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 Why X-ray Reflection is Important?

X-ray reflection is the corner stone of the Fe-line 
method to measure the spin of Black Holes

It is also possible to estimate the spin 
using continuum fitting method, or 
with QPO’s (not covered in this talk).

Relativistic E↵ects on the Fe K line

The radius of the Inner Most Circular Orbit (ISCO) changes monotonically
with the black hole spin, but is Rin = RISCO at all states?
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AGN Physics I:
Measuring the 

Temperature of the Corona



Measuring Ecut with NuSTAR

Observational Evidence

(A. Marinucci’s talk, also A. Fabian, C. Reynolds, etc...)

Also, Ecut > 600 keV for NGC 4151 (Keck+15)

J. Garćıa (CfA) Constraining the High-Energy Cuto↵ June 9th, 2015 4 / 13

Coronal Parameters

In the standard picture, the continuum power law spectrum is generated in a hot

corona by Compton up-scattering of thermal UV disk photons:
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where ✓e = kTe/mec2 and mec2 = 511 keV is the electron rest mass

(Lightman+Zdziarski 1987).

In practice:

Ecut ⇠ 2� 3kTe
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If the power-law continuum is 
produced by a Comptonization in a 
hot gas of electrons:

In practice:

Coronal Parameters
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(Courtesy of A. Marinucci.)
Typically Ecut ~ 200 keV (but it can 
be higher!)

Ecut: Cut-off of the power-law continuum 
at high energies



Effects on the Reflection Spectrum
E↵ects on the Reflection Spectrum (no GR)
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Changes in Ecut also affects the ionization balance in the disk atmosphere

García et al. (2015)



Effects on the Reflection SpectrumIncluding Low-Energy Data
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Different Ecut changes the 
shape of the Compton 

hump at E > 20 keV

Changes in the ionization 
affect the emission at soft 
energies! 

(Cannot be mimicked by 
a d j u s t i n g i o n i z a t i o n 
parameter)

García et al. (2015)



NuSTAR Simulations
Including Low-Energy Data
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200 ks Exposure

García et al. (2015)



STROBE-X Simulations
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Similar constraints at 
a fraction of the time!

20 ks Exposure

Extending the upper limit from 30 to 80 keV improves the constraints by 20-30%



AGN Physics II:
The Origin of the 

Soft-Excess



Understanding the Soft-Excess

Suzaku (50 ks) and NuSTAR (200 ks) simultaneous exposure of Mrk 509

Strong reflection spectrum

Reflection Spectroscopy of Mrk 509 3

Table 1
Observational Data Log for Mrk 509

Telescope Instrument ObsId Date Exp (ks) Counts (105)

NuSTAR FPMA/B 60101043002 2015-04-29 166 3.2
NuSTAR FPMA/B 60101043004 2015-06-02 37 0.6
Suzaku XIS0/1 410017010 2015-05-01 47 2.1
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Figure 2. Count spectra from the 50 ks Suzaku XIS and the 200 ks NuSTAR FPMA/B exposures. The shaded regions show the level of
background for each one of the instruments.

In their analysis of the XMM-Newton and INTEGRAL

campaing, ? proposed that the clearly observed soft ex-
cess in Mrk 509 is due to the prescence of a warm corona,
which they reproduced using a Comptonization model
with the appropriate parameters. This corona can then
be visualized as a warm (kTe ⇠ 1 keV) but optically
thick (⌧ ⇠ 1 � 20) atmosphere seating on top of the
accretion disk. This extended, slab-like corona is much
colder than the centrally (as possibly spherical) located
corona responsible for the power-law continuum emission
that extends to high-energies. The emission of the hot
corona was fitted with a second Comptonization model,
with a higher coronal temperature (kTe ⇠ 100 keV) and
lower optical depth (⌧ ⇠ 0.5).
We have adopted the ? prescription to fit the soft ex-

cess. For this, we have implemented two Comptonization
components using the nthcomp model (REF) with the
required parameters to reproduce the the power-law con-
tinuum (hot corona), and the soft-excess (warm corona).
A data-to-model ratio is shown in the top panel of Fig-
ure 3. These two Comptonization components, which are
independent from each other, provide a good fit to both
the continuum and the soft excess, and the only obvious
residuals are those from the Fe K fluorescence emission
due to X-ray reflection.

• Model 1 (fixed spin):

crabcorr*Tbabs*(relxillCp+xillverCp+gau+gau);

• Model 2.A (fixed spin):

crabcorr*Tbabs*(relxilllpCp+xillverCp+gau+gau);

• Model 2.B (fixed Rin):

crabcorr*Tbabs*(relxilllpCp+xillverCp+gau+gau);

Figure 3. Count spectra from the 50 ks Suzaku XIS and the
200 ks NuSTAR FPMA/B exposures. The shaded regions show
the level of background for each one of the instruments.

The results from these three fits are summarized in

Clear soft-excess emission

García et al. (2017, in prep.)



Understanding the Soft-Excess

The origin of the soft-excess is still unknown. 
Some possibilities include:

Thermal disk emission (multicolor blackbody)
Warm Comptonizing “corona” (kTe ~0.5 keV, tau~10-20)
Relativistic reflection (high density?)
Some other diffuse emission (Bremsstrahlung?)



Understanding the Soft-Excess
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thick (⌧ ⇠ 1 � 20) atmosphere seating on top of the
accretion disk. This extended, slab-like corona is much
colder than the centrally (as possibly spherical) located
corona responsible for the power-law continuum emission
that extends to high-energies. The emission of the hot
corona was fitted with a second Comptonization model,
with a higher coronal temperature (kTe ⇠ 100 keV) and
lower optical depth (⌧ ⇠ 0.5).
We have adopted the ? prescription to fit the soft ex-

cess. For this, we have implemented two Comptonization
components using the nthcomp model (REF) with the
required parameters to reproduce the the power-law con-
tinuum (hot corona), and the soft-excess (warm corona).
A data-to-model ratio is shown in the top panel of Fig-
ure 3. These two Comptonization components, which are
independent from each other, provide a good fit to both
the continuum and the soft excess, and the only obvious
residuals are those from the Fe K fluorescence emission
due to X-ray reflection.

• Model 1 (fixed spin):
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Figure 3. Count spectra from the 50 ks Suzaku XIS and the
200 ks NuSTAR FPMA/B exposures. The shaded regions show
the level of background for each one of the instruments.

The results from these three fits are summarized in

The Warm “Corona”

Two different Comptonization 
components describe the 
continuum. 

A hot (kTe ~100 keV) and optically 
thin (tau~1) corona produces the 
hard power-law

While a warm (kTe~0.5 keV) and 
optically thick (tau~15) corona 
produces the soft-excess (e.g., 
Petrucci et al. 2013; Porquet et al. 
2017).

García et al. (2017, in prep.)



Understanding the Soft-Excess
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Warm “Corona” Relativistic Reflection

The two models are statistically indistinguishable, but with very different 
interpretations —> Which one is correct?

García et al. (2017, in prep.)



STROBE-X & the Soft-Excess
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STROBE-X simulated data using the Warm Corona model, and fitted 
with the Relativistic Reflection model

𝟀2 = 33

STROBE-X can clearly 
distinguish between 
these two models



Models with high gas density (ne >> 1015 cm-3) produce a remarkable flux excess 
at soft energies as free-free emission becomes important.
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High Density Effects



IRAS 13224—3809

García et al. (2016a)

High Density Effects in AGN
High-density effects on X-ray reflection 757

Figure 6. Ratio plots of the fits to the XMM–Newton data of 1H0707-495,
using the relativistic reflection model RELXILL for log (ne) = 15 (blue points),
and for log (ne) = 19 (red points). Only the 2–10 keV band is actually fitted,
while the soft energies are included after the fit to illustrate the impact of
the high-density model in that spectral band.

in the discussion of Section 2), with a high-energy cutoff fixed at
300 keV. The final grid of models contains a total of 9000 spectra
covering a wide range of parameters: the slope of the illuminat-
ing power law (1.2 ≤ ! ≤ 3.4), the Fe abundance in solar units
(0.5 ≤ AFe ≤ 20), the ionization parameter (0 ≤ log ξ ≤ 4.7) and
the inclination (5 ≤ i ≤ 89).

The spectrum of 1H0707-495 has been previously analysed by
several authors (e.g. Fabian et al. 2009; Zoghbi et al. 2010; Dauser
et al. 2012; Kara et al. 2015). In general, the spectrum is found
to be dominated by reflection, with a power-law continuum much
steeper than generally found in AGN (! ! 3). Surprisingly, the Fe
abundance is always required to be supersolar, with values as large
as 10–20 times the solar value. Most fits require either a strong
thermal component (in the form of a blackbody), or two different
reflection components. Given all these complexities, we do not seek
to provide yet another detailed analysis of this peculiar source, but
rather to use it as a simple test case for the high-density reflection
models.

Therefore, we start by fitting the 2–10 keV energy band with a
power-law continuum plus relativistically smeared reflection (both
components provided by our model RELXILL). In addition, the model
includes Galactic absorption (modelled with Tbabs), intrinsic ab-
sorption at the redshift of the source (modelled with zTbabs, with
z = 0.0411). We perform two fits, one with the standard XILLVER grid
(i.e. calculated with ne = 1015 cm−3), and one with the high-density
grid (ne = 1019 cm−3). Both models provide a reasonably good fit
for the data, with a reduced chi-square of χ2

ν = 1.31 and 1.28 for
the low- and high-density models, respectively, with all parameters
between the two models consistent within their uncertainties. In
particular, the Fe abundance is found to be supersolar (AFe ∼ 10)
with both models.

We then include the soft-energy data (i.e. the 0.3–2 keV re-
gion), without re-fitting. Fig. 6 shows the data-to-model ratio plot
in these two cases. Interestingly, the high-density model makes
a huge improvement in the soft band, decreasing the statistics
from χ2

ν = 629.3 for the low-density model, to χ2
ν = 215.4 for the

high-density model. Meanwhile, there is virtually no effect in the
2–10 keV region.

An obvious question arises from this analysis: will an even higher
density improve further the fit of the soft energies? Unfortunately,
limitations in the current atomic data prevent us from producing
models at densities above log (ne) ∼ 18–19. This issue is further
discussed in Section 3.4.

3.3 Observational implications for BHB

We have discussed so far calculations appropriate for the mod-
elling of the X-ray reflection spectrum of AGN, i.e. steeper continua
(! ∼ 2) and relatively low ionization (log ξ ∼ 0–2). Nevertheless,
relativistic reflection is also commonly observed in the spectra of
many BHB (e.g. Garcı́a et al. 2015; Miller & Miller 2015; Parker
et al. 2015), which in general show a harder continuum and a higher
ionization parameter (log ξ " 3).

Fig. 7 shows the resulting temperature profiles and reflected
spectra for models with ! = 1.6 and ξ = 103 erg cm s−1. All
other parameters are the same as those for the models presented
in Section 2 (Figs 2 and 4). The effects of high density are less
prominent at higher ionization. The temperature near the surface re-
mains fairly constant regardless of the density, most likely because
all elements are fully stripped and line cooling is already suppressed
(unlike the case for low ξ ). The temperature in the inner regions
rises with density, due to the increase of the free–free heating, just
as in the low-ionization models. Once again, the most significant
effect in the reflected spectra (right-hand panel) is the modification
of the Rayleigh–Jeans domain of the emission at soft energies. The
most prominent features are the O Ly α line at ∼0.8 keV, and the Fe
K-shell emission at ∼6.7 keV. The continuum between these two
features grow with increasing density due to the reduction of the
photoelectric opacity. However, the overall shape of the spectrum
above ∼1 keV is very similar among all models.

In the standard α-disc model (Shakura & Sunyaev 1973), the
mid-plane density of the accretion disc around a stellar-mass black
hole is a few orders of magnitude larger than in a disc around a
supermassive black hole, simply because the density scales propor-
tional to m−1r3/2, where m is the black hole mass and r the radius.
Moreover, estimates of the gas density using multidimensional mag-
netohydrodynamic simulations can produce mid-plane densities
"1020 cm−3 for a 10 M⊙ black hole accreting at 10 per cent the Ed-
dington luminosity (e.g. Noble, Krolik & Hawley 2010; Schnittman,
Krolik & Noble 2013).

In the soft and intermediate states, the power-law continuum is
steep and a strong thermal disc component dominates X-ray spec-
trum, which, in some cases, makes the detection of the reflection
signatures challenging. However, in the hard state, the thermal emis-
sion becomes faint and the spectrum is characterized by a harder
(! < 2) power-law continuum with a high-energy cutoff. This con-
tinuum can typically be well described by Comptonization of soft
thermal disc photons in a hot, optically thin corona. Many sources
show clear reflection features in the hard state.

In some cases, a weak and relatively cold disc (T ∼ 0.2 keV)
component has been found in the hard-state spectra of some sources
(e.g. GX 339-4; Reis et al. 2008; Plant et al. 2015). While the high-
density effects appear to be milder in BHB models than in those for
AGN, we do not discount the possibility that the faint soft emission
observed in some BHB is due to a high-density reflector. A detailed
analysis of these new models confronted with real observational
data is required to answer this question, but outside the scope of
this paper. Moreover, as discussed above, densities even larger than
ones covered in the present calculations might be more appropriate
to correctly represent the physics near stellar-mass black holes.

MNRAS 462, 751–760 (2016)
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Figure 22. The trend plot of two steady xstar warm absorbers (dot (xstar1),
square (xstar 2)). Each point is colored with count rate. Top panel: Two
absorbers have steady column density, ⇡ 1024cm�2 and ⇡ 1022cm�2 for
the first and the second absorber respectively; middle panel: Two absorbers
have steady ionization, ⇡ 4 and ⇡ 3 respectively; bottom panel: the second
absorber has lower absolute redshift value (minus sign stands for velocity
pointing to the observer along radial direction).
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MNRAS 000, 1–15 (2017)

1H0707–495

Jiang et al. (2017)

Afe ~ 7-8 Afe > 10

Strong implications in modeling the soft-excess in AGN!



Spin Measurements
(Applicable to BHB & AGN)



STROBE-X Simulations for Spin
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Spin accurate constraint 
at short exposures  

(for a>0.5)

Once again, spectral resolution 
seems relatively unimportant



BHB Physics I:
The Controversy of the 

Disk Truncation



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

ADAF at low Mdot

Rin ~ Risco (Stable) 
Strong Disk Emission

Truncated Disk?  
Rin —> Risco  

But how close?



Reflection Signatures
Reflection Signature

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

Compton Hump

Fe absorption 
K-edge

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



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

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

6.2. Parameters That Evolve Systematically with Luminosity

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

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

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

6.3. Inner Edge of the Disk

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

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

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

0.1% systematics



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

RXTE PCA

Suzaku XIS

XMM MOS
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A truncated disk fitted with Rin=Risco will under-predict the spin

With a short exposure (1 ks), STROBE-X will be able to differentiate 
disk truncation

STROBE-X: Spin and Inner Radius

Possibly, we will be able 
to measure both Rin and 
spins! (More simulations 
required…)

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)
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Rin = 10 Risco, a=0.998



The Problem of the Iron 
Abundance

(Both AGN and BHB)



Iron abundance determinations using reflection spectroscopy from publications 
since 2014 tend to find a few times the Solar value!
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13 AGNs
9 BHBs

The Problem of the Fe Abundance



Fixing the Fe abundance 
to its Solar value resulted 
in poor fits with 𝟀2 ~ 10
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A truncated disk with 
Solar abundance produces 
an Fe K line similar to an 
over-abundant disk 
reaching the ISCO
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Inner Radius and Fe Abundance



Smaller Fe 
Abundance

Larger Fe 
Abundance



There are two possibilities:

1) The over-abundances are real, but we don’t know why

2) The over-abundances are not real:

- Exotic mechanisms of apparent enhancement (e.g.; ion levitation)
- Key physics is missing? (e.g.; high-density plasma effects)

The Problem of the Fe Abundance



Decoupling Absorption 
from Reflection

(Warm Absorbers, UFOs, 
Wind-fed Systems)



The reflected spectra is constant while the changes are due to the 
variation of the absorbing column

Wind & Reflection in Cyg X-1
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Orbital variability of absorption in the hard state
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dips = period of increased
absorption

cannot be explained with sim-
ple focussed wind models

dip distribution can be ex-
plained with clumpy wind
models

383 RXTE observations (total:
⇠650 ks) between 2006–2010

Victoria Grinberg October 11, 2016 5

383 RXTE Observations 
between 2006–2010 

Large changes in the absorbing 
column are observed throughout 
the orbital period of Cyg X-1 
(Grinberg et al. 2015).Garcia et al. in prep.

Need high spectral resolution to disentangle these components!



STROBE-X Simulations

Caveats:
Relatively small number of simulations (should run a lot more)
Optimistic scenario: bright source, simple spectrum (continuum plus 
reflection)
Only one set of relativistic parameters —> Results likely affected by 
reflection fraction, slope of the continuum, etc.

Questions:
Why to stop at 30 keV? The effective area is still much larger than NuSTAR 
in the same band (up o 80 keV).
Can we reduce the background? This probably limits detections at lower 
fluxes
Resolution seems to be unimportant for the coronal temperature (although 
more detailed simulations are probably needed)

My simulation codes in Github https://github.com/jajgarcia/StrobeXsim


