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A Correlation Between the Ionization State of the Inner
Accretion Disk and the Eddington Ratio of Active Galactic Nuclei

D. R. Ballantyne!, J. R. McDuffie! and J. S. Rusin!?
ABSTRACT

X-ray reflection features observed from the innermost regions of accretion
disks in Active Galactic Nuclei (AGNs) allow important tests of accretion theory.
In recent years it has been possible to use the Fe Ka line and reflection continuum
to parametrize the ionization state of the irradiated inner accretion disk. Here,
we collect 10 measurements of &, the disk ionization parameter, from 8 AGNs
with strong evidence for reflection from the inner accretion disk and good black
hole mass estimates. We find strong statistical evidence (98.56% confidence) for
a nearly linear correlation between ¢ and the AGN Eddington ratio. Moreover,
such a correlation is predicted by a simple application of a-disk accretion theory,
albeit with a stronger dependence on the Eddington ratio. The theory shows
that there will be intrinsic scatter to any correlation as a result of different
black hole spins and radii of reflection. There are several possibilities to soften
the predicted dependence on the Eddington ratio to allow a closer agreement
with the observed correlation, but the current data does not allow for an unique
explanation. The correlation can be used to estimate that MCG—6-30-15 should
have a highly ionized inner accretion disk, which would imply a black hole spin of
~ 0.8. Additional measurements of £ from a larger sample of AGNs are needed
to confirm the existence of this correlation, and will allow investigation of the
accretion disk/corona interaction in the inner regions of accretion disks.

Subject headings: accretion, accretion disks — black hole physics — galaxies:
active — galaxies: nuclei

1. Introduction

It has been decades since it was realized that active galactic nuclei (AGNs) must be pow-
ered by accretion onto supermassive black holes (Lynden-Bell [1969; Rees 11984). Yet, while
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our theoretical understanding of the underlying physics of accretion disks has evolved tremen-

dously over that time (e.g.. Novikov & Thané 1973; |IShakura. & Su ya@g”ﬁ_ﬂ Pringl ém
Balbus & Hawl Q;[I L()Qg Balbuéum Hirose et al. LOLLd there are few direct measurements
of the properties of AGN accretion disks that can be used to test the theories. The difficulty
in detecting AGN accretion disks observationally arises naturally: they emit most of their

radiation in the ultraviolet and optical, which can be easily absorbed and reprocessed by

surrounding material and must also be separated from the starlight from the surrounding
galaxy. When estimates of the disk continuum have been observationally determined (typi-
cally from the outer part of the disk) they indicate broad agreement with the concept that
the accretion disk is an optically thick, thermal emitter with a radially dependent tempera-
ture profile (e.g., Kishi , |20_0ﬂ) However, the few probes of the accretion disk

emission from close to the black hole show signs of significant discrepancies with the the-
oretical expectatlorl (e.g., Koratkar & Blagé L‘l%j Dayvis et al. um_ﬂ Morgan et al. uLd

Accretion disk theory also predicts specific changes in the flow properties (e.g., density, tem-
perature) as a function of black hole mass and accretion rate ),
but there are currently very few observational tests of these predictions of the theory (e.g.,

Bonning et all 2007; Davis et all 2007; Morgan et all 2010; Davis & Laoi 2011).

A direct probe of the inner accretion disks of AGNs is through the X-ray emission.
All AGNs emit a fraction of their bolometric energy as a hard X-ray power-law (e.g.,

Mushotzky et al. M; Vasudevan & Fabian M) The X-rays are thought to originate

in a hot and tenuous magnetically dominated corona that sits above the surface of the disk
(Galeev et all[1979; Haardt & Maraschi 1991, 1993; Haardt et all1994). Studies of this X-
ray emission by generations of X-ray observatories discovered that in many AGNs there are
spectral features superimposed on the power-law that could be easily explained as repro-

cessing of the X-rays in nearby cold, dense material (Poun 1 |L99d; Nandr Poun
094). The strongest of these ‘X-ray reflection’ features are the Fe Ko emission line at
6.4 keV the associated Fe K absorption edge at 7.1 keV, and an overall hardenlng of the
spectrum at high energies due to electron scattering of the X-ray photons
; ; kk&lgi&ﬂlﬂﬁﬂl ; ). As the inner accre-

tion disk likely subtends a large solid angle as seen from the X-ray source, it may dominate
the X-ray reflection spectrum, although, depending on the source, contributions can arise
from distant material such as the broad line region, the dusty absorber or the outer accre-

IThis should be contrasted with the situation for accretions disks around stellar-mass black holes, whose
continuum is emitted at X-ray energies and is, in general, well matched by the theoretical predictions (e.g.,
Dayvis et a J[Z_O_Oﬂ) However, stellar mass black holes also present several phenomenological problems (e.g.,
QPOs) that are yet to be fully explained by accretion theory (see, e.g., \Johannsen & Psaltis 2011 and
references therein).
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tion disk (Mndd |20£)d; Shu et all [2Qld) High signal-to-noise X-ray spectral observations

of some AGNs find a broadened, asymmetric Fe Ka line. The shape of this line is strong

evidence that the reflecting material is close to the black hole and subject to strong rel-
ativistic effects (I'D_mwﬂiﬂ M; Fabian et al. m; Millex |2Jm_ﬂ) Thus, the reflection
spectra in these AGNs can probe physical properties of the inner accretion disk that would
otherwise be extremely difficult to investigate by consideration of the disk continuum. The

highly penetrating X-ray emission can be studied for nearly all AGNs and with very little
contamination from the host galaxy. The only difficulty is to identify and model the com-
ponent of the reflection spectrum that arises from the inner disk, as this will often be a very
weak and low contrast feature in the total spectrum (Imedm_@le |20Qﬂ; |£Lal]&ut;mﬂ [2Qld;

2010).

Once identified, the reflection spectrum from the inner accretion disk can constrain the

iron abundance of the accreting gas (IBa llantvne et al| m the vertical density structure
; , [2@.4]), and its ionization state, which is
the focus of the current paper. The spectral features imprinted on the reflection spectrum

are a strong function of the ionization state of the illuminated gas (e.g., Fabi

|L(l9_fj; Ross et al. M; Ross & Fabian M; Garcia & Kallman M) In particular, the
Fe Ka line transitions from a rest energy of 6.4 keV to 6.7 keV and then to 6.97 keV as
the iron ions become progressively more ionized. In addition, the Fe K absorption edge

moves to higher energies and Comptonization broadens out the natural width of the spectral
features. The ionization of lower Z elements also tends to flatten out the reflection spectrum

(Ross & Fabian M; Garcia & Kallman 21!111). All these effects are potentially observable in

high quality X-ray spectral data. Indeed, evidence for ionization of the disk surface has been

identified in the X-ray spectra of several AGNs (e.g., Ballantyne et al! [ZDD_LEL Fabian et all

M; Longinotti et al“l(m; Brenneman & Bgyngldé M; Nardini et al.2011).

The photoionization of the surface of the inner accretion disk by the X-ray emitting

corona can be parametrized by an ionization parameter, ¢ = 4w Fx /ny, where Fx is the
incident X-ray flux and ny is the hydrogen number density of the disk surface. A measure-
ment of £ can therefore provide information on the density structure of the disk and/or the
illuminating conditions provided by the corona. Models of coronal generation predict that
the amount of accretion energy dlSSlpated in the corona may be a function of the accretion

rate (ISLQU.&_&LB.QSD_QII ; ; Blackman & Pessah [ZDDQ), and obser-
vations show that the fraction of the bolometric luminosity released by an AGN in the X-ray
band decreases with increasing Eddington ratio (e.g., Mgﬁ@] 112 n & Fabi
) These two results imply there should be a dependence of & on the accretion rate (cf.,

Bﬁlmmm&&ﬁgsé M), which, if measured, can test how the density structure and corona
power varies with accretion rate. Earlier work by Tnoue et al. (|2DD_ﬂ) indicated that £ in-
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creases with accretion rate, but those authors were unable to fit the X-ray data with ionized
reflection models to measure £ at various Eddington ratios.

In this paper we measure the dependence of £ on AGN accretion rate by compiling the
best available results from the literature. The sources were selected to have clear evidence
of reflection from the inner accretion disk and robust black hole mass estimates. The next
section describes the source selection in detail and presents the results of our experiment
which are then discussed in the context of accretion and coronal models in Section [3l Our
conclusions our summarized in Section 4]

2. Source Selection and Results

The literature was searched to find the best available observationally determined values
of £. Sources selected for analysis must pass two criteria: first, the central black hole
mass must be estimated either from reverberation mapping, or, if the radius-luminosity
relationship (e.g., [Kaspi et al. 2005) is used, a careful decomposition of the Hf line must
be performed to obtain an estimate of the virial motion of the broad-line region (BLR) gas.
Second, the X-ray spectrum of the object must have strong evidence of reflection from the
inner accretion disk (within 10 r,, where r, = GM/c? is the gravitational radius of a black
hole with mass M) in the form of a broad Fe Ko line. AGNs where relativistic effects are
not needed to describe the line profile are not included for analysis. These two requirements
severely restricts the number of possible AGNs that can be included in the sample, but the
objects that are included will provide the cleanest test of any relationship between £ and the
Eddington ratio with a minimal amount of observational scatter. Finally, the AGNs must
have a measurement of ¢ from fitting a relativistically blurred ionized reflection spectrum to
the Fe Ka line and continuum. For consistency, this & must be estimated from the ‘reflionx’
model (Ross & Fabian 2005). After searching through the literature, it was found that 10
observations of 8 different AGNs satisfied the above criteria@ (see Table [1l). The 2-10 keV
bolometric corrections, kx, are found from the measurements of Vasudevan & Fabian (2009),
or, for three of the objects, are estimated by using the observed relationship between xx and
photon index (Zhou & Zhad 2010).

Figure [ plots log ¢ versus the Eddington ratio for the objects listed in Table [1, and

2Objects with relativistic Fe Ko lines that failed to make the list because of an uncertain black hole
mass include MCG-6-30-15, IRAS 13224-3809, 1H 0707-495 and Swift J2127.4+5654. Radio-loud AGNs
with reverberation mapped black hole masses such as 3C 120, 3C 273 and 3C 390.3 were also not included
to eliminate confusion due to emission from the relativistic jet.
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shows a clear correlation between the two parameters (the simple linear correlation coefficient
is 7 = 0.80). The Spearman rank correlation coefficient is 0.685 and gives a t-value of
2.658, which corresponds to a 98.56% confidence level for 8 degrees of freedom. Thus,
the observed correlation has strong statistical significance. However, the detection of the
correlation depends on only three objects with (Lpe/Lgaa) > 0.2, and, as seen in Table [T,
those AGNs have only estimates of the bolometric correction. Removing those three objects
from the sample eliminates the correlation (r = 0.04); it is therefore crucial to obtain better
measurements of bolometric corrections for high accretion rate AGNs in order to confirm
the existence of the relationship between & and Ly /Lgaq-

To estimate the functional relationship between these quantities, we follow the advice
of [Isobe et al! (1990) who recommend the ordinary least-squares bisector method. This
calculation finds the following, nearly linear, relationship between ¢ and the Eddington
ratio:

log & = (1.008 % 0.162) log(Lyol/ Lgad) + (3.14 % 0.164). (1)

This fit is shown as the dashed line in Fig. Il and is formally consistent with the slope (0.805)
and intercept (2.95) calculated from a simple least-squares fit. If the observed errors in &
are included than this line gives a reduced x? >> 1; this can be reduced to ~ 1 if all the
errors in log £ are increased to +0.4. However, as discussed below, substantial scatter in this
relationship is likely to arise naturally, so a reduced y? ~ 1 would not be expected.

3. Discussion
3.1. Physical Interpretation

Figure [ clearly shows that AGNs that are accreting at larger fractions of their Edding-
ton rate exhibit more ionized inner accretion disks. As mention in Sect. 1, such a relationship
might be expected depending on how accretion energy is dissipated in the corona at different
accretion rates. In this Section, we use simple a-disk accretion theory to explore the possible
physical origins of this observed relationship.

As the £ measurements were all chosen to arise from the innermost regions of the accre-
tion disk, radiation pressure will likely dominate the support of the accretion flow. Likewise,
relativistic effects will also be non-negligible. Finally, it will also be necessary to include
the effects of a non-zero (and potentially variable) fraction of accretion energy dissipated in
the corona, f. The ionization parameter can be approximated as £ ~ m,Lx/H?p, where
m,, is the mass of a proton, Lx is the total X-ray luminosity incident on the accretion disk
which has a gas density p, and H is the distance from the X-ray source in the corona to the
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reflecting region of the disk. As there is no complete understanding of the structure of the
corona close to the black hole, for simplicity we will assume a geometrically thick corona
so that H/R = 1, where R is the radial distance along the disk. Theoretical arguments
by Blackman & Pessall (2009) show that the survival of a magnetically dominated corona
will require large scale magnetic fields, so a thick corona above the inner disk may not be
unrealistic (see also Merloni & Fabian 2001). With this assumption, Appendix [A]lshows that
for a radiation pressure supported disk,

n( N\« Luo \° (R e -2 p—1p3 3 -1
€~ (4.33 x 10%) (—0 1) <_O 1) T - R°Ry Rpf(l1—f) ergems , (2)
: : g

where 7 is the radiative efficiency of the disk, « is the viscosity parameter (Shakura & Sunyaev
1973), and (Rg, R., Rr) encompasses the general relativistic effects and are dimensionless
functions of a,, the dimensionless black hole spin, and (R/r,) (e.g., Novikov & Thorne|1973).
This estimation of £ is nicely independent of the central black hole mass. Initially, we assume
constant values of & = 0.1 and n = 0.089 (Davis & Laor 2011), so a model curve of £ versus
(Lbor/Lgaa) can be described by only three parameters: a., R/r, and f.

Figure 2 plots several models calculated from equation 2 and compares them against the
data and the least-squares bisector fit from Fig. [l There are three sets of curves for three
different (a., R/r,) pairs. As described in detail below, the solid lines and the long dashed
line differ in the treatment of f. Fig. [ is remarkable in that the simple a-disk model of
Eq. 2 predicts reasonable values of ¢ for realistic values of the parameters; there is no reason
for this to be expected a priori. This basic level of agreement provides confidence that Eq.
can be used to explore the physical reasons behind the observed correlation between & and

(Lbol/LEdd> .

There can be a wide range of expected values of £ for a given value of Lyo/Lgqq de-
pending on the value of the black hole spin and the radius which dominates the reflection
signal. As these values will likely vary from object to object, and the latter may vary from
observation to observation, a fair amount of natural scatter will occur in the observed rela-
tionship. In fact, this scatter may be a significant contribution to the observed slope of the
relationship; however, the scatter is not so significant as to destroy the correlation. This fact
argues that AGNs within this range of Eddington ratios are not uniformly distributed over
a, and R, but are confined to a relatively small range in these parameters. Clearly, more
ionized reflection fits in a wider range of AGNs is needed to better understand the intrinsic
scatter in this relationship.

Vasudevan & Fabian (2007) make use of their measured AGN X-ray bolometric correc-
tions to estimate that the coronal fraction f ~ 0.45 for low Eddington rate AGNs. The
long dashed line in Fig. 2 shows the predicted {—(Lyo1/Lgqq) relationship from eq. 2l for this
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value of f when a, = 0.998 and R = 8 r,. This line has a slope of 3, as predicted from
eq. Bl much steeper than the measured slope of ~ 1 (eq. [ll). However, [Vasudevan & Fabian
(2007) also found that f is lower for high Eddington ratio sources, dropping to ~ 0.11. The
anti-correlation of f with Eddington ratio is a natural consequence of the well established
diminishing of relative X-ray power in high luminosity quasars (e.g., [Steffen et al. 2006).
Models of accretion disk corona predict different dependencies of f on the Eddington ratio,
with [Wang et all (2004) providing a comparison with observational estimates. The steepest
dependence of f with (Lpe/Lgaq) is provided by the model of [Stella & Rosnern (1984) which
finds f o (Lpo1/Lpaa) """. Inserting this dependence into eq. Bl and normalizing so that
f =0.45 at (Lyo1/Lgaa) = 0.01, yields the solid lines in figure 2l which have slopes of & 2.3,
still significantly steeper than the observed slope.

Although the intrinsic scatter is likely to contribute to the mismatch between the ob-
served and predicted slope, it is interesting to consider what other physical mechanisms
may be operating that can bring the model closer to the observed correlation. There are
numerous possibilities, but, as outlined below, not all are likely physical reasonable.

3.1.1. Coronal Fraction

If f o< (Lpo/Lgaq) 2 then the slope of the model is approximately equal to the observed
one. However, this dependence is so strong that, if normalized to 0.45 at (Lye1/Lgaqa) = 0.01,
f drops to 1% at an Eddington ratio of only 0.07. Such a strong dependence of f would be
very difficult to reconcile with the observed X-ray luminosities of luminous quasars.

3.1.2.  Gas Density

Perhaps the simplest change to the model is to alter the gas density of the disk. The
value of p used in calculating £ is an approximate, vertically-averaged value of the gas density,
and may not be entirely accurate for the outer layers of the disk that is being illuminated
by the X-rays. Furthermore, the X-ray heating may cause the disk scale height to increase
and thus decreasing the density (e.g., Nayakshin et all 2000; Ballantyne et all 2001b). As
there is more accretion power emitted as X-rays at low Eddington ratios, then its plausible
that this density correction could be dependent on (Lye/Lgaq). The dotted line in figure
shows the a, = 0, R = 8 r, model after reducing the density with a factor that varies as
(Lpor/Lgaa) '3, The reduction in density ranges by a factor of ~ 10% at (L /Lgqq) = 0.01
to 25 for an Eddington ratio of unity.
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There are problems with this solution, however. First, it can most easily be applied
to low spin black holes. Higher spin black holes, such as the a, = 0.998 models plotted
in figure 2 would require a denser disk at high Eddington ratios to bring the model into
agreement with the data. In addition, reflection calculations of disks which do adjust into
hydrostatic balance and have low density surfaces predict that ionized Fe Ko lines are com-
mon (Ballantyne & Ross 2002) unless the disk is very weakly illuminated. It is not clear that
this is consistent with the observed variation in coronal fractions, where more accretion power
is dissipated in the corona at low Eddington ratios and the ionization parameter is observed
to be small. Both these problems may be mitigated if processes within the disk (e.g., photon
bubble or Parker instabilities) transported denser material to the surface (Ballantyne et al.
2004; Blaes et al. 2007). More simulations investigating the density structure of accretion
disk photospheres are needed to quantify the possible corrections to the a disk densities.

3.1.3.  Radiative Efficiency

According to equation 2, ¢ o< 572, so if the radiative efficiency of accretion disks was
proportional (Lpe/Leaq)™ ' then, after including the effects of the variable f, the slope of
the model would be more in line with the observed correlation. Of course, 1 is a measure
of the total binding energy available to be radiated away in the accretion flow and thus
depends on the black hole spin and the innermost radius of the disk (e.g., Krolik 1999). The
maximal values of 1 are limited to be 0.31 (0.038) for maximally spinning black holes that
are co-rotating (counter-rotating) with respect to their accretion disks [see [Davis & Laor
(2011) and references therein]. Additional physics can alter these expectations, however; for
example, magnetohydrodynmical effects may provide an extra torque to the gas within the
traditional innermost stable orbit and increase the efficiency above the theoretical upper-
limit (e.g.,|Agol & Krolik 2000). Alternatively, accretion energy may be advected inwards or
used to drive outflows which can reduce the efficiency. Observationally, arguments based on
the work of [Soltan (1982) have shown that the average efficiency of accreting black holes over
their accretion history is 2 0.1 (e.g., [Yu & Tremaine 2002; [Elvis et al. [2002; [Marconi et al.
2004; Barger et al)2005). Recently, Davis & Laor (2011) estimated n for 80 PG quasars and
found an average value of ~ 0.1 (with a wide scatter) and no strong correlation with the
Eddington ratio. Indeed, implementing the 1 o (Lo /Lraq)™'° dependence into equation
finds that it can only hold over a factor of ~ 20 in Eddington ratio before reaching the
theoretical limits.

Interestingly, Davis & Laor (2011) find a positive correlation between n and black hole
mass, 7 oc M1/2. Thus, an alternative way to reduce the slope of the ¢(Lpe/Liaq) relation-
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ship is with (M/Mg) o (Lye/Lraq)*®. Again, such a strong relationship is not observed
(Kollmeier 2006; [Steinhardt & Elvid 2010; [Davis & Laorn 2011), nor is it even hinted at with
the data in Table [Il where only a slight negative correlation is possible (r = —0.44).

3.1.4. Disk Viscosity

The models shown in fig. Pl assume a constant @ = 0.1, but the slope of the predicted
relationship could be reduced to ~ 1 if & oc (Lpe/Lgaq) 3. Observational estimates of
a typically find « 2 0.1 (e.g., King et al| 2007), but numerical simulations of accretion
flows typically find values an order of magnitude lower (e.g., Davis et al.[2010). The strong
relationship between a and the Eddington ratio required to account for the observed &—
(Lpo/ Lraa) relationship results in either a large fraction of low Eddington AGNs with a ~ 1,
or that most rapidly accreting AGN have o« < 0.01. As the « parameter is at best a
parametrization of our ignorance of the accretion process, it is difficult to assess the validity
of such a relationship between o and accretion rate without guidance from simulations that
explore disk viscosity as a function of M.

3.1.5. Black Hole Spin

Figure 2lshows that the black hole spin has an important impact on the predicted values
of &, and that the slope of the predicted curves could be reduced if a, was a decreasing
function of (L /Lgaq), an idea that has some theoretical justification. In particular, some
models of black hole growth predict that only the largest black holes that have stopped
rapidly accreting have developed high spins, while the lowest mass black holes which may
still undergo rapid accretion will generally have low values of a, (e.g., Fanidakis et al.2011).
That is, the high Eddington ratio AGNs would be lower mass black holes with small spins,
and the low Eddington ratio AGNs would be high mass black holes with large spins. This
scenario is also a possible explanation for the correlation between n and black hole mass
found by Davis & Laor (2011). Although the objects in our sample do not present strong
evidence for a correlation between black hole mass and Eddington ratio, we assumed that
@y X (Lpo/Lpaq)” and searched for an z that could reduce the predicted slope to match the
observations. The minimum slope found was 1.4 for x = —0.11 and a reflecting radius very
close to the innermost stable circular orbit. Thus, a dependence of spin with Eddington ratio
cannot, on its own, reproduce the observed correlation between & and (Lpo/Lgad)-
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3.1.6.  Other Options

There are other physical effects neglected in equation [2that could influence the observed
&. For example, if the X-ray source is close to the black hole, gravitational light bending
(e.g., Miniutti & Fabian 2004) will increase the irradiation of the disk and thus increase €.
If this was more common, or more effective, at smaller (L. /Lgqqa) (as might be expected
given the larger values of f), then this effect could reduce the slope of the model to be closer
to the observed value. However, if the disk is more highly illuminated than this would also
increase the strength of the reflection spectrum and increase the equivalent width (EW) of
the broad Fe Ko lines. Iron lines with large (i.e., several hundred eV) EWs are rare in
Seyfert galaxies (Nandra et al/l2007; de la Calle Pérez et al/l2010) which argues that strong
light bending is not a common phenomenon (see also Ballantyne 2010). Alternatively, it
is possible some fraction of the accretion energy dissipated in the corona is used to drive
an outflow (e.g., Merloni & Fabian 2002). This would have two important effects for the
predicted value of &: first, this would reduce the energy available to illuminate the accretion
disk, and, second, the X-rays emitting region may be moving rapidly away from or toward the
disk and thus significantly decrease or increase the irradiating flux (Beloborodowv 1999). As
f is likely to depend on Eddington ratio, then it is certainly plausible that such effects may
also be stronger over a certain range of (Lpo/Lgqq). More generally, it is possible (perhaps
likely) that all of the effects considered in this section are in play at some level in real AGNs.
Measurements of £ from the inner regions of accretion disk are needed from several more
AGNs with reverberation mapped black hole masses to further explore the nature of this
correlation.

3.2. Application to MCG—6-30-15

One potentially important application of this correlation is that it may help distinguish
between two competing interpretations of an observed X-ray spectrum. For example, MCG—
6-30-15 exhibits one of the broadest and strongest Fe Ko lines ever observed and has been
analyzed many times since the line was first detected by ASCA (e.g., [Tanaka et all|[1995;
Ballantyne & Fabian 2001; [Wilms et all 2001; [Fabian et al! 2002; [Ballantyne et al. 2003;
Reynolds et al. 2004; [Brenneman & Reynolds 2006; Miniutti et all 2007). When modeled
as one powerful relativistic line, reflection fits to the spectra of MCG-6-30-15 yield log & < 2
and require a large iron abundance (e.g., Brenneman & Reynolds 2006; Miniutti et al.2007).
However, equally good fits to the spectra can be found if the red wing of the line arises from
highly ionized Fe close to the black hole and the neutral 6.4 keV core arises from much larger
distances on the disk (Ballantyne & Fabian 2001; Ballantyne et all 2003; Reynolds et al.
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2004). None of the AGNs in Table [I] show evidence for a strong second reflector from the
accretion disk that could bias the measurement of the ionization parameter and the resulting
correlation. Thus, this degeneracy is unlikely to be common, but, given the importance of
MCG-6-30-15 to the field, it is interesting to use the correlation observed in Fig.[lto provide
additional information on the likely ionization state of the MCG-6-30-15 accretion disk.

Unfortunately, the black hole mass of this source is not well constrained with a current
best estimate of 4 x 10 My, (McHardy et al. 2005). The flux of MCG-6-30-15 when it was
observed in a deep minimum state (2.3 x 107! erg cm=2 s7!; [Wilms et all 2001) is used
to estimate a lower limit to log&. As there is no direct measurement of kx, we utilize the
photon index of MCG—6-30-15 in the deep minimum state (I' = 1.8; Reynolds et al. 2004)
and again make use of the correlation between rkx and I' described by [Zhou & Zhao (2010)
which results in kx ~ 24. Combining these measurements results in Ly, /Lgqqa = 0.18 which
when inserted into Eq. [Il and taking the extremal values of the slope and intercept, yields
log & > 2.1. This lower limit suggests that the accretion disk of MCG—6-30-15 is most likely
to be significantly ionized.

Interestingly, when the broad Fe Ka line of MCG—-6-30-15 is fit by a highly ionized reflec-
tor, the ionization parameter is usually log& > 3.5 (Ballantyne et al. 2003; Reynolds et al.
2004), and such a highly ionized line is naturally broader due to Comptonization (e.g.,
Ross et alll1999). Thus, an ionized accretion disk in MCG—6-30-15 would reduce the value of
a, required to explain the width of the Fe Ka line (e.g., [Reynolds et al.l2004; Brenneman & Reynolds
2006). However, the fits of Ballantyne et all (2003) found that the ionized reflector was con-
strained to a radius of R ~ 5 ry, and therefore a non-zero black hole spin will be necessary.
We can be more quantitative by combining the measured £ and R from spectral fits with the
predicted &—(Lye1/Lgaq) correlation. An ionization parameter of log ¢ > 3.5 would be larger
than expected for the correlation seen in Fig. [Il, but scatter due to the various values of a,
and R will bring objects above that line. According to Equation[2 if log{ > 3.5at R~ 51,
for Eddington ratios ~ 1 (Miniutti et al. 2007), then a, ~ 0.8. Thus, a rapidly spinning
black hole is still necessary for MCG—6-30-15, but a very large value is not required if the
inner disk is ionized.

4. Conclusions

In this paper we have presented evidence from the literature that the ionization state of
the inner accretion disk in AGNs is correlated with the Eddington ratio of the accretion flow.
Very conservative criteria were employed to select the data from the literature; namely, there
must be strong evidence for reflection from within 10 r,, the reflection spectrum must have
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been fit with the latest ionized disk models, and there must be a high quality estimate of the
central black hole mass. Despite these steps, the correlation relies on estimates of the X-ray
bolometric corrections for the high Eddington rate sources. Therefore, precise and accurate
measurements of bolometric corrections (especially of rapidly accreting AGNs) are needed
to both confirm the existence of this correlation and to better define its intrinsic scatter.

The existence of a relationship between ¢ and Ly /Lgaq is predicted by simple « disk
accretion theory, although with a slope that is steeper than what is observed. It is not
possible to determine an unique explanation that can bring the two slopes into agreement,
although a Eddington ratio dependent decrease in the disk density (possibly related to the
changing coronal power) presents the simplest possibility. If the correlation can be better
defined by future observations than it may lead to insight into the physics of the energy flow
between the disk and X-ray emitting corona.

Finally, we showed that the {—(Lyo1/Lrqq) correlation will also be useful in distinguishing
between different interpretations of AGN X-ray spectra. As an example, given the current
estimate of the black hole mass of MCG—6-30-15, the correlation predicts that the accretion
disk of MCG—6-30-15 should be significantly ionized with log& > 2.1. This result provides
evidence that the strong line observed from this object may arise from two distinct reflecting
regions with different ionization states, rather than one low-¢ area with a very high Fe
abundance. The high values of £ measured in this interpretation require a, ~ 0.8, reducing
the value of the spin necessary to explain the width of the red wing.

We thank the referee, Dr. Chris Reynolds, for a helpful report that improved the paper.
This work was supported in part by NSF award AST 1008067 to DRB.

A. The Ionization Parameter in a Radiation Pressure Dominated Disk

To estimate the ionization parameter of an accretion disk illuminated at a radius R by
a X-ray luminosity Ly, we re-write £ = 47 Fx /ny as £ & m,Lx/H?p, assume H/R = 1 (see
Sect. B.1]), and use the density of a radiation pressure dominated disk provided by (Krolik
1999):

) - - 2
_ oy (M N M\ Lya \ 7 E ’ 2 —3(1 _ £\-3 -3
p=(2:23x10 ><0.1> (0.1) (M@) Iow) \r) fRrRa(=/)"gan™,

(A1)

where the correction due to a non-zero coronal dissipation fraction f has been included from
the results of [Svennson & Zdziarski (1994). The relativistic corrections (Rg, R,, Ry) are
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simple, but lengthy, analytic functions of a,, the dimensionless black hole spin, and the disk
radius (R/r,) and can be found elsewhere (e.g., Krolik [1999).

Finally, it is assumed that that the X-ray luminosity is powered entirely by the fraction
of the accretion energy that is dissipated in the corona;i.e., Lx = f L. That is, none of the
coronal energy is used to launch an outflow or jet, which is a reasonable assumption given the
relatively high Eddington ratios of the objects making up the sample (e.g., Merloni & Fabian
2002). Combining this assumption with eq. yields equation [21

B. The Ionization Parameter in a Gas Pressure Dominated Disk with
Electron Scattering Opacity

Although not likely applicable to the inner disk reflection observed in the AGNs con-
sidered here, for completeness we also derive an estimate for & for the case of an illuminated
gas pressure dominated disk (with electron scattering opacity). In this case, the gas density
is (Krolik 11999):

~ ~ —7/10 2/5 —33/20
n 2/5 / 7/10 /M l Lyg R 1/2 p7/10 5—3/10 —3/10 -3
— (239 (—) (—) el kil RY2RIO R0 f)=3/10 g o3,
=297 0.1 M, Lona Ty v (=) e
(B1)

where again the correction due to dissipation in the corona was taken from the work of

Svennson & Zdziarski (1994). Then, with the same approximation as before for the produc-
tion of the ionizing X-rays (i.e., Lx = f L), the ionization parameter is:

DN a0 L M L L N (R B )
c~um(5h) Gr) Gm) (o) () BRSO ey o s
(B2)

The high density of a gas pressure dominated disk predicts a very low £ for supermassive
black holes, and with a much slower dependence on the Eddington ratio than the radiation

pressure dominated disk.
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Fig. 1.— A plot of log ¢ versus Ly /Lgaq for the AGNs listed in Table[Il A significant corre-
lation is observed with a Spearman rank correlation coefficient of 0.685 (98.56% confidence
level). The dashed line plots ordinary least-squares bisector fit to the data (Eq. [I).



— 20 —

3.9 —

2.0

log(¢)

1.9 —

Lbol/LEdd

Fig. 2.— As in Fig. [ but overlaid with model curves derived from Eq. 2l To guide the eye,
the gray dashed line show the least squares bisector fit from Eq. [Iland Fig.[Il The solid lines
plot the predicted £&—(Lyo1/ Lpaq) relationship from Eq. 2l for different combinations of a., the
black hole spin, and R, the radius of peak reflection. These particular models assume f o
(Lvor/Lraa) ™" (Stella & Rosnen[1984). The long dashed line plots the a,. = 0.998, R =8,
model if a constant f = 0.45 is assumed (Vasudevan & Fabian 2007). The dotted black line
shows the a, = 0, R = 8 r, model when the disk density has been reduced by a factor that
is proportional to (Lo /Lgaq) ' This factor ranges from ~ 10* for Ly /Lgaq = 0.01 to 25
at Lpoi/Lraa = 1. As described in the text, this is only one out of several possibilities to
bring the slope of the model into agreement with the observed relationship.



Table 1. Details of AGN Sample

Source Type z £ & Ref. Lx Lx Ref. kx  kx Ref. Mgu Mgy Ref.  Lyo/Lrad
(erg cm s~ 1) (erg s71) (Mg)

Mrk 766 ~ NLS1 0.0129 9617322 BR09 7.6 x10*2  NO7 57 7710 1.7 x 10° W10 2

NGC 3783 Sy 1.5 0.0097 30130 BR09 1.1x10%  NO7 15 VF09 28x107  WI0 0.04
NGC 4051 NLS1  0.0023 99120 BR09 2.0 x 10" NoO7 67  VF09 1.7 x 106 D10 0.06
Ark120 Sy 1  0.0327 3075, BR0O9 9.4 x10*  NO7 25  VF09 1.4 x108 W10 0.13
Ark 120 — 280157 N1l 75x10%  Pi1l — — — — 0.10
Fairall 9 Sy 1.2 0.047 247147 P11 1.3x10* P11 105 VF09 2.6 x 108 P04 0.04
Mrk 79 Sy 1.2 0.022 177+8 Gl  1.7x10%  G11 105 VF09 5.3 x 107 P04 0.03
Mrk 79P — 601} Gll  95x102 Gl — — — — 0.01
I Zw 1 NLS1  0.0611 306073 GO7 4.3 x10%  GO7 76 7710 2.0 x 107 M10 1.3
Mrk 4784 NLS1  0.079 746138° 708 23 x10%  GO6 86  ZZ10 3.2 x 107 M10 0.48

Note. — Details compiled from the literature of AGNs with high quality black hole masse estimates that also have X-ray spectra
that exhibit clear evidence for a relativistic Fe Ko line and have been fit with the ‘reflionx’ ionized disk model of [Ross & Fabian
(2005). Lx denotes the intrinsic rest-frame 2-10 keV luminosity of the AGN, Mpy is the mass of the black hole, and Ly is the
estimated bolometric luminosity. The Eddington luminosity, Lgqq, is defined as Lggq = 1.3 X 1038(MBH/M@) erg s~'. References:
BR09: Brenneman & Reynolds (2009), NO7: [Nandra et all (2007), ZZ10: [Zhou & Zhao (2010), W10: Woo et all (2010), VF09:
Vasudevan & Fabian (2009), D10: [Denney et al! (2010), P11: [Patrick et all (2011), N11: [Nardini et al. (2011), P04: [Peterson et al.

(2004), G11: |Gallo et all (2011), GOT: |Gallo et all (2007), M10: [Marziani et all (2010), Z08: |Zoghbi et al. (2008), G06: |Gallo (2006).
adata taken from the long Suzaku observation
Pdata taken from the XMM6 observation
¢data taken from longest XMM-Newton observation

dGalld (2006) listed the 2.5-10 keV flux, so Lx will be slightly underestimated
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