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ABSTRACT

The analysis of relativistically broadened X-ray spectral features from the inner accretion disk provides a powerful
tool for measuring the spin of supermassive black holes in active galactic nuclei (AGNs). However, AGN spectra
are often complex and careful analysis employing appropriate and self-consistent models is required if one has
to obtain robust results. In this paper, we revisit the deep 2009 July Suzaku observation of the Seyfert galaxy
NGC 3783 in order to study in a rigorous manner the robustness of the inferred black hole spin parameter. Using
Monte Carlo Markov chain techniques, we identify a (partial) modeling degeneracy between the iron abundance of
the disk and the black hole spin parameter. We show that the data for NGC 3783 strongly require both supersolar
iron abundance (Zg. = 2-4 Z) and a rapidly spinning black hole (a > 0.89). We discuss various astrophysical
considerations that can affect the measured abundance. We note that, while the abundance enhancement inferred in
NGC 3783 is modest, the X-ray analysis of some other objects has found extreme iron abundances. We introduce
the hypothesis that the radiative levitation of iron ions in the innermost regions of radiation-dominated AGN disks
can enhance the photospheric abundance of iron. We show that radiative levitation is a plausible mechanism in the
very inner regions of high accretion rate AGN disks.
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1. INTRODUCTION

The X-ray spectra of active galactic nuclei (AGNs) often
display relativistically broadened spectral features from the
innermost regions of the black hole accretion disk. Analysis
of these features, most notably the broad iron line, is one of the
most powerful tools that we currently possess for studying the
region close to the supermassive black hole (SMBH) where
the gravitational field is relativistic (Fabian et al. 1995; Reynolds
& Nowak 2003; Miller 2007). As such, essentially all robust
measurements of SMBH spin are currently derived from an
analysis of these spectral features (Dabrowski et al. 1997;
Brenneman & Reynolds 2006; Reynolds et al. 2012).

However, the X-ray spectra of AGNs are often complex and
careful modeling is required if one has to obtain robust results.
The broad iron line results from fluorescence in the surface
layers of the optically thick accretion disk when it is irradiated
by an external source of hard X-rays (the corona or the base of a
jet). When using high signal-to-noise spectra to study black hole
spin, it is insufficient to study the broad iron line in isolation;
one must self-consistently model the full spectrum of X-rays
that are reflected/reprocessed by the accretion disk (George &
Fabian 1991). Photoionization of the accretion disk surface must
be modeled (Ballantyne et al. 2002, 2011; Ross & Fabian 2005),
and the possibility of non-solar abundances must be considered
(Reynolds et al. 1995). While acknowledging our uncertainties
about the nature of the primary X-ray source in AGNs, the
physicality of the irradiation profile €(r) across the disk must
be respected. For example, extremely centrally concentrated
irradiation profiles (¢ o« r=%, g > 5) are difficult to understand

unless the black hole is rapidly rotating. Spectral variability
presents yet another complicating factor, often putting us in
the position of having to model a time-averaged spectrum that
has been collected over a time frame where we know that
spectral variability has occurred. Finally, of course, attention
must be paid to modeling the photoelectric absorption features
that sometimes dominate the soft X-ray spectra of AGNs and
may itself be time variable.

In this paper, we revisit the case of the bright Seyfert 1.5
galaxy NGC 3783 (z = 0.00973; Theureau et al. 1998). Using
a deep (210 ks) Suzaku observation, Brenneman et al. (2011,
hereafter B11) identified strongly broadened spectral features
and concluded that the black hole is rapidly spinning in the
prograde sense (with respect to the accretion disk), with a
dimensionless spin parameter a > 0.88 at the 99% confidence
level. Reis et al. (2012) examined spectral variability during
this same observation. They found that, while the strong warm
absorber showed no signs of variability, there were significant
intra-observation changes in the 15-40 keV/2-10 keV color,
which they modeled as ionization changes within the disk.
However, they showed that the overall conclusions of B11 were
unaffected by this variability and, again, a rapidly rotating black
hole was required. However, using the same data set, Patrick
etal. (2011, hereafter P11) obtained a different result, preferring
a slowly or retrograde spinning black hole a < —0.04. Clearly,
this discrepancy must be addressed and the robustness of the
spin in this (and other AGNs) assessed.

We identify the treatment of the iron abundance as the
key that underlies the discrepancies in the published analyses
of NGC 3783; P11 assume that the accretion disk possesses
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cosmic iron abundance, whereas B11 allow for non-solar abun-
dances. Revisiting these data with a Monte Carlo Markov
chain (MCMC) analysis, we find that black hole spin and
iron abundance are statistically correlated variables. We show
that the data strongly support a supersolar iron abundance
(Zge = 2.3-4.1Zg, 90% confidence) and a rapidly spinning
black hole (¢ > 0.89, 90% confidence) in this object. While
the iron abundance found in NGC 3783 is completely in line
with the general metallicity enhancements of AGNs inferred
from optical/UV spectroscopy, we note that the X-ray reflec-
tion technique has found extreme iron abundances in several
narrow-line Seyfert 1 galaxies. We suggest that radiative levita-
tion can enrich the photosphere of the inner accretion disk with
iron, leading to apparent extreme iron abundances.

This paper is organized as follows. Section 2 gives a brief
description of the Suzaku data and its reduction. Section 3
describes the spectral modeling of these data, and the results
from this modeling are presented in Section 4. The implications
of our study are discussed in Section 5, where we also make a
preliminary assessment of the ability of radiative levitation to
enhance the photospheric abundances of the innermost accretion
disk. Throughout this paper, luminosities and distances are
calculated using a ACDM cosmological model with Hy =
71kms~! Mpc_', Q= 0.73, and Qj, = 0.27 (Komatsu et al.
2011). For a redshift of z = 0.00973, this results in a luminosity
distance to NGC 3783 of 41.4 Mpc. Unless otherwise stated, all
errors in this paper are quoted at the 90% confidence level for
one interesting parameter.

2. OBSERVATION AND DATA REDUCTION

Suzaku observed NGC 3783 quasi-continuously for the pe-
riod 2009 July 10-15. The source was placed at the nominal
aim point for the hard X-ray detector (HXD). After filtering
the data for Earth occultations, South Atlantic Anomaly pas-
sages, and other high background events, we obtained a total
on-source exposure of 210 ks spread over 360 ks of wall-clock
time. The data reduction exactly follows that described in B11
except for the use of updated calibration and background files
(as of late fall 2011). We use data from all three operating X-ray
Imaging Spectrometers (XISO/XIS1/XIS3), combining the
spectra from the two front-illuminated (FI) detectors (XISO and
XIS3) into a single spectrum. When fitting spectra, the flux
cross-normalization between the XIS-FI spectrum and the back-
illuminated (XIS1) spectrum is left as a free parameter and is
found to be approximately 1.03 (the same as with the older cal-
ibrations used by B11). Hard X-ray coverage is provided by the
HXD/PIN instrument, reduced as per the Suzaku ABC guide
using the relevant “tuned” non-X-ray background event file.
During spectral fitting, the PIN/XIS-FI flux cross-normalization
was fixed at 1.18 (Suzaku Memo 2008-067). In B11, we inves-
tigate the effects of allowing this cross-normalization to be a
free parameter, finding that it adopts a value of 1.15+0.07 with
rather little impact on other aspects of the fit.

The spectral analyses presented in this paper are performed
jointly on the simultaneous XIS-FI, XIS1, and HXD/PIN
spectra. We use XIS data in the 0.7-10 keV band, excluding
the 1.5-2.5 keV region due to the presence of well-known
calibration artifacts associated with the X-ray mirror and Si
edge in the detector. XIS data were rebinned to a minimum of
20 photons per energy bin to facilitate the use of x? statistics,

7 http://www.astro.isas.jaxa.jp/suzaku/doc/suzakumemo/
suzakumemo-2008-06.pdf

REYNOLDS ET AL.

and PIN data were regrouped to a minimum signal-to-noise
ratio of 5.

3. SPECTRAL MODELING

The spectrum of NGC 3783 is complex and its description
requires a multi-component model. We begin by discussing the
basic components and parameters of the base model. At the end
of this section, we delineate the specific variants of the model
that we shall employ.

The primary X-ray continuum is described by a power law
with photon index I'. X-ray reflection from distant neutral
material (the outer accretion disk or the dust molecular torus)
is described using the pexmon model (Nandra et al. 2007; B11)
that includes the iron Ko /KB fluorescent emission lines and
the associated Compton reflection continuum. The strength of
this neutral reflection is characterized by the reflection fraction,
R, normalized such that R = 1 corresponds to a reflector
that subtends a solid angle of 27 as seen from the source.
To model an additional narrow feature in the iron K band,
we need to add a narrow Fe XXvI emission line at 6.97 keV,
which presumably arises from highly photoionized optically
thin matter close to the AGN. X-ray reflection from the ionized
inner accretion disk is described with the reflionx model
(Ross & Fabian 2005) convolved with the relconv kernel in
order to include relativistic Doppler and gravitational redshifts
(Dauser et al. 2010). The rest-frame reflection spectrum of the
disk is characterized by its ionization parameter & and the iron
abundance relative to cosmic Ze gisx. The relativistic smearing
of the disk spectrum depends on the spin of the black hole a,
the inclination of the inner disk i, the radius of the inner edge
of the accretion disk (set to the innermost stable circular orbit
(ISCO) for that spin), and the irradiation/emissivity profile of
the disk (set to be a broken power law, breaking from r~4
to r~% at radius r = ry). Provided that ¢, > 2, the line
profile is insensitive to a (sufficiently large) outer radius; we
fix roue = 400r,, where r, = GM/ c? is the gravitational radius.

The multi-component spectrum of NGC 3783 is strongly
affected by photoionized absorption, which, based on
Chandra/HETG data (Kaspi et al. 2002; Netzer et al. 2003;
Brenneman et al. 2011), we model using a three-zone warm ab-
sorber (with column densities NV; and &;,i = 1, 2, 3). We allow a
fraction f of the continuum emission to scatter/leak around the
photoionized absorbers. We use the XSTAR code (Kallman &
Bautista 2001) to compute a grid of absorption spectra on the
two-dimensional (£, N)-plane, sampling the parameter space
at 20 logarithmically spaced points in column density (from
N = 10°cm™2 to N = 10*cm™2) and 20 logarithmically
space points in ionization parameter (from £ = lergcms™' to
£ = 10*ergcms™!). For the purpose of defining the ionization
balance in the absorbing zone, the photoionizing spectrum is
fixed at I’ = 2, a good approximation to the actual primary
X-ray spectrum of NGC 3783. The velocity dispersion of the
absorbing gas is set to 200 kms~! . Motivated by P11, we exper-
imented with using a higher velocity dispersion (1000 kms™!)
for the most highly ionized absorber but found that the results
were unchanged.

We note that, when employing tabulated models to describe
a strong warm absorber, it is crucial to sample the parameter
space with sufficient resolution. Of special importance is the
&-resolution of the tabulated grid. The abundance of a given
ion (say, O vi or Sixiv) displays a broad peak as a function
of £. This peak must be resolved by the tabulated grid if
one wishes to obtain accurate spectra when interpolating to
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Figure 1. Illustration of the importance of &£-resolution in constructing warm
absorber tables. The solid lines show the abundance of four important ions
(O v, O v, Si xu, and Si x1v) relative to the total abundance of that element
as a function of the ionization parameter £; these curves are computed using
XSTAR assuming a plasma density of 10'°cm™3 and a power-law ionizing
spectrum with photon index I' = 2 extending from 1 Ry to 1000 Ry. The
squares connected by dotted lines illustrate the accuracy with which linear
interpolation can reproduce these curves with a five-sample-per-decade criterion
(Alogé = 0.2). The dashed lines illustrate a linear interpolation using just
2.5 samples per decade. The lower resolution sampling leads to substantial
errors in the reconstructed ion abundance (and hence opacities).

(A color version of this figure is available in the online journal.)

intermediate values of &. This is illustrated in Figure 1, which
shows the ion abundance (relative to the total abundance of
that element) for O vir, O vi, Sixiir, and SiX1v as a function
of ionization parameter £, calculated using XSTAR assuming
a plasma density of 10'°cm™> and a power-law ionizing
spectrum with photon index I' = 2 extending from 1 Ry to
1000 Ry. Sampling & with a resolution Alogé = 0.2 and
linearly extrapolating between sample points (as does XSPEC)
produces estimates of the ion abundances accurate to better
than 5%, translating directly into interpolated warm absorber
grids that will possess opacities accurate to better than 5%.
These considerations drive the construction of our absorber
grids; we have five models per decade of £ across four decades
of &. It does raise serious concerns about results obtained
using the XSPEC model zxipcf; the grid underlying this model
only samples 12 points across nine decades of & and hence is
clearly undersampled. This resolution issue may also be another
difference between B11 and P11; the XSTAR tables used for the
P11 analysis sample either five decades of £ with 11 values (for
the low- and moderate-ionization absorbers) or six decades of
& with 20 values (for the high-ionization state absorber). Thus,
the sampling falls somewhat below our five-sample-per-decade
criterion and interpolation to intermediate-ionization states may
become inaccurate.

Finally, we find the need to include a soft excess com-
ponent—following previous works, we employ a purely phe-
nomenological approach. Previous treatments of the soft excess
in NGC 3783 have used a blackbody component (character-
ized by temperature Tip,) or Comptonization by “warm” plasma
(described using the comptt model in XSPECv12.7.0 and char-
acterized by a temperature Teompe and an optical depth 7). To
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be conservative, we initially included both a blackbody and a
warm thermal Comptonization component in our spectral fit. In
all cases presented in this paper, the Comptonization compo-
nent would drop out of the fit (with its normalization becoming
zero). Experimenting with including either the blackbody or
the Comptonization component suggests that the blackbody fit
was slightly preferred (Ax> ~ 3); in both cases, the compo-
nents have essentially the same shape and contribute only to the
lowest energies in the Suzaku energy band. Henceforth, all of
the spectral modeling in this paper uses a blackbody model for
the soft excess. Using spot-checks, we have confirmed that the
key results (e.g., the conclusions regarding black hole spin) are
unchanged by switching to a Comptonization realization for the
soft excess.

Here, we shall employ three realizations of this spectral model
that differ in their treatment of iron abundance. In Model A,
we assume that the circumnuclear region (inner accretion disk,
outer accretion disk, and the obscuring torus) is chemically
homogeneous. We make no assumption, however, about the
value of this common iron abundance; we allow it to be a free
parameter (Zge gisk = Zrewor = free). Model B also assumes
a chemically homogeneous system but imposes the additional
constraint that the iron abundance is solar (Zge gisk = Zpe.tor =
1). Model C describes a chemically inhomogeneous system in
which the distant reflector (the torus or the outer accretion disk)
is forced to have solar iron abundance but the inner accretion
disk has a free iron abundance (Zg gisk = free, Zge 1or = 1).

4. RESULTS

4.1. The Need for Supersolar Iron Abundances and
Rapid Black Hole Spin

Model A is essentially identical to the spectral model of
B1l, and a traditional x? analysis of the Suzaku spectrum
with this model was published in that paper. As already noted
in the introduction, B11 find a rapidly spinning black hole
and supersolar iron abundance. However, a significant concern
when x? fitting a spectral model with a large number of free
parameters (N = 22 free parameters in our case, including
all model normalizations and the FI/XIS1 cross-normalization
factor) is that we will mistake a local minimum in x? space
for the global best fit. Furthermore, the spectral model may
genuinely possess multiple solutions, and traditional x? error
analysis is not well suited for mapping out multi-peaked
probability distributions for model parameters.

To address these limitations and give an independent vali-
dation of the statistical analysis of B11, we employ MCMC
techniques that are now implemented in the XSPEC spectral fit-
ting package. Operationally, we proceed as follows. Using tra-
ditional x? minimization, we obtain the best fit of Model A
with the full multi-instrument Suzaku data set. We then run
five 55,000-element chains, starting from a random perturba-
tion away from the best fit and ignoring (“burning”) the first
5000 elements of each chain. The proposal for the chain (i.e.,
probability distribution that dictates the Monte Carlo step for
each model parameter as the chain proceeds) is drawn from the
diagonal of the covariance matrix resulting from the initial x>
minimization, assuming Gaussian probability distributions with
a rescaling factor of 1073,

Figure 2 (top panels) shows the values of the spin and
iron abundance through the 250,000 elements of the chains of
Model A, showing every 100th element for clarity. The lack
of large excursions or trends suggests that we have indeed
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Figure 2. MCMC results for black hole spin and iron abundance from Model A. Top panels: parameter value along the 250,000-element chain trajectory for the black
hole spin a (left) and iron abundance Zg. (right). For clarity, we only show every 100th element of the chain. Bottom panels: probability distributions for the black

hole spin and iron abundance.
(A color version of this figure is available in the online journal.)

found the global best fit of this spectral model. Experiments
in which we start at a distant point in parameter space (e.g.,
setting initial seeds of a = —0.95 and Zg, = 1) converge on the
same best fit. Similarly, employing a different proposal (using
Cauchy probability distribution or a larger rescaling factor) also
converges on the same best fit, albeit slowly and with a very
high repeatability fraction in the chain.

The best-fit and MCMC-derived (90% confidence level)
errors are reported in Table 1, and Figure 2 (bottom panels)
reports the detailed probability distributions for the black hole
spin and iron abundance resulting from Model A. Results
are, within the error bars, completely consistent with the
results of B11.8 From the relativistically smeared disk features,
we derive a black hole spin of a > 0.89, disk inclination
between i = 21°and 26°, and an iron abundance between
Z = 23and4.1Zy. The inner emissivity index is steep

8 We note that goodness of fit for this model is formally unacceptable
(x?2/dof = 1.33 for 687 degrees of freedom). However, detailed visual
inspection of the model fit to the folded spectrum shows that this is due to
residuals in the 0.7-1.5 keV range; removing these energies from consideration
results in a formally acceptable fit x2/dof = 1.03 (556 degrees of freedom).
The fact that the soft X-ray residual features are narrower in energy than the
instrumental response and are uncorrelated between XIS-FI and XIS1 strongly
points to calibration features. However, the small amplitude of these residuals
(<5%) and the fact that the model averages between the two XIS spectra give
us confidence that they are not dramatically skewing our best-fit model.

(g1 = 6.6101'_3), in agreement with B11 and consistent with
a rapidly spinning black hole. The emissivity profile flattens to
q> = 2.9£0.2 beyond the break radius (r,, = 3.7-5.5r,). Thus,
without any prior constraint or bias, the outer emissivity index
is consistent with the fiducial value of ¢, = 3 as predicted by
either a lamp-post illumination model or any model in which the
X-ray irradiation/emissivity tracks the underlying dissipation in
the accretion disk.

An advantage of MCMC techniques is the efficiency with
which statistical correlations between parameters can be un-
covered. Here, we are particularly interested in parameters that
statistically correlate with black hole spin. The strongest such
correlation is between spin and iron abundance. We illustrate this
coupling in Figure 3 (left), which shows the two-dimensional
probability distribution on the (Zge, a)-plane for our Model A
analysis. There is clearly a positive correlation between these
two parameters, with more rapid spins simultaneously favoring
higher iron abundance. It is straightforward to understand this
correlation. As we discuss further in Section 4.3, the sensitivity
to spin comes as much from the need not to overpredict the
blue horn of the iron line as it does from the need to capture
the red wing of the line. As the iron abundance of the model
increases, the ratio of iron line photons to reflection continuum
increases. In turn, the fit must blur the iron line more severely



THE ASTROPHYSICAL JOURNAL, 755:88 (10pp), 2012 August 20

REYNOLDS ET AL.

L

1

L

T T T T T T

1 [T}
] 8L i
] -

[ 1
] o | J
1 8 -
4 Yo}

< ] @ L .
] -

PR PR I SR R S S PR

—— —
r oL
< o
[ 0
o [ < -
o
N o
mk
I < [
[ o
[ Yo}
« 8L
B o
n 1 n n n n 1 n n n n 1 n n n IR R S
0.85 0.9 0.95 0.85
a

0.9

a

I - R I -
0.95 0.85 0.9 0.95

a

Figure 3. Two-dimensional probability density functions of those parameters that show a correlation with spin. Left panel: probability density on the (Zg, a)-plane
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p(logé,a) = 10, 33, 100.
(A color version of this figure is available in the online journal.)

Table 1
Spectral Parameters for the Model Fits Discussed in This Paper
Model Component Parameter ~ Model A Model B Model C
(Homo; free) (Homo; solar) (Inhomo)
Galactic column Ny 9.91(f) 9.91 (f) 9.91 (f)
Warm absorbers Ni 98’:3136 9112329 lOltlzf’2
loggy  1.47+£005  1.45%9%  1.47+0.05
N> 192+3, 234441 17343
log & 1.92+0.% 1.93+0.02 1.93+002
N3 217+ 26942 2333,
log & 2.56+19.95 2.601%% 2.58+0.05
Power law r 1797904 1.8579%  1.80+0.03
Apl 1.4240.05 1.62+0.07 1.46+0.05
Blackbody KTyy — 0.0547%%02  0.049%092  0.052 £ 0.003
Abp 1.9%5% 4.4%53% 24458
Neutral reflection R 0.43’:%%% 0.83’:%:% 0.78t%%%
(“torus”) Zpe,tor 33408 1(H) 1(f)
Scattering fraction f 0.20+0.02 0.20£0.02  0.21 £0.02
Fe xxv1 line (GAU) E 6.97(f) 6.97(f) 6.97(f)
o 0.0154(f) 0.0154(f) 0.0154(f)
Wre26 2045 2045 20+5
Accretion disk Zhedisk = ZFe.tor 1 () 42493
& <8 <5 <10
i 24*2% 22+4 222
Fin Fisco (F) Fisco (F) Fisco (£)
a1 6.6%9%, 5.0t48 5.3%97
For 43 %re 1558 5.242.0r
o 29402 2.5t42 27403
Fout 4007, (f) 4007, (f) 4007, (f)
SMBH spin a 0.92+%07 0.59*03% 0.90*9.%
X2/ 917/687 953/688 931/687

Notes. Column densities are in units of 102 cm~2 . Tonization parameters are
in cgs units. The power-law normalization is in units of 10~2 photonss~! keV
measured at 1 keV. The blackbody normalization is in units of 10~2 photonss~!,
and its temperature is in units of keV. The energy and 1o width of the Fe26 line
are in units of keV, and the equivalent width Wree is in units of eV. Fixed pa-

rameters are denoted by “(f).” All errors are quoted at the 90% confidence level.

in order to not overmodel the data in the 5-6 keV band, and
hence the inferred spin increases. Similar reasoning explains
the weak anti-correlation between the reflection fraction of the
distant reflector R and the black hole spin (Figure 3, middle).
As R decreases, the contribution of the inner accretion disk to
the observed reflection spectrum increases, leading to more iron
line photons from the disk. Consequently, the model needs to
blur the disk line more severely (pushing to higher spin) in order
not to overmodel the data in the 5-6 keV band.

A less obvious statistical coupling is between the spin and
the ionization state of the intermediate warm absorber (&,
Figure 3, right). The 90% confidence range of this parameter
is logé, 1.85-1.92 (cgs units). We find that the spread
in allowable black hole spins is significantly greater when
logé&, > 1.9, resulting in a “T” shape to the two-dimensional
probability on the (log &, a)-plane. No similar coupling is seen
with &; or &;. We conclude that, in the range log &, = 1.9-2.0,
the spectral curvature can be (in part) degenerately described by
either strong relativistic blurring characteristic of a very rapidly
rotating black hole or absorption edges from this warm absorber
(see Young et al. 2005 for a detailed discussion of these “broad-
line mimicking warm absorbers”). The important thing to note
is that, even accounting for all of these statistical correlations
and degeneracies, the spectral fit still strongly requires a rapidly
rotating black hole.

In addition to these statistical correlations, we note that both
the one-dimensional and two-dimensional probability distribu-
tions (Figures 2 and 3) show double maxima, with peaks at
a ~ 0.93 and a = 0.99. We have confirmed that the relativis-
tic convolution model varies smoothly in the expected manner
across this parameter range and, hence, is not an obvious source
for this bi-modality. We suspect that small (<1%) systematic
errors in the effective area models (especially at energies char-
acteristic of the iron line red wing, 3—4 keV) have induced this
structure in probability space.

4.2. Models with Imposed Abundance Constraints

Having noted the existence of a correlation between iron
abundance and spin, we now make a connection with the work
of P11 and explore a model (Model B) in which solar abundances
are imposed. We have repeated our MCMC analysis, now
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Figure 4. Probability distribution for black hole spin in our fiducial model
(Model A, blue), the solar abundance model (Model B, red), and the
inhomogeneous-abundance model (Model C, green).

(A color version of this figure is available in the online journal.)

employing Model B, again running five 55,000-element chains
with a 5000-element burn period.

Imposing this abundance constraint (and refitting all other
parameters) worsens the goodness-of-fit parameter by Ay > = 36
(for one fewer degree of freedom) and significantly changes the
probability distribution for several of the key spectral parameters
(Table 1). The principle effect is that, due to the decreased
iron abundance, the fit demands a significantly higher neutral
reflection fraction R in order to fit the narrow iron line. This
results in a slightly steeper best-fitting power-law continuum
(T" steepens from 1.79 to 1.85). At the same time, the ratio of
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iron line photons to reflection continuum from the accretion
disk is also decreased by the reduced abundance. Thus, the need
to severely broaden the iron line and hence invoke a rapidly
spinning black hole is diminished. In detail, the probability
distribution for spin in this constrained fit is weakly bi-modal,
with modest-to-rapid prograde or retrograde black holes being
preferred over slowly spinning holes (Figure 4).

Both Model A and Model B assume that the distant reflector
and the inner accretion disk have the same iron abundance.
In our final spectral model, Model C, we explore the effects
of imposing a mixed abundance model such that the distant
reflector has a solar iron abundance, but we allow the inner
accretion disk to have a freely fitting iron abundance. In terms
of goodness of fit, this is intermediate between Model A and
Model B, with Ax? = 14 compared with our fiducial fit. The
MCMC analysis (executed in an identical manner to that for
Model A) shows that a rapidly spinning black hole is preferred,
but there is a low-spin tail to the probability distribution giving
a final result of a > 0.60 (at 90% confidence level).

4.3. What Drives the Spin Constraint?

Fundamentally, analyses of disk reflection features diagnose
black hole spin using the fact that the observed broadening/
redshifting can be so extreme as to demand reflection from
within 6r,, the ISCO of a non-rotating black hole (Reynolds &
Fabian 2008). Thus, one might expect that the spin constraints
come principally from the modeling of the extreme red wing of
the iron line and that, if the spectral model being compared with
the data has too low of a spin, the main result would be positive
residuals (model underpredicting data) at energies characteristic
of the red wing (3-5 keV). In fact, the situation is more subtle
due to the ability of other model components and parameters
(e.g., the warm absorber, or the iron abundance of the accretion
disk) to compensate for an incorrect spin.

We illustrate this in Figure 5. Figure 5(a) shows the model
and residuals for the best-fit model presented in Section 4.1. For

(b) a=0, q1=g2=3
T T
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Figure 5. (a) Unfolded XIS data, best-fitting model, and resulting featureless residuals for Model A. The model components visible here are the absorbed power-law
continuum (red), distant reflection (green), and relativistically smeared disk reflection (blue). (b) Unfolded XIS data, best-fitting model, and residuals when the spin is
constrained to be a = 0 and the emissivity indices are constrained to be g; = g2 = 3 (but all other parameters are refitted). Model components are colored the same

as above.

(A color version of this figure is available in the online journal.)
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comparison, Figure 5(b) shows the model and residuals for a fit
in which the spin has been fixed to a = 0 and the emissivity
indices have been fixed to g; = ¢g» = 3 (to be physically
consistent with a non-spinning black hole). While there are
weak positive residuals in the extreme wing of the iron line at
3—4 keV, the most significant deviations are negative residuals at
5-6 keV. This can be understood as follows. The overall strength
of the accretion disk reflection, as well as the iron abundance of
the disk, is, to a major extent, determined by the iron edge (rest-
frame energy 7.1 keV) and the form of the hard-band (7-40 ke V)
spectrum. The question then becomes whether an iron line with
the self-consistently determined equivalent width is compatible
with the data. In the case of NGC 3783, we find that the resulting
iron line is too strong (overpredicts the data) if it is subjected
to blurring from around a non-spinning black hole. Only the
enhanced relativistic effects of a rapidly rotating black hole
can distribute the line flux sufficiently to make the iron line
compatible with the data.

Figure 5(b) teaches us an important lesson about the role of
possible systematic errors. Specifically, given data of realistic
complexity, the relative effective area calibration of a medium-
resolution instrument such as the XIS must be accurate to
better than 2% across the 3—7 keV band if we hope to detect
the signatures of black hole spin. A more complete study of
the role of systematic errors in black hole spin measurements
(including an assessment of how the effective area calibration
requirements relax when one has simultaneous high-resolution
constraints on the warm absorber, as will be the case for the soft
X-ray spectrometer on Astro-H) will be presented in a future
publication (A. Lohfink 2012, in preparation).

5. DISCUSSION
5.1. Summary of Observational Results

We have revisited the long 2009 Suzaku data for the Seyfert
1.5 galaxy NGC 3783 in the light of conflicting published
results for the black hole spin. We find that the treatment of
the iron abundances in both the inner accretion disk and the
distant torus is important for the derived SMBH spin. We
expect that the timescale on which stellar processes enrich
their environment (~10% yr) is longer than the timescale
on which material is exchanged between the torus and the
inner disk (of order the dynamical timescale of the torus,
10° yr), leading to the conclusion that the central engine
will be chemically homogeneous. Employing this homogeneity
assumption (Zpe disk = ZFe.tor)> W€ show in our spectral analysis
that the data strongly require high iron abundance Zg, = 24 Z
and a rapidly spinning black hole a > 0.89. We note that such a
metallicity enhancement is completely in line with that inferred
from optical /UV studies of the broad-line region (BLR) of type
1 AGNs, e.g., see Warner et al. (2004) and Nagao et al. (2006).
In agreement with previous analyses, we show that constraining
the abundance to be solar worsens the goodness of fit and
leaves the SMBH spin unconstrained. Employing a chemically
inhomogeneous model (Zge tor = Zo, Zre.disk = free), we show
that it is the abundance of the accretion disk component that is
primarily (but not exclusively) driving the spin constraint.

5.2. Iron Abundance Measurements from X-Ray Reflection

Even if the accretion disk and the surrounding circumnuclear
region are chemically homogeneous, there are subtleties that
can affect the abundances that are inferred from X-ray reflec-
tion fits. First, let us consider the “cold” reflection from the
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torus. Fundamentally, X-ray reflection models constrain iron
abundance by comparing the equivalent width of the fluorescent
iron line to the strength of the Compton reflection continuum
at E > 7keV. With photons at these energies, the nature of the
Compton scattering and hence the reflection continuum is the
same whether the bulk of the electrons are free or bound into
hydrogen/helium atoms. However, of potential importance is
the depletion of iron into dust grains within the torus. While an
iron atom can readily undergo K-shell fluorescence even when
bound into a solid, sufficiently large dust grains will lead to
the self-shielding of iron and hence a reduction in the iron-Ko
equivalent width. The minimum grain size xn,;, for which K-
shell self-shielding is important is given by assuming pure iron,
Xmin = MFe/ PreOt, Where mpe is the mass of an iron atom, ppe
is the density of the grain, and oy, is the cross section at the
K-shell photoionization threshold for cold iron. Evaluating, us-
ing ppe = 7.7 x 103kgm™3 and oy, = 3.5 x 107 m~2, we
obtain xy,j; ~ 3.5 um. The minimum grain size may be up to
twice this size if the iron is bound into a compound (e.g., an
oxide, silicate, or sulfide), and even more if the grain has an
amorphous structure. Thus, self-shielding can only reduce the
iron—Ko equivalent width if the dust mass is dominated by very
large grains.

For the innermost accretion disk, different considerations are
at play. Since there are clearly no issues of dust depletion in
this hot plasma, the normal assumption is that the abundances
measured for the inner accretion disk should faithfully represent
the true abundances. However, in this extreme environment,
there are some interesting mechanisms that have the potential
to affect the photospheric iron abundance of the accretion
disk. Skibo (1997; see also Turner & Miller 2010) suggests
that the bombardment of the inner accretion disk by energetic
(relativistic) protons can lead to the spallation of iron, enhancing
the abundance of Ti, V, Cr, and Mn at the expense of the iron
abundance. However, significant iron spallation within the disk
only occurs if a large fraction of the accretion energy (~0.1Mc?)
is carried by relativistic protons that subsequently bombard the
disk. The resulting y-ray emission (resulting from the decay of
pions produced by these interactions) was estimated by Skibo
(1997) and violates the 40 upper limits for radio-quiet Seyfert
galaxies recently found by Teng et al. (2011) using Fermi data.

Most AGNs in which X-ray reflection from the inner ac-
cretion disk has been modeled in detail have been found to
possess supersolar iron abundance (see, e.g., Table 2 in B11).
In most cases, such as NGC 3783, the inferred abundances are
completely consistent with that found for the BLR and hence
probably reflect a true chemically enriched circumnuclear envi-
ronment. In a small number of cases, however, rather extreme
disk iron abundances are inferred (e.g., 1H 0707—495, in which
a strong iron-L line implies iron abundances of >7 Z; Zoghbi
et al. 2010). In the rest of this section, we discuss a mecha-
nism, radiative levitation, that has the potential to significantly
enhance the photospheric iron abundance of the inner disk.

5.3. Radiative Levitation in AGN Accretion Disks

In moderate-luminosity AGNs such as NGC 3783, the inner
regions of the accretion disk are radiation pressure dominated
with a photospheric temperature of T ~ 10°-10° K (Shakura
& Sunyaev 1973). By definition, this implies that each radius
of the disk is at the “local” Eddington limit in the sense that
the radiation pressure force acting on the plasma is balancing
the vertical component of gravity. However, at the microphysical
level, the radiative force on metal ions can be very different from
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the radiative force on the background, fully ionized, hydrogen/
helium plasma. In particular, since iron can possess moderate
to low charge states (Fe xviI and below) with populated L and
M shells, the radiation force of the 10°~10° K thermal radi-
ation pushing on the UV/EUYV iron absorption lines and the
EUV/X-ray bound-free edges can produce a net upward force
on the iron ions many orders of magnitude greater than the verti-
cal gravity. In the absence of other dynamics (but see below), this
radiative pushing will cause the iron to diffuse upward toward
the photosphere and could significantly enhance the iron abun-
dance of the disk surface. This phenomenon has been discussed
in the context of the surface abundances of hot white dwarfs
(Chayer et al. 1995; Seaton 1996; Wassermann et al. 2010), and
opacity enhancement from radiative levitation has been identi-
fied as key to understanding the 1-2 minute oscillations in the
unusual sub-dwarf O-star SDSS J160043.6+074802.9 (Fontaine
et al. 2008). However, to the best of our knowledge, radiative
levitation has not been discussed previously in the context of
AGN accretion disks. Here, we conduct a preliminary assess-
ment of whether radiative levitation can be relevant for AGN
accretion disks—we conclude that it may be relevant and lay
out a path for a more rigorous treatment of its effect.

Consider an iron ion (mass mg. and charge state Q) that is
within a few Thomson depths of the photosphere of the inner
accretion disk at radius R = xr, from the black hole. The
dimensionless accretion rate of the accretion disk is taken to be
m = L/nLgqq, Where Lgqq is the Eddington luminosity and 7,
is the accretion efficiency. The standard theory of radiation-
dominated disks (Shakura & Sunyaev 1973) then gives the
disk thickness as h = (3/2)mr,. Our iron ion is subject to a
gravitational force pulling it toward the midplane of the disk,
Foray = mreg, where g = GMh/R?. The ion is also subject
to a radiative force pushing it upward toward the photosphere
Frag = mpegrad, as well as the effect of Coulomb collisions with
the ions in the background plasma (assumed, for simplicity, to
be pure hydrogen). Following Seaton (1996), the (upward) drift
velocity of the iron ion relative to the background plasma is

given by
MEe 1 ay
V=D| —(gn - ——= 1

[ T (8rad — 8) 0 } ey
where T'is the temperature of the plasma (assumed to be in LTE),
x is the abundance enhancement factor of the iron ions, and D
is the diffusion coefficient. For this non-degenerate plasma, the
appropriate form of the diffusion coefficient is (Chapman &
Cowling 1952; Alcock & Illarionov 1980)

3(2kT)S/

= ) 2
16n(rm,) /2 Q2 e*A

where n is the proton number density of the background
hydrogen plasma and A is the Coulomb logarithm given by

3
A:ln(uﬂ). 3)

4n Q2 et

To assess the potential relevance of radiative levitation, we
will estimate the drift timescale across a Thomson depth,
taie = 1/norv. Competing mechanisms (e.g., “stirring” of
the surface layers) will occur on the order of the dynamical
timescale fgyn = +/ R3/GM, and thus we shall examine the ratio
of timescales ?gyif/fayn. We will also limit our consideration to
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the situation where dx/dz = 0 (i.e., no enhancement has yet
occurred). Using the above expressions and definitions, a little
algebra shows that

ldrift E(nmp)lﬂe‘t,\ Ql%e 372 "

tagw 9 mpeorc  (2kT)/2 mZq

where we have defined

=) 8rad
—rad =
8

~1. 5)

Note that, because we are considering the drift timescale across a
Thomson depth, the proton density of the plasma » only appears
in the expression for fys/t4yn via the Coulomb logarithm A;
hence, the result is extremely weakly dependent on the density.
Now, suppose that the net upward energy flux of radiation (as
a function of frequency v) is F),. The net radiation force on the
iron ion is | oo

MEe&rad = E A oy F), dU, (6)

where o, is the absorption cross section of the ion. Assuming
that the opacity of the disk is dominated by electron scattering,
we can use the fact that the disk is radiation pressure supported

to write
o0

Fydv, )

or
m,g = —
P c Jo

which, when combined with Equation (6), gives
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A full evaluation of F, and hence =,y must be performed
in the context of a detailed radiative transfer model; such a
treatment is beyond the scope of this paper. Here, we make
an enormous simplifying assumption, that the spectral shape
of F), is proportional to the Planck function B,(T). While this
is certainly inappropriate, it does allow us to study whether
radiative levitation has the potential to be important. We also
assume that only opacities from bound—bound transitions are
relevant. Under these assumptions, a little algebra shows that

- 45 memc 3h Zf 1, ©)
B P . esz 1_ ’eh —1

where we have replaced the integral in Equation (6) with the
sum over bound-bound transitions with oscillator strengths f;
and normalized energies y; = hv;/kT. Given the appropriate
atomic data, we now have all of the ingredients required to
compute Zaiifi / fayn as a function of charge state QOr., temperature
T, dimensionless accretion rate #1, and dimensionless radius x.

Figure 6 shows this ratio #4sifi / fayn (normalized tox = m = 1)
as a function of temperature for various charge states of iron.
Specifically, we show the results for Fevin (the dominant
charge state of iron for logé = 0.4-1.2) and Fe xvii—Fe xx1
(the dominant charge states for logé = 1.8-2.8). The atomic
data needed to evaluate Equation (9) are obtained from the
XSTAR database. It can be seen that, for T > 3 x 10° K, the
drift timescale for Fe viit and Fe xvi1 can be only a factor of a
few greater than the dynamical timescale. For Fe xviii—Fe xx1
ions, the drift timescale is approximately an order of magnitude
greater than the dynamical timescale for T = 10° K but
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Figure 6. Estimates of the radiative levitation drift timescale for various charge
states of iron (expressed as the ratio fasif/fayn X mx~3/2), calculated under the
assumptions laid out in Section 5.3. Shown here is Fe vii1 (black, solid), Fe xvit
(red, solid), Fe xvi (red, dotted), Fe x1x (red, dashed), Fe xx (red, dot-dashed),
and Fe xx1 (red, dot-dot-dot-dashed).

(A color version of this figure is available in the online journal.)

becomes rather longer for smaller temperatures. We conclude
that radiative levitation may be an important process in the inner
disks (x ~ 1—few) of high accretionrate (m ~ 1)low black hole
mass (high disk temperature) AGNs provided that the ionization
state promotes certain charge states of iron.

The above calculation is only a plausibility argument. First,
as mentioned already, a real radiative transfer calculation is
required to compute the radiative force on the iron ions. Line
saturation will be extremely important and tends to decrease the
upward radiative force, but this may be partially counteracted
by ionization gradients and Doppler shifts associated with the
radiation-induced ion drift. We also note that our calculation
does not include the radiation force resulting from pushing
on bound-free transitions for which saturation will be much
less important. Given sufficient time (many drift timescales),
radiative levitation would achieve an equilibrium in which the
iron enhancement produces increased opacity (self-shielding)
such as to bring the radiative and gravitational forces into
balance (Chayer et al. 1995). But, as a second major issue,
we must characterize processes that will mix the plasma and
erase the radiation-induced enhancements. If the surface layers
are turbulent with eddy timescales comparable to or less than
the local dynamical timescale, we see that radiative levitation
may be of limited importance. On the other hand, if the surface
layers of the disk are magnetically dominated, turbulence can
be suppressed and there may be sufficient time for radiative
levitation to operate. Future radiation-MHD simulations of
accretion disks with AGN-like parameters are required to assess
whether the surface layers are likely to be well mixed.

6. CONCLUSIONS

Given its astrophysical importance, the observational deter-
mination of SMBH spin is clearly of great interest. The study of
X-ray reflection features from the innermost regions of SMBH
accretion disks is, at the current time, the most promising tech-
nique for measuring SMBH spin and is a prime focus of future
X-ray observatories such as Astro-H and LOFT. Thus, now is the
time to test and refine our methodologies for extracting robust
and reliable black hole spins from the X-ray data.

The discrepant published values for the SMBH spin in
NGC 3783 provide an ideal opportunity to examine and improve
our methodology. Here, we identify several factors that have
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led to this discrepancy. For AGNs that are strongly affected
by a warm absorber, computational practicalities dictate that
we describe the (possibly multiple) warm absorber zone(s)
using tabulated grids of pre-calculated photoionization models.
We point out the importance of using grids that adequately
sample parameter space, especially in the ionization parameter
& dimension. We propose a five-sample-per-decade criterion
and show that the linear interpolation of warm absorber grids
has significant inaccuracies if sampled at a significantly lower
density. Most importantly, however, we identify a statistical
coupling between the iron abundance of the accretion disk and
the inferred black hole spin. We show that one must allow for the
possibility of non-solar abundances. Putting everything together,
we find that the data for NGC 3783 require a moderately
supersolar iron abundance (Z & 2-4 Z) and a rapidly rotating
black hole (a > 0.89).

While the abundance enhancement required for NGC 3783
is modest and within the realm of metallicity estimates from
BLR studies, we note that the X-ray analysis of some other
AGNs has found extreme iron abundances. This prompts us to
consider mechanisms that can enhance the observed abundances
above and beyond the true macroscale abundances of the
circumnuclear region. We give a plausibility argument to show
that radiative levitation, the radiation-driven diffusion of iron
toward the disk photosphere, may operate in the innermost
regions of high accretion rate AGN disks. More theoretical
work is required to assess whether radiative transfer effects
and/or turbulent mixing of the photospheric regions of the
disk will render radiative levitation ineffective. However, even
the current calculation makes predictions that can guide future
observational study. The clearest prediction is that there should
be a positive correlation between the Eddington ratio of an
AGN and the iron abundance inferred from X-ray reflection
spectroscopy of the innermost disk. This may show up in
detailed studies of disk reflection across a sample of AGNs, or
detailed studies of a single source that is undergoing accretion
rate changes. Indeed, if we find an individual source that
shows clear and compelling evidence for a change in its inner
disk iron abundance, we will be forced into accepting that
some mechanism (such as radiative levitation) is modulating
the observed iron abundance away from that of the general
environment.

It is also interesting to consider the wider implications for
extreme iron enhancements due to radiative levitation. Since
this mechanism only operates in the very central regions of the
accretion disk (fari/fayn o r*/%), it is likely to be ineffective at
modifying the abundance of accretion disk winds that originate
from larger radii (which manifest themselves as X-ray or UV
absorbers). However, the surface regions of the innermost disk
are very likely the source of the “funnel flow” that bounds
the base regions of Blandford—Znajek powered relativistic jets
(Blandford & Znajek 1977; McKinney & Narayan 2007). Thus,
especially in their base regions, Blandford—Znajek jets may
entrain plasma that has been highly enriched in iron with
potentially important consequences for high-energy hadronic
processes within jets, as well as the composition of high-energy
cosmic rays that may originate from AGN jets.

We thank Cole Miller, James Reeves, and Adam Patrick for
useful discussions during the course of this work. We also thank
the anonymous referee for their positive and insightful com-
ments, which significantly improved the paper. This research has
made use of data obtained from the High Energy Astrophysics



THE ASTROPHYSICAL JOURNAL, 755:88 (10pp), 2012 August 20

Science Archive Research Center (HEASARC) provided by
NASA’s Goddard Space Flight Center. C.S.R. and A.M.L. thank
support from the NASA Suzaku Guest Observer Program under
grant NNX10AR31G. M.L.T. thanks support from NASA Long
Term Space Astrophysics grant NAG513065.

REFERENCES

Alcock, C., & Illarionov, A. 1980, ApJ, 235, 534

Ballantyne, D. R., McDuffie, J. R., & Rusin, J. S. 2011, ApJ, 734, 112

Ballantyne, D. R., Ross, R. R., & Fabian, A. C. 2002, MNRAS, 332, L45

Blandford, R. D., & Znajek, R. L. 1977, MNRAS, 179, 433

Brenneman, L. W., & Reynolds, C. S. 2006, ApJ, 652, 1028

Brenneman, L. W., Reynolds, C. S., Nowak, M. A, et al. 2011, ApJ, 736, 103
(B11)

Chapman, S., & Cowling, T. G. 1952, Mathematical Theory of Non-Uniform
Gases (Cambridge: Cambridge Univ. Press)

Chayer, P., Fontaine, G., & Wesemael, F. 1995, ApJS, 99, 189

Dabrowski, Y., Fabian, A. C., Iwasawa, K., Lasenby, A. N., & Reynolds, C. S.
1997, MNRAS, 288, L11

Dauser, T., Wilms, J., Reynolds, C. S., & Brenneman, L. W. 2010, MNRAS,
409, 1534

Fabian, A. C., Nandra, K., Reynolds, C. S., et al. 1995, MNRAS, 277, L11

Fontaine, G., Brassard, P., Green, E. M., et al. 2008, A&A, 486, L39

George, I. M., & Fabian, A. C. 1991, MNRAS, 249, 352

Kallman, T., & Bautista, M. 2001, ApJS, 133, 221

Kaspi, S., Brandt, W. N., George, I. M., et al. 2002, ApJ, 574, 643

10

REYNOLDS ET AL.

Komatsu, E., Smith, K. M., Dunkley, J., et al. 2011, ApJS, 192, 18

McKinney, J. C., & Narayan, R. 2007, MNRAS, 375, 513

Miller, J. M. 2007, ARA&A, 45, 441

Nagao, T., Maiolino, R., & Marconi, A. 2006, A&A, 459, 85

Nandra, K., O’Neill, P. M., George, I. M., & Reeves, J. N. 2007, MNRAS, 382,
194

Netzer, H., Kaspi, S., Behar, E., et al. 2003, ApJ, 599, 933

Patrick, A. R., Reeves, J. N., Lobban, A. P., Porquet, D., & Markowitz, A. G.
2011, MNRAS, 416, 2725 (P11)

Reis, R. C., Fabian, A. C., Reynolds, C. S., et al. 2012, ApJ, 745, 93

Reynolds, C. S., Brenneman, L. W., Lohfink, A. M., et al. 2012, in AIP Conf.
Proc. 1427, SUZAKU 2011: Exploring the X-Ray Universe: Suzaku and
Beyond (Melville, NY: AIP), 157

Reynolds, C. S., & Fabian, A. C. 2008, ApJ, 675, 1048

Reynolds, C. S., Fabian, A. C., & Inoue, H. 1995, MNRAS, 276, 1311

Reynolds, C. S., & Nowak, M. A. 2003, Phys. Rep., 377, 389

Ross, R. R., & Fabian, A. C. 2005, MNRAS, 358, 211

Seaton, M. J. 1996, Ap&SS, 237, 107

Shakura, N. 1., & Sunyaev, R. A. 1973, A&A, 24, 337

Skibo, J. G. 1997, AplJ, 478, 522

Teng, S., Mushotzky, R. F., Sambruna, R. M., Davis, D. S., & Reynolds, C. S.
2011, ApJ, 742, 66

Theureau, G., Bottinelli, L., Coudreau-Durand, N., et al. 1998, A&AS, 130,
333

Turner, T. J., & Miller, L. 2010, ApJ, 709, 1230

Warner, C., Hamann, F., & Dietrich, M. 2004, ApJ, 608, 136

Wassermann, D., Werner, K., Rauch, T., & Kruk, J. W. 2010, A&A, 524, 9

Young, A.J., Lee, J. C., Fabian, A. C., et al. 2005, ApJ, 631, 733

Zoghbi, A., Fabian, A. C., Uttley, P, et al. 2010, MNRAS, 401, 2419


http://dx.doi.org/10.1086/157656
http://adsabs.harvard.edu/abs/1980ApJ...235..534A
http://adsabs.harvard.edu/abs/1980ApJ...235..534A
http://dx.doi.org/10.1088/0004-637X/734/2/112
http://adsabs.harvard.edu/abs/2011ApJ...734..112B
http://adsabs.harvard.edu/abs/2011ApJ...734..112B
http://dx.doi.org/10.1046/j.1365-8711.2002.05509.x
http://adsabs.harvard.edu/abs/2002MNRAS.332L..45B
http://adsabs.harvard.edu/abs/2002MNRAS.332L..45B
http://adsabs.harvard.edu/abs/1977MNRAS.179..433B
http://adsabs.harvard.edu/abs/1977MNRAS.179..433B
http://dx.doi.org/10.1086/508146
http://adsabs.harvard.edu/abs/2006ApJ...652.1028B
http://adsabs.harvard.edu/abs/2006ApJ...652.1028B
http://dx.doi.org/10.1088/0004-637X/736/2/103
http://adsabs.harvard.edu/abs/2011ApJ...736..103B
http://adsabs.harvard.edu/abs/2011ApJ...736..103B
http://dx.doi.org/10.1086/192184
http://adsabs.harvard.edu/abs/1995ApJS...99..189C
http://adsabs.harvard.edu/abs/1995ApJS...99..189C
http://adsabs.harvard.edu/abs/1997MNRAS.288L..11D
http://adsabs.harvard.edu/abs/1997MNRAS.288L..11D
http://dx.doi.org/10.1111/j.1365-2966.2010.17393.x
http://adsabs.harvard.edu/abs/2010MNRAS.409.1534D
http://adsabs.harvard.edu/abs/2010MNRAS.409.1534D
http://adsabs.harvard.edu/abs/1995MNRAS.277L..11F
http://adsabs.harvard.edu/abs/1995MNRAS.277L..11F
http://dx.doi.org/10.1051/0004-6361:200810173
http://adsabs.harvard.edu/abs/2008A&A...486L..39F
http://adsabs.harvard.edu/abs/2008A&A...486L..39F
http://adsabs.harvard.edu/abs/1991MNRAS.249..352G
http://adsabs.harvard.edu/abs/1991MNRAS.249..352G
http://dx.doi.org/10.1086/319184
http://adsabs.harvard.edu/abs/2001ApJS..133..221K
http://adsabs.harvard.edu/abs/2001ApJS..133..221K
http://dx.doi.org/10.1086/341113
http://adsabs.harvard.edu/abs/2002ApJ...574..643K
http://adsabs.harvard.edu/abs/2002ApJ...574..643K
http://dx.doi.org/10.1088/0067-0049/192/2/18
http://adsabs.harvard.edu/abs/2011ApJS..192...18K
http://adsabs.harvard.edu/abs/2011ApJS..192...18K
http://dx.doi.org/10.1111/j.1365-2966.2006.11301.x
http://adsabs.harvard.edu/abs/2007MNRAS.375..513M
http://adsabs.harvard.edu/abs/2007MNRAS.375..513M
http://dx.doi.org/10.1146/annurev.astro.45.051806.110555
http://adsabs.harvard.edu/abs/2007ARA&A..45..441M
http://adsabs.harvard.edu/abs/2007ARA&A..45..441M
http://dx.doi.org/10.1051/0004-6361:20065216
http://adsabs.harvard.edu/abs/2006A&A...459...85N
http://adsabs.harvard.edu/abs/2006A&A...459...85N
http://dx.doi.org/10.1111/j.1365-2966.2007.12331.x
http://adsabs.harvard.edu/abs/2007MNRAS.382..194N
http://adsabs.harvard.edu/abs/2007MNRAS.382..194N
http://dx.doi.org/10.1086/379508
http://adsabs.harvard.edu/abs/2003ApJ...599..933N
http://adsabs.harvard.edu/abs/2003ApJ...599..933N
http://dx.doi.org/10.1111/j.1365-2966.2011.19224.x
http://adsabs.harvard.edu/abs/2011MNRAS.416.2725P
http://adsabs.harvard.edu/abs/2011MNRAS.416.2725P
http://dx.doi.org/10.1088/0004-637X/745/1/93
http://adsabs.harvard.edu/abs/2012ApJ...745...93R
http://adsabs.harvard.edu/abs/2012ApJ...745...93R
http://dx.doi.org/10.1086/527344
http://adsabs.harvard.edu/abs/2008ApJ...675.1048R
http://adsabs.harvard.edu/abs/2008ApJ...675.1048R
http://adsabs.harvard.edu/abs/1995MNRAS.276.1311R
http://adsabs.harvard.edu/abs/1995MNRAS.276.1311R
http://dx.doi.org/10.1016/S0370-1573(02)00584-7
http://adsabs.harvard.edu/abs/2003PhR...377..389R
http://adsabs.harvard.edu/abs/2003PhR...377..389R
http://dx.doi.org/10.1111/j.1365-2966.2005.08797.x
http://adsabs.harvard.edu/abs/2005MNRAS.358..211R
http://adsabs.harvard.edu/abs/2005MNRAS.358..211R
http://dx.doi.org/10.1007/BF02424428
http://adsabs.harvard.edu/abs/1996Ap&SS.237..107S
http://adsabs.harvard.edu/abs/1996Ap&SS.237..107S
http://adsabs.harvard.edu/abs/1973A&A....24..337S
http://adsabs.harvard.edu/abs/1973A&A....24..337S
http://dx.doi.org/10.1086/303829
http://adsabs.harvard.edu/abs/1997ApJ...478..522S
http://adsabs.harvard.edu/abs/1997ApJ...478..522S
http://dx.doi.org/10.1088/0004-637X/742/2/66
http://adsabs.harvard.edu/abs/2011ApJ...742...66T
http://adsabs.harvard.edu/abs/2011ApJ...742...66T
http://adsabs.harvard.edu/abs/1998A&AS..130..333T
http://adsabs.harvard.edu/abs/1998A&AS..130..333T
http://dx.doi.org/10.1088/0004-637X/709/2/1230
http://adsabs.harvard.edu/abs/2010ApJ...709.1230T
http://adsabs.harvard.edu/abs/2010ApJ...709.1230T
http://dx.doi.org/10.1086/386325
http://adsabs.harvard.edu/abs/2004ApJ...608..136W
http://adsabs.harvard.edu/abs/2004ApJ...608..136W
http://dx.doi.org/10.1051/0004-6361/201015007
http://adsabs.harvard.edu/abs/2010A&A...524A...9W
http://adsabs.harvard.edu/abs/2010A&A...524A...9W
http://dx.doi.org/10.1086/432607
http://adsabs.harvard.edu/abs/2005ApJ...631..733Y
http://adsabs.harvard.edu/abs/2005ApJ...631..733Y
http://dx.doi.org/10.1111/j.1365-2966.2009.15816.x
http://adsabs.harvard.edu/abs/2010MNRAS.401.2419Z
http://adsabs.harvard.edu/abs/2010MNRAS.401.2419Z

	1. INTRODUCTION
	2. OBSERVATION AND DATA REDUCTION
	3. SPECTRAL MODELING
	4. RESULTS
	4.1. The Need for Supersolar Iron Abundances and Rapid Black Hole Spin
	4.2. Models with Imposed Abundance Constraints
	4.3. What Drives the Spin Constraint?

	5. DISCUSSION
	5.1. Summary of Observational Results
	5.2. Iron Abundance Measurements from X-Ray Reflection
	5.3. Radiative Levitation in AGN Accretion Disks

	6. CONCLUSIONS
	REFERENCES

