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Motivation

Big Picture: To measure the spin of Black Holes

Two effective methods:

The continuum-method (Soft/Thermal state, see McClintock+13)
Fe-line method (Hard/PL state, see Reynolds+13)

X-ray reflection models are the cornerstone of the Fe-line
method

Not so Big Picture: X-ray reflection is present in nearly every spectra from
accreting sources

Galactic Black Holes (Miller+12)

Active Galactic Nuclei (Reynolds+13)

Neutron Stars (Cackett+12)

Ultra Compact X-ray Binaries (Gilfanov10)

Supersoft X-ray sources (Suleimanov+03)

X-ray Pulsars (Ballantyne+12)
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X-ray Reflection from Accretion Disks: XILLVER

The accretion disk is illuminated by a source of X-rays

Radiation is reprocessed in an optically-thick material

The ’reflected’ spectrum contains both emission and absorption features from ions
in the gas

This component is observed in nearly all accreting sources (e.g. AGNs, GBHs, NS).
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XILLVER in a Nutshell

In any photoionized plasma, one needs to solve (at least) 3 basic equations:
Level Populations, Energy, and Radiation Transfer

Incident photons excite and/or ionize atoms in the gas

The gas is heated by photo-absorption or scattering of photons by cold
electrons

Cooling is achieved by both continuum and line emission

Equilibrium is reached at a particular temperature where heating = cooling

Therefore, the gas temperature needs to be calculated self-consistently, and
the ionization balance is determined by the strength and shape of the
radiation field

Complex emergent spectrum:

Absorption: continuous (photoelectric); discrete (lines, resonances and edges)
Emission: continuous (thermal black-body, bremsstrahlung); discrete (fluores-
cence lines, radiative recombination continua)
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XILLVER in a Nutshell

Z

θ

θ=π/2, µ=0

µ= Cos θ

τ=0
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θ=3π/2, µ=0
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Solve Radiation Transfer equation in 1D, plane-parallel geometry

Solve ionization balance using XSTAR (Kallman+Bautista10)

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

Compton scattering is included via a convolution kernel
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XILLVER: log ξ = 2, Γ = 2, AFe = 1
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XILLVER: log ξ = 2, Γ = 2, AFe = 1
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Ionization Balance
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Ionization Balance
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Ionization Balance

 1e−12

 1e−10

 1e−08

 1e−06

 0.0001

 0.01

 1

 0.0001  0.001  0.01  0.1  1  10

Io
n

 F
ra

c
ti
o

n

Thomson Depth

Fe I
Fe II
Fe III
Fe IV
Fe V
Fe IX
Fe X
Fe XI
Fe XII
Fe XIII
Fe XIV

Fe XVIII
Fe XIX
Fe XX
Fe XXI
Fe XXII
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Variable Ionization Parameter ξ

Low- to high-ionization reflected spectra for Γ = 2 and solar abundances.
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Variable Photon Index Γ

Reflected Spectra
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Variable Iron Abundance AFe
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J. Garćıa (CfA) X-ray Reflection Models August 29th, 2014 11 / 53



The Fe K Emission Complex

Emission lines from all the Fe ions in the
6− 10 keV energy range.
Red circles: Transitions with
Ar > 1013 s−1.
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Lower-Z elements
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Figure.
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The Emission Angle: Reflection Spectrum
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Illuminated atmospheres always follow a limb-brightening law that changes with
the ionization of the gas
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Modeling Relativistic Reflection: RELXILL

RELXILL: Relativistic reflection model that combines detailed reflection spectra
from xillver (Garcı́a & Kallman 2010), with the relline relativistic blurring code
(Dauser et al. 2010).
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Diagnostic potential: black hole spin
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Diagnostic potential: inclination
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The Emission Angle: Relativistic Effects
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J. Garćıa (CfA) X-ray Reflection Models August 29th, 2014 19 / 53



The Emission Angle: Relativistic Reflection
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The Emission Angle: Bias to the Angle Averaged Model
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The new model relxill: Fit to Ark 120
10

−3
0.
01

0.
1

1
C

ou
nt

s s
−1

 k
eV

−1

1 102 5 20

−4
−2

0
2

4
χ

 Energy (keV)

Par Value

qin = qout 4.8+1.8
1.1

a 0.655+0.122
−0.126

i (deg) 45.3+4.8
−2.4

Rin (ISCO) 1
Rout (ISCO) 400

z 0.0327

Γ 2.17+0.02
−0.01

log ξ 0.84+0.24
−0.10

AFe 1.78+0.39
−0.40

angle on 1

N(10−4) 2.07−0.2

N(10−4) 0.14+0.07
−0.04

Suzaku spectrum of the Seyfert 1 galaxy Ark 120 (XIS,PIN). The solid line is the
best-fit using the new relxill model. (Garcı́a+Dauser+14)
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The new model relxill: Fit to Ark 120
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inclination and
spin a∗ for 69%
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confidence levels.

Parameters are better constrained with the new angle-resolved model (solid lines),
than with the angle-averaged version (dashed-lines). (Garcı́a+Dauser+14)
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RELXILL LP: Lampost Geometry

θ = 40◦
a=+0.99

h = 500 rg
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Probe the geometry and location of the Primary Source
→ low height implies enhanced irradiation of the inner parts

radially extended sources are also possible → Jets
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Reflection Fraction in Lampost Geometry

Accretion Disk

Rf =
FAD
F∞

Fraction of the photons
that reach the disk to those
that reach infinity

Rf =?
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Reflection Fraction in Lampost Geometry

Accretion Disk

Rf =
FAD
F∞

Fraction of the photons
that reach the disk to those
that reach infinity

Rf < 1
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Reflection Fraction in Lampost Geometry

Accretion Disk

Rf =
FAD
F∞

Fraction of the photons
that reach the disk to those
that reach infinity

Rf =?
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Reflection Fraction in Lampost Geometry

Accretion Disk

Rf =
FAD
F∞

Fraction of the photons
that reach the disk to those
that reach infinity

Rf > 1
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Reflection Fraction in Lampost Geometry

Infinity

Accretion Disc

Black Hole
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Stationary and isotropic radiating
source on the axis of symmetry of
the accretion flow, fractions are
shown as a function of height of
the primary source and for
a = 0.998 (solid), a = 0.9
(dashed), and a = 0.5 (dotted
lines).
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Reflection Fraction from RELXILL

Main parameters that control Rf : BH spin a, inner radius rin, and the height h of
the X-ray source.

a = 0.000
a = 0.500
a = 0.900
a = 0.990
a = 0.998
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Maximum Reflection Fraction

rin = rISCO
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Maximum Reflection Fraction

rin = rISCO
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Unphysical solutions can be excluded!
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Height for Maximum Rf (max) versus spin
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hRmax (a) = (1.89a2 − 10.86a + 10.07)
(

1 + 9.41×10−4

log(a)

)
, for a < 0.975

h(Rmax) = 1 +
√

1− a2, for a > 0.975
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Observational Implications

Rinit = 5

Rinit = 3
Rinit = 2

Rinit = 1

10.80.60.40.20

5

4

3

2

1

0

Spin a

∆
χ

2

100 ks simulation of an AGN with
XMM-Newton EPIC-pn. Model
used is tbabs*relxill, with the
emissivity index of 3, a = 0.97,
i = 30 deg, Γ = 2, AFe , and
ξ = 100 erg cm s1.

Dashed lines: Rf allowed to be
free.
Solid lines: Rf constrained to
Rf ≤ Rmax
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Suzaku observations of ‘bare’ AGN 2909

Figure 2. χ2 confidence contours for the spin measurements obtained for the compiled sample, based (where possible) on the results obtained when allowing
CXIS/PIN to vary (see Table 3). Horizontal dashed lines represent "χ2 equivalent to the 90 and 99 confidence intervals.
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Observational Implications

R = 0.7 R = 0.05 R = 0.8

R = 0.4 R = 1.5 R = 1.5

R = 1.6 R = 0.03 R = 1.0

(Walton+13)
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Suzaku observations of ‘bare’ AGN 2909

Figure 2. χ2 confidence contours for the spin measurements obtained for the compiled sample, based (where possible) on the results obtained when allowing
CXIS/PIN to vary (see Table 3). Horizontal dashed lines represent "χ2 equivalent to the 90 and 99 confidence intervals.
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Observational Implications
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R = 0.3 R = 1.4 R = 1.2
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2910 D. J. Walton et al.

Figure 2 – continued

the latter two are modelled with narrow (σ = 10 eV) Gaussian line
profiles. The equivalent widths obtained are EWXXV = 13+7

−5 eV and
EWXXVI = 35+8

−7 eV for the ionized emission lines and their inclu-
sion results in respective improvements of "χ2 = 14 and 52 for
one extra degree of freedom in each case. Although the inclusion
of the Fe XXVI feature does have a significant effect on some of the
main reflection parameters, the best-fitting model excluding this line
resulted in an estimate for the inclination of 87◦, which is unphysi-
cally high for an unobscured AGN. Conversely, the inclusion of the
Fe XXV line does not significantly modify the key parameters further.
The spin obtained here is larger, although still consistent with those
obtained by Schmoll et al. (2009) with the same data set, by Patrick
et al. (2011a) with a later Suzaku observation not included here
(performed after 2010 October) and by Emmanoulopoulos et al.
(2011a) with a long XMM–Newton observation, but is lower than
that presented in Patrick et al. (2011b) again with the same data set.

1H 0419−577. In addition to the PLC+RDC components, we
also detect a weak narrow emission feature consistent with neutral
iron, and therefore include a second, distant reflector. The spin
constraint obtained here is consistent with that inferred both in
our previous work on the first Suzaku data set (Walton, Reis &
Fabian 2010) and in the XMM–Newton analysis of Fabian et al.
(2005).

Ark 564. The basic PLC+RDC interpretation provides a good fit
to the data. No narrow iron emission or absorption lines are detected.
The spin obtained here is consistent with that inferred from the inner
radius obtained by Dewangan et al. (2007), who modelled the long
2005 XMM–Newton observation with blurred reflection.

Ark 120. In addition to the basic PLC+RDC continuum, we also
detect a narrow emission feature consistent with neutral iron, and
hence include a second, distant reflector. The spin obtained here is
broadly similar to, although slightly better constrained than, that

obtained by Nardini et al. (2011) with the emissivity index fixed at
q = 5, but is lower than that obtained by Patrick et al. (2011b) with
the same data set.

3C 390.3. Similar to 3C 382, 3C 390.3 is a BLRG, and hence
we fix the inclination at i = 35◦ when applying the PLC+RDC
continuum, consistent with the radio constraint on the inclination
presented by Giovannini et al. (2001). In addition to this underlying
continuum, we find evidence for a strong narrow emission feature
consistent with neutral iron, and hence include a distant reflector.
However, owing to the weak features associated with reflection, we
are unable to reliably constrain all the parameters of interest, and
even when fixing the emissivity index at q = 3 we find the spin to be
unconstrained. Note that similar to Sambruna et al. (2009) we also
include an unresolved Gaussian component at ∼1.4 keV to account
for a feature in the background spectrum.

PKS 0558−504. Here the basic PLC+RDC interpretation pro-
vides a good fit to the data; no statistically compelling narrow iron
emission lines are detected. However, when free we find that the
inclination obtained is very high (i ! 75◦), unphysically high for
an unobscured active galaxy. This is most likely due to the complex
parameter degeneracies that can arise when using multiparameter
reflection models (see e.g. Nardini et al. 2011). Therefore, we in-
stead present the results obtained with the inclination fixed at 45◦,
similar to the rough estimation of Gliozzi et al. (2010) based on the
radio morphology of the source.

NGC 7469. In addition to the PLC+RDC continuum, there is a
strong narrow emission line consistent with neutral iron, so we again
include a distant cold reflector. We also include a weak, moderately
ionized absorber at the redshift of the galaxy, based on the most
prominent absorption component detected by Blustin et al. (2007)
when modelling the high-resolution XMM–Newton RGS spectrum.
As the absorber has an extremely weak effect on the spectrum in
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Observational Implications

R = 0.3 R = 0.1 R = 1.3

R = 3.3 R = 16 R = 275

R = 1.3

(Walton+13)
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Observational Implications: Mrk 335
4 M. L. Parker et al.
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Figure 3. Ratio of the 100 ks NuSTAR observation of Mrk 335 to a power
law, fit from 3–4, 7–10 and 40–50 keV. A narrow iron line is visible at just
above 6 keV, as well as a broader feature extending from around 4–7 keV.
Above 10 keV, a large excess is visible. Possible small absorption features
are visible at ∼7 and 8 keV. The FPMA and FPMB spectra are grouped
in this plot for clarity, but are kept separate for spectral fitting. Data are
re-binned in XSPEC for visual clarity.

3 SPECTRALMODELLING

Fig. 3 shows the ratio of the 100 ks observation by NuSTAR to a
power law, fit from 3–4, 8–10, and 40–50 keV to exclude bands
where strong reflection or absorption features may be present. The
photon index of the power law is 1.72±0.03. This model is clearly
a poor fit, and separate narrow (at ∼ 6keV) and broad (4–7 keV)
features can be seen, along with a high energy excess peaking at
∼ 20 keV. We note that the residuals in Fig. 3 do not represent
the true shape of the component causing the excess: for that the
underlying continuum needs to be determined, which is likely to
be steeper than that found from this fit. In this and all following
fits to the NuSTAR data alone, we neglect Galactic absorption as
its effect is negligible in the NuSTAR band for this source. To thor-
oughly investigate the spectrum of this source, we first consider the
time-averaged spectrum, then simultaneously fit the spectra from
the four different flux-states.

In all our fits to the spectra of Mrk 335, we include a single
highly ionised warm absorption zone. This absorption is to allow
for the potential narrow iron absorption features in the 7–8 keV
band, which are also seen in NGC 1365 (Risaliti et al. 2013). In
all cases, this absorption zone is too highly ionized to have any
significant effect on the continuum or broad iron line fits. While
Longinotti et al. (2013) found evidence for three warm absorption
zones, the effect of the two lower ionisation zones is negligible over
the NuSTAR band. 1

3.1 Time-Averaged Spectrum

We initially investigate a simple fit using a power law plus dis-
tant reflection alone, as would be expected if the intrinsic source

1 We note that the predictions for the iron absorption features at ∼7–
8 keV differs between the XSTAR grids used here and the XABS SPEX
model used in Longinotti et al. (2013). At the ionisation states reported by
Longinotti et al., XABS does not predict any features over this band, while
XSTAR does. It is therefore unclear whether this represents the same absorp-
tion zone or another, higher ionisation zone.
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Figure 4. Data/model ratios for the models (1,2 and 4 from Table 3) fit
to the time-averaged spectrum. We also show (3rd row) the residuals from
fitting model 4 without a warm absorber. Data are rebinned and grouped
in XSPEC for clarity, but both detectors are fit independently and with the
binning described in the text. All models are fit from 3–50 keV, where the
spectrum is source-dominated.

flux had dropped sharply so that distant material contributes signif-
icantly to the observed spectrum. We model the distant reflection
using the XILLVER model (Garcı́a et al. 2013), fixing the incident
photon index to the same value as the power law but leaving all
other parameters free. The resulting fit is poor (χ2

ν = 584/408 =
1.43) (residuals for this and other fits to the average spectrum are
shown in Fig. 4). While this removes the narrow line feature shown
in Fig. 3 and flattens out the high energy feature, significant resid-
uals remain from 4–6 keV and above 20 keV. The parameters for
this model and all others fit to the average spectrum are given in
Table 3.

To examine the blurred reflection spectrum of Mrk 335,
we use three different relativistic reflection models: the conven-
tional REFLIONX convolved with RELCONV (Ross & Fabian 2005;
Dauser et al. 2010), and the new RELXILL and RELXILLLP mod-
els (Dauser et al. 2013; Garcı́a et al. 2014). The RELXILL models
self consistently calculate the angle dependent reflection spectrum
from the disk, and in the case of RELXILLLP the reflection fraction
and line profile is calculated as a function of source height, assum-
ing a simple lamppost geometry. By comparing the three models,
we aim to establish the robustness of our parameter estimates, as
well the plausibility of simple light bending models. We include an
additional constraint to the two non-lamppost models, limiting the
reflection fraction for each spin value to be less than the maximum
possible reflection fraction for a lamppost geometry at that spin.
This constraint rules out unphysical models, and can give much
more precise measurements of spin in reflection-dominated spec-
tra (for more detailed discussion of this method, see Dauser et al.,
submitted).

All three of the blurred reflection models give excellent fits
(see Table 3), and all three require high spin (Fig. 5, left panel). The
high reflection fractions are consistent between the models, as are

c© 0000 RAS, MNRAS 000, 000–000

3 − 50 keV 100 ks NuSTAR
observation of the AGN Mrk 335
in a very low flux state.

(Parker+14)
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Observational Implications: Mrk 335

6 M. L. Parker et al.
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Figure 5. Left: ∆χ2 contours for the three relativistic reflection models fit to the time-averaged spectrum. The inset shows the a = 0.9–1.0 region, and the
dashed line in the main figure shows the 3σ confidence limit for a single parameter of interest. The agreement between the models is very good, although the
lamppost model hits the maximum spin limit without any upturn in χ2. Right: as left, but for the RELXILL in three different cases: without any constraint on
the reflection fraction, with the constraint added, and the full lamp-post solution. The constrained and lamp-post lines are the same as in the left panel.

Model NH log(ξabs) Γ AFe θ a R/h log(ξref) qin χ2
ν/d.o.f.

1022 cm−2 log(erg cm s−1) solar degrees - /RG log(erg cm s−1)

1 10.5 4.33 1.61 5.0 - - - - - 2.28/409
2 33.5+1.3

−2.1 3.9 ± 0.1 2.32+0.03
0.05 < 1.06 < 89 - - - - 1.25/408

3 10.0+1.6
−4.8 > 3.8 2.32+0.03

−0.06 1.99+0.33
−0.07 64 ± 1 0.98 ± 0.01 > 5.08 1.6 ± 0.1 > 8.2 1.00/404

4 14.0+2.5
−7.8 > 3.7 1.95+0.03

−0.04 1.8 ± 0.5 30+3
−6 0.99+0.01

−0.02 9.2+0.6
−3.6 2.78 ± 0.03 3.5 ± 0.5 1.00/404

5 < 17 > 3.4 2.0+0.1
−0.2 3.0 ± 0.5 31+8

−6 > 0.97 3.1 ± 0.4 2.4+0.4
−0.2 - 1.02/404

Table 3.Model parameters for fits to the time-averaged NuSTAR spectrum. All models include absorption by a single, highly ionised absorption zone, modelled
with XSTAR. Model 1 is a simple power law, with no reflection (errors are not shown for this model, as the reduced χ2 was too high for XSPEC to calculate
parameter errors); 2 is the distant reflection (POWERLAW+XILLVER) model and models 3, 4 and 5 are the RELCONV*REFLIONX, RELXILL and RELXILLLP
models, respectively. Note that for model 5 we give the source height h, rather than the reflection fraction R, as this model sets R based on h.
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Figure 6. NuSTAR and XRT residuals from the average spectra fit with a power law, modified by Galactic absorption, over the 3–4, 8–10 and 40–50 keV
bands. The NuSTAR data are rebinned slightly in XSPEC and we ignore the XRT data above 3.5 keV for clarity (the XRT data are fit from 0.3–7 keV). As in
Fig. 3 the broad iron line and Compton hump are visible, but the XRT data reveals the presence of warm absorption and a soft excess as well.

c© 0000 RAS, MNRAS 000, 000–000

(Parker+14)
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Observational Implications: Spin Distribution

C.S. Reynolds

Fig. 6 Plot of the SMBH mass
M and spin a from the sample
listed in Table 1. Reflecting the
conventions in the primary
literature, all masses are marked
with 1σ error bars whereas spins
are marked with 90 % error
ranges. When no error estimate is
available for the mass, we have
assumed an error of ±0.5M

to fully characterize this systematic error, but preliminary considerations by Reynolds and
Fabian (2008) suggested that finite-thickness effects could relax the limits on the “true” spin
value in these extreme cases to a > 0.9.

Still, it seems clear that a significant number of SMBHs in these AGN are rapidly spin-
ning (a > 0.8), at least in the mass range 106 − few × 107 M#. This suggests that the last
mass doubling of these SMBHs occurred via coherent accretion and not chaotic accretion
(King and Pringle 2006) or SMBH-SMBH major merger (Volonteri et al. 2005). Interest-
ingly, as shown in Fig. 6 there are hints that the most massive black holes in this sample
(>108 M#) as well as the least massive black holes (M < 2 × 106 M#) may have more
modest spins. If these trends hold up in more rigorous analyses, they would provide di-
rect evidence for the increased role of chaotic accretion and/or major mergers at these two
extreme ends of the SMBH mass spectrum.

The second noteworthy point is that all of the AGN in Table 1 are radio-quiet, and many
of them are hosted by late-type (i.e., spiral disk) galaxies. This appears to conclusively
reject the notion that black hole spin drives the radio-quiet/radio-loud dichotomy and its
association with host galaxy type (Sikora et al. 2007).

4 Stellar Mass Black Holes

4.1 Early History

The first black hole broad iron line was discovered by Barr et al. (1985) in the EXOSAT spec-
trum of the BH-XRB Cygnus X-1. These authors interpreted the line broadening as the ef-
fects of Compton scattering of iron emission line photons in the hot disk atmosphere. It was
several years before this result was re-interpreted as broadening due to Doppler/gravitational
shifts in the innermost regions of the black hole accretion disk (Fabian et al. 1989).

Due to bright-source limitations by CCD spectrometers, relativistic reflection studies in
BH-XRB lagged those of AGN during the ASCA era. However, this situation changed with
the launch of Chandra, XMM-Newton at the turn of the millennium. The first robust sign of
spin in the reflection spectrum of a BH-XRB was found in the XMM-Newton/EPIC-pn data
of XTE J1650–500 (Miller et al. 2002), and quantitative constraints on spin using an early
version of the methodology described in Sect. 2 were derived for the BH-XRB GX339–4
(Miller et al. 2004).
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High-spin preference can be due to an
observational bias
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Summary: New Set of Reflection Models

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

relxill: Broken PL emissivity

qin, qout ,Rbr

a∗,Rin,Rout , i

Γ, ξ,AFe

z,N, angleon

relxill lp: Lampost

h

a∗,Rin,Rout , i

Γ, ξ,AFe

z,N, angleon

Pure Reflection

xillver: Library of 57600 spectra

Photon index 1.2 ≤ Γ ≤ 3.4

Ionization parameter 1 ≤ ξ ≤ 104

Fe abundance 0.5 ≤ AFe ≤ 10

Inclination 5◦ ≤ i ≤ 85◦

High-Energy Cutoff (keV) 20 ≤ Ec ≤ 300
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Current and Future Developments

Reflected spectra to model GBHs (including thermal disk
component).

Relativistic reflection considering an ionization gradient in
the radial direction.

Hydrostatic atmospheres (e.g. Rozanska+08, Nayakshin+00,

Ballantyne+01).

Connection with GR-MHD simulations
(e.g. Schnittman+Krolik13).
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Final Remarks

Theory says spin should profoundly affect the behavior of accreting
black holes, with potential implications on relevant problems such
as relativistic jets power, galaxy evolution and high-energy physics
acceleration.

Broad Fe lines are a great tool in the black hole spin determination,
with reflection modeling playing a mayor role. Current results sug-
gest that reflection from accretion disks could be more complicated
than what we thought.

Black holes spins are currently being measured by either the Contin-
uum Fitting or the Fe-line Fitting Methods. However, both methods
need to be improved and brought into agreement.
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Backup Slides
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Ionization Gradients

ξ(r) ∝ r−0.5
log(ξISCO) = 3.1
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J. Garćıa (CfA) X-ray Reflection Models August 29th, 2014 41 / 53



Ionization Gradients
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Final Remarks

Theory says spin should profoundly affect the behavior of accreting
black holes, with potential implications on relevant problems such
as relativistic jets power, galaxy evolution and high-energy physics
acceleration.

Broad Fe lines are a great tool in the black hole spin determination,
with reflection modeling playing a mayor role. Current results sug-
gest that reflection from accretion disks could be more complicated
than what we thought.

Black holes spins are currently being measured by either the Contin-
uum Fitting or the Fe-line Fitting Methods. However, both methods
need to be improved and brought into agreement.
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Comparison with other models
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Reflected spectra from XILLVER and REFLIONX
models (Ross+Fabian05)

Good agreement in the Fe K line and edge
positions.

Fe Kα is stronger in XILLVER (affects AFe)

Lack of Fe Kβ and many lower-Z lines in RE-
FLIONX due to the atomic data (may affect
ξ)

Best overall agreement for large Γ and low ξ

Excess of flux in the soft-band always present
in REFLIONX spectra

(Garcı́a+13)
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Equivalent Widths
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Ionization Parameter ξ

Γ=2.6, AFe=1.0

Equivalent widths for the Fe K emission

EW =

∫ 7.2 keV

5.5 keV

F (E )− Fc(E )

Fc(E )
dE

For low-ξ XILLVER EWs are large due to
the Fe Kβ emission

Good agreement in models with high-ξ

Larger discrepancies for 102 . ξ . 103: in
REFLIONX the Fe K emission is assumed to
be suppressed by Resonant Auger
Destruction

XILLVER does not include resonant
absorption. Line intensity might be
overestimated

(Garcı́a+13)
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Comparison with other models

xillver reflected spectra compared with pexrav (Magdziarz & Zdziarski95)

for a neutral slab (left panel), and with pexriv for an ionized slab (right panel)
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Fits to Observations

Comparison of best-fits to XMM-
Newton EPIC-pn spectrum of
the Circinus galaxy: XILLVER
vs. REFLIONX. The lower panels
show the data to model ratio for
each case. Our model reproduces
the Fe Kβ at∼ 7.2 keV and many
other features at low-energies.
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Variable Photon Index Γ

For large values of ξ (high illumination), the dominant process is the Compton
heating and cooling

neΓe =
σT
mec2

[∫
εFεdε− 4kT

∫
Fεdε

]
In thermodynamic equilibrium, the two terms balance at

TC =
ε

4k
,

where < ε >=
∫
Fεεdε
Fεdε

is the
mean-energy.
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Comparison with other models

xillver spectra for ξ = 103, and reflionx for ξ = 500. The flux in the
continuum at 1 keV differs by ∼ 1 order of magnitude.
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Bremsstrahlung? Comparison
with an apec model for an
optically-thin gas at T = 106 K,
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The Compton hump

Comparison of the reflected spectra as calculated with xillver, reflionx, and
the Monte Carlo simulation, for an illumination with Γ = 2, ξ = 1, and solar
abundances.
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Summary: Broad Emission Line Shapes
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K-shell Photoabsorption

Liedahl+Torres05

The X-ray band (∼ 0.1 − 10 keV) cov-
ers the emission and absorption produced
by the inner-shell transitions of the astro-
physically abundant ions (C → Ni).

Line positions provide information
about the gas composition (identifica-
tion), as well as about its dynamics (red-
shifts, gas outflows)

Line intensities provide information
about the column of the absorbing ma-
terial (including ions), constrains on
the ionization degree of the gas (ξ =
L/nR2), temperature and density

Line shapes provide information about
the thermal and turbulent motions of
the gas, and can also probe relativistic
effects near strong gravitational fields

J. Garćıa (CfA) X-ray Reflection Models August 29th, 2014 52 / 53


