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ABSTRACT

Context. The physical characteristics of the material closest to supermassive black holes (SMBHs) are primarily studied through
X-ray observations. However, the origins of the main X-ray components such as the soft X-ray excess, the Fe Ka line complex, and
the hard X-ray excess are still hotly debated. This is particularly problematic for active galactic nuclei (AGN) showing a significant
intrinsic absorption, either warm or neutral, which can severely distort the observed continuum. Therefore, AGN with no (or very
weak) intrinsic absorption along the line of sight, so-called “bare AGN”, are the best targets to directly probe matter very close to the
SMBH.

Aims. We perform an X-ray spectral analysis of the brightest and cleanest bare AGN known so far, Ark 120, in order to determine the
process(es) at work in the vicinity of the SMBH.

Methods. We present spectral analyses of data from an extensive campaign observing Ark 120 in X-rays with XMM-Newton (4 X
120ks, 2014 March 18-24), and NuSTAR (65.5 ks, 2014 March 22).

Results. During this very deep X-ray campaign, the source was caught in a high-flux state similar to the earlier 2003 XMM-Newton
observation, and about twice as bright as the lower-flux observation in 2013. The spectral analysis confirms the “softer when brighter”
behavior of Ark 120. The four XMM-Newton/pn spectra are characterized by the presence of a prominent soft X-ray excess and a
significant Fe Ka complex. The continuum is very similar above about 3 keV, while significant variability is present for the soft X-ray
excess. We find that relativistic reflection from a constant-density, flat accretion disk cannot simultaneously produce the soft excess,
broad Fe K complex, and hard X-ray excess. Instead, Comptonization reproduces the broadband (0.3-79 keV) continuum well,
together with a contribution from a mildly relativistic disk reflection spectrum.

Conclusions. During this 2014 observational campaign, the soft X-ray spectrum of Ark 120 below ~0.5keV was found to be domi-
nated by Comptonization of seed photons from the disk by a warm (k7. ~ 0.5 keV), optically-thick corona (r ~ 9). Above this energy,
the X-ray spectrum becomes dominated by Comptonization from electrons in a hot optically thin corona, while the broad Fe Ka line
and the mild Compton hump result from reflection off the disk at several tens of gravitational radii.

Key words. X-rays: individuals: Ark 120 — galaxies: active — radiation mechanisms: general — accretion, accretion disks —
quasars: general
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1. Introduction

In the standard picture, the emission of an active galactic nu-
cleus (AGN) stems from an accretion disk around a supermas-
sive black hole (SMBH) with mass spanning from a few million
to billions of solar masses. X-ray spectra offer a unique potential
to probe matter very close to the black hole and to measure the
black hole spin. The X-ray spectra of AGN usually exhibit one or
more of the following components: a soft excess below 2 keV, a
power-law continuum up to about 10 keV, a Fe Ka line complex
near 6.4 keV, and a Compton scattering hump near 20-30 keV.

Recent studies using XMM-Newton have shown that the soft
X-ray excess component is commonly seen in AGN, and that
for most AGN (the exception possibly being low-mass Narrow
Line Seyfert 1 galaxies; Done et al. 2012) this soft excess is
not the hard tail of the big blue bump observed in the UV
coming from blackbody emission of the accretion disk (e.g.,
Gierlinski & Done 2004; Porquet et al. 2004; Piconcelli et al.
2005). Different explanations have been proposed: for exam-
ple, photo-ionized emission blurred by relativistic motion in the
accretion disk (e.g., Crummy et al. 2006); Comptonization of
soft (extreme UV) seed photons by the electrons of a corona
above the disk (e.g., Czerny & Elvis 1987); and an artifact
of strong, relativistically smeared, partially ionized absorption
(Gierlinski & Done 2004). These models can give a good rep-
resentation of the soft excess, though the current simulations
of line-driven AGN accretion disk winds cannot reproduce the
smooth, soft X-ray excess (Schurch et al. 2009). Therefore, the
origin of the soft excess is still an open issue.

Besides, the study of the Fe Ka complex emission can be
used to provide fundamental diagnostics of the physical and
dynamical conditions of the AGN central engine from the in-
ner part of the accretion disk to the far-away molecular torus.
Relativistic (or broad) Fe Ka lines have been studied in nu-
merous AGN (e.g., Nandra et al. 2007; Brenneman & Reynolds
2009; Patrick et al. 2012), especially MCG-06-30-15 (e.g.,
Tanaka et al. 1995; Fabian et al. 2002; Marinucci et al. 2014),
and other particular AGN thanks notably to XMM-Newton and/or
NuSTAR data (NGC 1365: Risaliti et al. 2013; and Walton et al.
2014; Mrk 335: Parker et al. 2014; and SWIFT J2127.4+5654:
Marinucci et al. 2014). However, the physical interpretation
of the observed broad Fe K lines has been disputed due
to the common presence of a warm absorber (Porquet et al.
2004; Piconcelli et al. 2005; Blustin et al. 2005), which has
been proposed to explain in part the broadness of the lines
(Turner & Miller 2009). Indeed, the presence of this hot gas on
the line of sight could severely complexify the X-ray data anal-
ysis, in particular by distorting the underlying continuum of the
Fe K line. However, arguments against this interpretation have
been invoked by Reynolds et al. (2009).

Likewise, several origins for the hard X-ray spectrum above
10keV for type 1 Seyferts have been proposed, such as rel-
ativistic reflection, complex absorption, and Comptonization,
or a combination thereof (e.g., Nardini et al. 2011; Noda et al.
2011; Patrick et al. 2011, 2012; Risaliti et al. 2013; Walton et al.
2014; Ursini et al. 2015; Mehdipour et al. 2015). Therefore,
AGN showing no (or very weak) presence of any X-ray warm
absorber — so-called “bare AGN” — are the best targets to directly
investigate the process(es) at work in the vicinity of SMBHs.

Ark 120 (z = 0.033, Mgy = 1.50 + 0.19 x 10 M) is
the brightest and cleanest bare AGN known so far, that is, one
displaying neither intrinsic reddening in its IR continuum nor

! Black hole mass determined via reverberation

(Peterson et al. 2004).
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evidence for absorption in UV and X-rays (e.g., Ward et al.
1987; Crenshaw et al. 1999; Reynolds 1997). The first XMM-
Newton observation performed in August 2003 (~80ks pn net
exposure time) confirmed that its spectrum is warm absorption-
free, with the smallest upper limit to the column density found
among AGN (~3 x 10" cm™2; Vaughan et al. 2004). Ark 120
therefore represents the best target to have the “purest” view
of the properties of the accretion disk and of the black hole
spin in AGN. This object displays a prominent soft excess
observed down to 0.3keV and a significant Fe Ka line com-
plex (Vaughan et al. 2004). The width of the broad compo-
nent of the Fe Ka line (Full width at half maximum (FWHM)
~30000km s~!) was much larger than that of the broad optical
lines from the broad line region (BLR), with FWHM (Hp) =
5850 + 480kms~' (Wandel et al. 1999). Ark 120 was also ob-
served with Suzaku in April 2007 (~100 ks) confirming the pres-
ence of a large soft excess and of a significant broad Fe K« line
(Nardini et al. 2011; Patrick et al. 2011). Recently, Matt et al.
(2014) reported the first spectral analysis of a simultaneous
XMM-Newton and NuSTAR observation performed in February
2013. They found that the smooth soft excess was more likely
explained by Comptonization. In contrast with the 2003 XMM-
Newton observation (Vaughan et al. 2004) and the 2007 Suzaku
observation (Nardini et al. 2011), while a significant soft excess
was also present, no obvious signature for relativistic reflection
was found in the 2013 observation. It is worth mentioning that
in 2013 the flux of Ark 120 was lower by about a factor of two
than during the 2003 observation. Both this lower flux and the
lack of any relativistic signature in this 2013 observation (“low-
flux state”) may be explained by the presence of an extended
optically-thick corona which hides most of the relativitic reflec-
tion from the accretion disk, while in 2003 (“high-flux state” )
and in 2007 (“intermediate-flux state”) this corona was likely
less thick and/or less extended (Matt et al. 2014).

An extensive X-ray observational campaign was performed
from 2014 March 18 to 24 to study Ark 120 in order to directly
probe the accretion disk properties and the SMBH spin in this
moderate Eddington ratio AGN (M 2 0.05 Mgqq; Vaughan et al.
2004). This campaign combined a deep XMM-Newton observa-
tion (480 ks split into four consecutive 120 ks observations from
2014 March 18 to 24; PI: D. Porquet) with a simultaneous 120 ks
Chandra/HETG observation® (PI: D. Porquet). Furthermore, a
NuSTAR observation (65 ks; PI: NuSTAR AGN team) was per-
formed during the third XMM-Newton observation, that is, on
2014 March 22.

In Reeves et al. (2016; hereafter PaperI), we reported on
the analysis of the soft X-ray spectrum using the 480ks
XMM-Newton/RGS and 120ks Chandra/HETG spectra. We
confirmed that there were no detectable absorption lines due to
the warm absorber in the deep RGS spectra, and that Ark 120 is
the cleanest bare nucleus AGN known so far. Only absorption
lines from the interstellar medium of our Galaxy were found.
Interestingly, several soft X-ray emission lines from the He-like
and H-like ions of N, O, Ne, and Mg were revealed for the first
time thanks to this very high signal-to-noise (S/N) RGS spec-
trum. As a consequence, Ark 120 is not intrinsically bare since
substantial X-ray emitting gas is present out of the direct line of
sight towards this AGN. This result is very important in the
framework of the unified scheme of AGN, which invokes the

2 This was the first Chandra observation of Ark 120. The observation
was split into three consecutive sequences as described in Reeves et al.
(2016) and Nardini et al. (2016).
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existence of wide scale obscuring and emitting gas (Antonucci
1993).

In Nardini et al. (2016; hereafter Paper IT) we took advantage
of the unprecedented depth of the new data sets to study the prop-
erties of the composite emission complex from iron fluorescence
at 6-7 keV. The most prominent feature peaks around 6.4 keV,
and can be plainly identified with the Ka transition from neu-
tral iron. The profile of the narrow Fe Ko core is resolved in the
Chandra/HETG spectrum with a FWHM of 4700270 kms™!,
consistent with a BLR origin (as was also found for the soft
X-ray emission lines; PaperI). Excess components are system-
atically detected redwards (6.0-6.3 keV) and bluewards (6.5—
7.0 keV) of the narrow Fe Ka core. The energy and equiv-
alent width of the red wing rule out an interpretation in the
form of the Compton shoulder of the 6.4 keV Ka feature. More-
over, its variability over timescales of about one year (Febru-
ary 2013 to March 2014) hints at the presence of an emission
component from the accretion disk. Excess emission maps and
time-resolved spectra based on the four consecutive orbits of
XMM-Newton monitoring show that both the red and blue fea-
tures are highly variable on short timescales (30-50 ks) but ap-
pear to be disconnected. Such a timescale suggests an origin for
these two components at a few tens of gravitational radii from
the central SMBH, potentially from discrete hot spots on the disk
surface.

In Lobban et al. (2018; hereafter PaperIIl), we presented
the spectral and timing properties of Ark 120 using all avail-
able XMM-Newton data (including this XMM-Newton Large Pro-
gramme), a recent approximately six-month Swift monitoring
campaign (Gliozzi et al. 2017), and data from RXTE obtained
between 1998 and 2006. The spectral decomposition was inves-
tigated through fractional rms, covariance and difference spectra,
where we found that the mid- to long-timescale (approximately
day—year) variability is dominated by a relatively smooth, steep
component, which peaks in the soft X-ray band. Additionally,
we found evidence for a variable component of Fe Ka emission
on the red side of the near-neutral Fe Ka core on long timescales,
consistent with Paper II. We also measured the power spectrum
and searched for frequency-dependent Fourier lags, obtaining
the first detection of a high-frequency soft X-ray lag in this
source. Finally, we found well-correlated optical/UV/X-ray vari-
ations with the Swift UVOT and searched for multi-wavelength
time delays, finding evidence for the optical emission lagging
behind the X-rays with a time delay of 7 = 2.4 + 1.8 days.

In this Paper IV, we report on the X-ray spectral analysis
of the four 120ks XMM-Newton/pn time-averaged spectra per-
formed in March 2014, which represent the deepest and longest
elapsed time X-ray observation for a bare AGN. We also re-
port on a NuSTAR observation that was simultaneous with the
third 2014 XMM-Newton observation (see Table 1 for details).
In Sect. 2, we describe the observations, the data reduction, and
the spectral analysis method. The spectral analysis of the four
2014 XMM-Newton/pn spectra is presented in Sect. 3, and the
broadband X-ray spectrum (XMM-Newton and NuSTAR) of the
2014 March 22 observation in Sect. 4. In Sect. 5 our main re-
sults are summarized, before the discussion and conclusions in
Sect. 6.

2. Observations, data reduction and analysis
2.1. XMM-Newton and NuSTAR data reduction

During this observational campaign, Ark 120 was observed by
XMM-Newton over four consecutive orbits between 2014 March
18 and March 24 (Table 1). As reported in Paper I1, the event files

were reprocessed with the science analysis system (SAS) v14.0,
applying the latest calibrations available in 2015 February. Due
to the high source brightness, the EPIC instruments were op-
erated in small window mode. However, this observation mode
was not sufficient to prevent pile-up in the MOS cameras, and
therefore only the EPIC/pn (Striider et al. 2001) data are taken
into account (selecting the event patterns 0—4, that is, single and
double pixels). The four pn spectra were extracted from a circu-
lar region centered on Ark 120, with a radius of 30" to avoid the
edge of the chip. The background spectra were extracted from
a rectangular region in the lower part of the small window that
contains no (or negligible) source photon. The latest part of each
orbit was not used due to a high background flaring level. After
the correction for dead time and background flaring, the total net
exposure was about 330 ks. Redistribution matrices and ancillary
response files for the four pn spectra were generated with the
SAS tasks RMFGEN and ARFGEN. As shown in Paper III, there is
significant flux variability during each of the four XMM-Newton
observations and between them. However, the spectral variabil-
ity within any single orbit is slow and moderate, so we are able
to use time-averaged spectra for each of the four observations.
As detailed in Paper II, a gain shift has to be applied to take into
account the known inaccuracy of the EPIC/pn energy scale likely
due to inaccuracies in the long-term charge transfer (CTI) cali-
bration®. The corresponding values for the XSPEC gain function
are reported in Paper II. The 0.3—-10keV pn spectra were binned
to give 50 counts per bin.

NuSTAR (Harrison et al. 2013) observed Ark 120 with its
two co-aligned X-ray telescopes with corresponding focal plane
modules A (FPMA) and B (FPMB) starting on 2014 March 22
for a total of ~131 ks of elapsed time. The level 1 data products
were processed with the NuSTAR data analysis software (NuS-
TARDAS) package (v. 1.6.0). Cleaned event files (level 2 data
products) were produced and calibrated using standard filtering
criteria with the NUPIPELINE task and the calibration files avail-
able in the NuSTAR calibration database (CALDB: 20170222).
Extraction radii for both the source and the background spec-
tra were 1.25 arcmin. After this process, the net exposure time
for the observation was about 65 ks, with most of the time lost to
Earth occultations. The pair of 3.5-79 keV NuSTAR spectra were
binned in order to over-sample the instrumental resolution by at
least a factor of 2.5 and to have a S/N greater than five in each
spectral channel.

The summary log of the Ark 120 X-ray observations used in
this work from the 2014 observational campaign are reported in
Table 1.

2.2. Spectral analysis method

The XSPEC v12.9.0g software package (Arnaud 1996) was used
for the spectral analysis. The Galactic column density is as-
sumed to be Ny = 9.78 x 109cm™2 as inferred from the
weighted average Ny value of the Leiden/Argentine/Bonn Sur-
vey of Galactic H1 (Kalberla et al. 2005). Since there can be
some additional contribution associated with molecular hydro-
gen (Willingale et al. 2013), we allow the value of Galactic Ny to
vary slightly (except for the fits above 3 keV, where the value is
fixed to 9.78 x 1020 cm’z). However, we do not allow for any in-
trinsic absorption in the rest frame of Ark 120, since, as found in
Paper I from the deep RGS spectrum, none is observed. We used
the X-ray absorption model TBNEW (v2.3.2) from Wilms et al.
(2000), assuming throughout their interstellar medium (ISM)

3 Seehttp://xmm2.esac.esa.int/docs/documents/
CAL-SRN-0300-1-0.pdf and Marinucci et al. (2014).
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Table 1. Observation log of the data analyzed in this work from the 2014 Ark 120 observational campaign.

Mission Obs. ID Obs. start (UTC) Exp.¢ Cc’(s™hH
XMM-Newton 0721600201 2014 March 18-08:52:49 81.6 27.14 £0.02
XMM-Newton 0721600301 2014 March 20-08:58:47 83.9 22.65+0.02
XMM-Newton 0721600401 2014 March 22-08:25:17 82.4 25.23+0.02

NuSTAR 60001044004 2014 March 22-09:31:07 65.5 1.089 £ 0.004 (FPMA)

65.3 1.072 £ 0.004 (FPMB)
XMM-Newton 0721600501 2014 March 24-08:17:19 81.9 22.78 +0.02

Notes. @ Net exposure in ks. ®’ Source count rate over 0.3—10 keV for XMM-Newton/pn and over 3-79 keV for NuSTAR.

elemental abundances and the cross-sections from Verner et al.
(1996).

As reported in Paper II, the narrow neutral core of the Fe Ka
emission complex is consistent with being associated with the
BLR, and so makes some contribution to the H-like line of
iron. Consequently, throughout this work we take into account
the contribution from the BLR to the Fe K complex using three
Gaussian lines: the Fe Kaprr (E fixed at 6.40keV) plus its asso-
ciated Fe KBgr line (E fixed at 7.05keV), and the H-like iron
line (E fixed at 6.97 keV). The normalization of Fe KBg| r is set
to 0.135 times that of Fe Kagy g (Palmeri et al. 2003). The widths
of these three lines are fixed to the value inferred in Paper II for
the Fe Ka narrow core, that is, 43 eV, as determined from the
simultaneous Chandra/HETG spectrum (Paper IT). These three
BLR emission lines are called hereafter “3 ZGAUSSIANS(BLR)”.

Throughout this work, when considering relativistic reflec-
tion modeling, we use the RELXILL package (v0.4c*; released in
May 2016). These reflection models calculate the proper emis-
sion angle of the radiation at each point on the accretion disk, and
then take the corresponding reflection spectrum into account.
This angle-dependent model connects self-consistently the
XILLVER (Garcia & Kallman 2010; Garciaetal. 2011, 2013,
2014) reflection models with the relativistic blurring code
RELLINE (Dauser et al. 2010, 2013, 2014, 2016). In this version
the cosmological redshift is properly taken into account in the
cut-off energy as well. The models used in this work assume a
constant density profile of the accretion disk with n, = 10" cm™3
(except when mentioned otherwise, see Sect. 4.1.2), and an ex-
ponentially broken power-law as the intrinsic continuum shape.
Two main geometries are possible: the coronal one (RELXILL)
and the lamppost one (RELXILLLP). Detailed descriptions of
these models and their corresponding parameters are reported
in Appendix A.

We use x> minimization throughout, quoting 90 percent er-
rors for one interesting parameter (Ay? = 2.71) unless otherwise
stated. Default values of Hy = 70kms™! Mpc‘l, Q. =0.27, and
Qp = 0.73 are assumed. All figures are displayed in the AGN
rest-frame.

3. Spectral analysis of the four 2014 XMM-Newton
pn observations

In order to characterize the main X-ray components of the
spectra, we fit the four XMM-Newton/pn spectra between 3—
5keV using a simple absorbed power-law model. The absorp-
tion column density has been fixed to the Galactic one, that
is, 9.78 x 1029 cm™2. The power-law index is tied between the
four spectra, while the normalization is allowed to vary between

4 This package version is more recent than the one used in PaperII
(v0.4a), however, the fit differences are negligible.
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the observations (y%/d.o.f. = 1656.8/1591). We find a photon in-
dex of 1.87 + 0.02, which is typical of those found for radio-
quiet quasars (e.g., Porquet et al. 2004; Piconcelli et al. 2005).
The unabsorbed flux values between 3 and 5 keV are about 1.8—
2.0 x 107" ergem™2s~! and are similar to that found for the
2003 XMM-Newton observation, and about twice as bright as
the 2013 observation. Then, we extrapolate over the whole 0.3—
10keV energy range. As illustrated in Fig. 1 (top panel), the four
observations show a significant soft X-ray excess below 2keV
that is variable between the observations (see also Paper I1I) with
the first observation (2014 March 18) exhibiting the largest soft
X-ray excess. The prominent Fe K line profile is consistently
seen in each of the observations (Fig. 1, bottom panel), though
as shown in Paper II the red and blue sides of the Fe Ka complex
are variable on a timescale of about 10-15 h, that is, faster than
the total duration of each observation.

3.1. Spectral analysis above 3 keV

In this section, we aim to characterize the disk component(s)
above 3 keV, that is, without any bias from the soft excess con-
tribution. This has been already investigated in Paper II, but here
more general relativistic reflection configurations are probed
(e.g, non-solar iron abundance, free inclination angle).

We use the baseline reflection model A defined as TB-
NEW X [RELXILL + 3 X ZGAUSSIANS(BLR)]. The photon index
(T), the reflection fraction (R), and the normalization (norm) of
the underlying continuum of the relativistic reflection compo-
nent are allowed to vary between each observation. The high-
energy cut-off (Ey) is fixed to 1000 keV since it cannot be con-
strained from the pn energy range.

We first consider a coronal geometry assuming a single
power-law disk emissivity index g (e o< R™9), tied between the
four observations, and fixing the inner radius of the reflection
component (R;,) at the innermost stable circular orbit (ISCO),
which is self consistently determined from the spin value in the
relxill models. We find a good fit (Xz /d.o.f. =4461.7/4568) and
infer a very flat emissivity index of <1.1 (see Table 2). The pho-
ton indices (I" ~ 1.85-1.92) are typical of what is found in type-1
AGN (e.g., Porquet et al. 2004; Piconcelli et al. 2005). The ex-
trapolation of the fit down to 0.3 keV shows that the soft excess
is not accounted for by this model, which leaves a large positive
residual below 2 keV (Fig. 2). If, instead, we fix the disk emissiv-
ity index to the standard value of three, the spin value to zero, and
allow Rj, (expressed in Rysco units) to vary, we also find a good
fitin the 3-10 keV energy range and derive Ri, = 17.873%7 Risco
(see Table 2). If we fix the spin value to the maximal ones, we
find Rj, > 56 Risco and R;;, = 119t§26% Risco, for a = 0.998 and
a = —0.998, respectively. This suggests that whatever the spin
value is, the reflection component does not arise in the very inner
part of the accretion disk, in agreement with the results discussed
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Fig. 1. Data/model ratio of the four 2014 XMM-Newton/pn spectra of
Ark 120 fitted with a Galactic absorbed power-law continuum model
over the 3-5keV energy range, and then extrapolated over the 0.3—
10keV energy range. Black: March 18, red: March 20, green: March
22, and blue: March 24. Top panel: 0.3—-10keV energy range. Bottom
panel: zoom on the Fe Ke complex.

in Paper II. The extrapolation of the fit down to 0.3 keV shows
that the soft excess is not accounted for, with a similarly large
positive residual. The reflection fraction is found to be rather
low, with R = 0.4-0.5 in both cases.

Then we adopt a lamppost geometry, where the primary
source of radiation is modeled by a point source on the rotational
axis of the black hole, using the RELXILLLP model. The reflec-
tion fraction is calculated directly from the lamppost geometry
with the parameter fixReflFrac fixed to one. We find that the
height of the X-ray source above the accretion disk is rather high
(h = 93*22 R, see Table 2). This suggests that the disk illumina-
tion is not centrally concentrated. As for the coronal geometry, a
strong positive residual is found below 3 keV when the best fit is
extrapolated down to 0.3 keV.

To summarize, good fits are found using a combination of a
primary power-law and a relativistic reflection component when
considering the 3—10 keV energy range, but they indicate that re-
flection does not arise in the very inner part of the accretion disk
(flat disk emissivity index, large R, or /), and has a moderate
reflection fraction of about 0.4-0.5 (coronal geometry). These
results are similar to those found in PaperII. Moreover, in all
cases the soft excess is not accounted for, meaning that the soft
excess may originate from another physical process.

Table 2. Simultaneous fit of the four 2014 XMM-Newton/pn spectra
with the baseline relativistic reflection model (model A) over the 3—
10keV energy range.

Parameters relxill relxill relxilllp

q <I.1 3(f) -

Rin (Risco) 1.(f) 17.8+327 1 ()

h(Ry) - - 9332

a (nc) 0.0 (f) (nc)

0 (degrees) 38.01’2:2 31. 1+?;1 35. le?

log& (ergecms™) 24+0.1 24+0.1 2.6+0.1

Are <0.6 <0.6 <0.7
2014 March 18

r 1. 92*((35% 1.92 +£0.02 1.90 +0.01

R 0.5% 0.5+0.1 -

norm (x10™*) 23+ 0 1 2.3+0.1 24+0.1
2014 March 20

r 1.88%00 1.88%00) 1.85+0.01

R 0.5+0.1 0.5+0.1 -

norm (x10™%) 22+0.1 22+0.1 2.3+0.1
2014 March 22

r 1 88*8 8‘2‘ 1. 88*8 8% 1.86 +0.03

R 0.5+0.1 0.5+0.1 -

norm (x107%) 2.5+0.1 25+0.1 2.6+0.1
2014 March 24

r 1. 85“’8 8% 1. 85j83; 1.84+0.01

R 04+0.1 0.4+0.1 -

norm (x10™%) 2.5+0.1 2.5+0.1 2.5+0.1

¥*/d.of. 4461.7/4568  4459.4/4569  4493.1/4572

X 0.98 0.98 0.98

Notes. Hydrogen column density is fixed to the Galactic value, that is,
9.78 x 10?° cm™2. @ The assumed value of the spin has no impact on
the other inferred parameters of the fit; (f) means that the parameter is
fixed; (nc) means that the parameter value is unconstrained.

3.2. Investigation of relativistic reflection modeling
over the 0.3—10keV energy range

We now consider the full 0.3—-10keV energy range to investigate
whether reflection models can after all reproduce both the soft
excess and the hard X-ray emission up to 10keV.

We use model A, but here we allow for a broken power-law
disk emissivity index (g, g2, and Ry;). We find a good fit statistic
(x*/d.o.f. =7246.6/6728, x%, = 1.08) over the 0.3-10keV en-
ergy range (Fig. 3, top panel), though there are positive residuals
in the Fe K complex energy range (y> ~q = 1.16 when consider-
ing only the 67 keV energy range). Since the fit is driven by the
smooth soft X-ray emission, very high values for the spin and the
disk emissivity indices, with a low inclination angle, are required
to reproduce it (see Table 3). Large values (R ~ 7-10) for the
reflection fraction are required as well. This would correspond
to a scenario of a compact corona very close to the black hole,
leading to strong gravitational light bending (Fabian et al. 2012;
but see Dovciak & Done 2015). Moreover the primary photon
index needed to reproduce the soft X-ray excess is much steeper
(T ~ 2.4) than that associated to the Fe Ko features when fitting
above 3keV (I' ~ 1.9). These extreme parameters are incom-
patible with those found to reproduce the 3—10keV spectra (see
Table 2).

Moreover, as shown in Fig. 3 (bottom panel), there are still
positive residuals with moderately broad line profiles from about
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Fig. 2. Extrapolation down to 0.3 keV of the fit over the 3-10keV en-
ergy range of the four 2014 XMM-Newton/pn spectra with the base-
line relativistic reflection model (model A), where ¢ is allowed to vary
and R;, is fixed to the ISCO. The fit parameters are reported in Table 2
(Col. 2). Black: March 18, red: March 20, green: March 22, and blue:
March 24.

6-6.3 keV (red wing) and 6.6—6.9 keV (blue wing) in all the four
spectra (AGN rest-frame), which cannot be reproduced by the
extreme and very fine-tuned parameter values required to repro-
duce the smooth soft excess. The two emission features corre-
spond to the red and blue Fe Ko features reported in PaperII,
where the energy—time map showed that they both arise from
the accretion disk. We therefore add two relativistic line com-
ponents (RELLINE, Dauser et al. 2013) that enable us to model
these features for a small inclination angle’ as found for the
soft excess (see Table 2). The inclination angle and the spin val-
ues are linked to those of the broadband blurred reflection com-
ponent, but we allow the disk emissivity index to vary (Rj, is
fixed to the ISCO). We find a statistical improvement of the fit
compared to the baseline model A (Ay?> ~ —238 for five ad-
ditional parameters). We infer line energies of 6.47 + 0.01 keV
and 6.76")02 keV, and a disk emissivity index of 1.6*)%, much
flatter than the ones found for the baseline reflection model A,
that is, 7.5 £ 0.5 and 4.5 + 0.4 for the 2014 March 18 obser-
vation (similar values are found for the three other sequences).
If, instead, we force the disk emissivity index to be the same as
the blurred component and allow the inner radius to vary, we
also find a good ﬁt (Ax? ~ 240 for ﬁve additional parameters)
with Ry, = 25.7Jr 3 Ry and line energies® of 6.45019 keV and

-0.05(p)
6. 97+g 82(1’ ) keV. Hence, in both cases, a flat disk emissivity index

(g ~ 1.6) or a large inner radius (R, ~ 25 R,) are in conflict with
the values required to account for the soft excess. This implies
that this reflection model cannot self-consistently produce both
the soft excess and the mildly relativistic Fe Ka line(s). We also
notice that, in order to reproduce these Fe Ka features by means
of another broadband reflection component (RELXILL), not only
q (or R;,) and the disk inclination must be untied, but also the I'
value, which must be much harder, that is, below about 1.9.

So it is worth investigating whether these accretion disk fea-
tures (soft excess and Fe Ka residuals) can originate from a more

3 We notice that we find similar results considering a single relativistic
line, but in such case a larger inclination angle of about 30 degrees is
required (see Paper I, and Table 2).

6 (p) means that the value is pegged at the maximum or minimum ones
allowed by the model.
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Fig. 3. Data/model ratio of the fit over the 0.3—10keV energy range
of the four 2014 XMM-Newton/pn spectra with the baseline relativis-
tic reflection model (model A). The best fit parameters are reported in
Table 3. Black: March 18, red: March 20, green: March 22, and blue:
March 24. Top panel: the full 0.3-10keV energy range. Bottom panel:
zoom on the Fe Ka complex.

complex disk emissivity shape such as a twice broken power-
law, which allows for an intermediate region with a flat emis-
sivity index as could be found for a co-rotating continuum point
source or an extended corona (see Fig. 7 in Wilkins & Fabian
2012). However, even with this reflection model we cannot si-
multaneously reproduce these emission features. A disk ioniza-
tion gradient (log & oc R4 does not work either. The inferred
parameters for these fits are reported in Table B.1. Then, we test
a lamppost geometry, but a less good fit is found compared to the
extended corona model (RELXILL), and significant residuals near
6.35keV and 6.7keV are still present and cannot be removed
by allowing for an ionization gradient (assuming an @ accretion
disk or a power-law density profile (density oc R714%)) Table B.1
shows the inferred fit parameters.

In conclusion, these high S/N spectra of Ark 120 show
that relativistic reflection models from a constant-density,
geometrically-flat accretion disk, while leading to a reasonable

x*/d.o.f. value over 0.3—-10keV, are physically unsatisfactory,

since they cannot simultaneously account for both the soft excess
and the Fe Ko lines. Such residual Fe K features could have been
missed or readily neglected in lower S/N spectra, thus leading to
an interpretation of a relativistic reflection-dominated spectrum,
with rather extreme and tuned parameters in terms of spin and
emissivity.
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Table 3. Simultaneous fit of the four 2014 XMM-Newton/pn spectra
with the baseline relativistic reflection model (model A) over the 0.3—

10keV energy range.

Parameters relxill relxilllp

Ny (x10*' cm™?) 1.09 +£0.02 1.00 +0.01

a 0.965+0003 0.968+0003

6 (degrees) <6.7 <59

log& (ergcms™) <0.1 <0.1

Are <0.5 <0.5
2014 March 18

r 2.48 +0.02 2.37+0.01

R 10.8:‘):5 -

norm 20£0.1x10% 1.5+£0.1x1072

a 74708 -

q> 48+0.5 -

Rir (Ry) 3.849 -

h(Ry) - 1.8+0.1
2014 March 20

r 2.37+0.02 2.29+0.01

R 7.5+0.7 -

norm 1.7£0.1x10* 1.0+0.1x 1072

q1 6.8f§:§ -

q>2 34:%% -

Ry, (Rg) 52t10 -

h (Ry) - 1.9+0.1
2014 March 22

I 2.38+0.02 2.27+0.01

R 83109 -

norm 19+0.1x10* 1.0+0.1x1072

1 7.6%3 -

q> 5.0+£0.5 -

Rur (Ry) 3.4+08 -

h(Ry) - 1.9+0.1
2014 March 24

r 2.37+0.02 2.27+0.01

R 82108 -

norm 1.7+01x10* 1.0+0.1x1072

q1 8.1%07 -

7 43703 -

R (Ry) 3.6j2f2 N

h (Ry) - 1.8%3

Y*d.of. 7246.6/6728 7507.4/6740

X%ed 1.08 1.11

3.3. Comptonization process as the origin of the soft excess

In this section, we assume that the soft X-ray excess originates
from the Comptonization of seed photons from the accre-
tion disk by warm electrons from the corona (here using
COMPTT), as found by Mattetal. (2014) for the February
2013 observation. For this, we use the baseline model B
defined as TBNEW X [COMPTT + ZPO+3 X ZGAUSSIANS(BLR)].
The cOMPTT model (Titarchuk 1994) is characterized by the
input soft photon temperature (expressed in keV), the plasma
temperature (k7. expressed in keV), the plasma optical depth
(1), and the geometry assumed (disk, sphere, analytical approx-
imation). We assume a disk geometry, and an input soft photon
temperature of 15eV according to the black hole mass and the

Table 4. Simultaneous fit of the four 2014 XMM-Newton/pn data with
the baseline Comptonization model with COMPTT (model B, Col. 2)
over the 0.3-10keV energy range.

Parameters model B + 1 relline
Ny (x10% em™2)  1.06+0.01  1.07+0.01
q - 3(f)
Rin (Ry) - 453117
a - (nc)
6 (degrees) - 30(f)
E (keV) - 6.52:’8:8‘31
norm (x107°) - 2.7+0.3
2014 March 18
kT, (keV) 0.84j§;8}§ 0.87j§;§2
T 6.6f8:; 6.3:'8:2
+0. +0.
norm 27755 2.7 04
r 178002 1.79.+0.03
norm (x1072) 1.1+0.1 1.1+0.1
2014 March 20
kT, 0.65+0.09 0.69f8:(1’g
0. 0.
T 8.0%07 7.7+07
norm 2.1+0.3 2.0+0.3
r 1.74 £0.03 1.75+0.04
norm (x1073) 9.1 fg:g’ 9.2:'8:2
2014 March 22
kT, 0.79+0.14 0.831’8:}2
T 7.1 fg:g 6.8:'(1):?1;
norm 1 .9f%%1 1 .9f%:13
r 1747001 1.75+003
norm (x1072) 1.0+0.1 1.0+0.1
2014 March 24
0.1 0.
kT, 0.63f0‘05 0.68f0ﬂ
T 8.1+0.7 7.8708
norm 21+03 2.0”_’81‘31
r 1.74 £0.03 1.74 £0.04
norm (x1073) 9.5f8:§ 9.4+0.7
Yot 7384.1/6735  7165.2/6732
Xy 1.10 1.06

Notes. The fit results when adding a RELLINE component are reported
in Col. 3. (nc) means that the parameter value is not constrained.

mean accretion rate of Ark 120. We note that the mean value of
the input soft photon temperature (around 15eV) has a negligi-
ble impact on the plasma temperature and optical depth values.
The power-law component (ZPO) is used to readily reproduce
Comptonization by the hot electrons of the corona. We obtain an
overall good fit with y?/d.o.f. =7384.1/6735 (2, = 1.10) (see
Table 4, Col. 2), except for the positive residuals at the Fe Ka
complex energy range (see below and Fig. 4 top panel), as al-
ready found in the previous reflection-based models. We derive
for the Comptonized plasma low temperature values of about
0.6-0.8 keV, and high optical depth values of about 7-8 for the
four observations (the mean values and their associated errors
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Fig. 4. Fit over the 0.3-10keV energy range of the four 2014
XMM-Newton/pn spectra with the baseline Comptonization model
(model B). The fit parameters are reported in Table 4. Black: March 18,
red: March 20, green: March 22, and blue: March 24. Top panel: data
and data/model ratio. Bottom panel: unfolded spectra where the con-
tributions of the model components are displayed. The following color
code for the emission components (dot-dashed curves) is used: magenta
for the soft Comptonization (COMPTT), blue for the CUT-OFF POWER-
LAW (hot Comptonization). For clarity purposes, we have not displayed
the Fe K line components.

bars for each observation are shown in Table 4). For illustration
purposes, we display in Fig. 5 the 2D contour plot of the plasma
temperature (k7. in keV) versus the plasma optical depth for
the third XMM-Newton observation. The temperature value of
the four observations seems to follow the soft excess strength,
but the values between the four observations are consistent with
each other within their errors bars. The primary photon indices of
about 1.74—1.79 are much harder than those required to produce
the soft excess from relativistic reflection modeling (I' ~ 2.4).
Not surprisingly with such a power-law continuum shape
above 3 keV, the same red and blue components of Fe Ka resid-
uals are still present. Indeed, they are known to be associated
with the accretion disk (Paper II). Thanks to the high S/N of the
present spectra and the ability to detect unambiguously these
red and blue emission features, we are thus able to establish
that even in this scenario, where the soft excess originates from
Comptonization, a relativistic reflection component is still re-
quired. We therefore add a relativistic line profile (RELLINE),
fixing its emissivity index to the standard value of three and the
inclination angle to 30 degrees (see Paper II). If Ry, is allowed to
vary, then the fit is significantly improved (see Table 4, Col. 3),
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Fig. 5. 2D contour plot of the plasma temperature (k7. in keV) versus
the plasma optical depth for the third XMM-Newton observation inferred
from the baseline Comptonization model (model B).

and Ry, = 45.3fﬁ:(1) R, is inferred. The relative contribution
of the different model components is displayed in Fig. 4 (un-
folded spectrum for illustration purposes only; bottom panel),
and shows that Comptonization of seed disk photons by warm
electrons of the corona is the dominant process below about
0.8keV.

To summarize, the spectral analysis shows that Comptoniza-
tion by a low-temperature (k7. ~ 0.6-0.8keV) optically-thick
(tr ~ 7-8) corona can reproduce well the soft excess below
1 keV. Above this energy, the power-law component dominates
the continuum, which may represent Comptonization by the
hot electrons in a thin corona (e.g., Haardt & Maraschi 1993;
Zdziarski et al. 1995). We note that a contribution from disk re-
flection originating at tens of Ry is still required to account for a
broad component of the FeK line, which was not the case for the
low flux 2013 observation of Ark 120 (Matt et al. 2014).

4. Broadband X-ray view of Ark 120 observed
on 2014 March 22

In this section, we investigate the simultaneous broadband
XMM-Newton/pn and NuSTAR observations of Ark 120 per-
formed on 2014 March 22.

First, we investigate the two NuSTAR spectra (FPMA
and FPMB) by fitting them using a simple absorbed power-
law model in the 3—10keV energy range excluding the 5.5—
7.5keV energy range. We fix the absorption column density
to 9.78x10?° cm~2, and tie the power-law parameters between
both NuSTAR spectra. We allow for possible cross-calibration
uncertainties between these two NuSTAR spectra. The resulting
data/model ratio extrapolated up to 79 keV is reported in Fig. 6,
where a significant hard X-ray excess is present in addition to
the prominent Fe Ko complex.

4.1. Investigation of the relativistic reflection scenario
4.1.1. Spectral analysis above 3 keV

We start the simultaneous fit of the XMM-Newton/pn and of
the two NuSTAR spectra in the 3-10keV band using model ‘A.
We allow for cross-calibration uncertainties between the two
NuSTAR spectra and the XMM-Newton/pn spectrum by in-
cluding in the fit a cross-normalization constant correspond-
ing to CNuSTARA and CNuSTARB for NuSTAR FPMA and FPMB
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Fig. 6. Data/model ratio of the NuSTAR spectra of Ark 120 obtained on
2014 March 22, fitted with a Galactic absorbed power-law continuum
model (I' = 1.92 + 0.02) over the 3.5-10keV energy range (excluding
the 5.5-7.5keV energy range, that is, the Fe K complex) and then ex-
trapolated over the 3.5-79 keV energy range. In addition to the promi-
nent Fe K complex, a significant hard X-ray excess is present. Red:
NuSTAR FPMA, and green: NuSTAR FPMB.

Table 5. Simultaneous XMM-Newton/pn and NuSTAR spectral fit of the
2014 March 22 observation with the relativistic reflection model above
3keV (model A).

Parameters relxill

3-10keV 3-79keV
q 2.0f8:g 2. ngg
a (nc) <0.6
6 (degrees) <25.6 219435
r 1 1. 91+§§; 1. 86joglg;

- + +

logé (ergecms™) 2.8%5, 27705
AFe <0.8 3. 3»+1 3
E (keV) 1000 (f) 364*?38
R 0. 6j8 j 0.3+£0.1
norm (x10™%) 2.1703 2.4+0.3
CNuSTAR A 1.030£0.009 1.029 +0.009
CNuSTARB 1.070 +£0.010 1.072 +0.009
y*d.of. 1207.6/1232  1497.7/1518
A/\/rze d 0.98 0.99

Notes. (nc) means that the parameter value is not constrained.

spectra, respectively (see values in Table 5), related to the XMM-
Newton/pn spectrum. The absorption column density has been
fixed to the Galactic one, that is, 9.78 x 10> cm~2. The fit param-
eters are similar (see Table 5, Col. 2) to those found when fitting
simultaneously the four XMM-Newton/pn spectra over this en-
ergy range (see Table 2), showing a good match between XMM-
Newton/pn and NuSTAR data. Only the inferred disk emissivity
index ¢ is larger and the inclination angle is lower due to the
lower spectral resolution of the NuSTAR camera which broad-
ens the apparent Fe K profile. We then extrapolate this fit up
to 79keV, and find that the data/model ratio is rather good, al-
though the model slightly overpredicts the emission in the 10—
40keV energy range (see Fig. 7, top panel). The y?/d.o.f. is
1698.1/1519 (Ax2, = 1.12) without any refitting. Now, we refit
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Fig. 7. Simultaneous XMM-Newton/pn and NuSTAR spectra of
Ark 120 obtained on 2014 March 22 fitted with model A. Black:
XMM-Newton/pn spectrum, red: NuSTAR FPMA, and green: NuSTAR
FPMB. Top panel: fit over the 3—10keV range and then extrapolated up
to 79 keV without refitting. Bottom panel: fit over the 3—79 keV range.

over the entire 3-79keV energy range and find a very good fit
(Fig. 7, bottom panel) with parameter values that are very simi-
lar to those found for the 3—-10keV energy range, except for the
iron abundance which has increased from <0.8 to 3.3*! in or-
der to better adjust the 10-40keV emission (see Table 5). We
find an upper limit of 0.6 for the spin value (at 90% confidence
level), but we note that after the calculation of a 2D contour plot
of the spin versus the inclination angle, the spin is actually un-
constrained at the 90% confidence level. A power-law photon
index of about 1.86 represents well the underlying continuum
over the 3—79keV energy range. This value is softer than that
found for the 2013 observation (I' ~ 1.73), when the source was
in a low-flux state (Matt et al. 2014). Adding the possible contri-
bution from a molecular torus’ does not improve the fit at all.
As illustrated in Fig. 8 (top panel), the extrapolation of
the XMM-Newton/pn spectrum down to 0.3 keV shows that this
model is not able to account for the soft X-ray excess, as might
be expected given that the best fit is characterized by similar pa-
rameters as when considering the 3—10keV band alone.

7 For this, we use the unblurred reflection XILLVER model fixing log &
to zero. The inclination of the blurred and unblurred reflection compo-
nents, as well as their cut-off energies, are tied together, and solar iron
abundance for the unblurred reflection component is assumed.
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Fig. 8. Simultaneous XMM-Newton/pn and NuSTAR spectra of Ark 120
obtained on 2014 March 22 fitted with model A assuming a coronal
geometry. Top panel: fit over the 3—79 keV energy range (see Table 5).
The extrapolation down to 0.3 keV clearly shows that the soft excess is
not accounted for. Bottom panel: fit over the 0.3-79 keV energy range.
The corresponding fit parameters are reported in Table 6. The reflec-
tion model clearly leaves a strong hard X-ray excess above 30 keV and
thus cannot account simultaneously for the soft and hard bands. Black:
XMM-Newton/pn spectrum, red: NuSTAR FPMA, and green: NuSTAR
FPMB.

4.1.2. Spectral analysis over the 0.3—-79 keV energy range

First, we note that if we try to reproduce the hard X-ray excess
with a contribution from the torus using XILLVER,® then the nor-
malization of the Fe Ka line emitted by the BLR is consistent
with zero. This is at odds with analysis of the Chandra/HETG
spectra, where the narrow profile is resolved with a width com-
patible with the BLR (Paper IT). We can therefore conclude, from
both the 3-79keV and 0.3-79 keV analysis, that any contribu-
tion from the torus is not significant, and therefore it is not con-
sidered from now on. However, we checked that the following
results do not depend on the modeling of the narrow Fe Ka core
either from the BLR (as established) in Paper II or by the com-
mon modeling of a molecular torus.

Using model A (and allowing for a single broken power-
law emissivity index), we are able to find a satisfactory fit
only up to 30keV, with the parameters reported in Table 6
(?/d.o.f. = 2483‘.2/2058,)(3ed = 1.21). Indeed, as shown in Fig. 8

8 The same results are found if, instead of XILLVER, we use MYTORUS
(Murphy & Yaqoob 2009) or PEXMON (Nandra et al. 2007).
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Table 6. Simultaneous XMM-Newton/pn and NuSTAR spectral fit of the
2014 March 22 observation with the relativistic reflection model (model
A) over the broad 0.3-79 keV energy range.

0.3-79keV
Parameters relxill relxilllp
Ny (x10?' cm™2) 0.93+0.01 0.93+0.02
q1 >8.3 -
q> 3.0+0.2 -
Ry (Ry) 26+0.2 -
h (Rg) 22+0.1
a 0. 989*0 ogg >0.993
6 (degrees) 34. 23% 35.0%)7
r 2.22+0.01 2.21+0.01
log& (ergems™!) <0.1 <0.1
Afpe 1.2+0.3 1.2+0.2
E.y(keV) >956 >801
R 4. 1+O 3
norm 1.9%0.1% 10- 38*07><103
CNuSTAR A 1.031 £0.008 1. 026 +0.009
CNuSTAR B 1.075 £ 0.009 1.070 £ 0.009
x?/d.o.f. 2483.2/2058 2585.3/2061
Xfed 1.21 1.25

(bottom panel), above this energy there is a significant hard
X-ray excess. Of course, as for the four XMM-Newton/pn spec-
tra, there are still residuals present at Fe Ka, but these appear
less apparent on the model/ratio plot due to the very significant
positive residual observed above about 30 keV. As also found for
the 0.3—10keV spectral analysis, a large reflection fraction and
a very steep disk emissivity shape (g 2 8 or h ~ 2 R,) are re-
quired, as well as a very high (and strongly fine-tuned) value
for the spin. Moreover, the inferred photon index is significantly
steeper (I' ~ 2.2) than that found considering only data above
3keV (that is, I' ~ 1.9), explaining the presence of the hard
X-ray excess residual seen above about 30 keV. We also notice
that this hard X-ray excess residual cannot be accounted for by
any other alternative RELXILL models (that is, the ones tested in
Sect. 3.2). The lamppost geometrical configuration leads to the
worst fit of the data (see Table 6) We check whether such un-
satisfactory fits are due to the specific model components and
assumptions, still using the baseline model (A, by alternatively:

— Allowing the primary photon index of the NuSTAR spectra
to be different from that of the XMM-Newton/pn spectrum in
order to compensate for any possible calibration issues.

— Replacing the RELXILL model with KYREFLIONX, which is
a model combining the relativistic smearing (Dovciak et al.
2004) and X-ray ionized reflection models REFLIONX
(Ross & Fabian 2005) or XILLVER (Garcia et al. 2013).

— Allowing the incident continuum of the relativistic compo-
nent to be different from the direct, observed one (see Ap-
pendix C.1 for details).

— Assuming a larger accretion disk density of 10'° cm™ (see
Appendix C.2 for details).

However, none of these relativistic reflection-dominated scenar-
ios allows us to account simultaneously for the three main com-
ponents (soft excess, broad Fe Ka lines and Compton hump), or
to obtain physically meaningful fit results. Furthermore, limiting
the analysis to one or another energy range would lead to erro-
neous results on the physical condition of the disk-corona system
(see a comparison of Tables 5 and 6).
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To summarize, during this 2014 observational campaign of
Ark 120, we can safely rule out relativistic reflection as the origin
of both the soft and hard X-ray excesses, and the red and blue
relativistic Fe Ke features.

4.2. Model combining Comptonization and relativistic
reflection

Here we investigate if a combination of soft and hard
Comptonization and mildly relativistic reflection can ex-
plain the whole 0.3-79keV continuum shape, as found
for the four XMM-Newton/pn spectra. To do this, we
use model C defined as TBNEWX[COMPTT+CUT-OFF
PLA+RELXILL+3XZGAUSSIANS(BLR)].

The cut-off power-law component is used here in order to
merely parametrize Comptonization from hot electrons of the
thin corona. This continuum shape is also the one used as the
underlying hard X-ray continuum for the relativistic reflection
component. Since the mildly relativistic Fe K component(s) does
not appear to be formed in the very inner part of the accre-
tion disk, as found previously in this work (see also PaperII),
we allow Ry, to vary and fix the emissivity index to three. We
find a good fit (y?/d.o.f.=2197.6/2058, x-., = 1.07), as illus-
trated in Fig. 9 (top panel). The inferred fit parameters are re-
ported in Table 7. We notice that the excess found above about
8keV in the residuals for the pn spectrum is likely due to cali-
bration issue between the pn spectrum using the small window
mode and the NuSTAR spectra, and is particularly prominent for
high S/N pn spectrum’. However, removing pn data above 8 keV
leads to compatible fit parameters within their error bars (except

for I' = 1.91*3:9%, the discrepancy, however, is marginal), with

x?/d.o.f.=1972.9/1876 (,\/fed = 1.05).

We confirm that the Comptonizing plasma responsible for
the soft excess has a low temperature (k7. ~ 0.5keV) and a high
optical depth (7 ~ 9). Another interesting result is that during
this 2014 observation, the source spectrum above 3 keV shows
a softer power-law index (I' ~ 1.87) compared to the 2013 one
(' ~ 1.73; Matt et al. 2014), in agreement with the recent study
based on the Swift monitoring of Ark 120, which suggests that
the source has a “steeper when brighter” behavior (Gliozzi et al.
2017, see also Paper III). The value of R, of 25.5*3%6 R, is much
larger than the innermost stable orbit even for a maximal retro-
grade spin of the black hole, that is, a = —0.998. This is another
hint that the observed Fe K lines are not formed in the very inner
part of the accretion disk.

The relative contributions of the different model components
is displayed in Fig. 9 (unfolded spectrum for illustration pur-
poses only; bottom panel), and shows that the Comptonization
process (including both warm and hot electrons of the corona) is
the dominant one over the broadband X-ray range.

5. Summary

This paper is the fourth of a series of articles reporting on the
study of an extensive X-ray (and also optical and UV) observa-
tional campaign of a bare AGN, targeting Ark 120. Here, we first
performed the simultaneous spectral analysis of the four 120 ks
XMM-Newton/pn spectra obtained in March 2014, and then we
analyzed the broadband X-ray spectrum — combining pn and

® We note that this pn excess above 8 keV (when fitting simultaneous
NuSTAR spectra) is present even with the latest SAS version (16.0.0)
and calibrations available in April 2017.

normalized counts st keV~! cm=2
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Fig. 9. Fit over the 0.3-79keV energy range of the 2014 March 22
XMM-Newton/pn and NuSTAR data with model C, combining a soft
Comptonization (COMPTT), a cut-off power-law, and a relativistic re-
flection component RELXILL (as produced by the cut-off power-law pri-
mary continuum shape). The corresponding fit parameters are reported
in Table 7. Black: XMM-Newton/pn spectrum, red: NuSTAR FPMA, and
green: NuSTAR FPMB. Top panel: data and data/model ratio. Bottom
panel: unfolded spectra where the contributions of the model compo-
nents are displayed. The following color code for the emission com-
ponents (continuous lines) is used: magenta for COMPTT (soft Comp-
tonization), blue for the CUT-OFF POWER-LAW (hot Comptonization),
orange for the relativistic reflection (RELXILL), and black for the total
emission. For clarity purposes, we have not displayed the total model
and the three BLR Gaussian lines.

NuSTAR spectra — obtained on 2014 March 22. The main results
are summarized below:

(i) The four XMM-Newton observations of Ark 120 in 2014
reveal both a strong and variable soft excess and complex
Fe Ka emission. Above 3 keV, both the continuum (with
I' ~ 1.9) and the iron-line complex are similar with limited
variability between the XMM-Newton sequences.

Above 3 keV, the four 2014 pn spectra can be well fitted
with a disk reflection (RELXILL) model with moderate re-
flection fraction (R ~ 0.4-0.5), which requires a flat emis-
sivity profile or a large height of the X-ray source above
the disk. Both of these interpretations suggest that the disk
reflection emission originates much further away than the
ISCO, at typical radii of tens of R,.

The extrapolation of the above reflection models leaves
strong residuals due to the soft excess below 3 keV. To

(i)

(iii)
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Table 7. Simultaneous fit of the 2014 March 22 XMM-Newton/pn and
NuSTAR spectra over the 0.3-79 keV energy range with model C, which
combines Comptonization and relativistic reflection contributions.

Parameters model C
Ny (x10*' cm™2) 1.04 +£0.03
kT, (keV) 0.487041

T 9.0+0.7
norm 2_9j8:‘3‘

r 1.87 £0.02
Ecu (keV) 18353
norm 1.2+0.1x1072
a (nc)

0 (degrees) 30(f)

AFe l(f)

Rin (Rg) 255j§%6
logé (ergems™) <0.1

R >0.3
norm 1.9f8:2 x 107
CNuSTARA 1.028 + 0.009
CNuSTARB 1.071 + 0.009
L® (0.3-2keV) 1.4 x 10%
L® (2-10keV) 1.0 x 10%
L® (10-79keV) 1.6 x 10*
x?/d.odf. 2197.6/2058
X 1.07

Notes. The disk emissivity index (g) is fixed to the standard value of 3.0.
(nc) means that the parameter value is unconstrained. ® Unabsorbed

luminosities, expressed in units of ergs™.

account for this, the reflection models tend to extreme,
finely tuned values requiring a high degree of blurring and
nearly maximal black hole spin, plus a steep (I' ~ 2.4)
continuum. However, such models produce a very smooth
broadband spectrum, and do not account for the red and
blue wings of the Fe Ke line, which require a flat emissiv-
ity index (or large R;,) and a harder continuum (I" ~ 1.9).
(iv) Likewise, when a reflection dominated model is applied to
the 2014 NuSTAR data above 10 keV, simultaneous with the
third XMM-Newton observation, it cannot fit the spectrum
in the highest energy range, leaving a large excess of resid-
ual emission above 30 keV. Hence, reflection-only models
from a constant-density, geometrically-flat accretion disk
cannot simultaneously account for the soft excess, iron line
and hard excess in the broadband 0.3-79 keV spectrum.

(v) Instead, the X-ray broadband spectrum can be readily ac-
counted for by a Comptonization model, whereby the soft
and hard continuum components arise from a two tempera-
ture (warm, hot) disk corona. The warm part of the corona
(kT. ~ 0.5keV) produces the low energy part of the soft
X-ray excess and is optically thick (t ~ 9). A disk reflec-
tion component is still required, but it is less strong and
originates at tens of gravitational radii from the ISCO of

the black hole.
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6. Discussion and conclusion

During this extensive X-ray observational campaign of the bare
AGN Ark 120, carried out in March 2014, the source was
caught in a high-flux state similar to the 2003 XMM-Newton
observation (Vaughan et al. 2004), and about twice as bright
as the 2013 low-flux observation (Mattetal. 2014). Based
on the long-term Swift monitoring of Ark 120 (Gliozzi et al.
2017, PaperIll), this large XMM-Newton program and the
2013 observation cover the typical high- to low-flux range
observed in this source. Our spectral analysis confirms the
“softer when brighter” behavior of Ark 120 (Gliozzi et al. 2017),
as commonly found in AGN (e.g., Markowitz et al. 2003;
Porquet et al. 2004; Sobolewska & Papadakis 2009; Soldi et al.
2014; Connolly et al. 2016; Ursini et al. 2016) and black-hole bi-
naries systems (e.g., Remillard & McClintock 2006; Done et al.
2007; Wu & Gu 2008; Dong et al. 2014) with accretion rates
above 0.01.

From the analysis of the four XMM-Newton/pn spectra (2014
March 18-24) and the March 22 XMM-Newton and NuSTAR
observations, we find that relativistic reflection models from a
constant-density, geometrically-flat accretion disk cannot self-
consistently reproduce the soft excess, the mildly relativistic red
and blue Fe Ka features, and the hard X-ray excess. We note
that this shortcoming with relativistic reflection models is found
in all four 120 ks XMM-Newton/pn spectra separately, thanks to
the high-S/N spectra that can be obtained for a bright source like
Ark 120. In order to form the large, smooth soft X-ray excess, ex-
treme and tuned parameters are found for the “pure” relativistic
reflection scenario: a maximally rotating black hole (a ~ 0.998),
a very centrally peaked disk emissivity, a soft primary photon
index (I' ~ 2.4), and a very large reflection fraction (R ~ 10), as
reported in Table B.1. By contrast, the red and blue Fe Ka fea-
tures require just a moderate reflection fraction (R ~ 0.3), a flat
emissivity index (g ~ 1.6) or large R;, (a few tens of R), and a
harder power-law index (I' ~ 1.9). The former case (reflection-
dominated soft X-ray excess) would correspond to a compact
corona located very close to the black hole, while the latter case
(disk origin of the Fe Ka features) would correspond to an ex-
tended corona or a lamppost geometry with a large height of the
X-ray source above the disk. Both conditions cannot be therefore
explained

Instead, the whole 0.3-79keV spectrum can be readily ex-
plained by a combination of Comptonization (dominating pro-
cess) of the thermal optical-UV seed photons from the accre-
tion disk by a warm (k7. ~ 0.5keV) optically thick plasma
(tr ~ 9) below about 0.5keV, by a hot optically thin corona
above 0.5 keV, and mildly relativistic reflection at a few X10R,.
As shown in Rézarska et al. (2015), such a high optical depth of
the warm corona could mean that either a strong magnetic field
or vertical outflows to stabilize the system are required. An in-
depth investigation of the physical properties of the warm and
hot corona will be performed in a forthcoming paper (Marinucci
et al. in prep.). Interestingly, such a soft X-ray excess origin
(that is, enabling us to rule out a relativistic reflection scenario
too) is similar to that found, for example, in some non-bare
AGN like Mrk 509 (Mehdipour et al. 2011; Petrucci et al. 2013;
Boissay et al. 2014) and NGC 5548 (Mehdipour et al. 2015),
from deep X-ray (and multi-wavelength) observational cam-
paigns. Such an origin has also been found for the lower-mass
SMBH AGN NGC4593, from high-energy monitoring with
XMM-Newton and NuSTAR (Ursini et al. 2016).

Contrary to the 2013 observation, a relativistic reflection
component is still required to explain part of the Fe K complex.



D. Porquet et al.: A deep X-ray view of the bare AGN Ark 120. IV.

This could be the signature that the optically thick corona is
partly or totally hiding the inner accretion disk, as proposed by
Matt et al. (2014) to explain the X-ray characteristics of the 2013
observation, which is a factor of two lower in hard X-ray flux and
does not appear to show a broad Fe Ka line component. In March
2014, the optically thick part of the corona may have been less
extended and/or have displayed a lower covering factor, allow-
ing us to detect a larger part of the relativistic reflection emission.
For example, as demonstrated by Wilkins & Gallo (2015), for a
covering factor below about 85%, the blurred reflection features
become more detectable. Moreover, a Comptonizing corona that
covers the inner regions of the accretion disk can have a substan-
tial impact on the observed reflection spectrum (Petrucci et al.
2001; Wilkins & Gallo 2015; Steiner et al. 2017). Furthermore,
if the corona covers a sufficient fraction of the inner accretion
disk so as to Comptonize the reflected emission, a low reflection
fraction can be measured, as found during these March 2014
observations (R ~ 0.3). This could support the presence of an
extended corona in this object. The case of a receding, full cov-
ering corona between February 2013 and March 2014 will be in-
vestigated through the fitting of the spectral energy distribution
from optical/UV to hard-X-rays in a forthcoming paper (Porquet
et al., in prep.). The alternative scenario of a patchy corona will
be tested in a future work too (Wilkins et al., in prep.).

In conclusion, the great advantage of a source like Ark 120
is that its “bare” properties remove any fit degeneracy due to
warm absorption contributions. Thanks to both XMM-Newton
4x ~ 120ks) and NuSTAR (~65ks), we are able to dis-
criminate between Comptonization and relativistic reflection for
the soft X-ray excess origin, as well as emission above about
2keV. As revealed in Paperl thanks to the very deep 2014
RGS spectrum, a substantial number of X-ray emitting warm
gas is present out of the direct line of sight. The presence of
this warm gas (warm absorber) is seen in a very large number
of type I AGN (e.g., Porquet et al. 2004; Piconcelli et al. 2005;
Blustin et al. 2005) via mainly absorption lines, but also via
emission lines (e.g., Bianchi & Matt 2002; Nucita et al. 2010;
Wang et al. 2011; Ebrero et al. 2011; Reeves et al. 2013). Such
a result demonstrates that Ark 120 is not a peculiar source but
merely a source where the line of sight does not intercept the
warm gas, and then broadly fits into the AGN unified scheme.
Therefore, since Ark 120 has typical AGN properties, such as
mass and accretion rate, it can be used as a prototype to perform
an in-depth study of the X-ray corona and of its physical and
geometrical properties over time, and of its possible impact on
reflection spectra.
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Appendix A: Description of the relativistic
reflection package relxill

A.1. Coronal geometry

The RELXILL models are characterized by the following
parameters:
— the photon index of the illuminating radiation (identical for
both the intrinsic cut-off power-law and the relativistic reflection
spectrum): I';
— the black hole spin: a;
— the disk inclination angle: 6;
— the inner and outer radii of the disk: R, and Ry, respectively;
— the broken power-law disk emissivity index: g; (for R < Ry;),
q> (for R > Ry;) and the radius (Ry,;) where emissivity changes
from gq; to g»;
— the reflection fraction as defined in Dauser et al. (2016): R;
— the ionization parameter (ergcms™!, in log units) at the sur-
face of the disk (that is, the ratio of the X-ray flux to the gas
density): log &;
— the iron abundance relative to the solar value (here
Grevesse & Sauval 1998): Ag.;
— the high-energy cut-off (identical for both the intrinsic power-
law and the relativistic reflection spectrum): Ey;.

The RELXILL_ION model is similar to the RELXILL one but
allows us to calculate the reflection from the disk with several

zones of different ionization (log & o« R~"4X) The number of the
zones (which has to be high enough for a good physical repre-
sentation, here taken at 15) and the ionization gradient versus the
radius can be specified directly in the model.

A.2. Lamppost geometry

The RELXILL_LP models are defined for the lamppost ge-
ometry. The parameters g;, ¢g», and Ry, are replaced by the
height of the primary source /4, and the reflection fraction
value is self-consistently determined by the lamppost geometry
(FIXREFLFRAC=1).

The RELXILL_LP_ION model takes into account an ioniza-
tion gradient of the accretion disk as for the RELXILL_ION
model, while the RELXILL_LP_ALPHA model calculates self-
consistently the radial dependence of the ionization from the
irradiation of the disk, using a certain mass accretion rate
(1) and assuming the density profile of an @ accretion disk
(Shakura & Sunyaev 1973).

Appendix B: Reflection models for the four 2014
XMM-Newton/pn spectra

Table B.1 reports the spectral fits of the four 2014
XMM-Newton/pn spectra using the RELXILL models (see
Sect. 3.2).
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Table B.1. Simultaneous fit of the four 2014 XMM-Newton/pn spectra with the baseline relativistic reflection model (model A, n = 10" cm™3)

over the 0.3-10keV energy range.

A&A 609, A42 (2018)

Parameters relxill relxill_tbp relxill_ion relxilllp relxilllp_alpha relxilllp_ion

Ny (x10*' cm™2) 1.09 +0.02 1.06 +0.01 1.18£0.02 1.00+£0.01 1.15+0.01 1.13+£0.01

a 0.965+0:9% 0.970+0.001 >0.997 0.968+0.903 >0.992 >0.997

0 (degrees) <6.7 <6.3 30.6+0.9 <59 <5.6 <59

logé (ergecms™) <0.1 <0.1 >4.5 <0.1 - 3.8+0.1

ion_index - - 7'9t812 - - -

i (%) - - - - 18.2+0.3 18.2(f)

density_index - - - - - 1.6’:83

Ape <0.5 <0.5 0.8+0.1 <0.5 <0.5 <0.5
2014 March 18

r 2.48 +0.02 2.46+0.01 2.38+0.01 2.37+0.01 2.40+0.01 2.39+0.01

R 10.8+04 10.2+0.1 15.2+29 - - -

norm 20+0.1x10™* 20+£0.1x10* 14+01x10* 15+01x102 19+0.1x1072 1.7+0.1x1072

q 7408 6.5+0.1 7.6+0.4 - - -

9 4.8+0.5 -2.5%08 3.1+04 - - -

i - a0 - - - -

Ruii (Ry) 3.879 6.3+0.1 3.9%1 - - -

Rur (Ry) - <83 - - - -

h (Ry) - - - 1.8+£0.1 1.7+0.1 1.7+0.1
2014 March 20

r 2.37+0.02 2.36+0.01 2.30+0.01 2.29+0.01 2.33+0.01 2.31+0.01

R 7.5+0.7 74+0.1 11.34}% - - -

norm 1.7+401x10™* 1.7+£01x10* 13+01x10* 1.0+0.1x102 13+0.1x102 1.2+0.1x1072

Q1 6.8707 6.1+0.1 7.5+0.6 - - -

Q> 3.4j§:§ -1.1%9¢ 29+03 - - -

4 - 3555 - - - -

Ront (Ry) 5.2r13 9.4 3.7:06 -

Rur (Rg) - 171i(1)é - - - -

h (R,) — — — 1.9+0.1 1.7+0.1 1.7+0.1

2014 March 22

r 2.38+0.02 2.36+0.01 2.29+0.01 2.27+0.01 2.31+0.01 2.30+0.01

R 8.370% 8.1+0.1 12.871% - - -

norm 1.9+0.1x10%* 19£01x10% 13+£01x10% 1.1£01x102 13+£01x102 13+0.1x1072

q 7.670% 6.7+0.1 7.5+0.5 - - -

Q> 5.0+05 1.3+05 32+05 - - -

q3 - <1.7 - - - -

Rut (Ry) 3.4%0% 6.1j§:z 3.8%02 - - -

Ror (Ro) - 9.475 - - - -

h(Rg)g - - - 1.9+0.1 1.7+0.1 1.7+0.1
2014 March 24

r 2.37+0.02 2.36+0.01 2.29+0.01 2.27+0.01 231+0.1 2.30+0.01

R 8.2f8:§ 8.2:’8:? 13.63:8 - - -

norm 1.7£01x10% 1.7+01x10* 12+01x102 1.0£01x102% 13+0.1x102 1.2+0.1x107

qi 8.1+0'7 6.8+0'2 8.1+0'6 _ _ _

8 il -

Q@ 4.3%02 =3.1%5 33+03 - - -

9 - <3.6 - - - —

Ry (Ry) 3.6%1 8.0+04 32+04 - - -

Rz (Ry) - 132192 - - - -

h (Ry) - - - 1.8+0.1 1.7+0.1 1.7+0.1

x2/d.o.f. 7246.6/6728 7278.0/6720 7164.5/6727 7507.4/6740 7329.7/6740 7309.1/6739

X 1.08 1.08 1.07 1.11 1.09 1.08
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Appendix C: Reflection modeling for the X-ray
broadband spectra in 2014 March 22

C.1. Investigation of possible difference between the
observed and incident photon indices

Following the results from Fiirst et al. (2015) for the X-ray bi-
nary GX 339-4 (in low-luminosity, hard states), we then inves-
tigate if the inability of the relativistic reflection models to ac-
count for the broadband spectrum could be explained by a mod-
erate difference in the spectral power-law indices. For GX 3394
a AT ~ 0.3 were found'.

For the coronal geometry, we allow the blurred reflector to
see a different continuum (I') with respect to the primary one.
Since in the RELXILL model the intrinsic continuum is included
in the model, not enabling us to have a different continuum
shape for the direct and the reflected one, we modify the baseline
model A as TBNEWX(CUTOFFPL + RELXILL + 3 ZGAUSSIANS),
with the reflection fraction of the RELXILL model set to negative
values to allow only the reflection component to be returned.
CUTOFFPL is a power-law with a high-energy exponential cut-
off. The fit statistic improves significantly with Ay?> ~ —287 for
only one additional parameter. However, this would mean an un-
likely scenario with very different continua with AI' ~ 1.0. We
then investigate a scenario with two relativistic reflection mod-
els with different continuum shapes. This improves significantly
the fit statistic compared to the single reflection component, with
AX2 ~ 176 for three additional parameters. We find AI' ~ 0.4,
but a hard X-ray excess residual is still present above 35 keV.

We perform the same tests as above assuming a lamppost
geometry, but we are unable to find satisfactory fits, even con-
sidering a vertically extended primary continuum source on the
rotation axis (RELXILL_LP_EXT®XILLVER) or a moving contin-
uum source (RELXILLLP_VELO).

Of course in all above fits, the Fe Ka red and blue residuals
are still present.

C.2. High-density reflection modeling

The reflection models used in this work are calculated for a
density of 1015 ¢cm™3, for which it is assumed that the ionization
state of the gas is identical for a given & value. But, as reported
very recently by Garciaetal. (2016), higher densities “are
most relevant for low mass accreting black holes and when the
coronal fraction is high”. Therefore, they computed the reflected

10 However, we note that Steiner et al. (2017) proposed that this hard-
ening of reflection spectrum can be explained by Compton scattering in
the corona.
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Fig. C.1. Fit over the 0.3-79keV energy range of the 2014 March 22
XMM-Newton/pn and NuSTAR data with a relativistic reflection baseline
model using RELXILL (model A, n = 10" cm™3).

spectra for densities larger than the commonly assumed density
of 10" ecm™3, that is, up to n = 10'” cm™3. They showed that,
for such higher density models, a very significant increase in the
continuum flux at energies below about 2keV occurs due to a
large increase of thermal emission at soft X-ray energies. In other
words, a high-density accretion disk leads to a larger soft excess
compared to lower-density disks (such as 10'> cm=3). Therefore,
since such a high density may be appropriate for Ark 120, a full
grid of reflection models for n = 10' cm™ with high-energy
cut-off fixed at 1000keV has been produced (J. Garcia, priv.
comm.). We apply this high-density model to the 2014 March
22 XMM-Newton/pn and NuSTAR spectra, for a coronal geom-
etry. We find an unsatisfactory fit of the X-ray broadband en-
ergy (y%/d.o.f.=2513.3/2058; yrea = 1.22). A weaker — though
still significant — hard X-ray excess is found since a harder pho-
ton power-law index (I' = 1.76 + 0.01) can produce a larger
soft excess emission, while a soft photon index is required for
lower disk density (I' = 2.22 + 0.01, see Table 6). In addi-
tion, there are still significant model/data deviations below about
1keV and in the Fe Ka energy range (see Fig. C.1). In conclu-
sion, even a high-density disk cannot reproduce the broadband
X-ray spectrum.
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