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ABSTRACT

Context. Soft and hard X-ray excesses, compared to the continuum power-law shape between ~2-10keV, are common features ob-
served in the spectra of active galactic nuclei (AGN) and are associated with the accretion disc-corona system around the supermassive
black hole. However, the dominant process at work is still highly debated and has been proposed to be either relativistic reflection
or Comptonisation. Such an investigation can be problematic for AGN having significant intrinsic absorption, either cold or warm,
which can severely distort the observed continuum. Therefore, AGN with no (or very weak) intrinsic absorption along the line of
sight, called bare AGN, are the best targets to directly probe disc-corona systems.

Aims. We aim to characterise the main X-ray spectral physical components from the bright bare Broad Line Seyfert | AGN Mrk 110,
and the physical process(es) at work in its disc-corona system viewed almost face-on.

Methods. We perform the X-ray broad-band spectral analysis thanks to two simultaneous XMM-Newton and NuSTAR observations
performed on November 16-17 2019 and April 5-6 2020, we also use for the spectral analysis above 3 keV the deep NuSTAR
observation obtained in January 2017.

Results. The broad-band X-ray spectra of Mrk 110 are characterised by the presence of a prominent and absorption-free smooth soft
X-ray excess, moderately broad O vir and Fe Ka emission lines and a lack of a strong Compton hump. The continuum above ~3 keV
is very similar at both epochs, while some variability (stronger when brighter) is present for the soft X-ray excess. A combination of
soft and hard Comptonisation by a warm and hot corona, respectively, plus mildly relativistic disc reflection reproduce the broadband
X-ray continuum very well. The inferred warm corona temperature, KTy,m ~0.3keV, is similar to the values found in other sub-
Eddington AGN, whereas the hot corona temperature, kTp, ~ 21-31keV (depending mainly on the assumed hot corona geometry),

©ESO 2021

is found to be in the lower range of the values measured in AGN.

Key words. X-rays: individuals: Mrk 110 — Galaxies: active — (Galaxies:) quasars: general

Accretion, accretion discs —

1. Introduction

In the standard picture, the emission of an active galactic
nucleus (AGN) stems from an accretion disc around a super-
massive black hole (SMBH) with mass spanning from a few
millions to billions of solar masses. X-ray spectra offer a unique

= potential to probe matter very close to the black hole such as

S
o

the disc-corona system. The X-ray spectra of AGN usually
exhibit, in addition to a power-law continuum between ~2 and
10keV, one or more of the following components : a soft X-ray
excess below 2 keV, a Fe Ka line complex near 6.4 keV, and a
Compton scattering hump peaking near 20-30 keV. However,
the geometry of the disc-corona system is still highly debated as
well as the dominant emission process at work: either relativistic
reflection resulting from the illumination of the accretion disc
by a hot corona, or Comptonisation of seed photons from the
accretion disc by a warm/hot corona (e.g.,

i i k) b

). Moreover, some AGN exhibit warm absorbers along
the line-of-sight that can severely complicate the X-ray data

— Radiation mechanism: general —

analysis. Therefore, bare AGN that show no (or very weak)
X-ray warm absorbers are the best targets to directly investigate
the process(es) at work in the vicinity of SMBHs (

The bright bare AGN Mrk 110 (z=0.035291) has been clas-
sified as a Narrow Line Seyfert 1 (NLS1) due to its relatively
narrow optical emission lines (<2000 km/s FWHM) emltted
by the broad-line region (BLR) (

). However, two much broader and redshlfted
line components are also observed (~ 5000—6000 kms~! and
~3340kms~!;

). In addition, contrary to NLS1s, Mrk 110 displays
an unusually large [Om]A5007/HB ratio and very weak Fem
emission, which is more consistent with a Broad Line Seyfert 1
(BLSl) and 1nd1cates a low Eddington ratio (

; ). Its X-ray photon
mdex soft X-ray excess strength and X-ray variability are
similar to that found for BLSI1s ( ;

). It hosts a SMBH
with a mean mass value of Mgry=1.4%0. 3%x108 M, measured
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Table 1. Observation log of the XMM-Newton and NuSTAR dataset analysed in this work. The (net) exposure times for XMM-Newton correspond

to the pn ones.

Mission Obs.ID  Obs. start (UTC) Obs. end (UTC) Exp. (ks) counts '@
NuSTAR 60502022002 2019 November 16 — 03:31:09 2019 November 18 — 00:56:09 86.8 0.76
XMM-Newton 0852590101 2019 November 17 —09:02:57 2019 November 17 — 21:24:37 44.5 21.2
NuSTAR 60502022004 2020 April 5 — 14:26:09 2020 April 7 —13:26:09 88.7 0.66
XMM-Newton 0852590201 2020 April 6 —22:26:50 2020 April 7 - 11:55:10 48.5 16.5
NuSTAR 60201025002 2017 January 23 — 19:11:09 2017 January 28 06:41:09 184.6 1.08

Notes. “Source count rate over 0.3—10 keV for XMM-Newton/pn and over 3-79 keV for NuSTAR.

from the detection of gravitational redshifted emission in the
varlable component of all of the broad optical lines (
). In contrast to the virial method, for
Wthh a much lower black hole mass has been estimated, this
gravitational method is independent of any assumption on the
BLR geometry, such as its inclination angle. Indeed, as argued
by ( ), the large discrepancy between My;; and
Mg,y for Mrk 110 is explained by the use of a virial factor of
Sfewam ~1 to infer M,;, which is equivalent for a geometri-
cally thin disc-like BLR to an inclination angle 6=30 degrees
(fewam=1/(4 sin?6); the squared of Eq. 4 of
Therefore, the ~8 times lower virial mass of Mrk 110 compared
to its gravitational mass is explained by frwmm =8-16 (
), that is to say a BLR-disc system seen almost
face-on w1th an inclination of 7-10 degrees (see also
). Consistent black hole mass
values to Mgmv have been inferred for Mrk 110 from different
independent methods, such as optical spectro-polarimetric
observations ( ), X-ray excess variance
( ), and X-ray scaling method (
; ). From its optical/X-ray proper-
ties, black hole mass and accretion rate, Mrk 110 is then a BLS1.

( ) found that the RGS spectra of Mrk 110

obtained between 2004 and 2020 exhibit no significant intrinsic
X-ray warm absorption with an upper limit for its column
density of only 2.6x10?° cm2. This points out that Mrk 110 is
a bare AGN whatever its flux level is. Moreover, they confirm
the presence of a broad Ovm soft X-ray emission line, first
identified by ( ). For the first time,
( ) report that the O v line flux varies significantly with
the soft X-ray continuum flux level, being brightest when the
continuum flux is highest, similar to the reported behaviour of
the optical Hen line ( ). This O v line
originates from the accretion disc at a distance of a few tens of
gravitational radii. From the spectral analysis a very stringent
constraint on the inclination angle of the accretion disc has been
measured, 9. 9*10degrees which is consistent with an almost
face-on view, as also inferred from the optical emission lines
emltted by the disc-like BLR ( ;

; )-

In this paper, we report the X-ray broad-band spectral anal-
ysis of the first two simultaneous XMM-Newton and NuSTAR
observations of Mrk 110, performed on November 16-17 2019
and April 5-6 2020. In section 2, the data reduction and analy-
sis method of the dataset are presented. The data analysis above
3keV also uses the deep NuSTAR observation performed in Jan-
uary 2017 (section 4). The X-ray broad-band spectra analysis us-
ing a combination of Comptonisation and relativistic reflection
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models is reported (section 5). Finally, the main results are sum-
marised and discussed in section 6.

2. Observations, data reduction and analysis
method

2.1. XMM-Newton and NuSTAR data reduction

The log of the XMM-Newton and NuSTAR simultaneous ob-
servations of Mrk 110 (NuSTAR cycle-5; PI: D. Porquet) used
in this work is reported in Table 1. For the data analysis above
3keV (§4), we also use the deep NuSTAR observation per-
formed in January 2017.

The XMM-Newton/EPIC event files were reprocessed with
the Science Analysis System (SAS, version 18.0.0), applying the
latest calibration available on 2021 February 24. Due to the high
source brightness, the EPIC instruments were operated in the
Small Window mode. Only the EPIC/pn ( )
data are used (selecting the event patterns 0—4, that is to say,
single and double events) since they do not suffer from pile-up
(contrary to the MOS data) and they have a much better sensi-
tivity above ~6 keV. The pn spectra were extracted from a circu-
lar region centered on Mrk 110, with a radius of 35” to avoid
the edge of the chip. The background spectra were extracted
from a rectangular region in the lower part of the small win-
dow that contains no (or negligible) source photons. The total
net exposure times, obtained after the correction for dead time
and background flaring, are reported in Table 1. Redistribution
matrix files (rmf) and ancillary response files (arf) were gener-
ated with the SAS tasks RMFGEN and ARFGEN, and were binned in
order to over-sample the instrumental resolution by at least a fac-
tor of three, with no impact on the fit results. As shown in Lob-
ban et al. (2021, in prep.), there is some flux variability during
each XMM-Newton observation and between them. However,
the spectral variability within any single observation is slow and
moderate, therefore we use the pn time-averaged spectra for each
epoch. Finally, the background-corrected pn spectra were binned
in order to have a signal-to-noise ratio greater than four in each
spectral channel.

NuSTAR ( ) observed Mrk 110 with its
two co-aligned X-ray telescopes with corresponding Focal Plane
Modules A (FPMA) and B (FPMB). The level 1 data products
were processed with the NuSTAR Data Analysis Software (NuS-
TARDAS) package (version 2.0.0; 2020 June 19). Cleaned event
files (level 2 data products) were produced and calibrated us-
ing standard filtering criteria with the NupPPELINE task and the
calibration files available in the NuSTAR calibration database
(CALDB: 20210210). Extraction radii for both the source and
the background spectra were 75 arcseconds. The corresponding
net exposure time for the observations with FPMA are reported
in Table 1. The processed rmf and arf files are provided on a
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linear grid of 40 eV steps. As the FWHM energy resolution of
NuSTAR is 400eV below ~50 keV and increases to 1keV at
86keV ( ), we re-binned the rmf and arf files
in energy and channel space by a factor of 4 to over-sample the
instrumental energy resolution by at least a factor of 2.5. The
background-corrected NuSTAR spectra were finally binned in
order to have a signal-to-noise ratio greater than five in each
spectral channel.

2.2. Spectral analysis method

The xspec v12.11.1 software package ( ) was used
for the spectral analysis. Since ( ) found
that there is no additional absorption compared to the Galactic
one, we fix it in all forthcoming modelling at 1.27x10?° cm™2
( ). We used the X-ray absorp-
tion model TBNEW (VERSION 2.3.2) from ( ), ap-
plying their interstellar medium (ISM) elemental abundances
and the cross-sections from ( ). We allow for
cross-calibration uncertainties between the two NuSTAR spec-
tra and the XMM-Newton/pn spectra by including in the fit a
cross-normalization factor for the pair of NuSTAR FPMA and
FPMB spectra, with respect to the pn spectra. Except in §3,
the inclination angle of the accretion disc is fixed at 9.9 degrees
( ). We use x> minimization throughout, quot-
ing errors with 90% confidence intervals for one interesting pa-
rameter (Ay>=2.71). Default values of Hy=67.66 kms~! Mpc™!,
Q,=0.3111, and Q5 = 0.6889 are assumed (
).

3. Main X-ray spectral components of the 2019 and
2020 XMM-Newton and NuSTAR observations

In order to characterise the main X-ray components of the
spectra, we fit the two simultaneous XMM-Newton/pn and
NuSTAR spectra between 3-5keV (AGN rest-frame) using a
power-law with Galactic absorption. We find photon indices of
1.70+0.07 and 1.69+0.07 for November 2019 and April 2010,
respectively. As illustrated in Fig. 1 (top panel), the extrapo-
lation of this fit over the full energy range shows a prominent
and absorption-free smooth soft X-ray excess below 2keV
which is variable between the two epochs, with the highest flux
observation (2019) exhibiting the largest soft X-ray excess.
Mrk 110 does not display any Compton hump, which suggests
a weak (or even a lack of) relativistic reflection component;
Mrk 110 has a flat hard X-ray shape with a notable deficit above
~30keV that indicates a low high-energy cut-off, that is to say,
a low hot corona temperature.

The Fe Ka line profile is found to be consistent between
these two epochs, though the flux of the latter observation is
lower (Fig. 1, bottom panel). Aiming to characterise this Fe Ka
complex, we first fit the two pn spectra between 3 and 10keV
with a power-law with Galactic absorption and a Gaussian
line. The energy and width (o) of the line are tied between
both observations. We find a good fit with E=6.36+0.03 keV
and 0 <0.106 keV ()(Z/d.o.f.=585.1/669). The equivalent widths
(EW) are 58+16¢eV and 41f}g eV for 2019 and 2020, respec-
tively. The mean value of the line energy is slightly lower than
that expected from the neutral Fe Ka fluorescence line in the
AGN rest-frame. We checked that this is not due to a gain issue
by analysing other AGN observed at similar periods using the
small window mode. Even if the line width is not constrained,
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Fig. 1. Data/model ratio of the two simultaneous XMM-Newton/pn and
NuSTAR spectra of Mrk 110 fit with a power-law (with Galactic ab-
sorption) model over the 3-5keV energy range. Black: 2019 XMM-
Newton/pn, dark grey: 2019 NuSTAR, blue: 2020 XMM-Newton/pn,
light blue: 2020 NuSTAR. Top panel: Extrapolation over the full broad-
band X-ray energy range. Bottom panel: Zoom on the Fe Ko line. Only
the pn spectra (using here a 75eV spectral binning) are reported for
purposes of clarity. The vertical dashed red line corresponds to 6.4 keV.

its high upper limit and the slightly lower line energy might indi-
cate that a mild relativistic reflection component is present. The
upper limit to the line width corresponds to a FWHM velocity
width, of <12000kms~!, which is compatible with the widths
of the accretion disc O vir emission line in the high resolution
RGS spectra, for which the inner radius of the line emission is
inferred to lie between about 20-100 R, from the black hole
( ). We note that since the accretion disc is
seen almost face-on, the width of lines emitted above a few 10s
of R appears much narrower than for systems viewed at higher
inclination angles, such as found in the bare AGN Ark 120 for
the which the system is observed with an inclination angle of
~30 degrees ( , ). This explains the mod-
erate value of the width upper limit for Mrk 110. Moreover, the
ionisation parameter of the medium from which the O vir emis-
sion line originates, log & ~1.2, is expected to also give rise to a
neutral Fe K emission line.

Therefore, we now fit the two pn spectra between 3 and
10keV using a power-law with Galactic absorption, a narrow
neutral Fe Ka core (E,=6.4keV and 0,=0¢eV), and a disc line
model (RELLINE; , ) to account for the
mildly broad line. For the latter component, the energy was
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Fig. 2. Contour plot of the Fe Ko Gaussian line width (keV) versus
its energy (keV), assuming an underlying cut-off power-law contin-
uum over the 3-79keV energy range (see §4). The red, green and blues
curves show the confidence levels at 68% (Ay?=2.3), 90% (Ax>=4.61)
and 99% (Ax*=9.21), respectively.

fixed at 6.4keV and the spin at zero (since it is not con-
strained). All parameters of the Fe Ka narrow component and
the emissivity index for the mild relativistic Fe K line com-
ponent are tied between the two epochs. From this modelling
(Xz/d.o.f.:585.4/668), we infer an accretion disc emissivity in-
dex lower than 2.1 and a disc inclination lower than 24.6 degrees,
which is consistent with the inclination angle inferred from the
variable O vi soft X-ray emission line (6 = 9. 9+1 0) arising from
the accretion disc too ( ). For the narrow core
of the Fe Ka line, we measure a EW, < 20¢eV, which is in the
lower range of the values found for type-1 AGN (~30-200¢eV;
). This is consistent with the very weak covering fac-
tor of 0.06 for the putative torus, which is inferred from the
ratio of the infrared to the bolometric luminosity of the source
). Moreover, the torus covering factor mea-
sured for Mrk 110 is one of the lowest reported in
( )’s sample; this is also in agreement with the lack of Comp-
ton hump. The equivalent widths of the moderately broad Fe Ka
line are EW,=61723 ¢V and EW,,=43*32 ¢V for 2019 and 2020,
respectively. Likewise, if we allow the inner disc radius to be free
to vary and assume a standard value of three for the disc emis-
sivity index, as well as fixing the inclination angle at 9.9 degrees
(¥*/d.o0.f.=585.1/668), we infer Rm—120Jr263 R,. This strengthens
that the moderately broad Fe line could orlgmate from the accre-
tion disc but not too close to ISCO, as was found for the O vir
soft X-ray emission line ( ). Its origin from
the outer accretion disc is also consistent with the timing analy-
sis reported in Lobban et al. (2021, in prep.) where a hint of an
extra variability is found at the Fe Ka complex energy range in
the fractional variability spectra.

4. Spectral analysis above 3 keV at three epochs:
2017, 2019 and 2020

In this section, we focus on the hard X-ray shape of Mrk 110
using the simultaneous XMM-Newton and NuSTAR data above
3keV to prevent the fit to be driven by the soft X-ray emission.
We also here include the deep NuSTAR observation of Mrk 110
performed in January 2017 ( ;
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Fig. 3. Data-to-model ratio of the fit above 3keV with the REFLKERR
relativistic reflection model, using a primary Comptonisation contin-
uum shape and assuming a slab geometry for the hot corona. Black:
2019 XMM-Newton/pn, dark grey: 2019 NuSTAR, blue: 2020 XMM-
Newton/pn, light blue: 2020 NuSTAR and orange: 2017 NuSTAR.

).

We first fit the data of these three epochs with a phenomeno-
logical model combining a power law (I') continuum with
an exponential cut-off at high energy (E.) and a Gaussian
line. The line energy and its width are assumed to be constant
between the three epochs, while its normalisation is allowed to
vary. A very good fit is found as reported in Table 2. Thanks
to the use of both XMM-Newton and NuSTAR data over the
3-79keV and the deep 2017 NuSTAR data, both the energy and
width of the Fe Ka line are well constrained, as illustrated by
the 2D contour plot displayed in Fig. 2. The AGN rest-frame
line energy is slightly redshifted toward 6.4 keV as previously
found with the pn data, and line width corresponds to a FWHM
of 2200073% kms~!. This confirms that a mild relativistic

—4400
reflection component is present.

Now, we consider more physical models in order to deter-
mine both the hot corona properties and the disc reflection con-
tribution. For this purpose, we use models that combine the
primary continuum shape (hot corona) and the relativistic re-
flection contribution: RELXILL/RELXILLCP' (vers1on 1.4.3;

; ) and REFLKERR’ (version 2019;
).

Since the lamppost geometry does not allow us to obtain
satisfactory fits, we only report below the results for a coronal
geometry. The single power-law disc emissivity index (g; with
emissivity o« R™7) is fixed at the standard value of three, while
the inner radius of the reflection component (R;,, expressed in
units of R,) is allowed to vary. The inclination of the accretion
disc is fixed at 9.9 degrees and the iron abundance is set to unity.
Since the spin value is not constrained, we fix it at zero.

The rReLXILL model allows for relativistic reflection assuming
a primary power law (I') continuum with an exponential cut-off
at high energy (E.y). A good fit is found (Table 2). The inner
radii, where the reflection occurs, are inferred to be a few tens

! https://www.sternwarte.uni-erlangen.de/~dauser/research/relxill/

2 The usage notes as well as the full description of the
models and their associated parameters are reported at
https://users.camk.edu.pl/mitsza/reflkerr/reflkerr.pdf model.
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Table 2. Simultaneous fits above 3keV of the 2019 and 2020 XMM-
Newton/NuSTAR and 2017 NuSTAR observations of Mrk 110. (t)
means that the parameter has been tied between the three epochs.

Parameters 2019 Nov 2020 Apr 2017 Jan

NuSTAR  NuSTAR  NuSTAR

+XMM +XMM

ZCUTOFFPL + ZGA
Ecy (keV) 187f;?° 216’:57 148%35
r 1.74+0.01 1.69+0.02 1.72+0.01
NOTMeuroftpl (X1073) 7.0+0.2 5.7+0.1 10.0+0.2
Eline (keV) 637i§§i (t)
Tline (keV) 022f001 (®
normype (x107%) 2504  2.0%07 3.0+£0.4
x*/dof. (%) 1801.6/1817 (0.99)
RELXILL
Ecu (keV) 113778 1263§ 117772
r 1734305 1.69700s 174700
Rin (Ry) 2513 2444 45+80
logé (ergems™) 2.9+0.2 2.9+0.2 2.8+0.1
R 0.16+0.03 0.15f8:8‘3‘ 0.12j8:8§
normeein (x1074) 1.3+0.1 1.3+0.1 2.1+0.1
x’/d.of. ()(rzed) 1843.3/1813 (1.02)
RELXILLCP
kThot (keV) 26j§ 26j§ 2673
+0.01 +0.02

r 1.827705 L7750 1.81+0.01
Rin (Ry) 23400 23404 37+
log& (ergecms™) 3.0%97, 3.1+0.2 3.0’:8%
R 0.14£0.03  0.13+£0.03  0.09*;0F
norMyeixiticp (X1074) 1.3+0.1 1.2+0.1 2.0+0.1

xAdof. () 1929.7/1813 (1.06)

REFLKERR (slab geometry)

kT (keV) 30+4 314:; 303
Thor 22402 22:01 22301
Rin (Ry) 2610 26+9 4247
logé (ergem s™) L 3 28
R 022401 0212002 017562
normeiker (x107%) 64402 53105 1017

x¥d.of. (%) 1850.4/1813 (1.02)

REFLKERR (spherical geometry)

KT o (keV) 2241 21+l 2241
Thot 6.1f02% 6.9f0:% 5.9f0fl1
Rin (Ry) 25j;% 22fg% 3 1j§
log& (ergcms™) 3.1+0.1 3.4+0.1 2.8+0.1
R 0.1240.02  0.167995  (,09+001
Q03 0.02
ROFMyefikers (X1073) 6.7f8:; 4.8f8:5 10.7+0.1
xdof. (%) 1913.5/1813 (1.05)
Fibs “ergem2s 1) 6.9x10° 1T 6.2x10T 9.5%10 1
i  (ergs™) 20x10%  1.8x10%  2.7x10%

of Ry. Moreover, the inferred very small reflection fraction val-
ues (ratio of intensity emitted towards the disc compared to that
escaping to infinity) of R~ 0.1-0.2, and the high energy cut-off
values of E . ~110-130keV for the three epochs indicate that
the lack of Compton hump is due to the weak reflection strength
combined with the presence of a moderately low high-energy
cut-off value.
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Fig. 4. Fits of the two 2019 and 2020 simultaneous XMM-Newton/pn
and NuSTAR spectra with the RELXILL relativistic reflection model that
assumes a coronal geometry for the disc emissivity. Black: 2019 XMM-
Newton/pn, dark grey: 2019 NuSTAR, blue: 2020 XMM-Newton/pn,
light blue: 2020 NuSTAR. Top panel: Fit above 3 keV, which has been
extrapolated down to 0.3 keV. The fit parameters are reported in Table 2.
Bottom panel: Fit over the full 0.3-79 keV energy range. The fit param-
eters are reported in Table A.1.

We now investigate relativistic reflection models with a
primary Comptonisation continuum shape, which is more
physical and has a sharper high-energy roll-over compared to
an exponential cut-off power-law. In addition, such models have
the advantage of having the hot corona temperature (kTho) as a
physical parameter rather than a phenomenological exponential
cut-off energy. We first apply the rReLxiLLcP model, which uses
the NTHCOMP Comptonisation model ( ;

) as the incident spectrum. The other physical param-
eters are the same as those in the ReLXILL model presented above.
We find a good fit and infer similar hot corona temperatures of
kTho ~26 keV for all three epochs (Table 2). Then, we consider
the REFLKERR where the hard X-ray Comptonisation spectrum
is computed with the compps model (

), which appears to be a better description of thermal
Comptonisation when compared to Monte Carlo simulations
( ). Moreover, REFLKERR has, as physical
parameter, either the Compton parameter (y) or the optical depth
(7). We choose to perform the fit with the optical depth as the
direct inferred parameter. The temperature of the thermal seed
photons (kTy,) Comptonised by the hot corona is an explicit
physical parameter of this model. Here, we assume that the
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seed photons are provided by the cold disc, then kTyy, is fixed
at 10eV corresponding to the expected maximum temperature
of the accretion disc around a black hole mass of 1.4x108 Mg
accreting at a ~10% Eddington rate. In addition, REFLKERR
allows us to choose either a slab or a spherical geometry for the
hot corona. The latter corresponds to numerous active sphere
regions above the disc surface. The hard X-ray shape of the
reflected component is calculated using IREFLECT convolved with
compps rather than using XILLVERCP (see
for detailed explanations). Both models give good fits (Table 2,
Fig. 3), albeit a larger y? value for the spherical geometry.
Similar values of the hot corona temperature are measured
for the three epochs: kTho ~30-31keV and kT ~21-22keV
for the slab and spherical geometries, respectively. From 7,
we can infer the corresponding Compton-parameter of the hot
corona (Yhot) using the relation y=4t(k7T/511keV) (

). This correspond to yno~0.5 and ype~1.1 for the slab and
spherical geometries, respectively.

The extrapolation of the fits down to 0.3 keV for the 2019 and
2020 observations shows that the soft excess is not accounted for
by any of these models, leaving a huge positive residual below
2 keV. Fig. 4 (top panel) displays the extrapolation of the fit with
the ReLxiLL model for illustration purposes. We notice that over
the 0.3—-10keV energy range, the RELXILL model provides a good
fit (Table A.1, Fig. A.1), while when this model is applied to the
whole 0.3-79keV X-ray broad-band range, it fails to both re-
produce the soft and hard X-ray shapes (Fig. 4, bottom panel).
Similar results are found for other relativistic models (see ap-
pendix A for more details).

5. The X-ray broad band analysis of the 2019 and
2020 observations: A mixed Comptonisation and
mild relativistic reflection modelling

We now aim to reproduce the X-ray broad-band spectra of
Mrk 110 with a model where Comptonisation is the dominant
process combined with a moderate relativistic reflection compo-
nent (§3; ). Indeed, as shown above, relativis-
tic reflection alone is not able to explain the soft X-ray excess,
thereby we investigate the alternative scenario where it (mainly)
originates from a warm corona.

We apply to the two simultaneous XMM-Newton and NuS-
TAR spectra the following model: TBNEW(GAL)X[COMPTT(WARM
CORONA) + REFLKERR(HOT CORONA) + REFLKERR(REFLECTION)]. Since
the compps model cannot be used for coronal temperature value
of a few 100s of keV, we instead make use of the compTT model to
take for the warm corona contribution and infer its temperature,
kT warm, and optical depth, Tyam ( ). The REFLKERR
model is split into two components in order to disentangle and
display the contributions of the hot corona and of the moderate
relativistic reflection. For the former, the reflection strength is set
to zero to only calculate the emission from the hot corona, while
for the latter it is set to a negative value (here set to -0.2; §4) in
order to only return the reflection component due to the illumi-
nation of the accretion disc by the hot corona. As in §4, we fix
the seed photon temperature (kT4p,) at 10eV corresponding to
the maximum temperature expected from the cold disc. A slab
geometry for the hot corona is assumed. The other parameters of
the two REFLKERR components are tied together for each epoch;
we also set the emissivity index to the standard value of three
and allow the inner radius, where the relativistic reflection oc-
curs, to be free to vary. The hot corona temperature values have
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Table 3. Simultaneous fits over the broad-band energy range of
the two simultaneous XMM-Newton/pn and NuSTAR spectra with
TBNEW(GAL)X[COMPTT(WARM) + REFLKERR(HOT) + REFLKERR(REFL)]. See
text for detailed explanations. The hot corona temperature values have
been fixed at those found in section 4, and the temperature of the seed
photons at 10eV. (t) means that the value has been tied between both
epochs. (a) The 0.3-79 keV unabsorbed fluxes are expressed in units of
ergcm™2s~!. (b) The 0.3-79keV intrinsic luminosities are expressed in

units of ergs™!.

2019 Nov 2020 April
kT warm (keV) 0.26+0.02 0.30+0.03
+0.8 +1.0

e o) 408 200k

comptt(warm ‘V_03 VY 0.1
kThot (keV) 30 (f) 31(H)
Thot 2.1+0.2 2.1+0.1
NOMietienhon  7.6£0.1x1073  6.220.1x1073
log & (ergcm ) 1.1+0.1 (t)
Riy (Ry) >58 >35
R 0.2 (f) 0.2 (f)
NOTMyefikerr(refl) 1.3£0.2x1072  0.9+0.2x1072
Fmabs V@ 11.0x10°™ 9.1x107
L0‘3_79kev(h) 3.2x10% 2.6x10%
Y dof. 1755.5/1620
sze d 1.08

been fixed at those found in section 4. The disc inclination degree
is still set to 9.9 degrees. The spin value is not constrained and
then fixed at zero, but we checked that taking other values has no
significant impact on other inferred parameter values. Since we
previously found that the contribution of the molecular torus is
negligible, we do not include it. We obtain an overall very good
fit for the full X-ray broad-band energy range for both epochs
(Fig. 5 top panel; Table 3). The inferred ionization parameter,
log £=1.1+0.1, for the accretion disc agrees very well with that
found for the O vi soft X-ray emission line (logé& ~1.2;

), and is also consistent with the emission of the mod-
erately broad neutral Fe Ka emission line too (Fig. 5, bottom
panel, magenta curves). We derive warm Comptonised plasma
temperature values of kTyam ~0.3keV and high optical depth
values of Ty,m ~13 for the two epochs (Table 3). The variabil-
ity of the soft X-ray excess between both epochs appears to be
driven by its flux variability, being stronger when brighter (at
5.50 confidence level for the normalisation) rather than by any
statistical change of its physical parameters.

Since there is a significant soft X-ray excess mainly due to
the warm corona, these soft X-ray photons may be Comptonised
by the hot corona too, as was found for PKS 0558-504 (

). Therefore, we allow the input seed photon temper-
ature, kTyp, to vary, but noting that it is tied between the 2019
and 2020 epochs due to the lack of significant variability of the
temperature of the soft excess. The ionization parameter of the
accretion disc is fixed at logé=1.1, as was found above. The
resulting seed photon temperature is kTy,=75+4¢eV, which is
much higher than the maximum temperature of an accretion disc
around a supermassive black hole of mass ~10% Mg, and instead
corresponds to a black hole mass of about three decades lower
and accreting near Eddington. This value could instead represent
an intermediate temperature between the seed photons from the
cold disc and from the warm corona. Therefore, the seed photons
Comptonised by the electrons of the hot corona may be provided
by a combination of both the cold disc and the warm corona.
This is strengthened by the correlation between both the hard
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1.2

Data/model

AGN rest-frame energy (keV)

keV2 (Photons cm-2 s-' keV-')

Energy (keV)

Fig. 5. Fit of the two simultaneous 2019 and 2020 XMM-Newton/pn
and NuSTAR spectra with the TBNEW(GAL)X[COMPTT(WARM) + REFLK-
ERR(HOT) + REFLKERR(REFL)] model. The fit parameters are reported in
Table 3. Top panel: Data/model ratio. Black: 2019 XMM-Newton/pn,
dark grey: 2019 NuSTAR, blue: 2020 XMM-Newton/pn, light blue:
2020 NuSTAR. The Y-axis range is identical to that of Fig. 4 to allow
for a direct comparison. Bottom panel: Unfolded unabsorbed spectra
(black: 2019, blue: 2020) where the separate contributions of the model
components are displayed (solid and dotted curves for 2019 and 2020,
respectively): Orange: soft Comptonisation (warm corona); green: hard
Comptonisation (hot corona); and magenta: disc reflection component.

<

- T T

1.3
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Fig. 6. Same as Fig. 5 (top panel) but with the seed photon temperature
allowed to be free to vary.

and soft X-ray fluxes and the X-ray and UV fluxes inferred from
the long-term Swift monitoring of Mrk 110 (Lobban et al. 2021,
in prep.).

6. Summary and discussion

This paper presents the X-ray spectral analysis of two first
simultaneous XMM-Newton and NuSTAR observations of
Mrk 110 performed within about a half-year interval on 2019
November 16—-17 and in 2020 April 5-6.

A prominent and absorption-free smooth soft X-ray excess is
observed in both observations, with the strongest one seen during
the brightest observation (2019). This confirmed the presence of
such a feature reported for the 2004 XMM-Newton observation
that caught the source in a slightly higher-flux state (Boller et al.
2007; Boissay et al. 2016; Jiang et al. 2019; Gliozzi & Williams
2020). A very similar spectral shape is found above 2-3 keV for
both the continuum and the Fe Ka emission line.

The AGN rest-frame peak energy of the FeKa line is

slightly redshifted toward 6.4keV (E=6.37*00 keV) and its

width (FWHM=22 000*7300 km s™') indicates that the Fe Ke line
could originate from the accretion disc, as inferred for the O vit
soft X-ray emission line with the RGS data analysis (Reeves
et al. 2021b). The Fe Ka profile is mainly produced by mod-
erately broadened reflection arising from an almost face-on ac-
cretion disc. Indeed, only a very weak possible additional contri-
bution from the molecular torus (EW, <20eV) is found, as ex-
pected from the very small total luminosity of the torus measured
by Ezhikode et al. (2017) which is one of the lowest found in
their sample. Only much higher spectral resolution near 6.4 keV
— as targeted by the future, calorimeter resolution, X-ray mis-
sions XRISM (XRISM Science Team 2020) and ATHENA (Bar-
ret et al. 2018) — will provide an accurate determination of the
genuine possible contributions of the BLR and torus regions.

The photon indices are found to be ~1.7-1.8, confirming
previous measurements found with the 2004 XMM-Newton
(Boller et al. 2007), the 2007 Suzaku (Patrick et al. 2012; Walton
et al. 2013; Mantovani et al. 2016; Waddell & Gallo 2020), and
the 2017 NuSTAR (Ezhikode et al. 2020; Panagiotou & Walter
2020) observations. Such values are much flatter than what are
commonly observed in NLS1s, but are consistent with BLS1s
(e.g., Porquet et al. 2004; Zhou & Zhang 2010; Waddell & Gallo
2020; Gliozzi & Williams 2020). This is in agreement with the
BLSI1 classification of Mrk 110 (see §1), rather than a NLS1 one
which is still commonly assumed in the literature. Moreover,
no Compton hump is observed in the NuSTAR spectra, with
instead a flat spectrum and a hard X-ray deficit above ~30keV,
as was found previously for the deep January 2017 NuSTAR
observation, which caught the source in a slightly higher flux
level (Panagiotou & Walter 2020; Ezhikode et al. 2020).

The spectral analysis above 3keV allows us to characterise
the hot corona and the relativistic reflection emission proper-
ties. The deep January 2017 NuSTAR observation was also in-
cluded in the simultaneous fit (Ezhikode et al. 2020; Panagiotou
& Walter 2020). From the reLxiLL reflection model, assuming
a primary exponential cut-off power-law continuum, we find
moderate reflection strengths, R ~0.1-0.2, and high cut-off ener-
gies at Eqy ~110-120 keV. These values are in very good agree-
ment with those measured from the average long-term Swift
BAT spectrum (Vincentelli et al. 2021). Applying relativistic re-
flection models assuming a primary Comptonisation continuum,
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we infer the hot corona temperature to be kT ~26-31keV
(kThot ~21-22keV) and the optical depth to be Tho ~2 (Thot ~6—
7) for the slab (or spherical) geometry. From the spectral anal-
ysis, it is not possible to discriminate between either of the hot
corona geometries, although the slab geometry provides a better
fit. In the near future, X-ray polarimetry is expected to play an
1mp0rtant role in such a framework (e.g.,

), thanks to, for example IXPE ( )
and eXTP ( ). While the corona temperatures
found for Mrk 110 are broadly consistent with the average ones
found by ( ) from a sample of 26 AGN (with
<kTho:>=50+21keV and <kTyo>=53+23keV for the slab and
spherical geometry, respectively), it is likely to be located in the
lower range of this distribution. However, its hot coronal temper-
ature is not as low as the temperatures inferred for some AGN
with much lower high-energy cut-offs, such as GRS 1734-292
( ), Ark 564 ( ), and PDS 456
( ), where kT could be as low as 15 keV.

The lack of variability of the cut-off energy and of the hot
corona temperature may be due to the fact that during the 2017,
2019 and 2020 NuSTAR observations the source was caught
in a very similar hard X-ray flux state with a 3-79keV flux
variability of only 1.5 between the 2017 and 2020 observations.
Therefore, any possible ‘hotter/cooler-when-brighter’ behavior
cannot be conﬁrmed here ( ;

). Further broad-band X-ray monitoring, using the
unique synergy of XMM-Newton and NuSTAR, of this bright
source, is mandatory for any definitive statement about the
physical and/or geometrical changes of the hot corona. In
particular, the observations would need to sample a larger
flux range, as is observed in the long-term Swift monitoring
of Mrk 110 ( , Lobban et al. 2021, in prep.).

The X-ray broad-band analysis shows that relativistic
reflection models due to illumination on a constant density
accretion disc alone cannot explain the X-ray broad-band
XMM-Newton/NuSTAR spectra of Mrk 110 (appendix A);
while, data below 10keV does not allow us to rule out pure
relativistic reflection models (Fig. A.l). This confirms that
X-ray broad-band spectra are mandatory to determine the
physical processes at work in disc-corona systems in AGN
and their relative contributions ( ;

; ; ; ).
Instead, the broad-band energy analysis demonstrates that warm
and hot Comptonisation are the dominant processes, though
a moderate relativistic reflection component is also present.
The latter occurs at distance of a few 10s of R, (see §4 and

) and is responsible for both the moderately
broad O v and Fe Ka emission lines. We also find that both
the cold disc and the warm corona can provide seed photons to
the hot corona. Such a model combining Comptonisation and
relativistic reflection has been proven to explain well the X-ray
broad-band spectra of several other AGN, such as: Ark 120
( ), Fairall 9 ( ), Ton S180
( ), and ESO362-G18 ( ).
In a forthcoming article, we will study the spectral energy
distribution of Mrk 110 from optical/UV to hard X-ray excess,
as done previously done for the bare AGN Ark 120 (
). This will allows us to take both the geometry
and energetic of the warm/hot corona and the outer disc into
account, to determine the accretion rate and to measure the
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black hole spin (e.g., ; ).

The physical properties of the warm corona
(kTwarm ~0.3keV, Tyam ~13) are compatible during both
the 2019 and 2020 XMM/NuSTAR observations of Mrk 110,
with only the warm corona flux found to be significantly
different (at ~5.50 confidence level). They are also consistent
with those measured (kTywam ~0.3—1keV, Tyam ~10-20) in
XMM-Newton AGN samples (e.g., ;

), and in several individual X-ray broad-band spectral
analysis of AGN, such as: Mrk509 ( ;

), Ark 120 ( :

), HE 1143-1810 ( ), NGC 4593
( ), Mrk 359 ( ), TON'S180
( ), and ESO 511-G030 ( ).

Very recent state-of-the-art simulations have been performed
showing that a warm corona with such properties can indeed
exist, until sufficient internal mechanical heating is present, and
that warm and hot coronae can co-exist ( s

; ). Moreover,
these authors found that no strong absorption/emission lines
are formed which can well explain the absorption-free smooth
soft X-ray shape observed in bare AGN, or in most other AGN
when the warm absorber and any moderate relativistic reflection
contributions have been removed.
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Appendix A: Results of relativistic reflection
modelling over the full X-ray broad-band range

In this appendix, we report the spectral analysis of the two simul-
taneous XMM-Newton and NuSTAR observations, considering
only relativistic reflection models.

The fit using the ReLXILL model between 0.3 and 10keV pro-
vides a good statistical fit (Table A.1, Fig. A.1). However, it
fails to reproduce the hard X-ray shape when data above 10keV
are included in the fit (Fig. 4, bottom panel), with very signif-
icant positive hard X-ray residuals for both observations above
~30keV (y*/d.o.f.=1954.8/1617, x%, = 1.21). Since the fit is
driven by the smooth soft X-ray emission, high values for the
disc emissivity index, the photon power-law index and the re-
flection strength are required to reproduce it (Table A.1, third
column), at odds with the low values required to explain the data
above 3keV (Table 2).

We then investigate the scenario whereby the incident con-
tinuum of the relativistic component can be different from the di-
rect observed one, as was proposed by ( ) (though
see also ) to explain the X-ray spectrum of
the X-ray binary GX 339-4 in low-luminosity, hard states. How-
ever, this requires a very significant divergence between the in-
cident and observed spectral indices with AI'=0.7 (at 220 confi-
dence level) and AI'=0.9 (at 140 confidence level) for the 2019
and 2020 observations, respectively. This means that this sce-
nario appears highly unlikely to explain these observations of
Mrk 110.

Alternatively, we investigate whether the broad-band X-ray
spectra can be explained by a lamppost geometry for the corona,
different disc properties (disc ionization gradient, density)
and/or a different continuum shape (Comptonisation). Even
relativistic reflection from two different medium properties,
allowing for different ionisation parameters, have been in-
vestigated. The modelling is performed thanks to the various
available relxill model flavors. However, none of them is able to
simultaneously account for the soft X-ray excess and the hard
X-ray emission shape in both the 2019 and 2020 XMM-Newton
and NuSTAR observations. Similar results are found using
the relativistic modelling package REFLKERR (

) assuming either a coronal geometry (REFLKERR) O a
lamppost geometry (REFLKERR_LP). We note that even upon using
an unblurred reflection component to take into account the very
weak molecular torus contribution — using XILLVER, MYTORUS
( ), or BORUS12 ( ,

) —does not help to remove these huge hard X-ray residuals.

Some examples of the above models are described below for
illustration purposes (Table A.2, Fig. A.2):

— Higher disc density: As demonstrated by ( )
(see also ) high-density accretion disc mod-
els can lead to a larger soft excess compared to those in lower
density discs. Therefore, we investigate whether the strong
soft X-ray excess found in Mrk 110 can be explained by a
higher accretion-disc density compared to the RELXILL model,
which assumes a fixed constant disc density of 10" cm™3.
We use the RELXILLD model, which allows the density to be
free to vary between 10'> cm™3 and 10" cm™3. For this model
the cut-off energy value is fixed at 300 keV and cannot be al-
lowed to vary.

— Lamppost geometry: The rReLxILL model assumes a coronal
geometry for the disc emissivity. Here, we test the alterna-
tive disc emissivity, that is to say the lamppost geometry us-
ing RELXILLLPION, with the X-ray point source being located
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Table A.1. Simultaneous fits of the two XMM-Newton and NuSTAR
spectra with a relativistic reflection model with a coronal geometry for
the accretion disc emissivity (RELXILL). The column density along the
line-of-sight has been fixed at the Galactic value (1.27x10% cm~2), and
the accretion disc inclination angle at 9.9 degrees. (a) The breaking ra-
dius Ry, of the emissivity shape is expressed in ISCO units. (f) means
that the cut-off value is fixed at that found from the fit above 3 keV (see
Table 2).

Parameters 0.3-10keV Full range
a 0.981 fg:ggg >0.996
Are <0.53 3.4%02
2019 Nov
a1 77503 8270
9 2.0+0.2 3.4+0.1
Ry (Riseo)® 3.8%01 2.9+0.1
r 2.28+0.01 1.99+007
Ecy (keV) 113 () >941
logé& (ergems™) <0.04 3.0+0.1
R 6.8f8:2 4.9f8;3
nOFMyelxill 1.1+0.1x107™4 9.0+0.1x107?
2020 April
q 7.7%08 8.1701
9 2.2+0.2 3.4+0.1
Ry (Risco)(a) 34{%% nggé
r 2.16700) 1.90+0.01
Ecy (keV) 126 (f) >976
log& (ergecms™) <0.09 3.0+0.1
Rr 4.9f8:f5‘ 2.9+0.1
NOrMyelxill 8.8+0.1x10™ 10.1+0.1x1073
x°/d.o.f. 1181.9/1099 1954.8/1617
X 1.08 1.21
= : . x
™ [ i
_ o[ i
3 -
o
£
s
©
[a]

AGN rest-frame energy (keV)

Fig. A.1. Data/model ratio of the two simultaneous 2019 and 2020
XMM-Newton/pn and NuSTAR spectra over the 0.3-10keV energy
range fit with the ReLxiLL model. The Y-axis range is identical to that
of Fig. 4 for a direct comparison. Black: 2019 XMM-Newton/pn, dark
grey: 2019 NuSTAR, blue: 2020 XMM-Newton/pn, light blue: 2020
NuSTAR. See Table A.1 for the corresponding inferred parameter val-
ues.

at height & above the black hole and outflowing at a veloc-
ity B=v/c. Moreover, this model allows for a disc ionization

gradient along the radial distance with a power-law shape,
R—index.
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Table A.2. Simultaneous fits of the two XMM-Newton and NuSTAR
spectra with three different relativistic reflection models. The column
density along the line-of-sight is fixed at the Galactic one, that is,
1.27x10% cm™2, and the inclination angle at 9.9 degrees. (a) Velocity
of primary source. (b) Index of the ionisation gradient with a power-law
shape. (c) The breaking radius Ry, and the height of the primary source
are both expressed in ISCO units, except for the REFLKERR model for
which Ry, is expressed in gravitational radius units. The data-to-model
ratio for each model is reported in Fig. A.2.

Parameters RELXILLD RELXILLLPION ~ REFLKERRD
a 0.993+0.001 0.997+0.001 >0.991
Afpe 4.5+0.1 2.1f83 2.9+0.2
log Ngise (cm™) 17.0+0.1 - 17.1+0.1
B (v/c)® - 0.07+0.01 -
& — index® - <0.02 -
2019 Nov
q1 8.3+0.1 - 4.8+0.1
q> 3.4+0.1 - 2.3+0.1
Ry © 2.6+0.1 - 134437
h© - <12 -
r 1.92+0.01 2.01+0.01 -
kTho (keV) - - 88+2
y - - 0.44+0.01
Ecy (keV) 300 () >872 -
logé (ergems™) 3.0+0.1 2.7+0.1 2.6+0.1
R 3.8+0.1 - 1.2+0.1
NOTMye] 9.0+0.1x10™>  0.28+0.1 6.6+0.1x1073
2020 April
q 8.0+0.1 - 4.5+0.1
q 3.3+0.1 - 2.1+0.1
Ru:(c) 2.7+0.1 - 10.3’:{%
h© - <l.1 -
r 1.84+0.01 1.88+0.01 -
kThot (keV) - 76+2
y - - 0.37+0.01
Ecy (keV) 300 (f) 451’:%(1)2 -
log& (ergems™) 3.0+0.1 2.9+0.1 0.3+0.1
R 2.6+0.1 - 2.2+0.1
NOF My 9.3+0.1x107° 0.42f8'(1)§ 7.3+0.1x1073
x’/d.o.f. 2001.7/1618 2045.9/1621 2065.4/1616
szed 1.24 1.26 1.28

— The rReErFLKERR code: We also use the alternative relativistic
reflection model ( ). We apply the
REFLKERRD model where the incident continuum is due to
Comptonisation and a corona disc geometry is assumed. The
disc density can vary between 10" cm™ and 10'° cm™.

None of the above models provides a satisfactory account of
both the soft and hard X-ray spectra of Mrk 110. Indeed large
hard X-ray excess are found (as per Fig.A.2) for all the cases
considered and the models cannot simultaneously fit the soft ex-
cess, while at the same time correctly account for the hard X-ray
spectral shape. Thus, it appears most likely that the broad band
X-ray spectra of Mrk 110 require the presence of both soft and
hard Comptonisation to explain the spectral curvature, as is dis-
cussed in the main text.
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Fig. A.2. Data/model ratio of the two simultaneous 2019 and 2020
XMM-Newton/pn and NuSTAR spectra fit with relativistic models.
Black: 2019 XMM-Newton/pn, dark grey: 2019 NuSTAR, blue: 2020
XMM-Newton/pn, light blue: 2020 NuSTAR. Top panel: RELXILLD
model. Middle panel: rReELXILLLPION model. Botfom panel: REFLKERRD
model. See text for explanations, and Table A.2 for their correspond-

ing inferred parameter values.
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