled with nthComp (red), disk emission is
modeled with diskbb (purple), relativistic reflection component is modeled with relxillCp (green) and the distant (unblurred)
reflection is modeled with xillverCp (blue). The total model also includes a Galactic absorption component, modeled with
TBabs (not shown here). The residuals from the fit (��) are plotted in the bottom panel of each spectral plot.

been reported in bright Galactic binaries (Parker et al.
2015). We therefore assume that the unblurred, dis-
tant re-processing material is relatively cold and nearly
neutral, and hence the log of the ionization parameter
(log ⇠) corresponding to the xillverCp component is
frozen at zero (where, the ionization parameter is given
by ⇠ = L/nR

2, with L being the ionizing luminosity, n
being the gas density and R being the distance to the
ionizing source). This assumption is also adopted by
Garćıa et al. (2015) for this source. For these fits, we
also assume that the disk obeys the canonical emissivity
profile, ✏ / r

�q, where q = 3 is the assumed value of
emissivity index (Fabian et al. 1989).

In addition to freezing some of the parameters to pre-
viously measured values, we also tie relevant parame-
ters between di↵erent components of the model. For
instance, the nthComp component accounts for the low
energy roll-over due to the seed photons that originate

from the accretion disk. Hence, we tie the nthComp input
seed photon temperature (kTbb) to the inner disk tem-
perature (Tin of the diskbb component). The previously
mentioned assumption of a thermally Comptonized il-
luminating spectrum allows us to tie relevant param-
eters from the nthComp component like spectral index
and electron temperature (kTe) with the ones in the
relxillCp component. Additionally, the values for the
AFe, asymptotic powerlaw index �, disk inclination, and
the input continuum in xillverCp are also linked with
those of the broad reflection component (relxillCp), as
we find no empirical need to decouple these components’
parameters.

With this setup, we simultaneously fit for the inner
disk temperature (Tin), photon index (�), electron tem-
perature in the corona (kTe, with a hard upper limit at
400 keV), inner disk radius (Rin), log of the disk ion-
ization parameter (log ⇠), and the normalization values

Modeling: 
TBabs*(diskbb + 

relxillCp)

Implements an 
Illumination continuum 
produced by thermal 
Comptonization 
(nthComp)

Sridhar et al. (2020)



Fits with Relativistic Reflection

Modeling: 
TBabs*(diskbb + relxillCp)

Sridhar et al. (2020)

Reflection spectroscopy of GX 339–4 during its bright intermediate state transition 3

intermediate state. During the hard state, Meyer et al.
(2000) had predicted that thermal conduction of heat
from the corona will cause the inner disk to evaporate,
leading to an optically thick and geometrically thin disk,
that is truncated at some significant distance away from
the black hole. While there is evidence for truncation
during the hard state (Mahmoud et al. 2019), and at
luminosities below 0.1% of the Eddington limit (LEdd)
for GX 339–4 (Tomsick et al. 2009), measurements of
the reflection component in the bright hard state (> 5%
LEdd) have lead to estimates of inner radii very close
to the ISCO for several sources, including GX 339–4
(Garćıa et al. 2015; Steiner et al. 2017; Wang-Ji et al.
2018; Garćıa et al. 2019). While there exists abundant
evidence for truncated disk at low/hard state, and the
disk extending until ISCO by the time the source reaches
bright soft state (Gierliński & Done 2004; Steiner et al.
2010; Penna et al. 2010; Zhu et al. 2012), the evolution
of the disk and the coronal parameters, especially the
inner disk’s radius during the bright intermediate states
is not well understood.

The reflection component of the X-ray spectrum re-
sults from the reprocessing of the Compton up-scattered
non-thermal X-ray photons in the optically thick ac-
cretion disk. This reflected radiation is adorned with
several prominent features including the recombination
continuum, fluorescent emission lines and absorption
edges. These features provide information on the physi-
cal state of the matter and its composition in the strong
gravitational regime near the black hole, and serves as
a robust means of studying conditions near the event
horizon. In particular, modeling the distortion in the
prominently seen Fe K fluorescent line due to Doppler
e↵ects, gravitational red shift and light bending can con-
tribute to the understanding of the spin of the black
hole, the accretion disk’s inner edge radius, and its in-
clination. Particularly, having spin fixed to a constant
value of Thorne maximum (a? = 0.998; Thorne 1974),
one can estimate the minimum truncation of the inner
radius of the disk with much better sensitivity (Refer to
Bardeen et al. 1972 for a description of particle orbits in
Kerr metric, and the relation between black hole’s spin
and the ISCO).

Although a study of GX 339–4 during the bright
hard-to-soft state transition was performed by Del
Santo et al. (2008), a probe of the reflection spectrum
during this state transition remains relatively under-
explored. Using a version of the relativistic reflection
model (relcillCp, Garćıa et al. 2014a; Dauser et al.
2014) that includes a physical Comptonization kernel
(nthComp, Zdziarski et al. 1996), we derive constraints
on the evolution of system’s parameters like the inner

0.0 0.2 0.4 0.6 0.8 1.0
X-ray hardness

101

102

103

P
C
U

co
un

t
ra

te

2002-03 Outburst
2004-05 Outburst
2006-07 Outburst
2010-11 Outburst

Figure 2. Hardness-Intensity diagram (HID) from all the
RXTE/PCA observations of GX 339–4 spanning ⇠10 years.
Plotted on the horizontal axis is the X-ray hardness, defined
as the ratio of the source counts in 8.6–18 keV to the counts
in 5.0–8.6 keV energy band, and the vertical axis represents
the PCU count rate (intensity). In this paper, we consider
the 2002–2003 outburst (red) and the 2004–2005 outburst
(golden-brown) for our analysis. Specifically, the interspaced
highlighted red and golden-brown circles represent the posi-
tions of the observations on the HID, that are considered for
the reflection analysis.

radius of the disk, its temperature, the disk ionization
state, and the temperature and optical depth of the
corona during the transit of the source from the bright
hard to soft states of two outbursts with di↵erent tran-
sition luminosities (the 2002–2003 outburst with higher
flux and the 2004–2005 outburst with lower flux), as
observed by RXTE (refer Plant et al. 2014 for a reflec-
tion study of the source across various state transitions
using di↵erent model and assumptions from ours). We
also perform an analysis of the continuum spectra from
the bright intermediate state transition by employing a
self-consistent Comptonized accretion disk model. This
model accounts for the scattering of the disk photons by
the corona, to arrive at the disk and coronal properties
independent of the reflection modelling, and to compare
the results from one method against the other.

This paper is organized as follows: In §2, we describe
the observation, data selection and reduction procedure,
in §3 we provide the detailed analysis procedure, results
from our analysis of reflection and continuum spectra,
and the corresponding statistical (MCMC) analysis. In
§4 we discuss the broad implications of our results, and
summarise the same in §5. A test of the potential of
RXTE/PCA and the relxill model to detect large in-
ner disk truncation values is provided in the Appendix.

Reflection spectroscopy of GX 339–4 during its bright intermediate state transition 11
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Figure 5. Evolution of some of the free parameters of the reflection model: TBabs(diskbb+nthComp+relxillCp+xillverCp)
across the bright intermediate states of GX 339–4’s considered outbursts. The markers correspond to the median of the values
obtained from MCMC probability distribution, and the error bars correspond to 90% confidence interval. The best fit data
points corresponding to the 2002–2003 outburst are interlinked by red dashes and the 2004–2005 outburst by blue dots. Plotted
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keV energy band. The vertical axes represent (a) inner disk temperature (Tin); (b) diskbb normalization parameter (Ndisk);
(c) power-law photon index (�); (d) electron temperature (kTe); (e) Reflection strength (Rs), as defined in §3.2.1; (f) inner disk
radius (in units of RISCO (left ordinate) and gravitational radius, Rg (right ordinate) for a black hole spin of a? = 0.998). Each
marker represents an individual observation, color coded by the reduced �

2 from the fit to the model. The arrows at the end of
the error bars indicate that the particular model parameter is unconstrained in that direction.

3.2.3. Markov Chain Monte Carlo (MCMC) analysis

In order to substantiate the parameter values derived
from the complex reflection model, we perform a full-
fledged Markov Chain Monte Carlo (MCMC) statistical
analysis for all the 14 reflection fits (see §4 of Steiner &
McClintock 2012 for more details). The parameter space
is explored in the MCMC analysis for each spectral fit
with 50 walkers (distinct chains), which explore the pa-
rameter space in a sequence of 900,000 a�ne-invariant
stretch-move steps (Foreman-Mackey et al. 2013). After
having been initialized in a cluster distributed around
the best fit parameter values, the first 30% of the el-
ements traversed by each walker are discarded as the
‘burn-in’ phase, during which the chain reaches its sta-
tionary state. Autocorrelation length, which is the in-
terval over which the chain forgets its previous location,
for each walker, is computed with respect to the lag in
the length traversed. A typical value of the autocorre-
lation length is found to be ⇠10,000 elements (⇠ 10%),
which corresponds to a net number of independent sam-
ples of the parameter space to be 90 per walker. All

those walkers, whose autocorrelation values do not reach
zero before it traverses ⇠10% of the total chain length
are considered to be not converged, and are discarded.
From the full distribution, we obtain a probability dis-
tribution for any given set of parameters of interest by
marginalizing over all the other variables that are out-
side that set. Logarithmically-flat priors are adopted for
all model components’ normalization parameters. To
regularize the space over which the parameters are sam-
pled from a finite interval to a real line, each parameter
is remapped using a logit transformation.

In Appendix C, we show the contour maps and prob-
ability distributions for the set of most relevant physical
parameters, derived using the MCMC analysis. For the
cases of HR ' 0.80 and 0.70 in the 2002–2003 outburst,
and HR ' 0.8, 0.72 and 0.65 in the 2004–2005 outburst,
the diskbb norm parameter is not shown in the contour
maps because, the spectra are hard enough to require
any disk blackbody component to describe it, and hence
the parameter normalization is frozen to zero there (see
§3.2.1 and §3.2.2). For all the observations modeled with
a free diskbb normalization parameter, the parameter
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disk (Tbb) at a given radius, r is related to the accretion
rate Ṁ by the relation,
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where M and rin denote the mass of the accreting body
and the inner radius of the accretion disk. Eqn. 3 tells
that, for a relatively stable rin, an increase in the ac-
cretion rate (as the spectra softens) should result in an
increase in the inner disk temperature (possibly ampli-
fied by irradiation coupling; King & Ritter 1998). We
note here that our results manifest the same (see Fig-
ure 6). In fact, the increasing trend of Tin from our
analyses with decreasing spectral hardness, display an
agreement between the models with and without the re-
flection components (see Figures 5 and 6).

The inner disk temperature (Tin) returned by the
diskbb component is the color temperature, which is
related to the e↵ective temperature (Te↵) of the disk
by Tin = fcolTe↵ , where fcol is the color-correction
(a.k.a spectral hardening) factor (Shimura & Takahara
1995). Salvesen et al. (2013) had demonstrated that
physically reasonable changes in the phenomenological
color-correction factor (fcol) can also provide a plau-
sible description for the hard to soft state transition,
without needing to invoke radial motion of the inner
accretion disk (Davis & El-Abd 2019). Assuming a
canonical value of fcol = 1.7 at the bright soft state,
we estimate the temperature dependent values of fcol

for varying spectral hardness, using the scaling rela-
tion, fcol / T

1/3
in (Davis et al. 2006). The Tin values

used in this calculation are extracted from the model:
TBabs*smedge(simplcut⌦diskbb+Gaussian). We use
the values from this model, in order to arrive at Rin

measurements independent of the results from the re-
flection model. Note that the diskbb norm from the re-
flection fit is not indicative of the size of the disk, since
it only models the unscattered (transmitted) disk emis-
sion. This is not the case with the diskbb norm from
the alternate analysis involving the simplcut model.
The normalization of the diskbb component is given
by, N = (rappin /D10)2 cos ✓, where r

app
in is the ‘appar-

ent inner disk radius’, D10 is the distance to the black
hole in units of 10 kpc, and ✓ is the inclination value of
the disk. Using the relationship between the apparent
and the true inner disk radius (Kubota et al. 1998), the
diskbb normalization (N) can be rewritten in terms of
fcol as,

N =

✓
rin

⌅f2
col

D10

◆2

cos ✓, (4)

where rin is the true inner disk radius (in units of km)
and ⌅ is the relativistic color correction factor (of the

Figure 7. Independent measurements of the evolution of the
inner disk radius (Rin) from the continuum fitting method
(round markers), in comparison with the results from the
reflection method (grey rhombus markers), plotted against
the X-ray hardness. The inner disk radii are plotted in units
of RISCO (left ordinate) and gravitational radius (Rg; right
ordinate), for a black hole spin of a? = 0.998. The vertical er-
ror bars (on the marker) represent the propagated statistical
uncertainties from the model fitting, and the systematic un-
certainty arising from the ignorance of the system’s intrinsic
parameters is represented by the large vertical error bar with
cap, at the top left region of the Figure. The round mark-
ers are color-coded with the value of the spectral hardening
factor (fcol), which is used to calculate Rin.

order of unity). We would like to emphasize here that a
negligible value of the diskbb normalization, or a non-
requirement of the disk quasi-blackbody component in
the spectrum (as seen in the hard state spectra of our re-
flection analysis) does not necessarily imply that the ac-
cretion disk is highly truncated, or even absent. A likely
interpretation for this is that the cool thermal photons
emitted by the disk are almost entirely Comptonized in
a ⌧ & 1 corona (see Figure 6f), and so the transmitted
(unscattered) portion of that emission is indiscernibly
weak. Note that this does not prevent one from being
able to place one-sided constraint of diskbb parameters
with the simplcut model. Moreover, RXTE/PCA has
its low-energy cuto↵ at ⇠3 keV, allowing only the Wien
tail of the blackbody spectrum in the observable band.
The blackbody component during the hard state of GX
339–4, primarily dominant at energies below PCA’s en-
ergy sensitivity has been observed with other instru-
ments (Miller et al. 2006; Tomsick et al. 2008; Reis et al.
2008; Plant et al. 2015; Basak & Zdziarski 2016).

As a next step, we plug in previously estimated values
of fcol from the scaling relation into eqn. 4, and retrieve
the evolution of inner disk radius assuming the following

fcol ~ Tin1/3

Sridhar et al. (2020)
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Figure 6. Evolution of the free parameters of the continuum model: TBabs*smedge(simplcut⌦diskbb+Gaussian) across the
bright intermediate states of the 2002–2003 outburst of GX 339–4. Plotted on the horizontal axis is the X-ray hardness, defined
as the ratio of the source counts at 8.6�18 keV to the counts at 5.0�8.6 keV energy band. The vertical axes represent (a) inner
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(fsc); (f) optical depth (⌧) for a covering fraction of unity. Each marker represents an individual observation, color coded by
the reduced �

2 from the fit to the model

4. DISCUSSION

4.1. Inner disk radius (Rin)

A number of studies (e.g., Done & Diaz Trigo 2010;
Basak & Zdziarski 2016) have reported a broadening in
the relativistic Fe K line as the spectra becomes softer,
and therefore, have suggested that the inner radius cor-
relates with the X-ray HR. Should this be the case,
the signatures of increase in line width with softening
of the spectra should also be seen with RXTE/PCA2.
The data/model ratio plot in Figure 3 shows the Fe K
emission feature, plotted for three di↵erent representa-
tive values of HR across the bright-intermediate states.
Clearly, no significant broadening of the emission line
can be seen, as the spectra softens, accompanied with
the decrease in HR value from 0.8 to 0.1. Should the in-
ner disk’s truncation be greatly decreasing as the system
approaches soft state from bright hard state, we would

2
See Appendix A for a test of the potential of RXTE/PCA

to detect narrow Fe K emission line, corresponding to large disk

truncation.

observe, as a consequence, a steady broadening of the
emission line due to gravitational red shift (Ruszkowski
& Fabian 2000). Our result therefore qualitatively indi-
cates that the inner radius of the accretion disk, which
is presumed to be the source of the Fe K emission line, is
independent of the spectral hardness during the bright-
intermediate states’ transition.

We then set out to quantitatively answer the ques-
tion of where the inner disk truncates for the two
outbursts we choose with di↵erent bright-intermediate
states’ transition luminosities (2002–2003 and 2004–
2005 outbursts). In order to answer this, we perform
an analysis of the reflection spectrum using the relx-

ill family of relativistic reflection models. Note that
the diskbb norm (Ndisk) from the reflection fit is not
indicative of the size of the disk, since it only models
the unscattered (transmitted) disk emission. From the
values of the Rin constrained from the analysis of the
2002–2003 and 2004–2005 outbursts (see Figure 5) using
the relxillCp component, we find that the inner trun-
cation of the accretion disk upon reaching very close to
ISCO by the onset of bright hard state (Garćıa et al.
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where M and rin denote the mass of the accreting body
and the inner radius of the accretion disk. Eqn. 3 tells
that, for a relatively stable rin, an increase in the ac-
cretion rate (as the spectra softens) should result in an
increase in the inner disk temperature (possibly ampli-
fied by irradiation coupling; King & Ritter 1998). We
note here that our results manifest the same (see Fig-
ure 6). In fact, the increasing trend of Tin from our
analyses with decreasing spectral hardness, display an
agreement between the models with and without the re-
flection components (see Figures 5 and 6).

The inner disk temperature (Tin) returned by the
diskbb component is the color temperature, which is
related to the e↵ective temperature (Te↵) of the disk
by Tin = fcolTe↵ , where fcol is the color-correction
(a.k.a spectral hardening) factor (Shimura & Takahara
1995). Salvesen et al. (2013) had demonstrated that
physically reasonable changes in the phenomenological
color-correction factor (fcol) can also provide a plau-
sible description for the hard to soft state transition,
without needing to invoke radial motion of the inner
accretion disk (Davis & El-Abd 2019). Assuming a
canonical value of fcol = 1.7 at the bright soft state,
we estimate the temperature dependent values of fcol

for varying spectral hardness, using the scaling rela-
tion, fcol / T

1/3
in (Davis et al. 2006). The Tin values

used in this calculation are extracted from the model:
TBabs*smedge(simplcut⌦diskbb+Gaussian). We use
the values from this model, in order to arrive at Rin

measurements independent of the results from the re-
flection model. Note that the diskbb norm from the re-
flection fit is not indicative of the size of the disk, since
it only models the unscattered (transmitted) disk emis-
sion. This is not the case with the diskbb norm from
the alternate analysis involving the simplcut model.
The normalization of the diskbb component is given
by, N = (rappin /D10)2 cos ✓, where r

app
in is the ‘appar-

ent inner disk radius’, D10 is the distance to the black
hole in units of 10 kpc, and ✓ is the inclination value of
the disk. Using the relationship between the apparent
and the true inner disk radius (Kubota et al. 1998), the
diskbb normalization (N) can be rewritten in terms of
fcol as,
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where rin is the true inner disk radius (in units of km)
and ⌅ is the relativistic color correction factor (of the
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Figure 7. Independent measurements of the evolution of the
inner disk radius (Rin) from the continuum fitting method
(round markers), in comparison with the results from the
reflection method (grey rhombus markers), plotted against
the X-ray hardness. The inner disk radii are plotted in units
of RISCO (left ordinate) and gravitational radius (Rg; right
ordinate), for a black hole spin of a? = 0.998. The vertical er-
ror bars (on the marker) represent the propagated statistical
uncertainties from the model fitting, and the systematic un-
certainty arising from the ignorance of the system’s intrinsic
parameters is represented by the large vertical error bar with
cap, at the top left region of the Figure. The round mark-
ers are color-coded with the value of the spectral hardening
factor (fcol), which is used to calculate Rin.

order of unity). We would like to emphasize here that a
negligible value of the diskbb normalization, or a non-
requirement of the disk quasi-blackbody component in
the spectrum (as seen in the hard state spectra of our re-
flection analysis) does not necessarily imply that the ac-
cretion disk is highly truncated, or even absent. A likely
interpretation for this is that the cool thermal photons
emitted by the disk are almost entirely Comptonized in
a ⌧ & 1 corona (see Figure 6f), and so the transmitted
(unscattered) portion of that emission is indiscernibly
weak. Note that this does not prevent one from being
able to place one-sided constraint of diskbb parameters
with the simplcut model. Moreover, RXTE/PCA has
its low-energy cuto↵ at ⇠3 keV, allowing only the Wien
tail of the blackbody spectrum in the observable band.
The blackbody component during the hard state of GX
339–4, primarily dominant at energies below PCA’s en-
ergy sensitivity has been observed with other instru-
ments (Miller et al. 2006; Tomsick et al. 2008; Reis et al.
2008; Plant et al. 2015; Basak & Zdziarski 2016).

As a next step, we plug in previously estimated values
of fcol from the scaling relation into eqn. 4, and retrieve
the evolution of inner disk radius assuming the following

Inner Radius stable 
across the state 

transitions!

Sridhar et al. (2020)



The RXTE Archive of BHBs
NASA ADAP16: ~15,000 RXTE spectra with PCA (3-45 keV) and  

HEXTE (20-250 keV) for ~30 BHB with ~1 ks exposures

García et al. (2018b)

XTE J1752-223: Hard-state spectra with over 
100 million counts (eq. 300 ks exposure)



The Hard-State in XTE J1752—223
Particularly stable hard state with constant hardness and luminosity 

for nearly 1 month!

García et al. (2018)

Very high signal-to-noise X-ray 
reflection spectrum (S/N ~ 3000) 



Orientation of the Inner-Disk

Power-law Emissivity Lamppost Geometry

i = 67+/-5 deg i = 36+/-4 deg
Inclination from the 
lamppost model 
consistent with radio 
jet determinations of 
i < 49 deg  
(Miller-Jones et al. 
2011).

García et al. (2018)

Reflection Spectroscopy of XTE J1752—223 with 
different geometries for the illumination of the disk 
show consistent parameters, except for the inclination 

Inner-Disk Inclination



Coronal Geometry

Kara et al. (2019)
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Figure 7. Input model used to simulate the data assuming an
ionisation gradient in the accretion disc with h = 3 rg, log ⇠in =
3 and nH = 1017 cm�3 (dashed blue line) used to simulate the
spectrum and the best-fit model obtained by fitting the spectrum
in the soft X-rays assuming a constant ionisation (solid red line).
We extrapolated both spectra to the hard X-rays in order to check
whether the consistency remains at these energies. Bottom panel:
The ratio between the two models (bottom panel) is within ⇠ 5%
for the broad X-ray band.

isation gradient and a model with the constant ionisation
and the steep radial emissivity for any set of parameters.
Most fits with the constant ionisation resulted in C-statistics
C/do f . 1.5 (see bottom panel of Fig. 5), thus providing
with rather acceptable fits. However, we consider our work
to be useful for understanding how the fitted parameters can
be a↵ected by our simplified model assumptions since the
disc ionisation gradient is a naturally expected consequence
of the lamp-post geometry. Nevertheless, we plan to extend
our work by applying our suggested model to the archival
observational data from current instruments such as XMM-
Newton and compare the results with those obtained here
with simulated data for future X-ray mission Athena.

6 SUMMARY

X-ray reflection spectra in AGNs and XRBs are thought to
originate thanks to the illumination of the accretion disc by
a corona of hot electrons in the vicinity of the black hole.
For a compact X-ray source located on the black hole ro-
tational axis, this illumination will naturally decrease with
radius, implying a radially-structured ionisation of the disc.
We showed that such a decrease in ionisation will result in
measurements of steep radial emissivities (q > 5) assuming a
model where the disc ionisation is constant, and fitted as an
independent parameter. Steep emissivities are indeed mea-
sured in several sources, which may indicate the relevance of
the combined e↵ect of the lamp-post geometry and the ion-
isation gradient. We note that many of these sources show a
mild ionisation state, when fitted with a constant-ionisation
model, which along with the steep emissivity profiles could
indicate the presence of a radial ionisation gradient in the
disc. Furthermore, we showed that the ionisation gradient
may a↵ect the spin measurements as well. For highly ionised
discs, the reflection features are smoothed out, which may

result in inaccurate spin measurements if one assumes a con-
stant ionisation (this may underestimate the real contribu-
tion by reflection to the total spectrum). We also confirmed
previous results stating that spin measurements would not
be accurate if the corona is located at large heights. Finally,
we showed that the level of the disc density does not play
any important role in determining the emissivity profile.
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Kammoun et al. (2019)

Lamppost Spherical Slab

Gradients of ionization in the disk can explain 
steep emissivities (Svoboda et al. 2012)  

But differences are ~5%  (Kammoun et al. 2019)

*** Ionization gradient models are now 
included in RELXILL v1.3.0 ***



The RXTE Archive of BHBs
NASA ADAP16: ~15,000 RXTE spectra with PCA (3-45 keV) and  

HEXTE (20-250 keV) for ~30 BHB with ~1 ks exposures

Connors et al., (2019)

XTE J1550-564: 
Intermediate spin 

(a~0.5) from 
continuum fitting 

method



XTE J1550-564 - LOW INCLINATION DISK?
Inclination from reflection modeling inconsistent with 
radio jet and optical monitoring determinations of the 
orbital inclination, i ~ 40 deg, as opposed to i ~ 75 deg 
(Orosz et al. 2011, Steiner et al. 2012).

Warped disk

BH spin axisJet

Outer disk
Corona

Possible misaligned inner accretion region?

Connors et al. (2019)



Irradiation of Flared Disks
Obscuration effects: 
  
Under an inclination of 78.5o, part of the 
disk is covered, affecting both the line 
profiles and the time lags

3 Simulation and results
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Fig. 3.12: Comparison of the time delay calculated in curved (solid line) and flat (dashed line)
spacetime for different inclinations and heights of the primary source. The weight of each
disc surface element is the same (relativistic calculation), so the only difference is actually the
travel time of the photons. There are obvious differences between the two cases, especially for
low heights of the source, which justifies a relativistic treatment of the subject. See text for
more details.

200-20

30

20

10

0

-10

-20

-30

200-20

30

20

10

0

-10

-20

-30

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

A [rs]

B [rs]

F
lu
x
[a
.u
.]

Fig. 3.13: Covering effects of the flared accretion disc: under an inclination of 78.5◦ a part of
the disc covered, as the photons hit the surface again on their way to the observer.

to the measured flux. As the inclination increases, parts of the spectrum and time lag are
canceled out, for an inclination of 80◦ the disc is completely covered by itself.

A detailed analysis of the curves makes no sense, since this discussion would be somewhat
idealistic. The exact changes in the spectrum and time delay depend on the shape of the outer
edge of the accretion disc. In the simulation it is assumed to follow exactly the definition in
Eq. 2.1. This is certainly not the case: for a binary black hole for example the accreted matter
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Fe K line flux

Disk obscuration reduces the blue-
wing of the Fe K emission  

—> Resembles lower inclination! 
(see Taylor & Reynolds 2018)

Brod et al. (2013)

Only 2 degrees!



State Transitions in XTE J1550-564

Connors et al. (2019b, submitted)

Fe K profile change in the Soft State 
Excess flux at higher energies

Excess flux



State Transition in GX 339-4

Evolution in the hard 
state mainly driven by 

filling of the disk

Rin and Mdot 
increase

Disk reaches ISCO (or close) 
before the transition

Rin~ISCO, Mdot up by ~10%Since Mdot keeps 
increasing, the disk 
temperature also 

increases

Rin=ISCO 
Mdot decreases

Decay phase mainly 
driven by the lack of 
accretion material

Rin and Mdot decrease



X-ray Reflection Spectroscopy provides one of the most powerful tools to study 
accreting black holes, with which one can study: 

* The Evolution of Disk and Corona: changes in the corona and accretion disk 
appear to be correlated. This indicates a connection in the physics that governs 
the evolution of both structures. 

* The Truncation of the Disk: All current reflection spectroscopy analysis indicate 
small or no truncation even at the initial phases of the outbursts. Difference with 
estimates from timing studies need to be revisited. 

* The Inclination of the Inner Accretion Flow: The inclination derived from X-ray 
reflection do not always agrees with the binary orbit. This suggest possible disk 
warps, or perhaps more complicated, such as obscuration of the inner regions 
(only important in high inclination systems). 

Summary


