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

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

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

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

Model parameters:

Black hole spin
Disk's inner edge
inclination
Emissivity index

Reflection fraction
Photon index
High energy cutoff
Iron abundance



Constraining Physical Quantities
Black Hole Spin Coronal Height

Inclination Iron Abundance



Measuring Spins in BHBs
• BH spins are not always easy to measure. BHBs provide better 

signal but there are still discrepancies.  
• Results often depend on the quality of the data, but also on the 

quality of the observer ;)

Not a real trend!

Cyg X-1 Spin Measurements

Figure courtesy of J. Tomsick 

Compilation from Krawczynski (2018)
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chosen as large as possible without interfering with neigh-
bouring sources. We extract single pixel events only, and
extract light curves in bins of 100 s.

We also analyzed lightcurves and hardness ratio curves to

select time intervals of nearly constant count rate and hard-

ness ratio and excluding flares. Thus we can exclude influ-

ences of spectral variability on our results. All extraction

regions and time windows are given in table A1. For all
sources, where we are in posession of simultaneous data, we
extract spectra only from time intervals, that overlap between
XMM-Newton and NuSTAR .

2.3. Cross Calibration

To see if the combined analysis of time-separate spectra is
feasible, and to determine the significance of reflection fea-
tures in our sources, we conduct a cross calibration using a
simple analytical model. The cross calibration detector con-
stants listed in table 2 are determined via power law fits for
each single detector. For FPMA and FPMB photon indices
are tied, with normalization free to vary. Normalizations are
given with respect to the EPIC-pn power law norm at unity.
To highlight the features of reflection, we fit the calibration
power laws only in the energy ranges where the spectrum is
dominated by the primary emsission. Thus we exclude the
soft range below 3 keV, the Fe K↵-complex between 5 and
7 keV and the range above 10 keV where the Compton hump
becomes significant.

The Galactic hydrogen absorption is removed, assuming
values from the HEASARC NH Tool (Dickey & Lockman
1990; Kalberla et al. 2005) and using the TBNEW-model by
Wilms et al. (2000). Residual plots of the calibration power
laws are shown in Fig. 1 with iron lines and soft excesses for
each source clearly visible.

The simultaneous observations show cross calibration con-
stants in the expected range for NuSTAR and XMM-Newton

joint observations. While the FPM Normalization constants
given in in Tab. 2 agree for all observations within the ex-
pected ratio of 5%, the deviations between NuSTAR and
XMM-Newton are slightly larger than the 10% observed by
Madsen et al. (2015),

especially in those sources where we find source flaring
and pileup. Nevertheless we are able to find convincing si-
multaneous fits for each spectrum using the physical models
used later on. However, as suggested by Madsen, we leave
normalization constants between FPM and EPIC-pn free to
vary.

For the non-simultaneous observations, especially those of
variable sources, the power-law parameters cannot be ex-
pected to agree, so for any further fitting these parameters
will be kept separate. 3C 382 and 3C 390.3 find similar
power-law indices nevertheless.

Most importantly, after correcting for the underlying
power law, all spectra feature compatible shapes in the 5-
7 keV Fe-band. This agreement motivates the assumption
that we can also fit non-simultaneous spectra with tied re-
flection parameters, but untied power-law parameters. Only
the highest energy bin of XMM-Newton data is visibly
poorly cross calibrated, so in the following we only consider
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Figure 1. Residuals for fits of a Galactic absorbed power-law to the
XMM-Newton/EPIC-pn (blue) and NuSTAR /FPM (red) spectra of
our sample.

XMM-Newton data up to 10 keV.

3. MODEL COMPOSITION AND SPECTRAL
ANALYSIS

3.1. Motivation for the chosen models

It was shown by Walton et al. (2013) using Suzaku data
that the spectra of all sources of our sample show significant
signs for relativistically blurred reflection. Aiming for a first
diagnostic of these features, we fit the XMM-Newton and
NuSTAR data of all sources with a power-law model only
between 3–5 keV and 7–10 keV, where expect contributions
due to absorption, the Fe K↵line and the Compton hump to
be negligible. We take into account Galactic absorption with
line-of-sight column densities provided by Dickey & Lock-
man (1990); Kalberla et al. (2005) and the model TBNEW
(Wilms et al. 2000). Both the XMM-Newton and NuSTAR

data sets are fitted with separate photon indices to account
for long-term variability between non-simultaneous observa-
tions. As expected, the photon indices underly strong sys-
tematic uncertainties related to the model applied here, which
solely aims for identifying peculiar features in the spectra.
The residuals in Fig. 1 show signs for blurred and unblurred
Fe K↵line components via apparent red wings and broad line
features that are in some cases overlaid by narrow line fea-
tures at the centoid energy of neutral iron.

These residuals motivate physically motivated components
of cold distant reflection (CDR) and relativistic reflection
(RR). A suitable model for the CDR is given by XILLVER
Garcia et al. (2013), which describes the reflection off opti-
cally thick and ionized material of the accretion disk or the
inner torus. We freeze its ionization parameter at log ⇠ = 1
and tie the photon index to that of the primary continuum,
which we model as a power-law. The cross-calibration de-

Sample of the best 
XMM+NuSTAR archival 

data for “bare” AGN with 
signatures of reflection

Fink, Dauser, Garcia et al. (in prep.)



Spin Distribution for SMBHs

Possible observational biases: 

Radiative efficiency scales as ~1/r, 
which favors high spin detections. 
Also, high spin and low coronae 
enhances the reflection fraction.

Spinning black holes and the X-ray background 2019

Table 1. Summary of published AGN/SMBH spin measurements. All mea-
surements are based upon XMM–Newton and/or Suzaku data. Reflecting the
conventions in the primary literature, all masses are quoted with 1σ error
bars whereas spins are quoted with 90 per cent error ranges. Key to ref-
erences: AG14=Agı́s-González et al. (2014); Be11=Bennert et al. (2011);
BR06=Brenneman & Reynolds (2006); Br11=Brenneman et al. (2011);
Fa13=Fabian et al. (2013); Ga11=Gallo et al. (2011); Go12=González-
Martı́n & Vaughan (2012); Lo12=Lohfink et al. (2012); Lo13=Lohfink
et al. (2013); Ma08=Malizia et al. (2008); Mc05=McHardy et al. (2005);
Mi09=Miniutti et al. (2009); Pe04=Peterson et al. (2004); Pa12=Patrick
et al. (2012); Re14=Reynolds et al. (2014); Ri09=Risaliti et al. (2009);
Ri13=Risaliti et al. (2013); Ri14=Ricci et al. (2014); Wa13=Walton
et al. (2013); Zo10=Zoghbi et al. (2010); ZW05=Zhou & Wang (2005);
Be06=Bentz et al. (2006); Ke15=Keck et al. (2015).

Object Mass (× 106 M⊙) Spin Mass/spin references

Mrk 335 14.2 ± 3.7 >0.91* Pe04/Ga15

IRAS 00521−7054 – >0.73 –/Ri14

Tons180 ∼8.1 0.92+0.03
−0.11 ZW05/Wa13

Fairall 9 255 ± 56 0.52+0.19
−0.15** Pe04/Lo12

Mrk 359 ∼1.1 0.66+0.30
−0.54 ZW05/Wa13

Mrk 1018 ∼140 0.58+0.36
−0.74 Be11/Wa13

NGC 1365 ∼2 >0.84 Ri09/Ri13

1H0419−577 ∼340 >0.89 ZW05/Wa13

3C120 55+31
−22 >0.95 Pe04/Lo13

Ark120 150 ± 19 0.64+0.19
−0.11 Pe04/Wa13

Swift J0501.9−3239 – >0.99 –/Wa13

1H0707-495 ∼2.3 >0.97 ZW05/Zo10

Mrk 79 52.4 ± 14.4 0.7 ± 0.1 Pe04/Ga11

Mrk 110 25.1 ± 6.1 >0.89 Pe04/Wa13

NGC 3783 29.8 ± 5.4 > 0.88∗ Pe04/Br11

NGC 4051 1.91 ± 0.78 >0.99 Pe04/Pa12

RBS1124 – >0.97 –/Wa13

IRAS13224−3809 ∼6.3 >0.987 Go12/Fa13

MCG–6-30-15 2.9+1.8
−1.6 >0.98 Mc05/BR06

Mrk 841 ∼79 >0.52 ZW05/Wa13

Swift J2127.4+5654 ∼1.5 0.6 ± 0.2 Ma08/Mi09

Ark564 ∼1.1 0.96+0.01
−0.11 ZW05/Wa13

ESO 362–G18 12.5 ± 4.5 >0.92 AG14/AG14

H1821+643 4500 ± 1500 >0.4 Re14/Re14

NGC 4151 45.7+5.7
−4.7 >0.9 Be06/Ke15

∗Result for Mrk 335 consistent with more recent result a > 0.98 ± 0.01
from Parker et al. (2014).
∗∗ Two solutions were found for Fairall 9; we tabulate the lower spin value
here.

constraints on spin in 25 moderately luminous AGN, finding high
spin (a > 0.9) in many (12) of the objects. Table 1 summarizes
the latest spin measurements from Fe Kα line analysis including
more recent spin determinations not available to Reynolds (2013),
and Fig. 6 shows the spins as a function of black hole mass. At
higher masses, there may be some intermediate spins. However,
spin measurements from this method rely on very high-quality data
to measure the red wing of the Fe Kα line, restricting this approach
to mainly bright objects.

We plot the distribution of spins in Fig. 7 together with lines
representing the expected observed distribution for a flux-limited
sample with an intrinsic spin distribution f(a) ∝ ap with p = 0,
1 and 2. In principle, the distribution extends down to a = −1.

Figure 6. Plot of SMBH mass M and spin a from the sample listed in
Table 1 (the three objects without mass estimates are omitted from the
figure.). Reflecting the conventions in the primary literature, all masses are
marked with 1σ error bars whereas spins are marked with 90 per cent error
ranges. When no error estimate is available for the mass, we have assumed
an error of ±0.5M.

Figure 7. Distribution of spin measurements from Table 1. The lines repre-
sent the observed spin distributions expected from an intrinsic distribution
f(a) ∝ ap, with p = 0 (black solid), 1 (red dashed) and 2 (green dotted).

Several of the sources in the range between a=0.4 and 0.7 have
upper limits compatible with much higher spin. The results so far
therefore appear compatible with a flat intrinsic distribution of spin
from 0.4 to 1, or a power-law distribution steeper than f(a) ∝ a. The
observed spin distribution instantly rules out the possibility that all
AGN have a single spin, and furthermore requires that there should
be a substantial fraction of unobserved lower-spin AGN that have
been missed out due to the radiative efficiency bias.

We note, however, that while the sources in Table 1 are among
the brightest in the sky they do not constitute a complete sample.
Robust measurement of spin requires good irradiation of the ISCO
which in turn requires at least part of the corona to lie at h < 10Rg

(Fabian et al. 2014). Since the smallest source heights are only
accessible with high spin, this itself provides a weak bias against
low values of a, which may explain the absence of objects with a
! 0.5 in Table 1.

In addition to these direct measurements, there are a host of ob-
servational results from AGN spectral stacking and sample analyses
that are consistent with the idea of an over-representation of high
spin. These are listed in detail in Appendix A.

MNRAS 458, 2012–2023 (2016)
Downloaded from https://academic.oup.com/mnras/article-abstract/458/2/2012/2589055
by California Institute of Technology user
on 31 July 2018
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Reynolds (2014),Vasudevan et a. (2016)

Do we know the spin vs. mass distribution?  
Is there a correlation? 

Reflection fraction and black hole spin L101

leaving R as a free parameter in previous studies.1 The RELXILL

model presented by Garcı́a et al. (2014) is the first model which
allows us to directly fit the reflection fraction of a relativistically
smeared reflection spectrum.

If the geometry and location of the primary source are known,
then R can be easily calculated, given the angular dependence of
the emission pattern. In practice, however, except for a rough com-
pactness criterion (source inside <10 rg, Fabian et al. 2014), the
exact geometry of the illumination has not been unambiguously de-
termined for any source yet. In this Letter, we present calculations
of the reflection fraction R predicted in a lamp post geometry for
different configurations of the source height and black hole spin. A
maximum value of R is then determined for a given value of spin,
which can be used to exclude unphysical solutions of low spin and
large reflection fractions. We demonstrate that this constraint has a
dramatic effect in improving the constraints on the spin determina-
tions, which in turn provides insights on the nature of the geometry
of the illumination source.

2 TH E M A X I M U M R E F L E C T I O N F R AC T I O N

2.1 Determination of the reflection fraction

The reflection fraction is defined as the ratio between the reflected
and direct radiation,

R := fAD

fINF
= cos δin − cos δout

1 + cos δout
, (1)

where the fraction has been determined for the case of the lamp post
geometry, assuming a stationary, isotropic primary source. Here, fAD

and fINF denote the fraction of the photons hitting the accretion disc
or escaping to infinity, respectively, and δin and δout are the angles
under which photons hit the inner and outer edge of the disc, respec-
tively (Fukumura & Kazanas 2007). In the non-relativistic case and
an infinitely extended accretion disc R = 1, i.e. half of the photons
reach infinity, while the other half are reflected from the disc. This
definition of R is identical to the covering fraction used in most
reflection models such as pexrav (Magdziarz & Zdziarski 1995),
where it is used to describe distant neutral reflection. However, as
relativistic reflection originates from an ionized disc very close to
the black holes, the values of R obtained with pexrav cannot be
compared with our results presented in the following. Also note that
the reflection fraction in this letter does not include any contribu-
tion from this distant reflection by definition. In the case of the lamp
post model, as already noticed previously (Miniutti & Fabian 2004),
when the source height decreases, strong gravitational beaming re-
duces the number of photons that reach infinity while fAD increases,
thus enhancing the reflection features (see Fig. 1). As a consequence
of these effects, the maximum possible reflection fraction depends
on the spin.

For the purpose of finding an upper limit to R, we use the sim-
plified lamp post geometry, which assumes a point-like, isotropic
source on the rotational axis of the black hole (Martocchia &
Matt 1996). First calculations of the reflection fraction for a lamp-
post like geometry were performed by Miniutti et al. (2003) for a
ring-like primary source around an extreme Kerr black hole, while
Fukumura & Kazanas (2007) analysed a point-like lamp post for

1 Note that although the pexrav model (Magdziarz & Zdziarski 1995)
includes R as a fitting parameter, it is only suitable to describe distant
neutral reflection.

Figure 1. Fraction of the total flux ending up in the black hole (green),
hitting the accretion disc (red), or leaving the system (blue). The calculation
assumes a non-moving, isotropic radiating source on the axis of symmetry
of the accretion flow, fractions are shown as a function of height of the
primary source, given in units of the gravitational radius, rg = GM/c2.

Figure 2. Reflection fraction for a point-like lamp post source.

different spin configurations of the black hole. We determine the re-
flection spectrum using the code presented by Dauser et al. (2013),
which is based on algorithms provided by Speith, Riffert & Ruder
(1995). The maximum reflection fraction is obtained for the case
of the accretion disc extending from the innermost stable circular
orbit (ISCO) out to infinity, for the cases covered by Fukumura &
Kazanas (2007), our results agree with the earlier calculations.

2.2 The maximum reflection fraction

Fig. 2 shows how the reflection fraction varies with the height of
the source above the black hole and with black hole spin. Except
for the case of extreme spin, if the source is close to the black
hole, the severe beaming of photons combined with the larger inner
disc radius reduces the flux that reaches the accretion disc and

MNRASL 444, L100–L104 (2014)
Downloaded from https://academic.oup.com/mnrasl/article-abstract/444/1/L100/962071
by California Institute of Technology user
on 05 August 2018

Dauser et al. (2014)



The distribution of Spin vs Mass can constrain SMBH formation 
models (Steady Growth/Galaxy Mergers)

What can we learn from the Spin of a Black Hole
Example: Galaxy Evolution

Steady Growth Galaxy Mergers

Bardeen (1970) Volonteri et al. (2005) King et al. (2008)
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⇒ Spin could distinguish Galaxy Evolution Models

Spin Distribution for SMBHs

X-ray coronae seating close to the BH 
enhance the reflection features, which 
resembles the Cosmic X-ray Background 
(CXB) spectrum 
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AGN. Accretion on to supermassive black holes is the second most
efficient energy-generation mechanism known in the Universe, af-
ter matter–antimatter annihilation. The efficiency of this process is
increased around a rapidly spinning black hole, as the smaller event
horizon and innermost stable circular orbit (ISCO) allow gravita-
tional energy to be extracted from deeper into the steep potential
well: for a black hole at the maximal spin allowed (i.e. amax=0.998
when taking torque at the inner edge of the disc into account, Thorne
1974), the event horizon and ISCO are 1.06 and 1.24 Rg, compared
to 2 and 6 Rg for a non-spinning black hole (where Rg = GM/c2 is
the gravitational radius for a black hole of mass M). Thorne (1974)
shows that half of the radiation from a non-spinning black hole
emerges from within 30 gravitational radii (Rg), but for a rapidly
spinning black hole, half of the radiation emerges from within 5Rg

(see also fig. 1 of Agol & Krolik 2000).
For high spin, we can therefore probe deeper into the accretion

flow, and it is important to understand whether the CXB places any
constraints on where the emission is coming from in a global, aver-
age sense. X-rays from the corona illuminate the disc and produce
a scattered (reflected) spectrum from the inner accretion disc. The
precise shape of the X-ray reflection spectrum is a powerful probe
of spin, and the position of the X-ray source, as revealed by the
strength of the reflected spectrum, can provide a powerful probe of
the geometry of the system, since rapidly spinning black holes have
a smaller ISCO. The X-ray source can therefore be located even
closer to the black hole in such sources, allowing more pronounced
General Relativistic effects to be seen. If one assumes the standard
geometry of a compact corona at height h above the accretion disc
poles (a ‘lamp-post’ geometry), the strength of the features in the
reflection spectrum and the degree of relativistic smearing provide
a measure of h, and therefore constrain the black hole spin (Mar-
tocchia & Matt 1996; Dauser et al. 2013; Walton et al. 2013). Such
reflection model-fitting generally yields steep emissivity profiles,
implying a low source height. These findings, together with X-ray
reverberation studies (De Marco et al. 2013; Kara et al. 2013a,b;
Emmanoulopoulos et al. 2014; see Uttley et al. 2014 for a review)
and estimates of source compactness (Fabian et al. 2015), suggest
that h is constrained to lie in the range of 2–10 rg. Indeed, it is plau-
sible that h ∼ 2–7rISCO, where rISCO is the radius of the ISCO. A
theoretical study on reverberation with a vertically extended corona
by Wilkins et al. (2016) suggests that part of the corona could be
located as low as 1.5 Rg, to explain features seen in recent timing
studies.

The spin distribution of supermassive black holes has important
wider relevance in understanding galaxy evolution. The final spin
distribution of SMBHs is set by the accretion and merger history of
galaxies (Dotti et al. 2013; Volonteri et al. 2013; Sesana et al. 2014),
and so can act as a probe of inner galaxy evolution. High spin indi-
cates more continuous accretion with a similar angular momentum
as compared to low spin which points to chaotic accretion (King &
Pringle 2006).

The most direct method of determining spin in AGN is via rel-
ativistic blurring of the iron Kα line at 6.4 keV, and while spin
has been thus determined for a few tens of objects, such spin
estimates are not yet available for large, flux-limited samples of
AGN due to the quality of data required. If the reflection is occur-
ring in the inner parts of the accretion flow, the shape of the hard
X-ray excess above 10 keV will be more peaked for X-ray sources
closer to the black hole, producing a shape similar to the CXB peak
(Fig. 1).

The luminous output from accretion is given by L = ηṀc2 for
radiative accretion efficiency η, mass accretion rate Ṁ and speed of

Figure 1. Illustration of how bringing the X-ray source closer to the black
hole can produce a spectrum of similar shape to the CXB peak due to light
bending (e.g. Gandhi et al. 2007), assuming an inclination of i = 60◦ and
redshift z = 1. An ionization parameter of ξ = L/nR2 of 50 has been adopted
(L is the source luminosity, n the density of the material and R the distance
of the material from the source of ionizing radiation). The CXB spectrum
(dashed line with grey shaded area showing uncertainty) is from Moretti
et al. (2009).

light c. The radiative accretion efficiency can range from η = 0.057
for a non-spinning black hole to 0.32 for maximal spin (a = 0.998),
so for a given distribution of mass accretion rates, rapidly spinning
black holes should be more frequently sampled by surveys and also
contribute more to the CXB due to their greater luminosities. In
particular, the steep increase of η with spin at the very highest spins
will act to over-represent the highest spins even more. It is clear that
for any realistic intrinsic spin-distribution (i.e. one which consists
of more than a single spin), this effect will be at work: if there
is even a small spread in intrinsic spins, the higher spins will be
over-represented due to their higher efficiency.

In this work, we aim to address the question of how this bias
towards high spin affects our understanding of the composition of
the CXB, flux-limited surveys and luminosity functions (LFs). We
make the assumption that there is indeed a spread of spin values in
the real AGN population (justified by the observed spin distribution
measured so far for AGN). The presence of this selection effect for
spin has been briefly explored before by Brenneman et al. (2011);
there the emphasis was on flux-limited surveys which are particu-
larly sensitive to spin. We quantify this selection effect further in
this paper, exploring the effects of spin in the CXB.

This paper is organized as follows. In Section 2 we discuss the
role of radiative efficiency in boosting the contribution from high
spin in the CXB. In Section 3 we consider how flux-limited sur-
veys would be affected by the effects of efficiency boosting for
high spin, including a consideration of X-ray band-specific effects.
In Section 4 we discuss other independent evidence for an over-
representation of high spin in AGN studies to-date. In Section 5 we
identify further effects for consideration in future works; in Sec-
tion 6 we summarize our work and identify some consequences of
the high-spin boost; and in Appendix A we collate a host of ob-
servational results consistent with the over-representation of high
spin.
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Measuring BH Spins with AXIS

• We want to be able to accurately measure spins in the local 
universe, by collecting more photons for a given source and thus 
reducing the model uncertainties 

• But we also want to increase the sample, and look for the low spin 
sources

100 ks Simulation of Reflection Spectra



BH Spins at High Redshift
• It appears that broad Fe K lines are very common in the local 

universe, but are they also common at earlier times, specially at 
the peak of the BH activity (z~0.5-4)? 

• In fact, there are not good measurements of BH spin beyond 
the local universe

The fraction of high AGN 
with broad Fe lines provides 
information about the 
accretion history of SMBHs

AXIS Band
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Figure 2. The two brightest sources in the selected sample, CID 190 (Left) and CID 104 (Right) (Id number from R13) at spectroscopic redshift of 0.734
and 0.543 and with number of counts in the 4–7 keV of 2723 cts and 2502 cts respectively. CID 190 and CID 104 are the only two sources of the sample
with number of counts in the 4–7 keV higher than 2000 cts. These two sources are selected by the BF method as better fitted by model 3 with maximal spin.
The models 1, 2 and 3 are shown in black (dotted), blue (dashed) and red (solid), respectively. Moreover, these sources are bright enough to constrain the
inclination angle of the accretion disk modeled by the blurred component, albeit with large uncertainties.

and the one with a=1, we find that the model representing a maxi-
mally spinning BH is selected by the BF method as 103.8 time more
probable to be better fitting the data (see Table 4).

For the two brightest sources in our the sample, CID 190
(zspec = 0.734; ID numbers from R13) and CID 104 (zspec = 0.543)
see Figure 2, the BF method also selects the blurred model with
Kerr metric as best fitting the data. Using the BF method we obtain
that for CID 190 model 3 is twelve times more probable than model
2, thus the difference in Bayes evidence is log10 ⇡ 1.1 which is 22%
of the evidence difference between 3 and 2 of the total sample. In-
stead, for CID 104 model 3 is five times as probable than model
2, hence its Bayes evidence difference (log10 ⇡ 0.7) contributes to
13% of the difference in the evidence of the total sample. Hence,
the contributions of CID 190 and CID 104 amount to the 35% of the
total Bayesian evidence difference between the narrow and blurred
models. Thus not taking the two brightest sources into account the
Bayesian evidence difference would be of ⇠ 103.3 instead of 105.
CID 190 and CID 104 have respectively 2723 and 2502 counts in
the 4–7 keV energy range and are the only sources in the sample
with more than 2000 counts in that range. While they have large
uncertainties, the inclination values we obtain for the blurred com-
ponent in CID 190 and CID 104 are consistent with the inclina-
tions obtained for other sources in the literature where the rela-
tivistic component of the Fe K↵ line was unambiguously observed.
We obtain that the disk inclination of CID 190 is ⇠ 35+5

�4 degrees,
while the one of CID 104 is ⇠ 37+20

�10 degrees (see Figure 5). While
the vast majority of the individual sources have insufficient SNR
to distinctly rule out one model over the others, we can still infer
the fractions of sources containing a broad component by count-
ing all the sources with highest Bayesian evidence for the broad
model. Ranking the value of Bayesian evidence of the three mod-
els for each individual source, we find that the fraction of sources
with highest evidence for the broad model, hence selected as con-
taining the relativistic component is 54% (107/199). The sources
selected as only containing a narrow reflection component are 19%

(39/199), while the sources better described by a simple absorbed
power-law comprise 27% (53/199) of the sample. These fractions
have to be interpreted carefully, since in most cases the evidence
difference between the three models is minimal (see Figure 6).
Nonetheless, the fraction of sources selected as presenting a rel-
ativistic broadened component obtained in this work is comparable
with the fraction observed in Nandra et al. (2007) for local AGN.

3.1 False positives and negatives

Because the difference in the evidence between the various models
is generally small, statistical effects can result in both false pos-
itive detection for the relativistic components, or false negatives.
To estimate the error on the selected fraction of sources showing
a broad component we performed a set of simulations using the
fake_pha tool of SHERPA. We simulated 200 sources for each of
the spectral shapes given by models 1, 2 and 3. The fake sources
are simulated using the ancillary files of source CID 179 follow-
ing the example of Buchner et al. (2014), for each spectral shape
we assign the power-law norm 5 ⇥ 10�6 to the first 100 simulated
sources and 10�5 to the remaining 100 sources. The strength of
the blurred and narrow components with respect to the power-law
norm is fixed to be log R = �0.3, which is the typical value found
by (Nandra et al. 2007). This a conservative value, since if the ac-
tual R is smaller the number of false positives in the simulations
will be overestimated. We fit the simulated sources using BXA to
determine how many false positives and negatives we obtain by ap-
plying this method. The redshift of the simulated spectra is fixed at
z=0.605, corresponding to the redshift of the original observation.

By applying the three models to the spectra simulated using
the pexmon model, we obtain that ⇠63% of the simulated sources
(126/200) are rightly selected as pexmonwhile ⇠37% (74/200) are
false positives, in that they are selected as containing a broad com-
ponent even though we know that the underlying spectrum does

MNRAS 000, 1–10 (2018)

Baronchelli et al. (2018)

• 4 Ms exposure of the Chandra Deep Field-
South (CDF-S) contains 199 sources with more 
than 20 counts in the 4—7 keV range with 
z~0.5–4 

• Baronchelli et al.: “…the ubiquity of the 
relativistic broadened Fe K line in AGN X-ray 
spectra outside the local Universe is still 
controversial” Relativistic reflection in AGN at z=0.5–4 9

Figure 6. Top: Relative probability of the broadened model (spin 1) vs.
the narrow reflection and the intrinsic emission. The sources are marked in
red (dotted) is the model with highest probability is the blurred model 3,
in blue hatched if the narrow model 2 has the highest probability while in
gray (solid) if model 1 has the highest probability. Bottom: Relative prob-
ability compared to the sources number of counts in the 4–7 keV. The
single sources have such a low SNR that in the majority of the cases the
blurred (circles) and the narrow (squares) models are equiprobable, even if
the blurred one is slightly preferred. There are a few exceptions, e.g. CID
190 and CID 104, the two brightest sources of the sample. The sources with
the power-law model having higher probability are marked as triangles.

Cash W., 1979, ApJ, 228, 939
Chaudhary P., Brusa M., Hasinger G., Merloni A., Comastri A., Nandra K.,

2012, A&A, 537, A6
Corral A., et al., 2008, A&A, 492, 71
Corral A., Della Ceca R., Caccianiga A., Severgnini P., Brunner H., Carrera

F. J., Page M. J., Schwope A. D., 2011, A&A, 530, A42
Fabian A. C. R. M. J. S. L. . W. N. E., 1989, MNRAS, 238, 729
Fabian A. C., Iwasawa K., Reynolds C. S., Young A. J., 2000, The As-

tronomilac Society of Pacific, 112, 1145
Fabian A. C., Miniutti G., Iwasawa K., Ross R. R., 2005, MNRAS, 361,

795
Falocco S., Carrera F. J., Corral A., Laird E., Nandra K., Barcons X., Page

M. J., Digby-North J., 2012, A&A, 538, A83
Falocco S., et al., 2013, A&A, 555, A79
Falocco S., Carrera F. J., Barcons X., Miniutti G., Corral A., 2014, A&A,

568, A15
Feroz F., Hobson M. P., 2008, MNRAS, 384, 449

Feroz F., Hobson M. P., Bridges M., 2009, MNRAS, 398, 1601
Feroz F., Hobson M. P., Cameron E., Pettitt A. N., 2013, preprint,

(arXiv:1306.2144)
Freeman P., Doe S., Siemiginowska A., 2001, in Starck J.-L., Murtagh

F. D., eds, Proc. SPIEVol. 4477, Astronomical Data Analysis. pp 76–87
(arXiv:astro-ph/0108426), doi:10.1117/12.447161

Gelman A., 2002, Prior distribution. Encyclopedia of Environmetrics Vol.
3, John Wiley & Sons

George I. M., Fabian A. C., 1991, MNRAS, 249, 352
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• Bayesian analysis shows preference for 
spinning SMBH in approximately 63% of the 
sources 

• Majority of the BH growth proceeds via 
s tandard radiat ively ef f ic ient d isk 
accretion 

• Chaotic accretion or BH-BH mergers 
would yield to lower spins



BH Spins at High Redshift with AXIS

• AXIS’s lower background and higher sensitivity would replicate 
CDF results in a fraction of the time (less than 100 ks) 

• 4 Ms exposure: 
• Chandra: ~2.4 x 103 cts (4—7 keV) 
• AXIS: ~2.7 x 105 cts! 

•  AXIS will provide data with enough signal to measure BH spins, 
inclinations, etc. for sources at high redshift



Some Open Questions for AXIS
• Only two parameters describe an astrophysical BH => (M, a) 
• The distribution (a,M) constraints SMBH formation models 
• What is the origin of the CXB? 
• Reflection Spectroscopy of lensed quasars  
• Evidence Blandford-Znajek spin-jet connection 
• Probes of GR in the strong gravity regime 
• Constraints on axions via BH superradiance 
• Important for GW sources

Limitations for this Science: No High-Energy Coverage


