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Abstract

Active galactic nuclei (AGN) emit radiation via accretion across the entire energy spectrum. While the standard disk
and corona model can somewhat describe this emission, it fails to predict specific features such as the soft X-ray
excess, the short-term optical /UV variability, and the observed UV /X-ray correlation in AGN. In this context, the
fraction of AGN emission in different bands (i.e., bolometric corrections) can be useful to better understand the
accretion physics of AGN. Past studies have shown that the X-ray bolometric corrections are strongly dependent on
the physical properties of AGN, such as their luminosities and Eddington ratios. However, since these two
parameters depend on each other, it has been unclear which is the main driver of the X-ray bolometric corrections.
We present here results from a large study of hard-X-ray-selected (14-195 keV) nearby (z < 0.1) AGN. Based on
our systematic analysis of the simultaneous optical-to-X-ray spectral energy distributions of 236 unobscured AGN,
we found that the primary parameter controlling the X-ray bolometric corrections is the Eddington ratio. Our results
show that, while the X-ray bolometric correction increases with the bolometric luminosity for sources with
intermediate Eddington ratios (0.01-1), this dependence vanishes for sources with lower Eddington ratios (<0.01).
This could be used as evidence for a change in the accretion physics of AGN at low Eddington ratios.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); X-ray active galactic nuclei (2035); Active
galaxies (17); Galaxy nuclei (609); High energy astrophysics (739)

1. Introduction accretion flow around the central black hole, generally
described by a standard, geometrically thin yet optically thick

material onto their central supermassive black holes (SMBHs), N. I..Shaku?a & R', A. Sunyaev (.1973) QISk with a temperafure
and in the process, they emit radiation, mainly at optical /UV gradient (with the innermost regions being the hottest; see also

and X-ray energies (E. E. Salpeter 1964; D. Lynden-Bell 1969; L D. Novikov & K. S. Thorne 1973). Higher-energy X-ray

i fecion : diation, on the other hand, is thought to originate in a
M. J. Rees 1984). The optical /UV ttributed to th. ra s , g g
. )- The optical/ CmISSIon 15 attrbutec fo the compact corona of hot (~10-100 keV) electrons, located close

Orieinal from i . be used under th to the central SMBH. This coronal plasma upscatters the
rigina’ content from this work may be used under the terms optical/UV seed photons from the accretion disk via

of the Creative Commons Attribution 4.0 licence. Any further .. .
distribution of this work must maintain attribution to the author(s) and the title Comptonization to produce X-rays (F. Haardt & L. Maraschi

of the work, journal citation and DOL 1991).

Active galactic nuclei (AGN) grow by actively accreting
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Although these two physical components successfully
reproduce the optical-to-X-ray spectral energy distributions
(SEDs) of AGN on a basic level, they fail to describe the wide
diversity of AGN and certain features observed in AGN SEDs
(see A. Koratkar & O. Blaes 1999 for a detailed overview).
The X-ray spectra of unabsorbed AGN often show emission
above the power-law continuum below ~1-2keV, referred to
as the soft X-ray excess (e.g., J. Bechtold et al. 1987). A secondary
“warm” (~0.1-1 keV) Comptonization region has been proposed
to account for the soft excess (e.g., P. Magdziarz et al. 1998;
J. Crummy et al. 2006; C. Done et al. 2012; A. Kubota &
C. Done 2018; P. O. Petrucci et al. 2018). Alternatively, this soft
excess can also be explained by X-ray reflection from the inner
regions of the accretion disk (e.g., J. Crummy et al. 2006).
However, these two scenarios (i.e., warm corona and reflection)
are not distinguishable and could possibly coexist (e.g.,
J. A. Garcia et al. 2019). The multitemperature disk model is
also unable to reproduce the short-term stochastic variability
observed in the optical/UV for many AGN (e.g., S. Collier &
B. M. Peterson 2001; A. Lawrence 2018), as well as the strong
variations in bolometric luminosity of some AGN on timescales of
months to years (e.g., S. M. LaMassa et al. 2015; N. Rumbaugh
et al. 2018; M. J. Graham et al. 2020). Furthermore, the
disappearance of the UV excess, commonly called the “big blue
bump,” in low-luminosity AGN (LLAGN) is also beyond the
predictions of the standard disk (e.g., L. C. Ho 2008).

Numerous studies have shown that the monochromatic
X-ray and UV luminosities of AGN display a tight nonlinear
correlation (e.g., Y. Avni & H. Tananbaum 1986; B. J. Wilkes
et al. 1994; A. T. Steffen et al. 2006; E. Lusso & G. Risaliti
2016). However, the physical connection between the optical/
UV disk and the X-ray coronal emission driving this correlation
is still not understood (e.g., E. Lusso & G. Risaliti 2017). Over
the years, multiple accretion flow and disk—corona models have
been proposed to explain the possible origin of some or all of
these features. A few examples include radiatively inefficient hot
accretion flows (e.g., F. Yuan & R. Narayan 2014), hot and warm
corona models (e.g., A. Kubota & C. Done 2018), X-ray
illumination of the accretion disk (e.g., C. Panagiotou et al. 2022;
E. Kammoun et al. 2025), and magnetically dominated accretion
disks (e.g., P. F. Hopkins et al. 2024). While these models are
able to explain the multiband emission and observed variability
of some specific AGN sources, their applicability to the larger
AGN population is debated.

In the last few decades, many studies have discussed the
importance of bolometric corrections, to better understand the
AGN disk—corona interplay with respect to the total bolometric
emission. By definition, bolometric corrections (x,) are the ratio
of the total bolometric luminosity (L) of an AGN to the
luminosity in a specific wavelength (or energy) band
(Ly; kx = Luo/Ly). Hence, they indicate what fraction of the
AGN’s total energy is emitted in a specific energy band.
Investigating the dependence of these bolometric corrections on
the properties of AGN can help shed light on the physical
processes involved in the multiwavelength emission of AGN and
their evolution with the accretion rate. Past studies have
discovered that, while the optical bolometric corrections do not
show any significant change with properties like the black hole
mass (Mgp), bolometric luminosity (Lyg), or the Eddington ratio
(Agaq) of the AGN, the X-ray bolometric corrections are strongly
dependent on the latter two properties (e.g., R. V. Vasudevan
& A. C. Fabian 2009; E. Lusso et al. 2012; H. Netzer 2019;
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F. Duras et al. 2020). Indeed, the 2—-10 keV bolometric correction
(k2_10) shows a significant increase with both Ly, and Aggq.
However, since these two parameters are intrinsically linked to
each other (Agaq = Liol/Lgda; Leaa = 1.5 x 10% x % ergs)
it has been challenging to disentangle them and constrain their
individual effects on bolometric corrections. Therefore, we still
lack a clear understanding of the main physical property that
controls the bolometric corrections and regulates the accretion and
emission physics of AGN.

The main aim of this work is to study the effect of the
physical parameters of AGN (i.e., Mgy, Lo, and Aggq) on the
2-10keV X-ray bolometric corrections, in order to determine
the primary regulator of the fraction of X-ray emission in AGN.
To do so, we used the largest sample of hard-X-ray-selected,
nearby, unobscured AGN, with simultaneous optical, UV, and
X-ray data, described in detail in Section 2. We present our main
results in Section 3, and discuss their implications in the context
of AGN accretion in Section 4. Finally, we summarize our
findings in Section 5. Throughout the paper, we assume a
cosmological model with Hy = 70 kms™' Mpc ™', Qy = 0.3, and
@, = 0.7. All correlations were obtained using various functions
from the statistics?® module of the Python library scipy
(P. Virtanen et al. 2020) and the Python package 1inmix~°
(B. C. Kelly 2007). Specifically, the significance of the
correlations is determined using Pearson’s correlation test.

2. Sample and Data

Our sample is based on the 70 month Swift/Burst Alert
Telescope (BAT) catalog (W. H. Baumgartner et al. 2013)
consisting of 858 AGN. From this, we selected a sample of
236 unobscured AGN in the local Universe (z < 0.1), based on
their line-of-sight column densities (N < 10** cm™%; C. Ricci
et al. 2015, 2017). The 14-195keV hard-X-ray detector of
Swift/BAT (S. D. Barthelmy et al. 2005; H. A. Krimm et al.
2013) is ideal to detect optically faint AGN with strong X-ray
emission, which might be missed by optical surveys.
Importantly, all the AGN detected by Swift/BAT have been
observed simultaneously in the soft X-rays (0.3—10 keV energy
range) and optical /UV (six filters spanning 170 to 650 nm) by
the X-ray telescope (D. N. Burrows et al. 2005) and the
UV /optical telescope (T. S. Poole et al. 2008; A. A. Breeveld
et al. 2010) on board Swift, thus providing contemporaneous
multiband data that are exceptionally well suited for broadband
SED analysis.

In a previous study (K. K. Gupta et al. 2024; hereafter G24),
we performed a comprehensive analysis of the optical-to-X-ray
SEDs for our AGN sample. Here, we briefly summarize the key
aspects of the SED construction and modeling, but for a detailed
discussion, please refer to G24. We created the multiband SEDs
by combining the 0.3-10keV X-ray spectrum (extracted
following the Swift/XRT pipeline) and the optical/UV fluxes
(in at least four Swift/UVOT bands) of our sources. The latter
were corrected for contamination from the AGN host galaxy
following a careful image decomposition procedure using
GALFIT (C. Y. Peng et al. 2002, 2010). The final set of SEDs
was fitted using a combination of models to describe the X-ray
coronal and the optical /UV disk emission. The X-ray part of the
SED was fitted using an absorbed power law with a reflection
component. A blackbody component that accounts for the soft

2 hitps: //docs.scipy.org/doc/scipy /reference /stats.html
26 hitps: / /linmix.readthedocs.io/en /latest/
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excess, or a partially covering warm absorber, was added if and
when needed. The lower-energy side of the SED was modeled
with a dust-extincted multitemperature accretion disk model with
a fixed inner radius of 6R,. The bolometric luminosities for all
AGN were then calculated by adding the intrinsic X-ray
luminosity in the 0.1-500keV range and the intrinsic optical/
UV luminosity in the 1000 ym to 0.1 keV range. The infrared
emission was excluded because it is driven by reprocessed UV
and optical radiation. We also calculated the intrinsic luminosity
in the 2-10keV X-ray band to estimate 2-10keV X-ray
bolometric corrections (k>_10 = Luot/Lo—10)- Black hole mass
measurements obtained using either the virial method or direct
reverberation mapping are available for 234/236 AGN thanks to
the BAT AGN Spectroscopic Survey”’ (M. Koss et al. 2017;
M. J. Koss et al. 2022; J. E. Mejia-Restrepo et al. 2022). We
used these estimates to calculate the Eddington ratios for our
AGN sample.

Following the details mentioned above, our AGN sample spans
five orders of magnitude in both bolometric luminosity and
Eddington ratio, specifically including a sufficient number of
sources (36/236) with low luminosities (Lyo < 10 ergs™") and
low Eddington ratios (Aggq < 0.01) to study if and how
their accretion properties change with respect to the rest of the
sample.

3. The Primary Regulator of the X-Ray Bolometric
Correction

In this section, we discuss the dependence of the X-ray
bolometric correction (k,_10) on different physical properties
of AGN, such as bolometric Iuminosity (Section 3.1),
Eddington ratio (Section 3.2), and black hole mass
(Section 3.3). In Section 3.4, we attempt to disentangle the
effects of these three parameters to determine the main driver
of Kk, 19 in AGN. We have also compared our results with
those of F. Duras et al. (2020), who performed a similar
broadband SED study of ~1000 AGN to estimate their
multiband bolometric corrections and investigate their depend-
ence on AGN properties.

3.1. Ky_j0 versus Lp,,

In Figure 1(a), we show the dependence of x, g on Lyy. The
black points represent the data from our work, while the red points
show the median of x,_o in bolometric luminosity bins, with a
minimum of six sources per bin. We also show the best fit to the
data as the black solid line, while the shaded gray region is the
one-sigma confidence interval. In agreement with previous studies
(e.g., A. Marconi et al. 2004; R. V. Vasudevan & A. C. Fabian
2009; F. Duras et al. 2020), x, ;o shows a clear positive
correlation with Ly, (p-value = 2.52 X 1077). This trend is best
described with a second-degree polynomial fit:

IOg (f/‘:2—10) = (3775 + 2615) + (—7899 + 5303) X Lb01’45
+ (4252 £ 26.88) x (Lpor4s)?

(D
where Luol45 = log (Lyor/erg s~1)/45. This fit is valid within
the range of Ly, = 10*' *®ergs™'. We compare our best-fit
relation with the one from F. Duras et al. (2020), shown as the

dashed green line in Figure 1(a). While the two relations agree
well up to Ly, ~ 10*®erg s™', the slight deviation above those
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values could result from the small number of sources in our
sample in that last bin (see Section 4.3 for more details).
Ignoring the first and the last bins (with only a few sources)
does not have any significant effect on the best-fit relation
quoted above.

This strong correlation between k, 1o and Ly, along with the
absence of any relation between x, g and L, g (see Section 7.4.1
and Figure 20 of G24), suggests that a higher bolometric
luminosity does not necessarily imply a stronger contribution
from the X-rays. Conversely, sources with large accretion
luminosities seem to emit less X-ray emission in the 2-10keV
energy band, leading to an overall increase in #,_19. This also
puts into perspective the anticorrelation obtained between
UV bolometric corrections and Ly, (see Figure 24 of G24).
As discussed in G24, a statistically significant (p-value =
5.80 x 10~*) negative dependence is observed between the UV
bolometric correction in the UVW2 band (kw,) and L,
suggesting an increase in the UV luminosity as the bolometric
luminosity increases. Combining both results, we can assess that,
as the bolometric luminosity increases, the contribution from the
UV to Ly, also increases. In contrast, the X-rays do not show
similar behavior. Instead, the X-rays may saturate at some point,
while the UV emission drives the bolometric luminosity in the
brightest AGN (Lyoy > 10 ergs™).

3.2. Ko_jp Versus Ngaqq

The positive correlation between x,_ 19 and Agqq is shown in
Figure 1(b). The black line shows the best-fit relation to the
data. We report the following second-degree polynomial
equation that describes the statistically significant (p-value =
1.08 x 1077 dependence of k; 19 on Aggq:

log (#2_10) = (1.54 & 0.06) + (0.31 = 0.09) x log (Agaq)
+ (0.05 £ 0.03) x (log [Agaal)? .
()

The range of validity for the above relation is log Agqqg = —3
to 0. k,_ 1o shows a flat behavior for the lower Eddington ratio
bin (—5 < log A\ggq < —3). However, since we only have have
a few sources in this bin, it is quite difficult to comment on
how ;o evolves in this regime. For comparison, we show
the best-fit relation obtained by F. Duras et al. (2020; dashed
green line) along with our results (solid black line) in
Figure 1(b). Our correlation is relatively less steep, as we
have fewer sources in the highest Aggq bin (log Aggq > 0),
compared to the sample of F. Duras et al. (2020). Otherwise,
the two correlations are consistent within uncertainties for
sources with Agqq between 0.01 and 1. We briefly explore the
behavior of K, 1y at higher Eddington ratios (Aggq > 1) in
Section 4.3.

3.3. Ko_jp versus Mgy

We also check if k;,_19 shows any dependence on the black
hole mass of the AGN in our sample (Figure 1(c)), but we do
not find any significant correlation (p-value = 0.08). F. Duras
et al. (2020) reported an increase in x,_ 1o with Mpy; however,
the correlation they found was mainly driven by the highest
Mgy bin (109*1°M®). Since we only have six sources in our
sample with Mgy > 10°M.., we cannot make any statistically
conclusive statements regarding the dependence of x,_o on
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Figure 1. Relation between the 2—10 keV bolometric correction and AGN properties. We show «,_ ¢ as a function of the bolometric luminosity (top left panel), the
Eddington ratio (top right panel), and black hole mass (bottom panel) for our sample of hard-X-ray-selected unobscured AGN. We found an increase in x,_;o with
Ly and Agqq, but did not find any dependence of x,_;o on Mpy. The solid black line shows the best-fit relation, while the shaded gray region marks the one-sigma
confidence interval. We also compare with previous results (F. Duras et al. 2020) as the dashed green line. The red points are the median x,_ ;o values in bins of Ly,

Agads and Mpy, respectively, such that each bin has a minimum of six sources.

Mgy in that regime. Over the rest of the parameter space, our
results are consistent with those of F. Duras et al. (2020).

3.4. What Drives the X-Ray Emission Fraction in AGN?

Thanks to our large sample size spanning 5 orders of
magnitude in luminosity, black hole mass, and Eddington
ratio, we are able to divide our sample into bins of Mgy, Ly,
and Aggq to study their effects on the trends discussed above.
In Figure 2, we plot k,_1¢ as a function of My, Agqq, and Ly
in two bins (created at the median value) of the other two
properties. The black diamonds and the blue circles correspond
to the median value of x,_;o in the respective bin for each
parameter’s lower and higher values, respectively. The shaded
regions denote the standard deviation around the median value
in each bin. Even after dividing the sample into lower and
higher value bins of bolometric luminosity (top panel in
Figure 2(a)), we do not find any significant dependence of
Ky_10 on Mgy (p-value = 0.64 and 0.23, respectively).
However, when splitting the sample into higher and
lower Eddington ratio bins (bottom panel in Figure 2(a)), we
uncover a weak but statistically significant dependence
(p-value = 0.007) of k>_;9 on Mgy for log Agqq > —1.3. This
dependence of x,_19 on Mgy only for higher Eddington ratios
suggests a nontrivial role of the Eddington ratio in governing
the X-ray bolometric corrections.

In the case of the Eddington ratio (Figure 2(b)), we recover
the original increasing behavior of x, ;o for both higher and
lower values of black hole mass and bolometric luminosity,
further confirming the established dependence of x,_ ;o on
Ardd, irrespective of other parameters. Finally, we investigate
the effects of black hole mass and Eddington ratio on the
luminosity dependence of «,_1o. Although the black hole mass
does not affect the Ly,—k>_1¢ correlation, we observe some
dependence of this correlation on the Eddington ratio. The
bottom panel of Figure 2(c) indicates that, for lower Aggqq
(£0.05), the increase in k,_ 19 with Ly, completely disappears.
This implies that the Eddington ratio somehow controls the
dependence of k,_ 1o on the bolometric luminosity, and hence,
it would be a stronger regulator of the 2-10keV bolometric
corrections. Therefore, the fraction of X-ray radiation in AGN
is significantly dependent on the Eddington ratio, although
luminosity may also have an important effect.

To further examine the effect of Eddington ratio on the
Lyo—+2_10 correlation, and to determine the exact value of
Agqqa Where K, 1o shows a transition, we divide our sample
into three ranges of Eddington ratio. As shown in Figure 3,
the black diamonds correspond to the Agqq < 0.01 bin, the blue
circles represent the sources with 0.01 < Aggq < 0.1, and the
red squares are for the Aggq > 0.1 bin. For each L, bin, we
ensure that a minimum of six sources are included and then
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Figure 2. The 2-10 keV bolometric correction vs. AGN properties, for different ranges of bolometric luminosity, black hole mass, and Eddington ratio. We have
plotted k,_1o as a function of (a) Mpy in bins of the bolometric luminosity (top) and Eddington ratio (bottom), (b) Ag4q in bins of the black hole mass (top) and the
bolometric luminosity (bottom), and (c) Ly, in bins of black hole mass (top) and Eddington ratio (bottom). The black and blue lines show the median value of k, ¢
in each bin of the corresponding AGN property, and the shaded gray and blue regions are the one-sigma uncertainties on the median.

plot the median value of x,_;¢ in that bin. The resultant figure the highest Aggq bin (>0.1). In the case of Aggq ranging
clearly shows an increment in x, ;o with Ly, for both the between 0.01 and 0.1, x,_1(¢ changes from around 12 up to 22
highest (Agqgg > 0.1) and intermediate (0.01 < Agqq < 0.1) for an increase of 4 orders of magnitude in bolometric
bins. We obtain an increase from almost #x,_ 19 = 10 to 35 for luminosity. However, for the lowest Eddington ratio bin
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Figure 3. Relation between the 2—10 keV bolometric correction and the bolometric luminosity in three bins of Eddington ratio. We show ;1o as a function of Ly
for three different ranges of Agqq. The black, blue, and red lines show the median value of k1o in each bin of Ly, for the three ranges of Agqq (< 0.01, 0.01-0.1,
and > 0.1). The shaded gray, blue, and red regions are the one-sigma uncertainties on the median. The dependence of k,_jo on Ly, seems to disappear for

AEaq < 0.01.

(below 0.01), the value of k,_;¢ oscillates between 10 and 15,
not showing any significant positive trend with Ly,. The lack
of any correlation between k,_ 1o and Ly, specifically for
Aeaa < 0.01, suggests a change in the AGN accretion flow
around this value, such that the fraction of X-ray radiation
emitted no longer correlates with the total luminosity of the
AGN. Instead, this implies that, for low Eddington ratios, the
X-ray emission scales with the total emission. This differs
from what we observe in higher-Eddington-ratio and higher-
luminosity sources, where the relative contribution of the
X-ray emission to the optical/UV decreases. This is also
supported by a recent study by E. Kammoun et al. (2025), who
used an X-ray-illuminated disk model to show that the heating
mechanism of the X-ray corona depends on the Eddington
ratio, such that the fraction of power transferred to the corona
decreases with increasing Eddington ratio.

4. Discussion
4.1. Effect of Eddington Ratio on AGN Accretion

The physical properties of the accretion flow in AGN
are expected to change with the Eddington ratio (see
A. M. Beloborodov 1999 for a review). While the radiatively
efficient, geometrically thin, optically thick accretion disk model
(N. L. Shakura & R. A. Sunyaev 1973) is claimed to show good
agreement with observations for AGN with intermediate

Eddington ratios (Aggq ~ 0.01-1; e.g., D. M. Capellupo et al.
2015; E. Lusso et al. 2015; D. M. Capellupo et al. 2016), it cannot
reproduce the SEDs of systems with lower and higher Eddington
ratios (e.g., C. Jin et al. 2012). This is largely because these
sources accrete at regimes that fall outside the validity range of
the standard thin disk model and are likely dominated by
radiatively inefficient accretion flows.

Several alternative accretion models have been proposed in
the literature for such AGN, including radiatively inefficient
slim disks for sources with high Eddington ratios (e.g.,
S. Mineshige et al. 2000; A. Sadowski & R. Narayan 2016)
and advection-dominated accretion flows (ADAFs) for
slowly accreting SMBHs (e.g., R. Narayan & I. Yi 1995;
R. Narayan 2005; F. Yuan & R. Narayan 2014). Specifically in
the case of AGN with low accretion rates, our knowledge is
very limited, mainly because these sources are relatively
scarce due to their low luminosities, even in our most complete
and unbiased AGN surveys. Adding to their low detection
rates, the study of these slow-accreting LLAGN is even more
challenging due to their emission properties, which are
significantly different from the majority of the detected AGN
population (concentrated around 0.01 < Agqq < 0.1). These
sources usually lack a UV excess (e.g., L. C. Ho 2008;
R. S. Nemmen et al. 2014), and they almost always show a
compact radio emission (e.g., J. R. Herrnstein et al. 1998;
R. S. Nemmen et al. 2006, 2014).
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Figure 4. Relation between the 2—10 keV bolometric correction and AGN properties after including high-z sources (shown as black stars) from F. Duras et al. (2020)
and B. Trefoloni et al. (2023). (a) The best-fit relation (dashed red line) between x,_ 1 and Ly, after including high-z, high-L,, sources shows a stronger increase at
Lo > 10% erg s~ ' compared to our original fit (solid black line). (b) The dependence of ,_ 1o on Agq (dashed red line), after including high-z, high-Agqq sources, is

steeper than our original relation (solid black line).

4.2. Low Eddington Ratios

Recent studies by S. Hagen et al. (2024) and J.-L. Kang
et al. (2025) of a sample of X-ray-selected unobscured AGN,
using AGN SED models developed by A. Kubota & C. Done
(2018), confirmed dramatic changes in the SED shapes of low-
accreting AGN (Agqq < 0.02). They showed that the difference
in the SED shape can be explained by the collapse of the
accretion disk into an inefficient X-ray plasma, similar to what
is observed in black hole X-ray binaries (BHXBs; C. Done
et al. 2007). BHXBs generally show a change in their inner
accretion flow at lower luminosities and accretion rates when
the standard disk is replaced by an ADAF (T. J. Maccarone
2003). It seems that AGN SEDs might undergo a similar
transition from a disk-dominated state to being dominated by
the X-rays, around Agqq ~ 0.01-0.02. This possible change
with Eddington ratio in the accretion structure of AGN has
been previously discussed in the context of “changing-state”
(CS) AGN, a class of AGN undergoing drastic changes in their
spectral and emission properties (both in the optical/UV and
X-rays) over short timescales (see C. Ricci & B. Trakhtenbrot
2023 for a review). H. Noda & C. Done (2018) showed that the
decrease in the Eddington ratio, as the CS AGN entered a low
accretion rate regime with Aggq < 0.01, was linked with a
change in the spectral shape and possibly also in the accretion
mechanism of these sources (e.g., A. Jana et al. 2025).
Furthermore, the transition to low Aggq in these CS AGN is
accompanied by a significant drop in the soft X-ray excess as
the X-ray spectrum becomes harder. One would, in principle,
expect this behavior to translate into the X-ray bolometric
corrections for low Eddington ratio sources, which is exactly
what we obtain from our analysis.

We clearly see a strong dependence of the established
K10 — Lpo relation on Aggq (Figure 3). For sources with low
Eddington ratios (<0.01), the flat trend between x5 1o and Ly,
suggests that the X-ray emission increases with the bolometric
luminosity. However, in the case of higher Eddington ratios
(0.01-1), the X-ray emission saturates, while the optical/UV
emission dominates the L. It is worth noting here that,
throughout our broadband SED modeling (described in detail
in G24), we do not make any specific assumptions regarding
the origin of the soft X-ray excess, and we only use the

standard multitemperature thin disk model to fit the optical/
UV emission. However, our results are still consistent with
other works that have used more complex models with a
specific component to describe the soft X-ray excess (e.g.,
H. Noda & C. Done 2018; S. Hagen et al. 2024). Therefore,
our conclusions are not dependent on the model used to
perform the SED fitting, further substantiating our claim that
the Eddington ratio is indeed the main parameter driving the
accretion and emission mechanisms in the nearby AGN
population.

4.3. High Eddington Ratios

Based on our analysis, AGN with high Eddington ratios
(Agag > 0.01) show a clear increase in their X-ray bolometric
corrections with luminosity, which could imply a saturation of
their X-ray emission. However, since our sample is limited at
very high luminosities (Lpo; > 10*°ergs™") and Eddington
ratios (Aggq > 1), we cannot explore the behavior of k,_1¢ in
these regimes. Therefore, we compiled AGN samples at higher
redshifts to investigate the evolution of k, ;o at higher
luminosities and Eddington ratios. To do so, we used the XXL
(0.9 < z < 5) and WISSH (2 < z < 4) samples from F. Duras
et al. (2020), and the z ~ 3 AGN sample from B. Trefoloni
et al. (2023). The sources in these samples are extremely
luminous with Ly, > 10% erg s~!, and a few of them have
Agaq > 1.

We show the dependence of K, 19 on Ly, and Aggq after
including the high-z sources in Figure 4. For sources with
Lot = 102-10% erg s™!, the luminosity dependence of ko
can be described by the following equation:

log (k2—10) = (122.18 £+ 19.13) + (—250.54 4+ 37.64)
X Lpolas + (129.64 £+ 18.50) x (‘Cbol,45)2'
3

Here, Lo 45 = log (Lyor/erg s~1)/45. Inclusion of high-Lyy
sources at higher redshifts shows that x, ;¢ increases
significantly at Ly > 10% egs s ! (Figure 4(a)). However,
below that, this new relation (dashed red line) is consistent
with our original best-fit relation for local AGN (solid black
line). In Figure 4(b), we have plotted x,_;o as a function of
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Agqq after including the high-z sources, and the second-order
best-fit relation (for log Aggqq = —3 to 1) is given as

log (2_10) = (1.94 & 0.04) + (0.70 £ 0.08) x log (Agaa)
+(0.14 =+ 0.03) x (log [Agaal)? .
“4)

Due to the addition of high-z sources, the increase in x,_1o (dashed
red line) with Eddington ratio is now steeper compared to what we
obtained previously with only local sources (solid black line).
However, it is important to note that this dependence could be due
to sample selection effects at such high redshifts. We can clearly
see an offset in the bolometric corrections from the high-z sources
compared to our local sample; this is probably due to the high
luminosities of the former. Therefore, it is necessary to clarify
whether the high values of k, ;¢ are just due to the higher Ly, or if
this difference is actually an effect of the Eddington ratio. This can
be achieved by having a similar-redshift sample when comparing
low and high Eddington ratio sources, which will be explored in a
forthcoming publication (K. Kallova et al., in preparation)

5. Summary and Conclusions

This work focuses on determining the primary regulator
of X-ray bolometric corrections using a large sample of
hard-X-ray-selected nearby unobscured AGN, spanning 5
orders of magnitudes in bolometric luminosity, Eddington
ratio, and black hole mass. We present results from the
broadband SED modeling of 236 unobscured AGN with
simultaneous optical, UV, and X-ray data (presented in G24).
We estimated important quantities for our AGN sample,
including bolometric luminosity, bolometric corrections, and
Eddington ratio. We then investigated the dependence of the
2-10keV X-ray bolometric correction (x,_10) on the three
main physical properties of AGN; Ly, My, and Agqq. Here,
we summarize our main findings and their implications on our
understanding of AGN physics:

1. We obtain a positive correlation of k,_ ;o with the AGN
bolometric luminosity (Equation (1) and Figure 1(a)) and
Eddington ratio (Equation (2) and Figure 1(b)), con-
sistent with previous studies (e.g., F. Duras et al. 2020).
This correlation persists for the entire range of black hole
masses in our sample, extending from ~10°-10' M.

2. We do not find any significant dependence of x,_;( on the
black hole mass for our AGN sample as a whole. However,
for higher Eddington ratio sources (Agqq > 0.05), we obtain
a weak correlation of x, ;o with Mgy (bottom panel of
Figure 2(a)).

3. The Eddington ratio dependence of x, ¢ is consistently
recovered for all luminosity and black hole mass values
in our sample (Figure 2(b)), with L, ranging from
10*'-10" ergs™' and Mgy = 10°-10'°M,. However,
the well-established correlation between x,_1g and Ly
only exists for Aggg > 0.01 and completely disappears for
low Eddington ratios (Agqq < 0.01; Figure 3). This
implies that, between the bolometric luminosity and the
Eddington ratio, the latter (Agqq) is the primary regulator
of the X-ray emission fraction in AGN.

4. Our analysis shows that the accretion mechanism of
AGN depends on their Eddington ratio, such that
the X-ray emission for low Eddington ratio AGN

Gupta et al.

(MAgaa < 0.01) scales with the bolometric luminosity.
However, for higher Eddington ratios (Aggq > 0.01), the
fraction of X-rays to optical/UV decreases.

5. We also check how k,_ o behaves at higher luminosities
(Lpor > 10% erg sfl) and Eddington ratios (Agqq > 1) by
including high-redshift sources in our study (Figure 4).
We find that x, ;o increases significantly with high
luminosities and Eddington ratios (Equations (3) and
(4)). However, it should be noted that this could also be
due to selection biases at high redshift.

Over the years, many studies have reported the dependence of
Ka_10 on both Ly, and Agqq. However, due to the complex
interplay between the two quantities, which is still not
completely understood, it was almost impossible to disentangle
their effects on k,_19. Through the work presented here, we
tried to examine separately the correlation of x,_ 19 with both of
these parameters. We could conclusively show that the
Eddington ratio drives the fraction of X-ray emission in AGN.
Thanks to the hard-X-ray-selection criteria of the Swift/BAT
AGN sample, it presents an unbiased and representative view of
the AGN population in the local Universe. Hence, our results
can be considered characteristic of the nearby unobscured AGN
population. Moreover, since we use simultaneous optical, UV,
and X-ray data to create the AGN SEDs and calculate their
physical properties, we have effectively reduced the effects of
uncorrelated variability at different wavelengths on our analysis.
However, this analysis can still be improved.

We acknowledge that much better and more sophisticated
AGN models can be used to fit our broadband SEDs. Our main
result clearly shows that low Eddington ratio AGN exhibits a
different type of accretion flow than those with higher accretion
rates. Using more complex and physically motivated models for
such an analysis would be interesting. In an ongoing effort, we
have used the A. Kubota & C. Done (2018) AGN SED models to
fit the broadband SEDs from our sample to interpret the effects of
other parameters like black hole spin and the warm Comptoniza-
tion component on the X-ray emission fraction in AGN
(K. Kallova et al., in preparation). We believe similar studies
can help fill the gaps in our knowledge regarding the accretion
physics of AGN over their entire demographics. Due to the lack
of a proper theoretical framework to explain the observed trends
between the multiwavelength emission of AGN, our under-
standing of the central engine of AGN is limited. Therefore, such
observation-based studies from large, multiwavelength extra-
galactic surveys will be pivotal in advancing AGN science.
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