
Probing the Inner Regions around 
Accreting Compact Objects

Javier García 
California Institute of Technology 

Dr Karl Remeis Observatory

Chandra Workshop on 
Accretion in Stellar Systems

Cambridge, MA—Aug 10, 2018



Research Team

Jeff McClintock

Jack Steiner

Ron Remillard

Victoria 
Grinberg

Javier García

HEAD 14th Division Meeting, Chicago, IL, Aug 2014



Coronal Emission

Distant Reflection

Relativistic Reflection

Disk Emission



Modeling Relativistic Reflection
3 Emission from a Thin Accretion Disk
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Fig. 3.4: Same as Fig. 3.2, but showing the energy shifts of the photons for an inclination of
80◦. The color scheme reflects the direction of the energy shift, i.e., red illustrates a shift to
lower energies and blue a shift to higher energies, respectively. Note how the light bending
serves to virtually flip the disk behind the black hole upwards.

The energy shift due to Doppler effect is expected to be larger in the case of high inclinations,
as the projected velocity of the particles in the disk is higher. And indeed, the maximal energy
shifts are gmax(40◦) ≈ 1.1 and gmax(80◦) ≈ 1.4. Note that the absolute values of the energy
shift do not coincide with the pure Doppler shift, but gravitational redshift and other spin
dependent effects contribute, too. Nevertheless, the change in energy shift with inclination
can be compared, as the other effects named above do not depend on the angle. In fact, the
gravitational redshift gets extremely strong close to the black hole. As can be seen in Fig. 3.2
and Fig. 3.4, no blue-shifted photons are observed from the very inner part of the accretion
disk, despite the relativistic movement of the emitting particles towards the observer.

The other interesting parameter characterizing a photon when emitted from the disk, is the
emission angle θe (see Eq. 3.10 for a definition). Figure 3.5 shows θe for inclinations of θo = 40◦

and θo = 80◦. The shape of the disk itself does not deviate from Fig. 3.2 and Fig. 3.4, as the
photon trajectories stay the same. Hence, we will only concentrate on the effects of the viewing
angle on θe. For both inclinations, the emission angle converges towards θo at sufficiently
large distances from the black hole. This behavior is good, as θe ≈ θo implies that the photon
flies on a straight trajectory to the observer. Especially for θo = 40◦, slight differences at larger
distances are visible between the left and the right part, because of the rotation of the accretion
disk. The rotation plays a role here, as θe is measured in the rest frame of the disk and hence
also depends of the motion of the particle with respect to the observer. Looking at the zoomed
images in Fig. 3.5, the profile varies more strongly close to the black hole and the angle takes
almost all values between 0◦ and 90◦. In greater detail, θe is much lower than the inclination
for photons emitted behind the black hole, as light bending affects the photon trajectories in
this case most. Even for θo = 80◦, the emission angle gets close to 0◦ for a small part of the
disk. Again due to the rotation of the disk and also the rotation of the black hole, this effect is
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The relxill model: Combines ionized 
reflection spectra from xillver (Garcia & 
Kallman 2010), with the relativistic blurring code 
relline (Dauser et al. 2010) 

Model parameters:

Black hole spin
Disk's inner edge
inclination
Emissivity index

Reflection fraction
Photon index
High energy cutoff
Iron abundance
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The Hard State of GX 339-4

García et al. (2015b)



Disk and Corona Evolution

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

Simultaneous fit of relativistic reflection revealed changes in both 
the inner radius and coronal temperature

García et al. (2015b)

Total of 77 million counts in six 
RXTE PCA spectra (3-45 keV)



García et al. (2015b)

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)
RXTE PCA

Suzaku XIS

XMM MOS

XMM Epic PN 
(Timing Mode) 

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 observation1, 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
0.05keV. 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 0.8keV
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 0.7keV and the Compton hump above 20keV are not
both available.
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The Astrophysical Journal, 855:61 (12pp), 2018 March 1 Wang-Ji et al.

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., in prep.

• 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)



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 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

Navin Sridhar et al., in prep.



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 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

XTE J1752-223: Hard-state spectra with over 
100 million counts (eq. 300 ks exposure)García et al. (2018b)



The Hard State of XTE J1752–223

García et al. (2018b)

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).

Other parameters consistent 
among models: 

• Inner radius = 1.7 +/- 0.4 Rg 
• Spin =0 .92 +/- 0.06 
• Coronal Temp = 57—70 keV 
• Iron Abundance = 3.3—3.7 Solar

Highest signal-to-noise 
reflection spectrum to date! 

(S/N ~ 3000)



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., in prep.
XTE J1550-564: Intermediate spin 

(a~0.5) from continuum fitting method
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•Reproducibility is one of the main principles of the 
scientific method 

•The systematic and consistent analysis of the reflection 
spectra using the vast RXTE archive will provide a 
panoramic view of black hole behavior while 
significantly improving spin measurements 

•The abundance of RXTE data allows to track the 
evolution of physical parameters throughout a 
complete outburst cycle

Summary

“You know how excited I am about our work 
-- keep it up!” —-Jeff McClintock


