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First Detections of X-ray Reflection

The line profile of iron K-alpha from 
MCG-6-30-15 observed by the ASCA 
satellite (Tanaka et al. 1995)

1990’s: ROSAT,  ASCA.  First CCDs flying on X-ray 
observatories. First detections of a distorted Fe K 
line, which was interpreted as emission affected 
by relativistic effects near the BH (Tanaka et al. 
1995; Nandra et al. 1997; Fabian et al. 2000).

Resolution 0.12 keV @ 6 keV



RXTE—Decommissioned in 2012 
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Fig. 1. Top-left: Simulated X-IFU spectrum for a black hole spin parameter of 0.65 for a Rf=2, AFe=2 and log ξ=2 with an inset around the FeK
energy band. The source flux corresponds to a 1 mCrab source, and the integration time is set to 100 ks. Top-right: A zoom of the spectrum below
2 keV. The imprint of the absorbers on the various broad band emission components is shown in the subsequent panels: middle-left: the power
law, middle-right: the power law plus the relativistic reflection component, bottom-left: the relativistic reflection component and bottom-right: the
cold reflection component from distant material. The different components are shown with and without the absorbers. The bottom lower left panel
shows multiple bumpy features below 2 keV due to ionized reflection. These are key in constraining the black hole spin.
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the spin must be less than 0.9. Most recently, Ludlam et al.
(2015) re-analyze the data from Miller et al. (2004a, 2008) and
find >a 0.97, and García et al. (2015) find = -

+a 0.93 0.05
0.03 from

stacked RXTE data.
The inclination of the GX339-4 binary system is only

weakly constrained by dynamic measurements. As the system
is non-eclipsing, the inclination must be less than 60° (Cowley
et al. 2002), and a plausible lower limit of 2i 45° is given
from the mass function (Zdziarski et al. 2004). However,
measurements of the inner disk inclination from the broad iron
line generally give lower values. Miller et al. (2004a) find
i=12°-

+ ;2
4 Miller et al. (2008) find i=19°±1°; and Reis

et al. (2008) find i=18°.2-
+

0.5
0.3. Cassatella et al. (2012) use a

combined spectroscopy and timing analysis to find <i 30°,
fitting both the lag and spectral data. More recently, Fuerst
et al. (2015) used five hard state observations from the failed
outburst in 2013 to constrain the reflection spectrum, finding
inclinations ranging from 31° to 59°, depending on the model.
Ludlam et al. (2015) find an inclination of 36°±4° using the
latest RELXILL reflection models (García et al. 2014), which self-
consistently take into account the inclination angle. García
et al. (2015) also use RELXILL, combined with extremely high-
signal but low-resolution stacked RXTE spectra, to find an
inclination of 48°±1°.

In this Letter, we use broadband spectroscopy with Swift and
NuSTAR to constrain the spin and inclination using relativistic
reflection. We then use these estimates as input for the
continuum fitting model and fit for the mass and distance,
obtaining a constraint on these parameters using just the X-ray
spectrum.

2. OBSERVATIONS AND DATA REDUCTION

Swift monitoring detected strong thermal and power-law
components in the spectrum of GX339-4 on 2015 March 4,
suggesting that both reflection and continuum fitting methods
could be used simultaneously. This state is frequently referred
to as the very high state (or steep power-law state; see the
review by McClintock & Remillard 2006). A NuSTAR target of
opportunity was triggered, with a simultaneous Swift snapshot,
for clean on-source exposures of ∼2 and 30ks, respectively.

The Swift/XRT data were processed with standard proce-
dures (xrtpipeline v0.13.1), filtering, and screening
criteria using FTOOLS (v6.16). The data, collected in wind-
owed-timing mode, were affected by pile-up. Following
Romano et al. (2006), source events were accumulated within
an annular region with an outer radius of 20 pixels (1 pixel
~2. 36) and an inner radius of 10 pixels. Background events
were accumulated from a source-free region nearby. For our
spectral analysis, ancillary response files were generated with
xrtmkarf. We used the XRT spectral redistribution matrices
in CALDB (20140709). We bin the spectrum to a signal-to-
noise ratio of 30, after background subtraction, and fit from 1
to 4 keV.

The NuSTAR data (ObsID 80001015003) were reduced
using NuSTAR Data Analysis Software (NuSTARDAS) 1.4.1
and CALDB version 20150316. Source spectra were extracted
from 150 circular extraction regions centered on the source
position, and background spectra were extracted from ~100
circular regions from the opposite corner of the detector (the
least contaminated with source photons). The source count rate
is a factor of 10 or more above the background at all energies.

We bin the NuSTAR FPMA and FPMB spectra to oversample
the spectrum by a factor of 3 and to a signal-to-noise ratio of
50. We fit the spectra over the whole energy range (3–79 keV);
however, the final spectral bin is extremely large due to the
steep spectrum and extends past 79 keV, so we exclude it. This
gives an effective upper limit of ∼60 keV.
All errors are 1σ unless otherwise stated. All spectral fitting

is done in XSPEC 12.9.0. In all cases, we use wilm abundances
(Wilms et al. 2000) and vern cross-sections (Verner
et al. 1996).

3. RESULTS

In Figure 1, we show the residuals to an absorbed power-
law/disk blackbody spectrum (tbabs*[diskbb+powerlaw] in
XSPEC). The broad iron line and Compton hump are clearly
visible, and there is a prominent excess below ∼3 keV where
the simple phenomenological model does not adequately
describe the data.
We fit the combined NuSTAR/XRT spectrum with a three-

component disk plus Comptonization plus reflection model.
We use kerrbb (Li et al. 2005) for the disk spectrum, comptt
(Titarchuk 1994) for the Comptonization, and relxilllp (García
et al. 2014) for the relativistic reflection. As discussed in Parker
et al. (2015), the relxilllp lamp-post model has the advantage of
parameterizing the emissivity profile in physical units, requir-
ing a smaller number of parameters and restricting the profile to
physically plausible regions of parameter space. In addition, we
allow the photon index of the reflection spectrum to vary
independently of the continuum, as required in Fuerst et al.
(2015). We tie the high-energy cutoff of the reflection spectrum
to twice the plasma temperature of comptt (Petrucci
et al. 2001). We tie the spin and inclination parameters of the
disk and reflection components together, but leave the mass and
distance parameters of kerrbb free to vary, as these are largely
unconstrained (see, e.g., Hynes et al. 2003). This differs from

Figure 1. Top: X-ray spectrum of GX339-4, fit with an absorbed power-law
and disk blackbody. Shaded regions show the background spectra for each
instrument. Bottom: residuals to the model.

2
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Resolution 0.4 keV @ 6 keV
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Fig. 1. Top-left: Simulated X-IFU spectrum for a black hole spin parameter of 0.65 for a Rf=2, AFe=2 and log ξ=2 with an inset around the FeK
energy band. The source flux corresponds to a 1 mCrab source, and the integration time is set to 100 ks. Top-right: A zoom of the spectrum below
2 keV. The imprint of the absorbers on the various broad band emission components is shown in the subsequent panels: middle-left: the power
law, middle-right: the power law plus the relativistic reflection component, bottom-left: the relativistic reflection component and bottom-right: the
cold reflection component from distant material. The different components are shown with and without the absorbers. The bottom lower left panel
shows multiple bumpy features below 2 keV due to ionized reflection. These are key in constraining the black hole spin.
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XILLVER 
(JG+Kallman10)

X-ray Reflection at High-Resolution (~µ-cal)



XILLVER 
(JG+Kallman10)

ReflionX
(Ross+Fabian05)

X-ray Reflection at High-Resolution (~µ-cal)



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, JG,+19



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.
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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

28

Fe K line flux

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

—> Resembles lower inclination!

Brod et al. (2013)

Only 2 degrees!



X-ray Polarization Measurements: Cyg X-1

IXPE: The Imaging X-ray 
Polarimetry Explorer

Polarization angle parallel to the 
outflowing radio jet

Krawczynski,…,JG+22

Detection of linear polarization degree of 
4.0+/- 0.2 % in 2–8 keV (>20 sigma)

Larger than expected polarization requires 
a disk inclination larger than the orbit!

Figure 3: Comparison of the observed 2–8 keV polarization degree and angle with model

predictions. (A) The blue dot shows the polarization degree and angle, with the blue ellipses

indicating the the 68%, 95% and 99.7% confidence levels (equivalent to 1�, 2� and 3�). Model

predictions assume that the inner disk spin axis has position angle of �22� (consistent with the

radio jet), and that the inner disk angular momentum vector points away from the observer (as

does the orbital angular momentum vector) (1). The grey band shows the uncertainty of the

radio jet orientation; we adopt this as the uncertainty of the disk spin axis in all models. Each

colored line shows the results of each chosen one corona geometry, with symbols indicating

different values as a function of the inner disk inclination i. Inset diagrams depict the assumed

black hole (black), corona (blue), and accretion disk (orange-red) configurations. Black arrows

indicate photon paths. Models with coronae extending parallel to the inner accretion disk can

match the IXPE observations, but coronae located or extending along the spin axis of the inner

accretion disk cannot. The position angles are shown from �80� to +100� (instead of �90� to

+90�) to show more clearly the models straddling the ±90� borders. (B) A zoom into the region

around the measured value, marked with the grey box in panel A.
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Super-Eddington Accretion

Lamppost corona height:  
Funnel half open angle:   

Wind velocity:  

hLP
θ

v(r) = (
r − 6Rg

r + Racc ) vt

Total 
1 reflection 
2 reflection 

3+ reflection

 , hLP = 30Rg, vt = 0.5c, Racc = 30Rg θ = 30∘

Multiple reflections in a funnel  
(simulations by Zijan Zhang and Jane Dai)
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Exposure: 10 ks 
Flux: 10 mCrab



Relativistic Reflection: relxillNS

X-ray Reflection Models for Neutron Stars 7

Figure 4. E↵ects of changing the content of iron for di↵erent illuminating fluxes in the reflection spectra computed with
the new xillverNS code. Each panel shows the reflected spectra for iron abundance AFe (in Solar units), at a given ionization
parameter log(⇠/erg cm s�1), as indicated. Other parameters common to all the models shown are: log(ne/cm

�3)= 19, i = 30�,
kTbb= 4keV, and Rfrac = �1 (i.e., only the reflection without the continuum spectrum is shown).

using a fully relativistic ray tracing approach, produc-
ing theoretical emissivity profiles for illumination due
to hotspots, bands of emission, and emission by the en-
tirety of the spherical star surface. In all these cases, the
emissivity is well described by a single power-law with
the canonical index slightly steeper than the canonical
value of �3.
In addition to the parameters describing the reflection

spectra (see Table 1), other model parameters include
the dimensionless spin parameter, inclination, inner and
outer radius of the disk, and the reflection fraction. The
latter controls the proportion of the blackbody contin-
uum to the reflection component. Given that the exact
origin of the blackbody emission is unknown, and its ge-
ometry is not specified, we parametrize the emissivity
profile as a power-law. Thus, a self-consistent calcula-
tion of the reflection fraction is not possible with this
model. For the same reasons, it is not possible to derive
a physical interpretation of the fitted values. However,
the reflection fraction does provides some clues on the
possible geometry of the region responsible for the pri-
mary emission, as relativistic e↵ects strongly a↵ect its

Table 2. List of Parameters for the relxillNS Model

Parameter Symbol (Units) Range

Inner Emissivity Index q1 [�10, 10]

Outer Emissivity Index q2 [�10, 10]

Break Radius RBr (Rg) [1 � 1000]

Spin Parameter a⇤ (cJ/GM
2
) [�0.998, 0.998]

Inclination i (degrees) [3, 87]

Inner Disk Radius Rin (RISCO) [1, 1000]

Outer Disk Radius Rout (Rg) [1, 1000]

Blackbody Temperature kTbb (keV) [0.5, 10]

Ionization Parameter log(⇠/erg cm s
�1

) [1, 4]

Electron Number Density log(ne/cm
�3

) [15, 19]

Iron Abundance AFe (Solar) [0.5, 10]

Reflection Fraction
a

Rfrac [0, 10]

a
If this parameter is set to negative values, the model only outputs

the reflection component, without the continuum.

value. For example, reflection dominated spectra are
only likely for compact emitting regions, for which rela-
tivistic beaming reduces the flux of the primary compo-
nent and enhances the reflection fraction.

relxillNS spectra: q1=q2=0, a=0, i=30 deg, kTbb=4 keV, log(Xi)=3.1, log(ne)=15, AFe=5, Rf=1

JG, Dauser, Ludlam+22



Relativistic Reflection: relxillNS

X-ray Reflection Models for Neutron Stars 7

Figure 4. E↵ects of changing the content of iron for di↵erent illuminating fluxes in the reflection spectra computed with
the new xillverNS code. Each panel shows the reflected spectra for iron abundance AFe (in Solar units), at a given ionization
parameter log(⇠/erg cm s�1), as indicated. Other parameters common to all the models shown are: log(ne/cm

�3)= 19, i = 30�,
kTbb= 4keV, and Rfrac = �1 (i.e., only the reflection without the continuum spectrum is shown).

using a fully relativistic ray tracing approach, produc-
ing theoretical emissivity profiles for illumination due
to hotspots, bands of emission, and emission by the en-
tirety of the spherical star surface. In all these cases, the
emissivity is well described by a single power-law with
the canonical index slightly steeper than the canonical
value of �3.
In addition to the parameters describing the reflection

spectra (see Table 1), other model parameters include
the dimensionless spin parameter, inclination, inner and
outer radius of the disk, and the reflection fraction. The
latter controls the proportion of the blackbody contin-
uum to the reflection component. Given that the exact
origin of the blackbody emission is unknown, and its ge-
ometry is not specified, we parametrize the emissivity
profile as a power-law. Thus, a self-consistent calcula-
tion of the reflection fraction is not possible with this
model. For the same reasons, it is not possible to derive
a physical interpretation of the fitted values. However,
the reflection fraction does provides some clues on the
possible geometry of the region responsible for the pri-
mary emission, as relativistic e↵ects strongly a↵ect its

Table 2. List of Parameters for the relxillNS Model

Parameter Symbol (Units) Range

Inner Emissivity Index q1 [�10, 10]

Outer Emissivity Index q2 [�10, 10]

Break Radius RBr (Rg) [1 � 1000]

Spin Parameter a⇤ (cJ/GM
2
) [�0.998, 0.998]

Inclination i (degrees) [3, 87]

Inner Disk Radius Rin (RISCO) [1, 1000]

Outer Disk Radius Rout (Rg) [1, 1000]

Blackbody Temperature kTbb (keV) [0.5, 10]

Ionization Parameter log(⇠/erg cm s
�1

) [1, 4]

Electron Number Density log(ne/cm
�3

) [15, 19]

Iron Abundance AFe (Solar) [0.5, 10]

Reflection Fraction
a

Rfrac [0, 10]

a
If this parameter is set to negative values, the model only outputs

the reflection component, without the continuum.

value. For example, reflection dominated spectra are
only likely for compact emitting regions, for which rela-
tivistic beaming reduces the flux of the primary compo-
nent and enhances the reflection fraction.

Simulated 10 ks Athena X-IFU 
observation of a 10 mCrab source

relxillNS spectra: q1=q2=0, a=0, i=30 deg, kTbb=4 keV, log(Xi)=3.1, log(ne)=15, AFe=5, Rf=1

JG, Dauser, Ludlam+22
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1.2.2 Obscured AGN 

 
Observing higher energy, penetrating X-rays, 

NuSTAR can peer through thick columns of 
obscuring material and study deeply embedded 
AGN. Models predict that most black hole growth 
is obscured (i.e., NH ≥1022 cm-2), with an important 
fraction of AGN seen through Compton-thick 
levels of obscuration (i.e., NH ≥1.5×1024 cm-2). 
One of the key objectives for NuSTAR was to 
study this population, and observations of 
obscured AGN have consistently comprised an 
important component of the NuSTAR GO 
programs. Non-focusing hard X-ray telescopes, 
such as Swift-BAT, lack the sensitivity to detect 
unbeamed AGN beyond a redshift of ~0.3, while 
soft X-ray telescopes have limited ability to 
robustly measure column densities much above 
1023 cm-2.  In contrast, NuSTAR is able to detect 
hard X-ray sources out to cosmological distances 
and robustly measure column densities into the 
Compton-thick regime. Indeed, the sensitivity of 
NuSTAR has inspired a new generation of X-ray 
spectral models, such as borus (Baloković et al. 
2018) and XCLUMPY (Tanimoto et al. 2019), which 

consider larger column densities as well as more 
complex obscuring torus geometries. 

Several approaches have been pursued to 
quantify the demographics of this population, such 
as studying an optically-selected AGN sample 
(Kammoun et al. 2020), an infrared-selected AGN 
sample (Boorman et al. 2016, 2022), a volume-
limited AGN sample (Annuar et al. 2020, Torres-
Albà et al. 2021), or simply studying all 
serendipitous hard X-ray sources identified by 
NuSTAR (Lansbury et al. 2017, Klindt et al. 2022). 
Many of these efforts are ongoing. Considering the 
complete optically-selected CfA sample of 46 
Seyfert galaxies within 175 Mpc (including both 
unobscured and obscured AGN, where the latter 
were observed with NuSTAR), Kammoun et al. 
(2020) infer that a third of the Seyferts are heavily 
obscured, and a fifth are Compton-thick. This is a 
significantly higher Compton-thick fraction than 
found in flux-limited hard X-ray surveys; e.g., 
only ~7% of Swift-BAT AGN are Compton-thick 
(Ricci et al. 2015). The infrared-selected NuSTAR 
Local AGN NH Distribution Survey (NuLANDS; 
Boorman et al. 2022) find that ~40% of their 
sample is Compton-thick (Figure 1.2-4), which is 
closer to the predictions from the new generation 
of models in Ananna et al. (2019). NuSTAR is 
improving our understanding of the full AGN 
population, reaching into the challenging-to-study 
obscured populations. Over the coming years, 
NuSTAR will test and constrain models of the 
complete range of AGN demographics, as well as 
provide detailed studies of interesting individual 
sources. Knowing the full AGN population is 
essential for understanding their feedback role in 
galaxy evolution. 

 
Figure 1.2-3. NuSTAR observations of Cygnus X-2 
provide radius constraints complementary to other 
methods, helping to constrain models of the 
neutron star equation of state. Based on Ludlam et 
al. (2022). 

 
Figure 1.2-4. Reaching 100 times deeper than 
Swift-BAT, NuSTAR measures a much higher 
fraction of heavily obscured and Compton-thick 
AGN. Based on Boorman et al. (2022). 

Science Highlight: Constrained the fraction of 
heavily obscured AGN, which is essential for 
understanding the role AGN play in galaxy 
evolution. 
Decadal Theme:  Cosmic Ecosystems 
Key Papers:  Annuar et al. (2020), Kammoun et 
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originate from the relativistic reflection component like the
Fe L emission in Serpens X-1 (Ludlam et al. 2018). It could be
a blend of Fe, Ni, and O transition lines, which originate from
collisionally ionized material far from the inner region of the
accretion disk as proposed by Vrtilek et al. (1986).

We proceed to replace the Gaussian emission line comp-
onent for a collisionally ionized plasma model MEKAL (Mewe
et al. 1985, 1986; Liedahl et al. 1995) to determine how this
interpretation impacts the inferred inner disk radius. The
density of the material is fixed at 1015 cm−3 (Schulz et al. 2009)
and the abundance of the plasma is tied between the spectra.
The temperature and normalization are free to vary. This fit is
referred to as “RNS3” and “RFX3” in Tables 3 and 4. Again,
the seed photon temperature of the Comptonization component
tended to an unphysical value of kTbb� 3 eV in the RFX3 VX
branch and was fixed at the median value from RFX1.
However, the results with this parameter fixed agree within the
90% confidence level when kTbb was free to vary. The ratios of
the models to the data are shown in Figure 3(g) and (h),
respectively. The addition of a MEKAL component represents
7.6σ and 2.7σ improvements in comparison to RNS1 and
RFX1, respectively. Figure 3(i) and (j) show the unfolded
spectra with the model components for RNS3 and RFX3,
respectively. The MEKAL model predicts a narrow emission
line in the Fe K band as well, but this is orders of magnitude
below the broadened emission line from reflection. The
normalization of the MEKAL component for the NB in RFX3
is lower in comparison to the VX and HB, but this could be due

to the lack of NICER data to anchor the component through
modeling of the 1 keV feature. The exact nature of the 1 keV
component is beyond the scope of this paper, but regardless of
how the feature is modeled the inner disk radius still remains
close to the NS.

4. Discussion

We present an analysis of the reflection spectrum in Cyg X-2
using three NuSTAR and two simultaneous NICER observations.
The source traced out the flaring to the horizontal branch within
these observations. The data were divided into the respective
branches and spectra with �106 cumulative counts were modeled
according to different continuum conventions. This resulted in
spectra of the source in the NB from the first NuSTAR
observation, the VX between the NB and HB during the second
NuSTAR observation, and the HB in the third NuSTAR
observation. Simultaneous NICER spectra were extracted for the
VX and HB allowing for spectral modeling from 0.5–30 keV. The
reflection spectrum was modeled with RELXILLNS and RFXCONV
depending on the illuminating continuum component. Regardless
of which reflection model was utilized, the inner disk radius
remained close to RISCO (1 RISCO= 6 Rg for a= 0).
The inferred inclination from reflection modeling

(RELXILLNS: i= 67° ± 4°; RDBLUR*RFXCONV: i= 60° ± 10°)
is consistent with the optical results (i= 62°.5± 4°: Orosz &
Kuulkers 1999), but conflicts with the previously reported low
inclinations from reflection modeling in Cackett et al. (2010)
and Mondal et al. (2018). Again, one possible explanation
could be the material farther out partially obscuring the blue-
wing emission of the Fe K line (Taylor & Reynolds 2018) at
the time of the Suzaku observation reported in Cackett et al.
(2010). This effect has been invoked to explain conflicting
inclination measurements between reflection modeling and
dynamical estimates in the black hole X-ray binary XTE J1550-
564 (Connors et al. 2019). In the case of the Mondal et al.
(2018) study that utilized the same NuSTAR observation from
2015, the differences between the results reported therein and
here could be due to differences in how the data were reduced
(e.g., the bright source flag expression in “nupipeline”) and
handled (e.g., our self-consistent reflection modeling and
choice to tie various parameters across observations). The
inclination varies more when using RFXCONV than RELXILLNS,
but this is likely due to the differences in the relativistic
convolution routines within each model, as discussed in
Ludlam et al. (2020). Further differences between the models
may be due to the hard-coded disk density in RFXCONV of 1015

cm−3, while the RELXILLNS model has a variable disk density
component that allows for conditions closer to the physical
density expected in accretion disks of LMXBs. The hard-coded
lower disk density in RFXCONV is likely responsible for the
higher inferred iron abundance, AFe, in comparison to the
results from RELXILLNS, which are closer to solar abundances.
The emissivity indices are lower than the q= 3 profile for

Euclidean geometry, but are close to the expected shallower
illumination profile from an extended disk corona around a
slowly spinning compact object (Kinch et al. 2016, 2019). The
ionization parameter is consistent with the value reported in
Cackett et al. (2010), but higher than those found in Mondal
et al. (2018). The Mondal et al. (2018) study also found
subsolar Fe abundances, which may explain the lower inferred
ionization since positive correlations between ( )log Y and AFe
have been observed previously when modeling reflection in

Figure 4. The ratios of the data in the Fe K band to the continuum model C1
for (a) NB, (b) VX, and (c) HB. Only one NuSTAR FPM is shown for clarity.
Data were rebinned for plotting purposes.
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1.2.2 Obscured AGN 

 
Observing higher energy, penetrating X-rays, 

NuSTAR can peer through thick columns of 
obscuring material and study deeply embedded 
AGN. Models predict that most black hole growth 
is obscured (i.e., NH ≥1022 cm-2), with an important 
fraction of AGN seen through Compton-thick 
levels of obscuration (i.e., NH ≥1.5×1024 cm-2). 
One of the key objectives for NuSTAR was to 
study this population, and observations of 
obscured AGN have consistently comprised an 
important component of the NuSTAR GO 
programs. Non-focusing hard X-ray telescopes, 
such as Swift-BAT, lack the sensitivity to detect 
unbeamed AGN beyond a redshift of ~0.3, while 
soft X-ray telescopes have limited ability to 
robustly measure column densities much above 
1023 cm-2.  In contrast, NuSTAR is able to detect 
hard X-ray sources out to cosmological distances 
and robustly measure column densities into the 
Compton-thick regime. Indeed, the sensitivity of 
NuSTAR has inspired a new generation of X-ray 
spectral models, such as borus (Baloković et al. 
2018) and XCLUMPY (Tanimoto et al. 2019), which 

consider larger column densities as well as more 
complex obscuring torus geometries. 

Several approaches have been pursued to 
quantify the demographics of this population, such 
as studying an optically-selected AGN sample 
(Kammoun et al. 2020), an infrared-selected AGN 
sample (Boorman et al. 2016, 2022), a volume-
limited AGN sample (Annuar et al. 2020, Torres-
Albà et al. 2021), or simply studying all 
serendipitous hard X-ray sources identified by 
NuSTAR (Lansbury et al. 2017, Klindt et al. 2022). 
Many of these efforts are ongoing. Considering the 
complete optically-selected CfA sample of 46 
Seyfert galaxies within 175 Mpc (including both 
unobscured and obscured AGN, where the latter 
were observed with NuSTAR), Kammoun et al. 
(2020) infer that a third of the Seyferts are heavily 
obscured, and a fifth are Compton-thick. This is a 
significantly higher Compton-thick fraction than 
found in flux-limited hard X-ray surveys; e.g., 
only ~7% of Swift-BAT AGN are Compton-thick 
(Ricci et al. 2015). The infrared-selected NuSTAR 
Local AGN NH Distribution Survey (NuLANDS; 
Boorman et al. 2022) find that ~40% of their 
sample is Compton-thick (Figure 1.2-4), which is 
closer to the predictions from the new generation 
of models in Ananna et al. (2019). NuSTAR is 
improving our understanding of the full AGN 
population, reaching into the challenging-to-study 
obscured populations. Over the coming years, 
NuSTAR will test and constrain models of the 
complete range of AGN demographics, as well as 
provide detailed studies of interesting individual 
sources. Knowing the full AGN population is 
essential for understanding their feedback role in 
galaxy evolution. 

 
Figure 1.2-3. NuSTAR observations of Cygnus X-2 
provide radius constraints complementary to other 
methods, helping to constrain models of the 
neutron star equation of state. Based on Ludlam et 
al. (2022). 

 
Figure 1.2-4. Reaching 100 times deeper than 
Swift-BAT, NuSTAR measures a much higher 
fraction of heavily obscured and Compton-thick 
AGN. Based on Boorman et al. (2022). 
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et al. (2022) 
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Comparison with Previous Models
Test case 4U 1705—44 

Broadly consistent results between 
relxillNS, BBRefl and ReflionX_BB when 

fitting NuSTAR data. 

Larger discrepancies might be seen 
at softer energies 
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High-resolution spectra (microcal) could distinguish between models 

( Simulation for a 20 ks observation of a 100 mCrab source ) XRISM-Resolve



Emission from the Plunging Region?

Energy (keV) Energy (keV)

Fl
ux

 
Ra

tio
 

Disk + powerlaw
Disk + powerlaw + emission 
from plunge region

Fabian,…,JG+20

MAXI J1820+070



Radiation Returning to the Disk 
due to GR light bending

Disk Self Irradiation (Returning Radiation)

Flux in the reflected 
component ~6% of 

the disk flux

Connors, JG,+20

First observational evidence! 
—> Predicted by Cunningham (1975), 

and later by Agol & Krolik (2000)

XTE J1550-564



Thermal Disk Emission 
2 T. Dauser et al.
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Figure 1. (left) Photon trajectories for h = 5Rg and spin a = 0.998 emitted at r = 1.484Rg. (right) Distribution of photons according to where they will
end up.

N is interpreted as the fractional emitted photon flux and Fecan
therefore be be connected to the primary emissivity Iewith

Z
FedAring(ri)dg = fret(re)Ie(re). (3)

The energy shift g between the emitted and the incident loca-
tion is defined as

g =
Ei

Ee

=
p⌫ [u(ri)

d ]⌫

p⌫ [u(re)
d ]⌫

(4)

with

p⌫ [ud(r)]⌫ = � r
p
r + a� �

p
r
q

r2 � 3r + 2a
p

(r)
(5)

2.2 Emissivity Profile

Ultimately, we are interested in the returning spectrum N ret

i , as
seen locally on each point on the disk. This spectrum incident on
the disk will then be reflected and relativistically smeared on its
way to the observer, similarly like in the lamp post geometry (see,
e.g., Dauser et al. 2013). One important aspect of the general rel-
ativistic ray tracing is that the flux can be dramatically reduced or
boosted, depending on the point of emission and observation of a
certain ray of photons. Therefore the most basic quantity to under-
stand the effect of returning radiation is to analyze the emissivity
profile created by the returning radiation. It is simply defined as
the incident photon flux Ii (ri) in the frame of the disk (see, e.g.,

c� 2020 RAS, MNRAS 000, 1–7

Ray tracing

Dauser, JG+22

Returning radiation  detected in 
several other sources: 

• 4U 1630-47 (Connors, JG+21) 
• EXO 1846-031 (Wang,…,JG+21) 
• MAXI J0637-430 (Lazar,…,JG+21) 
• GX 339-4 (JG+23)

Soft-State of GX 339-4

New theoretical work: 

• Effects on timing properties 
(Wilkins, JG+21) 

• Effects on emissivity profiles 
(Dauser, JG+22)

JG+23 (in prep)



GRMHD Density Profiles

MAD

no-MAD

High resolution simulations without 
radiation.  

There is no density drop inside the 
ISCO for the MAD case  

—> Accretion does not proceed 
via viscous stress

Simulations courtesy of Matthew Liska



Venturing inside the ISCO

Dong, JG+23 (in prep.)

Reflection from inside the ISCO assuming a flat density profile

(**Preliminary results**)
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Kallman,..,JG+21 
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Ding, JG, Kallman+23 (in prep.)
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High-Density Plasma Effects
100 ks exposure of a 1 mCrab source with XRISM Resolve

ne = 1018 cm-3 
Xi = 103 erg cm/s 
Gamma = 2

Ding, JG+23 (in prep.)



Launching in 2023!

NGC 1365

Adapted from Risaliti+05
Slide courtesy of E. Kara

The Present



The Future

Black Hole Spin

Accretion Disk 
Truncation

Radius of the 
Neutron Star

X-ray Pulsations

Coronal 
Physics

High-Density 
Plasma Effects

https://hexp.org/


