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ABSTRACT

We present a spectroscopic analysis of XMM-Newton and NuSTAR observations of the ‘complex’ narrow-line Seyfert 1 PG
15354547 at redshift z = 0.038. These observations span three epochs: 2002 and 2006 with XMM-Newton alone, covering
the 0.3—10 keV energy range, and a coordinated XMM-Newton and NuSTAR observation in 2016, covering the 0.3—60
keV energy range. The X-ray spectra across all epochs exhibit both neutral and ionized absorption, along with reflection
features from the accretion disc, including a prominent Compton hump in the broadband data. Notably, the spectral shape
varies across epochs. Our analysis suggests this variability is attributed to changes in both line-of-sight absorption and the
intrinsic emission from PG 1535+547. The source is obscured by multiple layers of partially and/or fully covering neutral
and ionized absorbers, with neutral column densities ranging from undetectable levels in the least obscured phase to
~ 0.3—5 x 10?* cm~? in the most obscured phase. A clear warm absorber is revealed during the least obscured phase.
The continuum remains fairly consistent (I" ~ 2.2 £ 0.1) during the first two observations, followed by a substantial flux
decrease (by a factor of ~ 7 in the 2—10 keV band) in 2016 compared to 2006. The 2016 data indicate the source is in a
reflection-dominated state during this epoch, with a reflection fraction of R > 7 and an X-ray source located at a height <
1.72r,. Simultaneous fitting of the multi-epoch data suggests a rapidly rotating black hole with a spin parameter, a > 0.99.
These findings imply that strong light-bending effects may account for the observed continuum flux reduction.

Key words: black hole physics - galaxies: active - X-rays: individual: PG 1535+-547.

1 INTRODUCTION

The spin of a black hole is one of the three fundamental proper-
ties essential for characterizing its nature, according to the no-
hair theorem. Studying the relativistic broadening of the iron
emission line is a well-established technique among the limited
methods available to measure the spin. When Comptonized ther-
mal photons reflect back and irradiate the accretion disc, they
undergo scattering, absorption, and emission processes, thereby
generating the reflection component observed in the X-ray spec-
trum of an active galactic nucleus (AGN). This reflection spec-
trum exhibits prominent features such as the Fe K« line at ~
6.4 keV and the broad ‘Compton hump’ between ~ 10—30 keV.
The Fe Ko line is strong owing to the high abundance and
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large fluorescence yield of iron (I. M. George & A. C. Fabian
1991), while the Compton hump arises from the interplay be-
tween photoelectric absorption — which suppresses photons be-
low ~ 7—10 keV due to the high photoelectric cross-section -
and Compton scattering, which down-scatters photons at higher
energies (P. W. Guilbert & M. J. Rees 1988; A. P. Lightman & T. R.
White 1988).

This reflection component emerging from the inner regions of
the accretion disc undergoes relativistic effects due to the strong
gravitational potential of the supermassive black hole (SMBH).
The extent of relativistic broadening on the reflection features
correlates with the proximity of the disc to the innermost stable
circular orbit (ISCO), which, in turn, correlates with the spin
of the black hole (A. C. Fabian et al. 2000; G. Matt 2007). X-
ray reflection spectroscopy therefore serves as a powerful tool to
probe the spin of a black hole (L. W. Brenneman & C. S. Reynolds
2006).
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The reflection scenario has been quite straightforward in ex-
plaining the broadened reflection features in unobscured AGNs
(D.J. Walton et al. 2013; G. A. Matzeu et al. 2020; D. Porquet et al.
2021;Y. Xu et al. 2021; A. Madathil-Pottayil et al. 2024). However,
extending the reflection scenario to moderately obscured systems
presents significant challenges. Despite the difficulties, it is essen-
tial to explore moderately obscured systems to build large samples
of AGN spin constraints in the future. This motivation stems from
the scarcity of bright, bare AGNs and the frequent observation of
moderate levels of obscuration in AGNs. Such obscuration is a
common phenomenon observed in many type-1 Seyfert galaxies
(Sy1s), where absorbing materials, such as accretion disc outflows
(L. Miller, T. J. Turner & J. N. Reeves 2008) or gas clumps from
within the narrow-line region (NLR) and/or broad-line region
(BLR) (A. L. Longinotti et al. 2013), align with our line of sight,
partially or fully obstructing X-ray emission from the inner disc
regions (C. S. Reynolds 1997; D. M. Crenshaw et al. 1999; L. Miller
et al. 2007; S. A. Sim et al. 2010; A. L. Longinotti et al. 2013;
L. C. Gallo, J. M. Miller & E. Costantini 2023). These absorbers
often exhibit complex geometries and the absorption introduced
by these structures can make it more difficult to accurately de-
termine the profile of the iron emission from the disc sufficiently
well to constrain the spin, since they can absorb away the red wing
of the line profile. However, the broadband coverage provided
by NuSTAR significantly helps in disentangling the spectroscopic
signatures of absorption and reflection, as it offers sensitive cover-
age of the X-ray reflection spectrum extending to higher energies
(up to 78 keV) and helps constrain the continuum with hard X-
rays.

In this work, we use the advanced relativistic reflection models
along with the absorption models while allowing for a complex
(and varying) line-of-sight absorption to understand the variabil-
ity observed in the narrow-line Seyfert 1 (NLS1) PG 1535+547
and explore the potential of current relativistic reflection models
to constrain black hole spin amid complex line-of-sight absorp-
tion.

PG 15354547 is a radio-quiet NLS1 galaxy with a narrow HB
line of width FWHM(HpB) = 1480 km s !. It was detected in
the Palomar Green Bright Quasar Survey (M. Schmidt & R. F.
Green 1983) at a redshift of z = 0.038 (G. Vaucouleurs et al. 1991).
The mass of this source is estimated to be log(Mpy/Mg) = 7.17,
derived from the FWHM(Hp) line width (C. Hu et al. 2021; see
also M. Vestergaard & B. M. Peterson 2006; E.-P. Zhang & J.-M.
Wang 2006). PG 15354547 was initially recognized as a soft X-
ray weak quasi-stellar object (wpx = —2.45; W. N. Brandt, A. Laor
& B. J. Wills 2000), where the soft X-ray luminosity is ~ 10 — 30
times weaker than expected based on its optical luminosity (A.
Laor et al. 1997). The weakness in this source was attributed to
heavy X-ray absorption with column densities > 10*2cm~2 (S. C.
Gallagher et al. 2001). This source gained further attention due
to its strong X-ray flux and spectral variability on timescales of
months to years (N. Schartel et al. 2005; L. C. Gallo 2006; L. Ballo
etal. 2008). Previous analyses demonstrated this variability can be
attributed to changes in the physical properties of warm absorb-
ing gas along the line of sight, consistent with its classification as
a mini-broad absorption line! quasar (J. W. Sulentic et al. 2006),

IMini-broad absorption line is a subclass of AGNs that exhibit strong,
broad and blueshifted absorption lines in their UV/X-ray spectra
with absorption lines of intermediate width (500 kms™! < FWHM <
2000 kms 1), falling between broad absorption line quasars and narrow
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where high-velocity winds are known to intercept the observer’s
line of sight.

PG 15354547 has also exhibited a feature consistent with a
broadened iron line. N. Schartel et al. (2005) proposed a relativis-
tic reflection scenario to explain the broadening, while L. Ballo
et al. (2008) suggested that it could instead be well described
by a more elaborate absorption model, involving multiple zones
of both warm and neutral absorbing material surrounding the
AGN. In this study, we perform a broadband spectral analysis of
the source using a recent, coordinated observation with XMM-
Newton and NuSTAR, providing coverage over the 0.3—60 keV
bandpass. We also simultaneously perform a comparative anal-
ysis of the previous XMM-Newton observations of the source, by
homogeneously setting up the latest reflection models along with
a complex line-of-sight absorption in all the observations.

The paper is structured as follows: In Section 2, we describe
the observations used in this study and outline the data reduction
process. Section 3 presents our spectral analysis. We detail our
results in Section 4. Finally, we discuss our findings in Section 5
and summarize our conclusions in Section 6.

2 OBSERVATIONS AND DATA REDUCTION

In our study, we use the XMM-Newton and NuSTAR observa-
tions of the source taken during 2002, 2006, and 2016. A total of
eight observations are apportioned into three epochs according
to their observation times. Epochs 1 (Obs. 1) and 2 (Obs. 2, 3,
and 4) comprise XMM-Newton observations from 2002 and 2006,
respectively. The coordinated XMM-Newton and NuSTAR obser-
vations from 2016, covering the broadband energy range from 0.3
to 60 keV, constitute Epoch 3 (Obs. 5-8). A detailed log of all
observations is provided in Table 1. The reduction procedures for
XMM-Newton and NuSTAR data are outlined below.

2.1 XMM-Newton

The XMM-Newton observation data files were obtained from
the XMM-Newton Science Archive? and processed using its stan-
dard Science Analysis System. Both pn (M. J. L. Turner et al.
2001) and MOS (L. Striider et al. 2001) detectors were operating
in ‘full window mode’. Clean event files for the pn and MOS
data were generated using the EPPROC and EMPROC tasks, respec-
tively. Circular regions with radii of 25” and 50” were used for
extracting source and background regions, respectively, for both
pn and MOS data sets. Events with PATTERN < 4 for pn and PAT-
TERN < 12 for MOS were selected during the reduction. The final
science products were extracted with the XMMSELECT. ARFGEN
and RMFGEN tasks were used to generate the response files for
each observation. The final spectral files from MOS 1 and MOS
2 from all observations constituting one epoch were merged into
a single spectrum for that corresponding epoch using the ftool
ADDASCASPEC. The net source counts for the merged pn/MOS
spectra are provided in Table 1, together with the corresponding
background counts. These background values have been scaled to
the source extraction region to account for the different sizes of

absorption line quasars (R. J. Weymann et al. 1991; F. Hamann & B. Sabra
2004)
Zhttps://www.cosmos.esa.int/web/xmm-newton/xsa
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Table 1. Summary of observations of PG 1535+547.

Black hole spin in PG 1535+547 3

Epoch  Obs. Mission Instrument Observation Start date  Exposure time? Net src counts® Scaled bkg counts®
(ks) (cts) (cts)
1 1 XMM-Newton pn & MOS 0150610301  2002-11-03 14.6/34.4 2067/1484 274/80
2 2 XMM-Newton pn & MOS 0300310301  2006-01-16 5.3/20.0 14059/11230* 390/229*
3 XMM-Newton pn & MOS 0300310401  2006-01-22 14.0/36.9
4 XMM-Newton pn & MOS 0300310501  2006-01-24 16.8/42.9
3 5 XMM-Newton pn & MOS 0790590101  2016-09-12 30.2/72.2 3168/2331* 294/203*
6 XMM-Newton pn & MOS 0790590201  2016-09-14 26.7/75.9
7 NuSTAR FPMA & FPMB 60201023002 2016-09-12 132.90 30637 5197
8 NuSTAR FPMA & FPMB 60201023004 2016-09-14 184.20

Notes.* For the XMM-Newton observations, values are listed in pn/MOS format. The MOS entries correspond to the spectrum produced by merging

MOS 1 and MOS 2 for each observation.

* Net source counts and background counts scaled to the source-extraction region, in the 0.3—10 keV band for the merged pn/MOS spectrum, obtained
by merging all observations associated with the given epoch (see Section 2.1 for details).
f Net source and scaled background counts in the 3—60 keV band for the merged NuSTAR FPMA-+FPMB spectrum (see Section 2.2 for details).

the source and background regions?. All the spectra were binned
to have a minimum signal-to-noise ratio (S/N) of 5 per energy bin.

2.2 NuSTAR

In 2016, coordinated NuSTAR (F. A. Harrison et al. 2013) obser-
vations were conducted simultaneously with the XMM-Newton
observation of PG 1535+547. NuSTAR, equipped with focal plane
modules FPMA and FPMB, captures high-energy X-ray photons
ranging from 3 to 78 keV. NuSTAR data were obtained from
NASA’s HEASARC archive* and reduced using the NuSTAR Data
Analysis Software (NUSTARDAS). Level-2 event files for the ob-
servations were extracted using NUPRODUCTS. The filters for the
standard depth correction and passages through the South At-
lantic Anomaly were kept at their default values: SAACALC = 3,
SAA = OPTIMIZED, and TENTACLE = YES. The source photons
were extracted from a circular region with a 30” radius around the
source. Background photons were extracted from a circular re-
gion with a 60" radius, free from source photons. We also used the
spacecraft science mode data (mode 6) following the extraction
process outlined in D. J. Walton et al. (2016). The final spectral
files from FPMA and FPMB for Obs. 7 and 8 were merged into a
single spectrum. The spectrum is re-binned to have an S/N of 3
per energy bin. The net source and scaled background counts for
the final merged spectrum are listed in Table 1.

3 X-RAY SPECTROSCOPY

3.1 Spectral analysis

We present a spectral analysis of all observations of the source
spanning three epochs. The unfolded spectra for all three epochs
are shown in Fig. 1. Notably, the lowest overall flux is observed
from the source during Epoch 3. A significant variation in spectral
shape, particularly at energies < 3 keV, is evident during Epoch
2 compared to Epochs 1 and 3. The source exhibits heightened
flux and a deep broad dip between 0.7 and 2 keV, potentially
indicating warm absorption from partially ionized material. This
feature is likely dominated by the O vII edge at ~ 0.7 keV (S.
Laha et al. 2014). In contrast, the spectra from Epochs 1 and 3

3https://heasarc.gsfc.nasa.gov/docs/asca/abc_backscal.html
“https://heasarc.gsfc.nasa.gov/

do not display such absorption features below 1.5 keV, due to the
enhanced levels of neutral absorption preventing us from clearly
seeing the warm absorption features. Instead, these spectra ex-
hibit a relatively steady flux between 0.3 and 1 keV. All three
spectra also show variation in spectral curvature above 2 keV,
with differences in flux between 2—10 keV potentially indicating
different levels of absorption across epochs. The steady flux below
1 keVin Epochs 1 and 3, as noted earlier, suggests that additional
plasma emission from larger spatial scales may be contributing
in these epochs. The presence of emission features around 6—7
keV in all three epochs indicates reflection, further confirmed
by the Compton hump visible in the NuSTAR data, peaking at
~ 20—30 keV. Additionally, an absorption edge near 7 keV may
be attributed to neutral absorption.

3.2 Spectral models

Considering these spectral features, we employ a combination of
models to account for various physical processes in our analysis.
To describe the primary continuum and the reflection from the
innermost regions of the accretion disc, we use two variants from
the RELXILL (J. Garcia et al. 2014) family of models: relxillCp
(hereafter Model 1) and relxilllpCp (Model 2). The former is ag-
nostic to the X-ray source geometry and models the emissivity
from the accretion disc using a broken power law, while the latter
explicitly defines a lamp-post geometry in which the X-ray source
is modelled as an on-axis, isotropic point source at a height h’
above the black hole. While both models ideally yield similar
constraints on the reflection component, relxilllpCp provides a
direct measurement of the X-ray source height and a physically
motivated interpretation of the reflection fraction R, (T. Dauser
et al. 2016) by incorporating a fully specified geometry. We test
both models to determine whether the data can only be described
by relxillCp, which is independent of the X-ray source geometry,
or if the data also support the use of the lamppost model (relxil-
lIpCp), enabling us to push further and obtain constraints on the
source height, and consequently, the geometry of the X-ray source
itself.

The distant reflection component is modelled using the borus
table model (M. Balokovi¢, J. A. Garcia & S. E. Cabral 2019),
where the reprocessing medium is assumed to be a sphere with
conical cutouts, characterized by a half-opening angle 6;,;. Ab-
sorption due to warm material is incorporated using the pho-

MNRAS 546, 1-15 (2026)
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XMM: Epoch 1 - 2002
XMM: Epoch 2 - 2006
1073} XMM: Epoch 3 - 2016
NuSTAR: Epoch 3 - 2016

107

EF: (10° keV cm™? s?)

107°

10

Observed Energy (keV)

Figure 1. The spectra of PG 15354547 for all three epochs, unfolded using a simple power-law model. Black and teal represent spectra from Epochs 1
and 2, respectively. The orange and blue markers depict the broadband data from the coordinated XMM-Newton and NuSTAR observations, respectively,

during Epoch 3.

toionization table model, Xstar (T. Kallman & M. Bautista 2001).
The Xstar table grids are computed for an incident radiation
of photon index I' = 2, with the column density (Ny) and gas
ionization state (log &) of the absorbing medium left free to
vary. Solar abundances are assumed for all elements except iron
and oxygen, with the abundances of these elements included as
free parameters in the table model. Turbulent velocity is set to
100 km s~1. As noted in Section 3.1, obscuration due to neutral
material is accounted for using the tbfeo model (J. Wilms, A.
Allen & R. McCray 2000), and for partial covering absorption,
the respective absorbers are convolved with the partcov model.
To further address any photons that are being scattered around
the absorbers into our line of sight (S. Bianchi, M. Guainazzi &
M. Chiaberge 2006; M. Guainazzi & S. Bianchi 2007), we add a
powerlaw model. Additionally, to model diffuse emission from
either the host galaxy or more distant regions of the AGN, we
include a thermal plasma component, using the Mekal model
(R. Mewe, E. H. B. M. Gronenschild & G. H. J. van den Oord
1985). We stress, though, that replacing this with an Apec model
(an alternative thermal plasma model; R. K. Smith et al. 2001),
or treating this emission instead as photoionized emission using
an Xstar grid (as suggested for other similar cases by e.g. M. Z.
Buhariwalla et al. 2023, 2024) does not impact the conclusions
drawn for the key continuum/reflection/absorption parameters
(e.g. T, a, h, i, Rgac, Nu). Note neither the scattered power-law
emission nor the Mekal component is absorbed by any of the nu-
clear absorbers. Finally, in order to account for neutral hydrogen
absorption by the interstellar medium (ISM) within our Galaxy
and in the PG1535+547 galaxy, we use the thabs (J. Wilms et al.
2000) and the ztbabs model throughout this work. The Milky Way
Galactic equivalent neutral hydrogen column density, Ny, along
the direction of PG 15354-547 is fixed to 1.2 x 10°cm~2 (HI4PI
Collaboration et al. 2016).

With these model components, we initially envisioned a
relatively simple geometric configuration, where the intrinsic

MNRAS 546, 1-15 (2026)

continuum and disc reflection from the innermost regions of
the accretion disc are enshrouded by layers of ionized and
neutral absorption. We treat the warm absorber (WA) seen
in Epoch 2 with two xstar components, allowing one to be
partially covering, and assume this absorption is still there
(and is unchanged) during the other epochs in our analysis.
The enhanced neutral absorption seen during Epochs 1 and
3 is modelled with an additional partially covering neutral
absorber that only impacts these epochs. Beyond this multi-
layered obscuration, at relatively larger spatial scales, we observe
contributions from distant reflection, a scattered component,
and diffuse plasma emission from the host galaxy. While these
model components are not affected by any of the nuclear
absorbers (either warm or neutral), all model components are
absorbed by the ISM absorption (both in our Galaxy and in
PG15354-547). The final best-fitting model is therefore given by:
tbabs x ztbabs(powerlaw + mekal + borus + (pcf ® tbfeo) x
(pcf ® xstary) x xstar, x relxill(cp/lpcp). We apply this model
to the data from all three epochs simultaneously to fully leverage
the constraints that different epochs can place on these different
model components when determining the best-fitting model
parameters.

3.3 Parameter set-up

While the overall model configuration remains fixed across all
three epochs, we allow certain parameters to vary to account for
spectral variability. However, fundamental parameters such as
black hole spin (a), inclination angle (i) of the accretion disc, and
iron abundance (Ag.) are assumed invariant and therefore linked
across all epochs. Parameters that are not allowed to vary between
epochs, whether for physical or practical reasons, are hereafter
referred to as global parameters.

Both relxillCp and relxilllpCp incorporate a Comptonized pri-
mary spectrum, characterized by the photon index (I') and the

920z fienige tz uo 1senb Aq 6Zzzy8/.S | BeIS/S/97S/a101le/seluw/Wwoo dno olwapese//:sdiy Woll papeojuMo(]



electron temperature (kT,). We initially allow I" to vary across
all epochs, but find it to be consistent for the two XMM-Newton-
only epochs (Epochs 1 and 2), so we link this parameter between
them in our final analysis. kT, is assumed to be the same for all
epochs (though free to vary overall) as we only have one NuSTAR
observation that is sensitive to this parameter.

In relxillCp, the emissivity profile follows a broken power
law: €(r) o« r~%in for ry, < r < 1y, and €(r) oc r~%ou for ry, < r <
Tout, Where gin and gqo,¢ denote the inner and outer emissivity
indices, while 1, ¥oue and 1y, correspond to the inner, outer, and
break radii of the accretion disc. The accretion disc is assumed to
extend down to risco While ryy is set to 400 rg. Since the emissivity
atr > r, is well approximated by the Newtonian limit, we fix
Gout = 3(C.S. Reynolds & M. C. Begelman 1997). The parameters
T'or, Qin are allowed to vary across all epochs. In relxilllpCp, the
emissivity profile is instead parameterized by the X-ray source
height (h), which is allowed to vary across all epochs, with a lower
limit set at 1.57,. The density of the disc, log(n.), is free to vary
overall but is linked across all epochs. Other reflection model
parameters, including reflection fraction (Rf,), disc ionization
(log &), and normalization, are allowed to vary across epochs.
Additionally, in relxilllpCp, we enable returning radiation and the
disc ionization gradient (iongrad type = 1). Enabling the ioniza-
tion gradient allows £ to vary as a power law, & oc ¥~ across the
disc radius instead of assuming a constant ionization profile. The
gradient index p is tied across epochs.

For the borus model component, the photon index of the ion-
izing continuum is set to the average of the I' values from the
disc reflection model across all three epochs. Both kT, and the
viewing angle are directly linked to the corresponding parameters
in the disc reflection model. The column density of the torus
is left free to vary but remains linked across epochs, as the col-
umn density of the distant reflector is not expected to change
over the observed timescales. The torus covering factor (2/47) is
constrained to remain lower than the viewing angle, preventing
direct viewing through the obscuring torus. While the normaliza-
tion of the borus component is not expected to vary significantly,
our fits suggest a slight variation, so we allow it to vary across
epochs.

The primary parameters defining the physical properties and
kinematics of the warm absorbers, including the column density
(Nn), ionization state &, and the observed redshift (z), for both
warm absorbers are allowed to vary during Epoch 2. Additionally,
the covering factor of Warm Absorber 1 (WAL1) is also allowed to
vary in this epoch. For Epochs 1 and 3, however, the properties
of both WA1 and WA2 are linked to their corresponding values
in Epoch 2. Allowing the warm absorber properties to vary inde-
pendently across all epochs does not offer any improvement in
the fit and the WA parameters could not be constrained during
Epochs 1 and 3. We also tested whether removing WA1, WA2, or
both during Epochs 1 and 3 could still provide a good fit, but none
of these configurations were successful. Therefore, we adopted
a setup where WA properties are varied only in Epoch 2, while
those in Epochs 1 and 3 are linked to Epoch 2. Finally, the oxygen
abundance value, primarily inferred from the oxygen line feature
here, is also allowed to vary in Epoch 2 and is linked across all
models across all epochs.

The column density (Ny) of the variable neutral obscurer, as
modelled by the thfeo component, was initially allowed to vary
across epochs. However, during Epoch 2, the neutral column was
found to be undetectable, with Ny < 10°cm—2. As a result, we
turn off the neutral column for this epoch while allowing the
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Figure 2. The top panel displays the model fit obtained from the simul-
taneous fits for Epochs 1, 2, and 3. The bottom three panels show the
residuals in terms of sigma for each epoch, shown sequentially from top
to bottom for Epochs 1, 2, and 3. Data points are presented in the same
colours as in Fig. 1, with the corresponding solid lines indicating the total
model fit.

partial covering factor and column densities in Epochs 1 and 3
to vary. Additionally, the I' of the scattered component, modelled
using a power law, is set to the epoch-averaged I' from the disc
reflection model, following the same approach as in the borus
component. With this parameter setup established, we now pro-
ceed with the spectral fitting procedures.

4 RESULTS

Models 1 and 2 produce statistically good fits with a x2 of
1407.7/1283 and 1402.9/1285 degrees of freedom, respectively,
each describing all features in the data comparably well and yield-
ing broadly consistent parameters across all epochs. For illustra-
tion, the fit from Model 2 is shown in Fig. 2 (top panel), with
the corresponding residuals for Epochs 1, 2, and 3 displayed se-
quentially in the bottom three panels. The best-fitting parameters
obtained from each model for each epoch are listed in Table 2.
The relative contributions of the various model components for
Models 1 and 2 are shown in Figs 3 and 4, respectively.

Our modelling confirms the initial visual indication for en-
hanced neutral absorption during Epochs 1 and 3 (see Section
3.1). This absorption is strongest in Epoch 3, with both models
suggesting an obscurer column density, Ny ~ 6 x 10** cm~2, par-
tially covering the source with a partial covering fraction (pcf) of
~ 0.5.In Epoch 1, the neutral column is lower, though still clearly
present, with Ny ~ 0.3 x 10 cm~2 covering ~ 80 per cent of
the emission from the central source. Epoch 2, however, shows no
significant neutral absorption, with an upper limit constrained to
Nu < 10*° cm™2.
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Figure 3. Spectral model from Model 1, highlighting contributions from individual components to the overall spectrum of PG 1535 + 547. The top and
the bottom panels show the spectral model contributions with and without absorption, respectively. The black line shows the resultant model fitting the
X-ray data, while the blue, cyan, purple, red, and orange lines represent the contributions from the scattered powerlaw, diffuse plasma emission from
mekal, distant reflection from borus, and the intrinsic continuum and inner disc reflection components from relxillCp, respectively.
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Figure 4. Spectral model from Model 2, highlighting contributions from individual components to the overall spectrum of PG 1535 + 547. The top and
the bottom panels show the spectral model contributions with and without absorption, respectively. The black line shows the resultant model fitting the
X-ray data, while the blue, cyan, purple, red, and orange lines represent the contributions from the scattered powerlaw, diffuse plasma emission from
mekal, distant reflection from borus, and the intrinsic continuum and inner disc reflection components from relxilllpCp, respectively.
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Figure 5. Left: Contours for spin versus source height from the lamppost model during Epoch 3, with source height expressed in units of vertical horizon
radius (r). Right: Contours for spin versus inclination from the lamppost model. Confidence levels are shown at 90 per cent (black), 95 per cent (red),
and 99 per cent (green). The blue marker in both plots indicates the best-fitting values obtained from the spectral fits.

In addition to neutral obscuration, our fits reveal the presence
of two layers of ionized absorption along the line of sight, one
fully covering and one partially covering. Both models indicate
the fully covering ionized absorber to have an ionization param-
eter of log £ ~ 1.8 and a column density of Ny ~ 3 x 1022 cm™2.
Additionally both models suggest a partially covering ionized
absorber with a column density of Ny ~ 10 x 10?> cm~2 covering
~ 80 per cent of the central emission.

Although variations in absorption are clearly occurring, they
are not the only cause of the variations seen, as the absorption-
corrected brightness of the source is also varying, as shown in
the bottom panels of Figs 3 and 4. This variation is particularly
pronounced during Epoch 3, where the absorption-corrected flux
drops by a factor of ~ 7 compared to Epoch 2, evident from the
corresponding decline of the intrinsic continuum in the figures.
Despite complex and variable absorption, the data still prefer
the presence of relativistic reflection. This is evident from the
significant worsening of the fit, Ax? > 20 per degree of freedom,
when the disc reflection component is removed, reinforcing that
acombination of complex line-of-sight absorption and relativistic
reflection provides the best description of the data.

Our fits from reflection modelling suggest a I" value of ~ 2.2
for the primary continuum during Epochs 1 and 2, when the
source was observed exclusively with XMM-Newton. Given their
consistency, I was tied between Epochs 1 and 2 to reduce param-
eter freedom. This value is marginally steeper than that reported
by L. Ballo et al. (2008), who modelled the intrinsic power law
and disc reflection as passing through a partially covering ionized
absorber, along with a second, low-ionization absorber fully cov-
ering the central source. For Epoch 3, however, Model 2 yields a
steeper continuum of I' ~ 2.4. The difference in I" values (AT" ~
0.2) predicted for Epoch 3, by Models 1 and 2, may arise from the
inclusion of returning radiation in the lamppost model (T. Dauser
et al. 2022), where strong gravitational light bending causes radi-
ation from one side of the disc to curve around the black hole and
illuminate the opposite side of the disc. This further enhances the
reflection component, and the primary continuum steepens to
compensate. Since returning radiation is a feature included only
in the lamppost model, we observe a steeper intrinsic continuum
for Epoch 3 (during which light bending should be the strongest,
as the inner disc is preferentially illuminated; see below) in Model
2 compared to Model 1.

MNRAS 546, 1-15 (2026)

Our fits indicate extremely strong reflection during Epoch 3 as
inferred from the high reflection fraction, Rgac > 4.7 in Model 1
and Rg,. > 7 in Model 2. The lamppost model further constrains
the source height to h < 1.72r,. The spin-height contours from
the lamppost model during Epoch 3, as shown in the left panel of
Fig. 5, are in agreement with our fit results. Both models suggest
a high spin value, with Model 1 yielding a spin of 0.82¥013, while
Model 2 provides tighter constraints with a > 0.99. The tighter
constraint in the lamppost case likely arises from the different
treatments of the emissivity profile in the two models. In a broken
power-law emissivity profile, the model allows for steep emissiv-
ity indices regardless of the actual spin (as noted in M. L. Parker,
J. M. Miller & A. C. Fabian 2018), which may increase parameter
degeneracies and lead to looser spin constraints. In contrast, in
the lamppost geometry the emissivity profile is tied to the height
of the X-ray source and the spin of the black hole, such that steep
emissivity indices can only be produced by low coronal heights
and rapidly rotating black holes (e.g. D. R. Wilkins & A. C. Fabian
2012; T. Dauser et al. 2013; A. G. Gonzalez, D. R. Wilkins & L.
C. Gallo 2017), thereby producing much tighter constraints on
the spin parameter. The enhanced reflection (R, > 7), a high
spin value a > 0.99 and the extreme close proximity of the X-
ray source to the black hole h < 1.72r,, inferred from the lamp-
post model, indicate that the source is in a reflection-dominated
state during the 2016 observation. Since the effects of returning
radiation become more significant for a rapidly spinning black
hole and a low-height X-ray source, it makes sense that we see its
influence in Epoch 3, where reflection is dominant. This further
supports our earlier interpretation that returning radiation could
be responsible for the difference in I' values seen between the
models.

Reflection during Epoch 2 is significantly weaker than in
Epoch 3 but remains consistent with ‘normal’ levels of reflection
within uncertainties (Rg,c ~ 1). The reflection fraction for Epoch
1 remains fairly poorly constrained, particularly in the lamppost
model. With the presence of a high level of obscuration and the
absence of broadband data, the model struggles to accurately
determine the strength of the disc reflection component during
this epoch.

The ionization values derived across Epochs 1-3 show slight
differences between the two models. Model 1 indicates reflection
from a moderately ionized disc, with log & ~ 1 at all epochs.
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Model 2 yields a similar ionization level during Epoch 3 (with
an upper limit of log & < 0.7), but a higher value in Epochs 1
and 2, log § ~ 2.4, more than an order of magnitude higher than
in Model 1. Model 2 includes an ionization gradient, allowing &
to vary as a power law across the disc (Section 3.3), which likely
explains this difference. As shown by J. Svoboda et al. (2012), a
compact corona can produce a radial ionization gradient across
the disc, and neglecting this can lead to an overestimated emis-
sivity index when fitting with a single ionization model. During
Epoch 1, when the X-ray source is inferred to be located at a
heightof h ~ 2.5rg, such a gradient may be expected, with ioniza-
tion highest in the inner disc and declining with radius. Without
accounting for this, as in Model 1, which assumes an average
ionization throughout the disc, the inner disc ionization may be
underestimated. To compensate, the model may then steepen the
emissivity profile to mimic the reflection from a more ionized
inner disc. This could explain the lower ionization values derived
by Model 1 during Epochs 1 and 2. The steep inner emissivity
index implied by Model 1 for Epoch 1, which is comparable to
that seen during Epoch 3 despite the lamppost fits implying the
corona is located further from the black hole during Epoch 1, may
further support this interpretation.

Both models consistently suggest a high-density accretion disc,
with log(n,/cm™3) > 18.9. The two models yield slightly dis-
crepant values for the inclination angle (i) and iron abundance
(Are). The inclination of the system is constrained to i = 4013 °
by Model 1, while Model 2 places an upper limit of i < 29°. As
shown in the right panel of Fig. 5, the spin-inclination contours
from the lamppost model agree with the fit results and show no
evidence of degeneracy. However, the contours indicate a broader
uncertainty range for i, with the 99 per cent confidence region
extending closer to the uncertainty range obtained for the Model
1 fits. Similarly, the iron abundance values inferred by the two
models do not formally overlap (though both are mildly superso-
lar), with Model 1 yielding Ar. = 2.0 & 0.3 and Model 2 yielding
higher iron abundance of A, = 3.1 & 0.2. These differences may
stem from the slightly higher reflection fraction estimated by
Model 2 compared to Model 1. This implies a stronger reflection
component, including a more prominent iron line, which in turn
leads to a higher inferred Ap.. The inclination measurement is
further complicated by the presence of the neutral iron edge at
~ 7keV (J. A. Garcia et al. 2015), which may affect the model’s
ability to precisely constrain this parameter. Nonetheless, it is
worth emphasizing that, despite these differences, both inferred
inclination angles fall within the expected range for an NLS1
galaxy, consistent with the AGN unification scheme.

4.1 Sanity check: Fe K emission analysis

To illustrate how the Fe K emission sits on top of the underlying
continuum after accounting for absorption effects, we re-fit the
spectra for all three epochs in the 2—10 keV energy band, adopt-
ing their respective best-fitting configurations - i.e. two warm
absorber components (one of which is partially covering) and,
where relevant, a partially covering neutral absorber — combined
with a simple power-law continuum instead of a relativistic re-
flection model. The same configuration for the warm and neutral
obscurers was used to accurately reproduce the spectral curvature
in this band introduced by absorption, with all absorber parame-
ters fixed to the values determined from the simultaneous multi-
epoch analysis, as many of these are primarily constrained at
E < 2keV and cannot be reliably determined from fits restricted
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Figure 6. Data-to-model ratio plots for Epochs 1, 2, and 3 (top, mid-
dle, and bottom panels, respectively) corresponding to the fits described
in Section 4.1. Each spectrum in the 2—10 keV band was fitted with
a simple power law modified by a complex absorption geometry of
the form (pcf ® tbfeo) x (pcf & xstar;) x xstar,, and two emission-line
components (relline and zgauss). The ratio plots shown correspond to the
best-fitting model with the relline normalization set to zero, illustrating
how the broad Fe K emission feature sits atop the absorption-corrected
intrinsic continuum. Data points follow the same colour scheme as in
Fig. 1.

to the 2—10 keV band. This simpler model was first fitted over the
2—3.5keVand 7—10keV intervals, where the primary continuum
should dominate, and then extrapolated to the entire 2—10 keV to
visualize the Fe K features.

As expected, the residuals revealed both broad and narrow Fe K
emission features in all epochs. The narrow emission is modelled
with a Gaussian line at ~ 6.4 keV in the source rest frame and
the broad emission with a relativistic line profile using the relline
model (T. Dauser et al. 2013). For the relline component the line
energy is restricted to 6.4—7 keV in the rest frame of the AGN,
corresponding to neutral and hydrogen-like iron. Assuming a
single power-law emissivity profile of the form e(r) & r~%, where
q is the emissivity index, we fit the 2—10 keV spectra and obtain
a good fit with x2of 87.3/90, 552/547, and 206.3/209 degrees of
freedom for Epochs 1, 2, and 3, respectively. Removing the broad
line component worsens the fit by Ax? = 13, 24 and 25 for the
three epochs, confirming overall the presence of the broad line.
The data-to-model ratio plot produced for this fit, with the relline
normalization set to zero (Fig. 6), illustrates the broad emission
features sitting on top of the underlying absorption-corrected
intrinsic continuum. All epochs indicate a fairly high black hole
spin, with values constrained to a > 0.85.

The equivalent widths (EW) of the broad Fe K emission lines
obtained from these fits are EW = 314.6"3172, 280721%3  and
85013038 eV for Epochs 1, 2, and 3, respectively. The EWs mea-
sured for Epochs 1 and 2 are slightly larger than those typically
expected for spectra exhibiting standard reflection with R ~ 1 (~
180 eV; 1. M. George & A. C. Fabian 1991), likely due to the mildly
supersolar iron abundance inferred for the source (see Table 2).
Epochs 1 and 2 exhibit nearly identical EWs at similar intrinsic

MNRAS 546, 1-15 (2026)
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Figure 7. Equivalent width of the broad Fe K line plotted against the
absorption-corrected intrinsic 2—10 keV continuum flux. The continuum
fluxes are derived from the fits presented in Section 4.1. Points for Epochs
1-—3 are annotated within the plot.

flux levels (Fig. 7), consistent with the roughly constant intrinsic
continuum and the standard reflection regime (R ~ 1 within er-
rors) shown by both epochs in the simultaneous broadband fits
discussed above. Epoch 3 shows an increase in the EW together
with a drop in the intrinsic flux, as seen in Fig. 7. This behaviour is
consistent with the expectations for a reflection-dominated state
(G. Miniutti & A. C. Fabian 2004; S. Vaughan & A. C. Fabian
2004; 1. La Calle Pérez et al. 2010), in which a weaker intrinsic
continuum results in an enhanced relative strength of the re-
flected component, producing a more prominent Fe K line. This
is in good agreement with the interpretation from the broadband
fits, which likewise show a lower continuum flux and a higher
reflection fraction (R > 7) during Epoch 3.

5 DISCUSSION

PG 15354547 exhibits strong spectral variability across all
epochs, with its spectra well described by a combination of rel-
ativistic reflection and multiple layers of complex line-of-sight
absorption. Owing to this pronounced variability and the signa-
tures of relativistic reflection, the source presents an interesting
test case for assessing the ability of relativistic reflection models
to constrain the inner accretion flow properties and the black hole
spin in a case involving complex and varying obscuration.

5.1 General X-ray properties of PG 15354547

The multi-epoch analysis of this source suggests a I" value varying
between 2.2 and 2.4, consistent with the values typically expected
for NLS1 galaxies (K. M. Leighly et al. 2007; K. Nandra et al. 2007;
C. Ricci et al. 2017). The change in T to a slightly steeper index
(' = 2.4) during the 2016 observation seen from Model 2 still
falls within the range expected for NLS1s. Our estimates of I" is
broadly consistent with previous studies (N. Schartel et al. 2005;
L. Ballo et al. 2008). Additionally, we obtained a lower limit for the
electron temperature (kT;) of the source, kT, > 50 keV, marking
the first time the electron temperature has been constrained for
this source. Our study also infers a high solar abundance of Ap. =
3.1+ 0.2, which aligns with the abundance values previously

MNRAS 546, 1-15 (2026)
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Figure 8. Plot of log(n./cm~3) versus log (m?mpy) showing PG
15354547 (red circle) in comparison with a sample of 31 Sy 1 AGNs (black
points in the background), compiled from L. Mallick et al. (2018), J. A.
Garcia et al. (2019), J. Jiang et al. (2019), D. J. Walton et al. (2021), Y. Xu
et al. (2021), L. Mallick et al. (2022), J. Jiang et al. (2022), A. Madathil-
Pottayil et al. (2024), and D. J. Walton et al. (2025). Black lines denote
solutions of the density of the radiation pressure-dominated accretion
discs with f values of 0, 0.4, 0.7,0.9 and 0.99, as indicated. See the text
for details.

estimated for this source (L. Ballo et al. 2008). Finally, we estimate
an inclination angle of i < 29°, which is also in agreement with
the findings by N. Schartel et al. (2005) and is consistent with
expectations for an NLS1 galaxy based on the AGN unification
scheme. This agreement serves as a robust check for our analysis.

We test PG 1535+547 for the anti-correlation between log(n,)
and log(ri?*mgy ), as proposed by R. Svensson & A. A. Zdziarski
(1994), where the electron density in a radiation-pressure-
dominated disc is given by

12562 R i

M= Ra/BPI?EQ-H7 @
or 27

ne =
where or = 6.64 x 1072° cm? is the Thomson cross-section; 71 is
the dimensionless accretion rate; R;;, is the inner disc radius (set to
2Ry); R; is the Schwarzschild radius; R is the disc radius in units
of Rs; and « is the disc viscosity parameter (set to 0.1). £’ is the
conversion factor in the radiative diffusion equation and is set to
1. The quantity f, denoting the fraction of disc power transferred
to the corona, varies between 0 and 1, with f = 0 reducing to
the standard thin disc solution of N. I. Shakura & R. A. Sunyaev
(1973).

The dimensionless mass accretion rate, i, is estimated using
the relation: ¥t = Lgo)/nLgaq, Where L, and Lgqq are the bolo-
metric and Eddington luminosities and 7 is the radiative effi-
ciency. We assume n = 0.3, owing to the rapid spin value esti-
mated from our analysis. The monochromatic luminosity of the
source at 5100 A° is estimated to be AL, ~ 0.7 x 10* ergss™!
(C. Hu et al. 2021), from which we derive Ly, using the scal-
ing relation: Lg, = 9AL;(5100 A°). For a black hole mass of
15.5 x 10°M, and i1 = 1.05, we calculate log(r?mgy) ~ 7.2. PG
15354547 is plotted as the red point in Fig. 8, which displays a
sample of Type 1 AGNs compiled from L. Mallick et al. (2018),
J. A. Garcia et al. (2019), J. Jiang et al. (2019), D. J. Walton et al.
(2021), Y. Xu et al. (2021), L. Mallick et al. (2022), J. Jiang et al.
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(2022), A. Madathil-Pottayil et al. (2024), and D. J. Walton et al.
(2025). The source lies well within the distribution of the com-
parison sample and sits above the theoretical solution for the
coronal dissipation fraction of f = 0.7, indicating that more than
70 per cent of the disc’s accretion power is dissipated into the
corona.

5.2 Spin of the black hole in PG 15354547

One of the primary goals of this study is to determine whether
current relativistic reflection models can effectively constrain
the spin of PG 15354547 using reflection spectroscopy, despite
the challenges posed by obscuration. By employing a high-disc-
density relativistic reflection model in conjunction with broad-
band data, we are able to model the reflection from the innermost
regions, trace the imprint of gravitational effects on the reflec-
tion component, and derive constraints on the spin of the black
hole. The two models considered here both imply the presence
of a rapidly rotating black hole, though formally give different
quantitative constraints: the lamppost model gives a tighter one-
sided constraint of a > 0.99 and the broken power-law emissivity
model gives a looser constraint of a = 0.82%)13. However, as dis-
cussed by several authors previously, the steep emissivity indices
found in the broken power-law emissivity model require compact
coronae around rapidly rotating black holes (e.g. D. R. Wilkins
& A. C. Fabian 2012; T. Dauser et al. 2013; A. G. Gonzalez et al.
2017). As noted above, the tighter spin constraint in the lamppost
model likely comes from the fact that this requirement is explic-
itly included in the reflection model, while it is not encoded in
the broken power-law emissivity model. As such, we adopt the
constraint of a > 0.99 returned by the lamppost model as our
preferred spin constraint for PG 1535+-547.

While previous studies by N. Schartel et al. (2005) and L. Ballo
et al. (2008) attempted to model the reflection component us-
ing early relativistic reflection models (kdblur; A. Laor 1991 and
Reflion; R. R. Ross, A. C. Fabian & A. J. Young 1999) based on
XMM-Newton observations, a key advantage of this study is the
broadband coverage leveraged here, which was not available for
those prior works. The extended energy range provided by XMM-
Newton and NuSTAR enables a more reliable spectral decompo-
sition than XMM-Newton alone, leading to improved constraints
on the reflection parameters.

In PG 15354547, we observe complex obscuration, including
a fully and partially covering warm absorber, as well as a par-
tially covering neutral absorber. It is well established that the
presence of complex absorption can result in it being challeng-
ing to identify and characterize the relativistic reflection from
the inner disc, particularly in the absence of broadband spectral
coverage. Similarly, in our case, the flux dimming observed in
2002 and 2016 could have been solely attributed to variability in
the obscuring medium. However, thanks to NuSTAR data extend-
ing to broadband energies, combined with the multi-epoch data
probing different levels of obscuration towards the source, we are
able to disentangle the effects of obscuration and reflection. This
allows us to accurately model the X-ray continuum up to hard
X-ray energies, precisely characterize the reflection component,
and place reliable constraints on the spin. The ability to constrain
spin using broadband data despite complex obscuration has also
been demonstrated in previous studies, e.g. D. J. K. Buisson et al.
(2018); D. J. Walton et al. (2018); J. A. Garcia et al. (2019); M. L.
Parker et al. (2020); D. J. Walton et al. (2020).
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The importance of high-S/N broadband data in constraining
black hole spin using current reflection models has previously
been emphasized in K. Bonson & L. C. Gallo (2016) and E. S.
Kammoun, E. Nardini & G. Risaliti (2018). These authors sim-
ulated broadband XMM-Newton and NuSTAR spectra for Seyfert
1 AGNs, incorporating multiple components commonly observed
in AGNs, such as warm and partially covering neutral absorbers,
relativistic and distant reflection along with the intrinsic contin-
uum. Their findings demonstrated that high-S/N broadband data
could reliably constrain black hole spin, even in the presence
of complex obscuration. Their findings highlighted the critical
role of the height of the X-ray source in determining the reflec-
tion contribution, particularly for sources with spin parameter
> 0.8 and a lamppost height < 5r,. They also noted challenges
in constraining spin for sources with higher lamppost heights,
which sometimes led to inaccurate spin estimates. In this con-
text, the coordinated XMM-Newton + NuSTAR observation in
2016 provided a crucial contribution, capturing PG 15354547 in
a reflection-dominated state. During this epoch, the source was
detected at a lower height (h < 1.72rg), enabling us to constrain
its spin in this study. In contrast, during the other two epochs,
observed only with XMM-Newton, our reflection model inferred
higher heights, which could have presented challenges in con-
straining the spin if only these data had been available.

Placing these spin estimates in a cosmological context, our
results indicating a rapid rotation of the black hole in PG 1535
(a > 0.99) support a scenario of steady, radiatively efficient accre-
tion history for the black hole in PG 1535+547. This finding aligns
well with predictions from semi-analytic models (A. Sesana et al.
2014; X. Zhang & Y. Lu 2019) and hydrodynamic simulations (S.
Bustamante & V. Springel 2019) for the growth of SMBHs with
masses similar to that of PG 15354547 (see also J. M. Piotrowska
et al. 2024; L. Mallick et al. 2025).

5.3 Light bending in PG 15354547 during the
reflection-dominated state

Our study reveals significant variability in the X-ray source across
all three epochs. During the least obscured phase, the source
appeared consistent with ‘normal’ reflection (R, ~ 1) within
errors, and a source height of h ~ 7r,. However, in the most
obscured state, observed in 2016, the source exhibited an excep-
tionally high reflection fraction (R > 7), with the X-ray emitting
region located extremely close to the black hole (h < 1.72r). This
was accompanied by a drastic decrease in intrinsic flux, dropping
by a factor of ~ 7 in the 2—10 keV band, between 2006 and 2016.

This sharp decline in X-ray flux, along with the changes in re-
flection characteristics, is consistent with the light-bending phe-
nomenon proposed by G. Miniutti & A. C. Fabian (2004). They
demonstrated that when the height of the X-ray source falls below
2rg, only a small fraction of photons escape to infinity, while most
are either redirected towards the accretion disc or lost into the
black hole (for an illustrative schematic of this compact corona,
light bending geometry, see fig. 12 of D. R. Wilkins & A. C.
Fabian 2012). This leads to an enhanced reflection fraction and
a significant suppression of the directly observed X-ray flux. A
few other well-known AGNs that have exhibited strong light-
bending effects include 1H 0707-495 (A. C. Fabian et al. 2012),
IRAS 13224-3809 (A. C. Fabian et al. 2013; C.-Y. Chiang et al.
2015), ESO 033-G002 (D. J. Walton et al. 2021; A. D. Nekrasov
et al. 2025), and Mrk 335 (M. L. Parker et al. 2014).
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Figure 9. The Ax?2 contour for Ry, based on the spectral fit for Epoch
3 using Model 2 is shown as the solid red line. The vertical dotted line
marks the predicted R, for this epoch, computed self-consistently from
the measured spin and coronal height within the lamppost geometry. The
shaded region indicates the 90 per cent uncertainty range on the predicted
value, and the dotted lines denote the 90 per cent, 95 per cent, and 99
per cent confidence intervals. The predicted and observed values are in
excellent agreement.

In PG 15354547, the variability observed during the 2016
epoch appears to be driven primarily by changes in the Comp-
tonized continuum, as illustrated in Figs 3 and 4. While the re-
flection component does show some variability across epochs, its
changes are modest compared to those in the continuum. This
behaviour is consistent with the reflection-dominated low-flux
states observed in MCG-6-30-5 (G. Miniutti et al. 2007), IRAS
13224-3809 (E. Kara et al. 2013), and Mrk 335 (M. L. Parker et al.
2014), where, under the light-bending framework, such variabil-
ity is attributed mainly to coronal height changes affecting the
intrinsic continuum, with the reflection component exhibiting
relatively lower variability (G. Miniutti & A. C. Fabian 2004).

Reflection-dominated states such as that observed here require
both a compact corona and a rapidly rotating black hole in order
to maximize the amount of coronal radiation that illuminates the
inner disc (see e.g. T. Dauser et al. 2014). The high spin inferred
from our spectral fits (@ > 0.99), independently determined from
the profile of the reflected emission, is fully consistent with
this scenario. Furthermore, the predicted reflection fraction for
Epoch 3, computed self-consistently within the lamppost geom-
etry from the measured spin and coronal height (Rgac ~ 8.2),
closely matches the observed value for this epoch (Rgae > 7), as
shown in Fig. 9. This agreement, together with extremely low
coronal height (h < 1.72r;), provides strong support for a com-
pact X-ray source located very close to the black hole during this
epoch.

We stress that invoking such a geometry in this case is not
inconsistent with the recent IXPE results that have shown a pref-
erence for slab-like coronal geometries over lamppost models
in other AGNs (e.g. V. E. Gianolli et al. 2023; A. Ingram et al.
2023). None of these IXPE results probe reflection-dominated
states comparable to that seen during Epoch 3, where the com-
pact, lamppost-like coronal geometry is required. Instead they
all probe relatively modest reflection fractions, more comparable
to our results from Epochs 1 and 2 where a ‘normal’ reflection
fraction (consistent with R ~ 1) is seen. Although in Model 2 the
coronal geometry is still nominally treated as a lamppost during
these epochs, we note that its main geometric parameter (the
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height) is relatively weakly constrained in both cases, and that
the ‘normal’ reflection fractions can easily be reproduced by a
variety of coronal geometries. We could therefore easily imagine
a scenario in which the reflection-dominated state seen during
Epoch 3 has come about because of a radial contraction of a more
slab-like geometry (as suggested by IXPE for other AGNs) during
Epochs 1 and 2 into something compact and lamppost-like during
Epoch 3.

Further support for the light-bending interpretation in other
NLS1s comes from X-ray reverberation lag studies, where time
delays between variations in the direct continuum and the re-
flected emission can probe distances down to tens of light-
seconds from the black hole. In IRAS 13224-3809, for instance,
E. Kara et al. (2013) detect shorter reverberation lags when the
source is seen to have a lower flux, a result further confirmed by
W. N. Alston et al. (2020). This suggests a shorter light-crossing
time during low-flux intervals, consistent with a more compact X-
ray source located closer to the black hole, irradiating only the in-
nermost disc regions due to strong light bending. Unfortunately,
the presence of the complex absorption and the lower S/N of the
data available here mean similar reverberation studies are not yet
feasible for PG 1535+547.

It is worth noting that another geometric factor may poten-
tially also contribute to the high reflection fraction in Epoch 3. In
high accretion regimes such as that of PG 15354547, the inner
disc may become puffed up, forming a slim disc that deviates
from the standard thin-disc approximation (e.g. N. I. Shakura
& R. A. Sunyaev 1973; M. A. Abramowicz et al. 1988), creating
more of a funnel/bowl-like geometry for the innermost regions.
Such a change in geometry could enhance the observed reflection
fraction if the corona were located (at least mostly) within this
inner bowl, allowing the inflated disc to intercept and reprocess
a larger fraction of coronal photons. However, we note again that
we also observe ‘normal’ reflection fractions (consistent with R ~
1) during Epochs 1 and 2, when the absorption-corrected flux
was much brighter than the reflection-dominated Epoch 3. This
would imply that such a geometry is not relevant during these
epochs, either because the disc is not particularly thick or because
the corona is not located within the inner bowl. Either way, the
reflection-dominated state seen during Epoch 3 still implies that
a contraction of the corona must have occurred. Given that the
coronal height of ~ 77, inferred for Epoch 2, should such a bowl-
like geometry represent the inner flow it is likely that in order to
place the corona ~fully within this bowl it would need to be suffi-
ciently compact and close to the black hole that strong relativistic
light bending would be a relevant factor anyway. Nevertheless, it
is possible that such a geometry could help further enhance the
observed reflection fraction seen during this epoch in addition
to strong light bending. Reflection models that self-consistently
allow for such a geometry (e.g. C. Taylor & C. S. Reynolds 2018)
will be required to test this possibility in the future. We also note
that the reflection fraction does not directly influence the spin
parameter in the fits presented here, and that our spin constraint
is based on a simultaneous fit to all epochs, so this constraint is
likely robust to such issues.

5.4 Absorbers in PG 15354547

PG 15354547 exhibits a complex, multi-layered absorption along
the line of sight, characterized by two warm absorbers (WAs): one
partially covering (WA1) and the other fully covering (WA2) the
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intrinsic emission. We also see the presence of a partially covering
neutral absorber during 2002 and 2016.

The partially covering warm absorber (WA1) has a high col-
umn density, with a column density of Ny ~ 1 x 10?* cm~2 and
an ionization parameter of log & (erg cm s7!) < 1.9, partially
covering 80 per cent of the intrinsic emission. The fully cov-
ering warm absorber (WA2) exhibits a slightly lower column
density, Niy ~ 3 x 10?2 cm™2, but a similar ionization state to
WA1. While WA1 does not show any evident Doppler shift (we
constrained an upper limit on its outflow velocity to be vwa; <
1450 km s~1), WA2 is found to be outflowing with a velocity of
Vwaz ~ 5000 km s~1. While these column density and velocity pa-
rameters of WA1 and WA2, for the derived ionization parameter
(log & ~ 1.8), are slightly higher than those observed in the Warm
Absorbers in X-rays sample (S. Laha et al. 2014), they are well
within the extended X-Ray Winds in Nearby-to-distant Galaxies
(X-WING) sample, as compiled by S. Yamada et al. (2024). Addi-
tional neutral obscurers with column, Ny ~ 3 x 10*2 cm~2 and
6 x 10%* cm~2 are seen obstructing the source during 2002 and
2016, respectively, covering 80 per cent and 50 per cent of the
source emission.

Based on the column density, ionization state, and outflow ve-
locities, and drawing analogies to previously studied X-ray warm
absorber obscured Syls, we propose a stratified absorption config-
uration for obscuration in PG 15354-547. WAL is conceptualized
as an ionized disc wind outflowing from the accretion disc, simi-
lar to what has been observed in e.g. NGC 3516 (T. J. Turner et al.
2008), NGC 3783 (M. Mehdipour et al. 2017), and NGC 3227 (T.
Beuchert et al. 2015). Meanwhile, the fully covering WA2 could
be associated with clumpy structures within the BLR or even the
more distant NLR, as seen in e.g. NGC 5548 (J. S. Kaastra et al.
2014; M. Mehdipour et al. 2015), UGC 3142 and ESO 140-43 (C.
Ricci et al. 2010).

The varying column densities and covering fractions of the
neutral obscurer, observed in 2002 and 2016 observations, may
point to the presence of inhomogeneous, neutral material at
the inner edge of the torus (S. Bianchi et al. 2009; G. Miniutti
et al. 2014). Alternatively, it might also resemble the transient
obscuration seen in NGC 5548, where the obscuring material
lies interior to the WAs (see fig. 4 in J. S. Kaastra et al. (2014)
and M. Mehdipour et al. (2022) for an illustration of one of the
potential absorber configurations). In that system, the obscuring
wind shields the WA from the ionizing continuum, leading to a
drop in its ionization state. In our case, however, since we have
had to link the WA properties across epochs (see Section 3.3), we
have not been able to directly track any WA variability in response
to changes in the neutral obscurer. As a result, our work does
not allow us to draw firm conclusions about the location of the
obscurer.

Following the approach outlined in F. Tombesi et al. (2012),
we can constrain the location of the warm absorbers using the
equation: 1 < ¥max = Lion/ENu, Where 7,y is the maximum dis-
tance of the gas from the X-ray source, Lo, is the unabsorbed
ionizing luminosity between 13.6 eV and 13.6 keV, & is the ion-
ization parameter, and Ny is the absorber column density. Ad-
ditionally, we estimate the minimum distance of the absorbers
by equating their outflow velocities to the escape velocity: r >
Vmin = 2GMgy /vﬁut. Using these constraints, we estimate WA1 to
be located within the range 10%r; < rwa; < 10°r;, and WA2 to be
located anywhere between 103r; < rwa, < 107r. The ranges esti-
mated above loosely place the WAs spanning anywhere from the
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outer accretion disc, the edge of the BLR region, or even the NLR
region.

6 CONCLUSIONS

We performed a multi-epoch X-ray reflection spectroscopy analy-
sis of PG 15354547 using XMM-Newton observations from 2002
and 2006, along with a coordinated XMM-Newton + NuSTAR
observation in 2016, covering a broad energy range of 0.3—60
keV. The source exhibits significant variability across all three
epochs. Our analysis employs a combination of relativistic reflec-
tion modelling and multiple layers of complex absorption along
the line of sight. Thanks to the broadband coverage provided by
XMM-Newton and NuSTAR, we were able to place robust con-
straints on several key parameters of the source, including black
hole spin, despite the challenges posed by the complex obscura-
tion along our line of sight. Our key results are:

(i) The intrinsic spectrum of the source is characterized by a
primary continuum with I' ~ 2.2—2.4, and the electron temper-
ature is constrained to kT, > 52 keV. We infer a slightly elevated
iron abundance of Ag. = 3.1, and our fits suggest an upper limit
on the inclination angle, indicating that the source is viewed at
an angle of i < 29°.

(ii) Our fits indicate that the black hole in PG 1535+547 is
rapidly rotating, with a spin value of a > 0.99.

(iii) In 2016, the source was observed in a reflection-dominated
state, exhibiting extreme reflection (R, > 7) and an X-ray emit-
ting region located very close to the black hole (h < 1.72r,). The
accompanying flux drop by a factor of ~ 7 supports the light-
bending model.

(iv) Our analysis suggests that the source is surrounded by
three layers of absorption: (i) a partially covering warm absorber
(WA1) with Ng ~ 1 x 10?2 cm~? and ionization parameter with
log & (ergecms™!) < 1.9, covering ~ 80 per cent of the intrinsic
emission; (ii) a fully covering warm absorber (WA2) with Ny ~
3 x 102 cm~2 and similar ionization as WA1; and (iii) a partially
covering neutral obscurer, detected only in the 2002 and 2016
observations, with varying column densities and covering frac-
tions. Due to the lack of continuous or multi-wavelength obser-
vations, we are unable to precisely determine the locations of
these absorbers. However, based on our X-ray estimates, we infer
that they could reside anywhere within 103—107r;, consistent
with regions spanning from the outer accretion disc to the more
distant NLR.
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