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But this is still a Cartoon Picture!
We still don’t know: 

• The origin and geometry of the corona 
(base of a jet, extended hot plasma, 
disk evaporation?)  

• Structure and geometry of the 
accretion disk (degree of truncation, 
vertical extension?) 

• Illumination pattern of the disk (extreme 
beaming due to GR, uniform 
illumination, ionization gradients?)



The Reflection Code XILLVER

XILLVER in a Nutshell
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Solve Radiation Transfer equation in 1D, plane-parallel geometry

Solve ionization balance using XSTAR (Kallman+Bautista10)

Calculations include the most recent and complete atomic data for K-shell transitions

Compton scattering is included via a convolution kernel
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- Solves the Radiation Transfer equation for every energy, angle, and optical depth
- This requires large number of iterations (~ Tau_max^2)
- Solves the ionization balance using the XSTAR routines —> More iterations!
- Includes the most complete and updated atomic data for inner-shell transitions
- Includes Comptonization within the disk —> CPU intensive

García & Kallman (2010)



XILLVER: The Fe K Emission Complex

The emission of Fe in the 6-8 
keV range is due to a large 

number of transitions

The Fe K Emission Complex

Emission lines from all the Fe ions in the
6� 10 keV energy range.
Red circles: Transitions with
Ar > 1013 s�1.
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The Fe K Emission Complex

Emission lines from all the Fe ions in the
6� 10 keV energy range.
Red circles: Transitions with
Ar > 1013 s�1.
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The line energy changes 
according with the 

ionization stage

García et al. (2013)



XILLVER: More than Iron

XILLVER includes all 
astrophysically relevant ions

Lower-Z elements
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Figure.
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García et al. (2013)



Modeling Relativistic Reflection: RELXILL

RELXILL: Relativistic reflection model that combines detailed reflection spectra
from xillver (Garcı́a & Kallman 2010), with the relline relativistic blurring code
(Dauser et al. 2010).
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Relativistic X-ray Reflection

http://www.sternwarte.uni-erlangen.de/research/relxill/

http://www.sternwarte.uni-erlangen.de/research/relxill/


But, we work with a few assumptions



Assumes Rin = Risco to measure spins.

Can’t fit both Rin and spin (can we?)

Emissivity profile: what’s the right shape?

Lamppost Geometry

Degeneracies: incl. vs spin, Afe vs spin, etc.

Single ionization vs. gradients

High-density Plasma Effects 

RELXILL: Assumptions & Issues



Hardness-Intensity Diagram of GX 339-4

Only hard-state data are considered (i.e. HR > 0.75)
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Hard StateSoft State

The HID of GX 339-4

García et al. (2015)



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

GX 339-4: 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

0.1% Systematics

García et al. (2015)



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



GX 339-4: Detecting Geometrical Changes

These changes seem to be correlated…

For increasing luminosity, the 
disk moves inward and the 
corona cools down.

García et al. (2015)

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

For a 10 solar-mass BH, these 
changes correspond to a 
differential of ~45 km!



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

XMM Epic PN 
(Timing Mode) 

RXTE PCA

Suzaku XIS
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XMM Timing Mode vs. RXTE PCA
The XMM timing mode data shows a much narrower Fe K 
emission profile than the simultaneous RXTE data
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If the disk is truncated (Rin > Risco), then fitting with Rin=Risco will 
under predict the spin

Conversely, if Rin is desired, fixing spin to max (a=0.998) will estimate 
largest possible truncation

Spin and Inner Radius
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We can’t measure both 
spin and Rin, can we? 

Typically very loose 
constraints

Reflection on truncation and spin 3
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Figure 2. Upper panel: The solid line is the line profile for h = 30rg from
Fig. 1. The dashed line shows the effect of truncating the disc at r = 30rg.
Note that the most measurable change is relatively small and occurs be-
low 5.5 keV. Lower panel: As above but with reflection spectrum (Ross &
Fabian 2005) rather than just a line.

also applies to spin measurements, which only yield a lower limit
to the spin unless the coronal height is small so that the ISCO is
well illuminated (Dauser et al 2013). Any firm recommendation
depends on the quality of the data, and source conditions including
iron abundance, inclination and the spin itself, (Fig. 1 in Wilkins
& Fabian 2011 shows an example of the energy range relevant to
various inner disc radii). The above recommendation, h < 10rg, is
relevant to current data quality.

Note that similar results apply if the source is even a mildly
relativistic outflow, as suggested by Beloborodov (1999; see also
Malzac, Beloborodov & Poutanen 2001). Due to special relativis-
tic aberration the emission would be beamed away from the disc,
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Figure 3. Model line profiles predicted for a source height h = 3rg above
the centre of a disc truncated at rin = 1.25,3,5,10 and 30rg.

mimicking the appearance of a high source. This could well be rel-
evant to the situation when a jet develops in a source where the
coronal emission occurs from the base of that jet (Markoff, Nowak
& Wilms 2005). The location of the base of that jet may be quasi-
stationary, yet the emitting matter within the base may flow rapidly
upward. This rapid motion is of course what is relevant for the
emission pattern and disc irradiation.

Both coronal height and motion could be relevant to jetted
sources, such as the low state of black hole binaries, for example
GX339-4, and radio-loud AGN such as 3C120. Lohfink et al (2013)
find that the inner radius of the disc in 3C120 appears to change fol-
lowing a radio outburst (see also Marscher et al 2002). Possible al-
ternative interpretations are that either coronal height has increased
or the coronal material has developed an outward velocity of a few
tenths of the speed of light.

When a disc is truncated and the inner radius is well illumi-
nated then the effects of truncation can be seen in the line profile
(Fig. 3). In this extreme example the source height is only 3rg. Note
that the peak of all model lines is normalised to unity and does not
show the drop in overall reflected emission which would result from
the larger truncation radii in this example.

2.1 Simulations

The height of the X-ray source above the disc is manifest in the
emissivity profile of the accretion disc used in the computation of
the broadened line profile. If the spin of the black hole is to be
obtained by fitting to the profile of the broadened emission line,
some assumption is required as to the emissivity profile of the disc
in the model that is fit to the data.

To quantify the effect of the assumed emissivity profile, spec-
tra were simulated using a model consisting of a power-law con-
tinuum and relativistically-broadened iron Kα line resulting from
illumination by an X-ray source at different heights (3,5 and 10rg)
above the disc. (This extends the simulations shown in Dauser et
al 2013.) The emission line was modelled with the RELLINE-LP

c⃝ 0000 RAS, MNRAS 000, 000–000

Signature of disk 
truncation

Fabian et al. (2014)



Connection between Rin and AFe

Fixing the Fe abundance 
to its Solar value resulted 
in poor fits with 𝟀2 ~ 10

0.95

1.00

1.05

1.10

1.15

1.20

1.25

D
a
ta

/M
o
d

e
l 
R

a
ti

o

 

 Spec A
 Spec B
 Spec C
 Spec D
 Spec E
 Spec F

-300

-200

-100

0

100

4 20 4510

χ2

Energy (keV)

A truncated disk with 
Solar abundance produces 
an Fe K line similar to an 
over-abundant disk 
reaching the ISCO

 2

 3

 4

 5

 6

 7

 8

 4  20  45 10

ke
V

2
 (

P
h
o
to

n
s 

cm
-2

 s
-1

 k
e
V

-1
)

Energy (keV)

 AFe=1, Rin=100 RISCO
 AFe=5, Rin=RISCO

García et al. (2015)



Iron abundance determinations using reflection spectroscopy from publications since 
2014 tend to find a few times the Solar value! WTF? (Why The Fe?)
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Possible High-Density Effects

High-density reflection 1979

Figure 6. Top: the first 11 panels show the best-fitting models obtained by fitting LF1-11 spectra simultaneously. The last panel shows the best-fitting model
obtained by fitting only HF spectra. Red solid lines: total model; blue dotted lines: relativistic reflection model; purple dashed lines: coronal emission; green
dash–dotted lines: distant reflection component; orange dash-dot-dot lines: disc thermal spectrum (only needed in the HF spectral modelling). Bottom: ratio
plots against the corresponding best-fitting models shown in the upper panels. Red circles: XRT; blue crosses: FPMA; green crosses: FPMB.
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Figure 7. C-stat contour plots for the disc iron abundance and the relativistic reflection parameters obtained by fitting LF 1-11 spectra simultaneously (solid
lines) and only the HF spectra (dashed line). The solid lines show the 1σ , 2σ , and 3σ ranges.
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fit with "C-stat≈7 and 2 more free parameters compared to the
diskbb model. Since the BH mass and distance measurement is
beyond our purpose, we decide to fit the thermal spectrum in the HF
observation withdiskbb for simplicity. See Parker et al. (2016) for
more discussion concerning the BH mass and the source distance
measurements obtained by fitting with kerrbb. In conclusion,
the high spin result in this work is obtained by modelling the
relativistic disc reflection component in the HF state of GX 339-4
and consistent with previous reflection-based spectral analysis (e.g.
Garcı́a et al. 2015; Plant et al. 2015; Parker et al. 2016; Wang-Ji
et al. 2018). Kolehmainen & Done (2010) found an upper limit of a∗
< 0.9 by analysing RXTE spectra. However, they assumed the disc
viewing angle is the same as the binary orbital inclination, which
is not necessarily the case (e.g. Tomsick et al. 2014; Walton et al.
2016).

Fourthly, there is a debate whether the disc is truncated at a
significant radius in the brighter phases of the hard state. Compared
with the results obtained by modelling the same spectra with ne =
1015cm− 3 and an additional diskbb component (Wang-Ji et al.
2018), we find larger upper limit of the inner radius in the LF2-5
observations. For example, an upper limit of rin < 8RISCO is obtained
for the LF2 observation, larger than rin = 1.8+3.0

− 0.6RISCO found by
Wang-Ji et al. (2018). Such difference could be due to different
modelling of the disc reflection component. The constraints on
the inner radius rin are shown in the top right panel of Fig. 8.
Nevertheless, we confirm that the inner radius is not as large as rin

≈ 100rg as proposed by previous analysis (e.g. Plant et al. 2015).

4.2 High density disc reflection

The LF and HF NuSTAR and Swift spectra of GX 339-4 can
be successfully explained by high density disc reflection model
with a close-to-solar iron abundance for the disc. In the LF
hard states, no additional low-temperature diskbb component is
required in our modelling. Instead, a quasi-blackbody emission in
the soft band of the disc reflection model fits the excess below
2 keV. At higher disc density, the free–free process becomes more

important in constraining low energy photons, increasing the disc
surface temperature, and thus turning the reflected emission in
the soft band into a quasi-blackbody spectrum. See Fig. 5 for a
comparison between the best-fitting high-density reflection model
for LF1 observation and a constant disc density model (ne = 1015

cm− 3).
In LF states of GX 339-4, a disc density of ne ≈ 1021 cm− 3

is required for the spectral fitting. Our multi-epoch spectral
analysis shows tentative evidence that the disc density increases
from log(ne/cm− 3) = 20.60+0.23

− 0.12 in the highest flux state (LF1) to
log(ne/cm− 3) = 21.45+0.06

− 0.13 in the lowest flux state (LF6) during
the decay of the outburst in 2015, except for LF5 observation.
See Table 2 for ne measurements. Similar pattern can be found
in LF7-10 observations. In HF state of GX 339-4, we measure a
disc density of ne ≈ 1019 cm− 3 by fitting the broad-band spectra
with a combination of high density disc model and a multicolour
disc blackbody model. The disc density in HF state is 100 times
lower than that in LF states. The 0.1–100 keV band luminosity
of GX 339-4 in HF state (LX ≈ 0.28LEdd) is 10 times the same
band luminosity in LF states (LX = 0.01 − 0.03LEdd). While the
accretion rate is rather small, the anticorrelation between the disc
density and the X-ray luminosity log (ne1/ne2)∝ − 2log (LX1/LX2) is
found to agree with the expected behaviour of a standard radiation-
pressure-dominated disc (e.g. Shakura & Sunyaev 1973; Svensson
& Zdziarski 1994). See Section 4.3 for more detailed comparison
between the measurements of the disc density and the predictions
of the standard disc model.

4.3 Accretion rate and disc density

Svensson & Zdziarski (1994, hereafter SZ94) reconsidered the
standard accretion disc model (Shakura & Sunyaev 1973, hereafter
SS73) by adding one more parameter to the disc energy balance
condition – a fraction of the power associated with the angular
momentum transport is released from the disc to the corona, denoted
as f. Only 1 − f of the released accretion power is dissipated in the
colder disc itself.
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4 R E S U LT S A N D D I S C U S S I O N

We have obtained a good fit for the LF and the HF spectra of
GX 339-4. The LF spectral modelling requires a high disc density
of log (ne/cm− 3) ≈ 21 with no additional low-temperature thermal
component. The HF spectral modelling requires a 100 times lower
density [log(ne/cm− 3) = 18.93+0.12

− 0.16] compared to LF observations.

LF1

log(ne)=20.6
log(ne)=15 (Wang+18)

E2 f(
E)

0.01

0.1

Energy (keV)
1 10

Figure 5. The best-fitting relativistic high-density reflection model for LF1
spectra (solid line) and the best-fitting relativistic reflection model obtained
by Wang-Ji et al. (2018) assuming log (ne/cm− 3) = 15 (dotted line). The
plot is only shown for comparison of spectral shape. An additional diskbb
component is required to fit the broad-band spectra in Wang-Ji et al. (2018).

In this section, we discuss the spectral fitting results by comparing
with previous data analysis and accretion disc theories.

4.1 Comparison with previous results

First, the most significant difference from previous results is the
close-to-solar disc iron abundance. Previously, Parker et al. (2016)
and Wang-Ji et al. (2018) obtained a disc iron abundance of ZFe =
6.6+0.5

− 0.6Z⊙ and ZFe ≈ 8Z⊙, respectively, by analysing the same
spectra considered in this work. Similar result was achieved by
Fürst et al. (2015). A high iron abundance of ZFe = 5 ± 1Z⊙ was
also found by analysing stacked RXTE spectra (Garcı́a et al. 2015).
All of their work was based on the assumption for a fixed disc
density ne = 1015 cm− 3. By allowing the disc density ne to vary
as a free parameter during spectral fitting, we obtained a close-to-
solar disc iron abundance (ZFe = 1.50+0.12

− 0.04Z⊙ for LF observations
and ZFe = 1.05+0.17

− 0.15Z⊙ for HF observations). The best-fitting disc
iron abundance for the LF spectra is slightly higher than the value
for the HF spectra at 90 per cent confidence. However, they are
consistent within 2σ confidence range. See the left-hand panel of
Fig. 7 for the constraints on the disc iron abundance parameter.
A similar conclusion was achieved by analysing the intermediate
flux state spectra of Cyg X-1 (Tomsick et al. 2018) with variable
density reflection model. However, a fixed solar iron abundance was
assumed in their modelling.

Secondly, the best-fitting disc viewing angle measured for
GX 339-4 is different in different works. The middle panel of
Fig. 7 shows the constraint of the disc viewing angle given by
multi-epoch LF spectral analysis and HF spectral analysis. The
two measurements are consistent at the 90 per cent confidence
level (i = 34 ± 2 deg for the LF observations and i = 35.9+1.6

− 2.0 deg
for the HF observations). Although our best-fitting value is lower
compared with the measurement in Wang-Ji et al. (2018) (i = 40◦)
and higher than the measurement in Parker et al. (2016) (i = 30◦),
all the previous reflection based measurements are consistent with
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NuSTAR vs. Swift Below 5 keV
Be X-ray Binary GRO J1008-57
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Line Shape and Continuum Slope
Is it dependent on the source’s count rate? 
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Discrepancies in the Continuum Slope

XMM-Newton Timing Mode vs. NuSTAR has the largest 
discrepancies (as opposed to Swift/XRT)

IGR J17092 (Xu et al.) IGR J17092 (Xu et al.)
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Discrepancies in the Continuum Slope

But other detectors also can show this problem…

6 Connors & et al.
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Figure 4. Progression of model fits to the simultaneous
ASCA GIS (red squares) and RXTE PCU 2 (blue points)
observations of XTE J1550�564 on September 23–24 1998.
One can see that an o↵set in the slope persists at every stage
of the model progression. Residuals are shown as a ratio
between the data and model counts.

separately, whereas here we have combined those spec-
tra into an averaged GIS spectrum. Nonetheless, we find
a consistent fit of this model to the GIS spectrum, with
the model parameters and their confidence limits shown
in the first column of Table 1. We allowed the incli-
nation parameter of refbhb to extend to higher values
than Steiner et al. (2011) and as a result find a slightly
higher value, showing that indeed the application of this
reflection model to the GIS spectrum naturally leads to
high inferred disk inclination, and is consistent with be-
ing roughly aligned with the orbit (i = 84 ± 3�). The
unfolded spectrum and model, along with standardized
� residuals, is shown in Figure 3.
Model 2 is physically and geometrically similar to

Model 1, the key di↵erence being that the reflection
component is described instead by relxillCp, which
does not include the disk blackbody emission as an irra-
diative component. Thus we also must include the disk
component explicitly with diskbb. Both models make
use of a simple Gaussian to fit the narrow Fe K line. The

motivation for this comparison of Model 1 with Model 2
is to test the capability of each flavor of reflection model
to model the ASCA and RXTE data simultaneously,
which thus far has not been performed on these strictly
simultaneous observations. We focused particularly on
whether there are distinct physical contrasts implied by
the parameter constraints, and whether our results may
di↵er from those of Steiner et al. (2011) in particular.
The application of both Model 1 and 2 to the ASCA-

GIS and RXTE-PCA are shown in both Table 1 and
Figure 3. We find lower values for disk inclination when
applying Model 1 to the PCA spectrum, and most no-
tably, we struggle to fit this Model successfully to that
spectrum (best �2

⌫
⇠ 7). One notices instantly that

when applying refbhb to a spectrum which extends to
the higher energies covered by the PCA (⇠ 45 keV),
the model meanders into an area of parameter space
that plainly disagrees with the low-energy coverage of
ASCA and also struggles to fit to the Compton hump
and apparent spectral turnover seen in the PCA spec-
trum. Instead we find that the model relxillCp in-
cluded in Model 2 successfully fits to both the GIS and
PCA spectra, and both fits lead to much lower con-
straints on the disk inclination (i = 23+8

�20
and 40+4

�2

for the GIS and PCA respectively). We note that the
application of Model 2 to the GIS data alone, covering
only 1–10 keV, implies total dominance of the reflection
component over the irradiating coronal Comptonization
spectrum (see Figure 3): this is simply a result of the
lack of broad spectra coverage which naturally limits the
flux of the reflection component. One can see this dis-
cerning modeling behavior in the bottom right panel of
Figure 3, whereby the 3–45 keV PCA spectrum, which
includes the curvature modeled by the Compton reflec-
tion hump, as well as signs of a spectral turnover at
high energies, leads to lower reflection fraction, with a
dominant coronal IC component.

4. SIMULTANEOUS ASCA AND RXTE MODELING

We move on to fitting simultaneously to both the PCA
(PCU 2) and ASCA (GIS 2 and 3 combined) spectra.
First we note that there appears to be a discrepancy
between these two spectra, both in flux and photon in-
dex. The crabcorr �� and N estimates for each in-
strument (specifically GIS 2 on ASCA and the PCA),
based on extensive modeling of the Crab, are given by
�� = -0.01, N = 0.97 for ASCA GIS 2 and �� = 0.01,
N = 1.097 for the PCA (Steiner et al. 2010). Thus
we should expect any successful model to fit to both
instruments with these parameters fixed. We test this
hypothesis by first modeling both datasets simultane-
ously (the averaged GIS spectrum and the PCU 2 data),
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Figure 1. Hardness-intensity diagram including all RXTE
observations of XTE J1550�564. The hard colour is defined
as the ratio of source counts in the hard and soft bands,
[8.6–18]/[5–8.6] keV. The first outburst detected by RXTE
is shown in dark blue. The observation window focused on in
this work is shown in crimson, a 25 ks ASCA exposure from
the night of Sep 23 into Sep 24, along with a 3 ks RXTE
exposure.

scribe how we reduce and model the ASCA and RXTE
data, and how this compares with previous attempts to
characterize these data and model the broadband spec-
trum.

2.1. ASCA

Using the tool xselect, heasoft-v6.22.1, we ex-
tracted GIS 2 and GIS 3 spectra from the available
archival screened (using standard screening) ASCA
event files. We first extracted a source spectrum from
a circular region of 6-arcmin radius, centered on the
source. We then extracted an o↵-source spectrum of
equal size to represent the ASCA background. Upon
inspection of both the GIS 2 and GIS 3 light curves, we
noticed dips in the count rate which appeared to be left
after applying standard filtering (see Figure 2), likely
explained by Earth occultation during satellite orbit.
We manually excluded these portions of the light curve.
We obtained the response matrix files for GIS 2 and
GIS 3 respectively, gis2v4 0.rmf and gis3v4 0.rmf,
from the archive and used the FTOOL ascaarf to gen-
erate an ancillary response file for the selected region
of the source spectrum. Finally, we corrected the GIS
spectra for dead time using the FTOOL deadtime in
accordance with Makishima et al. (1996). During ex-
traction we grouped the source spectrum by a factor
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Figure 2. Top: Long term RXTE light curve of
XTE J1550�564 highlighting the 1998/99 outburst in blue,
with a crimson line indicating the Sep 23–24 observation si-
multaneous with ASCA observations of the source. Bot-
tom: The expanded ⇠ 13-hour simultaneous RXTE-PCA
and ASCA-GIS light curves on Sep 23–24 1998. The gray
regions highlights that we excluded the dips in GIS counts
due to occultation.

of 4 such that there are 256 channels in both the GIS
spectra. The GIS 2 and GIS 3 spectra were then fur-
ther combined into an average GIS spectrum, ancillary
response and background using the tool addascaspec.
This combination is motivated by the fact that the GIS
calibration against Crab spectra was performed using
a coadded GIS 2 + GIS 3 spectrum (Yoshihiro Ueda,
private communication).

2.2. RXTE

During the night of September 23 1998 a simultane-
ous, roughly 3 ks observation of XTE J1550�564 was
taken with RXTE, and achival PCA and HEXTE (clus-
ter A and B) data are publicly available. We extracted
data from all PCUs of the PCA detector, but focus here
on PCU 2 alone, given its superior calibration over the
other 4 PCUs. The PCU 2 spectrum has been corrected
using the tool pcacorr (Garćıa et al. 2014) and 0.1%
systematics have been added to all channels accordingly.
We then ignore the PCU 2 counts in channels 1–4 and
above 45 keV. This limits the spectrum to roughly the
3–45 keV range. The HEXTE spectrum is also included,
clusters A and B. The HEXTE B spectrum is corrected
for instrumental e↵ects using the tool hexBcorr (Garćıa

- Very bright outburst ~0.5 Crab (Sep 1998).
- Strong discrepancy in the continuum slope 

between ASCA/GIS and RXTE/PCA     
(𝝙𝝘~ 0.1)

(Connors et al., in prep.)

XTE J1550-564



ASCA vs. RXTE Discrepancies
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Figure 5. Fits of Model 2 to the simultaneous ASCA-GIS and RXTE-PCA spectra taken on September 23–24 1998, showing
the e↵ect of applying a) a slope correction to the PCA data with respect to the Crab spectrum, using the jscrab model, and b)
a gain shift correction to the response of the GIS detector. The individual model components are shown along with the unfolded
spectra, and the panels below show the data-to-model ratio and �

2 residuals respectively.

with a progression of simple-to-complex models, begin-
ning with a simple absorbed power law, all the way to
a model which includes a corona, a disk, a relativistic
reflection component, and a narrow distant reflection
component. We move onto using the absorption rou-
tine tbabs, with the latest interstellar medium abun-
dances (Wilms et al. 2000) and atomic cross section data
(Verner et al. 1996), and fix the Hydrogen column den-
sity to NH = 1022 cm�2 in accordance with our model
fits to the ASCA GIS spectrum, as well as constraints
from Galactic HI surveys (Kalberla et al. 2005). Fig-
ure 4 shows the ratio residuals of five separate model
fits to the GIS and PCU 2 spectra, in which one can see
that an o↵set in the power-law slope around 3–10 keV
persists throughout the model progression. The results
of the previous section show that Model 2 (equivalent
the final model fit shown in Figure 4) fits well to both
spectra individually. Therefore the persistence of an o↵-
set at energies ⇠3–10 keV between the GIS and PCU 2
spectral fits is possible evidence for a slope/calibration
di↵erence. We suggest two possible explanations, and
therefore subsequent solutions to this mismatch: the
GIS and PCA instruments su↵er a cross-calibration er-

ror, or, this particular observation saw either of one of
the instruments experience an energy gain shift.
The mismatch between the GIS and PCU 2 spectra

can be mitigated either by applying a gain shift correc-
tion to the GIS response (which could be expected given
small gain shifts are seen in the GIS response for count
rates exceeding ⇠ 100 cts/s, Makishima et al. 1996), or
by applying a cross-calibration slope o↵set to the PCU 2
data. Figure 5 shows two fits to the same data with
Model 2, one in which we allow the �� parameter, as
applied to the PCU 2 spectrum, to vary freely, and one
in which we apply a gain shift to the GIS data. Both
methods succeed in removing the majority of the low-
energy residuals, thus circumventing the disconnect in
spectral shapes between the two datasets. The slope
and o↵set shifts in gain applied to the response of the
GIS detector is slope = 1.02, o↵set = -0.04, thus on the
order of a 2% gain shift. The crabcorr slope o↵set ap-
plied to the PCA data to correct the slope o↵set between
the GIS and PCA spectra is �� = 0.10, with a normal-
ization of the flux with respect to the Crab of 1.37. One
fundamental di↵erence to the model parameters is the
coronal temperature, which is a factor of a few higher

(Connors et al., in prep.)

Large differences in the predicted Reflection Fraction:         
Which detector is right/wrong? Are they both wrong???



RELXILL: Lamppost Geometry
RELXILL LP: Lampost Geometry
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Probe the geometry and location of the Primary Source
! low height implies enhanced irradiation of the inner parts

radially extended sources are also possible ! Jets
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Large reflection fraction predicted by 
the lamppost model, for low heights…

RELXILL: Emissivity Profile
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Figure 7: (Left) Schematic drawing of coronal geometry. The primary source of photons (blue) is compact and located on the rotational axis of
the BH, and emits photons (red) which hit the accretion disk. The ionization parameter ⇠ is expected to vary along r. (Right) Emissivity index q
of the incident radiation for a given height h of the primary source. The radius is given in units of gravitational radii rg = GM/c2. Note that the
black line matches the standard profile for a corona, i.e., ✏(r) = r�3, at large r.

laboration for the past 3 years, and where I am sure
my science will continue to thrive as a von Humboldt
Fellow.

References
Ballantyne, D. R., Ross, R. R., & Fabian, A. C. 2001, MNRAS, 327, 10
Bardeen, J. M., Press, W. H., & Teukolsky, S. A. 1972, ApJ, 178, 347
Blaes, O., Hirose, S., & Krolik, J. H. 2007, ApJ, 664, 1057
Dauser, T., et al. 2013, MNRAS, 430, 1694
—. 2012, MNRAS, 422, 1914
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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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Dauser T., Garćıa J., Wilms J., Bock M., Brenneman L. W.,

Falanga M., Fukumura K., Reynolds C., 2013, MNRAS, 430,
1694
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Dovčiak M., Svoboda J., Goosmann R. W., Karas V., Matt G.,

Sochora V., 2014, eprint arXiv:1412.8627
Fabian A. C., et al., 2012a, MNRAS, 419, 116
Fabian A. C., et al., 2012b, MNRAS, 424, 217
Fabian A. C., Parker M. L., Wilkins D. R., Miller J. M., Kara E.,

Reynolds C. S., Dauser T., 2014, MNRAS, 439, 2307
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…But also if ionization gradients in 
the disk are considered. 
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Emissivity Profile on 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).

Reflection Spectroscopy of  
XTE J1752—223:  
Highest signal-to-noise reflection 
spectrum to date (S/N ~ 3000) 
**Update: MAXI J1820+70** 

Inner-Disk Inclination



Conclusions
• The state-of-the-art atomic data and reflection modeling are allowing us 

to impose tight constraints on important parameters such as spin, 
inclination, and Fe abundance (among other important parameters). 

• Biggest calibration issues for reflection spectroscopy are:  

• (i) Discrepancies in the shape of the Fe K emission complex (e.g. XMM 
TM) 

• (ii) Discrepancies in the slope of the continuum (e.g., XMM, NuSTAR, 
XRT,..) 

• (iii) Uncertainties in the spectral shape at low energies (i.e., NuSTAR 
low energy tail?) 

• Requirements in slope calibration depend on S/N. Ideally, we wish 
𝝙𝝘<0.01 (or whatever it is for FPMA/FPMB), and systematics ~0.01 % 

• Flux calibration between instruments is relatively unimportant.



Figure 6 lower panels: spin parameter a⇤

(a)

(b)

Figure 4: Estimate on spin parameter a⇤ from 5,832 100ksec simulations for a 100mCrab bright X-ray source

with 5 other fit parameters (as in Table 1) using relxilllp at two radius-dependent lamp-post emissivity

profiles. The intervals shown are dispersion amongst best-fit values at each input at 90% confidence. On an

average between simulations for a particular combination of h and Rf , fit statistic �2
⌫ . 1.01 with our binning

method and signal.

4

Figure 7 lower panels: ionization parameter log⇠

(a)

(b)

Figure 5: Estimate on ionization parameter log⇠ from 5,832 100ksec simulations for a 100mCrab bright X-ray

source with fit parameters as in Table 1, plus spin a⇤, using relxilllp at two radius-dependent lamp-post

emissivity profiles. The intervals shown are dispersion amongst best-fit values at each input at 90% confidence.

On an average between simulations for a particular combination of h and Rf , fit statistic �2
⌫ . 1.01 with our

binning method and signal.

5

How well can we measure AGN black hole spin? 1935

Figure 5. Summary of the R = 5 results for the extended 2.5–70 keV fit tests. Figure details are the same for those in Fig. 2. When spectral fits are extended
up to 70 keV, parameters AFe, θ , and ξ are better constrained. However, it appears we do not improve our ability to measure a. Measurements of a continue to
be an improvement over those for the R = 1 scenario in the same bandpass.

Extending the fits up to 70 keV, constraints do improve signif-
icantly for most reflection parameters. Photon index, iron abun-
dance, and inclination are no longer overestimated. Ionization also
becomes reasonably constrained for values <200 erg cm s−1. How-
ever, fit models continue to be insensitive to emissivity index.

Comparing only the spin results from the R = 1 analysis, we
can begin to draw tentative conclusions about the robustness of
an average AGN spin measurement. Since there is no significant
improvement in parameter constraints with fit test, we continue by
looking only at fit Test A, where all key parameters are left free
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Figure 6. Comparison plots of retrograde spin results for the 2–70 keV fits for R = 1 (left) and R = 5 (right). The prograde (0≤ a ≤ 0.998) model fits are
illustrated by the dotted line, with a dotted band showing 1σ uncertainties. The retrograde (−0.998 ≤ a ≤ 0.998) model fits are illustrated by the solid line,
with a striped band showing 1σ uncertainties. In both cases, allowing the lower limit of model spin to include retrograde fits clearly disrupts our ability to
constrain spin at even the highest values of a.

Figure 7. Summary of spin measurement results for Test A, placed side-by-side for visual comparison. Top left: R = 1 spectra fit from 2.5–10.0 keV. Top
right: R = 1 spectra fit from 2.5–70 keV. Bottom left: R = 5 spectra fit from 2.5–10 keV. Bottom right: R = 5 spectra fit from 2.5–70 keV. Only prograde spins
are allowed in these models. Each R-test uses the same simulated source spectra; fit conditions are modified while input parameters remain unchanged.

to vary: when considering only the standard 2.5–10 keV energy
band, spin is poorly constrained and grossly overestimated below a
∼ 0.6 (Fig. 7, top left). As mentioned above, additional reflection
parameters such as ionization and inner emissivity index are unable
to be constrained without additional information.

Extending spectral fits into the hard band up to 70 keV (Fig. 7,
top right) provides only a small improvement to spin measurements

below a ∼ 0.6, however the random error is still substantial. It
appears that the most extreme spin measurements, say a > 0.9, may
be considered sound as the range of possible ‘input’ values (i.e.
the intrinsic spin) is reasonably narrow: about 30 per cent the total
range of measurement values possible.

Once the lower limit for possible model a values is extended
and retrograde spin is allowed for in the fitting process (i.e.
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Bonson & Gallo (2016): Relatively large uncertainties in recovering fundamental parameters

Choudhury et al. (2017): Uncertainties are highly dependent on the initial values, proper 
spectral binning, and minimization methods!

Ionization

Ionization

Spin

Spin

Understanding the Model Systematics



RELXILL: Radial Ionization GradientsIonization Gradients
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If the lamppost model is accepted, we must then consider the possibility of large 
ionization gradients in the radial direction. 

The profile of the gradient will depend not only on the illumination (prescribed by 
the lamppost) but also on the density profile, which is not well known.



RELXILL: Radial Ionization Gradients

Ionization Gradients
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A much more complex Fe K emission profile is expected —> Soft energies are also 
affected



RELXILL: Radial Ionization Gradients
But so far, no real observations have been fitted with this model (relxill_ion). It 
appears that most sources agree with a single ionization zone, which points to a very 
concentrated and focused illumination —> Extreme cases are the brightest!

ξ(r)∝ r
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log(ξISCO)= 3.1
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Figure 6: (left) Simple test case of the e↵ects of the ionization gradients on the reflected
spectrum. The ionization at the radius of the inner-most stable orbit (ISCO) in the disk
is log(⇠ISCO) = 3.1, and then it follows a r�0.5 for larger radii. The contribution from the
first several anulii is shown in colors (blue to yellow), while the total integrated spectrum
is shown at the top (black). (right) 100 ks simulated Chandra HEG observation in the
region of the Fe K emission line for the case of single ionization log ⇠ = 3.1 (red), and
for the ionization gradient shown in Figure 3 (blue). The line becomes broader, more
redshifted, and less intense.

This is due to the fact that Fx(r) / M�1, and in the Shakura & Sunyaev (1973) ↵-disk
model n / M�1 also. Therefore, one should be able to probe the consistency of the ↵-disk
formulae by testing this particular facet with the observational data. On the other hand,
the model provides both the direct power-law and the reflected components, meaning that
the reflection fraction R is self-consistently determined, instead of being a free parameter
to fit. Moreover, the reflection model (xillver) will be modified such that at each part
of the disk, the proper reflection spectrum according to its incident angle is chosen. The
incident angle at each radius is provided by the relativistic model (relconv). This will
provide a powerful constraint on both the inclination angle of the system and the spin of
the BH.

Figure 6 shows a simple test that demonstrates the feasibility of these calculations.
We have calculated the reflected spectrum considering an arbitrary ionization gradient
in an X-ray illuminated accretion disk. The profile is assumed to be ⇠(r) = 103.1r�1/2.
Figure 6 (left) shows the contribution from the di↵erent anulii to the total, relativistically
blurred spectrum. Figure 6 (right) shows a comparison of a 100 ks Chandra simulated
observations of single ionization versus the multiple ionization scenarios. The changes
in the Fe K emission line are significant, and easily di↵erentiated by the Chandra HEG
instruments.

The output product of the proposed research will be an analytic model for the inter-
pretation of the X-ray spectra from accreting sources. The model will have the following

14



Future Reflections

• High sensitivity and low background at hard energies are crucial to observe 
reflection. NuSTAR is our best resource, but HEX-P will do a lot better!
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